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Abstract 

 

Background 

The cutaneous microcirculation is composed of a dense network of vessels that lay superficially 

beneath the surface of the skin and play a crucial role in tissue nutrition as well as thermoregulation. 

Skin blood flow adjusts and adapts to varied stimuli in humans. To maintain body temperature, skin 

blood flow can range from near zero during severe cold stress to ~8 L/min during maximal heat stress. 

The factors facilitating skin blood flow control are complex and include neural, hormonal and 

paracrine mechanisms. Recent studies suggest that impairment in the skin microcirculation may be 

an early event in the timecourse of cardiovascular disease (CVD) development, preceding 

manifestation in larger conduit and resistance arteries. The cutaneous microcirculation has therefore 

been proposed as a surrogate for systemic microvascular function that might provide insight into 

general cardiovascular health. 

 

Techniques to assess skin microcirculatory structure and function have been used since the mid-

1900s, but mechanistic understanding of skin vascular physiology and pathophysiology rapidly 

developed after the invention and widespread application of laser Doppler flowmetry (LDF) late in 

the 1980s. However, LDF and other investigational tools provide a general index of skin perfusion 

and have not been capable of directly visualizing and quantifying skin blood flow in humans. LDF, 

for example, provides a generalized index (“flux”) of the movement of red blood cells, but no visual 

indication of the direction of movement, size of arterioles/venules or actual blood flow. The 

limitations of current investigational tools therefore limit further advancement in understanding the 

physiology and pathophysiology of cutaneous microvessels, or the adoption of such techniques in 
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clinical settings. This highlights the importance of developing novel techniques that can directly 

image and visualize individual microvessels and accurately quantify skin blood flow in humans. 

Optical coherence tomography (OCT) is a novel and non-invasive optical imaging technology that 

can visualize individual skin blood vessels as small as ~30 µm. In this thesis, an OCT imaging 

technique and post-processing image analysis algorithm were developed to address issues with 

current cutaneous vascular physiology approaches in humans. In the current thesis, a novel 

combination of OCT and physiological function testing was validated and then applied in subjects 

with diabetes to test the potential utility of this approach for early detection of impaired 

microcirculatory structure and function. In addition, these approaches were deployed to assess the 

possibility of cutaneous microvascular adaptation in response to exercise training in humans. 

 

Methods 

In this thesis, advanced OCT imaging and speckle decorrelation algorithms were utilized to visualize 

and quantify the cutaneous microvasculature in humans. The reproducibility of cutaneous OCT was 

initially tested in young and healthy subjects, with results presented in chapters 2 and 3. This 

technique was then deployed in the subsequent experimental studies which are presented in chapter 

4-7.  

 

Thesis structure 

Chapter 1 –Introduction and literature review 

This introductory chapter presents the rationale underlying the research undertaken in this thesis. It 

begins by outlining the importance of microvascular assessment in humans with a focus on the 

knowledge that has emerged using previous assessment techniques. Subsequent sections compare the 

strengths, weaknesses and utility of cutaneous microvascular assessment approaches in healthy 
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people, for assessment of exercise training adaptation, and in clinical settings. It is concluded that 

future advances in knowledge regarding cutaneous microvascular physiology or pathophysiology will 

be dependent upon the development of novel methodological approaches. This chapter therefore 

integrates evidence on cutaneous microvascular physiology in humans with its relevance to 

microvascular health, diseases and adaptation.  Finally, “Optical Coherence Tomography” is 

introduced and critically appraised in the context of its potential to fill the technology and evidence 

gaps that exist in cutaneous microvascular research (e.g., cutaneous microvascular adaptation to 

exercise training).  

 

Chapters 2 & 3 – The validity of optical coherence tomography to assess cutaneous 

microvasculature in humans: at rest and as a response to local heating and reactive hyperemia 

stimuli 

Based on Argarini et al. (2020) and Argarini, Smith et al. (2019) as detailed below: 

Argarini R, Smith KJ, Carter HH, Naylor LH, McLaughlin RA, Green DJ. Visualizing and 

quantifying the impact of reactive hyperemia on cutaneous microvessels in humans. Journal of 

Applied Physiology 128: 17-24, 2020.DOI 10.1152/japplphysiol.00583.2019 (peer reviewed). 

and, 

Smith KJ*, Argarini R*, Carter HH, Quirk BC, Haynes A, Naylor LH, McKirdy H, Kirk RW, 

McLaughlin RA. Novel noninvasive assessment of microvascular structure and function in humans. 

Medicine and Science in Sports and Exercise 51: 1558-1565, 2019. DOI: 

10.1249/MSS.0000000000001898 (peer reviewed). *co-first authors 

 

In these chapters, the feasibility and reproducibility of OCT to visualize and quantify cutaneous 

microvasculature in the resting condition, and their responses during post occlusion reactive 

https://doi.org/10.1152/japplphysiol.00583.2019
https://doi.org/10.1249/MSS.0000000000001898
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hyperemia and local heating were tested. These physiological stimuli are commonly used to examine 

the cutaneous microvascular reserve, as general indices of microvascular function and health. Each 

stimulus provokes physiological responses that differ in their causation.  Analysis software for 

automated image processing was developed and subsequently used to quantify OCT-derived data. In 

addition, the novel OCT technique was compared to the conventional “LDF”.  The findings in these 

chapters demonstrate that OCT techniques are capable of visualizing and quantifying 

microvasculature structure and function at rest and in response to physiological stimuli. The 

reproducibility studies showed that the OCT provides a more accurate and robust non-invasive 

assessment of microvascular function than LDF. These techniques were subsequently utilized in the 

experimental chapters of this thesis (chapter 4-7).   

 

Chapter 4 – The impact of cuff inflation on human cutaneous microvasculature 

Based on Argarini et al. (2020) as detailed below:  

Argarini R, McLaughlin RA, Naylor LH, Carter HH, Green DJ. Assessment of the human cutaneous 

microvasculature using optical coherence tomography: Proving Harvey’s proof. Microcirculation 

27: e12594, 2020. DOI: 10.1111/micc.12594 (peer reviewed). 

 

William Harvey proved that the blood circulates and hypothesized the existence of invisible pores 

connecting arterioles and venules. Capillaries were later observed under a rudimentary light 

microscope by Malpighi. In this chapter, we emulated Harvey’s experimental proofs using OCT 

imaging to directly visualize microvascular blood flow during cuff inflation (emulating “ligature” 

application). Localized heating was then applied to enhance the blood flow responses. The results 

demonstrated that partial (~30 mmHg)  cuff inflation-induced an increase in cutaneous microvascular 

diameter and density in a manner that might be expected as a consequence of venous occlusion, and 

https://doi.org/10.1111/micc.12594
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this effect was reversed during cuff deflation. When the additional skin local heating stimulus was 

applied, the effect of subsequent cuff inflation and deflation were consistently apparent. These 

findings suggest that our new OCT technique is capable of directly visualizing and quantifying 

microvessel adaptation in vivo.   

 

Chapters 5 & 6 – The utility of optical coherence tomography to assess the impairment on 

cutaneous microvascular structure and function in diabetic patients. 

Based on Argarini et al. (2020) as detailed below: 

Argarini R, McLaughlin RA, Joseph SZ, Naylor LH, Carter HH, Yeap BB, Jansen SJ, Green DJ. 

Optical coherence tomography: A novel imaging approach to visualize and quantify cutaneous 

microvascular structure and function in patients with diabetes. BMJ Open Diabetes Research & Care 

8: e001479. DOI:10.1136/bmjdrc-2020-001479 (peer reviewed). 

and 

Argarini R, McLaughlin RA, Joseph SZ, Naylor LH, Carter HH, Haynes A, Marsh CE, Yeap BB, 

Jansen SJ, Green DJ Visualizing and quantifying cutaneous microvascular reactivity in humans by 

use of optical coherence tomography: Impaired dilator function in diabetes: American Journal of 

Physiology – Endocrinology and Metabolism: American Journal of Physiology Endocrinology and 

Metabolism 319. E923–E931, 2020. DOI: 10.1152/ajpendo.00233.2020 (peer reviewed). 

 

This chapter applied a novel OCT-based approach in a clinical population. Previous studies in diabetic 

subjects have revealed abnormal cutaneous microvascular function and structure. In these chapters, 

OCT imaging was utilized to investigate the potential utility of OCT, coupled with skin reactivity 

testing achieved either via skin local heating or post occlusive reactive hyperemia. Diabetic people 

with and without foot ulcers were recruited and compared to matched controls. The results 

https://drc.bmj.com/content/8/1/e001479
https://doi.org/10.1152/ajpendo.00233.2020
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demonstrated that differences in cutaneous microvascular characteristics exist at rest and in response 

to physiological stimuli.  Microvascular reserve was impaired in diabetes patients, with a greater 

impairment in those with pre-existing skin ulceration. These findings indicate that an OCT-based 

approach coupled either with local heating or with reactive hyperemia represents a promising 

approach to test the severity of cutaneous microvascular dysfunction in humans. The evidence 

presented in this chapter raises the possibility that OCT imaging may be useful in early detection of 

microvascular disease and/or in treat-to-target assessment of the efficacy of drug and other therapies.  

 

Chapter 7 – Cutaneous vascular adaptation to exercise training in humans. 

Based on Argarini et al. (2021) as detailed below: 

Argarini R, Carter HH, Smith KJ,  Naylor LH, McLaughlin RA, Green DJ. Adaptation to exercise 

training in conduit arteries and cutaneous microvessels in humans: An optical coherence tomography 

study. Medicine and Science in Sport and Exercise. DOI: 10.1249/mss.0000000000002654. (peer 

reviewed). 

 

Exercise training has beneficial effects on vascular health. Despite the nature of these exercise 

training adaptations and benefits being relatively well-established in the conduit and resistance 

arteries, adaptations to exercise training in the skin microcirculation have not been well described. 

Until recently, no study has been able to directly visualize and quantify functional and/or structural 

adaptations in the skin microcirculation following exercise training, partly because of the limitations 

inherent in extant methodological approaches. This chapter investigated the impact of exercise 

training on microvascular adaptation using OCT. In this study, exercise training was performed on 

the stationary bike, three sessions per week over 8 weeks in young healthy people. Despite 

improvement in conduit artery function, fitness, and body composition, the results of this study did 

https://doi.org/10.1249/mss.0000000000002654
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not demonstrate changes in intrinsic structural or functional adaptation in the skin microcirculation. 

These results suggest that vascular adaptation is not uniform throughout the arterial tree, since 

exercise training increased conduit artery function, but this was not accompanied by the intrinsic 

adaptation in cutaneous microvasculature. It also suggests that angiogenic adaptations typically 

observed in response to exercise training in skeletal muscle microvessels are not necessarily apparent 

in the skin, despite both vessel beds being highly perfused and activated in response to bouts of acute 

exercise. 

 

Chapter 8 – General discussion and conclusions 

This thesis introduces a novel imaging approach to visualize and quantify cutaneous microvasculature 

structure and function in vivo. In the experimental studies of this thesis, OCT images were obtained 

from the skin area on the forearm and dorsal foot. This non-invasive technique is safe and easily 

applied to different parts of the body and to targeted populations. Stimuli were utilized in combination 

with OCT imaging to provoke responses in skin blood vessels and provide physiological insight. This 

approach was reproducible and can be used in interventional or repeated measures study designs. The 

potential clinical utility of this technique was also demonstrated in diabetic patients, in whom 

impairment of microvascular structure and function were observed. Furthermore, the technique was 

shown to be feasible for use in an interventional study to quantify adaptation in the cutaneous 

microvasculature.  

 

Despite the potential benefit of this imaging approach in a variety of research or clinical settings, 

some limitations are germane, which should lead to future development and research studies. In 

summary, the integrated experimental findings in this thesis improve our understanding of cutaneous 

microvascular structure and function in humans. Furthermore, the findings in this thesis provide a 
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promising avenue for future advances in scientific understanding of the relevance and importance of 

the cutaneous circulation in humans. 
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Figure 1.4 Schematic illustration of central control-cutaneous thermoregulatory 

signal. DH: dorsal horn; ST: spinal trigeminal; LPB : Lateral 

parabrachial pathway; IML: Intermediolateral nucleus; EP3R: 

prostaglandin EP3 receptors; RPA: raphe/peripyramidal area; VTA: 

Ventral tegmental area; PAG: periaqueductul gray matter; POA: Pre 

optic area; PGE2: Prostaglandin E2. Amendment from Morrison and 

Nakamura (2019) (5)………………………………...………………... 
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Figure 1.5 Figure 1.5. Summary of possible peripheral mechanisms underlying 

cutaneous active vasodilation. Increased core body temperature will 

stimulate skin vasodilation in two phases. An initial rise in vasodilation 

is mediated by (1) decreased sympathetic adrenergic nerve activity 

resulting in withdrawal of vasoconstrictor tone; (2) activation of 

sympathetic cholinergic nerves leads to acetylcholine (ACh) release and 

activation of sweating glands. ACh acts mainly via muscarinic-receptor 

3 (M3-receptor) that subsequently activates neuronal nitric oxide 

synthase (nNOS) pathway.  Late phase cutaneous active vasodilation is 

mediated by (1) release of co-transmitters from  sympathetic cholinergic 

nerves (VIP/PHM/PACAP) acting via their specific receptors in 

vascular smooth muscle cells and  increased histamine release from mast 

cells (act via H1 receptor to activate nitric oxide (NO) pathway); (2) 

activation of sensory nerves leads to release of substance P, calcitonin 

gene-related protein (CGRP), activation of transient receptor protein 

vanilloid-1 (TRPV 1) and release of or the involvement of NO 

component; (3) the activation of cyclooxygenase (COX) pathway that 

converts the arachidonic acid to prostaglandin; (4) activation of 
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endothelial-derived hyperpolarizing factors (EDHF) and subsequently 

leads to hyperpolarization. CGRPR: CGRP receptor; CYP: cytochrome 

p450 enzymes; KCa: calcium-activated potassium channel (SKCa: 

small conductance KCa; IKCa: Intermediate conductance KCa; BKCa: 

large conductance KCa), L-Arg: L-Arginine; NK1: neurokinin 1; 

PACAP: pituitary adenylate cyclase activating polypeptide; PAC1: 

pituitary adenylate cyclase 1;  PGI2: prostacyclin; sGC: soluble 

guanylate cyclase; VIP: vasoactive intestinal peptide; VPAC1/2: VIP 

receptor type 1; Amendment from Johnson (2014) 

(6)……..………………………………………………………………. 
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Figure 1.6 Schematic illustration of possible mechanisms involved in local 

heating-induced skin vasodilation during early (left) and late (right) 

phase. Sympathetic adrenergic nerves contribute to early and late 

phases of this response by releasing norepinephrine (NE) and co-

transmitters neuropeptide Y (NPY) which act via their receptors. 

Sensory nerves have an important role in initial responses by releasing 

Substance P/Calcitonin gene-related peptide (CGRP). Nitric oxide 

(NO) is a key mediator in local heating-induced skin vasodilation, in 

early or late responses.  Local substances (Substance P, CGRP, transient 

receptor potential vanilloid-1 (TRPV1), adenosine) are also believed to 

contribute to NOS activation and result in smooth muscle relaxation. 

EDHFs (epoxyeicosatrienoic acid (EET), 

trihydroxyepoxyeicosatrienoic acid (THETA), 

hydroxyepoxyeicosatrienoic acid (HETE) also contribute to this 

response by cross talk with NO pathway or KCa activation. 

Additionally, NOS also interacts with K+ channels (e.g., KV and KATP) 

and partially contribute to the plateau phase. β2: β adrenergic receptor-

2; Y1: Yohimbine receptor -1; NK1: neurokinin 1; A1/A2: Adenosine 

receptor; AT: Angiotensin receptor; NOS: Nitric oxide synthase; ROS: 

Reactive oxygen species; KCa: calcium-activated K+ channel (SKCa: 

small conductance KCa; IKCa: Intermediate conductance KCa; BKCa: 

large conductance KCa); CYP: cytochrome P450 enzymes; LOX: 

lipoxygenase. KV: Voltage-gated K+ channel; KATP: ATP-sensitive K+ 

channels. Amendment from Johnson (2014) 

(6)…………………………………………………………………….. 
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Figure 1.7 Proposed mechanisms for microvascular dysfunction in diabetes foot. 

(a) the schematic diagram  of pathogenesis diabetic microangiopathy 

according to (a) hemodynamic hypothesis and (b) capillary steal 

syndrome. Modified from Chao et al. (2009) (7). The comparison of 

microvascular in diabetic vs healthy is illustrated in (c). The  

consequences of capillary steal syndrome in diabetes: the total 

microcirculation is overperfused of blood, but due to dilated AV shunts, 

the blood flow by pass the capillary and leads to the lack of tissue 

nutrition. A: arteriole; V: venule. Modified from Fagrell et al. (1999) 

(8)…………………………………………………………………..... 
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Figure 1.8 The process of atherosclerosis . The disease is diffuse, insidious, 

widespread, and remains silent (asymptomatic) until clinically manifest 

in specific organs such as myocardial infarction, stroke or lower limb 

ischemia. Endothelial dysfunction is the earliest detectable stage of 

atherosclerosis disease and cannot be detected by MRA, CTA and 

conventional DUS. Most of current strategies are detect the diseases in 

the late stage of development. In addition, 86% of cardiovascular events 

occur in the early stages of disease (less than 70% stenosis) rather than 

in the late stages (9), which is angiographically undetectable and 

insignificant…………………………………………………………...... 

 

 

 

 

 

 

 

 

 

 

34 

Figure 1.9 Method of mounting a mercury strain gauge on a calf (a, left) and 

forearm (a, right). The lateral view of constructional design of two strand 

mercury-in-rubber-gauge (b). Representative venous occlusion 

plethysmography (VOP) records obtained from the forearm (c). Upper 

trace shows venous occlusion pressure applied to upper arm; lower trace 

shows the representative of VOP record obtained with two forearm 

strain gauges. Each interval is 4 second. From Whitney (1953) (10)… 
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Figure 1.10 The illustration of laser Doppler flowmetry (LDF) assessment of skin 

blood flow (1a): when a beam of laser light is emitted from fiber-optic 

probe (sender) and hitting moving blood cells undergoes a change in 

wavelength  (Doppler shift), whereas when the light hitting static 

objects are unchanged. These information is picked up by returning 

fiber (receiver) and convert in to electrical signal.  The magnitude and 

frequency distribution of these wavelengths are directly related to the 

number and velocity of the blood sample volume. From Low et al. 

(2020) (11).  A typical pattern of LDF-derived flux as responses to local 

heating (up to 42℃) stimuli (1b). From Minson et al. (2001) (12) 

Schematic diagram showing the typical arrangement of (iia) laser 

Doppler (perfusion) imaging (LDPI) and (iiia) laser speckle contrast 

imaging (LSCI) setup. From Deegan and Wang (2019) (2) (iib) LDI-

derived imaging of an index finger before, during and after occlusion 

of upper arm. The results is color coded to calculate relative low-high 

tissue perfusion. From Serov et al. (2005) (13). (iiib) Traditional LSCI 

of the dorsum of a stroke patients left hand. (iiic) Dual-wavelength 

LSCI of the same patient in (b) with regions of interest highlighted by 

black arrows. (iiid) The perfusion index signals derived from three 

regions of interest highlighted in (iiic), a finger, a vein, and skin tissue. 

The color scale represents the perfusion index from 0 (low)–260 (high). 

Scale bar represents 15 mm. From Zhang et al. (2017) (14)………….. 
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Figure 1.11 A demonstration photo of handheld OCT imaging probe and scanner set 

up, along with LDF probe (a). Schematic diagram of OCT imaging 

head-skin tissue interfacing set up (b), as marked in the red circle in 

image (a). Examples of acquired OCT speckle decorrelation MIP images 

of the forearm cutaneous vasculature at baseline (c: A, C and E) and 

during heating (c: B, D and F). Color-scale indicates localized 
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measurements of OCT speckle decorrelation. The same color-scale was 

used for all images. From Carter et al. (2016) (15)……………………. 
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Figure 1.12 Schematic diagram representing the relation between core temperature 

and skin blood flow during heat stress at rest, during acute exercise in 

the untrained and exercise-trained condition. From Simmons et al. 

(2011) (16)…………………………………………………………….. 
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Chapter 2 

Figure 2.1 Examples of OCT images from a single subject, showing baseline 

(before heating, A and B) and after heating (C and D). Images in the left 

column were acquired on day 1, and images in the right column were 

acquired on day 2. Scale bar is 1 mm……………………………………. 
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Figure 2.2 Examples of OCT images from four subjects (top to bottom) acquired 

after local heating and collected on different days (left column, day 1 

ACEG vs right column, day 2 BDHF). Each pair of panels from a subject 

includes 15 numbered matching points (green) from concordant vessels, 

from which  average diameter, speed and flow were calculated. These 

images are a subset from representative subjects.  Scale bar is 1 mm…… 
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Figure 2.3 Cutaneous microvascular flow and red blood cell flux (AU, arbitrary 

units) derived by OCT (A) and LDF (B) at rest (30○C) and after 30 min 

of local heating (44○C). C, Comparison of the absolute change in 

cutaneous perfusion during local heating (44○C–30○C) when assessed 

by OCT and LDF.  *Significance at P < 0.05…………………………… 
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Figure 2.4 Day 1 and Day 2 OCT-derived flow (A and B) and LDF (C and D). 

Pearson correlation analysis of the baseline (BL; A and C) and local 

heating (LH; B and D) responses……………………………………….. 

 

 

 

92 

Figure 2.5 Pearson correlation of the local heating induced change from rest (44○C 

– 30○C) in OCT- derived flow (A) and LDF (B) on days 1 and 2 ………. 
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Chapter 3 

Figure 3.1 A demonstration photo shows an instrumentation setting of pneumatic 

cuff, optical coherence tomography (OCT) and laser Doppler flowmetry 

(LDF) probe at the ventral aspects of the forearm. A pneumatic cuff 

(connected to precision cuff inflator) was positioned on the forearm 

below the elbow, while OCT and LDF probe were positioned distal to 

the cuff.  The forearm was supported by a foam pad to stabilize the arm 

position during assessments…………………………………………….. 
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Figure 3.2 Individual hyperemia response in cutaneous red cell blood flux and flow 

derived from Laser Doppler Flowmetry (LDF, A) and optical coherence 

tomography (OCT, B) at rest and during reactive hyperemia. PORH: 
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post-occlusive reactive hyperemia; PU: perfusion units; *P < 0.01. Each 

symbol represents one subject…………………………………………... 
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Figure 3.3 Examples of optical coherence tomography (OCT)-derived images from 

3 different subjects at baseline (top) and during RH (bottom). White 

scale bar = 500 µm. PORH: post-occlusive reactive hyperemia………… 
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Figure 3.4 Correlation of cutaneous red blood cell flux and flow derived from laser 

Doppler flowmetry (LDF, top) and optical coherence tomography 

(OCT, bottom) assessment in baseline (left) and during reactive 

hyperemia (RH, right) between days 1 and 2. Pearson correlation 

analysis at the baseline is significant for flux and flow rate. However, 

either LDF or OCT assessment showed no significant correlation during 

RH. *P <0.05. Each symbol represents 1 subject……………………….. 
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Figure 3.5  Correlation of cutaneous microvascular parameters (diameter, speed and 

density) derived from optical coherence tomography (OCT) assessment 

at baseline (top) and during reactive hyperemia (RH, bottom) between 

days 1 and 2. *P < 0.05. Each symbol represents 1 subject…………….. 
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Figure 3.6 Examples of OCT derived images at rest and during RH from the same 

subject between day 1 and day 2. The inset shows magnified images 

during PORH of corresponding microvessels (at the same site at 

baseline, top). The white scale bar represents 500 µm…………………... 

 

 

 

 

120 

Figure 3.7 Bland-Altman plot of between-day %differences against the mean of 

laser Doppler flowmetry (LDF)-derived flux (top) and optical coherence 

tomography (OCT)-derived flow rates (bottom), at baseline (left) and as 

a response to  reactive hyperemia (RH, right). Blue dashed line denoted 

the mean of % differences (i.e. bias), and blue dash-dotted line denotes 

upper and lower limit of 95% of confidence intervals (n=10, 5 men, 5 

women). Black and red solid lines denote the linear slope for 

relationship. No significant r2 values were observed……………………. 
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Figure 3.8 Bland-Altman plot of between-day % differences against the mean of 

optical coherence tomography (OCT)-derived diameter (top), speed 

(middle) and density (bottom), at baseline (left) and as a responses of 

reactive hyperemia (RH, right). Blue dashed line denotes the mean of % 

differences (i.e. bias) and blue dash-dotted line denotes upper and lower 

limit of 95% of confidence intervals (n=10, 5 men, 5 women). Red solid 

line denotes the linear slope for relationship. No significant r2 values 

were observed…………………………………………………………... 
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Chapter 4 

Figure 4.1 Panel A illustrates the protocol design. Circles show the time points at 

which microvascular imaging was undertaken using optical coherence 

tomography (OCT). Panel B shows the OCT instrumentation. The OCT 
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probe was house in a thermostatic probe holder, and transfixed to the 

ventral side of the forearm, below the elbow. The LDF with integrated 

probes located in adjacent area to the OCT probe. The forearm was 

supported by a foam pad to stabilize the arm position during 

assessments. A pneumatic cuff (connected to precision cuff inflator) was 

positioned on the upper arm, proximal and distant from the OCT probe, 

to prevent movement in the OCT due to cuff inflation or deflation……. 
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Figure 4.2 Examples of OCT images from 2 subjects, derived at baseline (panels 

A and D), after 5 min of 30 mmHg venous occlusion (panels B and E) 

and 5 min following subsequent cuff deflation (panels C and F). There 

are increases in blood vessels recruitment (as indicated by the arrow 

following 5 min of cuff inflation), which reversed after cuff deflation… 
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Figure 4.3 Graph A (top) shows changes in ventral forearm skin blood 

microvascular diameter and density in response to cuff inflation of 30 

mmHg and deflation. Significantly different at P <0.05 from previous 

time point (hash symbol). Data are presented in mean ± SE. BL: 

Baseline; +30: 30 mmHg of cuff inflation was applied; CR: cuff 

pressured was released. LH: local heating. Graph B (bottom) shows 

changes in ventral forearm skin blood microvascular diameter and 

density responses to local skin heating to 44°C, with subsequent cuff 

inflation of 30 mmHg  and deflation. Significantly different at P <0.05 

from previous time point (asterisk symbol). Data are presented in mean 

± SE…………………………………………………………………….. 
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Figure 4.4 Cutaneous microvascular red blood cell flux (PU: Perfusion units) 

derived by laser Doppler flowmetry (LDF, green line) at unheated 

(Panel A, 33○C) and heated condition (Panel B, baseline in 33○C, local 

heating in 44○C). Significantly different of LDF derived flux at P <0.05 

from previous time point in unheated (asterisk symbol) and heated (hash 

symbol) condition. LH: local heating…………………………………… 
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Figure 4.5 Examples of OCT images from 2 subjects, showing baseline (panels A 

and E), 30 min after local heating to 44°C (panels B and F), after 5 min 

of cuff inflation at 30 mmHg (panels C and G) and five min following 

subsequent cuff deflation (panels D and H). The blood vessels 

highlighted by the arrow show a representative response to local heating 

and cuff inflation-deflation……………………………………………... 
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Chapter 5 

Figure 5.1 Representative optical coherence tomography (OCT)-derived images 

from CON (top: A,B), DNU (middle: C,D) and DFU (bottom: E,F) 

subjects at baseline (left) and during LH (right). Blood vessels are color-

coded to indicate flow speed (m.s-1). The white scale bar represents 

500 µm. CON: control; DFU: diabetic foot ulcer; DNU: diabetic non-

ulcer; LH: local heating…………………………………………………. 
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Figure 5.2 Graph shows cutaneous red cell blood LDF-derived flux mean (SEM) 

from CON (black circle), DNU (white circle) and DFU (white rhombus) 

groups at rest (33○C), during rapid local heating from 33-44○C and 

constant heating at 44○C. Point a (baseline) and d (end of local heating) 

show the same time point as optical coherence tomography (OCT)-scan; 

b: transient peak; c: nadir. A two-way repeated measures  ANOVA was 

performed to analyze the differences of laser Doppler flowmetry (LDF)-

derived flux across the time from baseline until the end of local heating 

between groups. One way ANOVA was performed to analyze LDF-

derived flux at transient peak, nadir, and total AUC heating responses 

(AUC). CON: control; DFU: diabetic foot ulcer; DNU: diabetic non-

ulcer; PU: perfusion units………………………………………………. 
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Figure 5.3 Optical coherence tomography (OCT)-derived parameters (diameter, 

speed, flow rate, and density) at baseline and the at the end of 30 min 

prolonged local heating. The local heating responses relative to their 

baseline are shown as % changes. Data are presented in mean (SEM). A 

two-way repeated measures analysis of variance (ANOVA) was 

performed to calculate differences between groups, before and after 

heating for all OCT-derived parameters. One-way ANOVA analysis 

was performed to analyze relative changes of all OCT-derived 

parameters. #Significant different (P < 0.001) of local heating responses 

from their baseline within the same group. *Significantly different from 

control group at P < 0.05, **Significantly different from control group 

at P < 0.01. †Significantly different from diabetic non-ulcer (DNU) 

group at P < 0.05. BL: baseline; LH: local heating……………………... 
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Chapter 6 

Figure 6.1 Instrumentation settings of OCT and LDF on the dorsum of the foot. A 

skin thermistor was placed between the two probe holders (OCT and 

LDF). The assessed leg was constrained within a custom-designed boot, 

supported by a customized foam pad to minimize leg movements……… 
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Figure 6.2 Laser Doppler flowmetry (LDF)-derived parameters expressed in flux 

(A), ratio of flux to the mean arterial blood pressure [MABP; i.e., 

cutaneous vascular conductance (CVC), B] and area under the curve 

(AUC, C) at baseline (BL) and during post-occlusive reactive hyperemia 

(RH). RH responses relative to their baseline are shown as %changes. 

Data are presented as means (SE). #P < 0.05; ##P < 0.01; ###P < 0.001 

for RH responses from their baseline within the same group. *different 

from control (CON) group at P < 0.05…………………………………. 
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Figure 6.3 Examples of optical coherence tomography (OCT)-derived images from 

control (CON, left), diabetic non-ulcer (DNU, middle) and diabetic foot 

ulcer (DFU, right) groups at baseline (top) and during post-occlusive 

reactive hyperemia (PORH, bottom). White scale bar, 500 µm………… 
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Figure 6.4 Optical coherence tomography (OCT)-derived diameter (A), speed (B), 

flow rate (C), and density (D) at baseline (small field of view) and during 

post-occlusive reactive hyperemia (PORH) responses. The reactive 

hyperemia (RH) responses relative to their baseline are shown as 

%changes. Data are presented as means (SE). #P < 0.05; ##P < 0.01; 

###P < 0.001 for RH responses vs baseline within the same group; ** 

different from control group at P < 0.01.………………………………... 
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Chapter 7 

Figure 7.1 Illustration of the timeline of vascular assessment protocol (A), 

instrumentation for OCT and LDF probes and skin microvascular 

assessment in the FMD protocol (B), and  schematic diagram of OCT 

probe (imaging head)-skin tissue interface (C)…………………………. 

 

 

 

 

194 

Figure 7.2 Representative OCT-derived images from forearm skin microvessels at 

baseline (left panel: A,C,E,G; 33○C) and at the point of maximal local 

heating (right panel: B,D,F,H; 44○C) in a control (top panel) and 

exercise-trained subject (bottom panel). White arrows point to similar 

sites assessed in these individuals at the study entry (week 0) and during 

the repeated OCT-scan following exercise training or control 

interventions (week 8). Blood vessels are color-coded to indicate flow 

speed (in micrometers per second). The white scale bar represents 500 

µm………………………………………………………………………. 
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Figure 7.3 OCT-derived parameters (A: diameter, B: speed, C: flow rate, and D: 

density) before and after intervention, at baseline (BL) and at the end of 

30 min prolonged local heating (LH), in the control (i) and training (ii) 

groups. The magnitude of local heating responses are shown as the 

increment of each parameter relative to their baseline (∆ LH-BL, iii). 

Values are presented in means ± SD. A two-way  repeated-measures 

ANOVA was performed to compare local heating responses within 

groups (i and ii panels: LH*time) and the magnitude of local heating 

responses between group (iii panels: group*time) for all OCT-derived 

parameters. *P < 0.05 LH responses vs BL within same time point. #P 

< 0.05 LH responses week 0 vs week 8 within group………………….. 
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Figure 7.4 The effect of exercise training on OCT-derived parameters (A: diameter, 

B: speed, C: flow rate, and D: density) at baseline (BL) and in response 

to post-occlusion reactive hyperemia (PORH), in the control (i) and 

training (ii) groups.  Values are presented as means ± SD. A two-way  

repeated measures ANOVA was performed to compare reactive 

hyperemia (RH) responses, before and after exercise training 

intervention (Interaction = RH*time) for all OCT-derived parameters.  * 

P < 0.05 RH responses vs BL within same time point………………… 
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Chapter 8 

Figure 8.1  Overview of the main findings from chapters 2-4 in this thesis. The top 

panel illustrate the feasibility of OCT imaging to visualize and quantify 

the skin microcirculation as response to physiological stimuli. The left-

middle panel of this figure represent the between days comparison of 

OCT-derived imaging during local heating (top, A-B) and reactive 

hyperemia (bottom, C-D). Larger field of view (FOV) of OCT-derived 

imaging during local heating (white scale bar, 1 mm) allowing between 

day comparisons from a collection of matching single-points from 

concordant blood vessels (as shown in left-top panel, A-B), whilst 

smaller FOV obtained during reactive hyperemia response were 

analysed by comparing the total FOV (left-bottom panel, C-D). The 

right panel summarizes the reproducibility of OCT-derived parameters 

as responses to local heating and reactive hyperemia stimuli, and the 

comparison with the laser Doppler flowmetry (LDF)………………….. 
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Figure 8.2 The illustration of William Harvey’s experiments that utilized ligature 

around the forearm. He demonstrated the venous valves and the 

unidirectional nature of emptying and filling…………………………… 
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Figure 8.3 Overview of the main findings from chapters 5 and 6 in this thesis. The 

left panel of this figure illustrate the comparison of OCT imaging at rest 

and following 30 min of local heating between healthy control (top, 

CON), diabetics without ulcer (middle, DNU) and diabetic with foot 

ulcer (bottom, DFU) group. White scale bar, 1 mm. The right panel 

summarizes the results of OCT-derived parameters as responses to local 

heating and RH stimuli, along with flow-mediated dilation (FMD) of 

brachial and femoral artery……………………………………………... 
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Figure 8.4 Overview the main findings of chapter 7. Exercise training improved 

cardiovascular fitness, hemodynamic (blood pressure and heart rate), 

and conduit artery function, whereas the intrinsic functional/structural 

of skin microcirculation was not markedly altered. FMD: flow-mediated 

dilation………………………………………………………………….. 

 

 

 

 

 

225 

Figure 8.5 Central and peripheral mechanisms of exercise training adaptations in 

skin blood flow (SkBF) control. The most notable change in skin 

microcirculation in trained subjects is a lefward shift in the core 

temperature threshold for skin vasodilation during dynamic exercise. 

This is mediated by early onset active vasodilation. As the exercise 

progresses, SkBF continues to increase and reach an early plateau at Tc 

∼38℃, at ∼50-60% maximum SkBF because of the competition with 

higher muscle blood flow. This adaptation can be explained mainly by 

the central hemodynamic adaptation: blood/plasma expansion along 

with cardiac hypertrophy ultimately results in increased cardiac output. 

In the study presented in Chapter 7 of this thesis, no evidence for 

intrinsic functional/structural skin microcirculatory adaptation to 

exercise training was apparent in young and healthy subjects………….. 
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CHAPTER 1 

Introduction and literature review 

The skin microcirculation is comprised of abundant blood vessel networks that are arranged into 

plexuses. This vascular bed plays a significant role in human thermoregulation, as it is responsive and 

adjusts to internal (e.g. exercise) and external (e.g. high ambient temperature) thermal stressors. 

However, our understanding of the skin microcirculation remains poorly understood, due to the 

complexity of its function and structure, along with limitations of extant investigational tools. Several 

minimal/non-invasive techniques have been developed to investigate the skin microcirculation, 

however most commonly utilized imaging tools are sub-optimal. Each technique has strengths but 

also limitations, limiting utility in both experimental and clinical contexts.  

  

This chapter will focus on regulation of the cutaneous microcirculation and a critical appraisal of 

current non-invasive techniques for the assessment of skin microvascular structure and function in 

humans. Ultimately, the review provides a scientific rationale for the development of a new and 

powerful imaging approach to investigate skin microcirculation structure and function: optical 

coherence tomography (OCT).  This chapter will also introduce the feasibility and potential for future 

utilization of this technique in both research and clinical settings.  

 

This literature review is divided into 4 sections, as detailed below: 

Section 1.1 explores the biology of skin microcirculation and its regulatory control, along with the 

important role that the skin microcirculation plays in human thermoregulation.  

Section 1.2 provides an extensive literature review of current techniques that are commonly used for 

skin microvasculature assessment in humans. Here I describe the basic principle of each 

technique and critically appraise their strengths and limitations.  

Section 1.3 reviews the current status of OCT and the potential application of this technique to detect 

structural and functional changes in the cutaneous microcirculation of healthy people and 

clinical populations.  

Section 1.4 summarises the literature review with respect to the beneficial effects of exercise training 

on skin microcirculation, in health and disease.  

Finally, in Section 1.5, the primary research objectives and hypotheses relating to the current thesis 

are presented. 
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1. 1 Why is the skin microcirculation important in humans? 

1.1.1 Thermoregulatory control in humans 

Humans rely on several thermoregulatory reflexes to maintain core temperature within a narrow range 

(~37±0.6℃) in order to provide an optimal environment for living cells. In contrast, the temperature 

of the outer shell (especially the skin) is highly variable and fluctuates depending on environmental 

temperature (17). Thermoregulatory control is a complex mechanism via autonomic responses and 

behavioural changes (clothing, the use of shelter, space warming/cooling, etc.) as illustrated in Figure 

1.1 (1, 6, 17, 18). While the behavioural changes enable humans to survive in extreme climates, 

autonomic regulation is capable of precisely adjusting heat balance within a relatively narrow range 

(~26℃ to 33℃) of environmental temperatures (17, 19), for example most people cannot tolerate 

prolonged ambient temperature above ~33℃ if combined with high humidity (1). Fortunately, 

humans have adaptive abilities as response to repetitive exposure to the internal (e.g., exercise) and 

environmental changes in order to maintain the thermal homeostasis. The phenotypic adaptations to 

heat challenges were described by Kondo and colleague (2009) and include: reduced heart rate at 

fixed work rate; expanded plasma volume; lower core temperature at an equivalent workload; high-

rate of sodium and chloride reabsorption from the sweat glands; and increased sweat rate (20).   
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Figure 1.1  The schematic illustration of thermoregulatory control in humans. From Grodzinky and 

Marta (2019) (1). 

 

Human skin comprises anatomical structures that play vital roles in the normal process of 

physiological thermoregulation, to accommodate heat exchange from the human body to environment 

(or vice versa). The structures involved in the regulation of body temperature include:  
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(1) Peripheral thermosensor neurons which detect changes in the temperature of the outer shell. Cold-

sensors are located beneath the skin and signals are conveyed by thin myelinated Aδ fibers. 

Warm-sensors are located deeper, in the dermis, and signals travel via unmyelinated C-fibers 

and transient receptor potential (TRP) ion channels known as thermo-TRP channels. To date, 

TRPV1 and TRPV8 are recognised as warm and cold sensors (21). Changes in local skin 

temperature modify the response of the effector organs (sweat glands and skin microcirculation) 

through the reflex signal generated in the central nervous system (CNS) (17);   

(2) Human skin is relatively hairless compared to other species (human vs monkey: 29±8 vs 297±16 

follicles/cm2), which eliminates the isolation layer for heat dumping from skin to the 

environment (22);  

(3) Humans have a high density of eccrine sweat glands (100-250 glands/cm2 on average) located in 

the dermis and hypodermis layers, which are distributed through almost the entire skin surface;  

(4) The distribution, secretion rates, thermal sensitivity and sweating threshold are variable in 

different areas of the body, with greater density of active eccrine sweat glands commonly found 

on the palmar surfaces of hand (~520 glands/cm2) and plantar surfaces of foot (~500 

glands/cm2) (23). The maximum daily sweat output of non-acclimatized healthy people is about 

15 L and maximal sweat rates can reach 1.5 L/h (17). However, humans cannot maintain such 

maximal sweat rates for long periods. Adaptation to endurance exercise training, and/or heat 

acclimatization, increase the maximum sweat rates which can exceed 2.5 L/h (17);  

(5) Human skin has an extensive cutaneous circulation. Therefore, the skin is able to maintain a wide 

range of skin blood flow (SkBF) in order to preserve the homeostasis of internal temperature. 

Resting SkBF in thermoneutral environments is approximately 250 mL/min and will result in 

heat dissipation of approximately 80-90 kcal/h, about the level of resting metabolic heat 

production. In extreme whole body maximal SkBF can increase to ~8 L/min (24). 
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Increases in cutaneous microcirculatory blood flow during heat stress are necessary to facilitate 

convective heat transfer from the body core to the skin surface, and to increase heat dissipation 

through the evaporation in conjunction with sweating. This process will cool the skin rapidly (0.58 

kcal/g of sweat) in an optimal environment and allow heat dissipation from blood to the skin and 

ultimately to the environment as a consequence of the thermal gradient. Cooler blood in the skin is 

transferred back to the body core and substituted by warmer blood from the core. This process will 

proceeds continuously to restore the heat balance (17).  

 

1.1.2 Evolutionary biology of human skin 

Human skin possesses an impressive capacity for heat dissipation compared to that of other animals 

and this has been proposed as an adaptive evolution advantage (25, 26). Modern humans have unique 

skin structure that is characterized by (1) a furless “naked” appearance, (2) a preponderance of eccrine 

sweat glands with high secretion rates and (3) extensive blood microcirculation in dermal and 

epidermal layers. These characteristics facilitate efficient heat exchange through convective and 

evaporative cooling, despite the higher risk of increased fluid loss (25, 27, 28). 

 

Ancestors of the human genus were “persistence hunters”, requiring them to run over a long distance 

in hot environments pursuing and tracking animals, at a speed that required their prey to gallop, 

thereby driving them into a hyperthermic state. Although humans are relatively poor sprinters, skill 

in long-distance endurance running, particularly in open and hot environments, is unique to humans 

among primates, being more common among social mammal-carnivores (e.g., dogs, hyenas and 

migratory ungulates such as wildebeest and horses) (25, 26). Exposure to hot, arid and open 

environments, in combination with prolonged moderate-vigorous physical activity, has been 

proposed as a main contributor to the evolution of human skin, as well as other mechanisms for heat 

dissipation, to maintain the thermoregulatory homeostasis under stressful conditions (25, 26).  
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Even though the persistence hunting and scavenging hypothesis is difficult to test, the evolution in 

structural features relevant to thermoregulation is nonetheless evident (25). The probable skin 

appearance of human ancestors was lightly pigmented and covered with dark hair, like most of the 

catarrhine primates today (29), whereas the modern structure of human skin provides an impressive 

ability to maintain internal temperature during heat stress during strenuous activity in hot 

environments. Human bipedal posture also confers thermoregulatory advantages compare to 

quadripeds: (a) higher rates of convective heat exchange and maximum rates of cutaneous evaporative 

cooling as a consequence of higher exposure of skin surfaces to the airflow (30); (b) bipedal posture 

experiences less radiant heat gain due to reduced total body surface area exposed to the sun during 

the most stressing period  (mid-day) by approximate 90W (31). Other features, including expanded 

cranial cooling systems (32), nasal cooling (25), mouth breathing (33), hairlessness (22), and higher 

capacity of sweating rate (25, 34) allow extra counter-current heat exchange, therefore unloading the 

excess heat produced by endurance running. However, the principal adaptations favouring effective 

thermoregulation in modern humans relate to the efficiency of evaporative heat loss mechanism 

combined with the density and architecture of the cutaneous microvascular network and high skin 

blood flows.  

 

1.1.3 The anatomical architecture of the human skin microcirculation 

Human skin consists of three layers: the superficial avascular epidermis; the intermediate dermis 

comprised of connective tissue, blood and lymphatic vessels, hair follicles, glands, etc.; and the 

deeper hypodermis or subcutaneous tissue layer which mainly comprises adipose tissue (Figure 1.2).  

Generally, skin is classified into glabrous (non-hairy) and non-glabrous skin (hairy). Whilst the non-

glabrous skin covers almost all of the human body surface, glabrous skin can be found in areas such 

as palms, soles, and digits. Knowledge regarding human cutaneous microvascular hierarchy has 

developed in the last four decades. Before that, the cutaneous blood vessels were thought to exist as 
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a random anastomosing network without stratification (3). This section will focus on the anatomy of 

the cutaneous microvasculature in the non-glabrous skin, particularly in the dermis layer. 

 

The skin blood vessels comprise a dense microvascular network which is arranged in two horizontal 

plexuses parallel to the skin surface; the superficial and deep microvascular network (Figure 1.2a) 

(3).  The superficial plexus is located 1-1.5 mm beneath the skin surface and each unit contains three 

structures shaped like an umbrella: the handle of the umbrella is made of a high resistance terminal 

arteriole and post-capillary venule, whilst the umbrella proper is formed by the arteriole and venule 

branches and the papillary loops. The diameter of the terminal arterioles is 17-26 µm and the wall is 

lined by three layers (from lumen to the outer layer): (a) endothelial cells, (b) smooth muscle cells 

(longitudinal and spiral) and (c) basement membrane (Figure 1.2b) (3). These vascular structures 

make the vessels capable of changing diameter in response to internal and external stimuli, in order 

to control the SkBF. The arteriolar wall is highly innervated by the autonomic nerves, which control 

blood flow to the next structures, papillary loops (6). 
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Figure 1.2 Illustration of skin microcirculation. (a) A diagram of healthy skin highlighting three 

primary layers: the epidermis (0.06-0.6mm of thickness), the dermis (1-4 mm) and 

hypodermis (5-20 mm). Skin microcirculation is segmented into two plexuses: the 

superficial papillary plexus and deep plexus in the dermal-subdermal junction. The 

subcutaneous plexus is located in hypodermis layer. Modified from Deegan and Wang 

2019 (2). (b) A diagram highlighting the coronal section of a typical arteriole  and venule 

in the superficial cutaneous plexus. It consists of three layers, tunica intima, media and 

adventitia. A: Arteriole V: Venule T.A: Tunica adventitia T.M: Tunica media T.I: Tunica 

intima. Adapted from Braverman (2000) (3).  

 

The papillary loops are located near the dermal-epidermal junction and are characterized by a high-

thermal gradient due to the proximity of this structure to the skin surface. Each dermal papilla is 

supplied by one capillary loop that is composed of an ascending limb (arteriole capillary), 

intrapapillary hairpin turn and descending limb (venular capillary). Arteriolar and venular capillaries 

do not have the same muscle layers as arterioles or venules, rather they have a single cell which is 

characterized by less developed dense bodies and fewer filaments (the pericytes layer). These blood 

vessels are also not innervated, thus the dilation and constriction of capillaries occurs in a different 
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way from the arterioles and venules. Diameter of the capillaries is less than 10 µm (8-10 µm) and 

their shape depends on their position relative to the skin surface (3). The papillary loop is the nutritive 

component of the skin microcirculation. Under resting conditions, this capillary remains relatively 

underperfused, only being recruited under stressful conditions.  Since the papillary loops also have a 

large surface area, blood flow to this area is the major determinant of heat exchange between skin 

and the environment (or vice versa) (6).   

 

Figure 1.3 Illustration of microcirculation anatomy. From Goksel et al. (2020) (4) 

 

Post-capillary venules are lined by 1-2 layers of pericytes. These cells have two shapes; elongated 

cells which lie parallel to the long axis of the vessels and form short circumferential arms, and short 

cells encircled almost entirely by the endothelial cells which form long circumferential arms. The 

diameter of descending venules varies between 25-50 µm. The valves of these vessels are commonly 

located in branched areas where the small vessels join larger ones. However, in some areas, the 

location is not associated with the branch. The function of these valves is to prevent backflow of 

blood (3).  
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The deep plexus is located at the dermal-subdermal junction. It is formed by perforating vessels from 

deeper tissues (subcutaneous fat and/or underlying muscles) and gives rise to ascending arterioles (3). 

The arterioles in this layer generally contain four or five layers of vascular smooth muscle, and they 

connect vertically to the superficial plexus and laterally to the blood vessels surrounding hair follicles 

and sweat glands. The diameter of blood vessels in this plexus is ~50 µm and they are thicker (10-16 

µm) than the blood vessels in the superficial plexus. The ascending arterioles and their descending 

venules are spaced randomly between each other at a distance approximately 1.5 to 1.7 mm (3).  

 

1.1.4 Skin blood flow control mechanisms 

The skin microcirculation plays a similar role as the microvasculature in other organs: delivery of 

oxygen, nutrition and removal of waste products, fluid homeostasis, and the accommodation of 

inflammatory responses. In addition, the skin microcirculation has particular functions in 

thermoregulatory control via a combination of central and peripheral mechanisms.  Therefore, SkBF 

is influenced by both thermoregulatory (gradient between skin-core temperature) and non-

thermoregulatory reflexes (baroreflex, exercise-driven reflexes) (20, 35).  

 

1.1.4.1 Central control of skin blood flow: Integrative and afferent/efferent pathways 

The central nervous system (CNS) receives cutaneous thermo-signals through two different 

pathways: spino-thalamic-cortical and spino-parabrachial-hypothalamic pathways, as illustrated in 

Figure 1.4. The first of these afferent pathways transmits autonomous thermoregulatory responses to 

changes in the ambient temperature. This stimulus is sensed by cutaneous thermosensory nerve 

endings of bipolar cells that lie in the dorsal root ganglia. Its central axons project to the dorsal horn 

of the spinal cord (mostly lamina I) or spinal trigeminal nucleus, where they synapse with secondary 

monopolar neurons. The axons of these secondary neurons cross the midline and ascend into the 

lateral funiculus of the spinal cord. Lamina I neurons carry temperature signals to the insula cortex 

with a relay in the posterolateral thalamus (ventromedial nucleus). The insula cortex has a large area 
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representative of skin temperature indicating high spatial resolution to discriminate temperature from 

the skin surface. Apparently, this pathway has little to do with core temperature regulation and is 

more discriminative and perceptive of temperature sensation (5, 21).  The second pathway is triggered 

by massive thermal exposure that generate a heat-exchange response between the body and 

environment. The temperature-generated signals from the large area of the outer layer of human body 

are sent to the brain (hypothalamus) through the spino-parabrachial-hypothalamic pathway. The 

secondary neurons in lamina I neurons project to the pontine parabrachial area where they synapse 

with tertiary neurons that end in hypothalamic structures, particularly in the pre-optic area (POA) (5, 

21).  

 

Figure 1.4. Schematic illustration of central control-cutaneous thermoregulatory signal. DH: dorsal 

horn; ST: spinal trigeminal; LPB : Lateral parabrachial pathway; IML: Intermediolateral 

nucleus; EP3R: prostaglandin EP3 receptors; RPA: raphe/peripyramidal area; VTA: 

Ventral tegmental area; PAG: periaqueductul gray matter; POA: Pre optic area; PGE2: 

Prostaglandin E2. Amendment from Morrison and Nakamura (2019) (5) 

 

The pre-optic area (POA) in the anterior hypothalamus is the primary integrative site for 

thermoregulation and the associated SkBF (5, 21). Most of the thermo-sensitive neurons in the POA 

are warm-sensitive neurons that have dendritic orientation ideal for collecting information from the 

periventricular stratum and the medial forebrain bundle. These neurons are commonly identified in-
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vitro as GABAnergic neurons, consistent with the inhibitory activity of the efferent pathway to the 

heat-gain effector (5, 21). The firing rates of these neurons is increased by elevating local tissue 

temperature (brain) and causes heat-defensive responses, including cutaneous vasodilation. Increases 

in local (brain) and blood-borne pyrogenic mediators such as prostaglandin E2 (PGE2) provoke 

thermoregulatory responses via prostaglandin EP3 receptors (EP3Rs) in POA neurons. Furthermore, 

warm signals from the shell (skin), viscera and muscle will provoke heat-defence responses, before 

the increase of brain temperature.  In contrast, reduced POA temperature decreases tonic discharge 

of warm-sensitive neurons and activates cold-defence responses including cutaneous 

vasoconstriction, BAT and shivering thermogenesis (5).   

 

When the temperature signals reach the activation threshold of a warm-sensitive neuron in the POA, 

the neuron fires and send the signals downward to the midbrain (periaqueductal grey matter, 

retrorubral field and ventral tegmental area) and possibly pontine region in the area of locus ceruleus. 

All signals in this area converge on the medulla cells in the raphe/peripyramidal area.  The signals 

will continuously travel downward and synapse with pre-ganglionic sympathetic neurons in the 

intermediolateral nucleus of thoracolumbar spinal cord and finally reach the effector (e.g., skin blood 

vessels). The balance of descending excitatory (glutamatergic) and inhibitory (GABAergic) signals 

from the POA, and perhaps other inputs from brainstem, governs the level of activity of the cutaneous 

vasoconstriction premotor neurons in the brainstem, to regulate SkBF (5, 21).  

 

1.1.4.2 Neural control 

1.1.4.2.1 Sympathetic nervous system control of skin microcirculation  

The cutaneous blood vessels in non-glabrous skin are controlled by dual vasoconstrictor and 

vasodilator nerves. The first evidence of this came from work by Grant and Holling in 1938 (36) and 

it was confirmed in the 1950s by Edholm et al. (37) and Roddie et al. (38). Kellogg et al. (39) further 
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studied these mechanisms and revealed that the dual efferent neural system that controls the cutaneous 

blood vessels is composed of a sympathetic vasoconstrictor system and vasodilator system.  

 

Sympathetic adrenergic-vasoconstrictor system 

The cutaneous vasoconstrictor system is responsible for decreasing SkBF during cold stress (40). 

Norepinephrine (NE) released from vasoconstrictor sympathetic nerves interacts with postsynaptic 

α1 and probably α2 receptors, which results in vasoconstriction of cutaneous arterioles. This 

vasoconstrictor system is tonically active and controls the subtle modulation in thermoneutral 

environments and the responses to cold stress (39, 41). However, NE is not the sole neurotransmitter 

in this process. Stephens et al. revealed co-transmitter involvement since blockade of noradrenergic 

receptors (either α1, α2, or β) did not completely abolish vasoconstriction responses to the cold stress, 

whereas blockade of neurotransmitter release from cutaneous adrenergic nerves by bretylium tosylate 

(BT) completely abolished the vasoconstriction response (42, 43). Neuropeptide Y (NPY) was then 

tested as a possible co-transmitter in vasoconstriction acting through NPY Y1 receptors. The blockade 

of this receptor with an antagonist attenuated the reduction in SkBF during whole body cooling. 

Furthermore, the response was completely abolished when this receptor antagonist was combined 

with α1, α2, and β receptor antagonist. These results clearly show that vasoconstriction during cold 

stress is an active process that involves NE and the co-transmitter NPY via the activation of post-

junctional adrenergic receptors and NPY Y1 receptors. However, it remains unclear whether NPY 

acts directly on the skin blood vessels or potentiates the effects of the noradrenergic receptor (44). 

ATP has also been identified as a potential co-transmitter alongside NE for reflex cutaneous 

vasoconstriction. Blockade of the adenosine receptor attenuated the decrease of SkBF during whole 

body cooling from a hyperthermic condition, but not from a normothermic condition, which 

suggested adenosine-mediated vasoconstriction if the skin blood vessels are in a fully dilated  state 

(45). 
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Sympathetic cholinergic-active vasodilation system 

Vasodilation in non-glabrous skin is an active process that is mainly mediated by vasodilator nerve 

fibers contained in the cutaneous nerves. These nerves are not active at thermoneutral conditions, and 

become activated as a response to the increase of internal temperature (e.g., exercise, or secondary to 

environmental heat exposure) (37). Roddie et al. (1957) found that whole body heating will stimulate 

initial brief increases in SkBF prior to the onset of sweating (38). This response may be due to the 

release of vasoconstrictor tone (above). Once the sweating commences, SkBF rapidly increases. The 

magnitude of this response was greatly reduced with atropine infusion and suggested a sympathetic 

cholinergic role to begin the active vasodilation process (38). Other studies used atropine 

iontophoresis to block the muscarinic receptor, resulting in a rightward shift of the dose-dependent 

acetylcholine (ACh)-induced cutaneous vasodilation curve (46) and a decrease in the magnitude of 

responses by almost 30% before reaching a stable plateau (46, 47). In contrast, this effect was not 

apparent if the atropine was administered after the SkBF reached a stable plateau (48). Those findings 

emphasised the hypothesis that ACh acts mainly at the early onset of active vasodilation (38, 47).  

The most compelling theory underlying cutaneous active vasodilation in humans was first 

hypothesized by Hokfelt in 1980 and reinforced lately by Kellogg et al. (1995), and suggested the 

involvement of one or more co-transmitter systems instead of activation by a single vasodilator 

transmitter such as ACh (47, 49).  

 

Vasoactive intestinal peptide (VIP)/ pituitary adenylate cyclase activating polypeptide (PACAP) 

Hokfelt hypothesized in 1980 that cutaneous active vasodilation relies on a co-transmitter system. He 

suggested that sweat gland and active cutaneous vasodilation were innervated by a single cholinergic 

nerve by releasing ACh for sweating and the neuropeptide co-transmitter Vasoactive Intestinal 

Peptide (VIP) for vasodilation (49). This hypothesis was first tested by Savage et al. (1990) in cystic 

fibrosis patients who lack VIP innervation in the skin (50). If Hokfelt’s theory was correct these 

patients would be expected to have diminished cutaneous active vasodilation responses to heat stress. 
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Savage found that cystic fibrosis patients possessed preserved vasodilator responses to either whole 

body or local forearm heating, despite the sparse VIP immunoreactivity nerves in skin biopsies (50). 

These normal responses were confirmed later by Wilkins et al. (2007) (51).  In contrast, another study 

showed strong evidence that co-transmitter VIP facilitated active vasodilation. This study used a 

receptor VIP antagonist (VIP10-28) that blocked VIP receptor type 1 (VPAC1) and/or type 2 (VPAC2) 

with and without atropine to block the vasodilator responses that accompany heat stress (52). 

Unfortunately, more recent work failed to replicate the effect of VIP10-28 (53) and thus the efficacy of 

the VIP10-28 antagonist in humans is still questionable. Wilkins et al. (2004) found that VIP-mediated 

vasodilation occurred predominantly through NO and the H1 receptor activation component (54). 

 

Determination of the role of VIP in active vasodilation is complicated since the administration a 

closely related-neuropeptide, pituitary adenylate cyclase-activating polypeptide (PACAP) has a more 

potent vasodilation effect on skin blood vessels (55). In human non-glabrous skin, PACAP38 is the 

isoform of PACAP that has been associated with blood vessels and sweat glands (56), acting through 

similar G protein-coupled receptors with VIP to facilitate cutaneous active vasodilation during heat 

stress: VPAC2 and PAC1 receptors and perhaps VPAC1 (57). Another member of the 

secretin/glucagon/VIP superfamily, peptide histidine methionine (PHM) was also reported to be 

present in the human skin. Similar to VIP or PACAP, PHM acts via VPAC1, VPAC2 and PAC1 but 

has lower binding affinity and is less potent for active vasodilation compared to VIP/PACAP (58, 

59).  To date, the mechanisms of VIP/PACAP as a co-transmitter for the cholinergic nerves for 

cutaneous active vasodilation remain inconclusive.  

 

1.1.4.2.2 Sensory nerve control of skin microcirculation  

Sensory nerves-vasoconstrictor system 

Cold exposure on the skin stimulates a receptor-mediated neural signalling pathway that travels to 

the dorsal horn of the spinal cord, to the lateral brachial nucleus and finally the POA in the 
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hypothalamus (60). TRP superfamily has ligand-gated Ca2+ permeable cation channels that are 

important in skin microvascular control. Amongst them, TRP Melastatin 8 (TRPM8) and TRP 

Ankyrin 1 (TRPA1) are sensitive to environmental cold. In animals, both receptors have been shown 

to act individually as vascular cold sensors to mediated vasoconstriction (61). 

 

TRPM8 is the menthol receptor and primary sensor of environmental cold. This receptor is found in 

the dorsal root ganglia sensory neurons and is expressed in vascular smooth muscle. The activation 

of this receptor leads to Ca2+ and Na+ influx into vascular smooth muscle cells and results in metabolic 

heat production and vasoconstriction (60). Topical application of menthol solution increased SkBF 

in humans (62, 63) whereas dual responses were observed when it was applied to rat blood vessels; 

it was shown to lead to either vasoconstriction or vasodilation depending on the existing degree of  

vasomotor tone (62). Additionally, pharmacologically blocking this receptor attenuated the impacts 

of the autonomic response to cold exposure and the subsequent decline of body temperature (64).   

 

TRPA1 is a member of the TRP superfamily that is primarily found in sensory neurons and is well 

known as a key mediator in cold-induced vasoconstriction. TRPA1 influences vascular tone and its 

activation has been shown to cause initial cold-induced vasoconstriction and a subsequent 

vasodilation response (61, 65). TRPM8 is understood to be involved in this process since the 

administration of TRPM8 antagonist blunted this effect (65).   
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Figure 1.5. Summary of possible peripheral mechanisms underlying cutaneous active vasodilation. 

Increased core body temperature will stimulate skin vasodilation in two phases. An initial 

rise in vasodilation is mediated by (1) decreased sympathetic adrenergic nerve activity 

resulting in withdrawal of vasoconstrictor tone; (2) activation of sympathetic cholinergic 

nerves leads to acetylcholine (ACh) release and activation of sweating glands. ACh acts 

mainly via muscarinic-receptor 3 (M3-receptor) that subsequently activates neuronal 

nitric oxide synthase (nNOS) pathway.  Late phase cutaneous active vasodilation is 

mediated by (1) release of co-transmitters from  sympathetic cholinergic nerves 

(VIP/PHM/PACAP) acting via their specific receptors in vascular smooth muscle cells 

and  increased histamine release from mast cells (act via H1 receptor to activate nitric 

oxide (NO) pathway); (2) activation of sensory nerves leads to release of substance P, 

calcitonin gene-related protein (CGRP), activation of transient receptor protein vanilloid-

1 (TRPV 1) and release of or the involvement of NO component; (3) the activation of 

cyclooxygenase (COX) pathway that converts the arachidonic acid to prostaglandin; (4) 

activation of endothelial-derived hyperpolarizing factors (EDHF) and subsequently leads 

to hyperpolarization. CGRPR: CGRP receptor; CYP: cytochrome p450 enzymes; KCa: 

calcium-activated potassium channel (SKCa: small conductance KCa; IKCa: 

Intermediate conductance KCa; BKCa: large conductance KCa), L-Arg: L-Arginine; 

NK1: neurokinin 1; PACAP: pituitary adenylate cyclase activating polypeptide; PAC1: 

pituitary adenylate cyclase 1;  PGI2: prostacyclin; sGC: soluble guanylate cyclase; VIP: 

vasoactive intestinal peptide; VPAC1/2: VIP receptor type 1; Amendment from Johnson 

(2014) (6).   
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Sensory nerves-active vasodilation system 

The involvement of sensory nerves in cutaneous vasodilation is based on evidence that neuropeptides 

released by efferent sensory nerves, such as substance P (66) and calcitonin gene-related peptide 

(CGRP), contribute to cutaneous active vasodilation (67). In people with cystic fibrosis, those co-

transmitters were suggested to be involved in normal cutaneous active vasodilation as a compensation 

for abnormal VIP (50). CGRP and substance P were thought to be released from heat-sensitive 

nociceptors as a response to heat stimuli, suggesting their contribution to the cutaneous active 

vasodilation. Substance P has high affinity for the neurokinin-1 (NK-1) receptor (68). Another 

possible source for substance P is vascular endothelial cells (69). Wong et al. (2005) found that the 

administration of exogenous Substance P produced an increase in SkBF (70). This response was 

attenuated by the nitric oxide synthase (NOS) inhibitor, but not a H1 histamine receptor antagonist, 

suggesting the involvement of a NO component in Substance P-induced vasodilation. However, 

subsequent infusion of substance P did not induce vasodilation indicating NK1 desensitization 

occurred upon binding of substance P in the first dose (70). Further observation by Wong et al. (2006) 

showed that the active vasodilation response to passive heat stress was attenuated when the NK-1 

receptor desensitization occurred as a consequence of prior administration of substance P. This 

finding indicated that the NK1 receptor mediated approximately 35% of active vasodilation. 

Furthermore, a large portion of this response (~80%) was attenuated with the additional 

administration of a NOS inhibitor (66), which reinforced the previous finding of NO involvement in 

substance P-induced vasodilation (70). Delayed onset of active vasodilation was also observed in a 

site pre-treated with substance P, indicating that NK-1 receptor activation is important in the initiation 

of active vasodilation (66).  

 

Indirect supportive evidence for cutaneous sensory nerve involvement in active vasodilation comes 

from the involvement of TRP channels. Amongst them, the TRP Vanilloid 1 (TRPV1) channel is one 

potential candidate for heat-transduction in humans. TRPV1 is a receptor for capsaicin and related 
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pungeon vanilloid compounds, that is found predominantly in sensory nerve terminals but also in 

endothelial cells. These receptor channels can also be activated by chemical and physical stimuli, for 

example increases in ambient temperature, and therefore might act physiologically as a transducer of 

noxious heat (71). In humans, the administration of capsazepine, a TRPV-1 channel agonist, 

attenuated the passive heat stress response by approximately 25% (72). Additionally, the combination 

of a TRPV-1 channel agonist with NOS inhibitor, L-Nitro-Arginine Methyl Ester (L-NAME), did not 

produce further attenuation compared to the inhibition of TRPV-1 channels or NOS alone. These 

findings suggested TRPV-1 channels may contribute to cutaneous active vasodilation during passive 

heat stress and may account for a portion of the NO component. In contrast, recent investigation of 

other TRP channels that exist in vascular endothelial cells, TRPV-4 channels, apparently were not 

required for regulating cutaneous active vasodilation during passive heat stress (73). Acute 

stimulation of capsaicin-sensitive sensory nerves resulted in enhanced resting SkBF (74-76) and 

significant heat loss (76). These effects were perhaps due to activation of C-fiber afferent by capsaicin 

via TRPV-1 channels that were associated with the increase of substance P as well as CGRP (74-76), 

or via activation of eNOS (77). Kurozawa et al. (1991) showed that desensitization of capsaicin-

sensory nerves by capsaicin iontophoresis in the forearm skin resulted in blunted cutaneous 

vasodilation during exercise, perhaps due to depletion of those two associated neuropeptides that 

occurred 24-hours post capsaicin treatment (74). In contrast, a study by Charkoudian et al. (2001) 

found that neither acute stimulation nor chronic desensitization of capsaicin-sensitive sensory nerves 

in the skin affected the vasodilator response to passive heat stress, suggesting that capsaicin-sensory 

nerves were not involved in cutaneous active vasodilation (75). This contradictory result was 

probably related to different methodological stimulation of cutaneous active vasodilation (active vs 

passive heating), different route and period of desensitization. 

 

Other evidence of sensory nerve involvement in cutaneous active vasodilation came from the 

observation of Wong et al. (2013), who used topical anaesthetic agents to block the transduction of 
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cutaneous sensory nerves (78).  The results suggested that cutaneous sensory nerves may contribute 

to the early phase of reflex cutaneous active vasodilation during heat stress, but not the latter phase. 

This was based on the observation that the administration of topical anaesthetic delayed the onset of 

vasodilation responses but did not alter the magnitude of cutaneous vasodilation responses during 

passive heat stress. However, the additional inhibition of NOS alongside the topical anaesthesia 

unmasked the role of cutaneous sensory nerves to facilitate vasodilation response at the latter phase, 

indicating that full expression of reflex cutaneous vasodilation requires functional sensory nerves and 

NOS (78). Taken together, sensory  nerves may have roles in reflex cutaneous vasodilation, probably 

due to the activation of TRPV 1 and release of substance P, CGRP or the involvement of NO 

component.  

 

Overall, redundant neurotransmitters involved in the mechanisms of cutaneous active vasodilation 

include, but are not limited to ACh, VIP, CGRP, Substance P, histamine (via H1 receptor), and 

prostaglandin. This active vasodilator system is responsible for the 80-95% increase in SkBF that 

accompanies heat stress (79). However, the details of cutaneous active vasodilation remain 

unresolved due to the redundancy and the complexity of the system (Figure 1.5).   

 

1.1.4.3 Intrinsic local control of skin blood flow 

1.1.4.3.1 Histamine  

As discussed above, VIP is a neuropeptide that is well known to be involved in active cutaneous 

vasodilation mechanisms. Human skin mast cells are surrounded by VIP nerve fibers with abundant 

VIP receptors (80). In line with this, VIP-induces mast cell degranulation and histamine release (81).  

Furthermore, other neuropeptides that mediate cutaneous vasodilation, such as substance P, have been 

found to induce histamine release from mast cells (81), suggesting the involvement of histamine in 

cutaneous vasodilation.   
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Significant cutaneous vasodilation has been shown in response to intradermal infusion of histamine, 

whereas this response was attenuated by the administration of either H1- or H2-receptor antagonists 

(54, 82). This evidence indicates histamine-mediated cutaneous vasodilation via H1- and H2-

receptors. In the context of the vasodilatory action of VIP in human skin, cutaneous vasodilation in 

human skin as a response to exogenous VIP includes NO-dependent and H1-receptor components, 

however the H2 isoform histamine receptor apparently does not contribute to VIP-mediated dilation 

(82).  In addition, the NO-dependent component of VIP-mediated vasodilation could not be explained 

by the activation of H1-receptors, suggesting that histamine contributes to VIP-mediated vasodilation 

independent from the NO-component (54).  

 

In keeping with exogenous VIP-mediated vasodilation, Wong et al. (2004) showed that the 

contribution of histamine to cutaneous active vasodilation during passive heat stress occurred through 

activation of the H1-receptor, but not the H2-receptor (82).  However, unlike  exogenous VIP-

mediated vasodilation, the NO-dependent component of cutaneous active vasodilation during passive 

heat stress could be partly explained by H1 receptor activation (82). Therefore, it is possible that 

histamine–stimulated cutaneous vasodilation acts via the activation of the H1-receptor which directly 

induces NO production and other NO-independent pathways to directly stimulate vasodilation.   

 

1.1.4.3.2 Adenosine  

Adenosine is a nucleoside that has been shown to regulate vascular tone via A1 and A2 adenosine 

receptors in hamster skin microcirculation. The activation of high-affinity A1 receptors mediates 

vasoconstriction, whereas the low affinity A2 receptors mediate vasodilation. The location of both 

receptors was unknown, but thought to be on nerve terminals in the skin microcirculation (83). An in 

vitro study of human subcutaneous resistance arteries showed that adenosine mediates vasodilation 

via the activation of P2Y- and P1-purinoceptors, whereas the activation of P2X-purinoceptors caused 

vasoconstriction (84). 
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In humans, Fieger and Wong (2010) showed that A1/A2 receptor activation did not directly stimulate 

reflex cutaneous active vasodilation during passive whole body heat stress. However, when A1/A2 

receptor inhibition was combined with NOS inhibition, further attenuation of the cutaneous active 

vasodilation response occurred compared to NOS inhibition alone (85). In contrast, during local 

heating, A1/A2 adenosine receptor activation directly contributes to cutaneous vasodilation as a 

response to skin local heating. In addition, a portion of NO-mediated local heating vasodilation may 

be explained by adenosine receptor activation, although the substantial portion of the responses is 

apparently independent of adenosine receptor activation (86).  

 

1.1.4.3.3 Nitric oxide  

Nitric oxide (NO) is a potent vasodilator and has been shown to contribute up to 40-50% to cutaneous 

active vasodilation (66, 87).  Kellogg et al. (1998) revealed that the inhibition of NOS using L-NAME 

during whole body heating attenuated the rise of SkBF, but this did not occur in the normothermic 

condition, suggesting NO generation is involved in the mechanism of cutaneous active vasodilation 

in humans (88).  NO mediates cutaneous vasodilation as a response to either whole body or local 

heating, but did not contribute to the basal tone of skin blood vessels (51), in contrast to its role in 

larger arteries. NO in the cutaneous blood vessels is produced by the activation of endothelial NOS 

(eNOS, type III NOS). When this enzyme is inhibited by L-NAME during whole body heating that 

increases core temperature by 1℃, cutaneous active vasodilation is reduced by 30-40%, suggesting 

that the contribution of NO to active vasodilation is ~70% (89). The availability of NOS is enhanced 

by the binding of  heat shock protein 90 (HSP90) (90). It has been suggested that HSP90 causes 

calmodulin to displace eNOS from caveolin-1 and leads to eNOS activation and increased NO 

generation (91). Other forms of NOS are also available in human skin, for example neuronal NOS 

(nNOS), however it is not clear which NOS isoform contributes to the increased NO production 

required for active vasodilation (41). 
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Previous work has suggested the overlap of vasodilatory pathways, with respect to NO availability: 

(1) ACh-induced NO production in the initial phase of heating (92); (2) VIP-mediated NO production; 

(54) (3) H1 receptor-induced NO production (82); (4) prostaglandin-induced NO production (89).  

The inhibition of ACh with neostigmine during whole body heating produced a leftward shift in the 

onset of vasodilation, and this effect was offset by the administration of a NO inhibitor, indicating 

that ACh-mediated active vasodilation works primarily through NO mechanisms (92). In line with 

these findings, ACh-mediated active vasodilation was dependent on NO and prostanoid (93). NO in 

mediated active vasodilation during whole body heating is independent from the COX pathway (89). 

In keeping with this, Medow et al. (2008) also found that NO inhibited the ACh-mediated 

vasodilation, to a greater degree than the McCord findings (94). In contrast, Holowatz et al. (2005) 

revealed that the NO-dependent pathway did not contribute to exogenous ACh-mediated vasodilation 

(95). In keeping with this, in vitro study also demonstrated minimal contributions of the NO-

dependent pathway to ACh-mediated vasodilation (96). Despite some conflicting data, NO has an 

important contribution to cutaneous active vasodilation, however the information about its direct role 

to ACh-mediated cutaneous vasodilation is limited. Several pathways may be involved and have a 

cross talk with the NO-pathway, for example the COX-pathway(95). Therefore, further studies are 

warranted to clarify unresolved questions. 

 

1.1.4.3.4 Prostaglandins/Prostanoids  

Prostanoids in human skin are a product from arachidonic acid in the endothelium. McCord et al. 

(2006) used ketorolac, a non-selective cyclooxygenase type-1 (COX-1) and 2 (COX-2) inhibitor to 

determine the role of the COX pathway in mediating cutaneous active vasodilation (89). Their 

findings suggested a role for the COX pathway in mediating cutaneous active vasodilation during 

whole body heat stress, but not during local thermal hyperemia. The additional inhibition with a 

combination of COX and NOS inhibitors attenuated the cutaneous active vasodilation to a greater 
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extent than the inhibition by COX or NOS alone, suggesting that the COX pathway is independent 

from NOS or NO (89). In keeping with this, other studies also observed that the COX pathway 

contributed to ACh-mediated active vasodilation (94, 97). However, the COX pathway only partially 

attenuated the ACh-mediated dilation, suggesting that other substances such as endothelial derived 

hyperpolarizing factor substances (EDHFs) could be responsible for a significant portion of ACh-

mediated active vasodilation (95).  Those studies provide evidence that vasodilation attributable to 

ACh during cutaneous active vasodilation could be working through the increased production of 

prostanoids.  

 

1.1.4.3.5 Endothelial derived hyperpolarizing factor 

Hollowatz et al. showed that there was involvement of non-NO and non-prostanoid dependent 

pathways in ACh-mediated vasodilation. EDHFs such as P450 enzymes and epoxyeicosatrienoic 

acids are potentially good candidates, since inhibition of the COX-dependent pathway did not abolish 

a significant portion of ACh-mediated vasodilation (95). During COX inhibition, EDHF is a product 

of arachidonic acid that may be more abundant in the skin due to the increase in availability and 

metabolism of arachidonic acid.   

 

1.1.4.3.6 Endothelin-1 

Endothelin-1 (ET-1) is a potent vasoconstrictor produced primarily by vascular endothelial cells. ET1 

is 10 times more potent in terms of vasoconstriction than angiotensin II or noradrenaline at the same 

doses (98). Several ET1 receptors have been identified:  ETA receptors are located in vascular smooth 

muscle cells whilst ETB receptors  are located on vascular endothelial cells. The latter receptors have 

also been observed in vascular smooth muscle cells in some blood vessels and under certain 

physiological conditions (e.g., atherosclerosis). Among those receptors, ET1 acts via ETA receptors 

to cause vasoconstriction. Pharmacological blockade of ETA results in dose-dependent vasodilation, 

whereas blocking of ETA results in mild vasoconstriction (98). Furthermore, the ETA but not ETB 
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system has significant interactions with both angiotensin and NE-mediated vasoconstriction in the 

skin (98).    

 

1.1.4.4 Local skin heating and vasodilation 

Non-painful local skin heating (≤44℃) provokes biphasic responses in SkBF: an immediate increase 

known as initial peak and nadir, followed by a prolonged secondary plateau after ~20 minutes of local 

heating (6, 99, 100). This classic pattern of skin local heating is influenced by several factors: (1) the 

rate of incremental heating progression, e.g., the initial peak is more pronounced when the skin is 

heated at a higher rate (101), (2) skin heating temperature (102, 103), (3) the presence of conscious 

pain (87). If the skin heating is prolonged, the plateau phase is followed by a decrease of SkBF toward 

baseline. This phase is known as “die away” phenomenon and depends on the intact adrenergic 

system (6, 101). The mechanisms underlying this response are illustrated in Figure 1.6. 

 

Minson and colleagues (2001) investigated the involvement of sensory nerves in skin heating-induced 

vasodilation by using two types of anaesthetic substances: topical anaesthetic to block local nerve 

function, and a nerve-block anaesthetic proximal to the heated site. A decrease in the initial peak 

response to local heating of ~50% was observed following the application of topical anaesthetic, 

whereas this response was not altered by the administration of nerve-block anaesthetic. These 

findings suggested the involvement of a local sensory nerve reflex (axonal reflex) rather than CNS 

perception of heat (12). Additionally, this phase was attenuated when a NOS inhibitor (L-NAME) 

was administered to the skin microcirculation, suggesting the contribution of NO in the initial peak 

phase (12, 104, 105). Stephens et al. (2001) studied further the involvement of cutaneous sensory 

nerves and found that local heating stimulates heat-sensitive vanilloid type 1 (TRPV1) on afferent 

nerves (106). This will activate the local axonal reflex that causes the antidromic release of 

neurotransmitter(s) that increase SkBF. Amongst neurotransmitters that are released by sensory nerve 

fibers; CGRP and substance P are the most likely that are involved in the axon reflex during local 
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heating stimuli (104, 107). CGRP is a potent vasodilator and it has been shown to induce long-lasting 

vasodilation (108-110), whilst substance P mediates brief skin vasodilation (109, 110).   

 

In addition to sensory nerves, adrenergic nerves are also involved in the axonal reflex during local 

heating of human skin. Evidence of the involvement of adrenergic nerves in local thermal control 

comes from chronic sympathectomised patients that have been shown to have an absent initial peak 

and nadir during skin local heating (111). A more recent study showed that NE may regulate the onset 

of the axonal reflex at the level of C-fiber nociception (104). This finding was explored further by 

Hodges et al. (101, 105) who showed that the administration of an adrenergic receptor antagonist 

caused a rightward shift of the axonal reflex to the higher temperature induced by a slow local heating 

protocol. NPY might also be involved in modulating the skin local heating vasodilator response since 

blockage of the NPY receptor produced a similar response to blockage of the NE receptor (105). 

However, when an adrenergic receptor antagonist was applied during a faster heating protocol, the 

axonal reflex component was attenuated, but still preserved (101), suggesting that the adrenergic 

system plays a sensitizing rather than obligatory role in the initial responses to local heating (6). 

Adrenergic nerves also play an important role in the subsequent plateau phase, since blockade of NE 

and/or NPY release attenuated the increase of SkBF by approximately 50% and the inhibition of NO 

did not further decrease the response (101). 

 

The late plateau phase is mediated mainly by the generation of NO (12, 87). Varying contributions 

of NO (between 30-80%) to the increase in SkBF during this phase have been observed. This 

contribution is influenced by the temperature of skin heating, whereby a higher contribution of NO 

(~80%) was apparent during lower heating (39℃), and higher temperatures have the least 

contribution of NO (~30% at 42℃) (102). There are a number of factors that act through NO-

dependent pathways and result in upregulation of Ca2+ within endothelial cells to cause skin 

vasodilation. Substance P, CGRP, TRPV1 and adenosine are all believed to have roles in thermal 
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hyperemia (6). Other potential sources of NO via eNOS, such as histamine (112) and heat shock 

protein 90 (HSP 90) (90), only have a modest role in the response to local thermal hyperthermia. 

Reactive oxygen species (ROS) that are produced during local heating reduced the vasodilation 

response in the presence of Angiotensin II (113). This effect was reversed by increasing L-Arginine 

(NO precursor) or the administration of an antioxidant e.g., ascorbate (114, 115). Additionally, recent 

studies demonstrated the interaction of NOS and K+ channels such as voltage-gated (KV) (116) and 

ATP-sensitive K+ channels (KATP) in the plateau phase of the local heating responses (117). 

 

Figure 1.6 Schematic illustration of possible mechanisms involved in local heating-induced skin 

vasodilation during early (left) and late (right) phase. Sympathetic adrenergic nerves 

contribute to early and late phases of this response by releasing norepinephrine (NE) and 

co-transmitters neuropeptide Y (NPY) which act via their receptors. Sensory nerves have 

an important role in initial responses by releasing Substance P/Calcitonin gene-related 

peptide (CGRP). Nitric oxide (NO) is a key mediator in local heating-induced skin 

vasodilation, in early or late responses.  Local substances (Substance P, CGRP, transient 

receptor potential vanilloid-1 (TRPV1), adenosine) are also believed to contribute to NOS 

activation and result in smooth muscle relaxation. EDHFs (epoxyeicosatrienoic acid 

(EET), trihydroxyepoxyeicosatrienoic acid (THETA), hydroxyepoxyeicosatrienoic acid 

(HETE) also contribute to this response by cross talk with NO pathway or KCa activation. 

Additionally, NOS also interacts with K+ channels (e.g., KV and KATP) and partially 

contribute to the plateau phase. β2: β adrenergic receptor-2; Y1: Yohimbine receptor -1; 

NK1: neurokinin 1; A1/A2: Adenosine receptor; AT: Angiotensin receptor; NOS: Nitric 

oxide synthase; ROS: Reactive oxygen species; KCa: calcium-activated K+ channel 

(SKCa: small conductance KCa; IKCa: Intermediate conductance KCa; BKCa: large 

conductance KCa); CYP: cytochrome P450 enzymes; LOX: lipoxygenase. KV: Voltage-

gated K+ channel; KATP: ATP-sensitive K+ channels. Amendment from Johnson (2014) 

(6). 
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In addition to NO, EDHF contributes to the plateau phase, mainly in response to higher temperatures 

of skin heating. Among EDHFs, epoxyeicosatrienoic acids (EETs) appeared to contribute 

approximately half of EDHFs-mediated vasodilation during the plateau phase (102) and the 

remainder could be other EDHFs that act via calcium-activated potassium (KCa) channels e.g., 

lipoxygenase derivatives and H2O2 (113). EDHFs stimulates KCa channels and cause 

hyperpolarization of the vascular endothelium and smooth muscle (118). Hyperpolarization of the 

endothelial cells can propagate to smooth muscle cells through the myoendothelial gap junction (119). 

Additionally, blockade of KCa channels with either tetraethylammonium (TEA) and sulphenazole 

reduces the local heating responses when applied per se (during the plateau) or in combination with 

NO (initial peak and plateau), suggesting crosstalk between those substances (118). Adenosine also 

has an important role in local heating-induced vasodilation. Inhibition of adenosine receptors (A1/A2) 

attenuates both the initial peak and plateau phases of this response (86). In summary, the mechanisms 

underlying SkBF response to local heating are complex, involving neural activation and locally 

produced chemical substances, and multiple redundancies between contributing mechanisms. 

 

1.1.5 Microcirculatory dysfunction in the skin: Clinical implications  

1.1.5.1 Pathophysiology of microvascular disease in the skin 

Microvascular disease is defined as disease that affects small blood vessels, including small arterioles 

and capillaries. Arteriosclerosis involves proliferation and matrix deposition in small arterioles, often 

with luminal narrowing. The disease manifests either because of distal ischemia or an impaired 

autoregulation mechanisms that can result in markedly increased flow and pressures to distal vascular 

beds (120, 121). The cutaneous microcirculation is of interest because this is where the regulation of 

blood flow for thermoregulatory control and skin nutrition take place.  
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Aging 

Cutaneous vasodilation is impaired in the elderly as a consequence of the aging process (122-127) 

and this impairment can also be observed in middle aged populations (125). This has been well 

researched and reviewed by Holowatz et al. (2007) and Kenney (2017) (128, 129). Neurogenic and 

vascular dysfunction are two main factors that contribute to the impaired cutaneous thermoregulatory 

response to heat and cold stimuli in aged skin (128). Older people have lower ability than young 

people to release NO and activate guanylate cyclase (114, 123, 130). Several factors contribute to the 

lower NO bioavailability in the aged skin, including (1) decreased tetrahydrobiopterin availability, 

(2) increased arginase activity from limited availability of  the L-arginine pool for NOS-mediated NO 

synthesis, and (3) increased oxidative stress resulting in the uncoupling of NOS (114, 115, 128). In 

addition, blunted cold-skin vasoconstriction responses observed in older people are due to deficits in 

multiple points of the sympathetic axis, in particular, due to the blunted efferent skin sympathetic 

outflow (131). Basal SkBF is also attenuated in older people and inhibition of the COX pathway 

increases basal SkBF, suggesting that basal cutaneous tone is shifted towards the COX pathway. In 

addition, a decreased prostanoid-dependent contribution to ACh-mediated vasodilation has also been 

observed in older people, suggesting an impairment of the COX pathway to facilitate active 

vasodilation (95). However, exogenous administration of prostacyclin did not alter the response, 

therefore the biosynthesis of prostacyclin is probably impaired with aging, but the subsequent 

signalling pathway via prostaglandin I2 receptor (IP) is unchanged (132, 133). 

 

Diabetes 

In diabetes, the cellular and molecular mechanisms of microvascular dysfunction are not specific to 

the skin, but are part of a generalized microcirculation dysfunction in multiple organs as a result of 

hyperglycaemia.  There are two pathogenic theories pertaining to microvascular disease (Figure 1.7); 

the “capillary steal syndrome theory” and the “hemodynamic hypothesis”. In the former, sympathetic 

autonomic neuropathy in the lower limb causes a loss of vasoconstrictor tone and subsequent 
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alteration in blood flow which increases arteriovenous shunting (134, 135) and reduces nutritive 

blood flow (136). The “hemodynamic hypothesis” (137) proposes that hyperglycemia stimulates the 

polyol pathway which ultimately limits the production of nitric oxide (NO) and increases capillary 

pressure (138), leading to adaptation and remodelling, thickening of capillary basement membranes, 

microvascular sclerosis and finally, limitation of hyperemia and loss of autoregulation (135, 137, 

139). In addition, insulin resistance and obesity also contribute to the microvascular dysfunction in 

type 2 diabetes mellitus (T2DM) by upregulating gene expression of eNOS or vascular endothelial 

growth factor (VEGF) in endothelial cells, and by enhancing capillary recruitment and augmenting 

NO-mediated dilation (140-142). Despite inconclusive pathogenic theories in diabetes, the 

microvascular dysfunction apparent in this population is commonly related to the impairment of both 

endothelium-dependent and neurovascular vasodilation. Common features of abnormal cutaneous 

microvascular function and structure in diabetics include (1) basement membrane thickening (143), 

(2) increased vascular permeability (144), (3) impaired autoregulation and vascular tone (145), (4) 

abnormality of shapes of skin blood vessels such as dilated and tortuous capillaries (146-148), and 

(5) impaired endothelium-dependent and -independent vasodilation (149-155). 

 

Abnormal cutaneous microvascular function and structure are also a common and fundamental 

feature of some other diseases, particularly those associated with the cardiovascular system. 

Abnormality of shapes of skin blood vessels such as dilated and tortuous capillaries are found in von 

Willebrand diseases (156) and Raynaud’s syndrome (157). Impaired NO-mediated dilation has also 

been demonstrated in people with non-alcoholic fatty liver disease (158) and polycystic ovarian 

syndrome (PCOS) (159), whereas people with Raynaud’s syndrome showed impairment of local 

heating and local cooling responses (160, 161). 
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Figure 1.7 Proposed mechanisms for microvascular dysfunction in diabetes foot. (a) the schematic 

diagram  of pathogenesis diabetic microangiopathy according to (a) hemodynamic 

hypothesis and (b) capillary steal syndrome. Modified from Chao et al. (2009) (7). The 

comparison of microvascular in diabetic vs healthy is illustrated in (c). The  consequences 

of capillary steal syndrome in diabetes: the total microcirculation is overperfused of 

blood, but due to dilated AV shunts, the blood flow by pass the capillary and leads to the 

lack of tissue nutrition. A: arteriole; V: venule. Modified from Fagrell et al. (1999) (8). 

 

1.1.5.2 Physiological and clinical implications 

1.1.5.2.1 Thermoregulation 

The cutaneous circulation is the main effector organ for thermoregulation in humans and has a high 

capacity of vasodilation in response to stimuli, including thermal (whole body heat stress or local), 

metabolic and pharmacological stimuli. Individuals with compromised sensory nerve function and 

microcirculatory dysfunction (e.g.,  diabetes, older people, heart diseases) may not be able to 

effectively regulate core temperature during heat stress (128, 162-164). The aging process influences 

the core temperature threshold for vasodilation because skin blood flow begins to rise at a higher core 

temperature compare to young people (114, 127). The elderly are therefore more vulnerable to heat 

stress because of this reduced efficiency of heat dissipation. Similarly, heart failure patients have 
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attenuated cutaneous vasodilation responses to whole body heat and local heating exposure, which 

predisposes these patients to heat intolerance (162, 163).  

 

1.1.5.2.2 Microvascular disease manifestations: ulcer, amputation etc. 

Structural and functional integrity of the cutaneous microvasculature are needed to maintain the flow 

of nutrients and tissue oxygenation to the skin, to allow for temperature regulation and to enable the 

healing of cutaneous injuries. The combination of abnormal cutaneous microvascular function and 

structure in diabetes, particularly in the lower limb (diabetic microangiopathy), as well as neuropathy, 

lead to tissue ischemia and further complications such as the development of ulcers, poor wound 

healing (135, 165) and ultimately in some cases, amputation. Microvascular dysfunction is also 

responsible for the development of digital ulcers in secondary Raynaud’s phenomenon of people with 

systemic sclerosis (166) and persistent venous ulceration in people with chronic venous diseases 

(167).  

 

1.1.5.3 Skin as a surrogate for systemic microcirculatory disease 

Endothelial dysfunction is the earliest detectable manifestation of generalized vascular disease, 

leading ultimately to atherosclerosis (Figure 1.8). It has been suggested that impairment in 

endothelium-dependent vasodilation in the microcirculation may be responsible for tissue ischemia 

in some organs, even in the absence of proximal blockages in the larger arteries (168, 169). However, 

the detection of this abnormality was conducted in small numbers of highly selected symptomatic 

patients, at least partly due to the difficulty of access to the coronary microcirculation (168, 169). 

Endothelial dysfunction is also evident in the skin microcirculation and is associated with generalized 

vascular dysfunction (16, 130, 162, 170)  and microvascular diseases that manifest in other organs, 

such as retinopathy (171), neuropathy (172) and hypertensive diseases (173). Therefore, the 

evaluation of skin microcirculation offers the opportunity to non-invasively explore systemic 

microvascular dysfunction(130).  
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Microvascular diseases affect several organs, most commonly the eyes, kidneys, nerves and skin. 

Although each regional circulation possesses autonomic and localized control mechanisms unique to 

their underlying functions, the pathogenesis occurs and progresses in a similar fashion in multiple 

tissue beds throughout the body (174). Holowatz et al. (2008) proposed that skin microcirculation 

contains vascular beds that can represent the microcirculation in other organs, based on the evaluation 

of cutaneous microvascular function in various clinical populations (97). This proposal was debated 

(175) because of several considerations including (1) limitations of the investigational tool (LDF) 

used in most references (2) poor specificity of the evaluation of endothelium-dependent responses of 

SkBF (3) lack of correlation between skin microcirculatory responses and large-vessel disease. 

However despite these limitations, the assessment of skin microvascular function and dysfunction 

provides valuable insights into the systemic disease process as apparent in primary aging (123, 176-

178) and various diseases states e.g., T2DM (179, 180), hypertension (173, 181), 

hyperhomocysteinemia (182), renal disease (183), peripheral vascular disease (184), atherosclerotic 

coronary artery disease (185), heart failure (162, 163), and systemic sclerosis (160). In addition, the 

impairment of cutaneous microcirculatory reactivity has been found in the early stages of 

microvascular-related diseases e.g., hypertensive vascular disease (186) and diabetes (171, 187). This 

evidence reinforced Holowatz et al. (2008) proposal that the evaluation of skin microvascular 

dysfunction is a surrogate for systemic microcirculatory diseases. However, further studies are needed 

to determine the utilization of local skin microvascular dysfunction in the clinical setting as a 

biomarker for generalized microvascular dysfunction.  
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Figure 1.8 The process of atherosclerosis . The disease is diffuse, insidious, widespread, and remains 

silent (asymptomatic) until clinically manifest in specific organs such as myocardial 

infarction, stroke or lower limb ischemia. Endothelial dysfunction is the earliest 

detectable stage of atherosclerosis disease and cannot be detected by MRA, CTA and 

conventional DUS. Most of current strategies are detect the diseases in the late stage of 

development. In addition, 86% of cardiovascular events occur in the early stages of 

disease (less than 70% stenosis) rather than in the late stages (9), which is 

angiographically undetectable and insignificant.    

 

1.1.5.4 Challenges of assessing microvascular function and dysfunction in vivo 

The cutaneous microvasculature is a complex and dense network of small blood vessels crucial for 

thermoregulation and nutrition supply (Figure 1.2) (3, 6). Despite its accessible location underneath 

the skin, the physiology and pathogenesis of cutaneous microcirculatory dysfunction remain poorly 

understood, due to the complexity of its structure. Furthermore, and as detailed above, SkBF is 

regulated through a complex interaction of neurogenic and neurovascular controls, involving 

compensatory neural, endocrine and paracrine mechanisms and some mechanisms that remain 

unclear (3, 6). This multiple signalling of cutaneous vasodilation-vasoconstriction mechanisms is 

consistent with the nature of general human integrative biology, however these redundant 

mechanisms make it difficult to isolate individual vascular signalling pathways.   

 



 

    

35 
 

The assessment of skin microcirculation physiology and pathophysiology has progressed rapidly 

since the development of more in vivo investigational tools, particularly laser Doppler flowmetry 

(LDF), its derivative imaging systems including laser Doppler (perfusion) imaging (LDI) and laser 

Doppler speckle imaging (LDSI), and the application of technologies to administer specific 

vasoactive agents such as iontophoresis and microdialysis. However, none of the current 

investigational tools directly observe or quantify individual structural or functional changes in 

microvessel beds (188). LDF, LDI and transcutaneous partial pressure of oxygen (TcPO2) monitoring, 

along with physiological or pharmacological approaches (local heating, reactive hyperemia, ACh 

iontophoresis/microdialysis, etc.) have been used to detect microvascular dysfunction in clinical 

population such as people with diabetes (152, 155, 189, 190). Unfortunately, these modalities have 

been unable to discriminate the severity of skin microvascular impairment apparent in diabetic 

patients (155, 189). The imaging techniques also lack  resolution, for example, LD imaging can 

resolve poor spatial resolution of LDF, with a resolution of ~100 µm, however the vessels pertinent 

to skin microvascular health are much smaller (~10-50 µm) and this technique does not visualize 

individual vessels or their density (3). These techniques therefore possess limitations in their capacity 

to characterize skin microcirculatory structure and function and therefore they have not been widely 

adopted in clinical practice. Details of current investigational tools for cutaneous microcirculation are 

discussed further in subchapter 1.2. 
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1. 2 Methods for skin microvasculature assessment: Early methods and recent development  

The anatomy of the skin microcirculation was first studied by Spalteholz in the late 19th Century, who 

developed a method to making human tissue translucent . He used this method to investigate human 

skin and described the arrangement of skin blood vessels (191). Several techniques have since been 

developed for the determination of SkBF, and have provided a deeper understanding of SkBF control 

mechanisms. Since the invention of laser Doppler flowmetry (LDF) in the 1980s, research on the skin 

microcirculatory function rapidly progressed, particularly in the context of skin thermoregulatory 

control (11).  Furthermore, the technique development of intradermal delivery of agonists and 

antagonists (e.g., iontophoresis and intradermal microdialysis), coupled with LDF, allowed further 

mechanistic interrogation of the skin microcirculation. Ideally, the assessment of skin 

microcirculation in humans should be in vivo and non-invasively. This subchapter will briefly 

describe current non-invasive technologies that have been extensively used to assess the skin 

microcirculation, and their application in experimental and clinical settings.  The summary of 

strengths and weaknesses of each technique is provided in Table 1.1. 

 

1.2.1 Venous occlusion plethysmography  

Venous occlusion plethysmography (VOP) was first introduced by Hewlett and van Zwaluwenberg 

(192) and began to be widely used in the 1950s (11). In early studies, VOP was used to understand 

the response of SkBF during heat stress and thermoregulatory control (37, 193-195), with the 

assumption that the blood flow to the corresponding inactive limb was unchanged. VOP has 

subsequently been used extensively for experimental studies related to human vascular health and 

diseases, by combining this method with intra-arterial vasoactive drug administration, usually by 

infusion of a receptor agonis or antagonist (196). Additionally, this method has also been widely used 

to investigate vascular adaptation to exercise training in healthy and clinical population (197). 

Although this method has been widely used for the study of the cutaneous microcirculation, findings 

from such studies should be interpreted carefully. 
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Basic principle of VOP 

VOP is a minimally-invasive technique capable of measuring blood flow to a region, based on 

changes in limb volume over time, which are directly proportional to arterial inflow when the venous 

outflow is obstructed (192, 198). This is done by inflating a cuff around the proximal limb between 

supra-venous and diastolic pressures (~30-60 mmHg) (199). The cuff is inflated for intervals of 5-

10s, interspersed by 5 sec of deflation with the limb positioned at right atrial level, allowing venous 

emptying during the deflation stage (200). At first, the arterial inflow is not changed, but it will 

attenuate as capillary and venous pressure increase. This results in an initial rapid organ swelling and 

then progressively slower swelling; the earliest portion of the volume curve represents arterial blood 

flow rate (198).  

 

In the early development of this technique, the changes in limb volume were initially detected by an 

air- or water-filled jacket connected to a volume recorder by an air or water line. Subsequently, 

mercury-in-silastic (or rubber) strain gauges were introduced by Whitney in 1953 (Figure 1.9) (10). 

This technique has been used to measure limb blood flow in several areas such as the forearm, hand, 

finger, leg, calf, and thigh. Among these, the forearm is preferable because of the ease of access. The 

limb blood flow is usually expressed as mL per 100 mL of limb volume per minute (10), or expressed 

as limb vascular resistance (mean arterial blood pressure (MABP)/blood flow) (201) and limb 

vascular conductance (blood flow/MABP) (202). Absolute SkBF can be measured in situations where 

the contributions of muscle blood flow to overall limb blood flow is noticeable  for example during 

passive heat stress (203).  

 

The measurement of blood flow using VOP has demonstrated good to acceptable reproducibility. 

Roberts et al. (1986) showed acceptable between-day, within-subject reproducibility for unilateral 

blood flow measurement, with a coefficients of variation (CV) of 10.5% (range 7.8-15.6%) for resting 
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forearm blood flow measurement and 11% (range 7.4-14.2%) for resting calf blood flow (204), in 

correspondence with results reported by Thijssen et al. (2005) (201). In addition, the technique 

showed good reproducibility in response to local perturbation such as during post-occlusive reactive 

hyperemia (PORH) (forearm CV 8.6%; calf 6.4%; thigh 8.0%) (201) and acceptable reproducibility 

CV of 13% (range 11.5-16.4%) for post exercise calf blood flow measurement, whilst for the forearm 

it was 19.3% (13.0-29%) (204).  However, another study reported poor between-day, within-subject 

reproducibility, for example a unilateral CV of 31-39% for forearm resting blood flow. This 

reproducibility improved if expressed as a bilateral plethysmography ratio: the left/right CV ratio for 

forearm resting blood flow was 19% (205, 206). These authors therefore recommended using the 

bilateral ratio for forearm blood flow instead of the absolute unilateral measurement, because the 

latter may cause misleading interpretations of the results due to higher variability of measurements. 

The reproducibility was not improved much if it was expressed in limb vascular resistance (201, 204-

206). 

 

Figure 1.9 Method of mounting a mercury strain gauge on a calf (a, left) and forearm (a, right). The 

lateral view of constructional design of two strand mercury-in-rubber-gauge (b). 

Representative venous occlusion plethysmography (VOP) records obtained from the 

forearm (c). Upper trace shows venous occlusion pressure applied to upper arm; lower 

trace shows the representative of VOP record obtained with two forearm strain gauges. 

Each interval is 4 second. From Whitney (1953) (10).  
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Strengths of VOP 

Besides being minimally invasive, simple and low cost, VOP is easily applicable and has good to 

acceptable reproducibility. Additionally, when it is used in combination with drug infusion, the drugs 

can be administered at a sub-systemic dose to minimize the effect to the systemic physiology. This 

technique can be used to isolate the blood flow to the limb at rest and also assess the responses to 

local and systemic perturbation e.g., local heating, the administration of vasoactive drugs, whole body 

heating and/or exercise interventions. In addition, the units are quantitative (expressed as mL/100 mL 

tissue per minute).   

 

Limitations of VOP 

This method measures limb blood flow in general, at rest or in response to local and systemic 

perturbation without affecting systemic circulation. Hence, the technique does not differentiate 

between skeletal and SkBF within the limb. SkBF can be estimated using a skeletal muscle to skin 

ratio of ~70/30 under resting conditions (193), but this ratio may change for different regions (limbs) 

and with interventions. The technique can be used to isolate the skeletal muscle blood flow by 

arresting the skin microcirculation, using approaches such as adrenaline iontophoresis (193). The 

estimation of absolute SkBF can also be based on evidence that skeletal muscle blood flow is 

unaltered in contralateral inactive limb. Therefore the majority of alterations in limb blood flow 

during perturbations such as whole-body heating (194) or limb exercise (195) have been assumed to 

be directed to the skin. However, with more advanced technologies, recent studies have indicated that 

skeletal muscle blood flow can increase during local heating (202, 207) thereby confounding the 

quantification of SkBF responses.  

 

In the standard application of VOP measurement for forearm or calf blood flow, it is common to 

exclude the hand/foot, because they contains a high proportion of arteriovenous shunts, hence a higher 

flow rate to the hand and foot instead of forearm/calf results in non-linear blood flow (10). This 
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exclusion is achieved by the application of a cuff around wrist/ankle in suprasystolic pressure 

(~200mmHg), inflated 60 seconds before the assessment to allow stabilisation of blood flow (208).  

As this procedure causes ischemia, the maximum time is limited to only 13 minutes (200) which 

limits the application for continuous measurement. In addition, the application of cuff inflation to 

provoke reactive hyperemia responses often rapidly fills the “venous reservoir” which results in 

flattening of the blood flow curves and therefore interferes with the assessment of blood flow response 

(209). This technique also requires the participant’s limb to be completely still during assessment, 

therefore it is not feasible to measure blood flow of the limb during active movement (e.g., in the 

exercising limb) (11).  

 

1.2.2 Laser Doppler   

1.2.2.1 Laser Doppler flowmetry 

Laser Doppler flowmetry (LDF) has been used to measure SkBF since the early 1970s (210), 

independent from muscle blood flow. LDF has been used widely to study microvascular function in 

humans, particularly in relation to endothelial function. This technique is commonly coupled with a 

non-invasive reactivity test, e.g., local heating and PORH. Furthermore, LDF is usually combined 

with minimally invasive approaches e.g., iontophoresis or microdialysis to deliver agonist/antagonist 

substances (11, 188).  

 

The utilization of LDF rapidly improved the understanding of skin microvascular mechanistic 

regulation, for example in response to whole body heat stress (6, 89), local heating (6, 12, 87, 89), 

reactive hyperemia (211-213) and the adaptation to exercise training (130, 180, 214). The utility of 

LDF is also well established for high risk and clinical populations, to observe skin microvascular 

impairment, e.g., in the elderly (130) as well as people with Raynaud’s syndrome (161, 215), diabetes 

(143, 152, 153, 189, 190, 216), and systemic sclerosis (217). Although this technique is robust for 
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investigation of microvascular function, as discussed below, several factors should be considered 

when it is utilized as a research tool or in clinical situations (218).  

 

Basic principle of LDF 

LDF provides continuous assessment of SkBF based on the “Doppler shift” principle, induced by 

movement of red blood cells. Laser light is emitted from a helium-neon laser source and fiber optic 

cable fixed to the skin surface. When the light hits static objects it remains at the same wavelength, 

whereas when light hits moving objects (red blood cells) it undergoes a change in wavelength 

(backscattering). The information received by a returning fiber is converted into electronic signal, 

with a typical frequency of ~32 Hz. The output signal is linear to the flow but is not an absolute 

measure of SkBF. This measurement is expressed in arbitrary or perfusion units (AU/PU) and is 

directly related to the number and velocity of blood cells in the sample volume (210, 219, 220). The 

modern LDF probe (standard fiber separation 0.25 mm and 780 nm wavelength laser) detects red 

blood cell flux over a volume of 1 mm3, at a depth of 0.3-0.5 mm below the skin (221). However, 

LDF detects the red blood cell flux from a small area of skin, therefore the normalization process is 

commonly utilized to overcome the potentially heterogeneity of skin microvasculature. There are few 

normalization procedures of LDF including converting the raw data of flux to percentage changes 

from thermoneutral value (33-34℃) or responses to physiological/pharmacological stimuli  (e.g 

occlusion, maximal vasodilation induced by local heating stimuli or perfusion of endothelium 

vasodilator (e.g sodium nitroprusside (SNP)) or both). Among them, normalization to maximal 

vasodilation is most commonly used and results in the least variability between skin sites (11).  
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Figure 1.10 The illustration of laser Doppler flowmetry (LDF) assessment of skin blood flow (1a): 

when a beam of laser light is emitted from fiber-optic probe (sender) and hitting moving 

blood cells undergoes a change in wavelength  (Doppler shift), whereas when the light 

hitting static objects are unchanged. These information is picked up by returning fiber 

(receiver) and convert in to electrical signal.  The magnitude and frequency distribution 

of these wavelengths are directly related to the number and velocity of the blood sample 

volume. From Low et al. (2020) (11).  A typical pattern of LDF-derived flux as responses 

to local heating (up to 42℃) stimuli (1b). From Minson et al. (2001) (12) Schematic 

diagram showing the typical arrangement of (iia) laser Doppler (perfusion) imaging 

(LDPI) and (iiia) laser speckle contrast imaging (LSCI) setup. From Deegan and Wang 

(2019) (2) (iib) LDI-derived imaging of an index finger before, during and after occlusion 

of upper arm. The results is color coded to calculate relative low-high tissue perfusion. 

From Serov et al. (2005) (13). (iiib) Traditional LSCI of the dorsum of a stroke patients 

left hand. (iiic) Dual-wavelength LSCI of the same patient in (b) with regions of interest 

highlighted by black arrows. (iiid) The perfusion index signals derived from three regions 

of interest highlighted in (iiic), a finger, a vein, and skin tissue. The color scale represents 

the perfusion index from 0 (low)–260 (high). Scale bar represents 15 mm. From Zhang et 

al. (2017) (14). 

 

Reported day-to-day reproducibility of single point LDF during PORH, either expressed as raw peak 

cutaneous vascular conductance (CVC: LDF-derived flux/MABP), %max or area under the curve 

(AUC) was relatively poor for the forearm (CV of 38-89%) but improved when assessed for the finger 

pad (~25%) (222). Poor reproducibility was also evident with local heating stimuli on the forearm 
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(CV of 19-87% for transient peak and 40-92% for plateau), but again improved for the finger pad 

(CV of 17-34% for transient peak and 25-50% for plateau), depending upon the data expression) 

(222). Additionally, overall between site reproducibility on the forearm at rest (45%) (223) during 

PORH (45-86%) (222) and local heating (25-69%) (222) was not better than mentioned above. Less 

variation was observed using a 7-laser array probe on the forearm with a gradual local heating 

stimulus (224). The CV for the plateau phase following 40 minutes of local heating at 42℃ was 17-

19% for absolute CVC and improved when normalized to CVCmax (9-10%), whilst the CV was 14-

17% for absolute CVC at 44℃. This study also revealed less spatial variation of local heating 

responses, either expressed in % max PU or CVC. However, variability of baseline CVC was still 

relatively poor (20-30%) (224). This is probably because the skin is largely influenced by ambient 

and/or local temperatures, particularly in the limb and finger pad, in which arteriovenous structures 

mostly exist (203). 

 

Strengths of LDF 

LDF is easy to use (218) and completely unaffected by the temperature, thus velocity fluctuations 

recorded are not confounded by temperature fluctuations (219). It has excellent temporal resolution, 

allowing continuous measurement of SkBF in response to a given stimulus (188). Although the 

reproducibility of single point LDF is poor, reliability improves with the utilization of 7-laser array 

probes, as well as appropriate study design and data analysis techniques. Published guidelines are 

available to standardize skin microcirculation assessment using LDF (188, 218). 

 

Limitations of LDF 

LDF measures “flux”, an indirect surrogate index of SkBF which is dependent upon number and 

velocity of blood cells in the sample volume, as mentioned above. A linear relationship between the 

laser Doppler signal and microvascular flow has been demonstrated in the range of 0 to 300 mL/min 

per tissue (225), however, LDF does not provide for direct measurement of absolute perfusion values 
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(cutaneous blood flow in mL/min relative to the tissue volume or weight). In addition, when the blood 

vessel is occluded by inflating the cuff around the proximal limb, the flux never reaches zero despite 

the absence of red blood cell flow. This is due to “Brownian” motion of macromolecules arising from 

the interstitial space (188).   

 

LDF records the skin flux from small sample area and volume, therefore direct site-to-site and day-

to-day comparisons of raw Doppler flux are highly variable (222, 224, 226). In addition, the raw flux 

and pattern from single point LDF depend on the probe window; high amplitude red cell flux waves 

exhibit vasomotor (phasic variation) corresponding to the ascending arteriole, whilst the low 

amplitude red cell flux waves without vasomotor activity corresponded to venular predominance. 

Ascending arterioles are spaced randomly at intervals 1.5-1.7mm, thus it is possible that the probe 

window falls in a zone empty of ascending arterioles and/or their related branches, which results in 

poor spatial heterogeneity for single point LDF (226, 227). Newer generations of LDF use a single 

transmitter with several receivers, or several transmitters with several receivers, allowing larger 

sample areas and volumes to be assessed, and better reproducibility as mentioned above (224). The 

principal limitations of: LDF is therefore that it does not directly image or provide visual feedback 

regarding microvascular structure or function. As a consequence, it does not provide true blood flows 

and cannot distinguish between blood moving in different directions, or within tubes. 

 

1.2.2.2 Laser Doppler (Perfusion) Imaging  

Laser Doppler (perfusion) imaging (LDI) has been developed recently to resolve poor spatial 

resolution of LDF and provide mapping of blood flow from the observed skin area. It results in two-

dimensional (2D) images. Preliminary assessments of LDI were used to test the tuberculin reaction 

(a test for hypersensitivity to tuberculin as an indication of past or present tubercular infection) as a 

model (228). Subsequently, LDI has been used widely in experimental physiology to assess 

microvascular vasodilator responses to stimuli/iontophoresis and the underlying mechanisms (229, 
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230). Additionally, LDI has been routinely used for clinical assessment and monitoring of 

wounds/ulcers and the healing process (231-233), monitoring free skin flap (234) and burn scar 

healing, because the tools do not require attachment to the investigated skin (235-238). LDI has also 

been used to assess skin microvascular impairment in people with diabetes (239-241), systemic 

connective tissue disease or scleroderma (242) and cardiovascular risk factors (170). 

 

Basic principle of LDI 

Laser Doppler imaging (LDI) is a non-contact approach incorporated in the laser Doppler technique, 

and produces a 2D image (210, 243). A moving mirror directs a beam of coherent red light generated 

by a certain wave length of helium neon laser on to the skin (210). Similarly to LDF, the total blood 

flow expressed in PU can be calculated by summing the pixel values in an arbitrarily shaped region 

of interest within the scanned area (244).  

 

Recent development of LDI is computerized and able to control the mirror rotations around two 

perpendicular axes, thereby allowing a square scanning region (244). The scan areas is up to 500 x 

500 mm with a resolution up to 256 x 256 spots (pixels), depending on angular amplitudes and skin 

mirror distance. The velocity spectrum is in the range of 0.01-10 mm/s and the computation time is 4 

ms/pixel, hence the image acquisition time varied from ~25 s for a 64 x 64 pixels to 5 minutes for a 

~256 x 256 pixels (210). The final result is a 2D image of false-color maps of capillary blood flow 

from the targeted tissue up to 1-2 mm beneath the skin, depending on the laser wavelength employed 

(210). Recent generation LDI imagers use a multi-channel laser Doppler line called laser Doppler 

line scanner (LDLS). This new technology is able to scan a 15 x 20 cm area of skin in 4 sec, faster 

than the original LDI but with comparable accuracy to the original LDI for determining skin 

perfusion, for example in wound healing of burn scars (238). 
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Strengths of LDI 

LDI provides 2D imaging without skin contact from a large area of skin, in addition to the flux, hence 

it reduced the spatial heterogeneity of LDF. Spatial variations of LDI are acceptable either at rest (CV 

~11-12%) or during the responses to topical vasodilator agents e.g., methylnicotinate (~11-13%) 

(245). Between-day within-subject variability is good (<10%) with either acetylcholine iontophoresis 

or  PORH, whilst the SNP iontophoresis results is acceptable (10-20%). Between site variations is 

acceptable for ACh iontophoresis, whereas the SNP and PORH simulations showed poor 

reproducibility (~17-28%) (244).  

 

Limitations of LDI 

LDI is unable to continuously scan an area of interest, because of the long acquisition time, therefore 

it is lacking in temporal information (188). It is therefore difficult to assess rapid changes in SkBF 

that occur during heating or in response to agonists stimulation. This issue has been somewhat 

resolved with the most recent imagers (LDLS), which are able to scan a 300 cm2 area of interest in 4 

sec. However, the image resolution is relatively low, up to 64 x 64 pixels (238), thus can only provide 

general skin perfusion data. Additionally LDI does not provide measurement of blood flow in 

absolute flow units, therefore it is commonly used to assess relative terms, especially in monitoring 

of changes to a treatment.  

 

1.2.2.3 Laser Speckle Contrast Imaging  

Laser speckle contrast imaging (LSCI) is a recent developmental form of optical imaging designed 

to overcome temporal resolution issues with previous imaging technology. Whilst LDI imaging uses 

a focused laser beam to measure the Doppler frequency at one point at a time, LSCI is a single shot 

full-field technique that maps the local speckle contrast as an indicator of blood flow (210, 246). This 

technique was utilized to investigate human skin for the first time in 1996 and is now routinely used 

to assess skin perfusion in burn scars (237) and scleroderma spectrum disorders (242, 247). 
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Basic principle of LSCI 

Laser speckle is a random interference pattern produced by light reflected or scattered from different 

parts of an illuminated surface (210).  When the laser illuminates the object under investigation and 

hits moving objects, the speckle pattern changes. The speckle will move with the object if it hits a 

solid object which moves slightly (correlated). However, if the movement of objects becomes faster, 

they de-correlate and the speckle pattern changes completely. This phenomenon is called “time-

varying speckle” and is also apparent if light is scattered from a large number of individual moving 

scatterers, such as particles in a fluid. An individual speckle appears to “twinkle” (210, 246). The 

application of time-varying speckle to blood flow analysis was first introduced by Stern (1975) using 

the frequency spectrum of the fluctuations, which depends on the velocity of blood flow. The speckle 

pattern derived from moving blood cells of the tissue illuminated by laser light is tracked using a low 

frame rate (~30 Hz) charge-coupled device (CCD) camera. The image is then processed with specially 

developed software to produce false-color contrast maps indicating velocity variations. This frame 

rate is insufficient to directly detect the fluctuating speckle pattern, however an indication of blood 

flow can be calculated by relating speckle contrast across 5 x 5 x 7 pixel array to an appropriate model 

of blood flow (210).  

 

Whilst the laser Doppler has a linear response to the velocity, LSCI is exposure time-dependent and 

does not provide a linear response in the presence of static speckle. High color contrast corresponds 

to low velocity, whilst low contrast corresponds to high velocity/movement.  This technique provides 

high spatial and temporal resolutions: 5 x 7 mm up to 25 x 25 cm, to a depth of 150-300 µm (210), 

therefore LSCI mostly records the skin microcirculation from the superficial sub-papillary plexus 

area. Advanced development of this technology provides resolution up to 2448 x 2048 spots (pixels) 

for scanning areas up to 210 x 250 mm, with a high time frame (up to 120 frames per second), thus it 

can provide continuous real-time image data. For assessment of non-glabrous skin microcirculation, 
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LSCI produced lower between-sites variability compared to single point LDF because LSCI scans 

skin blood flux over a wider area. Additionally, LSCI has been shown to have good between day 

reproducibility at the peak of PORH (CV=8%; ICC=0.76) and acceptable reproducibility during the 

plateau phase of skin local heating to 42℃ (CV=15%; ICC=0.66) (223). Similarly, Tew et al. (2011) 

observed that the utilization of LSCI to assess skin microcirculation responses to PORH was more 

reliable than either single or integrated point LDF (248).    

 

Strengths of LSCI 

LSCI is a non-contact method to assess cutaneous blood flow, therefore this technique is suitable for 

the measurement of wounds and surrounding areas. Since He and Briers (1998) introduced a single 

shot technique, with capture and processing in less than 1 sec, the LSCI assessment is real-time and 

is able to provide continuous data using high-frame rate (e.g., 25 Hz) and video-rate images of 

changing perfusion maps (249). Recent development of LSCI enables images at a speed of up to 120 

frames/s with spatial resolution up to 10 µm/pixels (for areas up to 21 x 25 mm). In addition, it also 

uses off-the shelf components. Therefore, LSCI has been utilized to measure SkBF at rest and during 

local or whole body perturbations: dynamic/static exercise, whole body heating/cooling, local 

heating/cooling, rubbing of the skin, accidental scalds, and occlusions. Additionally, LSCI is more 

reliable than LDF and LDI for the assessment of skin microvascular reactivity (223, 248). 

 

Limitations of LSCI 

The main limitation of LSCI is the loss of resolution caused by the need to average over a block of 

pixels in order to produce spatial statistics for use in analysis. Usually a region of 5 x 5 or 7 x 7 pixels 

is a satisfactory compromise. The physics underlying the scattering process is so complex and 

indeterminate, absolute measurement is impossible. The equipment is expensive (11) and sensitive to 

the movement artifact, therefore it is difficult to do assessment in moving object (210, 246).  
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1.2.3 Capillaroscopy 

Capillaroscopy allows 2D visualization of the capillary network beneath the skin in real time. This 

method is usually performed in the nailfold (finger or toes) for the assessment of skin microcirculation 

abnormalities related to connective tissue disorders and non-rheumatic diseases (diabetes mellitus, 

hypertension, chronic smokers) because the capillary loops in this area run parallel to the skin surface, 

therefore can be observed in almost their entire length (157, 250). Outside this area, where the 

capillaries are perpendicular to the skin surface, capillaroscopy can be used to assess functional 

capillary density and recruitment (100). Prior to the recent development of computation 

capillaroscopy, Landis measured mean intra-capillary pressure by introducing a small glass cannula 

into nailfold capillaries (251). Currently, different methods of capillaroscopy can be used to study the 

function and morphology of skin capillaries. Fluorescent videocapillaroscopy is the most widely used 

recent method, due to its ability to contrast the capillary and surrounding area, hence the demarcation 

of microvascular structures can be clearly seen. Furthermore, this technique also resolved the 

difficulty of capillary assessment in highly pigmented skin (252).   

 

Basic principle of capillaroscopy 

Capillaroscopy uses a light microscope to visualize the morphology of capillary loops (252). In order 

to improve visibility, a drop of immersion oil is commonly added to the nailfold. This technique uses 

a cold illumination source, such as high intensity LED. In a monochrome system, green and blue are 

commonly used to increase the contrast of red blood cells, whereas a white light source is employed 

in color imaging systems (253). The total optical magnification is between 50-500x, and the most 

common magnification used is 200x for a skin area of x 1mm. Capillaroscopy is commonly used with 

a CCD video camera and/or computer technology to record and analyse the results, therefore it is also 

called videocapillaroscopy. This technique allows direct visualization of the morphology of nutritive 

capillaries and determines some parameters of capillary function and structure, e.g., capillary blood 

cell velocity, density, and diameter of the erythrocyte column. Capillary blood cell velocity is 
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determined by a densitometer, which measures temporal variations in light intensity of video images. 

The results are then subjected to real time cross-correlation to determine the transit time of 

photometric events from one window to another, and extrapolated into capillary blood cell velocity. 

The capillary density is counted based on the number of visible capillaries within a particular area of 

measurement, whereas the diameter of the erythrocyte column is measured by drawing a line on the 

video screen corresponding to the width of erythrocyte column (252). Advanced development of 

videocapillaroscopy has been directed to stabilize the high local resolution and velocity measurement 

of obtained results. Using this approach, Gurov et al. (2018) demonstrated that the simultaneous blood 

flow velocity record related to a few capillaries, with significant differences of blood flow velocities 

into neighbour capillaries within a capillary net (254).  

 

The assessment of capillary blood velocity (CBV) at rest using capillaroscopy has good 

reproducibility for short-term measurements, however large variations have been observed for long-

term intra-individual measurements (CV short-term was 18.4% and long-term was 55.8%). 

Additionally, wide variations of inter-capillary and inter-finger measurements (respectively 41.2% 

and 51.9%) have also been observed (255). However, Lu et al. (2002) performed a repeated 

measurement technique and averaged the results to investigate the variations of CBV during reactive 

hyperemia and their findings showed good reproducibility for between day (CV=6%) and between 

finger (CV=8%) assessments. Therefore, they suggested using the mean of at least two repeated 

measurements to mitigate the high variability of using this technique (256). In keeping with this 

finding, another study also showed good between day variability for percentage of capillary 

recruitment in the dorsal skin of the finger in response to arterial occlusion (CV=8.3±4.9%) (170).  

 

Strengths of capillaroscopy 

Capillaroscopy is a non-invasive and user-friendly tool capable of directly visualizing and quantifying 

the skin capillary structure and function, thereby providing quantitative measurement of blood flow 
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velocity. The images can be recorded with a very high frame rate, and post-processing can further 

improve the quality of image for analysis.  

  

Limitations of capillaroscopy 

The penetration of light in capillary microscopy is very limited, therefore this technique can only be 

applied in areas where the horny layer of skin is thin and transparent, such as the nailfold area. 

Measurement in particular populations with attenuated or atypical capillaries, for example in people 

with connective tissue disease, is more challenging.  In addition, visualization using capillaroscopy 

relies on the clarity of the observed capillaries underneath the skin. Under resting conditions, the 

visualization of capillaries can sometimes be restricted because most of the capillaries are not fully 

perfused by red blood cells. Additional techniques, for example the application of sub-diastolic 

pressure via a pneumatic cuff (~40-60 mmHg) proximal to the observation level can be incorporated 

into this method., This technique aims to create venous congestion, without affecting the arterial 

inflow to the capillaries. PORH is another technique that is widely used to address this issue. 

Furthermore, utilization of videocapillaroscopy in highly pigmented skin is also difficult, due to the 

high light absorbance in the visible spectrum (252).  

 

The assessment of capillary blood velocity using capillaroscopy has demonstrated very poor between-

day and between-subject reproducibility (255). To mitigate this issue, CBV is commonly measured 

in several capillaries per participant. However, it is time consuming to get representative results with 

this protocol. Each recording must also be long enough to account for temporal variation and flow. 

Hence, application of this technique is limited for routine use in the experimental and clinical settings, 

particularly in studies with small sample sizes, or to assess long-term effects. 
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1.2.4 Transcutaneous oxygen pressure 

Oxygenation in the cutaneous microcirculation is an important index of skin blood perfusion. 

Transcutaneous oxygen pressure (TcPO2) is commonly used in the clinical setting for screening and 

to diagnose the presence of peripheral vascular disease and determine the degree of severity. In 

addition, the technique provides the ability to non-invasively monitor the progression of disease, 

monitor the results of interventional therapy and predict the outcome in patients requiring amputation 

(257, 258).  

 

Basic principle of TcPO2 

Transcutaneous oxygen pressure (TcPO2) is a non-invasive method for assessing tissue perfusion 

based on the partial pressure of oxygen in the cutaneous tissues. This tool is a miniaturized Clark 

electrode and the blood gas sensors are based on electrochemical techniques (259).  TcPO2 is 

measured by placing the probe against the skin which is heated to 43-45℃. This skin warming leads 

to vasodilation and a subsequent increase of SkBF close to the arterial level (arterialisation of local 

capillary perfusion). Oxygen diffuses from red bloods cells as they pass through the vessels close to 

the skin surface and towards the cathode in the probe. The amount of oxygen (oxygen tension) is 

calculated by the amount of light absorption (258, 260). Stable TcPO2 readings are generated when 

underlying dermal tissue PO2 is in equilibrium with the sensors – this requires 20-30 minutes (258). 

The diffusion capacity of O2 is lower than CO2 and therefore TcPO2 readings are influenced by the 

skin thickness.  

 

The pressure measurement is a direct indication of adjacent tissue metabolic state. TcPO2 is correlated 

with skin ischemia and its measurement has been shown to have predictive value in wound healing 

of some clinical conditions, e.g., diabetes ulcer (261). The cut off values are slightly different from 

one study to another and also depend on the electrode location. A normal value of TcPO2 regardless 

the electrode location is approximately 60 mmHg (262). Dowd et. al (1983) found that a TcPO2 level 
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below 40 mmHg was correlated with a severe degree of skin ischemia(263). Additionally, a TcPO2 

≤ 20 mmHg was associated with early healing failure (264) and increased risk of amputation (265). 

However, methodological and physiological factors affect the TcPO2 reading, including (1) tissue 

temperature, (2) shift of the hemoglobin dissociation curve, (3) degree of oxygen metabolism in the 

skin, (4) response time of the electrode in the equipment (5) physiological status, such as circulatory 

status, peripheral blood perfusion and anatomical conditions (266). Exercising the limb being tested 

results in an increased metabolic requirement for oxygen and hence may result in enhanced TcPO2 

readings. This results in a greater sensitivity and specificity of TcPO2 following exercise when 

compared to absolute resting values, for detecting the presence of arterial disease (267).  

 

The reproducibility of TcPO2 has been investigated in two different populations with variable results. 

Both studies used the thoracic region as a reference area and the outcome was presented as absolute 

value as well as a value adjusted to the reference area, e.g., regional perfusion index (RPI) and the 

stimuli-induced changes of resting oxygen pressure (delta). Bouye et al. (2004) investigated the 

between days reproducibility (1-13 day interval between tests) of TcPO2 at the proximal and distal 

ends of the lower limb (buttocks and ankle level) in patients with stage 2 vascular claudication, at rest 

and during exercise. Their findings showed good reproducibility of the exercise-induced systemic 

PO2 (buttocks r=0.82; ankle r=0.80) but poor reproducibility of both absolute TcPO2 (buttocks r=0.20; 

ankle r=0.51) and RPI (buttocks r=0.05; ankle r=0.68) at rest (268). The results of this study 

reinforced the earlier findings of Gardner et. al (1997), that showed poor reliability of absolute TcPO2 

on the foot of people with peripheral arterial diseases at rest (CV was 29.6%) as well as following 

exercise (CV was 32.8%) (269). Gélis et al. (2009) investigated the between days (24-hours interval) 

reproducibility of TcPO2 in the sacral area in persons with spinal cord injury, during loading in the 

supine position. In contrary to the findings of Bouye et. al (268), they found that TcPO2 measurement 

had good reproducibility for assessing cutaneous microcirculation, whether expressed as absolute 

(Intra-class coefficient=0.787) or relative values (Intra-class coefficient=0.704) (270). Taken 
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together, the reproducibility data from all studies suggests that TcPO2 is more consistent if the 

repeated tests was performed close to each other. Other considerations for TcPO2 include the 

conditions of the test and the expression of the outcomes. Tests performed under a physiological 

stress such as exercise, and reported as a change from baseline (resting) TcPO2 values result in more 

accurate assessments.   

 

Strengths of TcPO2 

TcPO2 is non-invasive investigational tool commonly used in the clinical setting to diagnose the 

presence of peripheral vascular disease and also determine the degree of severity. This technique is 

able to non-invasively monitor the progression of disease as well as the results of interventional 

therapy, and predict the outcome in patients requiring amputation (257).  In comparison to 

conventional methods such as ankle brachial index (ABI) or toe systolic blood pressure (TSBP), 

TcPO2 is more specific for identifying patients with subclinical microvascular impairment and 

provides a more accurate indication of the degree of tissue ischemia, because it measures oxygen 

changes in the capillary blood flow (271-273).  

 

Limitations of TcPO2 

Despite evidence to suggest that TcPO2 is a useful method for quantifying skin oxygenation, there is 

significant variability of the correlation between TcPO2 and PaO2 under clinical conditions (261). 

Other documented limitations of this method are that many TcPO2 measurements are unattainable or 

impaired in the presence of diffusion barriers such as edema, inflammation or reversible 

vasoconstriction caused by cold exposure, dehydration or pain (257). In terms of utilization in wound 

healing, positioning of the probe can result in variation in measurements because the sensor is often 

positioned adjacent to wounds or ulceration as opposed to directly on the wound itself. As a result, 

readings are a measure of adjacent skin oxygenation, not the actual wound tissue oxygenation (257, 

274). Furthermore, as TcPO2 is a measure of localized oxygenation, factors affecting overall systemic 
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oxygenation such as chronic obstructive pulmonary diseases, other respiratory disease and heart 

failure can result in decreased localized oxygen levels and falsely depressed TcPO2 levels. Other 

limitations include inaccuracy secondary to changes in surrounding temperature and variation due to 

external mechanical pressures applied to the sensor probe (274). There is also some suggestion that 

at low O2 levels, TcPO2 measurements are less accurate, resulting in a significant false positive rate 

in the diagnosis of critical limb ischemia (267).  

Table 1.1 Summary of current non-invasive techniques used for skin microvascular assessments 

Techniques Specification of 

sampling area 

Strengths Limitations 

Venous 

occlusion 

Plethysmography 

(VOP) 

- Measures limb blood 

flow in general, mainly 

in forearm, but also 

hand, finger, calf, thigh 

and foot 

- Penetrating depth : N/A  

- Minimally invasive, easy to 

use, low cost 

- Reproducible technique 

- Able to assess SkBF 

responses to local/systemic 

perturbations  

- The measurement unit is 

quantitative (mL/100mL 

tissue/min) 

- indirect measurement of limb 

blood flow  

- assessment not specific to  SkBF; 

limited data interpretation  

- poor temporal resolution 

- sensitive to movement  

- cuff inflation may limit arterial 

inflow, while venous pressure is 

increased 

 

Laser Doppler 

flowmetry (LDF) 

- Small sampling area (~1 

mm3) 

- Penetrating depth : 0.3-

0.5* mm 

 

- Non-invasive, user-friendly 

- Specific for SkBF 

assessment 

- Excellent temporal 

resolution 

- Reproducible, with a good 

technique and data analysis 

- Able to assess SkBF 

responses to local/systemic 

perturbations  

- Can be coupled with 

iontophoresis and 

intradermal microdialysis 

technique  

- Does not provide direct 

measurement of blood flow, the 

measurement units are expressed 

in arbitrary or perfusion units 

- Poor spatial resolution 

- Extremely sensitive to movement 

Laser Doppler 

(perfusion) 

imaging (LDI) 

- Maximum sampling area 

is 50x50 cm2. 

- Penetration depth : 0.5-

1.5* mm  

- Spatial resolution : 1 

mm/pixel 

 

- Non-invasive, user-friendly 

- Specific for SkBF 

assessment 

- includes large skin area 

- Good spatial resolution 

- No need for skin contact  

- Provides visual/ qualitative 

analysis of skin 

microcirculation responses. 

- Can be coupled with 

thermal stimuli as well as 

local drug delivery 

technique 

- High cost of equipment 

- Poor temporal resolution up to 6 

min to scan a small area of the 

skin: cannot be used to observed 

fast responses of SkBF to a 

stimulus e.g., PORH responses.  

- Does not provide direct 

measurement of blood flow, 

measurement units expressed in 

arbitrary or perfusion units 

- Low resolution of image 

- Sensitive to movement 

- Does not provide depth-resolved 

perfusion map 

 

Laser speckle 

contrast imaging 

(LSCI) 

Maximum sampling area 

is 21x25 cm2.  

- Non-invasive, user-friendly 

- Specific for SkBF 

assessment 

- High cost equipment 

- Does not provide direct 

visualization to measure vascular 
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Techniques Specification of 

sampling area 

Strengths Limitations 

Penetration depth : 150-

300* μm  

Spatial resolution: up to 

33µm/pixel (in the area 

21x25 mm) 

 

- Non-skin contact 

- No need to scan 

- No contrast required for 

imaging 

- Images large skin area 

- Provides continuous-real 

time images using high-

frame rate (up to120 Hz) 

- Able to assess SkBF 

responses to local/systemic 

perturbations. 

- Can be coupled with 

mechanical and thermal 

stimuli as well as local drug 

delivery technique 

diameter, provides general tissues 

perfusion data  

- Measurement units expressed in 

arbitrary or perfusion units.  

- Sensitive to movement 

- Does not provide depth-resolved 

perfusion map 

 

Video 

Capillaroscopy 

Sampling area: 1 x 1 mm 

Penetration depth : <100 

μm  

Optical magnification: 50-

500x, 200x magnification 

is most frequently used 

- Non-invasive, user friendly 

- Provides direct view of 

capillaries 

- Records images at a speed 

up to 2000 frames/s, 

provides images for video 

sequence 

 

- Shallow penetration of skin, 

limited area of assessment 

- Difficult in specific populations: 

high-pigmented skin 

attenuated/atypical capillaries 

- High variability for long-term 

assessment 

- Does not provide depth-resolved 

perfusion map 

 

Transcutaneous 

oxygen pressure 

(TcPO2) 

Penetration depth : 1-2 

mm 

 

- Non-invasive, user friendly 

- Provides continuous-real 

time assessment of skin 

oxygenation. 

- More accurate than 

conventional methods e.g., 

ABPI/TBPI to assess the 

degree of limb ischemia or 

prediction of wound 

healing 

- Indirect measure of SkBF 

- TcPO2 reading is influenced by 

several factors e.g., tissue 

temperature; perturbation of 

systemic oxygenation level such 

as respiratory diseases, heart 

failure  

 

* Dependent on the laser wavelength used
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1. 3 Introducing a new technique to assess skin microvascular function and structure: Optical 

coherence tomography 

1.3.1 Physics and principles 

Optical coherence tomography (OCT) is a new and non-invasive technology capable of producing 

three-dimensional (3D) imaging of dynamic blood perfusion within the microcirculation of tissue 

beds (275, 276). This technology was first applied in the early 1990s for in vitro assessment of the 

peri-papillary area of retina and the coronary artery (276) and nowadays, it is widely used in medical 

practice for testing the retina in vivo. Proskurin and Prolov (2012) introduced the application of this 

technology to assess subcutaneous blood vessels (275).  Similar to ultrasonography, this method is 

based on low-coherence reflectometry, providing ultra-high spatial resolution images (~10 µm) to a 

depth up to 500 µm (276). The maximal probing depth achieved with LED at single wavelength is 

~1300 nm (275). This technology provides 3D tomographic information pertaining to micro-vascular 

density, diameter and depth of the total length of the blood vessels (by using a skeletonization 

algorithm) and skin depth of measurement (Figure 1.11) (15, 275, 277).    

 

Figure 1.11 A demonstration photo of handheld OCT imaging probe and scanner set up, along with 

LDF probe (a). Schematic diagram of OCT imaging head-skin tissue interfacing set up 

(b), as marked in the red circle in image (a). Examples of acquired OCT speckle 

decorrelation MIP images of the forearm cutaneous vasculature at baseline (c: A, C and 

E) and during heating (c: B, D and F). Color-scale indicates localized measurements of 

OCT speckle decorrelation. The same color-scale was used for all images. From Carter 

et al. (2016) (15). 
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In OCT, there have been two approaches traditionally applied for detection of vascular networks 

based on motion sensing: Doppler-based and speckle-based. Doppler OCT utilizes the phase of the 

back-reflected light wave as a function of time to acquire information related to motion. This 

technique is a good option when the quantitative measurement is important but the stringent 

requirement on phase-stable detection makes its deployment in fast-frequency-domain OCT systems 

difficult. In addition, Doppler methods are only sensitive to the motion along the axis of the optical 

beam. The speckle technique has been primarily applied as a qualitative measurement, for example 

to characterize the vascular network morphology in biomedical applications, with a continuing 

development of the quantification methods (278). 

 

The term “speckle” is used to describe the OCT signals acquired because of partial coherently 

backscattered light from biological tissue. OCT detects the speckle of biological tissues, without the 

requirement of exogenous contrast agents. If the OCT scans a stationary object, the speckle pattern is 

temporarily stationary as well. In contrast, if the OCT scans moving objects in biological tissue, e.g., 

red blood cells, the speckle pattern varies with time (279). This can be quantified by assessing the 

rate of speckle changes or speckle variance calculations, known as the speckle decorrelation 

technique (15, 277-280), wherein flow regions are extracted based on speckle variations due to the 

movement of highly scattering blood cells that manifest as fluctuations in the intensity of the 

backscattered signals. The advantage of this technique is it does not rely on the phase of back-

scattered optical signals, hence it is applicable to systems vulnerable to phase instability, such as 

swept source OCT (277, 279). Using the speckle decorrelation principle, OCT imaging has the 

capability to detect the microvasculature through intrinsic contrast from the scattering properties of 

red blood cells as they move through vascular networks. The improvement of contrast can be achieved 

by increasing the number of frames, however this will increase the acquisition and data processing 
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times (279). The extracted vasculature map can be color-coded according to the depth of blood vessels 

(279) or the intensity of speckle decorrelation (Figure 1.11)  (15, 277, 280).  

 

 

1.3.2 OCT use in previous human applications 

In humans, OCT has been applied to mapping the microvasculature of the human eye (281-283) and 

oral tissues (284).  In terms of the dermatological area, OCT has been used to: (1) evaluate epidermal 

thickness in healthy skin, identifying the differences according to age, skin type and anatomic site 

(285), (2) visualize and automatically quantify cutaneous microcirculation in normal and psoriatic 

skin (286), (3) measure burn scars and monitor treatment outcomes (277, 280), (4) image basal cell 

carcinoma (287). In the burn scar tissue, OCT-derived imaging and quantification techniques are 

capable of providing a depth-resolved microvasculature map which is a prerequisite for understanding 

angiogenesis in scarring. The scar has rich vascularization, particularly the hypertrophic scar wherein 

enlarged blood vessels are commonly observed (277). Gong et al. (2016) performed a longitudinal 

study to monitor the effects of interventional laser fraction on the angiogenesis process of burn scars 

(280). Both aforementioned studies established the feasibility of this investigational tool for clinical 

use to detect cutaneous microcirculation abnormalities in burn scars and monitor the effect of therapy. 

The automatic quantification methods were performed using software, therefore potentially 

minimizing the intra- and inter-observer variability in the longitudinal assessment. 

 

OCT imaging system has high sensitivity to detect small scale velocity changes; therefore it is 

susceptible to involuntary movement, which results in blood vessel artifacts. However, this is a typical 

limitation in most other methods e.g., LDF, LDI, LSCI. To mitigate the impact of tissue bulk motion, 

some studies have utilized an articulating arm when performing the scanning, that has a limited range 

of motion. Additionally, some adjustments have been made in the post-processing algorithm prior to 

calculation of speckle decorrelation, whereby each pair of collocated B-scans was aligned using a 

cross-correlation intensity-based registration algorithm (15, 280). Furthermore, the OCT-scan 
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provides ultra-high resolution images, but from a relatively small area of the skin (<50 mm2) (15, 

277, 280). Although it is possible to image cutaneous microcirculation from the same small localized 

area in a burn scar by using a given hallmark, it can be challenging to perform longitudinal studies in 

the exact same area in healthy skin (280).   

 

1.3.3 Potential use for OCT when combined with physiological stimulation (local heating, 

reactive hyperemia) 

In recent years, the cutaneous microcirculation has been acknowledged as an accessible and 

potentially representative vascular bed for examining the mechanisms of microcirculatory function 

and dysfunction in humans (97). Additionally, the impairment of cutaneous microcirculation has been 

observed in aging skin (130) and in cardiovascular diseases, e.g., heart failure (163) and diabetes 

(179). Impairment in cutaneous microcirculation shares a similar pathogenesis to that which appears 

in a generalized sense in cardiovascular diseases. Therefore, the assessment of skin microcirculation 

provides an insight into physiological responses and adaptation to stressors such as heat stress or 

exercise, as well as the early detection of generalized microvascular dysfunction and disease. 

 

OCT is a non-invasive method that is capable of quantifying changes in the microvessels during 

physiological stress. However, the utilization of OCT to assess microvascular reactivity and the 

responses to a physiological stressor in either experimental or clinical settings has not been validated 

and well explored. Thermstrup et al. (2016) validated OCT-derived SkBF against existing tools such 

as LSCI and chromatometry by the application of three different physiological stimuli: positional 

changes, topical vasoactive substances (butoxyethyl nicotinate ointment) and blood vessel occlusion 

(30 mmHg).  The results showed that OCT was capable of detecting the changes in SkBF to all 

stimuli, and the changes were well correlated with those measured by either chromatometry or LSCI. 

Additionally, OCT provided information pertaining to morphological changes in response to 

physiological stimuli that were not available using other techniques. However, the quantification of 
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OCT-derived morphology in this study was limited to vessel recruitment, based on the analysis of 

changes in speckle variance signals, whereas other important parameters, particularly blood vessel 

diameter, was not able to be identified (288). Carter et al. (2016) employed OCT to assess the acute 

responses of the cutaneous microcirculation to thermoregulatory challenge. The findings suggested 

the feasibility of OCT for assessment of the functional and structural changes in cutaneous 

microcirculation as a response to passive body heating in humans (15) and highlighted the use of 

OCT as a novel imaging approach to assess skin physiology.  

 

There are two non-invasive physiological stimuli that have often been applied in either experimental 

or clinical settings in order to test the function of cutaneous microcirculation: local heating and 

PORH. Skin local heating to a temperature below the pain-threshold produces a temperature-

dependent increase in SkBF at the heated and adjacent areas that has different underlying mechanisms 

from the vasodilation reflex as response to whole body heating as described earlier in the section 

1.1.4. Maximum vasodilation will be reached with skin local heating to 42-44℃. The response of 

SkBF to this stimulus is characterized by a biphasic pattern as previously decribed in section 1.1.4.4 

(12, 87): (1) the initial phase is characterized by a rapid increase of SkBF followed by a decrease of 

SkBF and a brief nadir. This phase is predominantly mediated by the sensory axonal reflex; (2)  a 

plateau phase that is characterized by a gradual increase in SkBF until the maximum value is reached. 

This phase is dependent on endothelial function and NO contribution is needed for the full expression 

of the vasodilation process (~70%). If the local heating is prolonged, the SkBF will return toward 

baseline, a phenomenon that is called “die away” (6).   

 

Reactive hyperemia responses in cutaneous microcirculation are commonly stimulated by placing the 

cuff around upper/lower limb and increasing the pressure above systolic blood pressure (>~50 

mmHg) for 3-5 minutes in order to produce temporary ischemia.  The response when the cuff released 

is characterized by a rapid increase in the SkBF, followed by a gradual decrease.  The rationale for 
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the use of PORH is the involvement of metabolic vasodilators, endothelial (NO-independent) 

vasodilators, myogenic responses and sensory nerves in the responses (211, 213). Taken together, an 

intact endothelium is necessary to facilitate both local heating and reactive hyperemia responses, 

therefore OCT-scanning in combination with both stimuli is potentially useful as a tool to provide 

insight into vascular function and dysfunction in humans. 
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1. 4 Adaptation of skin microcirculation to exercise training 

1.4.1 Thermoregulatory adaptation to training: Importance of central adaptations 

Endurance exercise increases the fluid demand to support thermoregulation in response to the 

increased heat load. Maximal cardiac output (CO) in elite athletes can reach 35-40 L/min during 

exercise. Increases in CO are directed mainly to the active muscles as well as to the skin in order to 

increase heat dissipation (289). The effect of endurance training on CO appears to be mediated mainly 

by the increase of stroke volume, since the heart rate during maximum exercise is no different 

between sedentary, recreationally active and elite athletes. Stroke volume in male endurance elite 

athletes can reach ~110 mL at rest and 150-200 mL during maximal exercise (289). 

 

In addition to CO, it was generally believed that chronic exposure to increases in core temperature 

during endurance exercise training increase the blood volume distributed to the skin in order to 

efficiently dissipate internal heat (290). In an early study, Kjellberg et al. (1949) revealed that trained 

individuals had higher blood volume and hemoglobin compared to sedentary people, independent of 

body size. Further investigation on 4 participants who undertook a nine day skiing tour revealed that 

blood volume and the amount of hemoglobin increased by 10-19%. In contrast, immobilization 

reduces total hemoglobin, whilst the relative hemoglobin level remained constant (291). In another 

study, larger blood volume in athletes was accompanied by a higher plasma volume and erythrocyte 

volume (292). However, when body composition was accounted for, only plasma volume remained 

increased in trained women, whilst trained-men consistently demonstrated an increase of both plasma 

and erythrocyte volumes (293).  

 

Sawka et al. (2000) estimated the time-course related to blood volume expansion from 18 longitudinal 

studies that provided evidence from endurance training-induced expansion of blood volume. The 

authors concluded that the increase in plasma volume was the main contributor to the exercise 

training-induced blood volume expansion in the first few weeks because the increase of plasma 
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volume occurred within 24 hours post-exercise, and achieved ~10% above pre-training state by 1-4 

days, whereas erythrocyte volume expansion occurred ~2-3 weeks after the exercise training 

commenced. As a result of the new equilibrium state between plasma and erythrocyte volume, 

hematocrit returned toward the pre-training value (294). In contrast, other studies of endurance 

exercise training have failed to reveal an increase of blood volume because of training adaptation 

(294, 295). This may be at least partially explained by factors such as differences in initial fitness 

level, mode and intensity of exercise training and control group responses (294). 

 

Total body water and blood volume expansion due to exercise training theoretically have critical 

influences on human thermoregulation, including increases in cutaneous blood flow, to attenuate the 

increase of core temperature and subsequently modify the threshold for skin vasodilation and 

sweating. However, when this hypothesis was tested by a training challenge, thermal challenge or the 

combination, results were inconclusive. Exercise training adaptation per se or in combination with 

heat acclimation has been shown to result in expansion of blood and plasma volumes (296-299). 

However, other studies of training-induced plasma volume expansion (290), thermal acclimatization 

(300), and their combination (298), did not find any thermoregulatory benefit. Ikegawa et al. (2011) 

demonstrated that a leftward shift of the core temperature threshold for skin vasodilation was not 

observed if the plasma expansion during exercise was removed (301). This finding directly tested the 

hypothesis of Robert et al. (1977) and strongly suggested that the control of SkBF and subsequent 

body temperature during exercise are critically dependent on the expansion of blood volume (16).  

 

Several models of plasma volume expansion have been employed to investigate the beneficial effect 

of increase in plasma volume per se (as observed in endurance-trained individuals) in 

thermoregulation. Nose et al. (1990) revealed that saline infusion throughout exercise at moderate 

intensity in the heat resulted in a lower HR and core temperature as well as higher forearm blood flow 

in the late stages of exercise, whereas this effect was not evident when the exercise was performed in 
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a cool environment (302). This effect was confirmed later by Mountain and Coyle (1992) who 

demonstrated that fluid ingestion during exercise in the heat attenuated the reduction of SV and the 

increase in HR and core temperature, along with increase of forearm blood flow. However, the 

improvement in thermoregulatory control was not observed if the fluid ingestion was replaced by 

dextran solution, although dextran partially attenuated the cardiovascular drift and reduction of 

blood/plasma volume during exercise (303). In an earlier study, Fortney et al. (1981) investigated the 

impact of plasma expansion by saline-albumin infusion prior to exercise in the heat. They found 

expansion of PV by ~16% and a significantly lower core temperature at the end of exercise compared 

to the normovolemic control condition. In addition, skin temperatures in non-exercise regions were 

higher compared to control. However, the mean skin temperature, sweating rate, and slope of core 

temperature-sweating rate were unaltered (304). Other investigators used glycerol and water to 

develop hyperhydration prior to exercise-heat stress and found no meaningful physiological-

thermoregulatory benefit over control. However, increased endurance performance and lowered heart 

rate during exercise were observed, suggesting that pre-exercise hyperhydration could delay the 

development of water deficit and the subsequent increase of physiological strain (305, 306). In 

keeping with this, acute hypervolemia induced by dextran infusion prior to prolonged exercise in 

thermoneutral condition (≥90 mins) altered cardiovascular function but not thermoregulatory 

responses (307, 308). Watt et al. (1999) investigated the effect of acute plasma expansion in 

moderately-trained men and found no significant improvement either in thermoregulatory function 

or exercise performance during submaximal exercise in the heat (309). In contrast to the hypervolemia 

condition, artificial hypovolemia induced by diuretic administration consistently resulted in increased 

core temperature following endurance exercise and decreased core temperature-sweating rate in in 

the non-exercise regions (304, 310). Taken together, plasma expansion per se appears to have a 

minimal effect on thermoregulation, but results probably depend on the type of plasma expander used, 

baseline fitness status, time/intensity/mode of exercise performed and environmental conditions.  
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Other investigators have employed erythrocyte infusion to investigate the beneficial effects of 

polycythemia on thermoregulatory responses during exercise. Theoretically, acute polycythemia 

infusion will increase O2-carrying capacity, and hence improve maximal aerobic power during 

exercise in the heat. The infusion of 300-400 mL autologous erythrocytes prior to exercise in the heat 

of non-acclimated subjects reduced thermoregulatory strain (311-313). Decreased core temperature 

at sweating onset was observed and might be responsible as the index of thermal drive for sweating 

since the local and mean skin temperature values were not altered by erythrocyte infusion (312-314). 

These effects were more pronounced in heat-acclimated subjects, even if the subjects were pre-treated 

with dehydration (313, 314). The mechanisms underlying this effect were probably because 

erythrocyte infusion not only increase blood volume, but also plasma volume associated with the 

increase of total circulating protein mass, whereby this effect was not evident in un-acclimated 

subjects (312, 314). In addition, erythrocyte infusion elicited long-term (at least 48-96 hours) blood 

volume expansion compared to hypervolemia that was acutely induced by plasma expander prior to 

exercise (313). Polycythemia also resulted in blunted heart rate and plasma cortisol responses (315). 

 

Another possible mechanism by which endurance training may prevent hyperthermia is by increased 

capacity to maintain the blood level of body electrolytes or plasma osmolality (297, 303, 313), 

suggesting an interaction between thermoregulation and body water regulation. Indeed, data from an 

animal study showed that central thermoregulatory control in the POA hypothalamus was sensitive 

to the changes of both temperature and osmolality (316); supporting the hypothesis that a central 

interaction between temperature and body water regulation is responsible for thermoregulatory 

control mechanisms (sweating threshold, body temperature responses to exercise or heat).  

 

In summary, endurance training induces physiological adaptations to facilitate more efficient 

thermoregulatory control. The increase in cardiac output, blood volume expansion and vasomotor 

adjustment are probably the main contributors through which endurance training induces 
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thermoregulatory advantages such as increases in skin blood flow at lower exercise core temperature 

as illustrated I Figure 1.11.  

 

 

1.4.2 Exercise training and intrinsic cutaneous adaptation 

Redistribution of blood flow during dynamic large muscle exercise occurs in order to meet the high 

requirement of metabolic demands in active skeletal muscles, whilst maintaining adequate perfusion 

for thermoregulation. During heavy exercise, blood flow to the active muscle can dramatically 

increase, up to ~18 L/min in healthy untrained subjects and more in trained subjects and elite 

endurance athletes. Alongside this increase, vasodilation increases SkBF resulting in increased heat 

transfer from the body core to the skin, and subsequently to the environment (289). SkBF can reach 

up to ~8 L/min in young healthy males during severe thermal stress (24). 

 

SkBF responses to increased body temperature during passive thermal stress exhibit a hockey-stick 

shape, with body core temperature linearly increasing with SkBF. Skin vasodilation (and sweating) 

continue to increase in proportion with the production of internal heat until either a steady state is 

achieved (where heat production is in balance with heat dissipation maintaining a constant body 

temperature), or if the maximal responsiveness has been achieved (35). This pattern is modified 

during dynamic exercise, whereby a transient decrease of SkBF is observed at the onset of exercise 

and the threshold for vasodilation appears at higher core temperature (~38°C). Additionally, the peak 

SkBF during dynamic exercise is below the maximum value associated with passive heat stress 

(approximately 50-60%). This thermoregulatory control requires increased cardiac output and 

redistribution of blood flow. The initial reduction in skin vasodilation during dynamic exercise (but 

not passive heating) may be related competition for cardiac output between increased metabolic 

demands of muscles and  cutaneous circulation (317, 318). It seems that SkBF is sacrificed to meet 

the increase in metabolic demands in active muscles (318). Therefore, exercising in a warm and 
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humid environment is the greatest challenge for the human cardiovascular system due to the need for 

high levels of blood flow to the active skeletal muscles and skin (24, 289).  

 

Figure 1.12 Schematic diagram representing the relation between core temperature and skin blood 

flow during heat stress at rest, during acute exercise in the untrained and exercise-trained 

condition. From Simmons et al. (2011) (16). 

 

Thomas et al. (1999) compared the effect of different modes of exercise on skin thermoregulatory 

function and revealed that aerobic training, but not resistance training, resulted in modification of the 

cutaneous vascular response pattern during dynamic exercise (127). The most notable feature was a 

leftward shift of the core temperature threshold for vasodilation, as SkBF began to rise at a lower core 

temperature (127, 296, 319). This effect was more pronounced in trained, older subjects and was not 

influenced by changes in cutaneous sympathetic vasoconstriction, suggesting that active vasodilatory 

mechanisms or changes in blood volume may be the main contributors to training-induced adaptation 

in SkBF control (127). Furthermore, the magnitude of maximum cutaneous vasodilation reached 

during exercise was increased after training (320, 321). In contrast, most (127, 296, 320, 322) but not 

all (323), previous studies have shown that the slope (sensitivity) of the relationship between core 

temperature and SkBF is not changed after exercise training. The sympathetic neural control of the 

circulation may be altered by exercise training, including an earlier threshold for the onset of reflex 

cutaneous vasodilation (along with sweating) after exercise training and/or changes in in sensitivity 
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of the response as a function of core temperature, resulting in more efficient heat dissipation (296, 

319). 

 

 

1.4.2.1 Intrinsic functional adaptation 

In addition to the elevation in SkBF relative to increased core temperature, the cutaneous 

microvasculature exhibits intrinsic functional adaptations to exercise training. Different assays that 

are endothelium-dependent, such as ACh iontophoresis, skin local heating and PORH, have been 

commonly used to test responses in cutaneous microvascular reactivity following exercise training. 

However, relatively few studies have investigated the impact of exercise training on the skin 

microcirculation and the results have not been conclusive, particularly in young healthy people.  

 

In some (130, 324-327), but not all (126, 328, 329) cross-sectional studies, people with higher 

cardiorespiratory fitness demonstrate enhanced endothelium-dependent vasodilation in the skin 

microcirculation compared to less fit controls. In a study involving a longitudinal experimental 

design, Wang (2005) reported an increase in SkBF at rest, in response to incremental exercise and 

ACh-induced vasodilation following 8 weeks of exercise training in young healthy sedentary people 

(330). Additionally, enhanced skin local heating responses following exercise training were also 

reported in people with impaired microvascular function, such as sedentary older individuals (130, 

331), those with T2DM (180) and non-alcoholic fatty liver disease (158), whereas Middlebrooke et 

al. (2006) reported no change in skin microcirculatory function in T2DM following 6 months of 

aerobic exercise (332). The endothelial-independent dilation and maximal dilator capacity have been 

reported to not change (130, 324) or decrease (325, 333) with training. Taken together, the 

endothelium-dependent pathway of skin vasodilation appears to be improved by exercise training, 

probably through improvement of NO bioavailability and possibly other pathways such involving 

sensory nerves and large conductance KCa channels (213). However, the active vasodilation 
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mechanisms in humans are complex and still poorly understood, therefore it remains unclear which 

mechanistic pathways are affected by exercise training.  

 

1.4.2.2 Intrinsic structural adaptation 

During dynamic whole body exercise, skin microvessels are active during exercise to increase heat 

dissipation for thermoregulatory purposes (289). It is well established that angiogenesis occurs in 

skeletal muscle blood vessels in response to repeated exercise-induced vasodilation. In biopsy studies 

of skeletal muscles, exercise training has been shown to stimulate angiogenesis by promoting growth 

in the number of capillaries, with consequent increases in capillary density (334, 335), capillary to 

fiber ratio (334, 336) and capillary lumen area (336). This adaptation facilitates higher extraction of 

oxygen from the vascular beds (337-339) and is mediated by angiogenic factors such as VEGF (334, 

336, 340), in concert with increases in mechanical forces such as shear stress, and is potentiated by 

metabolism and hypoxia (340).  

 

In contrast to the skeletal muscle, structural adaptation in skin microvessels in response to exercise 

training is poorly understood. Atkinson et al. (2018) reported decreases in peak laser Doppler 

flowmetry (LDF) responses to a localized heating stimulus following 8 weeks of cycle training (333) 

and proposed that structural adaptation in the skin microcirculation may have been responsible for a 

decrease in peak red cell flux, with a consequential increase in transit time facilitating heat dissipation. 

In contrast, Thomas et al. (1999) reported increases in the response of SkBF to exercise-heat stress 

following training, without increases in the maximal forearm blood flow. The authors suggested that 

this effect was probably mediated by the decrease of maximal diameter of the skins blood vessels 

after aerobic training (127). Both studies mentioned above indirectly suggest the possibility of skin 

microvascular structural adaptation in response to exercise training, however these conclusions are 

speculative, since laser Doppler flowmetry and plethysmographic techniques provides indirect and 
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qualitative data. To date, no study has reported direct visualization of cutaneous microvessels in 

response to exercise training.  

 

1.4.3 Benefits of exercise training for microvascular health in clinical populations 

It is well established that aerobic training provides thermoregulatory advantages by enhancing SkBF 

during exercise and/or heat stress at a lower core temperature threshold for vasodilation (127, 296, 

319). This beneficial effect is more pronounced in older people with impaired skin microcirculation 

in the pre-training state (127).  

 

The effects of exercise training on the skin microvasculature in various populations are summarized 

in Table 1.2, with further brief explanation below. Some of these data have been reviewed in a meta-

analysis which showed that aerobic exercise training had a modest beneficial effect on cutaneous 

microvascular reactivity in a mixed population of sedentary adults (341). However, this finding was 

based on small randomized clinical trials (RCT n=7, total subjects n=245) with varying quality of 

assessment methods. Therefore, the results remain inconclusive and further extensive investigation is 

required to determine the effect of exercise training on cutaneous microvascular adaptation.  

 

Black et al. (2008) used two approaches to investigate the mechanisms underlying skin 

microcirculation impairment in older people, and whether exercise training could reverse this effect. 

In a cross sectional approach, reduced NO-mediated skin vasodilation in responses to local heating 

stimuli and ACh infusion were observed in sedentary older people, but not in their fit counterparts. 

However, the maximum capacity of skin vasodilation itself was not altered in the elderly regardless 

of their fitness status. This finding suggested that compensatory mechanisms other than NO may be 

responsible for facilitating maximum skin vasodilation, and that maintaining fitness status may 

prevent the age-related impairment of skin microvascular health. An exercise training study was then 

performed in a sedentary older group, and the age-related decline of NO-mediated vasodilation was 
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reversed by exercise training (130). Improvement of endothelial- and non-endothelial-mediated 

vasodilation has also been observed in a cohort of older post-menopausal women after ≥24 weeks of 

exercise training (331). In addition, exercise training in people with cardiovascular-related conditions 

to such as non-alcoholic fatty liver disease and PCOS induced an improvement in cutaneous NO-

mediated vasodilator function in response to local heating, compared to conventional care, 

independent of changes in the maximal vasodilator capacity (158, 159).  

 

An exercise interventional study in people with T2DM enhanced skin microvascular endothelial 

function following exercise training (180) but other studies have not shown this improvement (332, 

342). However, the diabetic subjects in the latter studies may not have been responsive to the exercise 

training, since most of the outcomes including cardiorespiratory fitness were not significantly 

improved after these exercise training interventions (332). Other studies have demonstrated that 

improvement in endothelium-dependent microvascular function was correlated with the increase in 

cardiorespiratory fitness (130, 158). Interestingly, an exercise training study in obese people with 

insulin resistance syndrome reported that 6 months of exercise training with caloric restriction 

improved the endothelial-dependent vasodilation in conduit arteries, without improvement in skin 

microvascular reactivity, suggesting regionally specific vascular responses to the exercise training 

(343).  

 

In populations with a high risk for developing skin ulcers, such as those with chronic venous disease, 

lower limb (344) but not upper limb endurance exercise training (345), improved the endothelium-

mediated cutaneous vasodilation in the leg. Similarly, improvement in endothelium-dependent 

cutaneous vasodilation following 12 weeks of exercise training was evident in both ulcerated/non-

ulcerated legs of people with venous ulcers, suggesting an important role of exercise for the 

therapeutic prevention of ulcers. In addition, improvement in endothelium-independent cutaneous 

vasodilation was also observed, but only in the ulcerated leg (346). 
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In summary, exercise training has direct impacts on the cutaneous microvasculature in populations 

with endothelial dysfunction and/or CVD risk factors. The effect of exercise training on 

microvascular health in clinical populations is commonly, but not always, parallel to the improvement 

of cardiorespiratory fitness. The mechanisms underlying cutaneous adaptation are still poorly 

understood but may involve complex integrated and redundant pathways, including but not limited 

to increases in the bioavailability of NO. Episodic increase of shear stress alongside transmural 

pressure changes during repeated bouts of exercise are potential mechanical stimuli that enhance NO-

mediated cutaneous vasodilation (347-349) in response to exercise training.  
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Table 1.2.  Summary of exercise training studies of cutaneous microcirculatory function in healthy humans and people with 

microvascular dysfunction 

 

Reference Methodology Subjects Mode of intervention Effect of skin reactivity 

Young, healthy 

Wang et al. (2005) 

(330) 

Tool: LDF 

Protocol:  

ACh iontophoresis 

 

 

1. CON: - 

2. ET: 10♂, age ~22 yr, 

sedentary 

 

1. NA 

2. Aerobic exercise: ergometer (5x/wk, 

50%VO2max, 30 min, 8 weeks) followed by 

detraining for 8 weeks 

↑SkBF at rest and during acute exercise 

↑ACh-mediated vasodilation  

↔ Maximum SkBF induced by SNP 

Detraining reversed the improved effect on the 

skin microvascular function to the pre-exercise 

condition 

Aging population 

Thomas et al. 

(1999) (127) 

Tool: LDF 

Protocol:  

Bretylium tosylate 

iontophoresis  inhibit 

skin vasoconstriction  

 

1. CON: young (YC) n=7, old 

(OC) n=7 

2. Aerobic training: young 

(YA) n=8; old (OA) n=11 

3. Resistance training: young 

(YR) n=7; old (OA) n=3 

Y: age 18-30 yr;  

O: age 61-78 yr 

1. NA 

2. Aerobic exercise: treadmill, ergometer, rower, 

or stair climber  (4x/wk, 60-80%VO2max, 30-60 

min, 16 weeks) 

3. Resistance exercise: leg extension/flexion, 

chest press, upper back extension, assisted pull 

up and dips (3-4x/wk, 60% 1RM, 30 min, 16 

weeks) 

↑SkBF response to exercise-heat stress after 

aerobic training in OA group, but the YA group 

remained unchanged.  

Black et al. (2008) 

(130) 

Tool: LDF 

Protocol:  

ACh microdialysis with L-

NMMA)  

LH (33-42℃) with L-

NMMA)  

SNP infusion combined 

with local heating+ACh to 

induce maximal 

vasodilation 

 

1. CON: n=9, age ~61 yr 

2. ET: n=16, age ~61 yr (8 LH 

protocol, 8 ACh protocol) 

 

1. N/A 

2. Aerobic training (Treadmill walking & 

cycling):  

- Wk 0-6 (3x/wk, 30HRR 30 min, 12 weeks 

 5x/wk, 30 HRR, 30 min, 6 weeks) 

- Wk 7-12 (5x/wk, 60 HRR, 30 min, 12 

weeks) 

 

↑NO vasodilator function during local heating at 

12 wk, no further improvement at 24 weeks 

↑NO component of ACh-mediated vasodilation 

at 12 weeks, no further improvement at 24 weeks 

↔ Maximum SkBF  

Hodges et al. 

(2009) (331) 

Tool: LDF 

Protocol:  

ACh iontophoresis and SNP 

iontophoresis  

LH (32-42℃)  

1. CON: - 

2. Aerobic training: n=20♀, 

post-menopause, age ~60 yr 

1. N/A 

2. Aerobic exercise:  

- Wk 0-6 (3x/wk, 30% HRR, 30min, 6 

weeks) 

- Wk 7-12 (5x/wk, 30% HRR, 30min, 6 

weeks) 

↔SkBF at rest throughout the study 

↑SkBF peak response to local heating  at week 24 

and ↑ further at 36; no additional improvement at 

week 48. 
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Reference Methodology Subjects Mode of intervention Effect of skin reactivity 

- Wk 13-24 (5x/wk, 45% HRR, 30min, 12 

weeks) 

- Wk 25-36 (5x/wk, 60% HRR, 30min, 12 

weeks) 

- Wk 37-48 (5x/wk, 75% HRR, 30min, 12 

weeks) 

 

 

 

↑ACh-mediated vasodilation at week 24 and ↑ 

further at week 36;no additional improvement at 

week 48. 

↑SNP-mediated vasodilation at 36;no additional 

improvement at week 48 

Obese 

Hamdy et al. 

(2003) (343) 

Tools: LDI 

Protocol:  

ACh-iontophoresis, SNP 

iontophoresis 

1. CON: - 

2. ET: Obese with insulin 

resistance syndrome (IRS), 

n=24, age ~49 yr 

 

1. NA 

2. Aerobic training (3x/week, 60-80% VO2 

max+150 minutes exercise at home for 6 

months) + weight reduction program 

↔ACh-mediated vasodilation  

↔SNP-mediated vasodilation  

Pasqualini et al. 

(2010) (350) 

Tools: LDF 

Protocol:  

Ischemia-induced reactive 

hyperemia (RH) 

 

1. CON: Hypertension non-

obese, n=18♂, 8♀; age ~43 

yr  

2. ET: Obese with gr 1 

hypertension, n=18♂, 6♀; 

age ~44 yr  

 

1. Avoid salty food, weight reduction program (if 

required) 

2. Avoid salty food, weight reduction program (if 

required) + aerobic training: Walking (50% 

HR max) and stationary cycling (65-80% HR 

max)  (4x/week, 40 min,8 weeks)  

↑ RH responses (Area under the curve) 

Pre-post training changes in RH responses 

associated with changes in adiponectin level. 

Diabetes 

Colberg et al. 

(2005) (342) 

Tools: LDF (dorsum foot) 

Protocol: 

ischemia-induced reactive 

hyperemia-cold stressor-

local heating  (33-44℃).  

1. CON: obese non diabetic 

n=10, age ~56 yr 

2. ET: T2DM, sedentary n=9, 

age ~55 yr 

 

1. NA 

2. Aerobic exercise: (3x/wk, 50-65 %VO2max, 

20-45 min, 10 weeks) 

 

↔ baseline skin perfusion 

↔ skin local heating responses to 44℃ 

 

Middlebrooke et 

al. (2006) (332) 

Tool: LDI/ LDF 

Protocol: 

local heating (to 42℃), 

ACh iontophoresis, SNP 

iontophoresis 

1. CON: T2DM, n=30, age 

~65 yr, standard care 

2. ET: T2DM, n=22, age ~62 

yr, exercise training  

 

1. N/A 

2. Aerobic exercise: (3x/wk, 70-80 %VO2max, 30 

min, 6 mo) 

 

↔ skin local heating responses to 42℃ 

↔ ACh-mediated vasodilation  

↔ SNP-mediated vasodilation  

 

 

Cohen et al. 

(2008) (351) 

Tool: LDF 

Protocol: 

1. CON: - 

2. ET Center-based: T2DM, 

n=8♂, 8♀; age ~61yr 

1. N/A 

2. Resistance training of 8 large muscle groups 

(2x, 3 set x 8 reps, 50-60% progressing to 75-

↑ACh-mediated vasodilation in both groups 

↑SNP-mediated vasodilation in both groups 
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Reference Methodology Subjects Mode of intervention Effect of skin reactivity 

ACh iontophoresis, SNP 

iontophoresis 

3. ET Home-based: T2DM, 

=8♂, 7♀; age ~60 yr 

85% 1RM, 45 min, 2 mo) 12 months, center-

based ET 

3. Resistance training 8 large muscle groups (2x, 

3 set x 8 reps, 50-60% progressing to 75-85% 

1RM, 45 min, 2 mo) 12 months, home-based 

 

Mitranun et al. 

(2013) (352) 

Tools: LDF 

Protocol: 

Ischemia-induced reactive 

hyperemia (RH) 

1. CON: T2DM, n=15 (5♂, 

10♀, age ~61 yr 

2. CET: T2DM, n=14 (5♂, 

9♀), age  ~62 yr 

3. IET: T2DM, , n=14 (5♂, 

9♀), age  ~61 yr 

 

1. N/A, maintain dietary intake and physical 

activity  

2. Continuous aerobic exercise: walking-

treadmill  

- Wk 1-2: 3x/wk, 50%VO2max, 30 min, 2 wks 

- Wk 3-6: 3x/wk, 60%VO2max, 30 min, 4 wks 

- Wk 7-12: 3x/wk, 65%VO2max, 30 min, 6 wks 

3. Interval training: treadmill 

- Wk 1-2: 3x/wk, 50%VO2max, 30 min, 2 

wks 

- Wk 3-6: 3x/wk, 1-min at 80%/4-min at 

50%VO2max, 30 min, 4 wks 

- Wk 7-12: 3x/wk, 1-min at 85%/4-min at 

60%VO2max, 30 min, 6 weeks 

↑ RH responses in both groups, with greater 

magnitude in IET group 

Naylor et al. 

(2016) (180) 

Tool: LDF  

Protocol: 

LH (33-42℃) with L-

NMMA)  

SNP infusion combined 

with local heating+ACh to 

induce maximal 

vasodilation 

1. CON: T2DM (adolescent), 

n=5, age ~17 yr 

2. ET: T2DM (adolescent), 

n=8, age ~17 yr 

 

1. Standard care 

 

2. Standard care and gym-based exercise: 

combination of aerobic (65-85%of HRmax) 

and resistance training (55-70% MVC) 

(3x/wk, 1 h, 12 weeks)  detraining for 12 

weeks 

↑NO contribution to the during local heating 

response at week 12 and restored to pre-training 

state after detraining. 

↔ Maximum SkBF 

Non-alcoholic fatty liver disease (NFLD) 

Pugh et al (2013) 

(158) 

Tool: LDF  

Protocol: 

ACh microdialysis 

LH (33 to 42℃) 

Maximal vasodilation: SNP 

+ local heating 

1. CON: n=7, age ~48 yr 

2. CON-NAFLD : n=5, age 

~51 yr 

3. ET-NAFLD, n=6, age ~45 

yr  

 

1. NA 

2. Conventional care 

3. Aerobic exercise: (3x/wk, 30-60 %HRR, 30-

45 min, 16 weeks) 

Pre-training, NO contribution to SkBF responses 

during local heating was not different between 

CON and NAFLD 

Post training:  

- ↑NO vasodilator function during local heating  

- ↔ Maximum SkBF induced by SNP infusion 

combined with local heating 

Polycystic ovary syndrome (PCOS) 
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Reference Methodology Subjects Mode of intervention Effect of skin reactivity 

Sprung et al. 

(2013) (159) 

Tool: LDF  

Protocol: 

LH (33 to 42℃) +L-

NMMA microdialysis 

Maximal vasodilation: SNP 

+ local heating 

1. CON: n=6♀, obese, 

sedentary, age ~29 yr 

2. CON-PCOS: n=5♀, PCOS, 

sedentary, age ~29 yr 

3. ET-PCOS: n=6♀, PCOS, 

sedentary, age ~30 yr 

1. NA 

2. Standard care 

3. Standard care + aerobic exercise: (3-5x/wk, 

30-60% HRR, 30-45min, 16 weeks) 

Pre-training, NO contribution to SkBF response 

during local heating was lower in PCOS vs CON  

Post training:  

- ↑NO vasodilator function during local heating  

- ↔ Maximum SkBF induced by SNP infusion 

combined with local heating 

 

Peripheral vascular diseases (varicose vein, venous ulcer) 

Klonizakis et al. 

(2009) (344) 

Tool: LDF 

Protocol: 

ACh iontophoresis, SNP 

iontophoresis 

1. CON: n=1♂, 7♀; post-

surgical varicose vein, 

sedentary, age ~51 yr 

2. ET: n=1♂, 7♀; post-

surgical varicose vein,age 

~57 yr 

 

1. Standard care 

2. Standard care + aerobic exercise: treadmill-

interval walking (2x/wk, RPE 11-13, 40 min, 8 

weeks) 

Post training:  

↑ACh-mediated vasodilation  

↔ SNP-mediated vasodilation 

Klonizakis et al. 

(2010) (345) 

Tools: LDF 

Protocol: 

ACh iontophoresis, SNP 

iontophoresis 

1. CON: data from Klonizakis 

et al., 2009 (344) 

2. ET: n=1♂, 5♀; post-

surgical varicose vein (age 

~57 yr) 

 

1. Standard care 

2. Standard care + upper limb aerobic exercise: 

arm-cranking (2x/wk, 60-70% peak work rate, 

20 min, 8 weeks) 

Post training:  

↔ACh-mediated vasodilation (gaiter area) 

↔ SNP-mediated vasodilation (gaiter area) 

Tew et al. (2018) 

(346) 

Investigational tools: LDF 

Protocol: 

ACh iontophoresis, SNP 

iontophoresis 

1. CON: n=20 , unilateral 

venous ulcer, age ~67 yr 

2. ET: n=17; unilateral venous 

ulcer, age ~62 yr 

 

1. Standard care  

2. Standard care + combination aerobic and 

resistance exercise:  

- Aerobic: treadmill/cycling (3x/wk, RPE 12-

14, 30 min, 12 weeks) 

- Resistance: lower body including squats, 

calf-raises, bench step-ups (2-3sets)  

Post training:  

↑ACh-mediated vasodilation at ulcerated and 

non-ulcerated leg 

↑ SNP-mediated vasodilation at ulcerated leg but 

not in non-ulcerated leg 

 

 

CON: Control group; ET: Exercise training group; CET: Continuous Exercise Training; IET: Interval Exercise Training F: female M: Male L-

NMMA: L -NG-monomethyl- L-arginine; LH: local heating; Y: young group; O: old group 
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1. 5 Summary 

Our understanding of the anatomy and thermoregulatory physiology of the skin microcirculation has 

rapidly developed in recent decades. Recently, studies have focussed on the proposal that the 

cutaneous microvasculature may be representative of general microcirculatory status in humans (97). 

This raises the possibility that assessment of the skin microcirculation can be part of an early detection 

paradigm for atherosclerotic microvascular diseases. However, regulatory control of the skin 

microcirculation, and the mechanistic factors controlling skin perfusion are very complex, and many 

gaps remain to be explored. Some answers will remain elusive until improved technological 

approaches are invented and applied that provide greater insight into microcirculatory anatomy and 

physiology. 

 

Another gap in this literature review relates to our understanding of the mechanisms involved in 

thermoregulatory adaptation, particularly in response to exercise training. Centrally mediated and 

intrinsic local functional vascular adaptation are involved in adaptations that occur in the skin 

microcirculation to exercise training. No previous studies have been able to assess skin structural 

adaptations to exercise training due to limitations in techniques applied. Current imaging techniques 

are limited by a number of factors, including poor spatial resolution and the inability to directly image 

microvessels in real time. Optical coherence tomography (OCT) has the potential to overcome some 

of these limitations. 

 

1.5.1 Aims and hypotheses in this thesis 

The experimental work in this thesis aims to address the existing research gaps by developing and 

applying a new OCT-based skin microcirculatory methodology. The experimental chapters 

investigate: 
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1. The feasibility and validity of OCT to assess skin microcirculation at rest and during physiological 

stimulation e.g., local heating and PORH (chapters 2-3). 

2.  The impact of physiological manipulation  i.e., light cuff inflation on OCT-derived skin 

microvessel function (chapter 4). 

3. Feasibility of an OCT approach to test skin microvascular dysfunction in a clinical population, 

(diabetes, chapters 5-6). 

4. The application of OCT to assess exercise adaptation in skin microvascular function and structure, 

along with adaptation in other indices of human health (conduit artery function, body composition, 

and cardiorespiratory fitness) (chapter 7). 

Finally, the findings from the experimental works will be discussed further in chapter 8, including 

the strengths and limitations of the studies, future direction of the research and potential applications 

of this novel technique.  
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CHAPTER 2 

Novel noninvasive assessment of 

microvascular structure and function in 

humans 

 

Based on the paper detailed below: 

Smith KJ*, Argarini R*, Carter HH, Quirk BC, Haynes A, Naylor LH, McKirdy H, Kirk RW, 

McLaughlin RA, Green DJ. Novel noninvasive assessment of microvascular structure and function 

in humans. Medicine and Science in Sports and Exercise 51: 1558-1565, 2019. DOI: 

10.1249/MSS.0000000000001898 (peer reviewed). 

 

 

 

https://doi.org/10.1249/MSS.0000000000001898
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Abstract 

 

Introduction. Optical coherence tomography (OCT) is a novel high-resolution imaging technique 

capable of visualizing in vivo structures at a resolution of ~10 µm. We have developed specialized 

OCT-based approaches that quantify diameter, speed and flow rate in human cutaneous microvessels. 

In this study, we hypothesized that OCT-based microvascular assessments would possess comparable 

levels of reliability when compared to those derived using conventional laser Doppler flowmetry 

(LDF). Methods. Speckle decorrelation images (OCT) and red blood cell flux (LDF) measures were 

collected from adjacent forearm skin locations on two days (48 hours apart), at baseline and after a 

30-min rapid local heating protocol (30○C-44○C) in eight healthy young individuals. OCT post-

processing quantified cutaneous microvascular diameter, speed, flow rate and density (vessel 

recruitment) within a region of interest, and data were compared between days. Results. Forearm 

skin LDF (13 ± 4 to 182 ± 31 AU, P < 0.05) and OCT-derived diameter (41.8 ± 6.6 vs 64.5 ± 6.9 

μm), speed (68.4 ± 9.5 vs 89.0 ± 7.3 μm.s-1), flow rate (145.0 ± 60.6 vs 485 ± 132 pL.s-1) and density 

(9.9% ± 4.9% vs 45.4% ± 5.9%) increased in response to local heating. The average OCT-derived 

microvascular flow response (pL.s-1) to heating (234% increase) was lower (P < 0.05) than the LDF 

derived change (AU) (1360% increase). Pearson correlation was significant for between-day local 

heating responses in terms of OCT flow (r =  0.93, P < 0.01), but not LDF (P = 0.49). Bland-Altman 

analysis revealed that between-day baseline OCT-derived flow rates were less variable than LDF-

derived flux. Conclusions. Our findings indicate that OCT, which directly visualizes human 

microvessels, not only allows microvascular quantification of diameter, speed, flow rate, and vessel 

recruitment but also provides outputs that are highly reproducible. OCT is a promising novel approach 

that enables a  comprehensive assessment of cutaneous microvascular structure and function in 

humans. 
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2. 1 Introduction 

The cutaneous microvasculature is a complex and dense network of small blood vessels crucial for 

thermoregulation and cardiovascular regulation (353, 354). The control of skin blood flow is 

complex, involving compensatory neural, endocrine and paracrine mechanisms and some 

mechanisms remain “enigmatic”  (353, 354). Impaired cutaneous microvascular function may be an 

early manifestation of cardiovascular disease (CVD) (163, 355-359). Given the abundance of 

cutaneous microvessels close to the skin surface, non-invasive imaging is a promising approach for 

early detection of changes in microvascular function and health in vivo. The accurate and reproducible 

measurement of microvascular function and structure in the skin is therefore highly relevant to 

applied sports science (quantification of thermoregulatory responses to exercise, skin blood flow and 

transit time, heat exchange) and also to clinical exercise physiology (microvascular dysfunction may 

be an early and integral manifestation of future atherosclerotic disease, particularly in patients such 

as those with diabetes, heart failure, peripheral and cerebrovascular disease). 

 

The assessment of the cutaneous microvasculature in the resting quiescent state may provide 

important functional and clinical insights, but provocation and stimulation of skin is likely to be more 

revealing. Theoretically, cutaneous microvessels may respond to the application of a stimulus such 

as localized heating by increasing the diameter of small vessels, increasing the recruitment of 

underperfused vessels, and/or increasing the speed of blood movement (353). The traditional 

assessment of the cutaneous microcirculation, using laser Doppler flowmetry (LDF), has provided a 

measure of “flux”, which quantifies dynamic fluctuations in the optical speckle pattern that arises 

when laser light undergoes a Doppler shift through interactions with moving blood cells. LDF flux, 

therefore, provides a generalized index of the number and speed of blood cells in a region of undefined 

depth, in arbitrary units (AU) (360). Although this technique has proven extremely valuable in studies 
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of physiology and medicine, it has not been capable of directly visualizing microvascular structures, 

or distinguishing between changes in the diameter, recruitment characteristics, or flow rate through 

the microcirculation in response to stimuli. A further limitation is that it does not provide absolute 

measures of microvascular perfusion. 

 

Optical coherence tomography (OCT) is a non-invasive high resolution (1-20 μm) imaging technique 

that can visualize the geometry of the vascular architecture in human skin (361). In a recent proof-of-

principle study, we demonstrated that cutaneous OCT images can be used to quantify microvessel 

dilation in response to whole body heating (361). Although this study established that obtaining high 

resolution OCT images of microvascular diameter and recruitment is feasible, we sought to further 

develop a novel OCT-based speckle decorrelation approach, capable of directly quantifying, in 

individual microvessels or in regions of interest, functional hemodynamic variables such as speed 

and flow rate. We hypothesize that these OCT-based microvascular assessments will possess 

comparable levels of reliability when compared to those derived using LDF.  

 

2. 2 Methods 

2.2.1 Subject characteristics 

Eight healthy subjects (♂5♀3, 25.6 ± 9.6 yr, 1.75 ± 0.08 m, 74 ± 12 kg) provided written informed 

consent and were screened to ensure they were free from cardiovascular, musculoskeletal, or 

metabolic disease; non-smokers; and not currently taking any medications. The study was approved 

by the University of Western Australia’s Human Research Ethics Committee and conformed to the 

standards outlined in the Declaration of Helsinki. 
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2.2.2 Study design 

Participants visited a temperature-controlled room (22○C) in the Cardiovascular Research Laboratory 

at the University of Western Australia on two separate occasions (48-hours apart) at the same time of 

day (7:00-11:00 AM). After a 20-min instrumentation period, participants rested quietly for 10 min 

before baseline images were obtained. A modified localized rapid heating protocol (1○C per 10s, then 

30 min at 44○C) began immediately after completion of baseline imaging. Final heating data were 

collected at the end of the 44○C/30-min period of localized heating. 

 

2.2.3 Instrumentation 

Skin sites were shaved 24-hours before each visit. OCT imaging was performed using a commercial 

imaging system (Telesto III; Thorlabs GmbH, Lübeck, Germany) with central wavelength of 1,300- 

nm and an axial resolution of 5 μm in tissue (assuming a refractive index of 1.43 for the skin) (362).  

(see Figure, Supplemental Digital Content 1, Experimental setup, http://links.lww.com/MSS/B487). 

Scanning was performed using a detachable imaging probe (LSM03, Thorlabs GmbH) with a lateral 

resolution of 13 μm. The probe was attached to a 5 degrees-of-freedom articulated arm to minimize 

motion during imaging. Our OCT system has a fixed length of 36 mm. That is, the distance between 

the lens and the focus is 36 mm. For optimal imaging, we position the skin such that the focus is 

approximately 300 μm below the skin surface so that the superficial 1 mm of skin is in focus. To 

achieve this, a custom spacer with a length slightly less than 36 mm was designed and fabricated 

using a 3D printer (Form2; Formlabs, Sommerville, MA) to ensure a standard distance between the 

scanning optics and the skin surface. The holder was affixed to the OCT lens at its proximal end, and 

it held a heating element and a clear glass slide at the distal end. When the skin was in contact with 

the glass slide and heating element, it was positioned for optimal OCT image quality. 

 

http://links.lww.com/MSS/B487
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A bespoke fixture was 3D-printed to allow OCT imaging to be performed through the central bore of 

a thermostatic probe holder (PF450; Perimed, Stockholm, Sweden), affixed to the ventral aspect of 

the participant’s left forearm using double-sided adhesive rings. A small drop of ultrasound gel was 

placed between the skin and a transparent square microscope slide (8 x 8 mm) attached to the 

thermostatic probe holder. This provided a flat imaging surface, eliminating imaging artifacts due to 

the surface shape of the subject’s skin (363).  

 

An LDF probe (model 413, Periflux 5000 System; Perimed) was positioned in the central bore of a 

second, identical thermostatic probe holder, positioned immediately adjacent to the OCT probe (<5- 

cm distance), to enable simultaneous measurement of LDF flux. 

 

After positioning of the probes, henna dye was placed around the outer diameter of the probe holders 

to ensure precise placement replication on the repeat visit. Henna tattoos remain clearly visible for 

up to two weeks. Skin temperature sensors (MLT409; ADInstruments, Bella Vista, NSW, Australia) 

were placed between the two (OCT and LDF) adjacent probe holders. 

 

2.2.4 Image acquisition and analysis 

Although LDF provides only a single flux value to characterize all blood flow within a region of 

tissue, OCT provides a 3D data volume representative of the tissue microarchitecture. Each 3D OCT 

data acquisition was acquired over a 5 x 5 x 2.5 mm (length x width x depth) region of tissue, at a 

sampling of 1000 x 5000 x 1024 pixels (X x Y x Z). The lateral field of view (length x width) dictates 

the acquisition time with larger fields of view requiring longer times and increasing the risk that 

subject movement will compromise scan quality. For our OCT system, acquisition time was 

approximately 90 seconds.  Our experience has been that this time is well tolerated with minimal 
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movement artifact. Scan depth is a fixed parameter of the OCT system. The imaging light beam in 

OCT is weakly focused, providing high spatial resolution over a depth of focus of a few hundred 

microns. We set the beam focus to 300 μm below the tissue surface so that the appropriate vascular 

tissue would be within the depth of focus. 

 

Because the image acquisition mechanism of OCT is based on the interference of backscattered 

coherent light, the reconstructed data volume inherently contains speckle, visually similar to the 

speckle apparent in ultrasound images. This arises from constructive and destructive interference 

from multiple subcellular components within a single imaging resolution element. In regions where 

there is blood flow, this speckle is seen to vary rapidly because of the movement of the red blood 

cells during scanning. By contrast, areas of static tissue show little change in the speckle at each 

location over time. By quantifying the rate of change of speckle, known as speckle decorrelation 

algorithms, we are able to delineate vessels and obtain an estimate of the rate of blood flow (361, 

363-365). 

 

Using the standard convention in OCT imaging, we define a coordinate system where the Z-axis is 

oriented along the light beam (extending in depth into the tissue); and the X- and Y-axes are parallel 

to the skin surface. In our scanning protocol, pixels in the Y direction were densely sampled (1-μm 

spacing). Thus if we compare a sequence of pixels at increasing Y distance apart, there will be a slow, 

gradual change in speckle intensity within static tissue. At locations where there is blood flow, the 

rate of change will be scaled by the speed of the blood flow. 

We quantify this with the following formula: 

 
  
f (dy) = E I x, y,z( ) - I x, y + dy,z( )( )
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where E[] denotes the expected value of a function and I(x,y,z) is the OCT intensity at location (x,y,z). 

E[] is calculated over a range of y and z values within a small, pre-defined, fixed window (10 x 35μm, 

respectively, in our application). Calculating f(dy) over a range of values for dy (1 μm,…, 10 μm in 

our application), we obtain a decorrelation curve that characterizes the average increase in 

decorrelation between increasingly distant pixels. We acquired a control scan in static tissue, which 

provided a calibration curve showing the relationship between dy and f(dy) at known pixel 

displacements for our OCT system. To detect blood flow in a new scan, the decorrelation curve was 

first calculated at each position in the OCT scan. Each curve was then linearly scaled in the y direction 

to best fit the calibration curve. Denote this scaling factor by k. In regions of static tissue, little scaling 

is required (k ≈ 1). In blood vessels, the scaling factor k is directly related to the displacement in the 

blood cells due to flow during the time interval between acquisition of the pixels. Dividing the 

calculated displacement by the time between data acquisitions, we were able to derive an estimate of 

blood flow speed. 

 

To extract blood vessels, we first thresholded the 3D OCT data volume to mask out areas of low 

signal-to-noise ratio; typically areas deeper than 750 μm below the tissue surface. We then calculated 

the maximum speed at each (X,Y) location, evaluated over all depths (Z). Locations with a maximum 

speed above an empirically selected threshold value (45 μm.s-1 in our application) were categorised 

as blood vessel. This thresholding was required as low levels of flow were measured in non-vascular 

tissue because of noise in the OCT signal. The same threshold value was used across all data sets and 

all subjects. This produced a 2D blood flow image in the X-Y plane (parallel to the skin surface). 

Examples are shown in Figures 2.1 and 2.2. The percentage of X-Y pixels categorized as blood vessel 

was recorded as the vessel density, and interpreted as an indicator of vessel recruitment. At each pixel 

along the centreline of the vessel, we calculated the vessel diameter by finding the minimal length 
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line across the vessel, using a technique similar to that described by Liew et al. (363). The average 

flow rate within a vessel was then calculated by approximating the vessel locally as a cylinder and 

quantifying average flow rate fav=sπr2, where s is the average speed along the vessel’s length and r is 

the vessel radius (half the vessel diameter). At the completion of processing, the analysis software 

had generated a 2D vessel image, with an estimate of vessel diameter, speed and average flow rate at 

each pixel located on a vessel. In addition to calculating these values at individual points, the analysis 

software included the functionality to allow the user to manually draw a region of interest and 

calculate average values across all vessels within the region of interest. Analysis software was 

developed in-house in Matlab (MathWorks, Natick, MA) and implemented on a standard desktop 

computer (Dell Precision T7810; Dell, Round Rock, TX). 

 

2.2.5 Statistics 

Statistical graphing software (PRISM 6.01; GraphPad, La Jolla, CA) was used to analyze and graph 

the results.  Paired-samples t-test, Pearson’s correlation analysis, Bland-Altman plots and coefficients 

of repeatability were calculated on OCT and LDF measures, pre- and post-heating, and between visit 

1 and visit 2 comparisons. Bland-Altman analysis of the OCT ROI and LDF observations was 

achieved by plotting the percent difference of the means for day 1 and day 2 measures (Bland & 

Altman 1986). Bland-Altman limits of agreement allow the calculation of the systematic bias (and 

the random variation) between two different measurement periods and provide the limits within which 

95% of the differences for two sets of measurements are expected to lie (see Figure, Supplemental 

Digital Content 2, Bland-Altman analysis for OCT and LDF at rest and in response to heating, 

http://links.lww.com/MSS/B488). Coefficient of repeatability (CoR) was calculated to compare the 

reliability of the between-day OCT and LDF responses to local heating using the following formula: 

1.96√2𝜎2, where σ is the within subject standard deviation of the differences calculated in the Bland-

http://links.lww.com/MSS/B488
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Altman analysis. Statistical significance was assumed at P < 0.05.  All data are reported as means ± 

SD unless stated otherwise. 

 

2. 3 Results 

2.3.1 Effect of local heating on cutaneous vascular function 

There were no significant differences observed in OCT and LDF parameters between day 1 and day 

2 at rest or after local heating (Table 2.1). Forearm skin LDF and OCT diameter, speed, flow rate and 

vessel density increased in response to local heating. The increase in OCT-derived flow rate (234% 

±  118%) was lower than the increase in LDF-derived skin flux (1360% ± 412%, P < 0.05; Figure 

2.3C).  Analysis of OCT data revealed that localized heating induced a 54% increase in microvascular 

diameter, a 359% increase in vessel density/recruitment and a 30% increase in speed. 

 

2.3.2 Reproducibility of local heating 

Pearson correlations for between-day OCT-derived flow were highly significant at both baseline (r =  

0.93, P = 0.0004) and after local heating (r =  0.95, P = 0.0002, Figure 2.4A and B).  By contrast, 

correlation observed for between-day LDF measures at baseline (r = 0.01, P = 0.49) and after local 

heating (r =  0.34, P = 0.07, Figure 4C,D) did not achieve statistical significance. Changes on OCT 

in response to heating were more highly correlated than those assessed using LDF when between-day 

analyses were compared (Figure 4.5). 

 

Bland-Altman analysis of the between-day differences in OCT-derived flow rates revealed a bias of 

11% (95% confidence intervals -59% and 81%), compared to a bias of -20% (-118% and 77%) for 

baseline differences in LDF (see Figure, Supplemental Digital Content 2, Bland-Altman analysis for 

OCT and LDF at rest and in response to heating, http://links.lww.com/MSS/B488). Similar analysis 

http://links.lww.com/MSS/B488
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of between-day differences after peak heating revealed a bias of 13% (-22% and 48%) for OCT, 

compared to -5.3% (-36% and 25%) for LDF. The between day CoR for OCT derived flow rate was 

lower at baseline (0.8%, equivalent to 25 pL.s-1) than the CoR for baseline LDF data (1.4% equivalent 

to 16 AU). Similarly, the CoR after peak heating was lower for OCT (0.9%, 11.6 pL.s-1) than LDF 

(1.1%, 15AU). Finally, analysis of the between-day differences for change (peak-baseline) with 

heating data revealed OCT CoR of 2.2%, compared with the CoR for similarly calculated LDF data 

of 6.8%. 

 

Figure 2.1 Examples of OCT images from a single subject, showing baseline (before heating, A and 

B) and after heating (C and D). Images in the left column were acquired on day 1, and 

images in the right column were acquired on day 2. Scale bar is 1 mm. 
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Figure 2.2 Examples of OCT images from four subjects (top to bottom) acquired after local heating 

and collected on different days (left column, day 1 ACEG vs right column, day 2 BDHF). 

Each pair of panels from a subject includes 15 numbered matching points (green) from 

concordant vessels, from which  average diameter, speed and flow were calculated. These 

images are a subset from representative subjects.  Scale bar is 1 mm. 
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Figure 2.3 Cutaneous microvascular flow and red blood cell flux (AU, arbitrary units) derived by 

OCT (A) and LDF (B) at rest (30○C) and after 30 min of local heating (44○C). C, 

Comparison of the absolute change in cutaneous perfusion during local heating (44○C–

30○C) when assessed by OCT and LDF.  *Significance at P < 0.05. 

 

 

 

Figure 2.4  Day 1 and Day 2 OCT-derived flow (A and B) and LDF (C and D). Pearson correlation 

analysis of the baseline (BL; A and C) and local heating (LH; B and D) responses. 
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Figure 2.5 Pearson correlation of the local heating induced change from rest (44○C – 30○C) in OCT- 

derived flow (A) and LDF (B) on days 1 and 2 

 

Because of the careful preparation and henna tattooing, all participants had a similar region of interest 

visible within the OCT image between days (Figures 2.1 and 2.2). The resultant analysis of these 

images (e.g.,, OCT15ps, the 15 corresponding points identified in each pair of scans in Figure 2.2) was 

as follows: significant Pearson correlations were observed for the between day values in diameter (r 

= 0.88, P < 0.0001), speed (r = 0.38, P < 0.0001) and flow rate (0.96, P < 0.0001) after localized 

heating.  Bland-Altman analysis of the OCT15ps
 images across all subjects demonstrates a highly 

reproducible assessment of microvascular diameter (bias = -1.7%, with 95% confidence intervals of 

-17% and 14%, CoR = 9.2%), speed (bias= -0.5%, with 95% confidence intervals of -13% and 12%, 

CoR = 6.4%), and flow rate (bias=-2.8%, -29% and 23%, CoR=12.4%) after local heating.   
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Table 2.1 Microvascular structure and function at baseline and following 30 min of rapid heating 

 Day 1 Day 2 Day 1 vs Day 2 

(P value) 
Days 1 & 2 combined 

 BL LH P value BL LH P value BL LH BL LH P value 

Diameter, μm 42.7 ± 6.7   66.1 ± 8.7 < 0.0001   41.0 ± 6.6 62.9 ± 4.7 < 0.0001 0.12 0.39   41.8 ± 6.6   64.5 ± 6.9  0.003 

Speed, μm.s-1 66.1 ± 3.6   89.7 ± 6.9 < 0.0001   70.8 ± 12.8 88.3 ± 8.0  0.003 0.16 0.21   68.4 ± 9.5   89.0 ± 7.3 < 0.0001 

Flow, pL.s-1 146.6 ± 54.8 515.9 ± 164.3 < 0.0001 143.4 ± 69.3 454.0 ± 89.7 < 0.0001 0.13 0.53 145.0 ± 60.6    485 ± 132 < 0.0001 

Vessel Density, %   9.6 ± 3.5   46.9 ± 5.6 < 0.0001   10.2 ± 6.3 43.8 ± 6.2 < 0.0001 0.92 0.34     9.9 ± 4.9   45.4 ± 5.95 < 0.0001 

LDF Flux, AU 11.9 ± 4.4 177.7 ± 34.2 < 0.0001   15.0 ± 3.4 187.5 ± 28.8 < 0.0001 0.82 0.29   13.4 ± 4.2 182.2 ± 31.0 < 0.0001 

OCT Heat Unit Temp, ○C 30.5 ± 0.7   44.1 ± 0.2 < 0.0001   31.4 ± 1.0 44.1 ± 0.2 < 0.0001 0.60 0.34   30.9 ± 1.0   44.1 ± 0.2 0.009 

LDF Heat Unit Temp,○C 29.1 ± 1.1   43.9 ± 0.2 < 0.0001   30.3 ± 1.8 44.0 ± 0.4 < 0.0001 0.31 0.71   29.7 ± 1.6   44.0 ± 0.3 0.005 

Skin Temp,○C 30.7 ± 0.8   33.8 ± 0.9 < 0.0001   31.4 ± 0.9 34.6 ± 1.5    0.0009 0.08 1.00   30.9 ± 0.9   34.2 ± 1.3 0.532 

BL: baseline; LH: local heating; AU: arbitrary units  
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2. 4 Discussion 

The aim of this study was to quantify the reliability of OCT-derived assessments of cutaneous 

microvascular structure and function in vivo, and to compare these outcomes to those obtained using 

the traditional and commonly used LDF approach. Our principal finding was that OCT imaging is 

capable of providing quantitative and highly reproducible assessments of microvascular speed, 

diameter, flow and vessel recruitment, both at rest and in response to a physiological local heating 

stimulus. These hemodynamic measures characterizing the complex cutaneous microvascular 

response to heating, compared favourably in terms of reproducibility to the global flux measures 

derived using LDF.  

 

Human skin is responsible for several important regulatory functions, including the control of body 

temperature, barrier protection and responses to injury. As a consequence, the human cutaneous 

microcirculation is unique in physiological terms, possessing neurovascular dilator and constrictor 

vasomotor control systems alongside local paracrine mechanisms that act with overlapping 

redundancy to synergistically regulate homeostasis (353). In animals, microvascular responses to 

perturbing stimuli, such as heat application, can involve changes to arteriolar diameter, speed and/or 

recruitment of dormant vessels (366), however this has not been previously confirmed in humans. 

Although previously utilized technologies such as LDF or venous occlusion phletysmography have 

provided generalized indices of the effects that interventions (e.g., heat stress) have on skin 

microvascular responses, in arbitrary units (e.g., changes in “flux”), it has not previously been 

possible to distinguish between the individual components (i.e., diameter, speed, recruitment) that 

contribute to change in bulk cutaneous blood flow, nor has it been possible to directly quantify 

cutaneous microvascular flow in humans. Our study establishes that OCT is capable of visualizing 

individual vessels (~30µm), characterizing changes in vascular recruitment (or congestion) within a 
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region of interest, quantifying diameter and speed and, hence, blood flow rate, within individual 

vessels or across a microvascular territory. 

 

In a recent study we established that OCT images and measures of microvessel diameter could be 

obtained in response to a whole-body heating stimulus in humans (361). In that study, OCT images 

were acquired from a segment of forearm skin, before and during passive heating of the lower limbs 

in resting participants. It was concluded that quantitative differences in OCT-derived skin 

morphology were evident after passive heating; specifically, a significant increase in total vessel area 

density, as well as increases in individual microvessel diameters. The present experiment advances 

the findings of Carter et al. in several respects. We have now developed a speckle decorrelation 

algorithm that enables the quantification and calculation of speed and blood flow rate, respectively, 

within individual microvessels down to a diameter of ~30 µm. The key algorithmic innovation, as 

outlined earlier in the Methods section, has been to compare the rate of speckle decorrelation against 

decorrelation from known displacements in static tissue to obtain an absolute estimate of blood 

displacement. When normalized by the time delay between adjacent pixels, this enables calculation 

of speed. This, in turn, enables the quantification of microvascular flow within an entire imaged 

region, with the advantage that the vessels from which flows are being calculated are also those being 

visualized (see Figures 2.1 and 2.2). The present study also involved localized heating, rather than 

whole body heating. It therefore provides an advance on our previous experimental protocol in that 

we designed an OCT approach that enabled stable probe placement within the bore of a local heating 

disk that was affixed to the skin surface. This negated the need to repeatedly remove and re-apply the 

probe head to the target site between heating and imaging, thereby maximizing accuracy of the co-

location for sequences of acquisitions. On this procedural level, we also introduced the use of skin 

tattooing to enhance the likelihood that between-day measures of OCT were performed on the same 
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vessels. We are reassured of the success of these practical measures by the similarity between images 

collected on different days (see Figure 2.2), the tight confidence intervals at rest and in response to 

heating based on the OCT data (see Figure, Supplemental Digital Content 2, Bland-Altman analysis 

for OCT and LDF at rest and in response to heating, http://links.lww.com/MSS/B488), and the 

smaller CoR for OCT relative to LDF. Nevertheless, bias values derived from the Bland-Altman plot 

are also important to be considered because they represent the systematic error from both techniques. 

The bias value of OCT-derived flow at baseline and during local heating was shifted above the 0 line 

meaning that the first measurements were consistently higher than the second day. In contrast, the 

bias value of LDF-derived flux at baseline and during local heating was shifted below 0 meaning that 

the measurements on the first day were lower than day 2. The bias value of OCT-derived flow during 

local heating was improved when the concordant points were used for comparison.  Unfortunately, it 

is not possible to perform the comparison of matching points at baseline because fewer blood vessels 

were seen with OCT-imaging.  It is possible that with future improvement of this technique, we will 

be able to visualize and subsequently quantify  more blood vessels at rest. Another thing that should 

be considered is that large variations of absolute resting or local heating data of OCT-derived flow 

from one individual were observed (Figure 2.4). This may occur because of the contributions of 

numerous factors to the resting skin microvascular tone, such as neural and reflex tone, endocrine and 

paracrine hormones as well as local and/or ambient temperature.  Additionally, the application of 

physiological stressors such local heating to 44℃ may not always provoke maximal skin perfusion 

(224). Therefore, the conditions of the test and the expression of the outcomes should also be 

considered for the application of this OCT approach  in the future. Tests performed under a 

physiological stress such as local heating, and reported as a change from baseline (resting) values 

may result in more accurate assessments.  In summary, although previously used LDF technology 

enables a single gross arbitrary assessment of blood cell flux from an entire region, and our recent 

http://links.lww.com/MSS/B488
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study (361) established that OCT facilitates measures of diameter from directly imaged individual 

vessels, the present study demonstrates that OCT can provide absolute quantitative measures of 

diameter, speed and blood flow rate, within individual microvessels and/or across entire 

microvascular territories.  

 

A further novel aspect of the current study was the direct comparison of reproducibility assessments 

between the OCT and LDF techniques. We took care to perform a fair comparison between these 

technologies by using standardized approaches, taking simultaneously derived measures using 

identical skin heating apparatus and protocols from adjacent tattooed sections of skin, within-subjects. 

We compared OCT to LDF because the latter is widely used in cutaneous physiology and medical 

research when assessing in vivo cutaneous microvascular function and has become something of a 

standard. It is appropriate to mention, however, that the reproducibility of LDF has not always been 

reported as high (367-369), although more recent and studies using 7-fibre integrated laser probe (like 

those used in the present study) produce better results (370).  Comparisons of OCT reproducibility 

with other techniques, such as video microscopy and capillaroscopy, may provide a useful 

comparison in future studies, although it would not be possible using current technologies to 

undertake these measures at the same site. Our results indicate that both OCT and LDF techniques 

generate reproducible measures at rest and in response to heating.  

 

Human skin possesses the remarkable capacity to increase blood flow from low volumes of around 

0.25 L.min-1 at rest (~ 5% of cardiac output), to very high volumes such as 8 L.min-1 during severe 

heat stress (~60% of cardiac output) (353). It has not previously been possible to ascertain whether 

such substantial changes in cutaneous blood flow are achieved by increases in microvessel diameter, 

recruitment of dormant or under-perfused vessels, increases in the speed of flow, or a combination of 
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these. Our in vivo imaging-based quantification of each of these factors provides, for the first time in 

humans, evidence of the impact that heating of the skin (in this case localized heating) has on each of 

these determinants of perfusion. Because there are complex inter-relationships between changes in 

diameter, recruitment and speed, whereby increases in the latter, in the absence of increases in the 

former, may decrease transit time (and hence the time available for heat dissipation (371)), it is 

important to apportion and stratify the relative impacts of interventions such as heating on each 

component variable. The changes in diameter, vascular recruitment and speed observed in the current 

study suggest that any increases in blood vessel speed and transit time are counterbalanced by 

increases in microvascular recruitment and individual vessel dilation; compound responses that 

would enhance the capacity for thermoregulation. These findings suggest that the impacts of 

interventions such as exercise training or repeated heating (e.g., to induce acclimatization) may be 

associated with more complex changes the anatomy and physiology of the skin that previously 

appreciated as a result of simple Doppler flux measures. Our technical approach therefore promises 

new insights into the physiology and function of the human skin that will be valuable to those 

interested in human thermoregulation, as well as those interested in the impact of clinical conditions 

such as such diabetes, peripheral artery disease and other cardiovascular diseases on microvascular 

structure and function.  

 

Limitations 

Regional cutaneous microvascular density is heterogenous, and different cutaneous vascular beds 

may exhibit differential responses to local heating (372, 373). Factors such as room temperature and 

differential probe placement were controlled between visits in the present study for both the LDF and 

OCT probes, enabling a like-for-like comparison of reproducibility between the techniques. Although 

it is impossible to confirm concordance of probe placement and vessel interrogation using LDF, visual 
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inspection of out OCT images (Figure 2.2) illustrates successful between day capture of the same 

cutaneous region. We chose not to assess OCT derived flow and LDF flux in the same location, 

because this would necessitate different timing of acquisition and additional lab visits. Moreover, we 

considered it preferable to undertake measures at identical times, using identical heating protocols, to 

eliminate central hemodynamic sources of variability and to maximize the validity of between 

technique comparisons. Although probes were placed as close to each other as possible (less than 5 

cm apart), we are unable to exclude the possibility that comparing OCT and LDF in different forearm 

locations may influence the reproducibility differences we observed.  It is also germane that the depth 

of the signal may differ between OCT and LDF, raising the intriguing possibility of deriving 

complimentary data from each technique, with OCT reflecting superficial plexus and LDF clearly 

registering flux from the ascending arterioles and the lower plexus. In addition, future studies will be 

required to assess the reproducibility of regional cutaneous vascular beds, especially in pathological 

populations whose limbs may be affected with vascular lesions (peripheral artery disease, diabetes) 

or other circulatory conditions (e.g., Raynaud syndrome, resistant hypertension). Finally, our study 

was performed in a limited sample of young healthy subjects and we used a set assessment depth. 

Future studies of larger sample size, in older and diseased populations, and using distinct OCT setting, 

should ensue. 

 

2. 5 Conclusions 

Through direct visualization and quantification of microvascular diameter, recruitment and speed, 

our OCT approach provides the first comprehensive and reliable assessment of cutaneous 

microvascular structure and function in response to localized heating in humans. OCT-derived 

measures of microvascular hemodynamics compared favourably, in terms of reproducibility, to 

measures collected using conventional LDF flux. OCT imaging will greatly improve quantitative 
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assessment of structural and functional characteristics of cutaneous microvessels in humans, 

providing research and clinical insight.
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CHAPTER 3 

Visualizing and quantifying the impact of 

reactive hyperemia on cutaneous microvessels 

in humans 

 

Based on Argarini, et al. (2020), as detailed below: 

Argarini R, Smith KJ, Carter HH, Naylor LH, McLaughlin RA, Green DJ. Visualizing and 

quantifying the impact of reactive hyperemia on cutaneous microvessels in humans. Journal of 

Applied Physiology 128: 17-24, 2020.DOI 10.1152/japplphysiol.00583.2019 (peer reviewed). 

 

https://doi.org/10.1152/japplphysiol.00583.2019
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3.0 Abstract 

Introduction. The mechanisms underlying reactive hyperemia (RH) responses in microvessels are 

poorly understood. Previous assessment tools have not been capable of directly visualizing 

microvessels during physiological stimulation in humans. Optical coherence tomography (OCT) is 

capable of imaging and quantifying subcutaneous microvessels as small as ~30 µm. In this study we 

use OCT to visualize and quantify skin microvascular changes in response to RH for the first time in 

humans. We also assessed the reproducibility of this technique. Methods. OCT and LDF were used 

simultaneously to scan cutaneous microvessels in 10 young healthy subjects on 2 days. We applied a 

speckle decorrelation algorithm to assess OCT images and calculated flow rate, speed, diameter and 

density parameters. Measures were obtained at rest (baseline) and 30-seconds following a 5-min cuff 

inflation (RH). All data were compared between days. Results. The RH stimulus significantly 

increased (P < 0.0001) OCT-derived microvascular diameter (37.6 ± 3.4 vs 44.5 ± 5.2 µm), flow rate 

(82.4 ± 23.4 vs 240.1 ± 58.6 pL.s-1), speed (48 ± 5.7 vs 101.5 ± 17.1 µm.s-1), density (5.1 ± 1.7 vs 

14.6 ±  2.6%) and also LDF-derived flux (12.3 ± 5.7 vs 31.6 ± 9.1 perfusion units). At baseline, OCT-

derived diameter (r =  0.55), flow rate (r =  0.64), speed (r =  0.55) and density (r =  0.75) showed 

significant between-day correlations (P <0.05), as did LDF results (r =  0.74). In response to RH, 

OCT-derived diameter (r =  0.63) and density (r =  0.64) showed significant correlations (P < 0.05), 

whereas flow (r =  0.45), speed (r =  0.43) and LDF (r =  0.26) were less reproducible.Between day 

CoR of OCT-derived flow rate at baseline was higher (18.4%) than LDF-derived flux (8.5%), 

however, in response to RH, the CoR of OCT-derived flow rates were improved and lower (3.3%) 

than LDF derived-flux (8.3%). Additionally, between day CoR for other OCT-derived parameters 

were as follows: for diameter 1.9% baseline, 2.1% RH; for speed 1.5% baseline, 5% RH; and for 

density 12% baseline, 3.3% RH. 
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Conclusions. Our study is novel in that it establishes the feasibility of using OCT to visualize and 

quantify microvascular structure and function responses to RH in humans.  
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3. 1 Introduction 

Reactive hyperemia (RH) refers to the phenomenon of increased blood flow and/or arterial diameter 

that occurs as a consequence of temporary tissue ischemia. In humans, reactive hyperemia has been 

used for many decades as a physiological tool to characterize vascular function and structure in vivo. 

In conduit vessels such as brachial and femoral arteries, cuff deflation after a brief period of occlusion 

stimulates reactive hyperemia which induces flow mediated dilation (FMD) (374-376). This response 

can be directly visualized and quantified using high-resolution duplex ultrasound and has been widely 

adopted to assess endothelium- and largely nitric oxide (NO)-mediated vasodilator function (377-

381). It provides a non-invasive bioassay of macrovascular health in vivo that predicts cardiovascular 

events (382). In other contexts, longer periods of limb ischemia have been used to induce a reactive 

hyperemic stimulus that provides an index of conduit vessel structural capacity and remodelling (383-

386). However, the impact of RH on smaller arterioles and microvessels (<150 µm) is not altogether 

clear, since no previous technique has directly visualized these vessels during physiological 

manipulation.  

 

Given the abundance of microvessels close to the skin surface, the cutaneous microvascular 

circulation has been recognized as an accessible and potentially representative vascular bed to 

examine the mechanisms of microvascular dysfunction and disease (97). However, previous 

approaches to assess cutaneous microvascular function possess limitations. Plethysmography is an 

indirect technique that focusses on peripheral muscular arteries (387) and is not specific to the 

cutaneous vasculature. Videocapillaroscopy is used to assess capillary morphology in nailbeds, but 

does not allow for convenient mechanistic studies of microvascular function in non-glabrous skin 

(388). Laser Doppler flowmetry (LDF) measures red blood cell flux, but does not directly visualize 

blood vessels (222-224, 389). In contrast to these previously adopted techniques, optical coherence 
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tomography (OCT) is a non-invasive technology capable of visualizing and quantifying subcutaneous 

blood vessels at high spatial resolution (275, 288). Analogous to ultrasonography, but using near 

infrared light rather than sound waves, the method is based on low-coherence reflectometry and 

provides high resolution images (~30 µm) to a depth up to 1 mm in optically turbid tissue with 

excellent tissue contrast (15, 275, 288). In recent studies, we have demonstrated that this technology 

is capable of quantifying changes in cutaneous microvascular diameter, speed and blood flow in 

response to local and systemic heating (15, 389). OCT imaging also provided excellent 

reproducibility at rest and in response heating stimuli, compared to the LDF (389). However, skin 

physiology is complex (16), with differential control of blood flow (local, reflex, etc). This 

emphasizes the importance of characterizing responses to RH as a distinct stimulus to local heating.  

The novel aim of the present study was therefore to establish whether OCT could be used to visualize 

and quantify skin microvascular changes in response to RH. An associated objective was to test the 

reproducibility of RH OCT imaging and compare it to the widely used, although non-imaging based, 

LDF approach. Based on previous OCT reproducibility results (389), we hypothesize that OCT will 

provide similarly reliable measurements compared to LDF, while enabling a more comprehensive 

assessment of microvascular structure and function. 

 

3. 2 Methods 

3.2.1 Subject characteristics 

OCT was used to scan cutaneous microvessels in response to a RH stimulus in 10 young healthy 

people. The baseline characteristic of participants are presented in Table 3.1. Participants who had a 

history of cardiovascular, musculoskeletal, or metabolic diseases; were smokers (or < 6 mo 

cessation); or were taking medication of any kind are excluded. This study was approved by Humans 

Research Ethics Committee of The University of Western Australia and conformed to the standard 
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outlined in Declaration of Helsinki. Participants were informed of all experimental procedures and 

any potential risks. Written informed consent was obtained from all participants prior to 

commencement of the study. 

Table 3.1 Subjects characteristics and resting cardiovascular measures 

 
 

Day 1 Day 2 P Value 

Age, yr 24.6 ± 4.2    

Height, m   1.6 ± 0.1    

Weight, kg 62.8 ± 18.7    

Body mass index, kg.m-2    23 ± 5.1    

Blood pressure      

  Systolic, mmHg  114 ± 12 112 ± 12 0.271 

  Diastolic, mmHg  66 ± 9   65 ± 10 0.825 

  Heart Rate, bpm  63 ± 6 63 ± 7 0.982 

Values are means ± SD; n=10, 5 men, 5 women 

 

3.2.2 Experimental protocol 

All studies were performed in a quiet laboratory and the temperature was maintained at 23°C. All 

participants were studied at the same time in the day (8:00–11:00 AM). Subjects arrived having fasted 

for a minimum of 6 hours, and abstained from alcohol, caffeine, tea, chocolate and vigorous activity 

for at least 24 hours. The instrumentation setup is shown in Figure 3.1. The skin site for laser Doppler 

and OCT probe placement was shaved a minimum of 24-hours prior to the testing session. Following 

familiarization with the study protocol, subjects lay down for 20 min while blood pressure assessment 

was obtained (Dinamap V100, GE Healthcare, Chicago, IL). Prior to positioning the OCT and LDF 

probe, an inflatable blood pressure cuff (D. E. Hokanson, Bellevue, WA) was positioned loosely 

below the elbow, on the proximal aspect of the forearm, while the OCT and LDF probes were 

positioned on the ventral site of the forearm, distal to the cuff. After these probes were positioned, 

Henna dye was placed around the outer diameter of the probe holders to ensure precise placement 

replication on the second visit. These Henna tattoos remain clearly visible for up to two weeks. Skin 



 

    

108 
 

temperature sensors (MLT409; ADInstruments, Bella Vista, NSW, Australia) were placed between 

the two (OCT and LDF) adjacent probe holders (Figure 3.1). 

 

Figure 3.1 A demonstration photo shows an instrumentation setting of pneumatic cuff, optical 

coherence tomography (OCT) and laser Doppler flowmetry (LDF) probe at the ventral 

aspects of the forearm. A pneumatic cuff (connected to precision cuff inflator) was 

positioned on the forearm below the elbow, while OCT and LDF probe were positioned 

distal to the cuff.  The forearm was supported by a foam pad to stabilize the arm position 

during assessments.  

 

OCT imaging was performed using a commercial imaging system (Telesto III; Thorlabs GmbH, 

Lübeck, Germany III) with central wavelength of 1,300 nm and axial resolution of 5 µm in tissues 

(assuming refractive index of 1.43 for the skin) (285). The OCT scanning probe (LSM03, Thorlabs  

GmbH) has a lateral resolution of 13 µm. The probe was attached to a 5 degrees-of-freedom 

articulated arm to minimize motion during the scanning procedure. A custom spacer was designed 

and fabricated using a 3D printer (Form2; Formlabs, Sommerville, MA), to ensure a standard distance 

between the scanning probe and the skin surface. A thin layer of ultrasound gel was applied between 

the probe and the skin, to reduce the refractive index mistmatch at the skin surface (277). Imaging 

was performed through the central bore of a thermostatic probe holder (PF450; Perimed, Stockholm, 

Sweden), affixed to the ventral aspect of the participants left forearm using double-sided adhesive 

rings. Forearm skin red blood cell flux was measured using seven Doppler array laser probes (model 
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413, Periflux 5000 System; Perimed). The Doppler probe was positioned on the ventral side of 

forearm using double-sided adhesive rings. Skin blood red cell flux are presented in perfusion unit 

(PU).  

 

To assess forearm microvascular structure and function, both at rest and during RH, an OCT scan and 

cutaneous red blood cell flux (LDF) measurements were obtained prior to, and 30-seconds following, 

5 min of cuff inflation at 220 mmHg (localized ischemia). Because our OCT imaging system is slower 

than LDF imaging, we collected post-occlusive reactive hyperemia images continuously across the 

30 seconds following cuff deflation to capture blood vessel responses that occur after the cuff 

deflation (188). The LDF analysis was also calculated across the identical time period to maintain 

consistency for comparative purposes. 

 

3.2.3 Optical coherence tomography (OCT): Image analysis 

In accordance with standard practice in OCT imaging, we define a 3D coordinate system where the 

Z-axis is oriented along the direction of the light beam, and the X, Y axes are approximately parallel 

to the skin surface. The X-axis corresponds to the fast-scanning direction of the OCT probe, such that 

the X-Z plane defines an image referred to as a B-scan; and the Y-axis is the slow-scanning axis of 

the OCT probe. OCT scans have a field of view of 5 x 5 x 2.56 mm (X x Y x Z) for the baseline scans, 

and 2.5 x 2.5 x 2.56 mm during hyperemia. The smaller field of view was used to reduce scan 

acquisition time (97 seconds for baseline vs 32 seconds during hyperemia) and minimize changes in 

flow within the period of image acquisition. Voxel spacing was 5 x 1 x 3.5 μm. 

 

To quantify blood flow speed, we used a speckle decorrelation algorithm (389). In brief, at the 

micrometer scale, the intensity in an OCT image varies due to changes in the sub-resolution optical 
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scatterers in the tissue. This gives rise to speckle noise, similar to that seen in ultrasound. By 

quantifying the change in intensity between closely spaced OCT voxels, we can estimate the 

displacement in the tissue between images. Dividing this displacement by the time between images 

provides an estimate of speed. In our experiments, we acquired images at a displacement spacing of 

1 μm (along the Y-axis), which gave rise to a characteristic rate of change in the OCT intensity. This 

is measured as the statistical decorrelation of the speckle, and quantified by the sum of squared 

differences in the intensity at corresponding locations in two adjacent OCT images. In regions 

containing blood flow, the speckle will statistically decorrelate more rapidly, and the rate of 

decorrelation indicates the speed of blood flow. We first estimated the expected rate of speckle 

decorrelation (without flow) over a sequence of displacements from 1 to 10 μm. This provided a 

decorrelation curve, with increased speckle decorrelation at greater distances. To analyze the skin 

data, we calculated a localized speckle decorrelation curve at each (x, y, z) over distances along the 

Y-axis from 1 to 10 μm. In areas of blood flow, the curve decorrelates rapidly because displacement 

occurs both due to flow and the 1-μm spacing between voxels. By factoring out the displacement due 

to voxel spacing, we can estimate the additional displacement at each (x, y, z) due to flow. Dividing 

the displacement by the time interval between acquisition of adjacent voxels, we obtain an estimate 

of flow speed. 

 

3.2.4 Statistics 

Statistical analysis was performed by using graphing software (PRISM 7.4; GraphPad, La Jolla, CA). 

Paired sample t-tests, Pearson correlations and Lin’s concordance correlation coefficients (Lin’s 

CCC) were performed to analyze the OCT-derived microvascular parameters and LDF-derived red 

blood cells flux before and after hyperemia as well as between days 1 and 2 comparison. The Lin’s 

CCC is a standardized coefficient that measures agreement along the identity line, in which the value 
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ranges from -1 to 1.  A value of -1 represents perfect disagreement (Y = -X), a value of 1 represents 

perfect agreement, and a value of 0 represents no agreement (390).  

Bland-Altman analysis of OCT- and LDF-derived parameters were constructed by plotting the 

percentage difference of the means day 1 and 2 measures, to demonstrate the variability at an 

individual level.  Bland-Altman limits of agreement allow the calculation of the systematic bias (and 

the random variation) between two different measurement periods and provide the limits within which 

95% of the differences for two sets of measurements are expected to lie. Coefficients of repeatability 

(CoR) were also calculated to test the between-day reproducibility of all parameters, at baseline and 

during RH using the formula: 1.96√2 𝜎2, where σ is the within subject standard deviation of an 

absolute differences calculated in the Bland-Altman analysis. All data are presented in means ± SD, 

unless stated otherwise and statistical significance was assumed at P < 0.05.  

 

3. 3 Results 

3.3.1 Effects of post-occlusive reactive hyperemia on forearm cutaneous microvascular 

structure and function 

The results revealed that the hyperemic stimulus increased OCT-derived cutaneous microvascular 

diameter (37.6 ± 3.4 vs 44.5 ± 5.2 µm, P < 0.0001), flow rate (82.4 ± 23.4 vs 240.1 ± 58.6 pL.s-1, P 

<0.0001), speed (48 ± 5.7 vs 101.5 ± 17.1 µm.s-1, P < 0.0001), density (5.1% ± 1.7% vs 14.6% ±  

2.6%, P < 0.0001) and LDF-derived flux (12.3 ± 5.7 vs 31.6 ± 9.1 PU, P < 0.0001 ) (Table 3.2 and 

Figure 3.2). A representative set of OCT images from 3 individual subjects at baseline and in response 

to post-occlusive RH is provided in Figure 3.3. 
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Figure 3.2 Individual hyperemia response in cutaneous red cell blood flux and flow derived from 

Laser Doppler Flowmetry (LDF, A) and optical coherence tomography (OCT, B) at rest 

and during reactive hyperemia. PORH: post-occlusive reactive hyperemia; PU: perfusion 

units; *P < 0.01. Each symbol represents one subject. 

 

Figure 3.3 Examples of optical coherence tomography (OCT)-derived images from 3 different 

subjects at baseline (top) and during RH (bottom). White scale bar = 500 µm. PORH: 

post-occlusive reactive hyperemia 

 

3.3.2 Reproducibility of reactive hyperemia  

There were no between day differences observed for OCT and LDF microvascular parameters, either 

at rest or in response to RH (Table 3.2). Pearson correlations for between-day OCT-derived 

microvascular flow rate, diameter, speed and density were all significant at baseline (r =  0.64; r =  
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0.55; r =  0.55; r =  0.75, P < 0.05). During RH, OCT-derived diameter and density showed significant 

Pearson’s correlations (r =  0.63; r =  0.64, P < 0.05). The Lin’s concordance correlation coefficient 

were ρc=0.51 for diameter and ρc=0.64 for density. However, we found that microvascular flow rate 

and speed did not achieve statistical significance for the Pearson’s correlation between days (r =  0.45, 

P = 0.09; r =  0.43, P = 0.11; Figure 3.4 and 3.5). The Lin’s concordance correlation coefficient were 

ρc=0.42; ρc=0.37, respectively. Figure 3.6 shows a magnified view of the individual microvessel 

changes between baseline and during RH from the same area, between days 1 and 2.  Similar to the 

OCT-derived flow rate, a significant Pearson’s correlation was observed for between-day LDF 

measures at baseline (r = 0.74, P < 0.05, Figure 3.4) but not during RH (r =  0.26, P = 0.23, Figure 

3.4). The Lin’s concordance correlation coefficient for LDF during RH was 0.25.  

 

Bland-Altman analysis was performed on our LDF and OCT based parameters at rest and in response 

to RH. This analysis of between day differences in OCT derived microvascular flow rate revealed a 

bias of 30.5% (95% confidence intervals, -25.5% to 86.5%) at baseline and 15.2% (-45.8% to 76.1%) 

at RH, compared with LDF-derived flux bias of 0.5% (-64.7% to 65.6%) at baseline and 4.6% (-

82.9% to 92.1%) at RH (Figure 3.7). Similar analysis of OCT-derived diameter, speed and density 

revealed bias at baseline (Figure 3.8) of 9.4% (-10.4% to 29.2%); 7.8% (-17.2% to 32.7%); 23.8% 

(32.1% to 79.7%), respectively. In response to RH (Figure 3.8), Bland-Altman analysis revealed bias 

of 7.2% (-15.3% to 29.8%) for diameter; 0% (-43.2% to 43.1%) for speed; 2.2% (-29.3% to 33.7%) 

for density. None of the Bland-Altman plots showed obvious heteroscedascity.  

 

The between day CoR of OCT-derived flow rate was higher at baseline (18.4%) than the CoR of the 

LDF-derived flux (8.5%), however, in response to RH, the OCT-derived flow rates were improved 

and lower (3.3%) than the CoR of the LDF derived-flux (8.3%). Finally, the between day CoR for 
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OCT-derived parameters at baseline and in response to RH were as follows: for diameter 1.9% 

baseline, 2.1% RH; for speed 1.5% baseline, 5% RH; and for density 12% baseline, 3.3% RH. 

 

 

Figure 3.4 Correlation of cutaneous red blood cell flux and flow derived from laser Doppler 

flowmetry (LDF, top) and optical coherence tomography (OCT, bottom) assessment in 

baseline (left) and during reactive hyperemia (RH, right) between days 1 and 2. Pearson 

correlation analysis at the baseline is significant for flux and flow rate. However, either 

LDF or OCT assessment showed no significant correlation during RH. *P <0.05. Each 

symbol represents 1 subject. 
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Table 3.2 Microvascular structure and function at rest (baseline) and during reactive hyperemia (RH) 

 

Day 1 Day 2 

Day1  

vs  

Day2 

(Baseline) 

Day1 

vs 

Day2 

(RH) 

Day1 vs Day 2  

(combined) 

 BL RH P value BL RH P value P value P value BL RH P value 

Diameter, µm  35.9 ± 4.5   42.8 ± 4.9   0.0004* 39.3 ± 3.1  46.2 ± 6.6   0.0018* 0.065 0.21 37.6 ± 3.4 44.5 ± 5.2 <0.0001* 
Speed, µm.s-1  46.2 ± 6.8 101.4 ± 19.3 <0.0001* 49.8 ± 6.1 101.6 ± 21.2 <0.0001* 0.228 0.982  48 ± 5.7 101.5 ± 17.1 <0.0001* 
Flow, pL.s-1 71.4 ± 29.9 220.3 ± 60.8 <0.0001* 93.4 ± 21.6 260.4 ± 76.7 <0.0001* 0.075 0.216  82.4±23.4 240.1 ± 58.6 <0.0001* 
Vessel density, %    4.5 ± 1.8 14.4 ± 2.8 <0.0001*   5.6 ± 1.9   14.8 ± 3  <0.0001* 0.202 0.768 5.1±1.7 14.6 ± 2.6 <0.0001* 
LDF flux, PU  12.5 ± 7.5   30.3 ± 10.6 <0.0001* 12.1 ± 4.7   32.8 ± 12.2   0.0002* 0.888 0.642  12.3±5.7 31.6 ± 9.1 <0.0001* 
Skin temperature, ○C     30.2 ± 1.2 30.6 ± 1 0.483     

Values are means ± SD. BL: baseline; RH: reactive hyperemia; LDF: laser Doppler flowmetry; PU: perfusion units. *P < 0.05, significant difference.  
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Figure 3.5 Correlation of cutaneous microvascular parameters (diameter, speed and density) derived 

from optical coherence tomography (OCT) assessment at baseline (top) and during 

reactive hyperemia (RH, bottom) between days 1 and 2. *P < 0.05. Each symbol 

represents 1 subject. 
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3. 4 Discussion 

The novel contribution of this study is that it has established that OCT-derived cutaneous 

microvascular diameter, flow rate, speed and density are all able to be non-invasively visualized and 

quantified in response to RH in humans. Compared to the LDF approach, OCT characterization of 

the spatial complexity of acute microvascular responses in humans is greatly enhanced, and compares 

favourably to LDF in terms of reproducibility. 

 

In conduit arteries, RH has become a commonly used technique, in part because arterial diameter, 

speed and flow can be visualized and quantified with high temporal and spatial resolution using 

duplex ultrasonography (380, 381). Arterial diameter responses in the brachial and femoral arteries 

are known to be shear stress mediated and NO dependent, and the “flow-mediated dilation” technique 

has become a surrogate for endothelial function and health in humans. The impact of RH on 

microvessels is less well characterized, due in part to the absence of a simple non-invasive but high-

resolution method to directly image and quantify microvascular diameter, speed, flow rate and density 

characteristics at rest and in response to physiological stimulation. While LDF and near infrared 

spectroscopy (NIRS) have been used for microvascular assessment (188), they do not provide 

imaging data and rely on indirect measures of red cell “flux” or de/oxygenation below the probe. The 

OCT approach we introduce for use during RH in this study overcomes many of the limitations 

associated with previous techniques.  

 

Recently, our group published a study highlighting the impact of 30 min of localized heating on 

cutaneous microvascular diameter, flow rate, speed, and recruitment using the OCT technique (389). 

Herein we have advanced this work by developing a speckle decorrelation protocol (as outlined above 
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in the Methods), which can be used to visualize and quantify acute changes in cutaneous 

microvascular parameters in responses to RH. Local heating stimulation, of specific types, can 

provide insight into NO-dependent endothelial function in cutaneous microvessels (12) and the 

microvascular control mechanisms associated with heating responses may differ from those related 

to RH (16). We propose that the future use of OCT will assist in characterizing the differential control 

mechanisms (local, reflex etc.) that are elicited by each of these stimuli. Furthermore, a combination 

of the RH approach presented here, coupled with local heating OCT responses, may provide a 

comprehensive assessment of cutaneous microvascular health in humans.  

 

Apart from establishing the feasibility of OCT for RH assessment, we also sought to assess the 

reproducibility of this technique. Our findings indicate that OCT measures for all microvascular 

parameters (diameter, flow rate, speed and density) were reproducible at baseline. Similarly, a 

measure of LDF flux at baseline was also significantly correlated between days. However, we 

observed an outlier of LDF-derived flux from one participant at baseline (Figure 3.4). Interestingly, 

this outlier was not apparent in the measurement of cutaneous microcirculation by OCT. This is 

probably because the LDF assessment was mainly derived from the red blood cell flux in the 

cutaneous ascendant arterioles located underneath the probe (3, 227), whereas OCT measures were 

derived from the assessment of cutaneous blood vessels, including arterioles and venules in a more 

superficial area. Therefore, the  OCT and LDF techniques may measure distinct components within 

the complex cutaneous microcirculatory anatomy.  In response to RH, not all parameters 

demonstrated significant between-day correlations. While microvascular diameter and density 

showed good reproducibility (r =  0.63; r =  0.64, P < 0.05), flow rate (r =  0.45) and speed (r =  0.42) 

between-day assessments were not significantly correlated. Similarly, LDF was not significantly 

correlated for repeated RH measures between days (r =  0.26), and the correlation was lower than that 
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for OCT-based flow rate and speed measures. In our previous study, we demonstrated very high 

reproducibility for OCT-derived diameters (r =  0.88) and flow rate (r =  0.96) during localized heating 

(389), values which exceed those observed in the present study for RH responses. There are several 

factors that might contribute to these differences, including: 1) Stimulus differences between local 

heating and RH; maximum microvessel dilation responses were obtained after 20-30 min of slow 

gradual heating to 42-44○C (188), whereas RH responses occur very rapidly and degrade quickly, 

yielding more variable effects on deformation, stretch, pressure and flow/shear stress on the blood 

vessels (222, 391); 2) Microvascular responses to local heating are likely more spatially consistent, 

allowing the OCT-scan to capture responses across a larger dimension compared with the more 

inconsistent RH images. In our local heating paper, we were able to undertake between-day 

comparisons of a collection of single-point measures, while the RH images were analyzed by 

comparing the total field of view. 

 

Despite significant correlation of OCT-derived parameters at baseline, Bland-Altman plots showed 

higher systematic bias of OCT-derived flow compared to LDF-derived flux at baseline, particularly 

the OCT-derived flow rate (Figure 3.7 and Figure 3.8). Similar to this, the CoR of OCT-derived flow 

was also higher compared to LDF derived flux at baseline. To our knowledge, there is no standardized 

definition of acceptable systematic bias and CoR, however because the sample size in this present 

study was small, we presume that a bias of up to 20% and CoR value up to 10% is acceptable. 

Unfortunately, the bias of OCT-derived flow and CoR is out of the acceptable range. One of the 

reasons is probably because there are only few blood vessels apparent during baseline measurement, 

which causes the high variability of the value. Therefore, we found that this bias improved during 

reactive hyperemia responses. This limitation will be the focus of improvement of our OCT-technique 

and the post-processing algorithm in the future.  
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Figure 3.6 Examples of optical coherence tomography (OCT)-derived images at rest and during 

reactive hyperemia from the same subject between days 1 and 2. Top: baseline. Bottom: 

post-occlusive reactive hyperemia (PORH). Insets: magnified images during PORH site 

at baseline. White scale bar = 500 µm. 

 

Limitations 

There are some limitations to our research and some future directions for improvement. OCT 

scanning takes time and currently possesses relatively poor temporal resolution. In this study, the 

PORH images was taken 30 seconds following cuff deflation, using a relatively small dimension (2.5 

x 2.5 x 2.56 mm) to capture the rapidly evolving maximum blood vessel responses which occur after 
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the cuff deflation (188). Use of a smaller dimension likely produces more variability compare to the 

use larger area, such as the 5 x 5 x 2.56 mm region assessed during baseline measures. The use of 

different regions of assessment at baseline and following cuff deflation is not ideal. It is likely that, 

as the sophistication (and speed of assessment) of commercially available OCT machines increases, 

it will be possible to improve this aspect of the approach we adopted. A second limitation relates to 

the regional heterogeneity in the skin microvasculature. OCT scans are performed in a relatively small 

region of the ventral aspects of the forearm, which might not represent the whole cutaneous 

circulation. This is a well-recognized limitation with other techniques (LDF, NIRS) (188, 222), but 

perhaps future iterations of OCT technology will enable larger regions to be assessed. Thirdly, we 

did not assess or report within-day variability. We thought the more relevant analysis was the between 

session comparison, which is more typical of intervention or repeated measures experimental designs 

(e.g., pre/post training). It is safe to assume that removing and replacing the OCT probe head, 

necessary on different assessment days, will increase the variability compared to repeating 

assessments on the same site within a visit. Finally, our current OCT speckle decorrelation algorithms 

assess 2D measures of vascularity. In theory, OCT can resolve 3D images and this would enhance 

the utility of the technique for characterizing the complexity of the skin microvasculature.  
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Figure 3.7 Bland-Altman plot of between-day %differences against the mean of laser Doppler 

flowmetry (LDF)-derived flux (top) and optical coherence tomography (OCT)-derived 

flow rates (bottom), at baseline (left) and as a response to  reactive hyperemia (RH, right). 

Blue dashed line denoted the mean of % differences (i.e., bias), and blue dash-dotted line 

denotes upper and lower limit of 95% of confidence intervals (n=10, 5 men, 5 women). 

Black and red solid lines denote the linear slope for relationship. No significant r2 values 

were observed. 
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Figure 3.8 Bland-Altman plot of between-day % differences against the mean of optical coherence 

tomography (OCT)-derived diameter (top), speed (middle) and density (bottom), at 

baseline (left) and as a responses of reactive hyperemia (RH, right). Blue dashed line 

denotes the mean of % differences (i.e., bias) and blue dash-dotted line denotes upper and 

lower limit of 95% of confidence intervals (n=10, 5 men, 5 women). Red solid line 

denotes the linear slope for relationship. No significant r2 values were observed.  
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3. 5 Conclusions 

The cutaneous vessel bed may prove to be an accessible surrogate for generalized microvascular 

function and health in humans. It is important, however, to investigate the mechanism underlying 

microvascular function and health in vivo. The RH approach, coupled with OCT scanning, could be 

a valuable technique to assess changes in microvascular structure and function in humans.  This study 

confirms that OCT is a feasible and robust non-invasive technique that can be used to visualize and 

quantify microvascular structure and function in humans in response to RH. This study provides the 

first in vivo within subjects assessment of acute changes in the skin microarchitecture and function in 

response to physiological manipulation involving RH in humans using OCT. 

 

Perspectives 

In the future, through direct visualization and quantification of microvascular diameter, density, speed 

and flow rate, OCT combined with reactive hyperemia may have applications in physiological and 

clinical settings such as for diabetic microangiopathy, peripheral arterial diseases, general 

microvascular health, ulceration, and amputation. Furthermore, it may be possible to apply this 

technique to assess the efficacy of pharmacological and lifestyle interventions. 
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CHAPTER 4 

Assessment of the human cutaneous 

microvasculature using optical coherence 

tomography: Proving Harvey’s proof 

 

Based on Argarini, et al. (2020), as detailed below:  

Argarini R, McLaughlin RA, Naylor LH, Carter HH, Green DJ. Assessment of the human 

cutaneous microvasculature using optical coherence tomography: Proving Harvey’s proof. 

Microcirculation 27: e12594, 2020. doi: https://doi.org/10.1111/micc.12594 (peer reviewed). 

https://doi.org/10.1111/micc.12594
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4.0 Abstract 

Introduction. William Harvey proved the circulation of blood 400 years ago using a combination of 

ligature application and astute observation that presaged the existence of capillaries. Here we report 

findings, based on our development of a novel application of optical coherence tomography (OCT), 

that directly confirm the impact of cuff inflation on microvessels as small as ~30 µm.  Methods. By 

emulating Harvey’s proofs, using cuff inflation at low pressure in the presence and absence of skin 

heating, we have imaged and quantified significant effects on microvascular diameter and density in 

humans in vivo. Results. The application of cuff pressure significantly increased microvascular 

diameter (40.5 ± 4.6 vs 47.1 ± 3.9 µm, P = 0.01) and density (8.33% ± 4.3% vs 15.1% ± 4.9 %, P < 

0.01). These impacts were reversed by cuff deflation. Our study also showed the profound impacts 

of skin heating on microvessel diameter (46.7 ± 5.8 vs 70.6 ± 7.8 µm, P < 0.01) and density (14.2 ± 

6.5 vs 43.2 ± 9 %, P < 0.01) in vivo, which were further exacerbated by cuff inflation. Conclusions. 

Our approach to the direct visualization of the human skin microvasculature is non-invasive, safe and 

easily applied. Future experiments might be directed at questions of microvascular physiology and 

pathophysiology, such as how different mammals thermoregulate and what impacts cardiovascular 

disease  and diabetes have on microvascular structure and function.  
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4. 1 Introduction 

It has been 400 years since William Harvey (1578-1657) embarked upon the presentation of his 

revolutionary proofs of the circulation in a series of Lumleian lectures. These lectures were ultimately 

summarized in the famous “Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus”, 

commonly called “de Motu Cordis”, published in 1628 (392). This remarkable exemplar of 

enlightenment thinking, considered by some to be the prototypical example of the application of 

modern scientific methodology (393, 394), is all the more impressive when placed in its contemporary 

context. At the time of writing De Motu Cordis, the received wisdom was based on the paradigms of 

Galen (AD 129-c~217), who proposed that parallel circulations emanating from the heart and liver 

were charged with transport of “vital spirit” and “nourishment” (394). Harvey’s proofs, informed by 

human anatomical dissection, particularly his observations regarding venous valves, anticipated the 

existence of capillaries, which were observed for the first time by Malpighi using a rudimentary 

microscope (c1661), a few years after Harvey’s death (393, 394). 

 

One of Harvey’s elegant experiments utilized tight and loose “ligatures”, applied to the upper arm of 

living humans. This simple and easily replicated experiment made the observation that tight ligatures 

abolished the radial pulse, causing limb cooling and discoloration, which were all reversed by 

loosening of the constriction. Crucially, a ligature applied with less pressure dampened, but did not 

remove the radial pulse, while tissue warmth and color were maintained. It also resulted in the filling 

of the subcutaneous forearm veins. In his subsequent vein “milking” demonstration, which involved 

the squeezing of blood out of a vein and the release of a finger clamped either below or above the 

valves, it was then possible to establish that blood was travelling toward the limb root, and not 

outward as was previously assumed on the basis of blood letting (393, 394). 
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Today, of course, there is general understanding of the anatomy of the microcirculation and 

appreciation of the important role of these vessels in end-organ function and nutrition. Many 

important contributions have been made to our understanding of skin physiology, using techniques 

based on the assessment of microcirculatory blood movement and blockade of various neural and 

intrinsic vasoactive pathways (6, 102, 395). However, direct dynamic imaging of the microcirculation 

in vivo in humans has remained elusive and would aid in understanding basic physiological 

mechanisms, both at rest and in response to vasoactive stimuli, along with the evolution of 

microvascular diseases such as those prevalent in, for example, diabetes, peripheral arterial, coronary 

and cerebrovascular diseases. In the present study we developed and applied a novel approach, based 

on optical coherence tomography (OCT) (276), to visualize the architecture of skin microvessels and 

to quantify their diameter and density in vivo. We therefore sought to demonstrate a highly novel 

technique that can be used to visualize changes in the microcirculation in response to interventions 

and to investigate the efficacy of this approach in response to interventions that are routinely used to 

interrogate the health of the skin blood vessels. To this end, we emulated Harvey’s experimental 

proofs, using cuff inflation, to functionally image the effects on these microvascular parameters. We 

hypothesize that heating will increase directly imaged skin blood flows, microvessel diameters and 

velocities, while cuff inflation will modify these outcomes. 

 

4. 2 Methods 

4.2.1 Subject characteristics 

Eight healthy subjects (4♀4♂, 30 ± 5 yr, 165.4 ± 0.1 cm, 61.3 ± 11.4 kg, 22.3 ± 3.4 kg.m-2, SBP 106 

± 8 mmHg, DBP 61 ± 9 mmHg) were recruited in this study. They were screened to ensure that they 

were non-smokers, free from cardiovascular and metabolic diseases, and not currently taking any 

medications or supplements. The participants were asked to fast for 6 hours prior to the test, avoid 
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exercise for 24 hours and coffee, tea or chocolate for 12 hours.  The study was approved by The 

University of Western Australia’s Human Research Ethics Committee, conformed to the standards 

outlined in Declaration of Helsinki and participants provided written informed consent. 

 

4.2.2 Study design 

The study was undertaken in a quiet and temperature controlled room (23°C) in the Cardiovascular 

Research Laboratory, School of Human Sciences, The University of Western Australia. All 

participants were studied at the same time in the day (8:00–11:00 AM). The study protocol and 

instrumentation is shown in Figure 4.1. Following 10 min of instrumentation, the participants lay 

supine with the arms rested comfortably on a foam pad at heart level. After resting quietly for a further 

20 min, a blood pressure assessment was obtained (Dinamap V100, GE Healthcare, Chicago, IL). 

Optical coherence tomography images were then collected at baseline, 5 min following upper arm 

venous occlusion with light pneumatic cuffing pressure (30 mmHg), and 5 min after this cuff pressure 

was released.  After a further rest period of 10 min, immediately after baseline images was again 

obtained, a local heating disk which housed the OCT probe was heated at a rate of 1°C per 10-seconds, 

from 33 to 44°C. Once 44°C was attained, the heater disk and skin temperature were maintained at 

44°C for a further 30 min (102, 333), during which time the 30 mmHg inflation and deflation 

protocols described above were repeated.  

 

Simultaneous recordings of the red blood cell flux were obtained using laser Doppler flowmetry 

(LDF, model 413, Periflux 5000 System; Sweden), with integrated probes located adjacent to the 

OCT probe. The detail of this protocol is illustrated in Figure 4.1A. All images were obtained from 

the same location on the forearm without movement or changes in placement of the OCT/LDF probe. 

LDF analysis was performed across the same time period as that used to obtain the OCT images 

(below), that is 90 seconds at the end of each experimental stage. 
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Figure 4.1 Panel A illustrates the protocol design. Circles show the time points at which microvascular 

imaging was undertaken using optical coherence tomography (OCT). Panel B shows the 

OCT instrumentation. The OCT probe was house in a thermostatic probe holder, and 

transfixed to the ventral side of the forearm, below the elbow. The LDF with integrated 

probes located in adjacent area to the OCT probe. The forearm was supported by a foam 

pad to stabilize the arm position during assessments. A pneumatic cuff (connected to 

precision cuff inflator) was positioned on the upper arm, proximal and distant from the 

OCT probe, to prevent movement in the OCT due to cuff inflation or deflation. 

 

4.2.3 Instrumentation 

Prior to positioning the OCT probe, an inflatable blood pressure cuff (D. E. Hokanson, Bellevue, 

WA) was positioned loosely on the proximal aspect of the upper arm, while the OCT and LDF probe 

was positioned on the ventral aspect of the forearm, below the elbow (Figure 4.1). This minimized 

the impact of cuff inflation and deflation on scans. OCT imaging was performed using a commercial 

imaging system (Telesto III; Thorlabs GmbH, Lübeck, Germany) with central wavelength of 1,300 
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nm and an axial resolution of 5 µm in tissues (assuming refractive index of 1.43 for the skin) (285). 

Scanning was performed using a detachable imaging probe (LSM03, Thorlabs GmbH) with a lateral 

resolution of 13 µm. The probe was attached to a 5 degrees-of-freedom articulated arm and probe 

holder to minimize motion during the scanning processed. A custom spacer was designed and 

fabricated using a 3D printer (Form2; Formlabs, Sommerville, MA), to ensure a standard distance 

between the scanning optics and the skin surface. The setup is shown in Figure 4.1B. 

 

Optical coherence tomography imaging was performed through the central bore of a thermostatic 

probe holder (PF450; Perimed, Stockholm, Sweden), affixed to the ventral aspect of the participants 

left forearm using double-sided adhesive rings. A small drop of ultrasound gel was placed between 

the skin and a transparent square microscope slide (8 x 8 mm) attached to the thermostatic probe 

holder. This provided a flat imaging surface, eliminating imaging artifacts due to the surface shape 

of the subject’s skin (277). 

 

4.2.4 Image Acquisition and Analysis 

Optical coherence tomography data was acquired over a field of view with dimensions 5 x 5 x 2.5 

mm (length x width x depth), at a sampling of 1000 x 5000 x 1024 pixels (X x Y x Z). The imaging 

light beam in OCT is weakly focused, providing high spatial resolution over a depth of focus of a few 

hundred microns. The OCT beam was set to assess cutaneous tissue to a depth of 300 µm below the 

skin surface. This ensured that the appropriate vascular tissue was assessed. Individual OCT 

measurements (A-scan) were acquired at a rate of 76 kHz and the total acquisition time was 

approximately 90 seconds. We found this acquisition time to be well tolerated by our subjects, with 

minimal movement artifact. The stack of A-scans collected and speckle decorrelation analysis 

performed.  
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Because OCT imaging is based upon interference of backscattered coherent light, the reconstructed 

data volume inherently contains speckle, visually similar to the speckle apparent in ultrasound 

images. It arises from constructive and destructive interference from multiple subcellular components 

within a single imaging resolution element. The speckle is temporally invariant. That is, the speckle 

intensity remains constant when stationary tissue is imaged over time. However, in areas containing 

vasculature, the flow of cells results in change (decorrelation) to the speckle intensity over time, with 

more rapid flow resulting in more rapid decorrelation. By quantifying the rate of change of speckle, 

known as speckle decorrelation algorithms, we are able to delineate vessels and obtain an estimate of 

the rate of blood flow (15, 277, 279). 

 

We define a coordinate system where the Z-axis is oriented along the light beam (extending in depth 

into the tissue); and the X- and Y-axes are parallel to the skin surface. Pixels in the Y direction were 

densely sampled (1 μm spacing). Thus if we compare a sequence of pixels at increasing Y distance 

apart, there will be a slow, gradual change in speckle intensity within static tissue. At locations where 

there is blood flow, the rate of change will be scaled by the speed of the blood flow. 

 

We quantify the speckle decorrelation between A-scans that are a distance dy apart with the following 

formula: 

𝑓(𝑑𝑦) = √𝐸 [(𝐼(𝑥, 𝑦, 𝑧) − 𝐼(𝑥, 𝑦 + 𝑑𝑦, 𝑧))
2

] 

where E[] denotes the expected value of a function and I(x,y,z) is the OCT intensity at location (x,y,z). 

E[] is calculated over a range of y and z values within a small, pre-defined, fixed window (10 μm x 

35 μm, respectively, in our application). By calculating f(dy) over a range of values for dy (1 μm,…, 

10 μm in our application), we obtain a decorrelation curve that characterizes the average increase in 
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decorrelation between increasingly distant pixels. We acquired a control scan in static tissue, which 

provided a calibration curve showing the relationship between dy and f(dy) at known pixel 

displacements for our OCT system. To detect vasculature in a subsequent scan, the decorrelation 

curve was first calculated at each position in the OCT data volume. We then separately linearly scaled 

the decorrelation curve at each location to best match the calibration curve. Denote this scaling factor 

by k. In regions of static tissue, little scaling is required (k ≈ 1). In blood vessels, the scaling factor k 

is related to the amount of displacement in the blood cells due to flow during the time interval between 

acquisitions of the pixels. Dividing the calculated displacement by the time between data acquisitions, 

we were able to derive an estimate of blood flow speed. 

 

To identify blood vessels, we first thresholded the 3D OCT data volume to mask out areas of low 

signal-to-noise ratio; typically areas deeper than 750 μm below the tissue surface. We then generated 

a 2D vascular projection image (parallel to the skin surface) by computing each (X,Y) location, 

evaluated over all depths (Z). Locations above an empirically selected threshold value were 

categorised as blood vessel. The same threshold value was used across all data sets and all subjects. 

The percentage of X-Y pixels categorized as blood vessel was recorded as the vessel density, and 

interpreted as an indicator of vessel recruitment. At each pixel along the centreline of the vessel, we 

estimated the vessel diameter as the minimal length line across the vessel, using a technique similar 

to that described by Liew et al. (277). At the completion of processing, each OCT scan was 

represented as a 2D vessel image, with an estimate of vessel diameter at each pixel. Our bespoke 

analysis software enabled computation of these values both at individual locations, and over a user-

defined region of interest. Analysis software was developed in-house in Matlab (MathWorks, Natick, 

MA) and implemented on a standard desktop computer (Dell Precision T7810; Dell, Round Rock, 

TX). 
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4.2.5 Statistics 

Statistical analysis and graph was performed using graphing software (PRISM 7.4; GraphPad, La 

Jolla, CA). All data were reported as means ± standard error unless stated otherwise and statistical 

significance was assumed at P < 0.05. A one-way ANOVA with repeated measures (time point as 

independent factors) was performed for all data. Post-hoc analysis by Fischer’s least significant 

difference test was used where significant values were found.   

 

4. 3 Results 

4.3.1 Impact of cuff inflation and deflation 

Representative baseline resting vascular architecture images are illustrated in Figure 4.2A and 4.2D. 

In the repeated measured analysis, there was significant differences between time points for OCT-

derived diameter, density (P < 0.01) as well as LDF-derived flux (P < 0.0001). Following 5 min of 

light cuff inflation at 30 mmHg, the vascular networks significantly increased, on average, in diameter 

(P < 0.01) and density (P < 0.01) (see Figures 4.2B, 4.2E and 4.3A). These changes were completely 

reversed after 5 min cuff deflation; significant decreases were apparent in diameter (P = 0.023) and 

density (P = 0.036) after cuff deflation (Figures 4.2C, 4.2F and 4.3A).  The LDF results (see Figure 

4.4A) showed a significant decrease in red blood cell flux compared to the baseline (P < 0.01), which 

also reversed following cuff deflation (P < 0.01). Individual microvessels diameter and density results 

are presented in Table 4.1. 
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Table 4.1 Cutaneous microvessels density and diameter at baseline and during cuff inflation  

Participants 
Diameter, µm Density, % 

Baseline +30 mmHg Cuff released Baseline +30 mmHg Cuff released 

1 43 46 46 6.6 10.57 6.64 

2 41 44 42 13.23 15.62 15.42 

3 47 53 52 16.26 24.62 25.74 

4 34 42 37 3.68 11.13 4.59 

5 35 45 41 4.47 13.16 9.17 

6 41 52 46 7.77 16.95 10.66 

7 45 46 47 7.94 10.57 11.36 

8 38 49 42 6.69 18.31 8.28 

Average 40.5 ± 4.6 47.1 ± 3.9* 44.1 ± 4.6* 8.33 ±  4.3 15.1 ± 4.9* 11.48 ± 6.6* 

* Significantly different at P <0.05 from previous time point. Data are presented in means ± SD 

 

 

Figure 4.2 Examples of OCT images from 2 subjects, derived at baseline (panels A and D), after 5 

min of 30 mmHg venous occlusion (panels B and E) and 5 min following subsequent cuff 

deflation (panels C and F). There are increases in blood vessels recruitment (as indicated 

by the arrow following 5 min of cuff inflation), which reversed after cuff deflation.  
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4.3.2 Impact of local heating on microvessels: Effects of cuff inflation and deflation 

Figure 4.5 shows representative subject images observed with local heating, and subsequent cuff 

inflation and deflation. Repeated measures analysis showed significant differences between time 

point for OCT-derived diameter, density and LDF-derived flux (all P < 0.0001). As shown in figure 

4.5 (B,F), there was a substantial and highly significant (Figure 4.3B) increasing of diameter and 

density of blood vessels as well as red blood cell flux (Figure 4.4B) following 30 min of local skin 

disk heating at a sustained 44°C (all P < 0.01). 

 

Figure 4.3 Graph A (top) shows changes in ventral forearm skin blood microvascular diameter and 

density in response to cuff inflation of 30 mmHg and deflation. Significantly different at 

P <0.05 from previous time point (hash symbol). Data are presented in mean ± SE. BL: 

Baseline; +30: 30 mmHg of cuff inflation was applied; CR: cuff pressured was released. 

LH: local heating. Graph B (bottom) shows changes in ventral forearm skin blood 

microvascular diameter and density responses to local skin heating to 44°C, with 

subsequent cuff inflation of 30 mmHg  and deflation. Significantly different at P <0.05 

from previous time point (asterisk symbol). Data are presented in mean ± SE.  
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Figure 4.4 Cutaneous microvascular red blood cell flux (PU: Perfusion units) derived by laser Doppler 

flowmetry (LDF, green line) at unheated (Panel A, 33○C) and heated condition (Panel B, 

baseline in 33○C, local heating in 44○C). Significantly different of LDF derived flux at P 

<0.05 from previous time point in unheated (asterisk symbol) and heated (hash symbol) 

condition. LH: local heating. 

 

 

Figure 4.5 Examples of OCT images from 2 subjects, showing baseline (panels A and E), 30 min 

after local heating to 44°C (panels B and F), after 5 min of cuff inflation at 30 mmHg 

(panels C and G) and five min following subsequent cuff deflation (panels D and H). The 

blood vessels highlighted by the arrow show a representative response to local heating 

and cuff inflation-deflation. 
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After the application of 30 mmHg cuff inflation for 5 min (Figures 4.5C, 4.5G and 4.3B), vessel 

diameter (P = 0.031) and density (P < 0.01) significantly increased relative to the impact of heating 

alone. These changes reversed when the cuff deflated (Figures 4.5D, 4.5H and 4.3B). The LDF data 

showed a different direction of red blood cell flux following cuff inflation under heated conditions 

(see figure 4.4B). The flux tended to decrease following cuff inflation, compared to the local heating 

alone and reversed after the cuff pressure was released (P = 0.02). Individual microvessels diameter 

and density results following local heating and cuff inflation are presented in Table 4.2. 

Table 4.2 Cutaneous microvessels density and diameter at baseline, during local heating and 

cuff inflation 

Partici-

pants 

Diameter, µm Density, % 

Baseline LH 
LH+30 

mmHg 
LH+CR Baseline LH 

LH+30 

mmHg 
LH+CR 

1 47 69 71 70 10.07 45.56 49.26 46.91 

2 44 63 65 64 15.53 32.95 40.9 35.44 

3 55 86 87 88 28.86 59.31 62.08 61.15 

4 41 66 72 67 10.52 43.52 52.61 45.72 

5 39 63 63 65 8.84 29.67 33.99 33.54 

6 53 78 81 78 15.88 46.82 51.73 47.8 

7 51 70 69 70 13.22 44.85 48.73 47.84 

8 44 70 74 71 10.33 42.64 48.68 44.4 

X̅±SD 46.7±5.8 70.6±7.8* 72.7±7.9* 71.6±7.9 14.16±6.5 43.16±9.02* 48.5±8.28* 45.35 ± 8.47* 

LH: Local heating; CR : Cuff released. * Significantly different at P <0.05 from previous time point. Data 

are presented in means ± SD.  

 

4. 4 Discussion 

We have developed and applied a new technique that enables the quantitative and visual assessment 

of changes in human cutaneous microvessels in vivo.  This present study emulated William Harvey’s 

approach by using a novel application of non-invasive optical coherence tomography to confirm the 

impact of cuff inflation on microvessels as small as ~30 µm. Our findings showed that cuff inflation 

increases the skin microvessel diameter and density as the impact of venous occlusion. 
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The principle of cuff inflation to manipulate and measure limb blood flow has been used for many 

decades in the form of venous occlusion plethysmography, itself a direct descendant of Harvey’s limb 

proofs (196, 198). Strain-gauge techniques are indirect and qualitative in nature, but they have 

convincingly demonstrated that, following cuff inflation (typically to 40-50 mmHg), there is a rise in 

forearm volume which reaches a plateau after 1-2 min (198). The linear component of this rate of 

volume change (related to strain-gauge lengthening) is proportional to arterial inflow, until venous 

pressure rises towards the occluding pressure (198). In the present experiment we observed an 

interesting result in unheated skin when 30 mmHg pressures were applied for 5 min. In this study, 

the application of this pressure increased microvascular diameter and density (blood vessels 

recruitment) in a manner that might be expected as a consequence of venous congestion and, 

reassuringly, this was completely reversed by cuff deflation. Our quantitative data reinforce the visual 

images of change that are presented in figures 4.2 and 4.5. Our OCT findings, which are in line with 

previous studies utilizing plethysmography, provide direct visual confirmation of the changes that 

occur in microvessels during cuff inflation and venous congestion. 

 

The purpose of utilizing heat application to the skin was to enhance and stimulate blood flow 

responses, so that the impact of cuff inflation might be further revealed. In general, heating of the 

skin increased microvascular parameters and the effect of subsequent cuff inflation and deflation were 

clearly apparent. Our approach has revealed the profound impacts of skin heating on microvessel 

diameter and density in vivo. The application of cuff pressure following local heating revealed an 

increase in these microvascular variables as a consequence of venous occlusion. In human physiology 

it is axiomatic that differences between individuals, or within subjects as a consequence of disease or 

adaptation, that are not obvious at rest may nonetheless be revealed following stimulation. In this 

context, skin heating is a safe and reproducible stimulus that, combined with our OCT assessments, 
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may be used in future to assess the impacts of pathophysiology (e.g., in patients with diabetes, 

peripheral artery disease) and interventions such as pharmacological, diet, exercise (333) on 

microvessel function and structure. Indeed, it has previously been suggested that the cutaneous 

microvasculature may act as an accessible surrogate for systemic microcirculatory function in health 

and disease (16, 97, 130).  

 

An intriguing observation in the current study derives from the coincidental assessment of changes 

in microvascular function by OCT and LDF. The OCT outcomes indicate that, with cuff inflation, 

both microvessel diameter and density increased, and this was reversed on cuff deflation.  During 

simultaneous assessment using LDF probes located nearby, cuff inflation caused a decrease in flux 

which reversed on deflation. There are several explanations for the apparent disparity between 

techniques. Since laser Doppler flux assesses movement of cells under the integrating probe, one 

possibility is that cuff-induced increase in the density of microvessels may induce a slowing in cell 

transit time. That is, the opening of formerly dormant resting microvessels, and consequent slowing 

of cell movement through a more dense vascular territory beneath the probe, can rationalize the 

differential technical observations. An alternative explanation relates to the anatomical focus of the 

distinct techniques. It is thought that LDF detects red blood cell flux localized to the site of cutaneous 

ascendant arterioles (3, 227). OCT and LDF techniques may therefore measure distinct components 

within the complex cutaneous microcirculatory anatomy. This raises the possibility of combining 

approaches in future to derive a more comprehensive and nuanced assessment of skin vascular 

adaptation, for example, by assessing microvascular responses at distinct depths. Our OCT approach 

also raises the exciting possibility of visualizing and distinguishing between the behaviour of 

arterioles and venules in vivo, by utilizing different cuff inflation pressures. 
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Limitations 

There are some limitations to our study and some possibilities for future development. Our scans 

were performed on a small patch of skin and may not be representative of other skin territories. In 

addition, our scans were performed over a period of around 90 seconds, resulting in compound images 

with relatively poor temporal resolution. We also rendered the images in two dimensions. We 

anticipate that future development of this technology might enable 3D imaging, with real time 

assessment of dynamic changes in function in response to physiological stimuli such as heat and 

exercise.  

 

4. 5 Conclusions 

In summary, we present a novel approach to the direct visualization of human cutaneous 

microvascular anatomy and physiology that is non-invasive, safe and easily applied in vivo. OCT may 

become a powerful new tool with which to assessment the microcirculation of the skin in health and 

disease. We honour the incredible achievement and contributions of William Harvey’s De Motu 

Cordis, which for over 400 years has inspired new insights into human physiology and medicine. We 

conclude with Harvey’s famous statement: “All we know is still infinitely less than all that remains 

unknown”. 
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CHAPTER 5 

Optical coherence tomography: A novel 

imaging approach to visualize and quantify 

cutaneous microvascular structure and 

function in patients with diabetes 

 

Based on Argarini, et al. (2020), as detailed below: 

Argarini R, McLaughlin RA, Joseph SZ, Naylor LH, Carter HH, Yeap BB, Jansen SJ, Green 

DJ. Optical coherence tomography: A novel imaging approach to visualize and quantify cutaneous 

microvascular structure and function in patients with diabetes. BMJ Open Diabetes Research & Care 

8: e001479. DOI:10.1136/bmjdrc-2020-001479 (peer reviewed). 
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5.0 Abstract 

Introduction. The pathophysiology of microvascular disease is poorly understood, partly due to the 

lack of tools to directly image microvessels in vivo. Methods. In this study, we deployed a novel 

optical coherence tomography (OCT) technique during local skin heating to assess microvascular 

structure and function in diabetics with (DFU group, n=13) and without (DNU group, n=10) foot 

ulceration, and healthy controls (CON group, n=13). OCT images were obtained from the dorsal foot, 

at baseline (33○C) and 30 min following skin heating. Results. At baseline, microvascular density 

was higher in DFU compared with CON (21.9% ± 11.5% vs 14.3% ± 5.6%, P = 0.048). Local heating 

induced significant increases in diameter, speed, flow rate and density in all groups (all P < 0.001), 

with smaller changes in diameter for the DFU group (94.3 ± 13.4 µm), compared with CON (115.5 

± 11.7 µm, P < 0.001) and DNU (106.7 ± 12.1 µm, P = 0.024). Heating induced flow rate were lower 

in the DFU (584.3 ± 217.0 pL.s-1) compared with the CON group (908.8 ± 228.2 pL.s-1, P < 0.001) 

and DNU (768.8 ± 198.4 pL.s-1, P = 0.015), with changes in density also lower in the DFU than CON 

group (44.7% ± 15.0% vs 56.5% ± 9.1%, P = 0.005). Conclusions. This proof-of-principle study 

indicates that it is feasible to directly visualize and quantify microvascular function in people with 

diabetes; and distinguish microvascular disease severity between patients. 
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5. 1 Introduction 

Diabetic foot disease and ulceration is a major complication of diabetes mellitus, with a lifetime 

incidence as high as 25% (396). The incidence of diabetic foot disease and ulceration is 

increasing, due to the high worldwide prevalence of diabetes, increasing obesity rates and the 

longer life expectancy of people with diabetes. In 2016, the global prevalence of foot ulceration 

in diabetic patients was 6.3% (397), with a lower limb amputation performed every 30 seconds 

(398). This condition is also associated with high economic burden, due to the presence of 

infection and other complications and high recurrence rates (399, 400). 

 

Diabetic foot ulceration is a chronic severe complication of diabetes associated with 

neuropathy and/or arteriosclerotic peripheral vascular diseases in the lower limb (134), 

alongside microvascular abnormalities (401),  There are two pathogenic theories pertaining to 

microvascular disease in people with diabetes; the “capillary steal syndrome theory” and the 

“hemodynamic hypothesis”. In the former, sympathetic autonomic neuropathy in the lower 

limb causes a loss of vasoconstrictor tone and subsequent alteration in blood flow which 

increases arteriovenous shunting (134, 135) and reduces nutritive blood flow (136). The 

“hemodynamic hypothesis” (137) proposes that hyperglycemia promotes oxidative stress and 

cell damage, limits the production of nitric oxide (NO) and increases capillary pressure (138), 

leading to adaptation and remodelling, thickening of capillary basement membranes, 

microvascular sclerosis and finally, limitation of hyperemia and loss of autoregulation (135, 

137, 139). Although debate continues regarding these theories of microvascular impairment in 

diabetes, abnormal cutaneous microvascular function and structure are a common and 

fundamental feature, which lead to further complications such as poor wound healing (135, 

165) and, in some cases, amputation. The visualization and quantification of microvascular 
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structure and function is crucial to understanding pathophysiology as well as determining 

patient risk, disease progression and treatment efficacy. 

 

Several methods have previously been proposed to assess the skin microcirculation in diabetic 

patients, including capillary microscopy (CM) (402), transcutaneous oxygen pressure 

assessment (TCPO2) (402-404), laser Doppler flowmetry (LDF) (165, 402), and laser Doppler 

imaging (LDI) (405, 406). CM is usually limited to nail-beds in humans, while LDF provides 

an indirect and qualitative assessment of “flux” and is not capable of visualizing or quantifying 

individual or regional microvascular anatomy or blood flow. LDI can resolve regional Doppler 

with a resolution of ~100 µm, however the vessels pertinent to skin microvascular health are 

much smaller (~10-50 µm) and this technique does not visualize individual vessels or their 

density (3). These techniques therefore possess serious limitations in their capacity to 

characterize skin microcirculatory structure and function and they have not been widely 

adopted. 

 

Optical coherence tomography (OCT) is non-invasive ultrahigh-resolution optical imaging 

technique which is capable of visualizing and quantifying skin microvessels as small as ~30 

µm in humans. In our recent studies, we have shown that OCT is capable of providing high 

resolution images and accurate quantification of cutaneous microvessel structure and function, 

both at rest and in response to physiological stimulation (e.g., responses to local heating) (389, 

407).  The purpose of this study was to apply OCT in people with diabetes, with and without 

foot ulceration, and compare these responses to a healthy age and sex-matched control group. 

We hypothesize that OCT-based parameters will differentiate between control and diabetic 

subjects in terms of their skin microvascular structure and function. 
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5. 2 Methods 

5.2.1 Subject characteristics 

Patients with type 1 and 2 diabetes mellitus and a diagnosed foot ulcer (DFU group, n=13) 

were recruited and enrolled if they had a history of diabetes for more than one year and at least 

one current diabetic foot ulcer, or a history (<3 months) of foot ulceration. Subjects with 

previous amputation distal to the metatarsals and/or foot deformity were included. All subjects 

required at least 1 palpable pedal pulse and/or an ankle brachial pressure index (ABPI) of 

higher than 0.7 and/or a toe systolic blood pressure (TSBP) of greater than 70 mmHg. Patients 

who had a previous history of endovascular treatment involving stenting or bypass grafting on 

their assessed leg were excluded from this study. 

 

The diabetic group without foot ulcers (DNU group, n=10) were recruited and enrolled if they 

had a history of diabetes (type 1 and 2) of more than one year and had never experienced 

diabetic foot ulceration. Pharmacotherapy, wound care, footwear and podiatric care of DFU 

and DNU groups were maintained, according to their current standard of care and each subject 

received follow-up irrespective of involvement in the study. 

 

The control group were recruited from the community (CON group, n=13). They were screened 

to ensure that they were free from diabetes, cardiovascular, metabolic diseases and they were 

all non-smokers.  In DFU group, leg with ulcer was chosen for assessment, whereas assessed 

leg for each participant from control and DNU group was randomly selected.  Subject 

characteristics are presented in Table 5.1. The study was approved by Sir Charles Gairdner and 

Osborne Park Health Group Ethics Committees (Project Research Number:  RGS0000001881), 

with approval also granted by The University of Western Australia’s Human Research Ethics 



 

    

147 
 

Committee. The study conformed to the standards outlined in Declaration of Helsinki. All 

participants provided written informed consent. 

Table 5.1 Subjects characteristics 

 CON 

(n=13, 5♀8♂) 

DNU 

 (n=10, 5♀5♂) 

DFU 

(n=13, 5♀8♂) 

P value 

(one-way 

ANOVA) 

Age, yr       60.8 ± 10.9    68.2 ± 8.1      59.8 ± 9.7  0.11 

BMI, kg.m-2      26.0 ± 3.3    29.1 ± 7.0      31.7 ± 5.5* 0.03 

Blood pressure, mmHg     

  Systolic Blood Pressure        125 ± 12     124 ± 14       134 ± 15 0.13 

  Diastolic Blood Pressure       72.0 ± 6       70 ± 10         75 ± 7 0.32 

  Mean Arterial Pressure          90 ± 8       88 ± 10         95 ± 8 0.17 

Resting heart rate, bpm         60 ± 8       74 ± 13†         73 ± 10†      <0.01 

Body temperature, ○C      36.5 ± 0.3    37.1 ± 0.4†      36.9 ± 0.5*      <0.01 

HbA1C, % 

HbA1C, mmol.mol-1 
NA 

     7.9 ±1.3 

  (63.0 ± 14.2) 

       8.4 ± 2.1 

    (68.3 ± 23.1) 

0.54 

0.54 

Type of Diabetes      

  DM Type 1 - 1 3  

  DM Type 2 - 9 10  

Duration of Diabetes, years -    18.4 ± 8.2 23.6 ± 11.2  

Other medical condition/risk factors     

  Hypertension 1 2 9  

  Hypercholesterolemia 0 5 8  

  History of cardiovascular diseases 0 1 3  

  History of Cerebrovascular diseases 0 0 0  

  Current; Ex-Smoker 0;2 0;5 0;5  

Medication     

  Insulin injection 0 4 7  

  Non-insulin antidiabetic injection  0 2 2  

  Oral anti diabetic 0 5 6  

  Anti-hypertension 1 2 9  

  Anti-Hypercholesterolemia 0 5 8  

Data are presented in mean ± SD.  

*significantly different from control group at P < 0.05. 

†significantly different from control group at P < 0.01.   

ANOVA: analysis of variance; BMI: body mass index; CON: control; DFU: diabetic foot ulcer; DM: 

diabetes mellitus; DNU: diabetic non-ulcer; HbA1c: glycated hemoglobin; NA: not applicable. 
 

5.2.2 Study design 

The study was undertaken in a quiet and temperature controlled room (23°C) in the 

Cardiovascular Research Laboratory, School of Human Sciences (Exercise and Sports 

Science), The University of Western Australia. All participants were studied at the same time 

of day (9:00–11:00 AM). All participants were asked to fast or have a light breakfast at least 4 

hours prior to testing. They all abstained from alcohol, chocolate, caffeine, tea and exercise for 
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>12 hours prior to testing.  The skin site on the dorsum of the foot was shaved 24 hours before 

assessment so that microtrauma from shaving did not affect measurement. At the 

commencement of the test session, participant’s demographic data were documented, including 

age, gender, height and weight.  

 

The participants lay supine in semi-Fowler’s position whereby the assessed leg was constrained 

within a custom-designed boot, supported by a customized foam pad. This aimed to minimize 

leg/foot movement during assessment. After participant positioning and placing the OCT/LDF 

probes, a 20 min quiet rest period was observed, with brachial blood pressure assessment 

obtained (Dinamap V100, GE Healthcare, Chicago, IL). Body temperature (BT) was measured 

using an ear thermometer (MC-522; Omron Healthcare, Japan) prior to the local heating 

protocol. Immediately after OCT baseline images were obtained, a local heating disk (PF450; 

Perimed, Stockholm, Sweden) which housed the OCT probe was heated at a rate of 1°C per 10 

seconds, from 33 to 44°C. Once 44°C was attained, the heater disk and skin temperature were 

maintained at 44°C for a further 30 min (102, 333), whereupon the final post-heating data were 

collected.   

 

While OCT assessments were collected, simultaneous recordings of the cutaneous red blood 

cell flux were obtained using LDF. All assessments were obtained from a location immediately 

adjacent to the placement of the OCT probe, on the dorsum of the foot. Non-invasive blood 

pressures measurements were continuously recorded from the finger using a Finometer 

(Finapres NOVA, Amsterdam, the Netherlands).  
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5.2.3 Instrumentation and analysis 

5.2.3.1 Laser Doppler flowmetry 

Red blood cell flux was measured on the dorsum of the foot using a 7 Doppler array laser probe 

(LDF, model 413, Periflux 5000 System; Sweden), with integrated thermostatic probe holder 

(PF450; Perimed, Stockholm, Sweden), positioned adjacent to the OCT probe. OCT/ LDF 

probe holders were affixed using double-sided adhesive rings. A skin temperature sensor 

(MLT409; ADInstruments, Bella Vista, NSW, Australia) was placed between the two 

thermostatic probe holders (OCT and LDF). Real-time flux signals were relayed and graphed 

via PowerLab onto a laptop running LabChart 8 software (ADInstruments, Sidney, Australia) 

for offline analysis. 

 

LDF-derived flux analysis at baseline and post-local heating was performed across the same 

time period as that used to obtain the OCT images. Cutaneous vascular conductance (CVC) 

was calculated as LDF-derived flux in arbitrary perfusion units (PU), divided by mean arterial 

blood pressure (Finometer). Individual graphs were constructed by averaging the values of flux 

in 30 seconds bins from baseline until the end of the local heating period and the total local 

heating responses were calculated as area under curve (AUC) from the beginning of rapid 

increased of skin temperature until the end of local heating period, as described above. Local 

heating responses for flux and CVC were also measured as percentage changes from baseline 

and post-local heating. 

 

5.2.3.2 Optical coherence tomography 

OCT imaging was performed using a commercial imaging system (Telesto III; Thorlabs 

GmbH, Lübeck, Germany) with central wavelength of 1,300 nm and an axial resolution of 5 

µm in tissues (assuming refractive index of 1.43 for the skin) (285). Scanning was performed 
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using a detachable imaging probe (LSM03, Thorlabs GmbH) with a lateral resolution of 13 

µm. The probe was attached to a 5 degrees-of-freedom articulated arm and probe holder to 

minimize motion during scanning. A custom spacer was designed and fabricated using a 3D 

printer (Form2; Formlabs, Sommerville, MA), to ensure a standard distance between the 

imaging probe and skin surface. OCT imaging was performed through the central bore of a 

thermostatic probe holder (PF450; Perimed, Stockholm, Sweden). A small drop of ultrasound 

gel was placed between the skin and a transparent square microscope coverslip (8 x 8 mm) 

attached to the thermostatic probe holder. This provided a flat imaging surface, eliminating 

imaging artifacts due to the surface shape of the subject’s skin (277). 

 

OCT data was acquired over a field of view with dimensions 5 x 5 x 2.5 mm (length x width x 

depth), at a sampling of 1000 x 5000 x1024 pixels (X x Y x Z). The imaging light beam in 

OCT is weakly focused, providing high spatial resolution over a depth of focus of a few 

hundred microns. The OCT beam was set to assess cutaneous tissue to a depth of approximately 

300 µm below the skin surface. This ensured that the appropriate vascular tissue was assessed. 

Individual OCT measurements (A-scan) were acquired at a rate of 76 kHz and the total 

acquisition time was approximately 90 seconds. We found this acquisition time to be well 

tolerated by our subjects, with minimal movement artifact. The stack of A-scans was collected 

and speckle decorrelation analysis performed. Further details of this image acquisition and 

analysis are described elsewhere (389). In brief, the characteristics of the speckle noise are 

related to blood flow speed, with faster blood flow giving rise to more rapid fluctuations in the 

speckle noise. Speckle indicating blood vessels is automatically delineated from the 

surrounding static tissue using standard imaging processing techniques, with the speckle 

fluctuations providing an estimate of flow speed at each point. We calculated the average vessel 

diameter (units: micrometer) and average flow speed within vessels (units: micrometer per 
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second) over the entire scanning field of view. We also computed the average flow in each 

vessel (units: picolitres per second). Finally, we computed an estimate of vessel density by 

generating a two-dimensional projection image of the blood vessels (shown in Figure 5.1) and 

quantifying the pixels that lay on a blood vessel as a percentage of the total 5 x 5 mm field of 

view. 

 

Local heating responses of OCT-derived diameter, speed, flow and density are reported as 

percentages changes between baseline and post-local heating (relative changes). Due to severe 

tremor during OCT-scanning, images from one participant in DFU group were eliminated from 

OCT analysis. 

 

5.2.4 Statistics 

Sample size calculation was based on the published data of Sandeman et al. (1991) (154) which 

reported the difference in skin microvascular responses to local heating stimuli using the LDF 

technique between three groups: non-insulin dependent, insulin dependent diabetic subjects 

and controls. Mean and variance data derived from this study was assessed using the formula 

of Hozo et al. (2005)  (408). Assuming α=0.05 and β=0.8, the minimum number of subjects 

required to establish significance is 7 per group (G*power, version 3.1.9.7).   

 

Data are presented using graphing software (PRISM 8.1; GraphPad, La Jolla, CA). All data are 

reported as means ± SD unless stated otherwise and statistical significance was assumed at P 

< 0.05. A two-way repeated measures analysis of variance (ANOVA) was performed to 

calculate differences between groups, before and after local heating (time factor), for both OCT 

and LDF outcome measures. If the significant interaction and/or main effects were detected, 

post-hoc analysis by Fischer’s least significant difference was performed to determine the 
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differences between groups. One way ANOVA analysis was performed to compare data 

between groups wherein only one variable factor was applied (e.g., baseline data of skin 

temperature, blood pressure and %changes of LDF-derived flux or OCT-derived parameters 

from baseline).   

 

5. 3 Results 

5.3.1 Subject characteristics 

There were no differences in age or blood pressure (systolic, diastolic and mean) between 

groups when one-way ANOVA was performed. However, body mass index (BMI) was 

significantly different between groups (P = 0.03), with post-hoc tests revealing higher values 

in the DFU group compared with the CON group (P = 0.010). Resting heart rate (RHR) and 

BT were significantly different between groups (all P < 0.01), with RHR and BT higher in 

DFU (RHR P = 0.004; BT P = 0.02) and DNU (RHR P = 0.002; BT P = 0.002) than CON. 

However, RHR and BT were within the normal range.  Further details of participant 

characteristics are shown in Table 5.1.   

 

5.3.2 Baseline characteristics and the effects of local heating on LDF-derived parameters 

Table 5.2 summarizes baseline characteristics and LDF responses to 30 min of local heating 

parameters in each group. There was a significant difference (one-way ANOVA) in foot skin 

temperature at rest between groups (P < 0.001), whereby the foot skin temperature in DFU > 

DNU > CON group (CON vs DNU P = 0.005; CON vs DFU P < 0.001; DNU vs DFU P = 

0.002). There were no significant changes in blood pressure during local heating (time P = 

0.735; group P = 568; time*group P = 0.516).  

 

We compared LDF-derived flux and CVC at baseline and following prolonged local heating 

using two-way repeated measures ANOVA. This revealed a significant main effect of time (P 
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< 0.001) but no significant main effect for group (flux P = 0.107; CVC P = 0.316). Time*group 

interaction for LDF-derived flux was significant (P = 0.023), but not significant when 

expressed in CVC (P = 0.067). Baseline LDF-derived flux and CVC were not different 

between groups (Table 5.2).  

 

LDF-derived flux greatly increased at the end of the plateau phase following 30 min of local 

heating, compared with the baseline state, in all groups (all P < 0.001, Table 5.2). LDF-derived 

flux after 30 min of local heating was lower in DFU than CON group (P = 0.003) and DNU (P 

= 0.007). Statistical comparisons revealed no significant differences between groups in terms 

of relative increases from baseline in response to heating (P = 0.427). 

 

In keeping with the above LDF-derived flux results, there were significant increases in skin 

conductance in all groups following 30 min of local heating at 44○C (all P < 0.001). The skin 

conductance relative changes from baseline values also showed no significant differences 

between groups (P = 0.457) (see further detail in Table 5.2). 

 

Figure 5.2 shows average values of LDF-derived flux in 30 seconds bins from baseline (point 

a) until the end of the rapid local heating (point d) period. Two minutes after completing the 

rapid local heating to 44○C, each group reached a transient peak in LDF (point b, P = 0.014, 

one-way ANOVA). This transient peak was lower in DNU than CON (102.7 ± 33.0 vs 135.5 

± 46.5 PU, P = 0.029) and lower again in DFU subjects (95.5 ± 31.2 PU vs 135.5 ± 46.5 PU, 

P = 0.006). Following these transient peaks, the skin flux slowly rose until it reached a plateau 

in CON and in the DNU groups, whereas in DFU subjects there was a transient drop (nadir, 

point c) in skin flux, before values rose to a plateau phase in all groups (point d, P = 0.003 one-

way ANOVA). The temporal pattern of LDF skin flux therefore differed between groups. The 
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total local heating response (AUC) of LDF-derived flux was significantly different between 

groups (P < 0.001, one-way ANOVA), whereby DFU (3831 ± 358.0 PU.min, P < 0.001) and 

DNU (4044 ± 379.2 PU.min, P < 0.001) group possessed lower responses compared with CON 

(5141 ± 415.7 PU.min). No differences were apparent between the DFU and DNU groups (P 

= 0.198). 

 

Figure 5.1 Representative optical coherence tomography (OCT)-derived images from CON 

(top: A,B), DNU (middle: C,D) and DFU (bottom: E,F) subjects at baseline (left) 

and during LH (right). Blood vessels are color-coded to indicate flow speed (m.s-

1). The white scale bar represents 500 µm. CON: control; DFU: diabetic foot ulcer; 

DNU: diabetic non-ulcer; LH: local heating. 
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Table 5.2 Cutaneous microvessel local heating responses using laser Doppler flowmetry (LDF-derived parameters) 

 

CON DNU DFU ANOVA 

BL LH 
P value 

(BL vs LH) 
BL LH 

P value 

(BL vs LH) 
BL LH 

P value 

(BL vs LH) 

P value 

Flux (PU)     33 ± 13    171± 38 <0.001     28 ± 17     135 ± 48† <0.001    35 ± 18    135 ± 36† <0.001 0.023 (two-way RM)* 

% changes flux   498 ± 237   482 ± 243  380 ± 262 0.427 (one-way) 

CVC (PU/mmHg)  0.34 ± 0.15 1.80 ± 0.48  <0.001  0.31 ± 0.17    1.52 ± 0.56 <0.001 0.37 ± 0.20   1.45 ± 0.34 <0.001 0.067 (two-way RM) 

% changes CVC 513 ± 238 472 ± 263  389 ± 273 0.457 (one-way) 

MABP, finger 

(mmHg) 
100.1± 12.7 99.6 ± 13.5  0.757  92.6 ± 18    94.6 ± 18.1   0.283 96.5 ± 14      96 ± 14   0.756 0.516 (two-way RM) 

Resting skin 

temperature (○C) 
 29.6 ± 1.2 31.3 ±1.3† 33.1 ± 1.4†‡ <0.001(one-way)* 

LDF Heat Unit 

Temperature (○C) 
 33.1 ± 0.3  44.0 ± 0 <0.001  33.0 ± 0    44.0 ± 0 <0.001 33.3 ± 0.5   44.0 ± 0 <0.001  

OCT Heat Unit 

Temperature (○C) 
 33.1 ± 0  44.2 ± 0 <0.001  33.1 ± 0    44.2 ± 0 <0.001 33.3 ± 0.4   44.2 ± 0 <0.001  

Data are presented in mean ± SD. Two way repeated measures  ANOVA (P value indicated interaction between time*group factors) were used to test the LDF-derived 

flux and CVC at baseline and the end of local heating between groups, whilst %changes were tested using one way ANOVA. Post-hoc P value for baseline and local 

heating responses within groups are detailed in the columns.  

*Significantly different from control group at P < 0.05,  

†significantly different from control group at P < 0.01.  

‡significantly different from DNU group at P < 0.01    

ANOVA: analysis of variance; BL: baseline; CON: control; CVC: cutaneous vascular conductance; DFU: diabetic foot ulcer; DNU: diabetic non-ulcer;  

LH: Local heating; MABP: mean arterial blood pressure; OCT: optical coherence tomography; PU: perfusion units; RM: repeated measures.  



156 
 

5.3.3 Baseline characteristics and the effects of local heating on OCT-derived parameters 

Baseline characteristics and local heating responses for OCT-derived parameters (diameter, speed, 

flow rate and density) for each group are summarized in Figure 5.3. Two-way repeated measures 

ANOVA revealed significant interaction effects for time*group for all OCT-derived parameters and 

main effect for time. However, there were no significant main effects of group for any OCT-derived 

parameters (Figure 5.3).   

 

Figure 5.1 shows representative images of one individual’s OCT-derived images from the dorsum of 

the foot from each group at baseline (left panel: A, C, E) and in response to local heating (right panel: 

B, D, F). At baseline, OCT-derived density (vessel recruitment) was higher in DFU compare to 

control group (21.9% ± 11.5% vs 14.3% ± 5.6%, P = 0.048) (Figure 5.3), while the larger diameter 

apparent in the DFU group compared with CON (Figure 5.1) was not significant (P = 0.07). 

 

There were significant increases in OCT-derived diameter, speed, flow rate and density following 

prolonged heating in all groups (all P < 0.001, Figure 5.3). Compared to CON group (115.5 ± 11.7 

µm), OCT-derived diameters were significantly lower in the DFU group (94.3 ± 13.4 µm, P < 0.001). 

The DFU group also differed from the DNU group (106.7 ± 12.1 µm, P = 0.024). The relative changes 

in OCT-derived diameter from baseline in response to local heating were significantly different 

between group (P < 0.001, one-way ANOVA) where the responses were much lower in the DFU 

group (18.8% ± 13.6%, P < 0.001) and the DNU group (35.8% ± 17.2%, P = 0.044) compared with 

CON group (53.1% ± 25.1%), and the difference between the DFU and DNU group was borderline 

significant (P = 0.050). 
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Compared to the DNU group (84.6 ± 10.0 µm.s-1), OCT-derived speed was slightly lower in the DFU 

group (78.7 ± 8.6 µm.s-1, P = 0.051). OCT-derived relative changes in speed from baseline during 

heating was not significantly different between groups (P = 0.077). 

 

Figure 5.2 Graph shows cutaneous red cell blood LDF-derived flux mean (SEM) from CON (black 

circle), DNU (white circle) and DFU (white rhombus) groups at rest (33○C), during rapid 

local heating from 33-44○C and constant heating at 44○C. Point a (baseline) and d (end of 

local heating) show the same time point as optical coherence tomography (OCT)-scan; b: 

transient peak; c: nadir. A two-way repeated measures  ANOVA was performed to 

analyze the differences of laser Doppler flowmetry (LDF)-derived flux across the time 

from baseline until the end of local heating between groups. One way ANOVA was 

performed to analyze LDF-derived flux at transient peak, nadir, and total AUC heating 

responses (AUC). CON: control; DFU: diabetic foot ulcer; DNU: diabetic non-ulcer; PU: 

perfusion units. 
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Figure 5.3 Optical coherence tomography (OCT)-derived parameters (diameter, speed, flow rate, and 

density) at baseline and the at the end of 30 min prolonged local heating. The local heating 

responses relative to their baseline are shown as % changes. Data are presented in mean 

(SEM). A two-way repeated measures analysis of variance (ANOVA) was performed to 

calculate differences between groups, before and after heating for all OCT-derived 

parameters. One-way ANOVA analysis was performed to analyze relative changes of all 

OCT-derived parameters. #Significant different (P < 0.001) of local heating responses from 

their baseline within the same group. *Significantly different from control group at P < 0.05, 

**Significantly different from control group at P < 0.01. †Significantly different from diabetic 

non-ulcer (DNU) group at P < 0.05. BL: baseline; LH: local heating.    

 

Compared with the CON group (908.8 ± 228.3 pL.s-1, P < 0.001) and DNU (768.8 ± 198.4 pL.s-1, P 

= 0.015) groups, OCT-derived flow rate during local heating was lower in the DFU group (584.3 ± 

217.0 pL.s-1) and the difference between the DFU and DNU group was borderline significant (P = 

0.055). The relative changes in OCT-derived flow rate from baseline in response to local heating were 

significantly different between groups (P < 0.001). Compared with CON group (230.5% ± 128.1%), 
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OCT-derived relative changes in flow rate from baseline in response to heating were lower in the 

DFU group (73.4% ± 51.6%, P < 0.001) and the DNU group (135.2% ± 55.6%, P = 0.016).  

 

Compared with the CON group (56.5% ± 9.1%, P = 0.005) and DNU group (53.5% ± 8.0%, P = 

0.047), OCT-derived density during local heating was lower in DFU group (44.7% ± 15.0%). The 

relative changes in OCT-derived density from baseline in response to local heating were significantly 

different between groups (P = 0.038). Compared with CON group (320.1% ± 210.6%), OCT-derived 

relative changes in density from baseline in response to heating was also lower in the DFU group 

(130.5% ± 89.9%, P = 0.046). 

 

5. 4 Discussion 

This purpose of this study was to establish the feasibility of using OCT to visualize and quantify 

cutaneous microvascular structure and function in people with diabetes in response to the 

physiological stimulus of skin heating. By recruiting people with diabetes, with and without foot 

ulcers, and comparing them to healthy age and sex matched controls, we hoped to ascertain whether 

OCT-derived measures could distinguish between clinical populations. Our study has several 

important findings: (i) that differences exist between diabetic sub-groups and controls in terms of 

resting OCT-derived visual characteristics, (ii) that local heating is a potent stimulus that increases 

OCT-derived outcomes such as microvessel diameter, speed, flow and density, (iii) that 

microvascular reserve, or capacity for microvascular functional parameters to respond to heating, is 

impaired in patients with diabetes, with greater impairment in those with established ulceration.  

 

The most compelling outcome of our study was that the change in OCT-derived parameters, from 

resting values in response to imposed skin heating (Figure 5.3), was impaired in people with diabetes, 
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and further attenuated in those with foot ulcers.  This clear and consistent step-wise impairment, 

whereby CON>DNU>DFU across all parameters, strongly suggests that OCT is capable of 

discriminating between subjects with different degrees of microvascular dysfunction. The % change 

panels in Figure 5.3 reflect differences that exist between groups in response to heating, but also in 

baseline data. Our careful inspection of individual data, such as the examples provided in Figure 5.1, 

suggests to us that important differences exist between controls and participants with diabetes at rest, 

as well as in response to heating. There was consistent appearance of larger highly perfused vessels 

in the diabetic groups at rest, but sparse appearance of smaller, possibly more nutritive, vessels. In 

response to heating, the perfusion of smaller vessels is clearly evident in controls, whereas in diabetic 

groups larger vessels remain highly perfused, with a lesser degree of small vessel engorgement. This 

is the first time, to our knowledge, that visualization of skin microvessels has been reported in 

different clinical populations and in response to physiological stimulation. Our observations are 

broadly consistent with the proposal that nutritive blood flows are impaired in diabetic microvascular 

disease, while perfusion of larger non-nutritive microvessels may be paradoxically enhanced. It is 

notable that resting skin temperatures were higher in the diabetic subjects (°C: DFU>DNU>CON), 

which accords with the visual OCT evidence and also with the common clinical observation that 

diabetic skin is “warm”. It is also notable that LDF flux values did not reflect the pattern evident in 

the OCT and skin thermistor data, which highlights the limitations of this approach.  

 

Our study was not specifically designed to examine the two prevailing paradigms pertaining to 

microvascular disease in people with diabetes; the capillary steal versus hemodynamic hypotheses. 

However, we think that future OCT-driven research, perhaps involving prospective time-course 

studies of the progressive evolution of microvascular disease, may shed important light 

pathophysiology. Another promising future opportunity is the combination of OCT visualization and 
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quantification of in vivo functional responses alongside skin biopsy techniques. In recent studies, 

biopsies performed in the lower leg have revealed various results, with lower microvascular density 

observed in T2DM compared to healthy controls (409), whereas higher microvascular density was 

found in T1DM  versus control subjects (410). These results perhaps depending upon the disease type 

and severity. In this present study, we recruited participants with both types of diabetes. The relative 

heterogeneity of our sample might reflect different characteristics of skin microvascular impairment. 

Nonetheless, abnormal cutaneous microvascular function and/or structure are a common to both type 

of diabetes and OCT approach is robust to determine the skin microvascular impairment in general 

diabetic populations. 

 

We used local heating because it is a simple, easily administered and safe approach to assessing 

abnormalities in microvessel function and structure (e.g., density) in response to a common and 

relevant physiological stressor. In contrast to the preserved or increased values for diameter, speed, 

flow and density apparent at rest in diabetic subjects, responses to imposed (and identical) heating 

stimuli revealed consistently diminished responses in both diabetic groups, with more exaggerated 

impairment in the DFU group. These observations reinforce the importance of examining vascular 

responses to physiologically relevant stimuli in humans, in addition to obtaining quiescent data. 

Cutaneous vasodilation in response to local heating involves a complex integrated and redundant 

group of neural and intrinsic mechanisms (6), including axonal reflexes (12) and the release NO (12, 

87, 102, 130), endothelium derived-hyperpolarizing factors (EDHF) (102), and other autocrines. In 

healthy non-glabrous (hairy) skin, rapid non-painful local heating (up to 42○C) classically induces a 

bimodal response (12), with an initial peak mediated by an axon reflex (12), followed by a transient 

nadir, and subsequent plateau phase (12, 87). In this study we chose a modified local heating protocol 

which aimed to induce maximal vasodilation and so assess functional and structural aspects of 
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microvascular dilation (389). The impaired heating responses we observed in the DFU and DNU 

groups may be due to loss of neurogenic vasodilation and/or reduced synthesis of NO or other local 

factors. We think it will be possible in future studies, using a combination of OCT assessment and 

simultaneous microdialysis/iontophoresis delivery of specific pathway antagonists (130, 180, 411), 

to pharmaco-dissect individual pathways responsible for the regulation of cutaneous microvascular 

dysfunction/function in health and disease. 

 

Reduced local heating responses in the skin of diabetic subjects have previously been observed, using 

LDF. The maximum skin microvascular response to local heating was significantly impaired in type 

1 diabetes mellitus (T1DM) (153), type 2 diabetes mellitus (T2DM) (154, 155), and T1DM/T2DM 

with neuropathy and ischemic-neuropathy (149), compared with healthy controls. Unfortunately, this 

modality (and others such as LDI and TcpO2 monitor), along with local heating approaches, were 

unable to discriminate the severity of impairment in skin microvascular responses between diabetics 

with and without ulceration (155). Furthermore, none of these studies directly observed or quantified 

individual structural or functional changes in microvessel beds, which we were able to achieve using 

our OCT approach. Ours is therefore the first study, to our knowledge, to both visualize and quantify 

differences in diameter, speed, flow rate and density at rest and in response to physiological 

stimulation in diabetic and control subjects.  

 

Limitations 

Our study has several limitations. Since skin microvascular density is heterogenous, different vascular 

beds may exhibit distinct responses to the local heating (222). OCT imaging was obtained from a 

small area of skin microvessels and may not be a representative of other areas of the skin. This 

limitation is common to others technique such as LDF, NIRS and also to biopsy approaches. We also 
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rendered the images in two dimensions. It is feasible that future development will might enable 3D 

imaging.  A further limitation is that our pilot study was performed in a limited sample of diabetic 

(type 1 and type 2) and control subjects. This relatively heterogenous sample might contribute  to 

more variable results. Future studies should be conducted to longitudinally assess larger cohorts of 

patients and to determine the utility of OCT in risk stratifying the diabetic foot, predicting outcomes 

and instituting early treatment. Finally, it is important to emphasize that the current OCT approach 

we use has poor temporal resolution and it is also impractical to use a 30 min heating protocol to 

assess microvascular structure and function in a working clinic. However, these issues will be 

overcome as OCT technology advances and it highly feasible that more rapid heating protocols will 

be developed. 

 

5. 5 Conclusions 

Our novel findings indicate that OCT may offer powerful insights into the pathology/physiology of 

microvascular diseases in humans. We have demonstrated the feasibility of directly visualizing 

changes in microvascular function and structure in healthy subjects and quantified abnormalities 

which are disease severity-specific in patients with diabetes. The techniques we introduce in this 

study may prove useful for diagnosing early stages of microvascular disease in high risk patients, in 

characterizing disease progression and assessing the efficacy of therapeutic interventions.  
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CHAPTER 6 

Visualizing and quantifying cutaneous 

microvascular reactivity in humans by use of 

optical coherence tomography: Impaired 

dilator function in diabetes 

 

Based on Argarini, et al. (2020), as detailed below: 

Argarini R, McLaughlin RA, Joseph SZ, Naylor LH, Carter HH, Haynes A, Marsh CE, Yeap 

BB, Jansen SJ, Green DJ. Visualizing and quantifying cutaneous microvascular reactivity in 

humans by use of optical coherence tomography: Impaired dilator function in diabetes: American 

Journal of Physiology – Endocrinology and Metabolism: American Journal of Physiology 

Endocrinology and Metabolism 319. E923–E931, 2020. DOI: 10.1152/ajpendo.00233.2020 (peer 

reviewed). 

https://doi.org/10.1152/ajpendo.00233.2020
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6.0 Abstract  

Introduction. The pathophysiology and time course of impairment in cutaneous 

microcirculatory function and structure remain poorly understood in diabetics, partly due to the 

lack of investigational tools capable of directly imaging and quantifying the microvasculature 

in vivo. Methods. We applied a new optical coherence tomography (OCT) technique, at rest 

and during reactive hyperemia (RH), to assess the skin microvasculature in diabetic people 

with foot ulcers (DFU, n=13), diabetics without ulcers (DNU, n=9) and matched healthy 

controls (CON, n=13). OCT images were obtained from the dorsal part of the foot, at rest and 

following 5 min of local ischemia induced by inflating a cuff around the thigh at suprasystolic 

level (220 mmHg). One-way ANOVA was used to compare the OCT-derived parameters 

(diameter, speed, flow rate and density) at rest and in response to RH, with repeated measures 

two-way ANOVA performed to analyze main and interaction effects between groups. Data are 

means ± SD. Results. At rest, microvascular diameter in the DFU (84.89 ± 14.84 µm) group 

was higher than CON (71.25 ± 7.6 µm, P = 0.012) and DNU (71.33 ± 12.04 µm, P = 0.019) 

group. Speed in DFU (65.56 ± 4.80 µm.s-1, P = 0.002) and DNU (63.22 ± 4.35 µm.s-1, P = 

0.050) were higher than CON (59.58 ± 3.02 µm.s-1). Microvascular density in DFU (22.23% ± 

13.8%) was higher than CON (9.83% ± 2.94%, P = 0.008), but not than the DNU (14.8% ± 

10.98%, P = 0.119) group. All OCT-derived parameters were significantly increased in 

response to RH in CON group (all P < 0.01) and DNU group (all P < 0.05). Significant increase 

in the DFU group was observed in speed (P = 0.031) and density (P = 0.018). The change in 

density was lowest in the DFU (44% ± 34.1%) group compared with CON (199.2% ± 117.5%, 

P = 0.005) and DNU (148.1% ± 98.4%, P = 0.054). Conclusions. This study proves that non-

invasive OCT microvascular imaging is feasible in diabetic subjects, provides powerful new 

physiological insights and can distinguish between healthy individuals and diabetic patients 

with distinct disease severity.  
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6. 1 Introduction 

Diabetic foot ulceration (DFU) is one of the most devastating complications of diabetes, 

costing more than $1 billion per annum in the US alone (412). Impaired microvascular structure 

(413) and function (143) are an integral pathological component in DFU and lead to poor 

wound healing and, ultimately, amputation (7, 165). Complications related to DFU account for 

more than 80% of all amputations in the US and significantly contribute to the cost of care 

(412).  

 

DFU is caused by any, or a combination of, the following factors; pressure injury in the 

presence of peripheral neuropathy, peripheral vascular disease, or infection following injury 

(134). Although some studies refute the existence of occlusive microcirculatory manifestations 

in diabetics (413, 414), microvascular dysfunction is apparent in diabetics following injury and 

physiological stress (143, 153). Microvascular abnormalities in diabetes include basement 

membrane thickening (143), increased vascular permeability (144) and impaired 

autoregulation and vascular tone (145).  Impaired endothelium-dependent and -independent 

vasodilatation have also been demonstrated in diabetes patients (149-152). However, despite 

studies suggesting that cutaneous microcirculatory function and structure may be abnormal in 

diabetes, the pathophysiology and time course of disease progression remain poorly understood 

due, in large part, to the lack of investigational tools capable of directly imaging and 

quantifying microvascular function and structure in vivo. 

 

In recent years, a variety of techniques have been introduced to assess the cutaneous 

microcirculation. Laser Doppler flowmetry (LDF) and transcutaneous oxygen pressure 

(TcPO2) have been the most widely adopted, based on their ease of use and ability to provide 

continuous signals (165). The LDF technique measures the Doppler shift induced by the 
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movement of red blood cells through the skin blood vessels, providing an indirect and 

qualitative assessment of red cell “flux” (210). LDF is sometimes used in conjunction with 

intradermal microdialysis (130, 180) or iontophoresis (325). However, it is not capable of 

visualizing or quantifying individual or regional microvascular anatomy or blood flow. Other 

microcirculatory imaging techniques are also limited for human use, either because they are 

confined to highly specific regions (e.g., nailbeds in the case of capillary microscopy) or 

because they possess relatively poor spatial resolution [e.g., >100 µm in the case of laser 

Doppler imaging (210)].  

 

Optical coherence tomography (OCT) (415) is a novel non-invasive technology that can 

visualize blood vessels as small as ~30 µm. We have recently developed and demonstrated 

OCT approaches capable of visualizing the complexity of the cutaneous microcirculation, both 

at rest and in response to acute physiological stimulation, and quantified diameter (30-500 µm), 

speed, flow rate and density (15, 389, 407, 416). Our approach provides comparable between-

day reproducibility as that associated with traditionally used laser Doppler techniques (416). 

The purpose of the present study was to apply our OCT approach to the assessment of the skin 

microcirculation in people with diabetes with and without DFU, compared with age- and sex-

matched healthy controls. OCT-based microcirculatory measures were compared to those 

obtained using traditional LDF and to measures of large artery function. We hypothesize that 

OCT-based measures will be capable of directly visualizing and quantifying skin 

microcirculatory abnormalities in people with diabetes at rest and in response to reactive 

hyperemia (RH). Hence, our primary endpoints were OCT-derived microcirculatory 

parameters (diameter, speed, flow rate and density) at rest and during RH.  
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6. 2 Methods 

6.2.1 Subject characteristics 

Participants enrolled in the diabetic non-ulcer group (DNU, n=10) had a history of diabetes for 

a minimum of 1 year and had never experienced a diabetic foot ulcer. Participants in diabetic 

foot ulcer (DFU, n=13) group met the following criteria: a minimum 1-yr history of diabetes, 

at least one current or recent (<3 months) foot ulcer, at least one palpable pedal pulse and or a 

toe systolic blood pressure (TSBP)>70 mmHg and/or ankle brachial pressure index 

(ABPI)>0.7. People with a previous history of endovascular treatment on their assessed leg, 

such as stenting or bypass grafting, and/or amputation at a level proximal to the metatarsal, 

were excluded from this study. During their participation in this study, pharmacotherapy, 

wound care, specific footwear, and physical activity (PA) levels were maintained according to 

their usual standard care. None of the subjects achieved daily guidelines for PA levels. The 

patients with diabetes were recruited through vascular-endovascular and diabetes-endocrine 

departments of public hospitals. We also recruited age- and sex-matched healthy controls 

(CON, n=13) from the local community through advertisement. Participants in this group were 

screened to ensure they were free from diabetes, cardiovascular (e.g., angina, ischemic heart 

diseases, stroke), and metabolic diseases and were all non-smokers. Pre-menopausal status and 

the use of blood pressure drugs did not constitute an exclusion in this study.  

 

This study conformed to the Declaration of Helsinki and was reviewed and approved by Sir 

Charles Gairdner and Osborne Park Health Group Ethics Committee with approval also granted 

by The University of Western Australia Human Research Ethics Committee (Project Research 

Number:  RGS0000001881). All of the participants provided written informed consent prior to 

their involvement in this study. 
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6.2.2 Experimental protocol 

Participants in this study were tested in the Cardiovascular Research Laboratory of the 

University of Western Australia at the same time of day (8:00-11:00 AM). Room temperature 

was maintained at 23○C. A day before the test, subjects were advised to refrain from caffeinated 

drinks (coffee, tea, energy drink, etc.) and alcohol, avoid vigorous physical activity and to clean 

(or shave) the dorsum of their feet.  They were requested to fast or have lightly breakfast (toast, 

cereals, or banana) >4 hours before testing session. They were also asked to complete a 

questionnaire on their medication use  and smoking history. The glycated hemoglobin (HbA1C) 

levels of participants in the diabetic groups were obtained from their recent medical records. 

 

After the familiarization, anthropometric characteristics (body weight and height) were 

measured. Supine blood pressure was also assessed after 20 min of quiet rest (Dinamap V100, 

GE Healthcare, Chicago, IL). The assessed leg (leg with ulcer for people in DFU group, 

randomly chosen for DNU and CON groups) were constrained in a bespoke boot, supported 

with a foam pad to minimized leg movement during all testing, and prevent pressure injury 

(Figure 6.1).  

 

6.2.2.1 Conduit artery endothelium-dependent dilation 

Simultaneous assessment of endothelium-dependent dilation was conducted in the brachial and 

femoral arteries according to well-established guidelines (380, 381). In brief, to examine 

diameter and shear stress-induced flow-mediated dilation (FMD), the arm was extended and 

pneumatic cuffs were placed around the forearm, distal to the olecranon process, while the 

other cuff was placed around the thigh, proximal to the knee. Both cuffs were connected to a 

rapid inflated/deflated pneumatic device (D. E. Hokanson, Bellevue, WA) to induce distal limb 
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ischemia. Ultrasound probes (15 MHz), attached to high-resolution ultrasound machines 

(T3200; Terason, Burlington, MA), were placed on the upper arm and proximal thigh. Once 

optimal images of the brachial and femoral arteries were obtained, the probes were held stable 

and ultrasound parameters were set to optimize the longitudinal, B-mode images of lumen-

arterial wall interface. Along with the artery diameter, continuous Doppler velocity was 

collected using the lowest possible insonation angle (<60°). Following 1 min of baseline 

recording (Camtasia Studio 8; Techsmith, Okemos, MI), the pneumatic cuffs on the forearm 

and thigh were inflated simultaneously to suprasystolic level (220 mmHg), for 5 min. 

Ultrasound recording resumed 30 seconds before cuff deflation and continued for a further 3 

min. All recording data were saved in video files (.avi) for post-test analysis. 

 

6.2.2.2 Conduit artery endothelium-independent dilation  

Ten min after the assessment of endothelium-dependent flow mediated dilation, a 1-min resting 

ultrasound scan was repeated on the brachial and femoral arteries, simultaneously, at identical 

sites. This was followed by administration of a single sublingual dose of glyceryl trinitrate 

(GTN, 400 µg). Ultrasound recording then proceeded for 8 min.  

 

Post-test analysis of artery diameter and velocity for assessment of endothelium-dependent and 

independent dilation was undertaken via customized edge-detection and wall-tracking 

software. Our coefficient of variability (CV) using this software is 6.7% and the reproducibility 

of analysis is significantly better than manual methods (417).  

 

6.2.2.3 Microvascular assessments 

OCT and LDF were used to scan the skin microvasculature at rest and following a 5-min 

ischemic stimulus. OCT and LDF probes were positioned on the dorsal foot, proximal to the 
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toes (Figure 6.1). A skin thermistor (MLT409; ADinstruments, Bella Vista, NSW, Australia) 

was placed between the OCT and LDF probes to measure skin temperature. OCT imaging was 

performed using a commercial imaging system (Telesto III; Thorlabs GmbH, Lübeck, 

Germany) with a central wavelength of 1,300 nm and axial resolution of 5 µm in the tissues 

(assuming the refractive index of the skin is 1.43) (285). The OCT scanning probe (LSM03, 

Thorlabs GmbH) has a lateral resolution of 13 µm. A 3D printed customized spacer (Form2; 

Formlabs, Sommerville, MA) was attached to the scanning probe to ensure a standard distance 

between the scanning probe and the skin surface. Imaging was performed through the central 

bore of a probe holder (PF450; Perimed, Stockholm, Sweden), affixed to the participants dorsal 

foot using double-sided adhesive rings. A thin layer of ultrasound gel was applied between the 

skin and the probe to reduce the refractive index mismatch at the skin surface (277). Skin red 

blood cell flux was simultaneously measured using a seven Doppler arrays laser probe (model 

413; Periflux 500 system; Perimed, Jarfalla, Sweden). This LDF probe were positioned 

adjacent to OCT probe on the dorsal foot using the same double-sided adhesive rings. Blood 

pressures were continuously recorded using a Finometer (Finapres NOVA, Amsterdam, the 

Netherlands). The instrumentation settings are shown in Figure 6.1. 

 

Skin microvascular structure and function were assessed at rest and following cuff deflation 

associated with the FMD technique described above. The resting OCT-scan was obtained in 

two forms: over the large (5 x 5 x 2.56 mm) and small (2.5 x 2.5 x 2.56 mm) field of view 

(FOV). The FOV here is defined as (x,y,z), where z is in the direction of the light beam and x,y 

are approximately parallel to the skin surface. Post-occlusion OCT-scans were performed 30 

seconds after the cuff deflation to capture the reactive hyperemic responses using the small 

FOV. LDF was calculated at the same time point for comparison with OCT, with LDF data 

also presented as area under the curve across the 3 min (AUC) following cuff deflation to 
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calculate the total reactive hyperemia responses. Cutaneous vascular conductance (CVC) was 

calculated as a ratio of LDF-derived flux expressed in arbitrary perfusion units (PU) to mean 

arterial blood pressure (Finometer). All OCT/LDF-derived parameters were also presented as 

a relative rise (%) from the preceding baseline.  The details of our OCT-derived image analysis, 

quantification and reproducibility of outcome measures is provided in our methodological 

paper (416) and also summarized in a methodological supplement 

(https://doi.org/10.6084/m9.figshare.12792572). 

 

Figure 6.1 Instrumentation settings of OCT and LDF on the dorsum of the foot. A skin 

thermistor was placed between the two probe holders (OCT and LDF). The 

assessed leg was constrained within a custom-designed boot, supported by a 

customized foam pad to minimize leg movements. 

 

6.2.3 Statistical methods 

Sample size calculation was based on the published data of Fuente et al. (2019) (418) which 

reported the difference in skin microvascular PORH responses between people with a cardio-

metabolic medical history (dyslipidemia, hypertension, diabetes mellitus, cardiovascular 

disease, smoking habit) versus healthy controls, using LDF. Assuming α=0.05 and β=0.8, the 

minimum number of subjects required to establish significance is 8 per group (G*power, 

version 3.1.9.7). Statistical analysis and graphing of results was performed by using standard 

statistical analysis software (PRISM 8.1; GraphPad, La Jolla, CA). One-way and repeated 

https://doi.org/10.6084/m9.figshare.12792572
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measures two-way ANOVA was performed to analyze the OCT- and LDF-derived parameters, 

and endothelium-dependent and -independent dilation. If significant values were found, 

Fischer’s least significant difference test was used for post-hoc analysis. All data are presented 

as means ± SD unless stated otherwise, and statistical significance was assumed at P < 0.05. 

6. 3 Results 

6.3.1 Subject characteristics 

We recruited 10 subjects to the DNU group, 13 to the DFU group and 13 to the CON group; 

however one participant in the DNU group failed to complete the FMD protocol due to 

discomfort reported during the cuff inflation and was excluded from the analysis. There were 

no differences in age (P = 0.129) between the groups. The BMI of the participants in DFU 

group was higher compared with DNU and CON groups, however there were no statistically 

significant differences between groups (P = 0.21). Systolic blood pressure in the DFU group 

(134 ± 15 mmHg) was higher compared with CON (124 ± 11 mmHg, P = 0.046) and DNU 

(122 ± 12 mmHg, P = 0.027) group. Diastolic blood pressure (P = 0.191) and mean arterial 

blood pressure (P = 0.071) were comparable between groups.  Resting heart rate in DFU (73 

± 10 bpm, P = 0.005) and DNU (74 ± 14 bpm, P = 0.006) group were higher compared with 

the CON group (61 ± 8 bpm). The dorsal foot skin temperature at rest (Table 6.1) was 

significantly higher in both diabetic groups compared with the CON (DNU vs CON P = 0.005; 

DFU vs CON, P < 0.001) group. The skin temperature in DFU was higher compared with 

DNU group (P = 0.003). Further detail of subjects and their medical characteristics are 

summarized in Table 6.1. Assessment of resting blood flow via duplex ultrasound of the 

femoral artery showed higher flow in DFU group compared to DNU and CON (DFU vs DNU, 

P = 0.01; DFU vs CON, P = 0.016), whereas no difference was found between DNU and CON 

group (P = 0.661; Table 6.2). 
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6.3.2 Effects of post-occlusive reactive hyperemia on microvascular structure and 

function 

6.3.2.1 Laser Doppler flux and cutaneous vascular conductance 

LDF-derived parameters at baseline, expressed as either flux or AUC, were higher in both 

diabetic groups compared with the CON group, although these differences were not statistically 

significant by one-way ANOVA. However when expressed as a CVC, the DNU group showed 

higher CVC (0.41 ± 0.23 PU.mmHg-1 vs 0.19 ± 0.09 PU.mmHg-1, P = 0.023) compared with 

the CON group, whereas there were no significant differences between DFU group with CON 

(P = 0.16) and DNU (P = 0.29)  group (see Figure 6.2).  

 

Post-occlusive responses showed an increase of LDF-derived flux in all groups (CON: P < 

0.001; DNU: P = 0.010; DFU: P < 0.001), AUC (CON: P < 0.001; DNU: P = 0.004; DFU: P 

< 0.001), CVC (CON: P < 0.001; DNU: P = 0.002; DFU: P = 0.002). CVC in DNU group 

was borderline higher than the CON group (0.67 ± 0.31 PU.mmHg-1  vs 0.48 ± 0.23 PU.mmHg-

1, P = 0.054).  

 

The relative changes of LDF-derived parameters showed a consistent stepladder trend, in which 

the %changes of CON>DNU>DFU; however it was borderline significant for LDF-derived 

flux (CON vs DNU vs DFU: 174% ± 98% vs 105% ± 136% vs 84% ± 57%, one-way ANOVA, 

P = 0.063) and CVC (CON vs DNU vs DFU: 172% ± 93% vs 107% ± 150% vs 83% ± 60%, 

P = 0.089), whereas the relative changes of total hyperemic flux across the post-occlusion 3 

min (AUC) showed no differences (CON vs DNU vs DFU 130% ± 107% vs 81% ± 106% vs 

63% ± 46%, P = 0.16) (Figure 6.2). 
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6.3.2.2 Optical coherence tomography 

Due to subject movement during scanning (motion artifact), some of the OCT-derived images 

could not be analyzed and the ultimate sample sizes for baseline analyses were DNU=9, 

DFU=9, CON=12. An example of images derived from OCT at rest and during RH are shown 

in Figure 6.3, with quantitative results summarized in Figure 6.4.  OCT-derived (large FOV) 

diameter at rest in the DFU (84.9 ± 14.8 µm) group was higher than CON (71.3 ± 7.6 µm, P = 

0.012) and also higher than the DNU (71.3 ± 12.0 µm, P = 0.019) group. OCT-derived speed 

at rest in DFU (65.6 ± 4.8 µm.s-1, P = 0.002) and DNU (63.2 ± 4.4 µm.s-1, P = 0.05) groups 

were higher than CON (59.6 ± 3.0 µm.s-1). OCT-derived flow rate at rest in the DFU (391.4 ± 

154.8 pL.s-1) group was higher than the CON (236.3 ± 68.2 pL.s-1, P = 0.005) and DNU (263.1 

± 118.8 pL.s-1, P = 0.025) groups. Finally, OCT-derived density at rest in the DFU (22.2 ± 13.8 

%) group was higher than CON (9.8 ± 2.9 %, P = 0.008), but not than the DNU (14.8 ± 11.0 

%, P = 0.119) group. 

 

OCT-derived parameters in the CON group (diameter, P = 0.005; speed, P < 0.001; flow rate, 

P =0.004; density, P < 0.001) and DNU group (diameter, P =0.038; speed, P < 0.001; flow 

rate, P = 0.024; density, P < 0.001) were significantly increased in response to RH. However, 

in the DFU group, a significant increase was only observed in OCT-derived speed (P = 0.031) 

and density (P = 0.018; Figure 6.4).  

 

Relative changes in OCT-derived parameters were calculated as percentage differences in 

parameters as a result of RH, compared with their preceding baselines (CON=10; DNU=9; 

DFU=6). The relative change in OCT-derived density was significantly lower in the DFU (44% 

± 34%) group compared to CON (199% ± 117%, P = 0.005) and borderline significantly lower 

than the DNU (148% ± 98%, P = 0.054) group. The relative changes in other parameters 

(diameter, speed and flow rate) were statistically insignificant between groups, although all 
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results showed a consistent trend in those parameters, with higher %changes in the CON group, 

followed by DNU and then the DFU group (Figure 6.4). 

Table 6.1 Subjects characteristics 

 CON 

(n=13, 6♀7♂) 

DNU 

 (n=9, 4♀5♂) 

DFU 

(n=13, 5♀8♂) 

 ANOVA  

P value 

 

Age, yr  58.9 ± 9.8 66.7 ± 7.2     59.8 ± 9.7         0.129 

BMI, kg.m-2 27.5 ± 5.7 28.8 ± 7.3     31.7 ± 5.5        0.21 

Blood pressure, mmHg     

  Systolic  124 ± 11 122 ± 12      134 ± 15*†        0.048 

  Diastolic  72 ± 6   69 ± 10        75 ± 7        0.191 

  Mean 89 ± 7   86 ± 10        95 ± 8        0.071 

Resting heart rate, beats/min 61 ± 8       74 ± 14**   73 ± 10**        0.005 

Resting skin temperature, ○C 28.9 ± 1.1     30.6 ± 1.4**     32.3 ± 1.4**††      <0.001 

HbA1C, % NA  8.1 ±1.3       8.4 ± 2.1        0.683 

HbA1C, (mmol/mol) NA   (64.6±14.2)     (68.3±23.1)        0.678 

Type of diabetes      

   Type 1 - 1 3  

   Type 2 - 8 10  

Duration of diabetes, years - 20.1 ± 6.5     23.6 ± 11.2  

Other medical condition/risk factors     

  Hypertension 1 1 9  

  Hypercholesterolemia 0 5 8  

  History of cardiovascular diseases 0 1 3  

  History of cerebrovascular 

diseases 

0 0 0  

  Current; Ex-Smoker 0;2 0;4 0;5  

Medication     

  Insulin injection 0 4 7  

  Non-insulin antidiabetic injection  0 2 2  

  Oral anti diabetic 0 5 6  

  Anti-hypertension 1 2 9  

  Anti-hypercholesterolemia 0 5 8  

Data are presented in mean ± SD. CON: Control; DNU: Diabetic Non-Ulcer; DFU: Diabetic Foot Ulcer; 

♀: female; ♂: male. 

*Significantly different from CON group at P < 0.05. 

**significantly different from CON group at P < 0.01. 

†Significantly different from DNU group at P < 0.05. 

†† significantly different from DNU group at P < 0.01. 
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Figure 6.2 Laser Doppler flowmetry (LDF)-derived parameters expressed in flux (A), ratio of 

flux to the mean arterial blood pressure [MABP; i.e., cutaneous vascular 

conductance (CVC), B] and area under the curve (AUC, C) at baseline (BL) and 

during post-occlusive reactive hyperemia (RH). RH responses relative to their 

baseline are shown as %changes. Data are presented as means (SE). #P < 0.05; 

##P < 0.01; ###P < 0.001 for RH responses from their baseline within the same 

group. *different from control (CON) group at P < 0.05.  
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Table 6.2 Brachial and femoral artery characteristics 

 CON DNU DFU 
ANOVA 

P value 

Brachial artery     

  Baseline diameter, mm 3.6 ± 0.6 3.8 ± 0.9       4.4 ± 0.6* 0.028 

  Flow mediated dilation, % 8.9 ± 2.8        5 ± 1.6**    6.2 ± 2.4** 0.025 

  Flow mediated dilation, mm 0.3 ± 0.1     0.2 ± 0.1**      0.3 ± 0.1 0.017 

  Shear rate AUC 24940 ± 27020 29550 ± 20960 21280 ± 15800 0.718 

  GTN, % 26.2 ± 10.9   12.8 ± 6.6**    17.1 ± 6.4* 0.006 

Femoral artery 

  Baseline diameter, mm 6.3 ± 1.3   6 ± 0.9      6.2 ± 1.6        0.87 

  Baseline total AUC mean flow, mL.min-1 86.5 ± 38.6   76 ± 59.6 142.4 ± 64.7*†† 0.016 

  Flow mediated dilation, % 8.2 ± 4.2 4.6 ± 2.7      5.3 ± 4.6 0.121 

  Flow mediated dilation, mm 0.5 ± 0.3 0.4 ± 0.4      0.3 ± 0.2 0.204 

  Shear rate AUC  18520 ± 9550     15840 ± 10440 13900 ± 9500 0.577 

  GTN, %     10.5 ± 7.6 7.4 ± 4.6      6.3 ± 7.7 0.391 

Data are presented in means ± SD. AUC: area under the curve; GTN: glyceryl trinitrate; BL: baseline; CON: 

control; DFU: diabetic foot ulcer; DNU: diabetic non-ulcer. *Significantly different from control group at P 

< 0.05; **significantly different from control group at P < 0.01; †† significantly different from DNU group 

at P < 0.01. 

 

 

Figure 6.3 Examples of optical coherence tomography (OCT)-derived images from control 

(CON, left), diabetic non-ulcer (DNU, middle) and diabetic foot ulcer (DFU, right) 

groups at baseline (top) and during post-occlusive reactive hyperemia (PORH, 

bottom). White scale bar, 500 µm. 
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6.3.2.3 Endothelium-dependent and independent dilation 

Due to the insufficient image quality or subject movement during scanning, brachial FMD 

outcomes were available in DNU=9, DFU=11, CON=12 and femoral FMD in DNU=8, 

DFU=10, CON=11. Some participants were ruled out from GTN analysis because of potential 

interaction with their blood pressure medications. The sample for brachial GTN was DNU=7, 

DFU=12, CON=11 and femoral GTN were DNU=7, DFU=11, CON=10.  

 

 

Figure 6.4 Optical coherence tomography (OCT)-derived diameter (A), speed (B), flow rate 

(C), and density (D) at baseline (small field of view) and during post-occlusive 

reactive hyperemia (PORH) responses. The reactive hyperemia (RH) responses 

relative to their baseline are shown as %changes. Data are presented as means (SE). 

#P < 0.05; ##P < 0.01; ###P < 0.001 for RH responses vs baseline within the same 

group; ** different from control group at P < 0.01.  

 

Baseline brachial artery diameter of the DFU group was higher than that of the CON (4.4 ± 0.6 

mm vs 3.6 ± 0.6 mm, P = 0.011) group. Relative changes (%) in brachial FMD were lower in 

DNU (5.0 ± 1.6%, P < 0.001) and DFU (6.2 ± 2.4%, P = 0.013) groups compared with the 

CON (8.9% ± 2.8%) group. Brachial GTN-dilation was also lower in DNU (12.8% ± 6.6%, P 
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= 0.002) and DFU (17.1% ± 6.4 %, P = 0.015) groups compared with the CON (26.2% ± 

10.8%) group.  

 

Baseline femoral artery diameter was comparable between groups (P = 0.87; Table 6.2). 

Femoral FMD percentage was lower in both the DNU and DFU groups, compared with CON, 

but these differences were not statistically significant (P = 0.121). GTN-induced femoral artery 

dilation also showed no differences between groups (P = 0.391). The details of brachial and 

femoral artery FMD and GTN-mediated dilation are presented in Table 6.2. 

 

6. 4 Discussion 

We have demonstrated that it is feasible to obtain valid images and quantifiable measures of 

microvascular structure and function from the dorsum of the foot in diabetic and control 

subjects utilizing OCT. Our OCT approach was able to distinguish between people with 

diabetes with distinct disease severities, and control subjects. There are several important main 

findings in this study: (1) at rest, DFU subjects exhibited larger diameter, velocity, flow and 

density measures than CON and DNU individuals. Interestingly, baseline brachial artery data 

and skin temperature revealed a similar trend (Table 6.1 and 6.2). As reported in other studies 

(419-421), higher baseline foot skin temperature in people with diabetes is common, and 

probably a consequence of dilated blood vessels and arteriovenous shunting; (2) reactive 

hyperemia (RH) is a potent stimulus that increases OCT-derived outcomes such as microvessel 

diameter, speed, flow and density. However, in DFU group (Figure 6.4), RH responses were 

only observed in OCT-derived speed and density, but not in diameter and flow. Although the 

LDF measures also demonstrated impairment in the diabetic groups in response to RH, it is not 

able to distinguish the detail of impaired microvascular parameter as observed in the OCT 

approach; (3) microvascular reserve in response to an ischemia stimulus for microvascular 
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functional parameters, particularly in microvascular diameter and density, is impaired in 

diabetic patients, with greater impairment in those with established ulceration. 

 

Collectively, our data suggest that baseline conduit and microvascular perfusion are not 

impaired in the participants with diabetes, including those with DFU. However, preserved 

global perfusion does not infer normal tissue nutrition. Indeed, tissue blood flow in diabetes 

has been reported to occur mostly through arteriovenous shunts, which have lower resistance 

than nutritive capillaries (134). Other studies have reported abolition of sympathetic nerve 

activity in diabetics with foot ulcers (145, 422). Impaired autoregulation of blood flow and 

vascular tone as a consequence of neuropathy is common in diabetes (7) and may contribute to 

the microvascular dilation we observed at rest (Figure 6.2-6.4). In keeping with our results, 

nailfold capillaroscopy in the toes of people with diabetes with neuropathy demonstrated 

dilated capillaries at rest (419), and an increase of capillary density, length and capillary blood 

velocity (CBV) (420) compared with healthy controls, whereas people with diabetes without 

neuropathy exhibited a bimodal distribution and more variable results (419). However, other 

assessments of toe capillaries in people with diabetes with neuropathy have been somewhat 

conflicting; with reductions (421) and no changes in CBV (419), capillary diameter (420) and 

capillary density (421) reported. Reduced resting CBV was also observed in the early onset of 

diabetes, despite normal macrocirculation and total skin microcirculation (423).  In contrast to 

naifold videocapillaroscopy, our OCT technique can be applied to skin in different regions of 

the body, has deeper penetration (~750 μm) below the skin surface, distinct resolution (~30 

μm) and assesses different segments of the microcirculation.  

 

The compensatory and counter-regulatory increase in microvascular structure visible (and 

measurable) at rest in our participants with diabetes reinforces the importance of exposing 
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patients to a physiological stimulus to reveal vascular function. Our OCT findings during RH 

indicate diminished functional reserve in DNU subjects, which is even more pronounced in the 

DFU group. Although OCT-derived parameters significantly increased from baseline levels in 

response to RH in CON and DNU subjects, the DFU group failed to respond to the ischemic 

stimulus. This profound lack of functional reserve, particularly in terms of the change in 

microvascular diameter and density, presents a potentially powerful tool for ascertaining the 

degree of microvascular impairment between people with diabetes and therefore potential for 

tissue loss from injury. Simultaneously derived LDF measures also demonstrated impairment 

in the diabetic groups in response to RH but with the limitation that microvascular diameter, 

velocity, flow and density measures are not able to be derived from that method. In addition, 

the LDF measures are qualitative and do not provide visual images of the microvascular bed. 

 

The mechanisms responsible for reactive hyperemic responses in cutaneous microvessels 

remain obscure (87, 130). In conduit arteries, diameter responses are largely nitric oxide (NO)-

mediated (378, 379) and endothelium-dependent (375, 424) and diabetic subjects exhibit 

impaired FMD responses compared with healthy controls (214). Reactive hyperemia responses 

in cutaneous microvessels may be largely independent of NO (211, 395), although further 

evidence is required to support this contention. Other putative pathways, including 

endothelium-derived hyperpolarizing factor (EDHF) (213), sensory nerve-induced dilation 

(425) and cyclooxygenase metabolites (395), may contribute to the microvascular RH dilator 

response. Several studies have shown that multiple signalling pathways are dysfunctional in 

the skin of diabetic subjects (151, 152). In the present study, our OCT data indicate that 

diameter and flow rate responses to RH are diminished in diabetics, with more pronounced 

impairment in the DFU group. This microvascular impairment in RH responses was also 

apparent in LDF-derived parameters, although not to the same extent as in the OCT outcomes, 
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which revealed impaired vasodilator reserve. Vasodilator impairment was also apparent in 

conduit artery NO-mediated responses, particularly in the brachial artery. Collectively, these 

data indicate a profound degree of vascular dysfunction in diabetes, which is disease severity 

specific, involves endothelial dysfunction as well as structural vascular changes that impact 

vasodilator reserve, and occur at distinct levels of the vascular tree. Whether microvascular 

impairment relates to and/or precedes that in larger arteries (426, 427) is an important question 

in terms of early disease detection and should be the focus of future studies.  

 

Limitations 

There are several limitations of this study. The OCT technique remains experimental and 

currently possesses relatively poor temporal resolution. To obtain high-resolution spatial 

images, acquisition requires 30-90 seconds, depending on the field of view (FOV). As reactive 

hyperemic responses occur rapidly following cuff release, we were only able to capture our 

OCT responses in a relative small FOV. However, this approach has comparable 

reproducibility to LDF techniques (416) and future OCT hardware and software development 

will improve the rate of image capture. As the OCT scanner acquires 3D volumetric data, an 

opportunity for improvement will be rendering of our two-dimensional OCT images as 3D 

“blocks” of skin, with the ultimate goal being real time assessment of diameter and flow 

changes through the complex 3D plexus and communicating vessels that are unique to the skin 

microcirculation. Another limitation is that we included a relatively heterogeneous sample, 

including type 1 and 2 people with diabetes. Nonetheless, the results of our study are 

translationally relevant to the diabetic populations typically seen by general practitioners, 

outpatient consultants and community diabetes services.  
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6. 5 Conclusions 

To our knowledge, this is the first study to use an OCT imaging approach, in combination with 

reactive hyperemia, to characterize changes in cutaneous microvascular structure and function 

in people with diabetes. Our non-invasive approach is entirely safe, easily applied and 

potentially cheap. Our study reveals that skin microcirculatory impairment is evident in 

diabetic people, and more exaggerated if they have advanced disease (i.e., a history of 

ulceration). In conclusion, we have demonstrated the feasibility of utilizing an OCT approach 

to distinguish between changes in microcirculatory structure and function, at rest and in 

response to acute physiological stress. This approach combines the fields of advanced 

bioengineering and human integrative physiology to characterize diabetic complications in 

vivo. In future, and with further development, the approaches introduced in this study could be 

applied to the early detection of microvascular disease, monitoring of disease progression, 

prediction of healing and assessment of the efficacy of interventional strategies aimed at 

preserving vascular function and retarding disease progress.  
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CHAPTER 7 

Adaptation to exercise training in conduit 

arteries and cutaneous microvessels in 

humans: An optical coherence tomography 

study  

 

Based on Argarini et al. (2021) as detailed below: 

Argarini R, Carter HH, Smith KJ,  Naylor LH, McLaughlin RA, Green DJ. Adaptation to 

exercise training in conduit arteries and cutaneous microvessels in humans: An optical 

coherence tomography study. Medicine and Science in Sports and Exercise. DOI: 

10.1249/mss.0000000000002654 (peer reviewed).  
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7.0 Abstract 

Introduction. Exercise training has anti-atherogenic effects on conduit and resistance artery 

function and structure in humans and induces angiogenic changes in skeletal muscle 

microvessels. However, training-induced adaptation in the cutaneous microvessels is poorly 

understood, partly because of technological limitations. Optical coherence tomography (OCT) 

is a novel high-resolution imaging technique capable of visualizing cutaneous 

microvasculature at a resolution of ~30 µm. We utilized OCT to visualize the effects of training 

on cutaneous microvessels, alongside assessment of conduit artery flow-mediated dilation 

(FMD). Methods. We assessed brachial FMD and cutaneous microcirculatory responses at rest 

and in response to local heating and reactive hyperemia; pre- and post-training in eight healthy 

men compared with age-matched controls (n=8). Participants in the training group underwent 

supervised cycling at 80% maximal heart rate, three times a week for 8 weeks. Results. We 

found a significant interaction (P =0.04) whereby an increase in FMD was observed after 

training (post 9.83% ± 3.27% vs pre 6.97% ± 1.77%, P = 0.01), with this post-training value 

higher compared with control group (6.9% ± 2.87%, P = 0.027). FMD was not altered in the 

controls (P = 0.894). There was a significant interaction for OCT-derived speed (P = 0.038) 

whereby a significant decrease in the local disc heating response was observed after training 

(post 98.6 ± 3.9 μm.s-1 vs pre 102 ± 5 μm.s-1, P = 0.012), whereas no changes was observed 

for OCT-derived speed in the control group (P = 0.877). Other OCT responses (diameter, flow 

rate and density) to local heating and reactive hyperemia were unaffected by training. 

Conclusions. Our findings suggest that vascular adaptation to exercise training is not uniform 

across all levels of the arterial tree; although exercise training improves larger artery function, 

this was not accompanied by unequivocal evidence for cutaneous microvascular adaptation in 

young healthy subjects. 
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7. 1 Introduction 

Exercise training has beneficial effects on conduit and resistance artery function, structure and health 

in humans. Previous studies have shown that training enhances endothelium-and nitric oxide (NO)- 

mediated function in healthy subjects (428-431) and those with cardiovascular risk factors (e.g., 

hypertension, hypercholesterolemia, obesity, diabetes) and diseases (180, 432, 433). Functional 

adaptation can be accompanied, or superseded by, arterial remodelling (429, 430, 434). Training 

induced resistance and conduit artery adaptation occur as a result of localized muscle training (385, 

430) and also in vascular beds that are not directly involved in the exercise stimulus (431, 435, 436). 

The mechanisms responsible for training-induced adaptation are mediated, at least partly, by episodic 

exposure to increased shear stress (348, 430, 431) alongside transmural pressure changes during 

exercise (347, 348). 

 

Although robust evidence supports training effects on conduit and larger resistance artery function 

and remodelling, microvascular adaptation is more difficult to image, quantify and describe. In 

skeletal muscle, biopsy studies suggest that exercise training stimulates angiogenesis by promoting 

growth in the number of capillaries, with consequent increases in capillary density (334), capillary-

to-fiber ratio (334, 336) and capillary lumen area (336). This adaptation is mediated by angiogenic 

factors such as vascular endothelial growth factor (334, 336, 340), in concert with increases in 

mechanical forces such as shear stress, and is potentiated by metabolism and hypoxia (340). In 

contrast to skeletal muscle, less is known regarding training effects on cutaneous microvessels. The 

cutaneous circulation is an active vessel bed during exercise in humans, responsible for increasing 

heat dissipation and maintaining body temperature. It has been suggested that skin blood flow may 

approach 8 L.min-1 during whole body heat stress (24), a volume that exceeds resting cardiac output. 

It might be speculated that intrinsic cutaneous adaptation to repeated exercise exposure could enhance 
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heat dissipation. However, relatively few studies have investigated the effect of exercise training on 

the skin microcirculation, with mixed results. In cross-sectional studies, people with higher fitness 

have demonstrated enhanced endothelium-dependent vasodilation in the skin microcirculation 

compared with less fit controls (324, 325). However, other studies did not find such between-group 

differences (126, 328). Wang (330) reported an increase in skin blood flow at rest, in response to 

incremental exercise and endothelium-dependent vasodilation after 8-weeks of exercise training in 

young healthy, sedentary people. Enhanced NO contribution to skin vasodilation after exercise 

training was also reported in people with impaired microvascular function, such as sedentary older 

individuals (130), type 2 diabetes mellitus (T2DM) (180) and non-alcoholic fatty liver patients (158), 

whereas Middlebrooke et al. (332) reported no change in skin microcirculatory function in T2DM 

following 6 months of aerobic exercise. The endothelial-independent dilation and maximal dilator 

capacity have been reported to not change (130, 324) or decrease (325) with training. Our group 

recently reported paradoxical decreases in peak laser Doppler flowmetry (LDF) responses to a 

localized heating stimulus following 8-weeks of cycle training (333), and also to repeated passive 

heating (103). We proposed that structural adaptation in the skin microcirculation may account for 

the decrease in peak red cell flux we observed, with a consequential increase in transit time facilitating 

heat dissipation. However, this conclusion was speculative, since laser Doppler provides indirect and 

qualitative data relating to averaged cell flux, rather than direct visualization of microvessels that 

would enable quantification of microvessel density, diameter, speed and angiogenesis (97). 

 

Non-invasive imaging of cutaneous microvessels is a promising approach for early detection of 

changes in microvascular function and health in vivo, because an abundance of skin blood vessels lay 

superficial beneath the skin surface. It has been proposed that skin microvessel function could reflect 

generalized microvascular function in humans (97). However, previous skin assessment techniques 
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have not been able to directly visualize and quantify cutaneous microvascular function or structure. 

We recently developed a non-invasive optical coherence tomography (OCT) technology that provides 

high-resolution images that enable quantification of the diameter, speed, flow rate and recruitment of 

blood vessels in the skin microcirculation to a resolution of ~30 µm. We have published data 

regarding the feasibility and reproducibility (389, 416) of this approach for visualizing and 

quantifying cutaneous microvascular changes induced by physiological stimuli such as reactive 

hyperemia (416) and local heating (389). In the current study, we applied this OCT technique to 

assess the impact of exercise training on cutaneous microvascular adaptation. We hypothesize that 

exercise training will increase structural indices of skin microcirculation (diameter and density), with 

consequent decreases in the speed of blood transit through the microcirculation, alongside 

improvements in conduit artery function, cardiorespiratory fitness and body composition. 

 

7. 2 Methods 

7.2.1 Subject characteristics 

Sixteen young and healthy men were recruited for this study (26.4 ± 4.7 yr, 169.3 ± 5.4 cm, 77.7 ± 

14.1 kg, 26.9 ± 3.8 kg.m-2) from the local community through advertisement. At study entry, the 

participants were randomized into control or training groups. Block randomization was used to ensure 

a balanced number of participants assigned into each group. The inclusion criteria included: healthy 

(free from cardiovascular, metabolic, and respiratory diseases), sedentary or recreationally active 

(<150 min of exercise per week), non-smokers, free from medication or supplements. Baseline 

participant characteristics and those after 8-weeks of intervention, are provided in Table 7.1. This 

study was approved by The University of Western Australia's Human Research Ethics Committee 

and conformed to the standards outlined in Declaration of Helsinki (reference number RA/4/7134). 

All subjects provided written informed consent prior to their involvement in this study. 
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7.2.2 Study design 

Before study commencement, participants visited the laboratory for familiarization with the study 

protocol and completed a medical history and pre-activity questionnaire. Preliminary assessments 

were undertaken during two different visits: visit 1 for body composition (dual-energy x-ray 

absorptiometry) and VO2max testing; visit 2 for vascular assessments. All assessments were conducted 

at the same time of day in a quiet and temperature controlled (23°C) laboratory in the Cardiovascular 

and Exercise Research Centre at The University of Western Australia. After preliminary assessment, 

all participants were asked to maintain their usual level of daily physical activity, while participants 

in the training group underwent additional supervised exercise training, as described hereinafter. All 

preliminary assessments were repeated following 8-weeks of intervention, at least three days after the 

last exercise session to eliminate any acute exercise effects.  

 

7.2.3 Exercise training intervention 

Participants performed exercise on a stationary bicycle ergometer (Monark Ergomedic 828E, Varberg 

Sweden), three times per week across an 8-weeks period. Each session of exercise consisted of 30 

min of cycling at 80% of maximal HR (HRmax), derived from a maximal exercise test undertaken 

before the exercise training (see discussion hereinafter). Our exercise intervention in this study was 

based on the American College of Sport Medicine (ACSM) guidelines on cardiorespiratory exercise 

training (437). Following a 5-min warm-up, subjects were supervised to maintain their target heart 

rate in the cadence of 60 rpm by adjusting the workload accordingly. A Polar H10 (Polar, Kempele, 

Finland) heart rate monitor was used to continuously monitor heart rate during each exercise session. 

The total of 24 exercise sessions were performed in the supervised laboratory. 
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7.2.4 Cardiorespiratory fitness (VO2max) assessment protocol 

Participants performed a maximal exercise test (ramp protocol) until volitional fatigue to determine 

their VO2max. The test was performed on an electronically braked cycle ergometer (Lode, Groningen, 

Holland). All tests were performed under similar conditions (23○C, 54% relative humidity). After a 

5-min warm-up at 50 W and self-selected cadence, the incremental test commenced. Workload was 

increased by 20 W every 2 min, and subjects were allowed to choose their preferred cadence within 

the range of 70-90 rpm. Rate of perceived exertion was assessed at the end of every stage, before each 

workload was progressed. Verbal encouragement was given to the subjects to continue the test until 

volitional exhaustion. The test was terminated when the subject was unable to consistently maintain 

a pedal cadence greater than 70 rpm. During the test, minute ventilation, oxygen uptake (VO2), carbon 

dioxide production, fraction of oxygen and carbon dioxide, were recorded over 15-seconds epochs 

using an automated metabolic cart system (TrueOne®2400; ParvoMedics, Salt Lake city, UT). Gas 

analyzers were calibrated before each test using room air and a certified gas mixture (4% CO2, 16% 

O2, balance N2, Airgas Healthcare, Miami, FL) and a metered 3-L syringe (Hans Rudolph Inc., 

Shawnee, KS) in accordance with manufacturer's instructions. VO2max was defined by the following 

criteria: (1) oxygen consumption failed to increase linearly with an increase in workload; (2) 

respiratory exchange ratio (RER) was greater than 1.1; (3) HR achieved >90% age-predicted HRmax. 

VO2max was recorded as the highest reading averaged over four consecutive epochs. VO2max was 

reported normalized by body weight (in mL.kg-1.min-1). 

 

7.2.5 Anthropometry and body composition assessment 

Body weight and height were measured using an electronic scale (CPWplus-200; ADAM 

Instruments, Oxford, CT) and a stadiometer, with participants wearing light clothes and no shoes. 

Body mass index (BMI) was calculated as body weight (in kg) divided by height (in m2).  Body 
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composition (fat and lean mass) and bone density were analyzed using dual energy x-ray 

absorptiometry (Lunar Prodigy; GE Medical Systems, Madison, WI), calibrated daily; fat mass, 

visceral adipose tissue, lean body mass and bone mineral density were assessed.  

 

7.2.6 Vascular assessments 

Before the vascular assessment, participants were asked to fast for 6 hours, and abstain from alcohol, 

tea, caffeine and chocolate 12-hours before test (380, 381). They were also asked to avoid exercise 

or vigorous activity for 24-hours before each test. 

 

7.2.6.1 Conduit artery endothelial function assessment: Flow-mediated dilation (FMD) 

After instrumentation and 20-min of supine rest, blood pressure and heart rate were obtained 

(Dinamap V100, GE Healthcare, Chicago, IL). After this, conduit artery endothelial function was 

assessed in the brachial artery using the flow-mediated dilation (FMD) method, in accord with well-

established guidelines (381) which are briefly summarized hereinafter. 

 

The right arm was extended and supported using a contoured foam pad. A pneumatic cuff was placed 

around the forearm, distal to the olecranon process, and connected to a rapid inflated/deflated 

pneumatic device (D. E. Hokanson, Bellevue, WA) to induce local ischemia. An ultrasound probe 

(15MHz), attached to high-resolution vascular ultrasound machine (T3200; Terason, Burlington, 

MA) was placed on the upper arm. Once an optimal image of the brachial artery was obtained, the 

probe was held stable and ultrasound parameters were set to optimize longitudinal B-mode images of 

the lumen-arterial wall interface. Along with the artery diameter, continuous Doppler velocity was 

collected using the lowest possible insonation angle (<60°). After 1 min of baseline recording 

(Camtasia Studio 8, Techsmith, Okemos, MI), the pneumatic cuff on the forearm was inflated 
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simultaneously to suprasystolic level (220 mmHg) for 5 min. Ultrasound recording resumed 30 

seconds before cuff deflation and continued for a further 3 min. All data were saved as video files 

(.avi) for post-test analysis.  

 

Post-test analysis of artery diameter and velocity were undertaken using customized edge-detection 

and wall-tracking software. Our coefficient of variability (CV) using this software is 6.7% and the 

reproducibility of analysis is significantly better than manual methods (417). Brachial artery FMD 

was presented as the relative dilation from the preceding resting diameter (in %), whereas arterial 

flow was calculated as area under the curve (AUC) at baseline and also during the peak response 

immediately after the cuff pressure (in mL.min-1). We calculated the shear rate stimulus responsible 

for endothelium-dependent FMD as area under the shear rate curve (SRAUC) from cuff deflation to 

the point of maximal arterial dilation.   

 

7.2.6.2 Skin microvascular assessment: Laser Doppler Flowmetry (LDF) and Optical Coherence 

Tomography (OCT) 

The experimental preparation is illustrated in Figure 7.1. Microvascular assessment was performed 

using a seven-element array LDF probe (model 413, Periflux System 5000, Perimed), with OCT 

(Telesto III; Thorlabs GmbH, Lübeck, Germany) measures assessed simultaneously. Both techniques 

collected data at rest, and in response to two different physiological stimuli: reactive hyperemia and 

local skin heating. Reactive hyperemia elicits sensory nerve (213) and NO-independent endothelium-

mediated vasodilation (211), whereas local heating stimulates axonal reflex and NO-mediated 

dilation (12). Beat-to-beat continuous arterial blood pressure and heart rate were recorded throughout 

each session using a Finometer PRO (Finapres NOVA, Amsterdam, the Netherlands) with finger 

cuffs placed on the contralateral arm. LDF and blood pressure/heart rate data were exported to a data 
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acquisition system (PowerLab, LabChart 8; ADInstruments, Colorado Springs, CO) for offline 

analysis. Skin conductance was calculated as LD flux ÷ mean arterial pressure (PU.mmHg-1). 

 

Figure 7.1 Illustration of the timeline of vascular assessment protocol (A), instrumentation for OCT 

and LDF probes and skin microvascular assessment in the FMD protocol (B), and  

schematic diagram of OCT probe (imaging head)-skin tissue interface (C). 

 

The OCT imaging system has a central wavelength of 1,300 nm and an axial resolution of 5 µm in 

tissues (assuming a refractive index of 1.43 for the skin). The lateral resolution of the OCT scanning 

probe (LSM03, Thorlabs GmbH) is 13 µm. This scanning probe was affixed to customized three-

dimensional (3D) printed spacer (Form2; Formlabs, Sommerville, MA) to ensure a standard distance 

between probe and skin surface. A thermostatic probe holder (PF450; Perimed, Stockholm, Sweden) 

was fitted inside the custom spacer, allowing the OCT imaging to be performed through it during 

localized heating (Figure 7.1).  

 

The skin sites for microvascular assessment were shaved 24-hours prior to the assessment. A small 

drop of ultrasound gel was placed between the skin and a transparent square microscope slide (8 x 8- 
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mm) attached to the thermostatic probe holder. This provided a flat imaging surface, eliminating 

imaging artifacts due to the surface shape of the subject's skin (277). LDF and OCT probe holders 

were positioned on the ventral forearm using double-sided adhesive rings, adjacent of each other 

(distance <5 cm), with a skin temperature sensor (MLT; ADInstruments, Bella Vista, NSW, 

Australia) placed between the probe holders. After positioning the probe, Henna dye was placed 

around the outer diameter of each probe holder to tattoo the site for repeat placement after the 

interventions.  Once the test was completed, the participant's forearm was wrapped with transparent 

plastic and the OCT/LDF sites were again drawn using Henna dye. Photographs were also taken and 

distances from anatomical landmarks recorded. Repeated measures were therefore collected at the 

same site in each subject. 

 

Skin microvascular assessment during reactive hyperemia was assessed simultaneously with brachial 

artery FMD assessment, as described above. A resting OCT image was obtained over 5 x 5 x 2.5 mm 

field of view (FOV). The FOV here is defined as (x,y,z), where z is in the direction of the light beam 

and x,y are approximately parallel to the skin surface. Post-occlusion OCT-scans were performed 30 

seconds after the cuff deflation to capture the reactive hyperemic responses using a smaller FOV (2.5 

x 2.5 x 2.5 mm) to optimize the timing of assessment. LDF baseline and post-occlusion assessments 

were captured and analyzed using the same time window (90 seconds at baseline and 30 seconds 

during reactive hyperemia), to ensure consistency with the OCT measures. 

 

After a further 10-min rest, assessment of the skin microvasculature in response to a local heating 

protocol was completed on the opposite arm to that exposed to the reactive hyperemia stimulus. An 

LDF probe was again affixed to the central bore of thermostatic holder (PeriTemp 4005 Heater; 

Perimed, Stockholm,Sweden) with an adjacent OCT probe also affixed. OCT images were taken over 
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a 5 x 5 x 2.5 mm FOV for local heating. Once the resting OCT-scan was processed, a local rapid 

heating protocol (1°C per 10 seconds, from 33°C to 44°C, then 30 min at 44°C) commenced (389, 

438). Final OCT heating data was obtained at the end of 30 min of the local heating protocol. LDF-

derived blood flux at either baseline or at the end of 30 min local heating was calculated across the 

same time point (90 seconds bin) as OCT-scans for comparative purposes. 

 

OCT-image acquisition and analysis 

The OCT-derived image acquisition and analysis are described in detail in our methodological articles 

(389, 416), and a brief summary is provided here. OCT data were acquired at a sampling resolution 

of 5 x 1 x 2.5 µm (X x Y x Z), where the X and Y dimensions are approximately parallel to the skin 

surface and the Z dimension is orientated into the skin. The focus of the OCT light beam was set to a 

depth of approximately 300 µm below the skin surface to optimize the image quality over the first 

600-µm depth. Individual OCT measurements (A-scan) were acquired at a rate of 76 kHz and the 

total acquisition time was approximately 90 seconds for large FOV and 30 seconds for smaller FOV. 

We found this acquisition time to be well tolerated by our subjects, with minimal movement artifact. 

The stack of A-scans was collected and speckle decorrelation analysis performed to distinguish blood 

vessels from surrounding tissue using an automated analysis algorithm. The statistical characteristics 

of the speckle noise are related to blood flow speed, with faster blood flow giving rise to more rapid 

fluctuations in the speckle noise. By quantifying the characteristics of the speckle noise, we were able 

to compute an estimate of flow speed at each OCT voxel. Using standard imaging processing 

techniques, voxels containing flow were then aggregated into vessels, providing a two-dimensional 

(2D) projection image of the vasculature parallel to the skin surface. We calculated the average vessel 

diameter (units: micrometers) and average flow speed within vessels (units: micrometers per second) 

over the entire scanning field of view. We also computed the average flow in each vessel (units: 
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picolitres per second). Finally, we computed an estimate of vessel density by generating a 2D 

projection image of the blood vessels (as shown in Figure 7.2) and quantifying the pixels that lay on 

a blood vessel as a percentage of the total FOV. 

 

The OCT-derived diameter, speed, flow rate and density are reported at baseline and in response to 

reactive hyperemia and local heating. All OCT and LDF-derived parameters are also presented as an 

increase (∆) from the preceding baseline, with the exception of OCT-derived parameters in response 

to reactive hyperemia, because different FOV were used to facilitate rapid assessment post cuff 

deflation.  

 

7.2.7 Statistics 

The calculation of sample size was based on the published data of Atkinson et al. (333) which reported 

skin microvascular responses before and after 8 weeks of exercise training. Based on the effect size 

in that experiment, and assuming α=0.05 and β=0.8, the minimum number of subjects required to 

establish a significant change in the cutaneous vascular conductance response to skin heating 

stimulation was determined at seven per group (G*power, version 3.1.9.7).  

 

Statistical analysis was performed using PRISM 8.1 (GraphPad, La Jolla, CA). The results are 

reported as means and SD, unless stated otherwise. Statistical analysis was performed using two-way 

analysis of variance (ANOVA) to calculate differences between groups, with a repeated measure pre- 

vs post-training. When ANOVA tests were significant, post-hoc analysis using Fischer's least 

significant differences were used to assess changes. Further FMD analysis which included SRAUC as 

time varying covariate was performed via linear-mixed modelling in STATA 15.0 (STATA 

Corporation LP, College Station, TX). Results are statistically significant if P < 0.05. 
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Figure 7.2 Representative OCT-derived images from forearm skin microvessels at baseline (left 

panel: A,C,E,G; 33○C) and at the point of maximal local heating (right panel: B,D,F,H; 

44○C) in a control (top panel) and exercise-trained subject (bottom panel). White arrows 

point to similar sites assessed in these individuals at the study entry (week 0) and during 

the repeated OCT-scan following exercise training or control interventions (week 8). 

Blood vessels are color-coded to indicate flow speed (in micrometers per second). The 

white scale bar represents 500 µm. 
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7. 3 Results 

7.3.1 Subject characteristics 

Participant characteristics before (week 0) and after (week 8) intervention are presented in Table 7.1. 

Age, resting blood pressure, resting heart rate (RHR), body weight and BMI did not differ between 

groups at baseline (Table 7.1, week 0). There was no significant (time*group) interaction for systolic 

blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP) or heart rate 

(two-way ANOVA: SBP P = 0.454; DBP P = 0.791; MAP P = 0.813; RHR P = 0.395), suggesting 

that there were no divergent responses in these outcomes in the two groups. However, there were 

significant main effects for resting SBP (time effect P = 0.01 and group effect P = 0.03) suggesting 

that SBP decreased after intervention and that SBP in the training group was lower across both time-

points than in controls. Post-hoc analysis subsequent to the main effect for time revealed that SBP 

was significantly lower relative to its baseline in the training group (post 108 ± 5 mmHg vs pre 113 

± 6 mmHg, post-hoc P = 0.019), but not the controls (P = 0.144).  Post-hoc analysis subsequent to 

the main effect for group revealed that SBP was significantly lower only for the post-training time 

point (training 108 ± 5 mmHg vs control  115 ± 6 mmHg, P = 0.019) but not at baseline (training 

113 ± 6 mmHg vs control  118 ± 5 mmHg, P = 0.089).  In any event, all measures of SBP were within 

the normal range.  

 

In keeping with these results for SBP, there was a significant time effect for resting MAP (P = 0.012) 

whereas group effect was borderline significant (P = 0.053), suggesting that MAP decreased after 

intervention period across groups. Post-hoc analysis subsequent to this main effect for time revealed 

significant reduction in MAP relative to its baseline in the training group (post 77 ± 4 mmHg vs pre 

81 ± 5 mmHg, post-hoc P = 0.044), but not the controls (P = 0.082).  There was also a significant 

main effect for time for resting DBP (P = 0.048), but no group effect (P = 0.08). Post-hoc analysis 
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subsequent to this effect showed no significant reduction of DBP relative to its baseline in either 

group (all P ≥ 0.05). Similarly, there was a significant time effect for RHR (P = 0.014), but no group 

effect (P = 0.118), suggesting that RHR decreased after intervention across groups.  Post-hoc analysis 

subsequent to this main effect revealed significant reduction of RHR relative to its baseline in the 

training group (post 60 ± 3 bpm vs pre 66 ± 8 bpm, post-hoc P = 0.021) but not in the controls (P = 

0.198). No changes were evident in body weight or BMI after training (two-way ANOVA, interaction 

and main effect P ≥ 0.05).  

 

Table 7.1 Subjects characteristics  

 Control (n=8, ♂) Training (n=8, ♂) RM two-way ANOVA,  

P Value 

Week 0 Week 8 Week 0 Week 8 Time Group Interaction 

Age,(yr) 26.4 ± 4.3 26.4 ± 5.3  >0.999 (t.test) 

Blood pressure (mmHg) 

 Systolic   118 ± 5  115 ± 6    113 ± 6  108 ± 5*# 0.01   0.03       0.454 

 Diastolic     69 ± 6    66 ± 6      65 ± 5    61 ± 4 0.048   0.084       0.791 

 Mean Arterial Pressure     85 ± 5    81 ± 5      81 ± 5    77 ± 4* 0.012   0.053       0.813 

Resting Heart Rate, bpm    70 ± 10    67 ± 8      66 ± 8    60 ± 3* 0.014   0.118       0.395 

Body weight, kg 80.8 ± 15.4 80.9 ± 15.8   74.6 ± 12.9 74.0 ± 13.3 0.646   0.38       0.488 

BMI, kg m-2 27.7 ± 4.5 27.7 ± 4.6   26.3 ± 3.2 26.0 ± 3.2 0.545   0.446       0.412 

Cardiorespiratory fitness   

 VO2max, mL. kg-1.min- 29.9 ± 5.7 29.1 ± 5.4   29.7 ± 2.8 36.3 ± 2.6**## 0.001   0.11    <0.001 

  HRmax, bpm  185 ± 11  179 ± 9*    184 ± 12  178 ± 8* 0.002   0.84    >0.999 

 Timemax, min 14.2 ± 1.7 13.5 ± 1.6   13.7 ± 2.3 16.9 ± 3.4**## 0.038   0.177      0.003 

 Powermax, W  147 ± 19.8  143 ± 14.1    165 ± 33.4  185 ± 33.4 **## 0.037   0.038      0.005 

Values are mean ± SD. *P < 0.05, **P < 0.01 week 0 vs week 8 within the same group; #P < 0.05, ##P < 0.01 

control vs training at the same time point. RM: repeated-measures. 

 

7.3.2 Effect of exercise training on cardiorespiratory fitness (VO2max) 

The two-way  ANOVA analysis for VO2max revealed a significant interaction effect (P < 0.001, Table 

7.1) and time effect (P = 0.001), but no group effect (P = 0.11), whereby VO2max increased after 8-

weeks of training (post 36.3 ± 2.6 mL.kg-1.min-1 vs pre 29.7 ± 2.8 mL.kg-1.min-1, post-hoc P < 0.001), 

and the post-training value was significantly higher compared with the control group (29.1 ± 5.4 

mL.kg-1.min-1, post-hoc P = 0.002). No change of VO2max was evident in the control group (P = 
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0.442). There was no significant interaction or group effect for HRmax, but the time effect was 

significant (P = 0.002), whereby HRmax post-test was lower in both the training and control groups at 

week 8 (training group: post 178 ± 8 bpm vs pre 184 ± 12 bpm, post-hoc P = 0.023; control group: 

post 179 ± 9 bpm vs pre 185 ± 11 bpm, post-hoc P = 0.023). However, the maximum exercise time 

and power achieved at max improved only in the training group (timemax interaction effect P = 0.003: 

post 16.9 ± 3.4 min vs pre 13.7 ± 2.3 min, post-hoc P = 0.001; powermax interaction effect P = 0.005: 

post 185 ± 33.4 W vs pre 165 ± 33.4 W, post-hoc P = 0.001). Post-training data were also higher 

compared with the control group (timemax 13.5 ± 1.6 min, post-hoc P = 0.007; powermax  143 ± 14.1, 

post-hoc P = 0.004). No changes were evident in either timemax  or powermax in the control group (all 

P ≥ 0.05).    

 

7.3.3 Effect of exercise training on body composition 

In absolute terms, visceral adipose tissue, total and area-based fat and lean mass, and bone mineral 

density, were not altered after 8-weeks of training (Table 7.2). In relative terms (%), there was no 

significant interaction effect for the percentage of total or area-based fat and lean mass, or bone 

mineral density. However, there was a significant time effect for percentage gynoid fat mass (P = 

0.013) and leg lean mass (P = 0.007), independent of a group effect (% gynoid fat mass P = 0.221; 

% leg lean mass P = 0.274), suggesting that decreased % gynoid fat mass and increased % leg lean 

mass after intervention period were observed in both groups.  Post-hoc analysis subsequent to the 

main effect for time revealed significant reduction of % gynoid fat mass relative to its baseline in 

training group (post 28.8% ± 6.6% vs pre 30.8% ± 6.8%, post-hoc P = 0.006) but not in the controls 

(P = 0.198). In keeping with this, % leg lean mass increased relative to its baseline in the training 

group (post 73.8% ± 5.5% vs pre 72.1% ± 5.4%, post-hoc P = 0.003), but not in the controls (P = 

0.354). Percentages of total/android fat mass and total/arm/trunk mass were not altered, although the 
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results revealed a consistent trend after training for reduced % fat mass and an increase in lean mass 

(all P ≥ 0.05). 

Table 7.2 Body composition 

 

Control (n=8, ♂) Training (n=8, ♂) 
RM two-way ANOVA,  

P Value 

Week 0 Week 8 Week 0 Week 8 Time Group 
Inter-

action 

Fat 

    Total, kg      26.1±8.8     26.4 ± 8.5    23.0 ± 7.4       21.7 ± 7.2 0.306 0.347      0.113 

    Total, %     33.1 ± 6.5     33.1 ± 5.6    31.3 ± 6.3       25.8 ± 12.2 0.188 0.215      0.191 

    Android, kg       2.4 ± 1.1       2.4 ± 1.1      2.1 ± 0.8         1.9 ± 0.8 0.23 0.478      0.198 

    Android, %        40 ± 10.5     40.6 ± 8.7    38.3 ± 10.6       36.1 ± 10.3 0.283 0.542      0.082 

    Gynoid, kg       4.3 ± 1.4       4.3 ± 1.4      4.1 ± 2.2         3.4 ± 1.3 0.117 0.495      0.212 

    Gynoid, %     34.1 ±  6.2     33.6 ± 5.7    30.8 ± 6.8       28.8 ± 6.6* 0.013 0.221      0.111 

Visceral adipose 

tissue, gr 
  805.9 ± 526.4   819.5 ± 567.9  649.1 ± 299.7     599.5 ± 264.7 0.67 0.393      0.457 

Lean mass, kg  

    Total, kg     50.9 ± 6.6      51.0 ± 6.8    48.9 ± 6.5       49.4 ± 6.4 0.261 0.585      0.422 

    Total, %     66.9 ± 6.5      66.9 ± 5.6    68.7 ± 6.3       70.3 ± 6.1 0.087 0.407      0.092 

    Arms, kg       5.5 ± 0.9        5.5 ± 0.9      5.3 ± 0.7         5.3 ± 0.7 0.459 0.665      0.71 

    Arms, %     71.0 ± 5.6      70.7 ± 6.1    71.7 ± 5.4       72.8 ± 5.3 0.299 0.608      0.099 

    Leg, kg     19.4 ± 3.2      19.7 ± 3.3    18.2 ± 3.1       18.5 ± 3.1 0.022 0.471      0.704 

    Leg, %    69.7  ± 5.8      70.1 ± 5    72.1 ± 5.4       73.8 ± 5.5* 0.007 0.274      0.089 

    Trunk, kg     22.2 ± 2.4      21.9 ± 2.6    21.7 ± 2.4       21.9 ± 2.5 0.813 0.828      0.133 

    Trunk, %     62.4 ± 8.3      62.1 ± 6.8    64.4 ± 8.3       66.1 ± 8 0.117 0.291      0.117 

Bone Mineral Density 

Total, g.cm-2     1.27 ± 0.15   1.28 ± 0.16 1.22 ± 0.06   1.22 ± 0.05 0.554 0.369      0.09 

Bone Mineral 

Content, g 
2691.4 ± 456.3 2703.6 ± 464.4 2492.5 ± 379.3 2504.2 ± 388.3 0.148 0.363      0.975 

Values are mean ± SD. * P < 0.05 week 0 vs week 8 within group. RM: repeated-measures. 

  

7.3.4 Effect of exercise training on vascular endothelial function 

Baseline brachial artery diameter did not change in either the training or control group (two-way  

ANOVA interaction:  P = 0.945; time P = 0.422; group P = 0.354). There was a significant interaction 

(P = 0.04) but no main effect for FMD (time effect P = 0.075; group effect P = 0.21) whereby increase 

in FMD was observed after training (post 9.83% ± 3.27% vs pre 6.97% ± 1.77%, post-hoc P = 0.01), 

with this post training value higher compared with control group (6.9% ± 2.87 %, post-hoc P = 0.027). 

No change in FMD was evident in the control group (P = 0.894). Mixed model analyses showed 
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significant time (P = 0.003) and interaction (P = 0.008) effects for FMD, after SRAUC was accounted 

for as time-varying covariate. Brachial blood flow, at baseline, peak or the increase after 5-min period 

of local ischemia period, were unaltered after training (all P ≥ 0.05, see Table 7.3).  

 

7.3.5 Effect of exercise training on skin microvascular characteristics 

Figure 7.2 is representative of OCT-derived images at rest (baseline) and in response to 30 min of 

local heating, collected at Henna-marked sites from one individual in the control and training group. 

Baseline OCT-derived diameter, speed, flow rate and density were not different after training (Figure 

7.3). There was a significant interaction for local heating induced OCT-derived speed (P = 0.038), 

whereby a significant decrease at peak heating was observed after training (post 98.6 ± 3.9 μm.s-1 vs 

pre 102 ± 5 μm.sec-1, post-hoc P = 0.012; Figure 7.3Bii), whereas no change in OCT-derived speed 

was observed in the control group (P = 0.877; Figure 7.3Bi). However, no differences were apparent 

when changes with heating were compared between these groups (Figure 7.3 Biii). Other local 

heating-induced OCT parameters (diameter, flow rate and density) were not altered after training (see 

Figure 7.3). In keeping with these OCT results, skin conductance derived from LDF measures also 

did not reveal any differences at baseline, at peak or in the magnitude of local heating responses 

(Table 7.3).  OCT- (Figure 7.4) and skin conductance (Table 7.3) parameters were unaltered 

following exercise training in response to reactive hyperemia. 
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Figure 7.3 OCT-derived parameters (A: diameter, B: speed, C: flow rate, and D: density) before and 

after intervention, at baseline (BL) and at the end of 30 min prolonged local heating (LH), 

in the control (i) and training (ii) groups. The magnitude of local heating responses are 

shown as the increment of each parameter relative to their baseline (∆ LH-BL, iii). Values 

are presented in means ± SD. A two-way  repeated-measures ANOVA was performed to 

compare local heating responses within groups (i and ii panels: LH*time) and the 

magnitude of local heating responses between group (iii panels: group*time) for all OCT-

derived parameters. *P < 0.05 LH responses vs BL within same time point. #P < 0.05 LH 

responses week 0 vs week 8 within group. 
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Table 7.3. Impact of 8-weeks cycling on brachial artery characteristics and skin microvascular 

reactivity (LDF-derived parameters) 

 
Control (n=8, ♂) Training, (n=8, ♂) 

RM two-way ANOVA  

P Value 

Week 0 Week 8 Week 0 Week 8 Group Time 
Inter- 

action 

Brachial artery  

Diameter 

  Baseline, mm   3.73 ± 0.22 3.81 ± 0.47  3.91 ± 0.42   3.97 ± 0.43 0.354 0.422    0.945 

  FMD, % baseline   7.14 ± 1.74 6.90 ± 2.87  6.97 ± 1.77   9.83 ± 3.27*# 0.21 0.075    0.04 

  SRAUC (in 103)     7.9 ± 9.7 21.8 ± 10.8  19.4 ± 12.9   20.5 ± 11.6 0.981 0.355    0.609 

Flow 

  Baseline, mL.min-1   25.3 ± 10.7 36.0 ± 26.8   31.3 ± 15.3   35.7 ± 22.7 0.74 0.171    0.558 

  Peak, mL.min-1 301.2 ± 115.9 334.5 ± 149.7 281.2 ± 93.2 328.8 ± 65.2 0.806 0.07    0.733 

  ∆ Flow, mL.min-1 275.9 ± 109.5 298.5 ± 132.6 249.8 ± 86.2 293.1 ± 59.2 0.102 0.741    0.592 

Skin microvascular reactivity (LDF) 

Local heating  

  Baseline, PU/mmHg 0.17 ± 0.08 0.15 ± 0.08 0.14 ± 0.06 0.16 ± 0.06 0.643 0.884 0.323 

  Peak LH,PU/mmHg 1.38 ± 0.27 1.33 ± 0.19 1.59 ± 0.57 1.54 ± 0.23 0.112 0.704 0.988 

  ∆ BL-LH, PU/mmHg 1.21 ± 0.25 1.18 ± 0.15 1.45 ± 0.55 1.38 ± 0.23 0.089 0.694 0.872 

Post occlusive reactive hyperemia 

  Baseline, PU/mmHg 0.19 ± 0.10 0.18 ± 0.10 0.2 ± 0.09 0.24 ± 0.11 0.436 0.646 0.549 

RH30-60 sec    CVC, 

PU/mmHg 
0.49 ± 0.30 0.54 ± 0.30 0.47 ± 0.16 0.70 ± 0.37 0.583 0.162 0.315 

  ∆ BL-RH, PU/mmHg 0.31 ± 0.22 0.35 ± 0.24 0.27 ± 0.14 0.46 ± 0.26 0.69 0.088 0.274 

Values are mean ± SD. * P < 0.05 Week 0 vs Week 8 within the same group. #P < 0.05 between group at the 

same time point. SRAUC Shear rate area under the curve 
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Figure 7.4 The effect of exercise training on OCT-derived parameters (A: diameter, B: speed, C: flow 

rate, and D: density) at baseline (BL) and in response to post-occlusion reactive hyperemia 

(PORH), in the control (i) and training (ii) groups.  Values are presented as means ± SD. 

A two-way  repeated measures ANOVA was performed to compare reactive hyperemia 

(RH) responses, before and after exercise training intervention (Interaction = RH*time) for 

all OCT-derived parameters.  * P < 0.05 RH responses vs BL within same time point. 
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7. 4 Discussion 

Our study revealed that 8-weeks of aerobic cycle ergometer training in young healthy subjects 

improved fitness, body composition, BP, HR and conduit (brachial) artery function compared with 

inactive controls. In contrast, training did not markedly affect OCT-derived responses of the 

cutaneous microcirculation. Although our FMD data are broadly consistent with previous studies of 

the impact of training in larger arteries (435), our use of a new OCT-based imaging technique to 

visualize and quantify skin microvessels revealed findings that lead us to reject our hypothesis that 

repeated increases in blood flow induce microvascular adaptation in the skin. 

 

In response to exercise training, conduit and larger skeletal muscle resistance arteries that control 

blood flow exhibit functional and structural adaptation that is largely mediated by repeated episodic 

increases in shear stress (348, 430, 431). It is also well established that skeletal muscle capillary beds 

exhibit angiogenic adaptation to exercise training (340). Our finding in healthy subjects suggests that 

the skin does not adapt in a similar manner, despite the fact that, like active skeletal muscle, cutaneous 

blood flow increases significantly in response to exercise (289). Our findings suggest that blood flow 

and shear stress may not be key mediators of structural microvascular adaptation in skin microvessels, 

and that other stimuli such as hypoxia may be more important. Indeed, transient hypoxia in skeletal 

muscle induces the release of the pro-angiogenic substances during exercise (340, 439, 440), whereas 

the skin remains hyper-perfused relative to metabolism as a consequence of thermoregulation (6). 

Although no study to date has examined the effect of exercise on the release of cutaneous angiogenic 

proteins, it is known that individuals with severely impaired cutaneous perfusion (and therefore 

hypoxia) such as diabetic patients (410, 438), display profound structural differences in their 

cutaneous microvessels. Future studies of exercise training in clinical populations are warranted. 
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An important consideration when discussing the findings of previous studies is the differing 

terminology used for the segments of the vascular tree. For example, previous studies (435, 441) have 

demonstrated that exercise training improves endothelial function in both conduit and “resistance” 

arteries. The latter studies have relied on blood flow measures derived from limb plethysmography 

or conduit artery quantitative duplex ultrasound, whereby changes in flow are a surrogate for 

“resistance vessel” function (442).  The arteries that control limb flow and resistance are likely to be 

larger than the pre-capillary vessels we imaged in the skin (443), raising the possibility that larger 

resistance arterioles behave and respond differently to smaller microvessels. This is consistent with 

reports that larger vessels adapt structurally via calibre enlargement, whereas small microvessels 

undergo angiogenesis via budding and sprouting of new vessels (444). From a physiological 

perspective, it is reasonable to conceptualize the arterial tree as consisting of larger elastic arteries, 

conduit arteries, resistance arterioles and microvessels. Although such classification may not be 

consistent with the commonplace depiction of “resistance vessels” as encompassing all those between 

conduit arteries and capillaries, it is nonetheless consistent with known differences that exist in artery 

wall anatomy (445).  

 

Despite the limitations of laser Doppler technology, which does not image actual microvessels, some 

previous studies have attempted to assess microvascular adaptation to exercise in the skin, with mixed 

results. Individuals with higher fitness levels demonstrate enhanced endothelium-dependent 

vasodilation compared with less fit controls in some (325), but not all (328) studies. The sole author 

article of Wang (330) reported increased skin blood flow at rest, as a response to incremental exercise, 

and endothelium-dependent vasodilation after 8-weeks of exercise training in young healthy-

sedentary people, and this effect was reversed to pre-training state after detraining. Enhanced NO 
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contribution to skin vasodilation after training has been reported in young type 2 diabetic subjects 

(180) and Black et al. (130) demonstrated, using LDF combined with microdialysis of NO blockade, 

that the NO contribution to skin flux responses increased after exercise training in the sedentary 

elderly subjects, suggesting that exercise training can enhance microvasculature function. However, 

Atkinson et al. (333) reported decreased LDF-based responses to local heating after exercise training, 

an adaptation that was associated with repeated increases in shear stress, as changes were not apparent 

in the contralateral forearm in which shear stress was clamped during exercise. Therefore, they 

speculated that the training-induced decrease in skin red cell flux by LDF may have been caused by 

angiogenic adaptation. Although we are not able to reproduce the decrease in LDF-derived variables 

(CVC) in our study, somewhat in keeping with the Atkinson et al. (2018) findings, we observed a 

decrease in the response to local heating of OCT-derived speed after training in the present study, and 

this response was not apparent in the control group. There are some important differences between 

the current study and Atkinson et al. that may contribute to the different results. In the latter, we 

utilized a longer local heating protocol (±2.5 hours), by slowly increasing disc heat to 42○C and 44○C, 

whereas we simplified the protocol in our current experiment by rapidly increasing the heating disc 

temperature to 44○C; our focus here was to reveal structural adaptation in skin microcirculation. These 

different local heating approaches may provoke distinct physiological responses (6, 12, 102, 103, 

446). In addition, instead of the within-subject between-limb model exploited by Atkinson et al., we 

did a comparison of skin microcirculation between subject groups; therefore we did not eliminate 

central factors such as circulating hormones, neural outflow or sympathetic activity that might affect 

microcirculatory adaptation to training.  

 

Although the precise impact of exercise training and change in blood flow on cutaneous vascular 

function remains to be elucidated, in the current experiment we observed no unequivocal evidence to 
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support our previous speculation in Atkinson et al. that exercise training may induce structural 

remodelling of the cutaneous vasculature. This observation suggests that changes in thermoregulatory 

function with exercise in humans may be unrelated to intrinsic structural changes in peripheral skin 

microvesssels. It is well established that exercise training induces a lower skin vasodilatory threshold 

(127, 296). This was not influenced by changes in cutaneous sympathetic vasoconstriction, suggesting 

that active vasodilator mechanisms or changes in blood volume may be the main contributor to 

training-induced adaptation in skin blood flow control (127). Moreover, the magnitude of maximum 

vasodilation reached during exercise is increased after training (320, 321), whereas previous studies 

have commonly shown the slope (sensitivity) of the relation between core temperature–skin blood 

flow is not changed (127, 296, 320).  Finally, the sympathetic neural control of the circulation, 

particularly the non-adrenergic active vasodilator pathway, may be altered by exercise training (296, 

319). Taken together with our findings, this suggests that local cutaneous vascular adaptations are not 

largely responsible for training-induced changes in the control of skin blood flow and reinforces the 

concept that central adaptations to training, particularly changes in blood/plasma volume, may be the 

major contributor to training-induced thermoregulatory adaptation in humans (16, 294). 

 

Limitations 

This study had several limitations. Our sample size was relatively small; however power was adequate 

as based on previous studies (333). In terms of OCT imaging, the assessment of skin microvessels 

was obtained from a small area and may not be a representative of other areas of the skin. Since skin 

microvascular density is heterogenous, different vascular beds may exhibit distinct responses (447). 

We also rendered the images in two dimensions and the current OCT approach we use has relatively 

limited temporal resolution. It is likely that future development of OCT technology will overcome 

these issues and generate four-dimensional images in real time. It is also possible that exercise 
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induced adaptation in human microvessels depends on the time-course of training, as is apparent in 

the conduit arteries (429-431). These exercise training studies revealed a biphasic pattern of 

functional change in conduit arteries, whereby the FMD increased after several weeks of training, 

then returned toward baseline as the increase of dilator capacity occurred. These findings suggesting 

the occurrence of structural remodelling (429-431) and fit with Laughlin’s (448) original proposal 

that initial improvement in vasodilator capacity contributes to normalizing the increase in shear stress 

during exercise, whereas continuing exercise leads to structural adaptation for more “permanent” 

shear stress normalization. Unfortunately, we did not assess brachial artery dilator capacity as a 

surrogate measure for conduit artery structure in the current study. Although functional and structural 

adaptation to exercise training in conduit arteries appears to be time-dependent, the precise timeline 

of this adaptation is still not clearly defined and probably depends on dose and mode of exercise. 

With regard to the timing of adaptation in microvessels, White et al. (449) reported in the coronary 

microvasculature that initial increases in capillary growth and small arterioles density (<30 μm) 

reached a peak 3-weeks following training onset, and declined with longer training. We may therefore 

have missed microvascular adaptation in the skin at our 8 week follow-up, despite observing 

improvement in brachial artery FMD.  A further limitation is that, due to our focus on examining 

changes in cutaneous vascular structure (remodelling), we utilized a different local heating protocol 

from that used by some previous functionally orientated studies, and it is well established that 

different local heating approaches provoke distinct physiological responses (102, 446). In addition, 

the impacts of training on microvascular adaptation may depend on the subjects studied: those with 

impaired skin microvascular function (130, 180, 341), such as those with diabeties and those with 

cardiovascular diseases, may prove more responsive than the healthy young subjects we studied. 

Indeed, the effect of training on conduit and larger resistance vessels is more apparent in those with 

impaired arterial function a priori (450). Finally, our study involved local skin heating and intrinsic 
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adaptations in the cutaneous vasculature; the effect of whole body heating on OCT derived outcomes 

has not been studied and may differ, as systemic and neural regulatory changes have important 

impacts on thermoregulatory adaptation. Further studies (perhaps using OCT insights) will be 

required to address such integrative thermoregulatory questions. 

 

7. 5 Conclusions 

Our findings suggest that vascular adaptation to exercise training in healthy young adults is not 

uniform across different levels of the arterial tree. Although exercise training improved larger artery 

function, this was not accompanied by unequivocal evidence for cutaneous microvascular adaptation. 

Our OCT approach provides insights not previous possible in humans and should be applied in future 

studies of different populations with a priori impairment in skin microvascular function. 
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CHAPTER 8 

General discussion and conclusion 

 

In order to overcome some of the limitations of current methodological approaches, this thesis aimed 

to develop an optical coherence tomography (OCT) imaging technique to visualize and quantify 

cutaneous microvascular structure and function in humans. In this thesis, an OCT imaging technique 

has been advanced from the one introduced by Carter et al. (15), with a post-processing speckle 

decorrelation algorithm developed to assess skin blood vessels as small as ~30 µm. Assessment of 

these vascular beds at rest may provide an index of skin microcirculatory health. However, resting 

data reflects the contribution of numerous factors including neural tone and reflex control, ambient 

and/or local temperature effects and paracrine hormonal impacts. OCT was therefore also performed 

in combination with two different stimuli that are commonly used in the cutaneous physiology 

literature: local skin heating and post-occlusive reactive hyperemia (PORH). These stimuli provoke 

skin microvascular responses and provide more information and clinical insight regarding the status 

of skin blood vessels.  

 

Experiments testing the feasibility and reproducibility of OCT are presented in chapters 2 and 3, with 

findings establishing a foundation for subsequent experimental work.  Chapter 4 emulated William 

Harvey’s experimental proofs by utilizing “ligatures” applied to the upper arm. Harvey famously 

postulated the existence of capillary anastomoses between arteries and veins (393), but was unable to 

demonstrate them in his lifetime. In this chapter, OCT imaging was utilized to visualize and quantify 

cutaneous microvasculature parameters, in the presence of cuff induced venous congestion, with and 

without additional skin local heating. Cuff inflation was sufficient to retard venous outflow without 
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significantly affecting arterial inflow. The chapter illustrated the practical application of OCT during 

physiological stimuli, proving Harvey’s proof in a direct in vivo visualization some 400 years after 

the publication of De Motu Cordis.  

 

In chapters 5 and 6, the feasibility of OCT to detect cutaneous microvascular dysfunction was 

demonstrated for the first time, in participants with diabetes. The sensitivity of the technique for 

discrimination between differing degrees of diabetic severity was also assessed. Results confirmed 

that our technique has the potential for  use as a screening method and/or a tool for the treat-to-target 

evaluation of clinical interventions. Finally, in chapter 7, OCT was applied to explore the possibility 

of cutaneous microvasculature adaptation to exercise training, particularly intrinsic structural 

adaptation.   

 

8. 1 General discussion  

In chapter 1, a general review was provided of the physiology of skin blood flow responses and the 

historical use of different techniques to this end. The rationale for using the skin microcirculation as 

a surrogate to evaluate generalized microvascular function is presented (97), alongside evidence that 

non-invasive cutaneous measures may be able to detect microvascular dysfunction as early indicator 

of atherosclerotic cardiovascular disease (CVD) (243, 451). The skin microcirculation is an easily 

accessible vascular bed that enables observation of physiological adaptation, such as that occurring 

in response to thermoregulatory stimuli and/or in response to exercise training.  

 

The review of cutaneous microvascular anatomy and the control of skin blood flow provided in 

chapter 1 revealed the complexity and heterogeneity of skin structure and function, which makes the 

cutaneous microvasculature complicated and difficult to assess using current tools. Laser Doppler 



 

215 
 

flowmetry (LDF) is the most commonly used contemporary approach for cutaneous microvascular 

assessment. It has proven to be a valuable technique in physiological and clinical studies. LDF 

measures “flux”, an arbitrary unit derived from fluctuation in the optical speckle pattern as a result of 

Doppler shift when laser light interacts with moving blood. This method is non-invasive, relatively 

user friendly and can provide continuous assessment.  However, despite its excellent temporal 

resolution, this technique possesses some limitations that limit its widespread adoption and 

application, particularly in the clinical setting. LDF provides a generalized index of the number and 

speed of red blood cells in the skin microcirculation from undefined depth, therefore the precise blood 

vessels being measured are not clear.  Recently, the LDF technology has been enhanced with an 

imaging system designed to address its low spatial resolution (2, 11, 210). Unfortunately, this laser 

Doppler-derived imaging system does not provide absolute skin perfusion data because it is not 

capable of directly visualizing skin blood vessels.  

 

In this thesis, an OCT imaging technique and post-processing image analysis algorithms were 

developed to image and assess cutaneous microvessels in humans. This approach addresses common 

issues possessed by existing methodology, as introduced in chapter 1.  Studies using this approach 

were performed to validate the technique, to illustrate its potential use in a clinical setting and to 

examine the impact of exercise training. In human skeletal muscle microvessels, exercise training is 

known to elicit functional and structural adaptation, with exercise-induced increases in blood flow 

and shear stress eliciting dilation of microvessels and recruitment of other vessels that are quiescent 

at rest (340). Like skeletal muscle, the skin is an active vessel bed during exercise (289), and it is 

therefore possible that exercise training stimulates functional and structural adaptation of the 

cutaneous microvasculature in humans. However, it has been difficult to test this hypothesis in 

humans due to limitations associated with extant techniques.  
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8.1.1 Chapter 2. Novel non-invasive assessment of microvascular structure and function 

Optical coherence tomography (OCT) is a non-invasive tool capable of directly visualizing the 

cutaneous microvasculature. The tissue is illuminated with low power, near-infrared light and the 

measured reflections of light are analyzed to construct a volumetric data set of the tissue. OCT uses 

a technique referred to as low-coherence interferometry, which gives rise to speckle noise in the 

image. The speckle noise is temporally invariant. That is, if the tissue is stationary then the pattern of 

bright and dark pixels that form the speckle will not change over time. Blood vessel detection is 

achieved by scanning an area of tissue and identifying locations where the speckle is rapidly 

changing. These algorithms are referred to as speckle decorrelation algorithms, as they quantify the 

rate at which the intensity of the speckle becomes uncorrelated.  

 

In this study, OCT was used to provide a quantitative image of the subcutaneous vasculature at rest 

and after 30 min of skin local heating at 44℃. An OCT protocol was developed that enabled stable 

probe placement within the bore of a local heating disk that was affixed to the skin surface, thereby 

maximizing the accuracy of the co-location for sequences of acquisition. Bespoke probe holders were 

3D printed to optimize the placement and utilization of heating elements with the OCT probe head. 

Images were acquired over a 5 x 5 x 2.5 mm skin tissue area, with an acquisition time ~90 seconds 

for each image. The processed images were then quantified and compared between days, and within 

individuals. Additionally, this technique was also compared to a widely used in vivo microcirculatory 

assessment method, LDF.  

 

The findings in this study demonstrated the feasibility of OCT imaging for the visualization and 

quantification of skin blood vessels at rest, in addition to acquisition and analysis of cutaneous 
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microcirculatory hemodynamic responses (speed, diameter, flow rate, and vessels recruitment) to a 

local heating stimulus. Because skin perfusion is a result of complex interactions between variables, 

and the intervention does not always affect each component evenly, it is important to separate the 

determinants of perfusion. For example, in this study we observed greater increases of blood vessel 

recruitment (~360%) and flow rate (~230%) in response to local heating compared to changes in 

diameter (~50%) and speed (~30%). These findings suggest that local heating dilates previously 

dormant blood vessels to increase blood flow rate, which counterbalances the blood flow speed and 

transit time. The effect of a local heating stimulus on all of these skin perfusion determinants has not 

been previously been possible in humans, highlighting the novelty and potential future utility of our 

OCT approach for characterisation of skin microcirculatory anatomy and adaptation.   

 

Additionally, the results in this study showed that OCT-derived parameters were reproducible and 

highly correlated, both at rest and in response to localized skin heating. LDF-derived flux was 

somewhat less reproducible under both conditions. High reproducibility is essential for good clinical 

and experimental practice, where repeated measurement designs are used to evaluate the efficacy of 

interventions and treatments. The findings of this study indicated that our OCT approach is both valid 

and reproducible, and will greatly improve the quantitative assessment of cutaneous microcirculation 

structure and function in humans.  

 

8.1.2 Chapter 3. Visualizing and quantifying the impact of reactive hyperemia on cutaneous 

microvessels 

Chapter 3 was designed to further explore the feasibility of the OCT technique, using a different 

physiological stimulus: post-occlusive reactive hyperemia (PORH). In conduit arteries, reactive 

hyperemia (RH) is known to be shear mediated and nitric oxide (NO)-dependent, therefore the 
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stimulus has been widely adopted to assess endothelial function and vascular health in humans (377, 

379, 381). However, the mechanisms responsible for RH responses in the skin microcirculation are 

not fully understood and may provide different physiological insights from those in upstream conduit 

arteries. Recent evidence suggests that sensory nerves and large conductance calcium-activated 

potassium (BKCa) channels play a major role in the cutaneous RH response, whereas NO and 

cyclooxygenase (COX) pathways may not be involved (213). However, this area of research is 

contested and technical approaches have limited further insight. In this study, we used an OCT 

imaging technique to observe and quantify forearm cutaneous microcirculation both at rest and 30 

seconds after a 5 min period of cuff inflation to supra-systolic pressure (220 mmHg) on 2 different 

days. The OCT scans at rest (baseline) were performed over a 5 x 5 x 2.5 mm field of view (FOV), 

whilst during RH responses we reduced the FOV to 2.5 x 2.5 x 2.5 mm to decrease data acquisition 

time from ~90 to ~30 seconds. This is because the RH response occurs very rapidly, and quickly 

degrades. Additionally, we advanced the speckle decorrelation algorithm so that it could be used to 

visualize and quantify the change in the cutaneous microcirculation component during RH. Similar 

to the previous study (chapter 2), we also compared this technique to LDF.   

 

The findings of this study suggest that it is feasible to observe changes in the cutaneous 

microvasculature during RH responses using OCT. Additionally, OCT-derived diameter and density 

were reproducible during RH. The reproducibility of OCT used in response to a RH protocol was 

lower than that associated with local heating in the previous study (chapter 2), because the 

microvascular responses during local heating are more likely to be temporally and spatially 

consistent, allowing the OCT imaging to capture the responses across the large FOV after 20-30 min 

of local heating. In contrast, RH responses occur rapidly and degrade quickly, therefore limit the 

OCT-imaging to scanning undertaken over smaller FOV.  
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Figure 8.1 Overview of the main findings from chapters 2-4 of this thesis. The top panel illustrates 

the feasibility of OCT imaging to visualize and quantify the skin microcirculation in 

response to physiological stimuli. The left panel represents the between day comparison 

of OCT-derived imaging during local heating (top, A-B) and reactive hyperemia (bottom, 

C-D). The right panel summarizes the reproducibility of OCT-derived parameters in 

response to local heating and reactive hyperemic stimuli, and comparison with the laser 

Doppler flowmetry (LDF). 

 

Despite the limitations we report for OCT imaging in response to a RH protocol, this technique 

provided useful information for a range of variables relating to cutaneous microcirculatory perfusion 

in humans. Furthermore, the reproducibility of this technique was comparable (or better) than LDF. 

Taken together with the local heating stimulus data, it is concluded that OCT imaging provides new 

and powerful insights into skin microvascular responses to commonly applied physiological stimuli 

in humans. 
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8.1.3 Chapter 4. Assessment of the human cutaneous microvasculature using optical coherence 

tomography: Proving Harvey’s proof. 

William Harvey’s revolutionary proofs of the circulation overturned Galen’s paradigms that held for 

more than 10 centuries. Harvey employed visual experiments and deductive logic to prove the 

connection of arteries to veins, and therefore that the blood circulated around the body. One of his 

elegant and simple experiments utilized a tight ligature around the upper arm that constricted the 

blood vessels and caused limb cooling and discoloration. In contrast, a light ligature resulted in 

subcutaneous vein filling and maintained tissue warmth (393, 394). In this study, we emulated 

Harvey’s experimental work, but utilized our OCT approach to directly visualize and quantify the 

cutaneous microcirculation during cuff (“ligature”) inflation. Pressure (~30 mmHg) was applied to 

the forearm to obstruct venous outflow without affecting the arterial inflow, in the presence and 

absence of a local heating stimulus. 

 

Figure 8.2 The illustration of William Harvey’s experiments that utilized ligature around the forearm. 

He demonstrated the venous valves and the unidirectional nature of emptying and filling. 

From De Motu Cordis (1628) in Schultz (2002) (394). 
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Our findings demonstrated that light cuff inflation increased OCT-derived microvascular diameter 

and density as a result of venous congestion, and this effect was reversed by cuff deflation. Skin 

heating provoked a greater blood vessel response in terms of dilation, and increased recruitment of 

blood vessels. The additional application of light cuff inflation during local heating significantly 

increased OCT-derived diameter and density compared to skin heating per se, because of the effect 

of venous congestion. Interestingly, in contrast to the OCT-derived results, light cuff inflation 

decreased LDF-derived flux. There are several possible explanations for this disparity between OCT 

and LDF-derived parameters. Firstly, light cuff inflation may have induced the recruitment of 

previously dormant blood vessels, hence slowing the blood cell transit time. Secondly, it’s possible 

that arterial inflow was initially minimally affected by the application of light cuff inflation, however 

once venous outflow was occluded, subsequently capillary pressure gradually increased and the 

velocity of arterial blood flow was impacted, as is apparent during VOP (198). Furthermore, LDF 

detects red blood cell flux mainly from the cutaneous descendent arteriole (3), whereas OCT detects 

blood flow speed within individual cutaneous blood vessels at a depth of ~300 µm beneath the skin. 

Therefore, OCT and LDF techniques measure distinct components within cutaneous skin 

microcirculation. This study directly visualized the impact of Harvey’s arteriovenous proof on 

cutaneous microvessels for the first time in humans. 

 

8.1.4 Chapter 5. Optical coherence tomography: A novel imaging approach to visualize and 

quantify cutaneous microvascular structure and function in patients with diabetes 

People with diabetes commonly possess abnormal cutaneous microvascular structure and function 

which can lead to ulceration, poor wound healing and ultimately complications such as amputation 

(7, 165). However, the study of cutaneous microvessels in people with diabetes has been constrained 
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by the lack of suitable tools to visualize and quantify cutaneous microvascular structure and function 

in vivo. In this study, we utilized OCT imaging in conjunction with a local heating stimulus to assess 

the cutaneous microvasculature of the dorsal foot in subjects with diabetes (with and without skin 

ulcers), compared with age-matched healthy controls.  

 

The findings of this study showed that perfusion in small nutritive arteries was impaired at baseline, 

whereas perfusion of larger non-nutritive blood vessels was undisturbed or even enhanced. 

Additionally, the local heating response was lower in the patients with diabetes, with greater 

impairment in those with established ulceration, suggesting that the microvascular “reserve” or 

capacity to respond to local heating was impaired. The observations of this study illustrate the 

feasibility of an exciting and powerful new imaging technique, in conjunction with local heating, to 

assess cutaneous microvascular structure and function in diabetic patients and healthy controls. This 

study revealed microvascular abnormalities that are disease severity-specific in patients with diabetes.  

 

The OCT-based measurement protocol that we introduced in this study was non-invasive, safe, easily 

applied, and provided insights into skin microvascular hemodynamics that have been unobtainable 

using previously utilized techniques. OCT may prove useful in the clinical setting for diagnosing 

early stages of microvascular disease in high risk patients, characterizing disease progression, and 

assessing the efficacy of therapeutic interventions. In future, a combination of OCT assessment and 

simultaneous microdialysis delivery of specific pathway antagonists may allow pharmaco-dissection 

of individual pathways responsible for the regulation of cutaneous microvascular dys/function in 

health and disease. 
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8.1.5 Chapter 6: Visualizing and quantifying cutaneous microvascular reactivity in humans 

using optical coherence tomography: Impaired dilator function in diabetes 

This study utilized OCT imaging in combination with PORH stimulus to assess cutaneous 

microvascular structure and function in the same cohorts as the study presented in chapter 5. This 

study also simultaneously assessed endothelium-dependent and independent dilation in conduit 

arteries. 

 

In keeping with the findings in chapter 5, baseline microvascular perfusion was not impaired, and 

indeed was even increased, in the participants with diabetes. These results do not infer ‘normal’ tissue 

perfusion because dilated blood vessels in diabetic patients may be reflect increased blood flow in 

non-nutritive blood vessels, which have lower resistance compared to nutritive capillaries (134). 

Neuropathy, a common condition in people with diabetes, is a major contributor to impaired blood 

flow autoregulation and vascular tone (413). Sympathetic nerve dysfunction has been reported in 

diabetes with ulceration (145, 422) and such conditions may contribute to the dilated non-nutritive 

microvessels observed in this study. In keeping with this, we observed larger baseline conduit artery 

diameters and higher skin temperatures.  

 

The visualization of OCT-derived images in the studies presented in chapters 5 and 6 elicited similar 

results, however, the quantification of OCT-derived parameters also produced some interesting 

disparities. These findings reinforce the importance of exposing patients to multiple physiological 

stimulation to reveal vascular dysfunction. During RH, an impaired response was observed in 

participants with diabetes. Additionally, diabetic patients with ulcers did not exhibit RH responses in 

the components of diameter and density, variables that cannot be seen using conventional cutaneous 

physiological methods. These findings reinforced the previous findings in chapter 5, that the 
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functional reserve in diabetic patients was diminished, which was more pronounced in diabetes with 

ulceration.  

 

In contrast to the local heating response in the cutaneous microcirculation that is largely dependent 

on NO, the RH response is considered NO-independent (211, 395). The underlying mechanisms 

remain obscure, but several substances e.g., EDHF (213), sensory nerve-induced dilation (213) and 

cytochrome epoxygenase metabolites (395) may contribute to the RH response. Therefore, exposing 

patients to both physiological stimuli (local heating and RH), in combination with application of the 

OCT imaging technique, will provide more comprehensive measures of cutaneous microvascular 

health in future experiments.    

 

Figure 8.3 Overview of the main findings from chapters 5 and 6 in this thesis. The left panel of this 

figure illustrate the comparison of OCT imaging at rest and following 30 min of local 

heating between healthy control (top, CON), diabetics without ulcer (middle, DNU) and 

diabetic with foot ulcer (bottom, DFU) group. White scale bar, 1 mm. The right panel 

summarizes the results of OCT-derived parameters as responses to local heating and RH 

stimuli, along with flow-mediated dilation (FMD) of brachial and femoral artery.  
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8.1.6 Chapter 7. Adaptation to exercise training in conduit arteries and cutaneous microvessels 

in humans: An optical coherence tomography study 

This study applied an OCT imaging technique to explore exercise training adaptations in skin 

microvessels, alongside changes in conduit arteries, cardiovascular fitness, and body composition. In 

this study, we demonstrated that exercise training improved cardiovascular fitness, body composition, 

blood pressure (BP), heart rate (HR), and conduit (brachial) artery function, compared to inactive 

non-trained controls. However, neither OCT-derived parameters of cutaneous microcirculation nor 

LDF-derived flux showed consistent change in response to exercise training. These findings suggest 

that vascular adaptation to exercise training in young healthy subjects is not uniform across the arterial 

tree.  

 

Figure 8.4 Overview the main findings of chapter 7. Exercise training improved cardiovascular 

fitness, hemodynamic (blood pressure and heart rate), and conduit artery function, 

whereas the intrinsic functional/structural of skin microcirculation was not markedly 

altered. FMD: flow-mediated dilation.  

 

Vascular adaptation in conduit and resistance arteries is largely mediated by episodic increases in 

shear stress (348, 430, 431) as a result of repeated exercise (i.e., training). It is possible that similar 
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hemodynamic stimuli may also induce adaptation in skin microvascular function (333, 452). 

Interestingly, in contrast to the improvement of skin microvascular reactivity to the stimulus as 

observed in an earlier study (330), Atkinson et al. (333) described an attenuated LDF-derived flux 

response to a local heating stimulus following exercise training, and speculated that  exercise training 

may induce structural adaptation in the skin microvasculature that decreases microvascular transit 

time. However, in the present study, OCT imaging results did not support the presence of intrinsic 

cutaneous microvascular structural or functional adaptation in response to exercise training, despite 

improvement in upstream conduit artery function.  

 

The findings of this study have some implications for thermoregulatory control in humans. Skin blood 

flow increases during exercise to increase heat dissipation and maintain core body temperature. 

Exercise training increases cardiac output and plasma/blood volume, thereby counteracting the 

circulatory stress of exercise brought about by the need to simultaneously increase both skeletal 

muscle and skin blood flows. These central adaptations, particularly changes in plasma/blood volume, 

may be the main contributor to the exercise training-induced thermoregulatory adaptation in humans 

(16, 294). Additionally, studies have revealed that exercise training-induces a leftward shift in skin 

vasodilation which occurs at lower internal temperatures (127, 296). In recent studies, exercise 

training enhanced endothelium-mediated dilation in people with pre-existing microvascular 

dysfunction (130, 158, 159, 180, 331, 344, 346, 351, 453), although some studies revealed no 

improvement (332, 342, 343). Whether this functional change is beneficial in terms of 

thermoregulation remains unclear (16). The findings of this chapter suggest that microvascular 

adaptation to exercise training may not be associated with intrinsic structural adaptation of the skin 

microvasculature. This reinforces the primacy of central adaptation, particularly through expansion 

of blood/plasma volume and increased cardiac output, as the main contributor to the exercise training-
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induced thermoregulatory adaptation in young healthy humans (16). Nonetheless, the OCT-based 

approach adopted in this thesis provided more detailed insight into skin microvascular adaptation to 

exercise training than previously possible in humans.  

 

Figure 8.5 Central and peripheral mechanisms of exercise training adaptations in skin blood flow 

(SkBF) control. The most notable change in skin microcirculation in trained subjects is a 

lefward shift in the core temperature threshold for skin vasodilation during dynamic 

exercise. This is mediated by early onset active vasodilation. As the exercise progresses, 

SkBF continues to increase and reach an early plateau at Tc ∼38℃, at ∼50-60% 

maximum SkBF because of the competition with higher muscle blood flow. This 

adaptation can be explained mainly by the central hemodynamic adaptation: 

blood/plasma expansion along with cardiac hypertrophy ultimately results in increased 

cardiac output. In the study presented in Chapter 7 of this thesis, no evidence for intrinsic 

functional/structural skin microcirculatory adaptation to exercise training was apparent in 

young and healthy subjects.  

 

8. 2 Implications 

This thesis introduced a novel OCT-based imaging and analysis approach for the visualization of 

individual skin microvessel, along with quantification of structural and functional characteristics of 

the cutaneous microvasculature in humans. This technique introduces a level of assessment not 

previously possible in humans, and addresses issues that have hampered previous assessment tools.  
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Validity of measurement is of primary importance in research, so in chapters 2 and 3 the 

reproducibility of OCT, in combination with physiological stimuli (local heating and RH), was 

presented. The findings of these chapters are particularly relevant to interventional or repeated 

measures experimental designs, for example pre-post whole-body heating and/or exercise 

interventions. Chapter 4 demonstrated the effect of venous congestion with and without additional 

local heating on the cutaneous microvessels and validated OCT imaging for the provision of 

physiological insight. Exposing the skin to these stimuli provided a useful index of skin 

microcirculatory health (6), because the response of skin blood flow to these stimuli is not specific to 

one mechanism. OCT therefore has the potential for extensive application to assess human skin 

microcirculation in both healthy and clinical populations.  In the context of human physiology, the 

technique can be applied for in-depth understanding of thermoregulatory processes. It can also be 

utilized in the context of diseases and clinical therapies - for example to understand the impact of 

CVDs and their risk factors (obesity, diabetes, hypertension, smokers) on microvascular structure and 

function.  

 

The proof of principle studies in chapters 5 and 6 demonstrated the feasibility of OCT-imaging to 

detect impairment in the skin microvasculature in participants with diabetes. The OCT approach that 

was applied was able to distinguish the degree of severity of the disease. This technique therefore has 

the potential to provide an early detection approach for high risk individuals. Moreover, the technique 

is potentially suitable for monitoring disease progression and evaluating the efficacy of intervention 

or treatments.   

 

The final experimental work in this thesis (chapter 7) demonstrated that exercise training in young 

healthy subjects did not alter skin microvascular structure or function in response to either local 
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heating or RH; despite eliciting improvements in cardiorespiratory fitness, BP, HR,  and conduit 

artery function. This finding highlights that the thermoregulatory response to exercise training in 

young healthy subjects may not require intrinsic functional or structural changes in cutaneous 

microcirculation. However, further studies should assess exercise training responses of the skin 

microvasculature in populations with pre-existing impairment, including elderly or clinical 

populations.  Future studies should also challenge subjects with more extreme challenges which 

increase skin blood flow, such as exercise training in the heat. 

 

In summary, our novel OCT imaging and analysis technique provides robust surrogate measures to 

assess skin microvascular health and dysfunction in humans. This technique is non-invasive and safe, 

and highly suitable for applications in both research and clinical settings. There is also potential for 

further development of the technique as described below. 

 

8. 3 Limitations 

Limitations of the studies in this thesis are acknowledged: 

1. The sample size for most of the studies was relatively small. However, power calculations 

revealed adequate statistical power as described in each chapter and study sample sizes were 

in keeping with previous studies in the literature. 

2. Potential limitations of the OCT imaging that we utilized in this study are described below: 

a. OCT detects speckle correlation caused by movement of red blood cells. Superficial 

vessels may cross deeper vessels, such that vessels which cross at different depths will 

appear to intersect. To resolve the quantification of this problem, two maximum 

intensity projections (MIP) were computed: the first extending from the tissue surface 

to an empirically chosen physical depth of 300 µm; and the second extending from 
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300-600 µm. Vessel pixels identified in the shallower MIP were subtracted from those 

in the deeper MIP. Vessel diameters across both MIP were calculated and combined. 

As the distribution of the diameters was not symmetric, we report the median diameter 

rather than the mean, in line with previous protocols (277). 

b. The structure of the cutaneous microvasculature is extremely complex, with 

convoluted individual blood vessels such that the blood flow direction at any given 

vessel location is challenging to accurately determine. The distribution of blood flow 

speed is not uniform over all possible directions, therefore the speed is calculated in 

the direction of blood flow toward the probe. 

c. The spatial resolution of OCT imaging is approximately ~30µm. Therefore, capillary 

networks (~10-12 µm) (445) are not yet distinguishable and it is difficult to perform 

microvascular assessment of very thick skin. Additionally, the OCT imaging approach 

cannot distinguish between venules and arterioles, although the manipulations applied 

in Chapter 4 may be helpful in this regard in future studies. Further development of 

the OCT imaging system should be directed at overcoming these limitations. 

d. The assessment of skin microvessels was obtained from a small area, which may not 

be representative of all other areas of the skin. Since skin microvascular density is 

heterogenous, different vascular beds may exhibit distinct responses (447). 

e. The acquisition of OCT images of the skin microvasculature is currently quite time-

consuming (90 seconds for FOV of 5 x 5 x 2.5 mm). This poor temporal resolution 

may limit future applications in research and clinical practice when rapid changes are 

of interest. In clinical practice, multiple scans are often required during the assessment 

– for example to investigate microcirculation hemodynamics in critical organ failure 

and the changes during the intervention. 
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f. The OCT imaging system has high sensitivity for detecting small scale velocity 

changes, therefore it is susceptible to involuntary movement, which results in blood 

vessel artifacts. To mitigate this problem, faster scanning time is needed, particularly 

in regions that are vulnerable to involuntary movements, such as the chest and 

abdomen. 

g. OCT-derived images are currently rendered in two dimensions.  

 

8. 4 Future research recommendations  

The OCT imaging technique used in this thesis has advanced our capacity to examine the human 

microvasculature, and addresses some important limitations of current investigational tools. 

Furthermore, the experimental work performed in this thesis filled important gaps that existed in the 

literature pertaining to skin microvasculature health and diseases. However, further improvement will 

be possible and necessary.   

 

8.4.1 Technical development 

Future development of OCT technology should overcome the OCT imaging limitations described in 

section 8.3. Future improvement of this technique should be directed to: 

 3D rendering of microvessel blocks. 

 Dynamic imaging with faster time acquisition. 

 Improved spatial resolution to enable visualization at the capillary level.  

 A handheld, stable probe that is able to reach more body regions whilst avoiding 

movement artifacts. 

 Further improvement of the OCT imaging technique raises the possibility that this 

approach may be able to distinguish arterioles from venules. 
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8.4.2 Physiological development 

 Combining the OCT technique with substance or drug delivery such as via 

microdialysis or iontophoresis is feasible and should provide physiological and/or 

pharmacological insight into cutaneous microvasculature function. 

 The effect of exercise training in specific populations, e.g., people with pre-existing 

impaired skin microvascular function (diabetes, peripheral arterial diseases, heart 

failure patients) should be explored.  

 Additionally, the impact of whole-body heating on OCT-derived outcomes has not 

been studied and may differ to the exercise training adaptation, as systemic and neural 

regulatory changes have important impacts on thermoregulatory adaptation. Further 

studies will be required to address such integrative thermoregulatory questions. 

 

8.4.3 Clinical development 

The work presented in this thesis has shown the potential for development of our OCT analysis for 

implementation in clinical areas such as: 

 Early detection of microvascular dysfunction in at-risk populations. 

 Monitoring and evaluation of disease progression e.g., diabetes, peripheral arterial 

disease, heart failure. 

 Monitoring and evaluation of drug/other interventional therapies. 
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8. 5 Conclusions 

In conclusion, this thesis demonstrated the following: 

1. A novel OCT-based approach was developed and validated to assess skin microvascular 

function and structure in humans in a manner that is non-invasive, safe, and easily applied in 

vivo. This technique can directly image individual microvessels, and provide quantitative 

measures of diameter, speed, blood flow rate and blood vessel density. These developments 

are highly novel and powerful. 

2. It is feasible using OCT to visualize and quantify microvascular structure and function 

responses to skin local heating, light cuff inflation and RH in humans. A further novel aspect 

of this thesis was the direct comparison of reproducibility assessments between the OCT and 

LDF techniques, at rest and during skin local heating and RH responses. OCT-derived 

measures of microvascular hemodynamics compared favorably, in terms of reproducibility, 

to measures collected using conventional LDF flux. 

3. An OCT-based approach in combination with local heating and RH is capable of identifying 

impairment in structural and dilator function in people with diabetes, and is also able to 

distinguish microvascular disease severity between patients. 

4. Application of an OCT-based imaging technique provided evidence that exercise training did 

not induce intrinsic skin microvascular adaptation in young healthy people. Furthermore, the 

findings also suggest that vascular adaptation is not uniform across all levels of the arterial 

tree.  

5. OCT imaging is a robust technique and will greatly improve quantitative assessment of 

structural and functional characteristics of cutaneous microvessels in humans in the future. 

This technique provides research, physiological and clinical insight, therefore can be adopted 

extensively in research and clinical settings. 
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ABSTRACT

SMITH, K. J., R. ARGARINI, H. H. CARTER, B. C. QUIRK, A. HAYNES, L. H. NAYLOR, H. MCKIRDY, R. W. KIRK, R. A.

MCLAUGHLIN, and D. J. GREEN. Novel Noninvasive Assessment of Microvascular Structure and Function in Humans.Med. Sci. Sports

Exerc., Vol. 51, No. 7, pp. 1558–1565, 2019. Introduction: Optical coherence tomography (OCT) is a novel high-resolution imaging technique

capable of visualizing in vivo structures at a resolution of ~10 μm.We have developed specialized OCT-based approaches that quantify diameter,

speed, and flow rate in human cutaneous microvessels. In this study, we hypothesized that OCT-based microvascular assessments would possess

comparable levels of reliability when compared with those derived using conventional laser Doppler flowmetry (LDF). Methods: Speckle

decorrelation images (OCT) and red blood cell flux (LDF) measures were collected from adjacent forearm skin locations on 2 d (48 h apart),

at baseline, and after a 30-min rapid local heating protocol (30°C–44°C) in eight healthy young individuals. OCT postprocessing quantified

cutaneous microvascular diameter, speed, flow rate, and density (vessel recruitment) within a region of interest, and data were compared

between days.Results: Forearm skin LDF (13 ± 4 to 182 ± 31 AU, P < 0.05) and OCT-derived diameter (41.8 ± 6.6 vs 64.5 ± 6.9 μm), speed

(68.4 ± 9.5 vs 89.0 ± 7.3 μm·s−1), flow rate (145.0 ± 60.6 vs 485 ± 132 pL·s−1), and density (9.9% ± 4.9% vs 45.4% ± 5.9%) increased in

response to local heating. The average OCT-derived microvascular flow response (pL·s−1) to heating (234% increase) was lower

(P < 0.05) than the LDF-derived change (AU) (1360% increase). Pearson correlation was significant for between-day local heating responses

in terms of OCT flow (r = 0.93, P < 0.01), but not LDF (P = 0.49). Bland–Altman analysis revealed that between-day baseline OCT-derived

flow rates were less variable than LDF-derived flux. Conclusions: Our findings indicate that OCT, which directly visualizes human

microvessels, not only allows microvascular quantification of diameter, speed, flow rate, and vessel recruitment but also provides outputs that

are highly reproducible. OCT is a promising novel approach that enables a comprehensive assessment of cutaneous microvascular structure

and function in humans. Key Words: SKIN, MICROVASCULAR, OPTICAL IMAGING, LASER DOPPLER, CUTANEOUS

The cutaneous microvasculature is a complex and dense
network of small blood vessels crucial for thermoregu-
lation and cardiovascular regulation (1,2). The control

of skin blood flow is complex, involving compensatory neural,
endocrine, and paracrine mechanisms, and some mechanisms
remain “enigmatic” (1,2). Impaired cutaneous microvascular
function may be an early manifestation of cardiovascular dis-
ease (3–8). Given the abundance of cutaneous microvessels
close to the skin surface, noninvasive imaging is a promising
approach for early detection of changes inmicrovascular function
and health in vivo. The accurate and reproducible measurement
of microvascular function and structure in the skin is therefore
highly relevant to applied sports science (quantification of ther-
moregulatory responses to exercise, skin blood flow and transit
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time, and heat exchange) and also to clinical exercise physiol-
ogy (microvascular dysfunction may be an early and integral
manifestation of future atherosclerotic disease, particularly in
patients such as those with diabetes, heart failure, peripheral,
and cerebrovascular disease).

The assessment of the cutaneous microvasculature in the
resting quiescent state may provide important functional and
clinical insights, but provocation and stimulation of skin are
likely to bemore revealing. Theoretically, cutaneousmicrovessels
may respond to the application of a stimulus such as localized
heating by increasing the diameter of small vessels, increasing
the recruitment of underperfused vessels, and/or increasing the
speed of blood movement (1). The traditional assessment of
the cutaneous microcirculation, using laser Doppler flowmetry
(LDF), has provided a measure of “flux,”which quantifies dy-
namic fluctuations in the optical speckle pattern that arises
when laser light undergoes a Doppler shift through interac-
tions with moving blood cells. LDF flux, therefore, provides
a generalized index of the number and speed of blood cells in a
region of undefined depth, in arbitrary units (9). Although this
technique has proven extremely valuable in studies of physiology
and medicine, it has not been capable of directly visualizing
microvascular structures, or distinguishing between changes
in the diameter, recruitment characteristics, or flow rate through
themicrocirculation in response to stimuli.A further limitation is that
it does not provide absolutemeasures ofmicrovascular perfusion.

Optical coherence tomography (OCT) is a noninvasive high-
resolution (1–20 μm) imaging technique that can visualize the
geometry of the vascular architecture in human skin (10). In a
recent proof-of-principle study, we demonstrated that cutaneous
OCT images can be used to quantify microvessel dilation in
response to whole-body heating (10). Although this study es-
tablished that obtaining high-resolution OCT images ofmicro-
vascular diameter and recruitment is feasible, we sought to
further develop a novel OCT-based speckle decorrelation ap-
proach, capable of directly quantifying, in individualmicrovessels
or in regions of interest, functional hemodynamic variables such
as speed and flow rate. We hypothesized that these OCT-based
microvascular assessments would possess comparable levels
of reliability when compared with those derived using LDF.

METHODS

Subject characteristics. Eight healthy subjects (♂5♀3,
25.6 ± 9.6 yr, 1.75 ± 0.08 m, 74 ± 12 kg) provided written in-
formed consent andwere screened to ensure theywere free from
cardiovascular, musculoskeletal, or metabolic disease; non-
smokers; and not currently taking any medications. The study
was approved by the University of Western Australia’s Human
Research Ethics Committee and conformed to the standards
outlined in the Declaration of Helsinki.

Study design. Participants visited a temperature-controlled
room (22°C) in the Cardiovascular Research Laboratory at the
University of Western Australia on two separate occasions
(48 h apart) at the same time of day (0700–1100). After a 20-min
instrumentation period, participants rested quietly for 10 min

before baseline imageswere obtained. Amodified localized rapid
heating protocol (1°C per 10 s, then 30min at 44°C) began im-
mediately after the completion of baseline imaging. Final heating
data were collected at the end of the 44°C/30-min period of
localized heating.

Instrumentation. Skin sites were shaved 24 h before each
visit. OCT imaging was performed using a commercial imag-
ing system (Telesto III; Thorlabs GmbH, Lübeck, Germany)
with a central wavelength of 1300 nm and an axial resolution
of 5 μm in tissue (assuming a refractive index of 1.43 for the
skin) (11) (see Figure, Supplemental Digital Content 1, Exper-
imental setup, http://links.lww.com/MSS/B487). Scanning was
performed using a detachable imaging probe (LSM03, Thorlabs
GmbH) with a lateral resolution of 13 μm. The probe was at-
tached to an articulated arm with 5 degrees of freedom to min-
imize motion during imaging. A custom spacer was designed
and fabricated using a 3D printer (Form2; Formlabs, Somerville,
MA) to ensure a standard distance between the scanning optics
and the skin surface.

A bespoke fixture was 3D printed to allow OCT imaging to
be performed through the central bore of a thermostatic probe
holder (PF450; Perimed, Stockholm, Sweden), affixed to the
ventral aspect of the participant’s left forearm using double-
sided adhesive rings. A small drop of ultrasound gel was placed
between the skin and a transparent square microscope slide
(8 � 8 mm) attached to the thermostatic probe holder. This
provided a flat imaging surface, eliminating imaging artifacts
due to the surface shape of the subject’s skin (12).

An LDF probe (model 413, Periflux 5000 System, Perimed)
was positioned in the central bore of a second, identical ther-
mostatic probe holder, positioned immediately adjacent to the
OCT probe (<5 cm distance), to enable simultaneousmeasure-
ment of LDF flux.

After positioning of the probes, henna dyewas placed around
the outer diameter of the probe holders to ensure precise place-
ment replication on the repeat visit. Henna tattoos remain clearly
visible for up to 2 wk. Skin temperature sensors (MLT409;
ADInstruments, Bella Vista, NSW, Australia) were placed be-
tween the two (OCT and LDF) adjacent probe holders.

Image acquisition andanalysis.Although LDF provides
only a single flux value to characterize all blood flow within a
region of tissue, OCT provides a 3D data volume representative
of the tissue microarchitecture. Each 3D OCT data acquisition
was acquired over a 5 � 5 � 2.5 mm (length � width � depth)
region of tissue, at a sampling of 1000 � 5000 � 1024 pixels
(x� y� z). The lateral field of view (length� width) dictates
the acquisition time with larger fields of view requiring longer
times and increasing the risk that subject movement will com-
promise scan quality. For our OCT system, acquisition time was
approximately 90 s. Our experience has been that this time is well
tolerated with minimal movement artifact. Scan depth is a fixed
parameter of the OCT system. The imaging light beam in
OCT is weakly focused, providing high spatial resolution over
a depth of focus of a few hundred microns. We set the beam
focus to 300 μm below the tissue surface so that the appropriate
vascular tissue would be within the depth of focus.
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Because the image acquisition mechanism of OCT is based
on the interference of backscattered coherent light, the reconstructed
data volume inherently contains speckle, visually similar to
the speckle apparent in ultrasound images. This arises from
constructive and destructive interference frommultiple subcel-
lular components within a single imaging resolution element. In
regions where there is blood flow, this speckle is seen to vary
rapidly because of the movement of the red blood cells during
scanning. By contrast, areas of static tissue show little change
in the speckle at each location over time. By quantifying the rate
of change of speckle, known as speckle decorrelation algo-
rithms, we are able to delineate vessels and obtain an estimate
of the rate of blood flow (10,12–14).

Using the standard convention in OCT imaging, we define a
coordinate system where the z axis is oriented along the light
beam (extending in depth into the tissue), and the x and y axes
are parallel to the skin surface. In our scanning protocol, pixels
in the y direction were densely sampled (1-μm spacing).
Thus, if we compare a sequence of pixels at increasing y

distance apart, there will be a slow, gradual change in
speckle intensity within static tissue. At locations where there
is blood flow, the rate of change will be scaled by the speed of
the blood flow.

We quantify this with the following formula:

f dyð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E I x; y; zð Þ− I x; yþ dy; zð Þð Þ2
h ir

where E[] denotes the expected value of a function, and I(x,y,z)
is the OCT intensity at location (x,y,z). E[] is calculated over a
range of y and z values within a small, predefined, fixed window
(10� 35 μm, respectively, in our application). Calculating f(dy)
over a range of values for dy (1 μm ,…, 10 μm in our applica-
tion), we obtain a decorrelation curve that characterizes the av-
erage increase in decorrelation between increasingly distant
pixels. We acquired a control scan in static tissue, which pro-
vided a calibration curve showing the relationship between dy
and f (dy) at known pixel displacements for our OCT system.
To detect blood flow in a new scan, the decorrelation curve

FIGURE 1—Examples of OCT images from a single subject, showing baseline (before heating, A and B) and after heating (C and D). Images in the left
column were acquired on day 1, and images in the right column were acquired on day 2. Scale bar is 1 mm.
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was first calculated at each position in the OCT scan. Each
curve was then linearly scaled in the y direction to best fit the
calibration curve. Denote this scaling factor by k. In regions
of static tissue, little scaling is required (k ≈ 1). In blood vessels,
the scaling factor k is directly related to the displacement in the
blood cells due to flow during the time interval between the ac-
quisition of the pixels. Dividing the calculated displacement
by the time between data acquisitions, we were able to derive
an estimate of blood flow speed.

To extract blood vessels, we first thresholded the 3D OCT
data volume to mask out areas of low signal-to-noise ratio,
typically areas deeper than 750 μm below the tissue surface.
We then calculated the maximum speed at each (x,y) location,
evaluated over all depths (z). Locations with a maximum speed
above an empirically selected threshold value (45 μm·s−1 in our
application) were categorized as blood vessel. This thresholding
was required as low levels of flow were measured in nonvas-
cular tissue because of noise in the OCT signal. The same
threshold value was used across all data sets and all subjects.
This produced a 2D blood flow image in the x–y plane (parallel
to the skin surface). Examples are shown in Figures 1 and 2.
The percentage of x–y pixels categorized as blood vessel
was recorded as the vessel density and interpreted as an indi-
cator of vessel recruitment. At each pixel along the centerline
of the vessel, we calculated the vessel diameter by finding the
minimal length line across the vessel, using a technique similar
to that described by Liew et al. (12). The average flow rate
within a vessel was then calculated by approximating the vessel
locally as a cylinder andquantifying average flow rate fav=sπr 2,
where s is the average speed along the vessel’s length and r is
the vessel radius (half the vessel diameter). At the completion
of processing, the analysis software had generated a 2D vessel
image, with an estimate of vessel diameter, speed, and average
flow rate at each pixel located on a vessel. In addition to calcu-
lating these values at individual points, the analysis software
included the functionality to allow the user to manually draw
a region of interest and calculate average values across all vessels
within the region of interest. Analysis software was developed
in-house in Matlab (MathWorks, Natick, MA) and implemented
on a standard desktop computer (Dell Precision T7810; Dell,
Round Rock, TX).

Statistics. Statistical graphing software (PRISM 6.01;
GraphPad, La Jolla, CA) was used to analyze and graph the re-
sults. Paired-samples t-test, Pearson’s correlation analysis,
Bland–Altman plots, and coefficients of repeatability were cal-
culated on OCT and LDF measures, pre- and postheating, and
between visit 1 and visit 2 comparisons. Bland–Altman analysis
of the OCTROI and LDF observations was achieved by plotting
the percent difference of themeans for day 1 and day 2measures
(Bland and Altman, 1986). Bland–Altman limits of agreement
allow the calculation of the systematic bias (and the random
variation) between two different measurement periods and
provide the limits within which 95% of the differences for two
sets of measurements are expected to lie (see Figure, Supple-
mental Digital Content 2, Bland–Altman analysis for OCT
and LDF at rest and in response to heating, http://links.lww.

com/MSS/B488). Coefficient of repeatability (CoR) was cal-
culated to compare the reliability of the between-day OCT
and LDF responses to local heating using the following formula:
1.96 √ 2σ 2, where σ is the within-subject SD of the differences
calculated in the Bland–Altman analysis. Statistical significance

FIGURE 2—Examples of OCT images from four subjects (top to bottom)
acquired after local heating and collected on different days (left column,
day 1 ACEG, vs right column, day 2 BDFH). Each pair of panels from a
subject includes 15 numbered matching points (green) from concordant
vessels, from which average diameter, speed, and flow were calculated.
These images are a subset from representative subjects. Scale bar is 1 mm.
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was assumed at P < 0.05. All data are reported as means ± SD
unless stated otherwise.

RESULTS

Effect of local heating on cutaneous vascular func-
tion. There were no significant differences observed in OCT
and LDF parameters between day 1 and day 2 at rest or after
local heating (Table 1). Forearm skin LDF and OCT diameter,
speed, flow rate, and vessel density increased in response to local
heating. The increase in OCT-derived flow rate (234% ± 118%)
was lower than the increase in LDF-derived skin flux
(1360% ± 412%, P < 0.05; Fig. 3C). Analysis of OCT data
revealed that localized heating induced a 54% increase in
microvascular diameter, a 359% increase in vessel density/
recruitment, and a 30% increase in speed.

Reproducibility of local heating. Pearson correlations
for between-day OCT-derived flow were highly significant at
both baseline (r = 0.93, P = 0.0004) and after local heating
(r = 0.95, P = 0.0002; Fig. 4A and B). By contrast, correlation
observed for between-day LDF measures at baseline (r = 0.01,
P = 0.49) and after local heating (r = 0.34, P = 0.07; Fig. 4C
and D) did not achieve statistical significance. Changes on
OCT in response to heating were more highly correlated than
those assessed using LDF when between-day analyses were
compared (Fig. 5).

Bland–Altman analysis of the between-day differences in
OCT-derived flow rates revealed a bias of 11% (95% confidence

intervals, −59% and 81%), compared with a bias of −20%
(−118% and 77%) for baseline differences in LDF (see Figure,
Supplemental Digital Content 2, Bland–Altman analysis for
OCT and LDF at rest and in response to heating, http://links.
lww.com/MSS/B488). Similar analysis of between-day differ-
ences after peak heating revealed a bias of 13% (−22% and
48%) for OCT, compared with −5.3% (−36% and 25%) for
LDF. The between-day CoR for OCT-derived flow rate was
lower at baseline (0.8%, equivalent to 25 pL·s−1) than the CoR
for baseline LDF data (1.4% equivalent to 16 AU). Similarly,
the CoR after peak heating was lower for OCT (0.9%,
11.6 pL·s−1) than LDF (1.1%, 15 AU). Finally, analysis of
the between-day differences for change (peak baseline) with
heating data revealed a CoR of 2.2%, compared with the CoR
for similarly calculated LDF data of 6.8%.

Because of the careful preparation and henna tattooing, all
participants had a similar region of interest visible within the
OCT image between days (Figs. 1 and 2). The resultant analysis
of these images (e.g., OCT15ps, the 15 corresponding points
identified in each pair of scans in Fig. 2) was as follows: signif-
icant Pearson correlations were observed for the between-day
values in diameter (r = 0.88, P < 0.0001), speed (r = 0.38,
P < 0.0001), and flow rate (0.96, P < 0.0001) after localized
heating. Bland–Altman analysis of the OCT15ps images across
all subjects demonstrates a highly reproducible assessment of
microvascular diameter (bias = −1.7%, with 95% confidence
intervals of −17 and 14, CoR = 9.2%), speed (bias = −0.5%,
with 95% confidence intervals of −13 and 12, CoR = 6.4%),

TABLE 1. Microvascular structure and function at baseline and after 30 min of rapid heating.

Day 1 Day 2 Day 1 vs Day 2 (P value) Days 1 and 2 Combined

BL LH P value BL LH P value BL LH BL LH P value

Diameter (μm) 42.7 T 6.7 66.1 T 8.7 0.000009 41.0 T 6.6 62.9 T 4.7 <0.000001 0.12 0.39 41.8 T 6.6 64.5 T 6.9 0.003
Speed (μm·s�1) 66.1 T 3.6 89.7 T 6.9 <0.000001 70.8 T 12.8 88.3 T 8.0 0.003 0.16 0.21 68.4 T 9.5 89.0 T 7.3 <0.000001
Flow (pL·s�1) 146.6 T 54.8 515.9 T 164.3 0.000009 143.4 T 69.3 454.0 T 89.7 <0.000001 0.13 0.53 145.0 T 60.6 485 T 132 <0.000001
Vessel Density (%) 9.6 T 3.5 46.9 T 5.6 <0.000001 10.2 T 6.3 43.8 T 6.2 <0.000001 0.92 0.34 9.9 T 4.9 45.4 T 5.95 <0.000001
LDF flux (pu) 11.9 T 4.4 177.7 T 34.2 <0.000001 15.0 T 3.4 187.5 T 28.8 <0.000001 0.82 0.29 13.4 T 4.2 182.2 T 31.0 <0.000001
OCT heat unit temperature (°C) 30.5 T 0.7 44.1 T 0.2 <0.000001 31.4 T 1.0 44.1 T 0.2 <0.00001 0.60 0.34 30.9 T 1.0 44.1 T 0.2 0.009
LDF heat unit temperature (°C) 29.1 T 1.1 43.9 T 0.2 <0.000001 30.3 T 1.8 44.0 T 0.4 <0.000001 0.31 0.71 29.7 T 1.6 44.0 T 0.3 0.005
Skin temperature (°C) 30.7 T 0.8 33.8 T 0.9 <0.000001 31.4 T 0.9 34.6 T 1.5 0.0009 0.08 1.00 30.9 T 0.9 34.2 T 1.3 0.532

BL, baseline; LH, local heating; AU, arbitrary units.

FIGURE 3—Cutaneousmicrovascular flow and red blood cell flux (AU, arbitrary units) derived byOCT (A) andLDF (B) at rest (30°C) and after 30min of
local heating (44°C). C, Comparison of the absolute change in cutaneous perfusion during local heating (44°C–30°C) when assessed by OCT and LDF.
*Significance at P < 0.05.
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and flow rate (bias = −2.8%, −29%, and 23%, CoR = 12.4%)
after local heating.

DISCUSSION

The aim of this study was to quantify the reliability of OCT-
derived assessments of cutaneous microvascular structure and
function in vivo, and to compare these outcomes to those ob-
tained using the traditional and commonly used LDF approach.
Our principal finding was that OCT imaging is capable of pro-
viding quantitative and highly reproducible assessments of
microvascular speed, diameter, flow, and vessel recruitment, both
at rest and in response to a physiological local heating stimulus.
These hemodynamic measures, characterizing the complex
cutaneous microvascular response to heating, compared favor-
ably in terms of reproducibility to the global flux measures de-
rived using LDF.

Human skin is responsible for several important regulatory
functions, including the control of body temperature, barrier

protection, and responses to injury. As a consequence, the human
cutaneous microcirculation is unique in physiological terms,
possessing neurovascular dilator and constrictor vasomotor
control systems alongside local paracrine mechanisms that act
with overlapping redundancy to synergistically regulate homeo-
stasis (1). In animals, microvascular responses to perturbing
stimuli, such as heat application, can involve changes to arte-
riolar diameter, speed, and/or recruitment of dormant vessels
(15); however, this has not been previously confirmed in
humans. Although previously used technologies such as LDF
or venous occlusion plethysmography have provided general-
ized indices of the effects that interventions (e.g., heat stress)
have on skin microvascular responses, in arbitrary units (e.g.,
changes in “flux”), it has not previously been possible to dis-
tinguish between the individual components (i.e., diameter,
speed, and recruitment) that contribute to change in bulk cuta-
neous blood flow, nor has it been possible to directly quantify
cutaneous microvascular flow in humans. Our study establishes
that OCT is capable of visualizing individual vessels (~30 μm),

FIGURE 4—Day 1 and day 2OCT-derived flow (A andB) andLDF (C and D). Pearson correlation analysis of the baseline (BL; A andC) and local heating
(LH; B and D) responses.

FIGURE 5—Pearson correlation of the local heating induced change from rest (44°C–30°C) in OCT-derived flow (A and B) and LDF on days 1 and 2.
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characterizing changes in vascular recruitment (or congestion)
within a region of interest, and quantifying diameter and speed
and, hence, blood flow rate, within individual vessels or across
a microvascular territory.

In a recent study, we established that OCT images and mea-
sures of microvessel diameter could be obtained in response to
a whole-body heating stimulus in humans (10). In that study,
OCT images were acquired from a segment of forearm skin,
before and during passive heating of the lower limbs in resting
participants. It was concluded that quantitative differences in
OCT-derived skin morphology were evident after passive
heating, specifically a significant increase in total vessel area
density as well as increases in individual microvessel diameters.
The present experiment advances the findings of Carter et al.
(10) in several respects. We have now developed a speckle
decorrelation algorithm that enables the quantification and
calculation of speed and blood flow rate, respectively, within
individual microvessels down to a diameter of ~30 μm. The
key algorithmic innovation, as outlined earlier in the Methods
section, has been to compare the rate of speckle decorrelation
against decorrelation from known displacements in static tissue
to obtain an absolute estimate of blood displacement. When
normalized by the time delay between adjacent pixels, this en-
ables the calculation of speed. This, in turn, enables the quanti-
fication of microvascular flow within an entire imaged region,
with the advantage that the vessels from which flows are being
calculated are also those being visualized (see Figs. 1 and 2).
The present study also involved localized heating rather than
whole-body heating. It therefore provides an advance on our
previous experimental protocol in that we designed an OCT
approach that enabled stable probe placement within the bore
of a local heating disk that was affixed to the skin surface. This
negated the need to repeatedly remove and reapply the probe
head to the target site between heating and imaging, thereby
maximizing accuracy of the colocation for sequences of acqui-
sitions. On this procedural level, we also introduced the use of
skin tattooing to enhance the likelihood that between-day mea-
sures of OCT were performed on the same vessels. We are
reassured of the success of these practical measures by the sim-
ilarity between images collected on different days (see Fig. 2),
the tight confidence intervals at rest and in response to heating
based on the OCT data (see Figure, Supplemental Digital Con-
tent 2, Bland–Altman analysis for OCT and LDF at rest and in
response to heating, http://links.lww.com/MSS/B488), and
the smaller CoR for OCT relative to LDF. In summary, although
previously used LDF technology enables a single gross arbitrary
assessment of blood cell flux from an entire region, and our
recent study (10) established that OCT facilitates measures of di-
ameter from directly imaged individual vessels, the present
study demonstrates that OCT can provide absolute quanti-
tative measures of diameter, speed, and blood flow rate,
within individual microvessels and/or across entire micro-
vascular territories.

A further novel aspect of the current study was the direct
comparison of reproducibility assessments between the OCT and
the LDF techniques. We took care to perform a fair comparison

between these technologies by using standardized ap-
proaches, taking simultaneously derivedmeasures using identical
skin heating apparatus and protocols from adjacent tattooed
sections of skin, within subjects. We compared OCT to LDF
because the latter is widely used in cutaneous physiology
and medical research when assessing in vivo cutaneous micro-
vascular function and has become something of a standard. It
is appropriate to mention, however, that the reproducibility of
LDF has not always been reported as high (16–18), although
more recent studies using a seven-fiber integrated laser probe
(like those used in the present study) produce better results (19).
Comparisons of OCT reproducibility with other techniques,
such as video microscopy and capillaroscopy, may provide a
useful comparison in future studies, although it would not be
possible using current technologies to undertake these measures
at the same site. Our results indicate that both OCT and LDF
techniques generate reproducible measures at rest and in re-
sponse to heating.

Human skin possesses the remarkable capacity to increase
blood flow from low volumes of around 0.25 L·min−1 at rest
(~5% of cardiac output), to very high volumes such as
8 L·min−1 during severe heat stress (~60% of cardiac output)
(1). It has not previously been possible to ascertain whether
such substantial changes in cutaneous blood flow are achieved
by increases in microvessel diameter, recruitment of dormant
or underperfused vessels, increases in the speed of flow, or a
combination of these. Our in vivo imaging-based quantification
of each of these factors provides, for the first time in humans,
evidence of the effect that heating of the skin (in this case local-
ized heating) has on each of these determinants of perfusion.
Because there are complex interrelationships between changes
in diameter, recruitment, and speed, whereby increases in the
latter, in the absence of increases in the former, may decrease
transit time (and hence the time available for heat dissipation
(20)), it is important to apportion and stratify the relative effects
of interventions such as heating on each component variable.
The changes in diameter, vascular recruitment, and speed ob-
served in the current study suggest that any increases in blood
vessel speed and transit time are counterbalanced by increases
in microvascular recruitment and individual vessel dilation,
compound responses that would enhance the capacity for
thermoregulation. These findings suggest that the effects
of interventions such as exercise training or repeated
heating (e.g., to induce acclimatization) may be associated
with more complex changes in the anatomy and physiology of
the skin that previously appreciated as a result of simple Doppler
flux measures. Our technical approach therefore promises new
insights into the physiology and function of the human skin that
will be valuable to those interested in human thermoregulation,
as well as those interested in the effect of clinical conditions
such as such diabetes, peripheral artery disease, and other car-
diovascular diseases on microvascular structure and function.

Limitations. Regional cutaneous microvascular density is
heterogenous, and different cutaneous vascular bedsmay exhibit
differential responses to local heating (21,22). Factors such as
room temperature and differential probe placement were
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controlled between visits in the present study for both the LDF
and the OCT probes, enabling a like-for-like comparison of re-
producibility between the techniques. Although it is impossi-
ble to confirm concordance of probe placement and vessel
interrogation using LDF, visual inspection of our OCT images
(Fig. 2) illustrates successful between-day capture of the same
cutaneous region. We chose not to assess OCT-derived flow
and LDF flux in the same location because this would neces-
sitate different timing of acquisition and additional laboratory
visits. Moreover, we considered it preferable to undertake
measures at identical times, using identical heating protocols,
to eliminate central hemodynamic sources of variability and to
maximize the validity of between technique comparisons. Al-
though probes were placed as close to each other as possible
(less than 5 cm apart), we are unable to exclude the possibility
that comparing OCT and LDF in different forearm locations
may influence the reproducibility differences we observed. It
is also germane that the depth of the signal may differ between
OCT and LDF, raising the intriguing possibility of deriving
complimentary data from each technique, with OCT reflecting
superficial plexus and LDF clearly registering flux from the
ascending arterioles and the lower plexus. In addition, future
studies will be required to assess the reproducibility of regional
cutaneous vascular beds, especially in pathological populations
whose limbs may be affected with vascular lesions (peripheral

artery disease, diabetes) or other circulatory conditions (e.g.,
Raynaud syndrome and resistant hypertension). Finally, our
study was performed in a limited sample of young healthy
subjects, and we used a set assessment depth. Future studies
of larger sample size, in older and diseased populations, and
using distinct OCT setting, should ensue.

Perspectives. Through direct visualization and quantifica-
tion of microvascular diameter, recruitment, and speed, our OCT
approach provides the first comprehensive and reliable assessment
of cutaneous microvascular structure and function in response to
localized heating in humans. OCT-derived measures of microvas-
cular hemodynamics compared favorably, in terms of reproduc-
ibility, to measures collected using conventional LDF flux. OCT
imagingwill greatly improve the quantitative assessment of struc-
tural and functional characteristics of cutaneous microvessels in
humans, providing research and clinical insight.
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on cutaneous microvessels in humans. J Appl Physiol 128: 17–24,
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00583.2019.—The mechanisms underlying reactive hyperemia (RH)
responses in microvessels are poorly understood. Previous assessment
tools have not been capable of directly visualizing microvessels during
physiological stimulation in humans. Optical coherence tomography
(OCT) is capable of imaging and quantifying subcutaneous microves-
sels as small as ~30 �m. In this study we use OCT to visualize and
quantify skin microvascular changes in response to RH for the first
time in humans. We also assessed the reproducibility of this tech-
nique. OCT and laser Doppler flowmetry (LDF) were used simulta-
neously to scan cutaneous microvessels in 10 young healthy subjects
on 2 days. We applied a speckle decorrelation algorithm to assess
OCT images and calculated flow rate, speed, diameter, and density
parameters. Measures were obtained at rest (baseline) and 30-s fol-
lowing a 5-min cuff inflation (RH). All data were compared between
days. The RH stimulus significantly increased (P � 0.0001) OCT-
derived microvascular diameter (37.6 � 3.4 vs. 44.5 � 5.2 �m), flow
rate (82.4 � 23.4 vs. 240.1 � 58.6 pl/s), speed (48 � 5.7 vs.
101.5 � 17.1 �m/s), density (5.1 � 1.7 vs. 14.6 � 2.6%), and also
LDF-derived flux (12.3 � 5.7 vs. 31.6 � 9.1 perfusion units). At
baseline, OCT-derived diameter (r � 0.55), flow rate (r � 0.64),
speed (r � 0.55), and density (r � 0.75) showed significant between-
day correlations (P � 0.05), as did LDF results (r � 0.74). In
response to RH, OCT-derived diameter (r � 0.63) and density
(r � 0.64) showed significant correlations (P � 0.05), whereas flow
rate (r � 0.45), speed (r � 0.43), and LDF (r � 0.26) were less
reproducible. Our study is novel in that it establishes the feasibility of
using OCT to visualize and quantify microvascular structure and
function responses to RH in humans.

NEW & NOTEWORTHY This study describes the first evidence in
humans that optical coherence tomography provides direct visualiza-
tion and comprehensive quantification of cutaneous microvascular
hemodynamics as a response to reactive hyperemia. This imaging
technique will greatly improve human cutaneous microvascular as-
sessment in physiological and clinical settings.

microvascular; optical coherence tomography; optical imaging; reac-
tive hyperemia

INTRODUCTION

Reactive hyperemia (RH) refers to the phenomenon of
increased blood flow and/or arterial diameter that occurs as a
consequence of temporary tissue ischemia. In humans, reactive
hyperemia has been used for many decades as a physiological
tool to characterize vascular function and structure in vivo. In
conduit vessels such as brachial and femoral arteries, cuff
deflation after a brief period of occlusion stimulates reactive
hyperemia, which induces flow mediated dilation (2, 19, 23).
This response can be directly visualized and quantified using
high-resolution duplex ultrasound and has been widely adopted
to assess endothelium- and largely nitric oxide (NO)-mediated
vasodilator function (8, 13, 17, 28, 29). It provides a noninva-
sive bioassay of macrovascular health in vivo that predicts
cardiovascular events (11). In other contexts, longer periods of
limb ischemia have been used to induce a reactive hyperemic
stimulus that provides an index of conduit vessel structural
capacity and remodeling (6, 7, 18, 26). However, the impact of
RH on smaller arterioles and microvessels (�150 �m) is not
altogether clear, since no previous technique has directly visu-
alized these vessels during physiological manipulation.

Given the abundance of microvessels close to the skin surface,
the cutaneous microvascular circulation has been recognized as
an accessible and potentially representative vascular bed to
examine the mechanisms of microvascular dysfunction and
disease (10). However, previous approaches to assess cutane-
ous microvascular function possess limitations. Plethysmogra-
phy is an indirect technique that focuses on peripheral muscu-
lar arteries (12) and is not specific to the cutaneous vasculature.
Videocapillaroscopy is used to assess capillary morphology in
nailbeds but does not allow for convenient mechanistic studies
of microvascular function in nonglabrous skin (9). Laser Dopp-
ler flowmetry (LDF) measures red blood cell flux but does not
directly visualize blood vessels (4, 21, 22, 25). In contrast to
these previously adopted techniques, optical coherence tomog-
raphy (OCT) is a noninvasive technology capable of visualiz-
ing and quantifying subcutaneous blood vessels at high spatial
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resolution (20, 27). Analogous to ultrasonography, but using
near infrared light rather than sound waves, the method is
based on low-coherence reflectometry and provides high-res-
olution images (~30 �m) to a depth up to 1 mm in optically
turbid tissue with excellent tissue contrast (1, 20, 27). In recent
studies, we have demonstrated that this technology is capable
of quantifying changes in cutaneous microvascular diameter,
speed, and blood flow in response to local and systemic heating
(1, 25). OCT imaging also provided excellent reproducibility at
rest and in response heating stimuli, compared with the LDF
(25). However, skin physiology is complex (24), with differ-
ential control of blood flow (local, reflex, etc.). This empha-
sizes the importance of characterizing responses to RH as a
distinct stimulus to local heating. The novel aim of the present
study was therefore to establish whether OCT could be used to
visualize and quantify skin microvascular changes in response
to RH. An associated objective was to test the reproducibility
of RH OCT imaging and compare it to the widely used,
although nonimaging based, LDF approach. Based on previous
OCT reproducibility results (21), we hypothesized that OCT
would provide similarly reliable measurements compared with
LDF, while enabling a more comprehensive assessment of
microvascular structure and function.

METHODS

OCT was used to scan cutaneous microvessels in response to a RH
stimulus in 10 young healthy people. The baseline characteristics of
participants are presented in Table 1. Participants who had a
history of cardiovascular, musculoskeletal, or metabolic diseases,
were smokers (or �6-mo cessation), or were taking medication of
any kind are excluded. This study was approved by the Human
Research Ethics Committee of The University of Western Australia
and conformed to the standard outlined in Declaration of Helsinki.
Participants were informed of all experimental procedures and any
potential risks. Written informed consent was obtained from all
participants before commencement of the study.

Experimental protocol. All studies were performed in a quiet labora-
tory, and the temperature was maintained at 23°C. All participants
were studied at the same time in the day (8:00–11:00 AM). Subjects
arrived having fasted for a minimum of 6 h and abstained from
alcohol, caffeine, tea, chocolate and vigorous activity for at least 24 h.
The instrumentation setup is shown in Fig. 1. The skin site for laser
Doppler and OCT probe placement was shaved a minimum of 24 h
before the testing session. Following familiarization with the study
protocol, subjects lay down for 20 min while blood pressure assess-
ment was obtained (Dinamap V100; GE Healthcare). Before the OCT
and LDF probes were positioned, an inflatable blood pressure cuff
(D. E. Hokanson, Bellevue, WA) was positioned loosely below the
elbow, on the proximal aspect of the forearm, while the OCT and LDF

probes were positioned on the ventral site of the forearm, distal to the
cuff. After these probes were positioned, Henna dye was placed
around the outer diameter of the probe holders to ensure precise
placement replication on the second visit. These Henna tattoos remain
clearly visible for up to 2 wk. Skin temperature sensors (MLT409;
ADInstruments, Bella Vista, NSW, Australia) were placed between
the two (OCT and LDF) adjacent probe holders (Fig. 1).

OCT imaging was performed using a commercial imaging system
(Telesto III; Thorlabs, Munich, Germany) with a central wavelength
of 1,300 nm and axial resolution of 5 �m in tissues (assuming
refractive index of 1.43 for the skin) (5). The OCT scanning probe
(LSM03; Thorlabs) has a lateral resolution of 13 �m. The probe was
attached to a 5 degrees-of-freedom articulated arm to minimize
motion during the scanning procedure. A custom spacer was designed
and fabricated using a three-dimensional (3-D) printer (Form2, Form-
labs, Somerville, MA), to ensure a standard distance between the
scanning probe and the skin surface. A thin layer of ultrasound gel
was applied between the probe and the skin to reduce the refractive
index mismatch at the skin surface (15). Imaging was performed
through the central bore of a thermostatic probe holder (PF450;
Perimed, Stockholm, Sweden), affixed to the ventral aspect of the
participants left forearm using double-sided adhesive rings. Forearm
skin red blood cell flux was measured using seven Doppler array laser
probes (model 413; Periflux 5000 system; Perimed, Jarfalla, Sweden).
The Doppler probe was positioned on the ventral side of the forearm
using double-sided adhesive rings. Skin blood red cell flux are
presented in perfusion unit (PU).

To assess forearm microvascular structure and function, both at
rest and during reactive hyperemia, an OCT scan and cutaneous red
blood cell flux (LDF) measurements were obtained before, and
30-s following, 5 min of cuff inflation at 220 mmHg (localized
ischemia). Because our OCT imaging system is slower than LDF
imaging, we collected postocclusive reactive hyperemia images
continuously across the 30 s following cuff deflation to capture
blood vessel responses that occur after the cuff deflation (3). The
LDF analysis was also calculated across the identical time period
to maintain consistency for comparative purposes.

Table 1. Subjects characteristics and resting cardiovascular
measures

Day_1 Day 2 P Value

Age, yr 24.6 � 4.2
Height, m 1.6 � 0.1
Weight, kg 62.8 � 18.7
Body mass index, kg/m2 23 � 5.1
Blood pressure

Systolic, mmHg 114 � 12 112 � 12 0.271
Diastolic, mmHg 66 � 9 65 � 10 0.825
Heart rate, beats/min 63 � 6 63 � 7 0.982

Values are means � SD; n � 10, 5 men, 5 women.

Fig. 1. A demonstration photo shows an instrumentation setting of pneumatic
cuff, optical coherence tomography (OCT), and laser Doppler flowmetry
(LDF) probe at the ventral aspects of the forearm. A pneumatic cuff (connected
to precision cuff inflator) was positioned on the forearm below the elbow,
while OCT and LDF probe were positioned distal to the cuff. The forearm was
supported by a foam pad to stabilize the arm position during assessments.
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Optical coherence tomography: image analysis. In accordance with
standard practice in OCT imaging, we define a 3-D coordinate system
where the z-axis is oriented along the direction of the light beam, and
the x, y axes are approximately parallel to the skin surface. The x-axis
corresponds to the fast-scanning direction of the OCT probe, such that
the x-z plane defines an image referred to as a B-scan, and the y-axis
is the slow-scanning axis of the OCT probe. OCT scans have a field
of view of 5 � 5 � 2.56 mm (x � y � z) for the baseline scans, and
2.5 � 2.5 � 2.56 mm during hyperemia. The smaller field of view
was used to reduce scan acquisition time (97 s for baseline vs. 32 s
during hyperemia) and minimize changes in flow within the period of
image acquisition. Voxel spacing was 5 � 1 � 3.5 �m.

To quantify blood flow speed, we used a speckle decorrelation
algorithm (25). In brief, at the micrometer scale, the intensity in an
OCT image varies due to changes in the subresolution optical scatters
in the tissue. This gives rise to speckle noise, similar to that seen in
ultrasound. By quantifying the change in intensity between closely
spaced OCT voxels, we can estimate the displacement in the tissue
between images. Dividing this displacement by the time between
images provides an estimate of speed. In our experiments, we ac-
quired images at a displacement spacing of 1 �m (along the y-axis),
which gave rise to a characteristic rate of change in the OCT intensity.
This is measured as the statistical decorrelation of the speckle and
quantified by the sum of squared differences in the intensity at
corresponding locations in two adjacent OCT images. In regions
containing blood flow, the speckle will statistically decorrelate more
rapidly, and the rate of decorrelation indicates the speed of blood flow.
We first estimated the expected rate of speckle decorrelation (without
flow) over a sequence of displacements from 1 to 10 �m. This
provided a decorrelation curve, with increased speckle decorrelation
at greater distances. To analyze the skin data, we calculated a
localized speckle decorrelation curve at each (x, y, z) over distances
along the y-axis from 1 to 10 �m. In areas of blood flow, the curve
decorrelates rapidly because displacement occurs both due to flow and
the 1-�m spacing between voxels. By factoring out the displacement
due to voxel spacing, we can estimate the additional displacement at
each (x, y, z) due to flow. Dividing the displacement by the time
interval between acquisition of adjacent voxels, we obtain an estimate
of flow speed.

Statistical methods. Statistical analysis was performed by using
graphing software (PRISM 7.4; Graph Pad, La Jolla, CA). Paired
sample t tests, Pearson correlations, and Lin’s concordance correlation
coefficients were performed to analyze the OCT-derived microvascu-
lar parameters and LDF-derived red blood cells flux before and after
hyperemia as well as between days 1 and 2 comparison.

Bland-Altman analysis of OCT- and LDF-derived parameters was
constructed by plotting the percentage difference of the means day 1
and 2 measures to demonstrate the variability at an individual level.
Coefficients of repeatability (CoR) were also calculated to test the
between-day reproducibility of all parameters at baseline and during

RH using the formula: 1.96�2�2, where � is the within subject

standard deviation of an absolute differences calculated in the Bland
Altman analysis. All data are presented in means � SD, unless stated
otherwise, and statistical significance was assumed at P � 0.05.

RESULTS

Effects of postocclusive reactive hyperemia on forearm cuta-
neous microvascular structure and function. The results revealed
that the hyperemic stimulus increased OCT-derived cutaneous
microvascular diameter (37.6 � 3.4 vs. 44.5 � 5.2 �m, P �
0.0001), flow rate (82.4 � 23.4 vs. 240.1 � 58.6 pl/s, P �
0.0001), speed (48 � 5.7 vs. 101.5 � 17.1 �m/s, P � 0.0001),
density (5.1 � 1.7 vs. 14.6 � 2.6%, P � 0.0001), and LDF-
derived flux (12.3 � 5.7 vs. 31.6 � 9.1 PU, P � 0.0001)
(Table 2 and Fig. 2). A representative set of OCT images from
three individual subjects at baseline and in response to post-
occlusive RH is provided in Fig. 3.

Reproducibility of reactive hyperemia. There were no between
day differences observed for OCT and LDF microvascular
parameters, either at rest or in response to RH (Table 2).
Pearson correlations for between-day OCT-derived microvas-
cular flow rate, diameter, speed, and density were all signifi-
cant at baseline (r � 0.64, r � 0.55, r � 0.55, r � 0.75, P �
0.05). During RH, OCT-derived diameter and density showed
significant Pearson’s correlations (r � 0.63, r � 0.64, P �
0.05). The Lin’s concordance correlation coefficients were
�c � 0.51 for diameter and �c � 0.64 for density. However, we
found that microvascular flow rate and speed did not achieve
statistical significance for the Pearson’s correlation between
days (r � 0.45, P � 0.09; r � 0.43, P � 0.11; Figs. 4 and 5).

Table 2. Microvascular structure and function at rest and during reactive hyperemia

Day 1 Day 2

Day 1
vs.

Day 2
(Baseline)

Day 1
vs.

Day 2
(RH)

Day 1 vs. Day 2
(Combined)

BL RH P value BL RH P value P value P value BL RH P value

Diameter, �m 35.9 � 4.5 42.8 � 4.9 0.0004* 39.3 � 3.1 46.2 � 6.6 0.0018* 0.065 0.21 37.6 � 3.4 44.5 � 5.2 �0.0001*
Speed, �m/s 46.2 � 6.8 101.4 � 19.3 �0.0001* 49.8 � 6.1 101.6 � 21.2 �0.0001* 0.228 0.982 48 � 5.7 101.5 � 17.1 �0.0001*
Flow, pl/s 71.4 � 29.9 220.3 � 60.8 �0.0001* 93.4 � 21.6 260.4 � 76.7 �0.0001* 0.075 0.216 82.4 � 23.4 240.1 � 58.6 �0.0001*
Vessel density, % 4.5 � 1.8 14.4 � 2.8 �0.0001* 5.6 � 1.9 14.8 � 3 �0.0001* 0.202 0.768 5.1 � 1.7 14.6 � 2.6 �0.0001*
LDF flux, PU 12.5 � 7.5 30.3 � 10.6 �0.0001* 12.1 � 4.7 32.8 � 12.2 0.0002* 0.888 0.642 12.3 � 5.7 31.6 � 9.1 �0.0001*
Skin temperature, °C 30.2 � 1.2 30.6 � 1 0.483

Values are means � SD. BL, baseline; RH, reactive hyperemia; LDF, laser Doppler flowmetry; PU, perfusion units. *P � 0.05, significant difference.

Fig. 2. Individual hyperemia response in cutaneous red cell blood flux and
flow derived from laser Doppler flowmetry (LDF; A) and optical coherence
tomography (OCT; B) at rest and during reactive hyperemia. PORH,
postocclusive reactive hyperemia; PU, perfusion units. *P � 0.01, signif-
icant difference. Each symbol represents 1 subject.
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The Lin’s concordance correlation coefficients were �c � 0.42
and �c � 0.37, respectively. Figure 6 shows a magnified view
of the individual microvessel changes between baseline and
during reactive hyperemia from the same area, between days 1
and 2. Similar to the OCT-derived flow rate, a significant
Pearson’s correlation was observed for between-day LDF mea-
sures at baseline (r � 0.74, P � 0.05, Fig. 4) but not during RH
(r � 0.26, P � 0.23; Fig. 4). The Lin’s concordance correla-
tion coefficient for LDF during RH was 0.25.

Bland-Altman analysis was performed on our LDF and
OCT based parameters at rest and in response to RH. This
analysis of between day differences in OCT-derived micro-

vascular flow rate revealed a bias of 30.5% (95% confidence
intervals, 	25.5 to 86.5%) at baseline and 15.2% (	45.8 to
76.1%) at RH, compared with LDF-derived flux bias of
0.5% (	64.7 to 65.6%) at baseline and 4.6% (	82.9 to
92.1%) at RH (Fig. 7). Similar analysis of OCT-derived
diameter, speed and density revealed bias at baseline (Fig.
8) of 9.4% (	10.4 to 29.2%); 7.8% (	17.2 to 32.7%); and
23.8% (32.1 to 79.7%), respectively. In response to RH
(Fig. 8), Bland-Altman analysis revealed bias of 7.2%
(	15.3 to 29.8%) for diameter; 0% (	43.2 to 43.1%) for
speed; and 2.2% (	29.3 to 33.7%) for density. None of the
Bland-Altman plots showed obvious heteroscedascity.

Fig. 3. Examples of optical coherence tomog-
raphy-derived images from 3 different subjects
at baseline (top) and during reactive hyperemia
(bottom). White scale bar � 500 �m. PORH,
postocclusive reactive hyperemia.

Fig. 4. Correlation of cutaneous red blood cell flux and flow
derived from laser Doppler flowmetry (LDF; top) and optical
coherence tomography (OCT; bottom) assessment in baseline
(left) and during reactive hyperemia (RH; right) between days
1 and 2. Pearson correlation analysis at the baseline is signifi-
cant for flux and flow rate. However, either LDF or OCT
assessment showed no significant correlation during RH. PU,
perfusion units. *P � 0.05, significant difference. Each symbol
represents 1 subject.
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The between day CoR of OCT-derived flow rate was higher at
baseline (18.4%) than the CoR of the LDF-derived flux (8.5%);
however, in response to RH, the OCT-derived flow rates were
improved and lower (3.3%) than the CoR of the LDF-derived flux

(8.3%). Finally, the between day CoR for OCT-derived parame-
ters at baseline and in response to RH were as follows: for
diameter: 1.9% baseline, 2.1% RH; for speed: 1.5% baseline, 5%
RH; and for density: 12% baseline, 3.3% RH.

DISCUSSION

The novel contribution of this study is that it has established
that OCT-derived cutaneous microvascular diameter, flow rate,
speed, and density are all able to be noninvasively visualized
and quantified in response to reactive hyperemia in humans.
Compared with the LDF approach, OCT characterization of the
spatial complexity of acute microvascular responses in humans
is greatly enhanced and compares favorably to LDF in terms of
reproducibility.

In conduit arteries, reactive hyperemia has become a com-
monly used technique, in part because arterial diameter, speed,
and flow can be visualized and quantified with high temporal and
spatial resolution using duplex ultrasonography (28, 29). Ar-
terial diameter responses in the brachial and femoral arteries
are known to be shear stress mediated and NO dependent, and
the “flow-mediated dilation” technique has become a surrogate
for endothelial function and health in humans. The impact of
RH on microvessels is less well characterized, due in part to the
absence of a simple noninvasive but high-resolution method to
directly image and quantify microvascular diameter, speed,
flow rate, and density characteristics at rest and in response to
physiological stimulation. While LDF and near infrared spec-
troscopy (NIRS) have been used for microvascular assessment
(3), they do not provide imaging data and rely on indirect
measures of red cell “flux” or de/oxygenation below the probe.
The OCT approach we introduce for use during RH in this
study overcomes many of the limitations associated with pre-
vious techniques.

Fig. 5. Correlation of cutaneous microvascular parameters (diameter, speed, and density) derived from optical coherence tomography (OCT) assessment at
baseline (top) and during reactive hyperemia (RH; bottom) between day 1 and day 2. *P � 0.05, significant difference. Each symbol represents 1 subject.

Fig. 6. Examples of optical coherence tomography (OCT)-derived images at
rest and during reactive hyperemia from the same subject between days 1 and
2. Top: baseline. Bottom: postocclusive reactive hyperemia (PORH). Insets:
magnified images during PORH site at baseline. White scale bar � 500 �m.
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Recently, our group published a study highlighting the impact
of 30 min of localized heating on cutaneous microvascular
diameter, flow rate, speed, and recruitment using the OCT
technique (25). Herein we have advanced this work by devel-
oping a speckle decorrelation protocol (as outlined in METH-
ODS), which can be used to visualize and quantify acute
changes in cutaneous microvascular parameters in responses to
reactive hyperemia. Local heating stimulation, of specific
types, can provide insight into NO-dependent endothelial func-
tion in cutaneous microvessels (16), and the microvascular
control mechanisms associated with heating responses may
differ from those related to reactive hyperemia (24). We
propose that the future use of OCT will assist in characterizing
the differential control mechanisms (local, reflex, etc.) that are
elicited by each of these stimuli. Furthermore, a combination of
the RH approach presented here, coupled with local heating
OCT responses, may provide a comprehensive assessment of
cutaneous microvascular health in humans.

Apart from establishing the feasibility of OCT for RH assess-
ment, we also sought to assess the reproducibility of this
technique. Our findings indicate that OCT measures for all
microvascular parameters (diameter, flow rate, speed, and
density) were reproducible at baseline. Similarly, a measure of
LDF flux at baseline was also significantly correlated between
days. In response to reactive hyperemia, not all parameters
demonstrated significant between-day correlations. While mi-
crovascular diameter and density showed good reproducibility
(r � 0.63, r � 0.64, P � 0.05), flow rate (r � 0.45) and speed
(r � 0.42) between-day assessments were not significantly
correlated. Similarly, LDF was not significantly correlated for
repeated RH measures between days (r � 0.26), and the cor-
relation was lower than that for OCT based flow rate and speed
measures. In our previous study, we demonstrated very high
reproducibility for OCT-derived diameters (r � 0.88) and flow

rates (r � 0.96) during localized heating (25), values that
exceed those observed in the present study for RH responses.
There are several factors that might contribute to these differ-
ences, including 1) stimulus differences between local heating
and RH; maximum microvessel dilation responses were ob-
tained after 20–30 min of slow gradual heating to 42–44°C (3),
whereas reactive hyperemia responses occur very rapidly and
degrade quickly, yielding more variable effects on deforma-
tion, stretch, pressure, and flow/shear stress on the blood
vessels (14, 21); and 2) microvascular responses to local
heating are likely more spatially consistent, allowing the OCT
scan to capture responses across a larger dimension compared
with the more inconsistent RH images. In our local heating
paper, we were able to undertake between-day comparisons of
a collection of single-point measures, while the RH images
were analyzed by comparing the total field of view.

There are some limitations to our research and some future
directions for improvement. OCT scanning takes time and
currently possesses relatively poor temporal resolution. In this
study, the postocclusive reactive hyperemia images were taken
30 s following cuff deflation, using a relatively small dimen-
sion (2.5 � 2.5 � 2.56 mm) to capture the rapidly evolving
maximum blood vessel responses that occur after the cuff
deflation (3). Use of a smaller dimension likely produces more
variability compared with the use larger area, such as the 5 �
5 � 2.56 mm region assessed during baseline measures. The
use of different regions of assessment at baseline and following
cuff deflation is not ideal. It is likely that, as the sophistication
(and speed of assessment) of commercially available OCT
machines increases, it will be possible to improve this aspect of
the approach we adopted. A second limitation relates to the
regional heterogeneity in the skin microvasculature. OCT
scans are performed in a relatively small region of the ventral
aspects of the forearm, which might not represent the whole

Fig. 7. Bland Altman plot of between-day %differences against
the mean of laser Doppler flowmetry (LDF)-derived flux (top)
and optical coherence tomography (OCT)-derived flow rates
(bottom), at baseline (left) and as a response to reactive hyper-
emia (right). Blue dashed line denoted the mean of %differ-
ences (i.e., bias), and blue dash-dotted line denotes upper and
lower limit of 95% of confidence intervals (n � 10; 5 women,
5 men). Black and red solid lines denote the linear slope for
relationship. No significant r2 values were observed.
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cutaneous circulation. This is a well-recognized limitation with
other techniques (LDF, NIRS) (3, 21), but perhaps future
iterations of OCT technology will enable larger regions to be
assessed. In addition, we did not assess or report within-day
variability. We thought the more relevant analysis was the
between session comparison, which is more typical of inter-
vention or repeated measures experimental designs (e.g., pre/
posttraining). It is safe to assume that removing and replacing
the OCT probe head, necessary on different assessment days,
will increase the variability compared with repeating assess-
ments on the same site within a visit. Finally, our current OCT
speckle decorrelation algorithms assess two-dimensional mea-
sures of vascularity. In theory, OCT can resolve 3-D and this
would enhance the utility of the technique for characterizing
the complexity of the skin microvasculature.

The cutaneous vessel bed may prove to be an accessible
surrogate for generalized microvascular function and health in
humans. It is important, however, to investigate the mechanism
underlying microvascular function and health in vivo. The RH
approach, coupled with OCT scanning, could be a valuable
technique to assess changes in microvascular structure and
function in humans. This study confirms that OCT is a feasible

and robust noninvasive technique that can be used to visualize
and quantify microvascular structure and function in humans in
response to reactive hyperemia. This study provides the first in
vivo within subjects assessment of acute changes in the skin
microarchitecture and function in response to physiological
manipulation involving RH in humans using OCT.

Perspectives. In the future, through direct visualization and
quantification of microvascular diameter, density, speed, and
flow rate, OCT combined with reactive hyperemia may have
applications in physiological and clinical settings such as for
diabetic microangiopathy, peripheral arterial diseases, general
microvascular health, ulceration, and amputation. Furthermore,
it may be possible to apply this technique to assess the efficacy
of pharmacological and lifestyle interventions.
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1  | INTRODUCTION

It has been 400 years since William Harvey (1578‐1657) embarked 
upon the presentation of his revolutionary proofs of the circula‐
tion in a series of Lumleian lectures. These lectures were ultimately 
summarized in the famous “Exercitatio Anatomica de Motu Cordis et 
Sanguinis in Animalibus,” commonly called “de Motu Cordis,” published 
in 1628.1 This remarkable exemplar of enlightenment thinking, con‐
sidered by some to be the prototypical example of the application of 
modern scientific methodology,2,3 is all the more impressive when 

placed in its contemporary context. At the time of writing De Motu 
Cordis, the received wisdom was based on the paradigms of Galen 
(AD 129‐c~217), who proposed that parallel circulations emanating 
from the heart and liver were charged with transport of “vital spirit” 
and “nourishment.”3 Harvey's proofs, informed by human anatomi‐
cal dissection, particularly his observations regarding venous valves, 
anticipated the existence of capillaries, which were observed for the 
first time by Malpighi using a rudimentary microscope (c1661), a few 
years after Harvey's death.2,3

One of Harvey's elegant experiments utilized tight and loose 
“ligatures,” applied to the upper arm of living humans. This simple 
and easily replicated experiment made the observation that tight 
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Abstract
William Harvey proved the circulation of blood 400 years ago using a combination of 
ligature application and astute observation that presaged the existence of capillaries. 
Here we report findings, based on our development of a novel application of optical 
coherence tomography (OCT), that directly confirm the impact of cuff inflation on 
microvessels as small as ~30µm. By emulating Harvey's proofs, using cuff inflation 
at low pressure in the presence and absence of skin heating, we have imaged and 
quantified significant effects on microvascular diameter and density in humans in 
vivo. The application of cuff pressure significantly increased microvascular diameter 
(40.5 ± 4.6 vs 47.1 ± 3.9 µm, P = .01) and density (8.33 ± 4.3 vs 15.1 ± 4.9%, P < .01). 
These impacts were reversed by cuff deflation. Our study also showed the profound 
impacts of skin heating on microvessel diameter (46.7 ± 5.8 vs 70.6 ± 7.8 µm, P < .01) 
and density (14.2 ± 6.5 vs 43.2 ± 9%, P < .01) in vivo, which were further exacerbated 
by cuff inflation. Our approach to the direct visualization of the human skin micro‐
vasculature is non‐invasive, safe, and easily applied. Future experiments might be 
directed at questions of microvascular physiology and pathophysiology, such as how 
different mammals thermoregulate and what impacts cardiovascular disease and dia‐
betes have on microvascular structure and function.
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ligatures abolished the radial pulse, causing limb cooling and dis‐
coloration, which were all reversed by loosening of the constric‐
tion. Crucially, a ligature applied with less pressure dampened, 
but did not remove the radial pulse, while tissue warmth and color 
were maintained. It also resulted in the filling of the subcutane‐
ous forearm veins. In his subsequent vein “milking” demonstration, 
which involved the squeezing of blood out of a vein and the release 
of a finger clamped either below or above the valves, it was then 
possible to establish that blood was traveling toward the limb root, 
and not outward as was previously assumed on the basis of blood 
letting.2,3

Today, of course, there is general understanding of the anatomy 
of the microcirculation and appreciation of the important role of 
these vessels in end‐organ function and nutrition. Many important 
contributions have been made to our understanding of skin phys‐
iology, using techniques based on the assessment of microcircula‐
tory blood movement and blockade of various neural and intrinsic 
vasoactive pathways.4‐6 However, direct dynamic imaging of the 

microcirculation in vivo in humans has remained elusive and would 
aid in understanding basic physiological mechanisms, both at rest 
and in response to vasoactive stimuli, along with the evolution of 
microvascular diseases such as those prevalent in, for example, di‐
abetes, peripheral arterial, coronary, and cerebrovascular diseases. 
In the present study, we developed and applied a novel approach, 
based on optical coherence tomography (OCT),7 to visualize the ar‐
chitecture of skin microvessels and to quantify their diameter and 
density in vivo. We therefore sought to demonstrate a highly novel 
technique that can be used to visualize changes in the microcircula‐
tion in response to interventions and to investigate the efficacy of 
this approach in response to interventions that are routinely used 
to interrogate the health of the skin blood vessels. To this end, we 
emulated Harvey's experimental proofs, using cuff inflation, to 
functionally image the effects on these microvascular parameters. 
We hypothesized that heating would increase directly imaged skin 
blood flows, microvessel diameters, and velocities, while cuff infla‐
tion would modify these outcomes.

F I G U R E  1   Panel A illustrates the 
protocol design. Circles show the time 
points at which microvascular imaging 
was undertaken using optical coherence 
tomography (OCT). Panel B shows the 
OCT instrumentation. The OCT probe 
was house in a thermostatic probe holder, 
and transfixed to the ventral side of the 
forearm, below the elbow. The LDF with 
integrated probes located in adjacent 
area to the OCT probe. The forearm was 
supported by a foam pad to stabilize 
the arm position during assessments. A 
pneumatic cuff (connected to precision 
cuff inflator) was positioned on the upper 
arm, proximal and distant from the OCT 
probe, to prevent movement in the OCT 
due to cuff inflation or deflation

(A)

(B)
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2  | MATERIALS AND METHODS

2.1 | Subjects characteristics

Eight	 healthy	 subjects	 (4♀4♂, 30 ± 5 years, 165.4 ± 0.1 cm, 
61.3 ± 11.4 kg, 22.3 ± 3.4 kg/m2,	SBP	106	±	8	mm	Hg,	DBP	61	±	9	mm	
Hg) were recruited in this study. They were screened to ensure that 
they were non‐smokers, free from cardiovascular and metabolic dis‐
eases, and not currently taking any medications or supplements. The 
participants were asked to fast for 6 hours prior to the test, avoid 
exercise for 24 hours and coffee, tea or chocolate for 12 hours. 
The study was approved by The University of Western Australia's 
Human	 Research	 Ethics	 Committee,	 conformed	 to	 the	 standards	
outlined in Declaration of Helsinki and participants provided written 
informed consent.

2.2 | Study design

The study was undertaken in a quiet and temperature controlled 
room	 (23°C)	 in	 the	Cardiovascular	Research	Laboratory,	School	of	
Human	 Sciences,	 The	University	 of	Western	Australia.	 All	 partici‐
pants were studied at the same time in the day (0800–1100 am). The 
study protocol and instrumentation is shown in Figure 1. Following 
10 minutes of instrumentation, the participants lay supine with the 
arms rested comfortably on a foam pad at heart level. After resting 
quietly for a further 20 minutes, a blood pressure assessment was 
obtained	(Dinamap	V100,	GE	Healthcare).	Optical	coherence	tomog‐
raphy images were then collected at baseline, 5 minutes following 
upper arm venous occlusion with light pneumatic cuffing pressure 
(30 mm Hg), and 5 minutes after this cuff pressure was released. 
After a further rest period of 10 minutes, immediately after baseline 
images were again obtained, a local heating disk which housed the 
OCT probe was heated at a rate of 1°C per 10s, from 33 to 44°C. 
Once 44°C was attained, the heater disk and skin temperature were 
maintained at 44°C for a further 30 minutes,4,8 during which time 
the 30 mm Hg inflation and deflation protocols described above 
were repeated.

Simultaneous	recordings	of	the	red	blood	cell	flux	were	obtained	
using laser Doppler flowmetry (LDF, model 413, Periflux 5000 
System;	 Sweden),	 with	 integrated	 probes	 located	 adjacent	 to	 the	
OCT probe. The detail of this protocol is illustrated in Figure 1A. All 
images were obtained from the same location on the forearm with‐
out movement or changes in placement of the OCT/LDF probe. LDF 
analysis was performed across the same time period as that used to 
obtain the OCT images (below), that is 90 seconds at the end of each 
experimental stage.

2.3 | Instrumentation

Prior to positioning the OCT probe, an inflatable blood pressure cuff 
(DEHokanson	Inc)	was	positioned	loosely	on	the	proximal	aspect	of	
the upper arm, while the OCT and LDF probe were positioned on 
the ventral aspect of the forearm, below the elbow (Figure 1). This 

minimized the impact of cuff inflation and deflation on scans. Optical 
coherence tomography imaging was performed using a commercial 
imaging system (Telesto III; Thorlabs GmbH) with central wave‐
length of 1300 nm and an axial resolution of 5 µm in tissues (assum‐
ing refractive index of 1.43 for the skin).9	Scanning	was	performed	
using	a	detachable	imaging	probe	(LSM03;	Thorlabs,	GmbH)	with	a	
lateral resolution of 13 µm. The probe was attached to a 5 degrees 
of freedom articulated arm and probe holder to minimize motion 
during the scanning processed. A custom spacer was designed and 
fabricated using a 3D printer (Form2; Formlabs), to ensure a stand‐
ard distance between the scanning optics and the skin surface. The 
setup is shown in Figure 1B.

Optical coherence tomography imaging was performed through 
the central bore of a thermostatic probe holder (PF450; Perimed), 
affixed to the ventral aspect of the participants left forearm using 
double‐sided adhesive rings. A small drop of ultrasound gel was 
placed between the skin and a transparent square microscope slide 
(8 × 8 mm) attached to the thermostatic probe holder. This provided 
a flat imaging surface, eliminating imaging artifacts due to the sur‐
face shape of the subject's skin.10

2.4 | Image acquisition and analysis

Optical coherence tomography data were acquired over a field of 
view with dimensions 5 × 5 × 2.5 mm (length × width × depth), at 
a sampling of 1000 × 5000 × 1024 pixels (X × Y × Z). The imaging 
light beam in OCT is weakly focused, providing high spatial resolu‐
tion over a depth of focus of a few hundred microns. The OCT beam 
was set to assess cutaneous tissue to a depth of 300µm below the 
skin surface. This ensured that the appropriate vascular tissue was 
assessed. Individual OCT measurements (A‐scan) were acquired at 
a rate of 76 kHz, and the total acquisition time was approximately 
90 seconds. We found this acquisition time to be well tolerated by 
our subjects, with minimal movement artifact. The stack of A‐scans 
collected and speckle decorrelation analysis performed.

Because OCT imaging is based upon interference of backscat‐
tered coherent light, the reconstructed data volume inherently con‐
tains speckle, visually similar to the speckle apparent in ultrasound 
images. It arises from constructive and destructive interference 
from multiple subcellular components within a single imaging res‐
olution element. The speckle is temporally invariant. That is, the 
speckle intensity remains constant when stationary tissue is imaged 
over time. However, in areas containing vasculature, the flow of cells 
results in change (decorrelation) to the speckle intensity over time, 
with more rapid flow resulting in more rapid decorrelation. By quan‐
tifying the rate of change of speckle, known as speckle decorrelation 
algorithms, we are able to delineate vessels and obtain an estimate 
of the rate of blood flow.10‐12

We define a coordinate system where the Z‐axis is oriented along 
the light beam (extending in depth into the tissue); and the X‐ and 
Y‐axes are parallel to the skin surface. Pixels in the Y direction were 
densely sampled (1 μm spacing). Thus if we compare a sequence of 
pixels at increasing Y distance apart, there will be a slow, gradual 
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change in speckle intensity within static tissue. At locations where 
there is blood flow, the rate of change will be scaled by the speed of 
the blood flow.

We quantify the speckle decorrelation between A‐scans that are 
a distance dy apart with the following formula:

where E[] denotes the expected value of a function and I(x,y,z) 
is the OCT intensity at location (x,y,z). E[] is calculated over a 
range of y and z values within a small, pre‐defined, fixed window 
(10 μm × 35 μm, respectively, in our application). By calculating 
f(dy) over a range of values for dy (1 μm … 10 μm in our application), 
we obtain a decorrelation curve that characterizes the average in‐
crease in decorrelation between increasingly distant pixels. We 
acquired a control scan in static tissue, which provided a calibra‐
tion curve showing the relationship between dy and f(dy) at known 
pixel displacements for our OCT system. To detect vasculature in 
a subsequent scan, the decorrelation curve was first calculated at 
each position in the OCT data volume. We then separately linearly 

scaled the decorrelation curve at each location to best match the 
calibration curve. Denote this scaling factor by k. In regions of 
static tissue, little scaling is required (k ≈ 1). In blood vessels, the 
scaling factor k is related to the amount of displacement in the 
blood cells due to flow during the time interval between acqui‐
sitions of the pixels. Dividing the calculated displacement by the 
time between data acquisitions, we were able to derive an esti‐
mate of blood flow speed.

To identify blood vessels, we first thresholded the 3D OCT data 
volume to mask out areas of low signal‐to‐noise ratio; typically areas 
deeper than 750 μm below the tissue surface. We then generated a 2D 
vascular projection image (parallel to the skin surface) by computing 
each (X,Y) location, evaluated over all depths (Z). Locations above an 
empirically selected threshold value were categorized as blood vessel. 
The same threshold value was used across all data sets and all subjects. 
The percentage of X‐Y pixels categorized as blood vessel was recorded 
as the vessel density, and interpreted as an indicator of vessel recruit‐
ment. At each pixel along the centreline of the vessel, we estimated 
the vessel diameter as the minimal length line across the vessel, using 
a technique similar to that described by Liew et al10 At the completion 
of processing, each OCT scan was represented as a 2D vessel image, 

f (dy)=

√

E
[

(

I (x,y,z)− I (x,y+dy,z)
)2
]

F I G U R E  2  Examples	of	OCT	images	from	two	subjects,	derived	at	baseline	(panels	A	and	D),	after	5	minutes	of	30	mm	Hg	venous	
occlusion	(panels	B	and	E)	and	5	minutes	following	subsequent	cuff	deflation	(panels	C	and	F).	There	are	increases	in	blood	vessels	
recruitment (as indicated by the arrow following 5 minutes of cuff inflation), which reversed after cuff deflation

(A) (B) (C)

(D) (E) (F)
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with an estimate of vessel diameter at each pixel. Our bespoke anal‐
ysis software enabled computation of these values both at individual 
locations and over a user‐defined region of interest. Analysis software 
was developed in‐house in Matlab (MathWorks) and implemented on a 
standard desktop computer (Dell Precision T7810; Dell).

2.5 | Statistics

Statistical	analysis	and	graph	was	performed	using	graphing	software	
(PRISM	7.4	Graph	Pad).	All	data	were	reported	as	means	±	standard	
error unless stated otherwise, and statistical significance was as‐
sumed at P	<	.05.	A	one‐way	ANOVA	with	repeated	measures	(time	
point as independent factors) was performed for all data. Post hoc 
analysis by Fischer's least significant difference test was used where 
significant values were found.

3  | RESULTS

3.1 | Impact of cuff inflation and deflation

Representative baseline resting vascular architecture images are illus‐
trated in Figure 2A,D. In the repeated measured analysis, there were 
significant differences between time points for OCT‐derived diameter, 
density (P < .01) as well as LDF‐derived flux (P < .0001). Following 
5 minutes of light cuff inflation at 30 mm Hg, the vascular networks 
significantly increased, on average, in diameter (P < .01) and density 
(P	<	 .01)	 (see	Figures	2B,E	and	3A).	These	changes	were	completely	
reversed after 5 minutes cuff deflation; significant decreases were ap‐
parent in diameter (P = .023) and density (P = .036) after cuff deflation 
(Figures 2C,F, and 3A). The LDF results (see Figure 4A) showed a signif‐
icant decrease in red blood cell flux compared to the baseline (P < .01), 
which also reversed following cuff deflation (P < .01). Individual mi‐
crovessels diameter and density results are presented in Table 1.

3.2 | Impact of local heating on microvessels: 
Effects of cuff inflation and deflation

Figure 5 shows representative subject images observed with local 
heating, and subsequent cuff inflation and deflation. Repeated meas‐
ures analysis showed significant differences between time point for 
OCT‐derived diameter, density, and LDF‐derived flux (all P < .0001). 
As shown in Figure 5 (B,F), there was a substantial and highly signifi‐
cant (Figure 3B) increasing of diameter and density of blood vessels as 
well as red blood cell flux (Figure 4B) following 30 minutes of local skin 
disk heating at a sustained 44°C (all P < .01).

After the application of 30 mm Hg cuff inflation for 5 min‐
utes (Figure 5C,G, and 3B), vessel diameter (P = .031) and den‐
sity (P < .01) significantly increased relative to the impact of 
heating alone. These changes reversed when the cuff deflated 
(Figure 5D,H, and 3B). The LDF data showed a different direction 
of red blood cell flux following cuff inflation under heated condi‐
tions (see Figure 4B). The flux tended to decrease following cuff 
inflation compared to the local heating alone and reversed after 
the cuff pressure was released (P = .02). Individual microvessels 
diameter and density results following local heating and cuff infla‐
tion are presented in Table 2.

4  | DISCUSSION

We have developed and applied a new technique that enables the 
quantitative and visual assessment of changes in human cutaneous 
microvessels in vivo. Our findings, using novel application of non‐in‐
vasive optical coherence tomography, confirm the impact of cuff infla‐
tion on microvessels as small as ~30µm. The present study emulated 
William Harvey's approach, with direct visualization of the impact of 
cuff inflation on microvessel diameter and density in vivo.

F I G U R E  3   Graph A (top) shows 
changes in ventral forearm skin blood 
microvascular diameter and density in 
response to cuff inflation of 30 mm Hg 
and	deflation.	Significantly	different	at	
P < .05 from previous time point (hash 
symbol).	Data	are	presented	in	mean	±	SE.	
BL: Baseline; +30:30 mm Hg of cuff 
inflation was applied; CR: cuff pressured 
was released. LH: local heating. Graph 
B (bottom) shows changes in ventral 
forearm skin blood microvascular 
diameter and density responses to local 
skin heating to 44°C, with subsequent 
cuff inflation of 30 mm Hg and deflation. 
Significantly	different	at	P < .05 from 
previous time point (asterisk symbol). Data 
are	presented	in	mean	±	SE
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The principle of cuff inflation to manipulate and measure limb blood 
flow has been used for many decades in the form of venous occlusion 
plethysmography, itself a direct descendant of Harvey's limb proofs.13,14 
Strain‐gauge	techniques	are	indirect	and	qualitative	in	nature,	but	they	
have convincingly demonstrated that, following cuff inflation (typically 
to 40‐50 mm Hg), there is a rise in forearm volume which reaches a pla‐
teau after 1‐2 minutes.13 The linear component of this rate of volume 
change (related to strain‐gauge lengthening) is proportional to arterial 
inflow, until venous pressure rises toward the occluding pressure.13 In 
the present experiment, we observed an interesting result in unheated 
skin when 30 mm Hg pressures were applied for five minutes. In this 
study, the application of this pressure increased microvascular diame‐
ter and density (blood vessels recruitment) in a manner that might be 
expected as a consequence of venous congestion and, reassuringly, 
this was completely reversed by cuff deflation. Our quantitative data 
reinforce the visual images of change that are presented in Figures 2 
and 5. Our OCT findings, which are in line with previous studies utiliz‐
ing plethysmography, provide direct visual confirmation of the changes 
that occur in microvessels during cuff inflation and venous congestion.

The purpose of utilizing heat application to the skin was to en‐
hance and stimulate blood flow responses, so that the impact of cuff 
inflation might be further revealed. In general, heating of the skin 
increased microvascular parameters and the effect of subsequent 
cuff inflation and deflation were clearly apparent. Our approach has 

revealed the profound impacts of skin heating on microvessel diam‐
eter and density in vivo. The application of cuff pressure following 
local heating revealed an increase in these microvascular variables 
as a consequence of venous occlusion. In human physiology, it is ax‐
iomatic that differences between individuals, or within subjects as a 
consequence of disease or adaptation, that are not obvious at rest 
may nonetheless be revealed following stimulation. In this context, 
skin heating is a safe and reproducible stimulus that, combined with 
our OCT assessments, may be used in future to assess the impacts 
of pathophysiology (eg, in patients with diabetes, peripheral artery 
disease) and interventions such as pharmacological, diet, exercise8 
on microvessel function and structure. Indeed, it has previously been 
suggested that the cutaneous microvasculature may act as an acces‐
sible surrogate for systemic microcirculatory function in health and 
disease.15‐17

An intriguing observation in the current study derives from the 
coincidental assessment of changes in microvascular function by 
OCT and LDF. The OCT outcomes indicate that, with cuff infla‐
tion, both microvessel diameter and density increased, and this 
was reversed on cuff deflation. During simultaneous assessment 
using LDF probes located nearby, cuff inflation caused a decrease 
in flux which reversed on deflation. There are several explanations 
for	the	apparent	disparity	between	techniques.	Since	laser	Doppler	
flux assesses movement of cells under the integrating probe, one 

F I G U R E  4   Cutaneous microvascular red blood cell flux (PU: Perfusion units) derived by laser Doppler flowmetry (LDF, green line) at 
unheated (Panel A, 33○C) and heated condition (Panel B, baseline in 33○C, local heating in 44○C).	Significantly	different	of	LDF‐derived	flux	
at P < .05 from previous time point in unheated (asterisk symbol) and heated (hash symbol) condition. LH: local heating

TA B L E  1   Cutaneous microvessels density and diameter at baseline and during cuff inflation

Participants

Diameter, µm Density, %

Baseline +30 mm Hg Cuff released Baseline +30 mm Hg Cuff released

1 43 46 46 6.6 10.57 6.64

2 41 44 42 13.23 15.62 15.42

3 47 53 52 16.26 24.62 25.74

4 34 42 37 3.68 11.13 4.59

5 35 45 41 4.47 13.16 9.17

6 41 52 46 7.77 16.95 10.66

7 45 46 47 7.94 10.57 11.36

8 38 49 42 6.69 18.31 8.28

Average 40.5 ± 4.6 47.1 ± 3.9*  44.1 ± 4.6*  8.33 ± 4.3 15.1 ± 4.9*  11.48 ± 6.6* 

*Significantly	different	at	P	<	.05	from	previous	time	point.	Data	are	presented	in	mean	±	SD.	
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possibility is that cuff‐induced increase in the density of microves‐
sels may induce a slowing in cell transit time. That is, the opening of 
formerly dormant resting microvessels, and consequent slowing of 
cell movement through a more dense vascular territory beneath the 
probe, can rationalize the differential technical observations. An 
alternative explanation relates to the anatomical focus of the dis‐
tinct techniques. It is thought that LDF detects red blood cell flux 
localized to the site of cutaneous ascendant arterioles.18,19 OCT 
and LDF techniques may therefore measure distinct components 

within the complex cutaneous microcirculatory anatomy. This 
raises the possibility of combining approaches in future to derive a 
more comprehensive and nuanced assessment of skin vascular ad‐
aptation, for example, by assessing microvascular responses at dis‐
tinct depths. Our OCT approach also raises the exciting possibility 
of visualizing and distinguishing between the behavior of arterioles 
and venules in vivo, by utilizing different cuff inflation pressures.

There are some limitations to our study and some possibilities for 
future development. Our scans were performed on a small patch of 

F I G U R E  5  Examples	of	OCT	images	from	2	subjects,	showing	baseline	(panels	A	and	E),	30	minutes	after	local	heating	to	44°C	(panels	B	
and F), after 5 minutes of cuff inflation at 30 mm Hg (panels C and G) and five minutes following subsequent cuff deflation (panels D and H). 
The blood vessels highlighted by the arrow show a representative response to local heating and cuff inflation‐deflation

(A) (B) (C) (D)

(E) (F) (G) (H)

TA B L E  2   Cutaneous microvessels density and diameter at baseline, during local heating, and cuff inflation

Participants

Diameter, µm Density, %

Baseline LH LH + 30 mm Hg LH + CR Baseline LH LH + 30 mm Hg LH + CR

1 47 69 71 70 10.07 45.56 49.26 46.91

2 44 63 65 64 15.53 32.95 40.9 35.44

3 55 86 87 88 28.86 59.31 62.08 61.15

4 41 66 72 67 10.52 43.52 52.61 45.72

5 39 63 63 65 8.84 29.67 33.99 33.54

6 53 78 81 78 15.88 46.82 51.73 47.8

7 51 70 69 70 13.22 44.85 48.73 47.84

8 44 70 74 71 10.33 42.64 48.68 44.4

Average 46.7 ± 5.8 70.6 ± 7.8*  72.7 ± 7.9*  71.6 ± 7.9 14.16 ± 6.5 43.16 ± 9.02*  48.5 ± 8.28*  45.35 ± 8.47* 

Note: Abbreviation: LH, local heating; CR, cuff released.
*Significantly	different	at	P	<	.05	from	previous	time	point.	Data	are	presented	in	mean	±	SD.	
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skin and may not be representative of other skin territories. In addi‐
tion, our scans were performed over a period of around 90 seconds, 
resulting in compound images with relatively poor temporal resolution. 
We also rendered the images in 2 dimensions. We anticipate that fu‐
ture development of this technology might enable 3D imaging, with 
real‐time assessment of dynamic changes in function in response to 
physiological stimuli such as heat and exercise.

In summary, we present a novel approach to the direct visualiza‐
tion of human cutaneous microvascular anatomy and physiology that 
is non‐invasive, safe, and easily applied in vivo. OCT may become a 
powerful new tool with which to assessment the microcirculation of 
the skin in health and disease. We honor the incredible achievement 
and contributions of William Harvey's De Motu Cordis, which for over 
400 years has inspired new insights into human physiology and med‐
icine. We conclude with Harvey's famous statement: “All we know is 
still infinitely less than all that remains unknown.”

5  | PERSPECTIVE

We demonstrate a powerful new technique to assess the human 
microcirculation in health and disease. In the near future the ap‐
proaches, we present in this study could easily be applied to ques‐
tions relevant to microvascular health and disease in humans. It has 
widespread potential implications in physiology and medicine such 
as how different mammals thermoregulate and what impacts cardio‐
vascular disease and diabetes have on microvascular structure and 
function.
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ABSTRACT
Introduction The pathophysiology of microvascular 
disease is poorly understood, partly due to the lack of tools 
to directly image microvessels in vivo.
Research design and methods In this study, we 
deployed a novel optical coherence tomography 
(OCT) technique during local skin heating to assess 
microvascular structure and function in diabetics with 
(DFU group, n=13) and without (DNU group, n=10) foot 
ulceration, and healthy controls (CON group, n=13). OCT 
images were obtained from the dorsal foot, at baseline 
(33°C) and 30 min following skin heating.
Results At baseline, microvascular density was higher in 
DFU compared with CON (21.9%±11.5% vs 14.3%±5.6%, 
p=0.048). Local heating induced significant increases 
in diameter, speed, flow rate and density in all groups 
(all p<0.001), with smaller changes in diameter for 
the DFU group (94.3±13.4 µm), compared with CON 
group (115.5±11.7 µm, p<0.001) and DNU group 
(106.7±12.1 µm, p=0.014). Heating- induced flow rate 
was lower in the DFU group (584.3±217.0 pL/s) compared 
with the CON group (908.8±228.2 pL/s, p<0.001) and 
DNU group (768.8±198.4 pL/s, p=0.014), with changes 
in density also lower in the DFU group than CON group 
(44.7%±15.0% vs 56.5%±9.1%, p=0.005).
Conclusions This proof of principle study indicates that it 
is feasible to directly visualize and quantify microvascular 
function in people with diabetes; and distinguish 
microvascular disease severity between patients.

INTRODUCTION
Diabetic foot disease and ulceration is a 
major complication of diabetes mellitus, with 
a lifetime incidence as high as 25%.1 The 
incidence of diabetic foot disease and ulcer-
ation is increasing due to the high worldwide 
prevalence of diabetes, increasing obesity 
rates and the longer life expectancy of people 
with diabetes. In 2016, the global prevalence 
of foot ulceration in patients with diabetes 
was 6.3%,2 with a lower limb amputation 
performed every 30 s.3 This condition is also 

associated with high economic burden due to 
the presence of infection and other complica-
tions and high recurrence rates.4 5

Diabetic foot ulceration is a chronic severe 
complication of diabetes associated with 
neuropathy and/or arteriosclerotic periph-
eral vascular diseases in the lower limb,6 
alongside microvascular abnormalities.7 
There are two pathogenic theories pertaining 
to microvascular disease in people with 
diabetes; the ‘capillary steal syndrome theory’ 
and the ‘hemodynamic hypothesis’. In the 
former, sympathetic autonomic neuropathy 

Significance of this study

What is already known about this subject?
 ► Diabetic subjects possess abnormal cutaneous mi-
crovascular function, which may induce and/or ex-
acerbate microvascular disease and complications. 
The study of microvessels in diabetics has been 
constrained by the lack of suitable tools to visualize 
and quantify microvascular structure and function in 
vivo.

What are the new findings?
 ► This is the first study that has directly visualized 
and quantified the function and structure of skin mi-
crovessels as small as ~30 µm in diabetic subjects 
and matched controls, both at rest and in response 
to physiological stimulation.

 ► Optical coherence tomography (OCT)- derived mea-
sures provide more comprehensive skin microvas-
cular hemodynamics compared to conventional 
techniques.

 ► Our study illustrates the feasibility of an exciting and 
highly powerful new non- invasive imaging tech-
nique which can distinguish between patients and 
healthy controls and identify microvascular abnor-
malities that are disease severity specific in patients 
with diabetes.
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in the lower limb causes a loss of vasoconstrictor tone and 
subsequent alteration in blood flow which increases arte-
riovenous shunting6 8 and reduces nutritive blood flow.9 
The ‘hemodynamic hypothesis’10 proposes that hypergly-
cemia promotes oxidative stress and cell damage, limits 
the production of nitric oxide (NO) and increases capil-
lary pressure,11 leading to adaptation and remodeling, 
thickening of capillary basement membranes, microvas-
cular sclerosis and finally, limitation of hyperemia and 
loss of autoregulation.8 10 12 Although debate continues 
regarding these theories of microvascular impairment 
in diabetes, abnormal cutaneous microvascular function 
and structure are a common and fundamental feature, 
which lead to further complications such as poor wound 
healing8 13 and, in some cases, amputation. The visual-
ization and quantification of microvascular structure and 
function is crucial to understanding pathophysiology as 
well as determining patient risk, disease progression and 
treatment efficacy.

Several methods have previously been proposed to 
assess the skin microcirculation in patients with diabetes, 
including capillary microscopy (CM),14 transcuta-
neous oxygen pressure assessment (TcPO2),14–16 laser 
Doppler flowmetry (LDF)13 14 and laser Doppler imaging 
(LDI).17 18 CM is usually limited to nail- beds in humans, 
while LDF provides an indirect and qualitative assessment 
of ‘flux’ and is not capable of visualizing or quantifying 
individual or regional microvascular anatomy or blood 
flow. LDI can resolve regional Doppler with a resolution 
of ~100 µm, however the vessels pertinent to skin micro-
vascular health are much smaller (~10–50 µm) and this 
technique does not visualize individual vessels or their 
density.19 These techniques therefore possess serious 
limitations in their capacity to characterize skin microcir-
culatory structure and function and they have not been 
widely adopted.

Optical coherence tomography (OCT) is non- invasive 
ultrahigh- resolution optical imaging technique which is 
capable of visualizing and quantifying skin microvessels as 
small as ~30 µm in humans. In our recent studies, we have 
shown that OCT is capable of providing high- resolution 

images and accurate quantification of cutaneous 
microvessel structure and function, both at rest and in 
response to physiological stimulation (eg, responses to 
local heating).20 21 The purpose of this study was to apply 
OCT in people with diabetes, with and without foot ulcer-
ation, and compare these responses to a healthy age and 
sex- matched control group. We hypothesized that OCT- 
based parameters would differentiate between control 
and diabetic subjects in terms of their skin microvascular 
structure and function.

RESEARCH DESIGN AND METHODS
Subject characteristics
Patients with diabetes mellitus and a diagnosed foot ulcer 
(DFU group, n=13) were recruited and enrolled if they 
had a history of diabetes for more than 1 year and at least 
one current diabetic foot ulcer, or a history (<3 months) of 
foot ulceration. Subjects with previous amputation distal 
to the metatarsals and/or foot deformity were included. 
All subjects required at least one palpable pedal pulse 
and/or an ankle- brachial pressure index of higher than 
0.7 and/or a toe systolic blood pressure of greater than 
70 mm Hg. Patients who had a history of endovascular 
treatment involving stenting or bypass grafting on their 
assessed leg were excluded from this study.

The diabetic group without foot ulcers (DNU group, 
n=10) were recruited and enrolled if they had a history of 
diabetes of more than 1 year and had never experienced 
diabetic foot ulceration. Pharmacotherapy, wound care, 
footwear and podiatric care of DFU and DNU groups 
were maintained, according to their current standard of 
care and each subject received follow- up irrespective of 
involvement in the study.

The control group were recruited from the community 
(CON group, n=13). They were screened to ensure that 
they were free from diabetes, cardiovascular, metabolic 
diseases and they were all non- smokers. One leg for each 
control participant was randomly selected for assessment. 
Subject characteristics are presented in table 1.

Study design
The study was undertaken in a quiet and temperature- 
controlled room (23°C) in the Cardiovascular Research 
Laboratory, School of Human Sciences (Exercise and 
Sports Science), The University of Western Australia. 
All participants were studied at the same time of day 
(09:00–11:00). All participants were asked to fast or have 
a light breakfast at least 4 hours prior to testing. They all 
abstained from alcohol, chocolate, caffeine, tea and exer-
cise for >12 hours prior to testing. The skin site on the 
dorsum of the foot was shaved 24 hours before assessment 
so that microtrauma from shaving did not affect measure-
ment. At the commencement of the test session, partic-
ipant’s demographic data were documented, including 
age, gender, height and weight.

The participants lay supine in semi- Fowler’s posi-
tion whereby the assessed leg was constrained within 

Significance of this study

How might these results change the focus of research or 
clinical practice?

 ► For the clinician, the techniques we introduce in this study may 
prove useful for diagnosing early stages of microvascular disease 
in high- risk patients, in characterizing disease progression and in 
assessing the efficacy of therapeutic interventions. Future studies 
may be directed to longitudinally assess larger cohorts of patients 
and to determine the utility of OCT in risk stratifying the diabetic 
foot, predicting outcomes and instituting early treatment.

 ► For scientists, using a combination of OCT assessment and simul-
taneous microdialysis delivery of specific pathway antagonist will 
allow pharmaco- dissection of individual pathways responsible for 
the regulation of cutaneous microvascular dysfunction/function in 
health and disease.
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a custom- designed boot, supported by a customized 
foam pad. This aimed to minimize leg/foot movement 
during assessment. After participant positioning and 
placing the OCT/LDF probes, a 20 min quiet rest period 
was observed, with brachial blood pressure assessment 
obtained (Dinamap V100, GE Healthcare, USA). Body 
temperature (BT) was measured using an ear thermom-
eter (MC-522, Omron Healthcare, Japan) prior to the 
local heating protocol. Immediately after OCT base-
line images were obtained, a local heating disk (PF450, 
Perimed, Stockholm) which housed the OCT probe was 
heated at a rate of 1°C/10 s, from 33°C to 44°C. Once 
44°C was attained, the heater disk and skin temperature 
were maintained at 44°C for a further 30 min,22 23 where-
upon the final postheating data were collected.

While OCT assessments were collected, simultaneous 
recordings of the cutaneous red blood cell flux were 
obtained using LDF. All assessments were obtained 
from a location immediately adjacent to the placement 
of the OCT probe, on the dorsum of the foot. Non- 
invasive blood pressure measurements were continuously 
recorded from the finger using a Finometer (Finapres 
NOVA, Amsterdam, the Netherlands).

Instrumentation and analysis
Laser Doppler flowmetry
Red blood cell flux was measured on the dorsum of the 
foot using a 7 Doppler array laser probe (LDF, model 
413, PeriFlux 5000 System; Sweden), with integrated 
thermostatic probe holder (PF450, Perimed), positioned 

Table 1 Subject characteristics

CON
(n=13, 5♀8♂)

DNU
(n=10, 5♀5♂)

DFU
(n=13, 5♀8♂)

P value
(one- way 
ANOVA)

Age (year) 60.8±10.9 68.2±8.1 59.8±9.7 0.11

BMI (kg/m2) 26.0±3.3 29.1±7.0 31.7±5.5* 0.03

Blood pressure (mm Hg)       

  Systolic blood pressure 125±12 124±14 134±15 0.13

  Diastolic blood pressure 72.0±6 70±10 75±7 0.32

  Mean arterial pressure 90±8 88±10 95±8 0.17

Resting heart rate (beats per minute) 60±8 74±13† 73±10† <0.01

Body temperature (°C) 36.5±0.3 37.1±0.4† 36.9±0.5* <0.01

HbA1c (%) NA 7.9±1.3 8.4±2.1 0.54

HbA1c (mmol/mol) (63.0±14.2) (68.3±23.1) 0.54

Type of diabetes

  DM type 1 – 1 3

  DM type 2 – 9 10

Duration of diabetes (years) – 18.4±8.2 23.6±11.2

Other medical condition/risk factors

  Hypertension 1 2 9

  Hypercholesterolemia 0 5 8

  History of cardiovascular diseases 0 1 3

  History of cerebrovascular diseases 0 0 0

  Current smoker; ex- smoker 0; 2 0; 5 0; 5

Medication

  Insulin injection 0 4 7

  Non- insulin antidiabetic injection 0 2 2

  Oral antidiabetic 0 5 6

  Antihypertension 1 2 9

  Antihypercholesterolemia 0 5 8

Data are presented in mean±SD.
*Significantly different from control group at p<0.05.
†Significantly different from control group at p<0.01.
ANOVA, analysis of variance; BMI, body mass index; CON, control; DFU, diabetic foot ulcer; DM, diabetes mellitus; DNU, diabetic non- ulcer; 
HbA1c, glycated hemoglobin; NA, not applicable.
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adjacent to the OCT probe. OCT/LDF probe holders 
were affixed using double- sided adhesive rings. A skin 
temperature sensor (MLT409; ADInstruments, Bella 
Vista, NSW, Australia) was placed between the two ther-
mostatic probe holders (OCT and LDF). Real- time flux 
signals were relayed and graphed via PowerLab onto a 
laptop running LabChart V.8 software (ADInstruments, 
Sydney, Australia) for offline analysis.

LDF- derived flux analysis at baseline and postlocal 
heating was performed across the same time period as 
that used to obtain the OCT images. Cutaneous vascular 
conductance (CVC) was calculated as LDF- derived flux 
in arbitrary perfusion units (PU), divided by mean arte-
rial blood pressure (Finometer). Individual graphs were 
constructed by averaging the values of flux in 30 s bins 
from baseline until the end of the local heating period 
and the total local heating responses were calculated as 
area under the curve (AUC) from the beginning of rapid 
increase of skin temperature until the end of local heating 
period, as described above. Local heating responses for 
flux and CVC were also measured as percentage changes 
from baseline and postlocal heating.

Optical coherence tomography
OCT imaging was performed using a commercial 
imaging system (Telesto III, Thorlabs, Germany) with 
central wavelength of 1300 nm and an axial resolution 
of 5 µm in tissues (assuming refractive index of 1.43 for 
the skin).24 Scanning was performed using a detachable 
imaging probe (LSM03, Thorlabs) with a lateral resolu-
tion of 13 µm. The probe was attached to a 5 df articu-
lated arm and probe holder to minimize motion during 
scanning. A custom spacer was designed and fabricated 
using a 3D printer (Form 2, Formlabs, MA, USA), to 
ensure a standard distance between the imaging probe 
and skin surface. OCT imaging was performed through 
the central bore of a thermostatic probe holder (PF450, 
Perimed). A small drop of ultrasound gel was placed 
between the skin and a transparent square microscope 
coverslip (8×8 mm) attached to the thermostatic probe 
holder. This provided a flat imaging surface, eliminating 
imaging artifacts due to the surface shape of the subject’s 
skin.25

OCT data were acquired over a field of view with 
dimensions of 5×5×2.5 mm (length × width × depth), at 
a sampling of 1000×5000×1024 pixels (X × Y × Z). The 
imaging light beam in OCT is weakly focused, providing 
high spatial resolution over a depth of focus of a few 
hundred microns. The OCT beam was set to assess cuta-
neous tissue to a depth of approximately 300 µm below 
the skin surface. This ensured that the appropriate 
vascular tissue was assessed. Individual OCT measure-
ments (A scan) were acquired at a rate of 76 kHz and the 
total acquisition time was approximately 90 s. We found 
this acquisition time to be well tolerated by our subjects, 
with minimal movement artifact. The stack of A scans was 
collected and speckle decorrelation analysis performed. 
Further details of this image acquisition and analysis are 

described elsewhere.20 In brief, the characteristics of the 
speckle noise are related to blood flow speed, with faster 
blood flow giving rise to more rapid fluctuations in the 
speckle noise. Speckle indicating blood vessels is auto-
matically delineated from the surrounding static tissue 
using standard imaging processing techniques, with the 
speckle fluctuations providing an estimate of flow speed 
at each point. We calculated the average vessel diameter 
(units: microns) and average flow speed within vessels 
(units: microns per second) over the entire scanning field 
of view. We also computed the average flow in each vessel 
(units: picolitres/second). Finally, we computed an esti-
mate of vessel density by generating a two- dimensional 
projection image of the blood vessels (shown in figure 1) 
and quantifying the pixels that lay on a blood vessel as a 
percentage of the total 5 mm × 5 mm field of view.

Figure 1 Representative OCT- derived images from CON 
(top: A, B), DNU (middle: C, D) and DFU (bottom: E, F) 
subjects at baseline (left) and during LH (right). Blood vessels 
are color coded to indicate flow speed (μm/s). The white 
scale bar represents 500 µm. CON, control; DFU, diabetic 
foot ulcer; DNU, diabetic non- ulcer; LH, local heating; OCT, 
optical coherence tomography.
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Local heating responses of OCT- derived diameter, 
speed, flow and density are reported as percentage 
changes between baseline and postlocal heating (relative 
changes). Due to severe tremor during OCT scanning, 
images from one participant in DFU group were elimi-
nated from OCT analysis.

Statistical analysis
Sample size calculation was based on the published data 
of Sandeman et al26 which reported the difference in skin 
microvascular responses to local heating stimuli between 
three groups: non- insulin- dependent, insulin- dependent 
diabetic subjects and controls. Mean and variance data 
derived from this study were assessed using the formula 
of Hozo et al.27 Assuming α=0.05 and β=0.8, the minimum 
number of subjects required to establish significance is 7 
per group (G*Power V.3.1.9.7).

Data are presented using graphing software (PRISM 
V.8.1, GraphPad, La Jolla, CA, USA). All data are reported 
as means±SD unless stated otherwise and statistical 
significance was assumed at p<0.05. A two- way repeated 
measures analysis of variance (ANOVA) was performed 
to calculate differences between groups, before and 
after local heating (time factor), for both OCT and LDF 
outcome measures. If the significant interaction and/
or main effects were detected, post hoc analysis by Fish-
er’s least significant difference was performed to deter-
mine the differences between groups. One- way ANOVA 

analysis was performed between groups where data 
without a time factor (eg, baseline data) were compared.

RESULTS
Participant characteristics
There were no differences in age or blood pressure 
(systolic, diastolic and mean) between groups when one- 
way ANOVA was performed. However, body mass index 
was significantly different between groups (p=0.03), with 
post hoc tests revealing higher values in the DFU group 
compared with the CON group (p=0.010). Resting heart 
rate (RHR) and BT were significantly different between 
groups (all p<0.01), with RHR and BT higher in DFU 
(RHR p=0.004; BT p=0.02) and DNU (RHR p=0.002; BT 
p=0.002) than CON. However, RHR and BT were within 
the normal range. Further details of participant charac-
teristics are shown in table 1.

Baseline characteristics and the effects of local heating on 
LDF-derived parameters
Table 2 summarizes baseline characteristics and LDF 
responses to 30 min of local heating parameters in each 
group. There was a significant difference (one- way 
ANOVA) in foot skin temperature at rest between groups 
(p<0.001), whereby the foot skin temperature in DFU>D-
NU>CON group (CON vs DNU p=0.005; CON vs DFU 
p<0.001; DNU vs DFU p=0.002). There were no significant 

Table 2 Cutaneous microvessel local heating responses using laser Doppler fluxometry (LDF- derived parameters)

CON DNU DFU ANOVA

BL LH
P value
(BL vs LH) BL LH

P value
(BL vs LH) BL LH

P value
(BL vs LH) P value

Flux (PU) 33±13 171±38 <0.001 28±17 135±48† <0.001 35±18 135±36† <0.001 0.023 (two- 
way RM)*

  % change flux 498±237 482±243 380±262 0.427 (one 
way)

CVC
(PU·mm/Hg)

0.34±0.15 1.80±0.48 <0.001 0.31±0.17 1.52±0.56 <0.001 0.37±0.20 1.45±0.34 <0.001 0.067 (two- 
way RM)

  % change CVC 513±238 472±263 389±273 0.457 (one 
way)

MABP, finger
(mm Hg)

100.1±12.7 99.6±13.5 0.757 92.6±18 94.6±18.1 0.283 96.5±14 96±14 0.756 0.516 (two- 
way RM)

Resting skin 
temperature (°C)

29.6±1.2 31.3±1.3† 33.1±1.4†‡ <0.001 
(one way)*

LDF heat unit 
temperature (°C)

33.1±0.3 44.0±0 <0.001 33.0±0 44.0±0 <0.001 33.3±0.5 44.0±0 <0.001   

OCT heat unit 
temperature (°C)

33.1±0 44.2±0 <0.001 33.1±0 44.2±0 <0.001 33.3±0.4 44.2±0 <0.001   

Data are presented in mean±SD. Two- way repeated measures ANOVA (p value indicated interaction between time*group factors) was used to test 
the LDF- derived flux and CVC at baseline and at the end of local heating between groups, while % changes were tested using one- way ANOVA. 
Post hoc p values for baseline and local heating responses within groups are detailed in the columns.
*Significantly different from control group at p<0.05,
†Significantly different from control group at p<0.01.
‡Significantly different from DNU group at p<0.01.
ANOVA, analysis of variance; BL, baseline; CON, control; CVC, cutaneous vascular conductance; DFU, diabetic foot ulcer; DNU, diabetic non- ulcer; 
LDF, laser Doppler flowmetry; LH, local heating; MABP, Mean Arterial Blood Pressure; OCT, optical coherence tomography; PU, perfusion unit; RM, 
repeated measures.
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changes in blood pressure during local heating (time 
p=0.735; group p=568; time*group p=0.516).

We compared LDF- derived flux and CVC at base-
line and following prolonged local heating using 
two- way repeated measures ANOVA. This revealed a 
significant main effect of time (p<0.001) but no signifi-
cant main effect for group (flux p=0.107; CVC p=0.316). 
Time*group interaction for LDF- derived flux was signif-
icant (p=0.023), but not significant when expressed in 
CVC (p=0.067). Baseline LDF- derived flux and CVC were 
not different between groups (table 2).

LDF- derived flux greatly increased at the end of the 
plateau phase following 30 min of local heating, compared 
with the baseline state, in all groups (all p<0.001, table 2). 
LDF- derived flux after 30 min of local heating was lower in 
DFU group than CON group (p=0.003) and DNU group 
(p=0.007). Statistical comparisons revealed no significant 
differences between groups in terms of relative increases 
from baseline in response to heating (p=0.427).

In keeping with the above LDF- derived flux results, 
there were significant increases in skin conductance in 
all groups following 30 min of local heating at 44°C (all 
p<0.001). The skin conductance relative changes from 
baseline values also showed no significant differences 
between groups (p=0.457) (see further details in table 2).

Figure 2 shows the mean values of LDF- derived flux 
in 30 s bins from baseline (point a) until the end of the 

rapid local heating (point d) period. Two minutes after 
completing the rapid local heating to 44°C, each group 
reached a transient peak in LDF (point b, p=0.014, one- 
way ANOVA). This transient peak was lower in DNU 
than CON (102.7±33.0 PU vs 135.5±46.5 PU, p=0.029) 
and lower again in DFU subjects (95.5±31.2 PU vs 
135.5±46.5 PU, p=0.006). Following these transient 
peaks, the skin flux slowly rose until it reached a plateau 
in CON and in the DNU groups, whereas in DFU subjects 
there was a transient drop (nadir, point c) in skin flux, 
before values rose to a plateau phase in all groups (point 
d, p=0.003, one- way ANOVA). The temporal pattern of 
LDF skin flux therefore differed between groups. The 
total local heating response (AUC) of LDF- derived flux 
was significantly different between groups (p<0.001, one- 
way ANOVA), whereby DFU group (3831±358.0 PU·min, 
p<0.001) and DNU group (4044±379.2 PU·min, p<0.001) 
possessed lower responses compared with CON group 
(5141±415.7 PU·min). No differences were apparent 
between the DFU and DNU groups (p=0.198).

Baseline characteristics and the effects of local heating on 
OCT-derived parameters
Baseline characteristics and local heating responses for 
OCT- derived parameters (diameter, speed, flow rate 
and density) for each group are summarized in figure 3. 
Two- way repeated measures ANOVA revealed significant 
interaction effects for time*group for all OCT- derived 
parameters and main effect for time. However, there 
were no significant main effects of group for any OCT- 
derived parameters (figure 3).

Figure 1 shows representative images of one individ-
ual’s OCT- derived images from the dorsum of the foot 
from each group at baseline (left panel: 3A, 3C, 3E) 
and in response to local heating (right panel: 3B, 3D, 
3F). At baseline, OCT- derived density (vessel recruit-
ment) was higher in DFU compared with control group 
(21.9%±11.5% vs 14.3%±5.6%, p=0.048) (figure 3), while 
the larger diameter apparent in the DFU group compared 
with CON (figure 1) was not significant (p=0.07).

There were significant increases in OCT- derived diam-
eter, speed, flow rate and density following prolonged 
heating in all groups (all p<0.001, figure 3). Compared 
with CON group (115.5±11.7 µm), OCT- derived diame-
ters were significantly lower in the DFU group (94.3±13.4, 
p<0.001). The DFU group also differed from the DNU 
group (106.7±12.1 µm, p=0.014). The relative changes 
in OCT- derived diameter from baseline in response to 
local heating were significantly different between groups 
(p<0.001, one- way ANOVA) where the responses were 
much lower in the DFU group (18.8%±13.6%, p<0.001) 
and the DNU group (35.8%±17.2%, p=0.044) compared 
with CON group (53.1%±25.1%), and the difference 
between the DFU and DNU groups was borderline signif-
icant (p=0.050).

Compared with the DNU group (84.6±10.0 µm/s), 
OCT- derived speed was slightly lower in the DFU group 
(78.7±8.6, p=0.051). OCT- derived relative changes in 

Figure 2 Graph shows cutaneous red cell LDF- derived 
flux mean (SEM) from CON (black circle), DNU (white circle) 
and DFU (white rhombus) groups at rest (33°C), during rapid 
local heating from 33°C to 44°C and constant heating at 
44°C. Point a (baseline) and point d (end of local heating) 
show the same time point as optical coherence tomography 
(OCT) scan; b: transient peak; c: nadir. A two- way repeated 
measures analysis of variance (ANOVA) was performed to 
analyze the differences of LDF- derived flux across the time 
from baseline until the end of local heating between groups. 
One- way ANOVA was performed to analyze LDF- derived flux 
at transient peak, nadir, and total area under the curve (AUC) 
heating responses. CON, control; DFU, diabetic foot ulcer; 
DNU, diabetic non- ulcer; LDF, laser Doppler flowmetry; PU, 
perfusion unit.
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speed from baseline during heating were not significantly 
different between groups (p=0.077).

Compared with the CON group (908.8±228.3 pL/s, 
p<0.001) and DNU group (768.8±198.4 pL/s, p=0.014), 
OCT- derived flow rate during local heating was lower in 
the DFU group (584.3±217.0 pL/s) and the difference 
between the CON and DNU groups was borderline signifi-
cant (p=0.055). The relative changes in OCT- derived flow 
rate from baseline in response to local heating were signifi-
cantly different between groups (p<0.001). Compared 
with CON group (230.5%±128.1%), OCT- derived relative 
changes in flow rate from baseline in response to heating 
were lower in the DFU group (73.4%±51.6%, p<0.001) 
and the DNU group (135.2%±55.6%, p=0.016).

Compared with the CON group (56.5±9.1, p=0.005) 
and DNU group (53.5%±8.0%, p=0.047), OCT- derived 
density during local heating was lower in DFU group 
(44.7%±15.0%). The relative changes in OCT- derived 
density from baseline in response to local heating 
were significantly different between groups (p=0.038). 
Compared with CON group (320.1%±210.6%), OCT- 
derived relative changes in density from baseline in 
response to heating were also lower in the DFU group 
(130.5%±89.9%, p=0.046).

DISCUSSION
The purpose of this study was to establish the feasibility 
of using OCT to visualize and quantify cutaneous micro-
vascular structure and function in people with diabetes 
in response to the physiological stimulus of skin heating. 
By recruiting people with diabetes, with and without 
foot ulcers, and comparing them to healthy age and 

sex- matched controls, we hoped to ascertain whether 
OCT- derived measures could distinguish between clinical 
populations. Our study has several important findings: 
(i) that differences exist between diabetic subgroups and 
controls in terms of resting OCT- derived visual charac-
teristics, (ii) that local heating is a potent stimulus that 
increases OCT- derived outcomes such as microvessel 
diameter, speed, flow and density, (iii) that microvascular 
reserve, or capacity for microvascular functional param-
eters to respond to heating, is impaired in patients with 
diabetes, with greater impairment in those with estab-
lished ulceration.

The most compelling outcome of our study was that 
the change in OCT- derived parameters, from resting 
values in response to imposed skin heating (figure 3), 
was impaired in people with diabetes, and further atten-
uated in those with foot ulcers. This clear and consistent 
stepwise impairment, whereby CON>DNU>DFU across 
all parameters, strongly suggests that OCT is capable of 
discriminating between subjects with different degrees 
of microvascular dysfunction. The % change panels in 
figure 3 reflect differences that exist between groups 
in response to heating, but also in baseline data. Our 
careful inspection of individual data, such as the exam-
ples provided in figure 1, suggests to us that important 
differences exist between controls and participants with 
diabetes at rest, as well as in response to heating. There 
was consistent appearance of larger highly perfused 
vessels in the diabetic groups at rest, but sparse appear-
ance of smaller, possibly more nutritive, vessels. In 
response to heating, the perfusion of smaller vessels is 
clearly evident in controls, whereas in diabetic groups 

Figure 3 OCT- derived parameters (diameter, speed, flow rate, and density) at baseline and at the end of 30 min prolonged 
local heating. The local heating responses relative to their baseline are shown as % changes. Data are presented in mean 
(SEM). A two- way repeated measures analysis of variance (ANOVA) was performed to calculate differences between groups, 
before and after heating for all OCT- derived parameters. One- way ANOVA analysis was performed to analyze relative changes 
of all OCT- derived parameters. #Significant difference (p<0.001) of local heating responses from their baseline within the same 
group. *Significantly different from control group at p<0.05. **Significantly different from control group at p<0.01. †Significantly 
different from diabetic non- ulcer (DNU) group at p<0.05. BL, baseline; LH, local heating; OCT, optical coherence tomography.
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larger vessels remain highly perfused, with a lesser 
degree of small vessel engorgement. This is the first time, 
to our knowledge, that visualization of skin microvessels 
has been reported in different clinical populations and 
in response to physiological stimulation. Our observa-
tions are broadly consistent with the proposal that nutri-
tive blood flows are impaired in diabetic microvascular 
disease, while perfusion of larger non- nutritive microves-
sels may be paradoxically enhanced. It is notable that 
resting skin temperatures were higher in the diabetic 
subjects (°C: DFU>DNU>CON), which accords with the 
visual OCT evidence and also with the common clinical 
observation that diabetic skin is ‘warm’. It is also notable 
that LDF flux values did not reflect the pattern evident in 
the OCT and skin thermistor data, which highlights the 
limitations of this approach.

Our study was not specifically designed to examine 
the two prevailing paradigms pertaining to microvas-
cular disease in people with diabetes; the capillary steal 
versus hemodynamic hypotheses. However, we think that 
future OCT- driven research, perhaps involving prospec-
tive time course studies of the progressive evolution of 
microvascular disease, may shed important light on 
pathophysiology. Another promising future opportunity 
is the combination of OCT visualization and quantifica-
tion of in vivo functional responses alongside skin biopsy 
techniques. In recent studies, biopsies performed in the 
lower leg have revealed lower28 and higher29 microvas-
cular density in diabetic versus control subjects, perhaps 
depending on the disease type and severity.

We used local heating because it is a simple, easily 
administered and safe approach to assessing abnormal-
ities in microvessel function and structure (eg, density) 
in response to a common and relevant physiological 
stressor. In contrast to the preserved or increased values 
for diameter, speed, flow and density apparent at rest 
in diabetic subjects, responses to imposed (and iden-
tical) heating stimuli revealed consistently diminished 
responses in both diabetic groups, with more exaggerated 
impairment in the DFU group. These observations rein-
force the importance of examining vascular responses to 
physiologically relevant stimuli in humans, in addition 
to obtaining quiescent data. Cutaneous vasodilation in 
response to local heating involves a complex integrated 
and redundant group of neural and intrinsic mech-
anisms,30 including axonal reflexes31 and the release 
of NO,23 31–33 endothelium- derived hyperpolarizing 
factors,23 and other autocrines. In healthy non- glabrous 
(hairy) skin, rapid non- painful local heating (up to 42°C) 
classically induces a bimodal response,31 with an initial 
peak mediated by an axon reflex,31 followed by a tran-
sient nadir, and subsequent plateau phase.31 32 In this 
study we chose a modified local heating protocol which 
aimed to induce maximal vasodilation and so assess func-
tional and structural aspects of microvascular dilation.20 
The impaired heating responses we observed in the DFU 
and DNU groups may be due to loss of neurogenic vaso-
dilation and/or reduced synthesis of NO or other local 

factors. We think it will be possible in future studies, using 
a combination of OCT assessment and simultaneous 
microdialysis delivery of specific pathway antagonists,33–35 
to pharmacodissect individual pathways responsible for 
the regulation of cutaneous microvascular dysfunction/
function in health and disease.

Reduced local heating responses in the skin of diabetic 
subjects have previously been observed using LDF. The 
maximum skin microvascular response to local heating 
was significantly impaired in type 1 diabetes mellitus 
(T1DM),36 type 2 diabetes mellitus (T2DM)26 37 and 
T1DM/T2DM with neuropathy and ischemic neurop-
athy,38 compared with healthy controls. Unfortunately, 
this modality (and others such as LDI and TcpO2 
monitor), along with local heating approaches, were 
unable to discriminate the severity of impairment in 
skin microvascular responses between diabetics with and 
without ulceration.37 Furthermore, none of these studies 
directly observed or quantified individual structural or 
functional changes in microvessel beds, which we were 
able to achieve using our OCT approach. Ours is there-
fore the first study, to our knowledge, to both visualize 
and quantify differences in diameter, speed, flow rate and 
density at rest and in response to physiological stimula-
tion in diabetic and control subjects.

Our study has several limitations. Since skin microvas-
cular density is heterogeneous, different vascular beds 
may exhibit distinct responses to the local heating.39 OCT 
imaging was obtained from a small area of skin microves-
sels and may not be a representative of other areas of the 
skin. This limitation is common to other techniques such 
as LDF, Near Infrared Spectroscopy (NIRS) and also to 
biopsy approaches. We also rendered the images in two 
dimensions. It is feasible that future development might 
enable 3D imaging. A further limitation is that our pilot 
study was performed in a limited sample of diabetic and 
control subjects. Future studies should be conducted 
to longitudinally assess larger cohorts of patients and 
to determine the utility of OCT in risk stratifying the 
diabetic foot, predicting outcomes and instituting early 
treatment. Finally, it is important to emphasize that the 
current OCT approach we use has poor temporal reso-
lution and it is also impractical to use a 30 min heating 
protocol to assess microvascular structure and function in 
a working clinic. However, these issues will be overcome 
as OCT technology advances and it is highly feasible that 
more rapid heating protocols will be developed.

CONCLUSIONS
Our novel findings indicate that OCT may offer powerful 
insights into the pathology/physiology of microvascular 
diseases in humans. We have demonstrated the feasibility 
of directly visualizing changes in microvascular function 
and structure in healthy subjects and quantified abnor-
malities which are disease severity specific in patients with 
diabetes. The techniques we introduce in this study may 
prove useful for diagnosing early stages of microvascular 

 on S
eptem

ber 2, 2020 by guest. P
rotected by copyright.

http://drc.bm
j.com

/
B

M
J O

pen D
iab R

es C
are: first published as 10.1136/bm

jdrc-2020-001479 on 26 A
ugust 2020. D

ow
nloaded from

 

http://drc.bmj.com/


9BMJ Open Diab Res Care 2020;8:e001479. doi:10.1136/bmjdrc-2020-001479

Emerging technologies, pharmacology and therapeutics

disease in high- risk patients, in characterizing disease 
progression and assessing the efficacy of therapeutic 
interventions.
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Argarini R, McLaughlin RA, Joseph SZ, Naylor LH, Carter
HH, Haynes A, Marsh CE, Yeap BB, Jansen SJ, Green DJ.
Visualizing and quantifying cutaneous microvascular reactivity in
humans by use of optical coherence tomography: impaired dilator
function in diabetes. Am J Physiol Endocrinol Metab 319: E923–
E931, 2020. First published September 21, 2020; doi:10.1152/
ajpendo.00233.2020.—The pathophysiology and time course of
impairment in cutaneous microcirculatory function and structure
remain poorly understood in people with diabetes, partly due to
the lack of investigational tools capable of directly imaging and
quantifying the microvasculature in vivo. We applied a new opti-
cal coherence tomography (OCT) technique, at rest and during re-
active hyperemia (RH), to assess the skin microvasculature in
people with diabetes with foot ulcers (DFU, n = 13), those with
diabetes without ulcers (DNU, n = 9), and matched healthy con-
trols (CON, n = 13). OCT images were obtained from the dorsal
part of the foot at rest and following 5 min of local ischemia
induced by inflating a cuff around the thigh at suprasystolic level
(220 mmHg). One-way ANOVA was used to compare the OCT-
derived parameters (diameter, speed, flow rate, and density) at rest
and in response to RH, with repeated-measures two-way ANOVA
performed to analyze main and interaction effects between groups.
Data are means ± SD. At rest, microvascular diameter in the DFU
(84.89 ± 14.84 mm) group was higher than CON (71.25 ± 7.6 mm,
P = 0.012) and DNU (71.33 ± 12.04 mm, P = 0.019) group. Speed
in DFU (65.56 ± 4.80 mm/s, P = 0.002) and DNU (63.22 ± 4.35
mm/s, P = 0.050) were higher than CON (59.58± 3.02 mm/s). Micro-
vascular density in DFU (22.23 ±13.8%) was higher than in CON
(9.83± 2.94%, P = 0.008), but not than in the DNU group
(14.8± 10.98%, P = 0.119). All OCT-derived parameters were signifi-
cantly increased in response to RH in the CON group (all P < 0.01)
and DNU group (all P < 0.05). Significant increase in the DFU group
was observed in speed (P = 0.031) and density (P = 0.018). The
change in density was lowest in the DFU group (44± 34.1%) com-
pared with CON (199.2 ±117.5%, P = 0.005) and DNU (148.1±98.4,
P = 0.054). This study proves that noninvasive OCT microvascular
imaging is feasible in people with diabetes, provides powerful new

physiological insights, and can distinguish between healthy individu-
als and patients with diabetes with distinct disease severity.

cutaneous microcirculatory; diabetic foot ulcer; optical imaging; re-
active hyperemia

INTRODUCTION

Diabetic foot ulceration (DFU) is one of the most devastating
complications of diabetes, costing more than $1 billion per
annum in the US alone (19). Impaired microvascular structure
(9) and function (37) are integral pathological components in
DFU and lead to poor wound healing and, ultimately, amputa-
tion (8, 27). Complications related to DFU account for more
than 80% of all amputations in the US and significantly contrib-
ute to the cost of care (19).
DFU is caused by any, or a combination of, the following

factors: pressure injury in the presence of peripheral neuropa-
thy, peripheral vascular disease, or infection following injury
(4). Although some studies refute the existence of occlusive
microcirculatory manifestations in people with diabetes (9,
25), microvascular dysfunction is apparent in people with di-
abetes following injury and physiological stress (37, 38).
Microvascular abnormalities in diabetes include basement
membrane thickening (37), increased vascular permeability
(20), and impaired autoregulation and vascular tone (6).
Impaired endothelium-dependent and -independent vasodila-
tation have also been demonstrated in diabetes patients (17,
29, 30, 44). However, despite studies suggesting that cutane-
ous microcirculatory function and structure may be abnormal
in diabetes, the pathophysiology and time course of disease
progression remain poorly understood due, in large part, to
the lack of investigational tools capable of directly imaging
and quantifying microvascular function and structure in vivo.
In recent years, a variety of techniques have been intro-

duced to assess the cutaneous microcirculation. LaserCorrespondence: D. J. Green (danny.green@uwa.edu.au).
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Doppler flowmetry (LDF) and transcutaneous oxygen pres-
sure (TcPO2) have been the most widely adopted, based on
their ease of use and ability to provide continuous signals
(27). The LDF technique measures the Doppler shift induced
by the movement of red blood cells through the skin blood
vessels, providing an indirect and qualitative assessment of
red cell “flux” (5). LDF is sometimes used in conjunction
with intradermal microdialysis (3, 34) or iontophoresis (23).
However, it is not capable of visualizing or quantifying indi-
vidual or regional microvascular anatomy or blood flow.
Other microcirculatory imaging techniques are also limited
for human use either because they are confined to highly spe-
cific regions (e.g., nailbeds in the case of capillary microscopy)
or because they possess relatively poor spatial resolution [e.g.,
>100 mm in the case of laser Doppler imaging (5)].
Optical coherence tomography (OCT) (15) is a novel nonin-

vasive technology that can visualize blood vessels as small as
�30 mm. We have recently developed and demonstrated OCT
approaches capable of visualizing the complexity of the cutane-
ous microcirculation, both at rest and in response to acute physi-
ological stimulation, and quantified diameter (30–500 mm),
speed, flow rate, and density (1, 2, 7, 41). Our approach provides
comparable between-day reproducibility as that associated with
traditionally used laser Doppler techniques (2). The purpose of
the present study was to apply our OCT approach to the assess-
ment of the skin microcirculation in people with diabetes with
and without DFU, compared with age- and sex-matched healthy
controls. OCT-based microcirculatory measures were compared
with those obtained using traditional LDF and to measures of
large artery function. We hypothesized that OCT-based meas-
ures would be capable of directly visualizing and quantifying
skin microcirculatory abnormalities in people with diabetes at
rest and in response to reactive hyperemia. Hence, our primary
end points were OCT-derived microcirculatory parameters (di-
ameter, speed, flow rate and density) at rest and during reactive
hyperemia.

METHODS

Subjects

Participants enrolled in the diabetic nonulcer group (DNU, n = 10)
had a history of diabetes for a minimum of 1 yr and had never experi-
enced a diabetic foot ulcer. Participants in the diabetic foot ulcer (DFU,
n = 13) group met the following criteria: a minimum 1-yr history of dia-
betes, at least one current or recent (<3 mo) foot ulcer, at least one pal-
pable pedal pulse and or a toe systolic blood pressure (TSBP) > 70
mmHg and/or ankle brachial pressure index (ABPI)> 0.7. People with
a previous history of endovascular treatment on their assessed leg, such
as stenting or bypass grafting, and/or amputation at a level proximal to
the metatarsal, were excluded from this study. During their participa-
tion in this study, pharmacotherapy, wound care, specific footwear, and
physical activity levels were maintained according to their usual stand-
ard care. None of the subjects achieved daily guidelines for PA levels.
The patients with diabetes were recruited through vascular-endovascu-
lar and diabetes-endocrine departments of public hospitals. We also
recruited age- and sex-matched healthy controls (CON, n = 13) from
the local community through advertisement. Participants in this group
were screened to ensure they were free from diabetes, cardiovascular
(e.g., angina, ischemic heart diseases, stroke) and metabolic diseases
and were all nonsmokers. Premenopausal status and the use of blood
pressure drugs did not constitute an exclusion in this study.

This study conformed to the Declaration of Helsinki and was
reviewed and approved by the Sir Charles Gairdner and Osborne Park
Health Group Ethics Committee with approval also granted by The
University of Western Australia Human Research Ethics Committee
(Project Research No. RGS0000001881). All of the participants pro-
vided written informed consent before their involvement in this study.

Experimental Protocol

Participants in this study were tested in the Cardiovascular Research
Laboratory of the University of Western Australia at the same time of
day (8:00–11:00 AM). Room temperature was maintained at 23�C. A
day before the test, subjects were advised to refrain from caffeinated
drinks (coffee, tea, energy drink, etc.) and alcohol, avoid vigorous
physical activity, and clean (or shave) the dorsum of their feet. They
were requested to fast or have light breakfast (toast, cereals, or banana)
>4 h before testing session. They were also asked to complete a ques-
tionnaire on their medication use and smoking history. The glycated he-
moglobin (HbA1C) levels of participants in the diabetic groups were
obtained from their recent medical records.

After the familiarization, anthropometric characteristics (body
weight and height) were measured. Supine blood pressure was also
assessed after 20 min of quiet rest (Dinamap V100, GE Healthcare).
The assessed leg (leg with ulcer for people in DFU group, randomly
chosen for DNU and CON groups) were constrained in a bespoke
boot supported with a foam pad to minimized leg movement during
all testing and prevent pressure injury (Fig. 1).

Conduit Artery Endothelium-Dependent Dilation

Simultaneous assessment of endothelium-dependent dilation was
conducted in the brachial and femoral arteries according to well-estab-
lished guidelines (42, 43). In brief, to examine diameter and shear
stress-induced flow-mediated dilation (FMD), an arm was extended,
and pneumatic cuffs were placed around the forearm, distal to the olec-
ranon process, while the other cuff was placed around a thigh proximal
to the knee. Both cuffs were connected to a rapid inflated/deflated pneu-
matic device (D. E. Hokanson, Bellevue, WA) to induce distal limb is-
chemia. Ultrasound probes (15 MHz), attached to high-resolution
ultrasound machines (T3200; Terason, Burlington, MA), were placed
on the upper arm and proximal thigh. Once optimal images of the
brachial and femoral arteries were obtained, the probes were held

Fig. 1. Instrumentation settings of optical coherence tomography (OCT) and
laser Doppler flowmetry (LDF) on the dorsum of the foot. A skin thermistor was
placed between the two probe holders (OCT and LDF). The assessed leg was
constrained within a custom-designed boot, supported by a customized foam pad
to minimize leg movements.
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stable, and ultrasound parameters were set to optimize the longitudinal,
B-mode images of lumen-arterial wall interface. Along with the artery
diameter, continuous Doppler velocity was collected using the lowest
possible insonation angle (<60�). Following 1 min of baseline record-
ing (Camtasia Studio 8; Techsmith, Okemos, MI), the pneumatic cuffs
on the forearm and thigh were inflated simultaneously to suprasystolic
level (220 mmHg), for 5 min. Ultrasound recording resumed 30 s
before cuff deflation and continued for a further 3 min. All recording
data were saved in video files (.avi) for posttest analysis.

Conduit Artery Endothelium-Independent Dilation

Ten minutes after the assessment of endothelium-dependent flow
mediated dilation, a 1-min resting ultrasound scan was repeated on the
brachial and femoral arteries, simultaneously, at identical sites. This was
followed by administration of a single sublingual dose of glyceryl trini-
trate (GTN, 400 mg). Ultrasound recording then proceeded for 8 min.

Posttest analysis of artery diameter and velocity for assessment of
endothelium-dependent and -independent dilation was undertaken via
customized edge detection and wall-tracking software. Our coefficient
of variability (CV) using this software is 6.7%, and the reproducibility
of analysis is significantly better than manual methods (46).

Microvascular Assessments

OCT and LDF were used to scan the skin microvasculature at rest
and following a 5-min ischemic stimulus. OCT and LDF probes were
positioned on the dorsal foot, proximal to the toes (Fig. 1). A skin
thermistor (MLT409; ADinstruments, Bella Vista, NSW, Australia)
was placed between the OCT and LDF probes to measure skin tempera-
ture. OCT imaging was performed using a commercial imaging system
(Telesto III; Thorlabs GmbH, L€ubeck, Germany) with a central wave-
length of 1,300 nm and axial resolution of 5 mm in the tissues (assuming
the refractive index of the skin is 1.43) (16). The OCT scanning probe
(LSM03, Thorlabs) has a lateral resolution of 13 mm. A 3D printed cus-
tomized spacer (Form2, Formlabs) was attached to the scanning probe
to ensure a standard distance between the scanning probe and the skin
surface. Imaging was performed through the central bore of a probe
holder (PF450; Perimed, Stockholm, Sweden), affixed to the partici-
pant’s dorsal foot using double-sided adhesive rings. A thin layer of
ultrasound gel was applied between the skin and the probe to reduce
the refractive index mismatch at the skin surface (24). Skin red blood
cell flux was simultaneously measured using a seven Doppler arrays
laser probe (model 413, Periflux 500 System; Perimed, Jarfalla,
Sweden). This LDF probe were positioned adjacent to the OCT probe
on the dorsal foot using the same double-sided adhesive rings. Blood
pressures were continuously recorded using a Finometer (Finapres
NOVA, Amsterdam, the Netherlands). The instrumentation settings are
shown in Fig. 1.

Skin microvascular structure and function were assessed at rest and
following cuff deflation associated with the FMD technique described
above. The resting OCT scan was obtained in two forms: over the large
(5 � 5 � 2.56 mm) and small (2.5 � 2.5 � 2.56 mm) field of view
(FOV). The FOV here is defined as (x,y,z), where z is in the direction of
the light beam and x,y are approximately parallel to the skin surface.
Postocclusion OCT scans were performed 30 s after the cuff deflation
to capture the reactive hyperemic responses using the small FOV. LDF
was calculated at the same time point for comparison with OCT, with
LDF data also presented as area under the curve across the 3 min
(AUC) following cuff deflation to calculate the total reactive hyperemia
responses. Cutaneous vascular conductance (CVC) was calculated as a
ratio of LDF-derived flux expressed in arbitrary perfusion units (PU) to
mean arterial blood pressure (Finometer). All OCT/LDF-derived pa-
rameters were also presented as a relative rise (%) from the preceding
baseline. The details of our OCT-derived image analysis, quantifica-
tion, and reproducibility of outcome measures is provided in our meth-
odological paper (2) and also summarized in Supplemental methods
(https://doi.org/10.6084/m9.figshare.12792572).

Statistical Methods

Sample size calculation was based on the published data of Fuente et
al. (2019) (13), which reported the difference in skin microvascular
postocclusive reactive hyperemia responses between people with a car-
diometabolic medical history (dyslipidemia, hypertension, diabetes
mellitus, cardiovascular disease, smoking habit) versus healthy con-
trols, using LDF. Assuming a=0.05 and b=0.8, the minimum number
of subjects required to establish significance is 8 per group (G*power,
version 3.1.9.7). Statistical analysis and graphing of results were per-
formed by using standard statistical analysis software (PRISM 8.1;
GraphPad, La Jolla, CA). One-way and repeated-measures two-way
ANOVA were performed to analyze the OCT- and LDF-derived pa-
rameters and endothelium-dependent and -independent dilation. If sig-
nificant values were found, Fischer’s least significant difference test
was used for post hoc analysis. All data are presented as means ±SD
unless stated otherwise, and statistical significance was assumed at P <
0.05.

RESULTS

Subjects’ Characteristics

We recruited 10 subjects to the DNU group, 13 to the DFU
group and 13 to the CON group; however, one participant in the
DNU group failed to complete the FMD protocol due to discom-
fort reported during the cuff inflation and was excluded from the
analysis. There were no differences in age (P = 0.129) between
the groups. The BMI of the participants in the DFU group was
higher compared with DNU and CON groups; however, there
were no statistically significant differences between groups (P =
0.21). Systolic blood pressure in the DFU group (134± 15
mmHg) was higher compared with CON (124± 11 mmHg, P =
0.046) and DNU (122± 12 mmHg, P = 0.027) group. Diastolic
blood pressure (P = 0.191) and mean arterial blood pressure
(P = 0.071) were comparable between groups. Resting heart rate
in DFU (73± 10 beats/min, P = 0.005) and DNU (74± 14 beats/
min, P = 0.006) group were higher compared with the CON
group (61 ± 8 beats/min). The dorsal foot skin temperature at
rest (Table 1) was significantly higher in both diabetic groups
compared with the CON (DNU vs. CON P = 0.005; DFU vs.
CON, P < 0.001) group. The skin temperature in DFU was
higher compared with DNU group (P = 0.003). Further details
of subjects and their medical characteristics are summarized in
Table 1. Assessment of resting blood flow via duplex ultrasound
of the femoral artery showed higher flow in the DFU group
compared with DNU and CON groups (DFU vs. DNU, P =
0.01; DFU vs. CON, P = 0.016), whereas no difference was
found between DNU and CON groups (P = 0.661; Table 2).

Effects of Postocclusive Reactive Hyperemia on Microvascular
Structure and Function

Laser Doppler flux and cutaneous vascular conductance.
LDF-derived parameters at baseline, expressed as either flux or
AUC, were higher in both diabetic groups compared with the
CON group, although these differences were not statistically
significant by one-way ANOVA. However, when expressed as a
CVC, the DNU group showed higher CVC (0.41± 0.23 vs.
0.19 ± 0.09 PU/mmHg, P = 0.023) compared with the CON
group, whereas there were no significant differences between
DFU group with CON (P = 0.16) and DNU (P = 0.29) group
(see Fig. 2).
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Postocclusive responses showed an increase of LDF-derived
flux in all groups (CON: P< 0.001; DNU: P = 0.010; DFU: P<
0.001), AUC (CON: P < 0.001; DNU: P = 0.004; DFU: P <
0.001), CVC (CON: P < 0.001; DNU: P = 0.002; DFU: P =
0.002). CVC in the DNU group was borderline higher than in the
CON group (0.67 ± 0.31 vs. 0.48± 0.23 PU/mmHg, P = 0.054).
The relative changes of LDF-derived parameters showed a

consistent stepladder trend, in which the percent changes were
CON > DNU > DFU; however, it was borderline significant
for LDF-derived flux (CON vs. DNU vs. DFU: 174± 98% vs.
105 ± 136% vs. 84± 57%, one-way ANOVA, P = 0.063) and
CVC (CON vs. DNU vs. DFU: 172± 93% vs. 107 ± 150% vs.
83± 60%, P = 0.089), whereas the relative changes of total hy-
peremic flux across the postocclusion 3 min (AUC) showed no

differences (CON vs. DNU vs. DFU 130± 107% vs. 81± 106%
vs. 63± 46%, P = 0.16) (Fig. 2).
Optical coherence tomography. Due to subject movement

during scanning (motion artifact), some of the OCT-derived
images could not be analyzed, and the ultimate sample sizes
for baseline analyses were DNU= 9, DFU= 9, CON= 12. An
example of images derived from OCT at rest and during reac-
tive hyperemia are shown in Fig. 3, with quantitative results
summarized in Fig. 4.
OCT-derived (large FOV) diameter at rest in the DFU

(84.9 ± 14.8 mm) group was higher than in CON (71.3 ± 7.6
mm, P = 0.012) and also higher than in the DNU (71.3 ± 12.0
mm, P = 0.019) group. OCT-derived speed at rest in DFU
(65.6 ± 4.8 mm/s/s, P = 0.002) and DNU (63.2 ± 4.4 mm/s, P =

Table 1. Subjects’ characteristics

CON (n = 13, 6$7#) DNU (n = 9, 4$5#) DFU (n = 13, 5$8#) ANOVA P Value

Age, yr 58.9 ± 9.8 66.7 ± 7.2 59.8 ± 9.7 0.129
BMI, kg/m2 27.5 ± 5.7 28.8 ± 7.3 31.7 ± 5.5 0.21
Blood pressure, mmHg
Systolic 124 ± 11 122 ± 12 134 ± 15*† 0.048
Diastolic 72 ± 6 69 ± 10 75 ± 7 0.191
Mean 89 ± 7 86 ± 10 95 ± 8 0.071

Resting heart rate, beats/min 61 ± 8 74 ± 14** 73 ± 10** 0.005
Resting skin temperature, �C 28.9 ± 1.1 30.6 ± 1.4** 32.3 ± 1.4**†† <0.001
HbA1C, % NA 8.1 ± 1.3 8.4 ± 2.1 0.683
HbA1C, mmol/mol NA (64.6 ± 14.2) (68.3 ± 23.1) 0.678
Type of diabetes
Type 1 1 3
Type 2 8 10

Duration of diabetes, yr 20.1 ± 6.5 23.6 ± 11.2
Other medical conditions/risk factors
Hypertension 1 1 9
Hypercholesterolemia 0 5 8
History of cardiovascular disease 0 1 3
History of cerebrovascular disease 0 0 0
Current;exsmoker 0;2 0;4 0;5

Medication
Insulin injection 0 4 7
Noninsulin antidiabetic injection 0 2 2
Oral antidiabetic 0 5 6
Antihypertension 1 2 9
Antihypercholesterolemia 0 5 8

Data are presented in means ± SD. CON, control; DNU, diabetic nonulcer; DFU, diabetic foot ulcer; $, female; #, male. *Significantly different from CON
group at P < 0.05; **significantly different from CON group at P < 0.01; †significantly different from DNU group at P < 0.05; and ††significantly different
from DNU group at P < 0.01.

Table 2. Brachial and femoral artery characteristics

CON DNU DFU ANOVA P Value

Brachial artery
BL diameter, mm 3.6 ± 0.6 3.8 ± 0.9 4.4 ± 0.6* 0.028
Flow-mediated dilation, % 8.9 ± 2.8 5 ± 1.6** 6.2 ± 2.4** 0.025
Flow-mediated dilation, mm 0.3 ± 0.1 0.2 ± 0.1** 0.3 ± 0.1 0.017
Shear rate AUC 24,940± 27,020 29,550± 20,960 21,280± 15,800 0.718
GTN, % 26.2 ± 10.9 12.8 ± 6.6** 17.1 ± 6.4* 0.006

Femoral artery
BL diameter, mm 6.3 ± 1.3 6 ± 0.9 6.2 ± 1.6 0.87
BL total AUC mean flow, mL/min 86.5 ± 38.6 76 ± 59.6 142.4 ± 64.7*†† 0.016
Flow-mediated dilation, % 8.2 ± 4.2 4.6 ± 2.7 5.3 ± 4.6 0.121
Flow-mediated dilation, mm 0.5 ± 0.3 0.4 ± 0.4 0.3 ± 0.2 0.204
Shear rate AUC 18,520± 9,550 15,840± 10,440 13,900± 9,500 0.577
GTN, % 10.5 ± 7.6 7.4 ± 4.6 6.3 ± 7.7 0.391

Data are presented as means ± SD. AUC, area under the curve; GTN, glyceryl trinitrate; BL, baseline; CON, control; DNU, diabetic nonulcer; DFU, diabetic
foot ulcer. *Significantly different from CON group at P < 0.05; **significantly different from CON group at P < 0.01; and ††significantly different from
DNU group at P < 0.01.
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0.05) groups were higher than in CON (59.6 ± 3.0 mm/s).
OCT-derived flow rate at rest in the DFU (391.4 ± 154.8 pl/s)
group was higher than in CON (236.3 ± 68.2 pl/s, P = 0.005)
and DNU (263.1 ± 118.8 pl/s, P = 0.025) groups. Finally,
OCT-derived density at rest in the DFU (22.2 ± 13.8%) group
was higher than in CON (9.8 ± 2.9%, P = 0.008), but not
higher than in the DNU (14.8 ± 11.0%, P = 0.119) group.
OCT-derived parameters in the CON group (diameter, P =

0.005; speed, P < 0.001; flow rate, P = 0.004; density, P <
0.001) and DNU group (diameter, P = 0.038; speed, P < 0.001;
flow rate, P = 0.024; density, P < 0.001) were significantly
increased in response to reactive hyperemia. However, in the
DFU group, a significant increase was only observed in OCT-
derived speed (P = 0.031) and density (P = 0.018; Fig. 4).
Relative changes in OCT-derived parameters were calcu-

lated as percentage differences in parameters as a result of
reactive hyperemia compared with their preceding baselines
(CON= 10; DNU= 9; DFU = 6). The relative change in

OCT-derived density was significantly lower in the DFU
(44 ± 34%) group compared with CON (199 ± 117%, P =
0.005) and borderline significantly lower than in the DNU
(148 ± 98, P = 0.054) group. The relative changes in other
parameters (diameter, speed, and flow rate) were statistically
insignificant between groups, although all results showed a
consistent trend in those parameters, with higher percent
changes in the CON group, followed by DNU and then the
DFU group (Fig. 4).
Endothelium-dependent and -independent dilation. Due to

insufficient image quality or subject movement during scan-
ning, brachial FMD outcomes were available in DNU= 9,
DFU = 11, CON= 12 and femoral FMD in DNU= 8, DFU=
10, CON= 11. Some participants were ruled out from the
GTN analysis because of potential interaction with their
blood pressure medications. The sample for brachial GTN
was DNU= 7, DFU = 12, CON= 11, and femoral GTN were
DNU= 7, DFU= 11, CON= 10.

Fig. 2. Laser Doppler flowmetry (LDF)-derived pa-
rameters expressed in flux (A), ratio of flux to the
mean arterial blood pressure [MABP; i.e., cutaneous
vascular conductance (CVC), B], and area under the
curve (AUC, C) at baseline (BL) and during postoc-
clusive reactive hyperemia (RH). RH responses rela-
tive to their baseline are shown as %changes. Data
are presented as means (SE). #P < 0.05, ##P < 0.01,
###P < 0.001 for RH responses from their baseline
within the same group; *different from control
(CON) group at P< 0.05.
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Baseline brachial artery diameter of the DFU group was
higher than that of the CON (4.4 ± 0.6 vs. 3.6 ± 0.6 mm, P =
0.011) group. Relative changes (%) in brachial FMD were
lower in DNU (5.0 ± 1.6%, P < 0.001) and DFU (6.2 ± 2.4%,

P = 0.013) groups compared with the CON (8.9 ± 2.8%)
group. Brachial GTN dilation was also lower in DNU (12.8 ±
6.6%, P = 0.002) and DFU (17.1 ± 6.4%, P = 0.015) groups
compared with the CON (26.2 ± 10.8%) group.

Fig. 3. Examples of optical coherence tomography (OCT)-derived images from control (CON; left), diabetic nonulcer (DNU; middle) and diabetic foot ulcer (DFU;
right) groups at baseline (top) and during postocclusive reactive hyperemia (PORH; bottom). White scale bar, 500 mm.

Fig. 4. Optical coherence tomography (OCT)-derived diameter (A), speed (B), flow rate (C), and density (D) at baseline (small field of view) and during postocclusive
reactive hyperemia (PORH) responses. RH responses relative to their baseline are shown as %changes. Data are presented as means (SE). #P < 0.05, ##P < 0.01,
###P< 0.001 for RH responses vs. baseline within the same group; **different from control group at P< 0.01.
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Baseline femoral artery diameter was comparable between
groups (P = 0.87; Table 2). Femoral FMD percentage was lower
in both the DNU and DFU groups compared with CON, but
these differences were not statistically significant (P = 0.121).
GTN-induced femoral artery dilation also showed no differen-
ces between groups (P = 0.391). The details of brachial and
femoral artery FMD and GTN-mediated dilation are presented
in Table 2.

DISCUSSION

We have demonstrated that it is feasible to obtain valid
images and quantifiable measures of microvascular structure
and function from the dorsum of the foot in diabetic and control
subjects by utilizing OCT. Our OCT approach was able to dis-
tinguish between people with diabetes with distinct disease
severities and control subjects; at rest, DFU subjects exhibited
larger diameter, velocity, flow, and density measures than CON
and DNU individuals. Interestingly, baseline brachial artery
data and skin temperature revealed a similar trend (Tables 1 and
2). As reported in other studies (14, 33, 35), higher baseline foot
skin temperature in people with diabetes is common and prob-
ably a consequence of dilated blood vessels and arteriovenous
shunting.
Collectively, our data suggest that baseline conduit and mi-

crovascular perfusion are not impaired in the participants with
diabetes, including those with DFU. However, preserved global
perfusion does not infer normal tissue nutrition. Indeed, tissue
blood flow in diabetes has been reported to occur mostly
through arteriovenous shunts, which have lower resistance than
nutritive capillaries (4). Other studies have reported abolition of
sympathetic nerve activity in people with diabetes with foot
ulcers (6, 40). Impaired autoregulation of blood flow and vascu-
lar tone as a consequence of neuropathy is common in diabetes
(8) and may contribute to the microvascular dilation we
observed at rest (Figs. 2–4). In keeping with our results, nailfold
capillaroscopy in the toes of people with diabetes with neuropa-
thy demonstrated dilated capillaries at rest (14), and an increase
of capillary density and length and capillary blood velocity
(CBV) (35) compared with healthy controls, whereas people
with diabetes without neuropathy exhibited a bimodal distribu-
tion and more variable results (14). However, other assessments
of toe capillaries in people with diabetes with neuropathy have
been somewhat conflicting, with reductions (33) and no changes
in CBV (14), capillary diameter (35) and capillary density (33)
reported. Reduced resting CBV was also observed in the early
onset of diabetes despite normal macrocirculation and total skin
microcirculation (21). In contrast to nailfold videocapillaro-
scopy, our OCT technique can be applied to skin in different
regions of the body, has deeper penetration (�750 μm) below
the skin surface and distinct resolution (�30 μm) and assesses
different segments of the microcirculation.
The compensatory and counterregulatory increase in micro-

vascular structure visible (and measurable) at rest in our partici-
pants with diabetes reinforces the importance of exposing
patients to a physiological stimulus to reveal vascular function.
Our OCT findings during reactive hyperemia indicate dimin-
ished functional reserve in DNU subjects, which is even more
pronounced in the DFU group. Although OCT-derived parame-
ters significantly increased from baseline levels in response to
reactive hyperemia in CON and DNU subjects, the DFU group

failed to respond to the ischemic stimulus. This profound lack
of functional reserve, particularly in terms of the change in mi-
crovascular diameter and density, presents a potentially power-
ful tool for ascertaining the degree of microvascular impairment
between people with diabetes and therefore potential for tissue
loss from injury. Simultaneously derived LDF measures also
demonstrated impairment in the diabetic groups in response to
reactive hyperemia but with the limitation that microvascular di-
ameter, velocity, flow, and density measures are not able to be
derived from that method. In addition, the LDF measures are
qualitative and do not provide visual images of the microvascu-
lar bed.
The mechanisms responsible for reactive hyperemic responses

in cutaneous microvessels remain obscure (3, 22). In conduit
arteries, diameter responses are largely nitric oxide (NO) medi-
ated (18, 32) and endothelium dependent (12, 36), and people
with diabetes exhibit impaired FMD responses compared with
healthy controls (28). Reactive hyperemia responses in cutaneous
microvessels may be largely independent of NO (10, 45),
although further evidence is required to support this contention.
Other putative pathways, including endothelium-derived hyper-
polarizing factor (EDHF) (26), sensory nerve-induced dilation
(11), and cyclooxygenase metabolites (10), may contribute to the
microvascular reactive hyperemia dilator response. Several stud-
ies have shown that multiple signaling pathways are dysfunc-
tional in the skin of people with diabetes (17, 29). In the present
study, our OCT data indicate that diameter and flow rate
responses to reactive hyperemia are diminished in people with di-
abetes, with more pronounced impairment in the DFU group.
This microvascular impairment in reactive hyperemia responses
was also apparent in LDF-derived parameters, although not to the
same extent as in the OCT outcomes, which revealed impaired
vasodilator reserve. Vasodilator impairment was also apparent in
conduit artery NO-mediated responses, particularly in the brach-
ial artery. Collectively, these data indicate a profound degree of
vascular dysfunction in diabetes, which is disease severity spe-
cific, involves endothelial dysfunction as well as structural vascu-
lar changes that impact vasodilator reserve, and occurs at distinct
levels of the vascular tree. Whether microvascular impairment
relates to and/or precedes that in larger arteries (31, 39) is an im-
portant question in terms of early disease detection and should be
the focus of future studies.
There are several limitations of this study. The OCT tech-

nique remains experimental and currently possesses relatively
poor temporal resolution. To obtain high-resolution spatial
images, acquisition requires 30–90 s, depending on the field of
view (FOV). As reactive hyperemic responses occur rapidly fol-
lowing cuff release, we were only able to capture our OCT
responses in a relatively small FOV. However, this approach
has comparable reproducibility to LDF techniques (2), and
future OCT hardware and software development will improve
the rate of image capture. As the OCT scanner acquires 3D
volumetric data, an opportunity for improvement will be ren-
dering of our 2D OCT images as 3D “blocks” of skin, with
the ultimate goal being real-time assessment of diameter and
flow changes through the complex 3D plexus and communi-
cating vessels that are unique to the skin microcirculation.
Another limitation is that we included a relatively heteroge-
neous sample, including types 1 and 2 people with diabetes.
Nonetheless, the results of our study are translationally rele-
vant to the diabetic populations typically seen by general
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practitioners, outpatient consultants, and community diabe-
tes services.
To our knowledge, this is the first study to use an OCT

imaging approach in combination with reactive hyperemia
to characterize changes in cutaneous microvascular struc-
ture and function in people with diabetes. Our noninvasive
approach is entirely safe, easily applied, and potentially
cheap. Our study reveals that skin microcirculatory impair-
ment is evident in diabetic people and more exaggerated if
they have advanced disease (i.e., a history of ulceration). In
conclusion, we have demonstrated the feasibility of utilizing
an OCT approach to distinguish between changes in micro-
circulatory structure and function at rest and in response to
acute physiological stress. This approach combines the
fields of advanced bioengineering and human integrative
physiology to characterize diabetic complications in vivo.
In future, and with further development, the approaches
introduced in this study could be applied to the early detec-
tion of microvascular disease, monitoring of disease pro-
gression, prediction of healing, and assessment of the
efficacy of interventional strategies aimed at preserving vas-
cular function and retarding disease progress.
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ABSTRACT

ARGARINI, R., H. H. CARTER, K. J. SMITH, L. H. NAYLOR, R. A. MCLAUGHLIN, and D. J. GREEN. Adaptation to Exercise Training

in Conduit Arteries and Cutaneous Microvessels in Humans: An Optical Coherence Tomography Study. Med. Sci. Sports Exerc., Vol. 53,

No. 9, pp. 1945–1957, 2021. Introduction: Exercise training has antiatherogenic effects on conduit and resistance artery function and

structure in humans and induces angiogenic changes in skeletal muscle. However, training-induced adaptation in cutaneousmicrovessels is poorly

understood, partly because of technological limitations. Optical coherence tomography (OCT) is a novel high-resolution imaging technique ca-

pable of visualizing cutaneous microvasculature at a resolution of ~30 μm. We utilized OCT to visualize the effects of training on cutaneous

microvessels, alongside assessment of conduit artery flow-mediated dilation (FMD).Methods:We assessed brachial FMD and cutaneous micro-

circulatory responses at rest and in response to local heating and reactive hyperemia: pretraining and posttraining in eight healthy men compared

with age-matched untrained controls (n = 8). Participants in the training group underwent supervised cycling at 80% maximal heart rate three

times a week for 8 wk. Results:We found a significant interaction (P = 0.04) whereby an increase in FMD was observed after training (post

9.83% ± 3.27% vs pre 6.97% ± 1.77%, P = 0.01), with this posttraining value higher compared with the control group (6.9% ± 2.87%,

P = 0.027). FMD was not altered in the controls (P = 0.894). There was a significant interaction for OCT-derived speed (P = 0.038) whereby

a significant decrease in the local disk heating response was observed after training (post 98.6 ± 3.9 μm·s−1 vs pre 102 ± 5 μm·s−1, P = 0.012),

whereas no changes were observed for OCT-derived speed in the control group (P = 0.877). Other OCT responses (diameter, flow rate, and

density) to local heating and reactive hyperemia were unaffected by training. Conclusions: Our findings suggest that vascular adaptation to

exercise training is not uniform across all levels of the arterial tree; although exercise training improves larger artery function, this was not

accompanied by unequivocal evidence for cutaneous microvascular adaptation in young healthy subjects. Key Words: CUTANEOUS

MICROCIRCULATION, EXERCISE TRAINING, OPTICAL IMAGING, CONDUIT ARTERY FUNCTION

Exercise training has beneficial effects on conduit and
resistance artery function, structure, and health in humans.
Previous studies have shown that training enhances

endothelium- and nitric oxide (NO)–mediated function in healthy

subjects (1–4) and those with cardiovascular risk factors (e.g.,
hypertension, hypercholesterolemia, obesity, and diabetes)
and diseases (5–7). Functional adaptation can be accompanied,
or superseded by, arterial remodeling (2,3,8). Training-induced
resistance and conduit artery adaptation occur as a result of lo-
calized muscle training (3,9) and also in vascular beds that are
not directly involved in the exercise stimulus (4,10,11). The
mechanisms responsible for training-induced adaptation are
mediated, at least partly, by episodic exposure to increased
shear stress (3,4,12) alongside transmural pressure changes dur-
ing exercise (12,13).

Although robust evidence supports training effects on con-
duit and larger resistance artery function and remodeling, mi-
crovascular adaptation is more difficult to image, quantify,
and describe. In skeletal muscle, biopsy studies suggest that
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exercise training stimulates angiogenesis by promoting growth
in the number of capillaries, with consequent increases in capil-
lary density (14), capillary-to-fiber ratio (14,15), and capillary
lumen area (15). This adaptation is mediated by angiogenic fac-
tors such as vascular endothelial growth factor (14–16), in con-
cert with increases in mechanical forces such as shear stress,
and is potentiated by metabolism and hypoxia (16). In contrast
to skeletal muscle, less is known regarding training effects on
cutaneous microvessels. The cutaneous circulation is an active
vessel bed during exercise in humans, responsible for increas-
ing heat dissipation and maintaining body temperature. It has
been suggested that skin blood flow may approach 8 L·min−1

during whole body heat stress (17), a volume that exceeds rest-
ing cardiac output. It might be speculated that intrinsic cutaneous
adaptation to repeated exercise exposure could enhance heat dis-
sipation. However, relatively few studies have investigated the
effect of exercise training on the skin microcirculation, with
mixed results. In cross-sectional studies, people with higher fit-
ness have demonstrated enhanced endothelium-dependent va-
sodilation in the skin microcirculation compared with less fit
controls (18,19). However, other studies did not find such
between-group differences (20,21). Wang (22) reported an in-
crease in skin blood flow at rest, in response to incremental ex-
ercise and endothelium-dependent vasodilation after 8 wk of
exercise training in young healthy, sedentary people. En-
hanced NO contribution to skin vasodilation after exercise
training was also reported in people with impaired microvas-
cular function, such as sedentary older individuals (23), type
2 diabetes (5), and nonalcoholic fatty liver patients (24),
whereas Middlebrooke et al. (25) reported no change in skin
microcirculatory function in T2DM after 6 months of aerobic
exercise. The endothelial-independent dilation and maximal
dilator capacity have been reported to not change (18,23) or
decrease (19) with training. Our group recently reported para-
doxical decreases in peak laser Doppler flowmetry (LDF) re-
sponses to a localized heating stimulus after 8 wk of cycle
training (26) and also to repeated passive heating (27). We
proposed that structural adaptation in the skinmicrocirculation
may account for the decrease in peak red cell flux we ob-
served, with a consequential increase in transit time facilitating
heat dissipation. However, this conclusion was speculative be-
cause laser Doppler provides indirect and qualitative data re-
lating to averaged cell flux rather than direct visualization of
microvessels that would enable quantification of microvessel
density, diameter, speed, and angiogenesis (28).

Noninvasive imaging of cutaneous microvessels is a prom-
ising approach for early detection of changes in microvascular
function and health in vivo, because an abundance of skin
blood vessels lays superficial beneath the skin surface. It has
been proposed that skin microvessel function could reflect
generalized microvascular function in humans (28). However,
previous skin assessment techniques have not been able to directly
visualize and quantify cutaneousmicrovascular function or struc-
ture. We recently developed a noninvasive optical coherence
tomography (OCT) technology that provides high-resolution
images that enable quantification of the diameter, speed, flow

rate, and recruitment of blood vessels in the skin microcircula-
tion to a resolution of ~30 μm.We have published data regard-
ing the feasibility and reproducibility (29,30) of this approach
for visualizing and quantifying cutaneous microvascular
changes induced by physiological stimuli such as reactive hy-
peremia (29) and local heating (30). In the current study, we
applied this OCT technique to assess the effect of exercise
training on cutaneous microvascular adaptation. We hypothe-
sized that exercise training would increase structural indices of
skin microcirculation (diameter and density), with consequent
decreases in the speed of blood transit through the microcircu-
lation, alongside improvements in conduit artery function, car-
diorespiratory fitness, and body composition.

METHODS

Participants

Sixteen young and healthy men were recruited for this study
(26.4 ± 4.7 yr, 169.3 ± 5.4 cm, 77.7 ± 14.1 kg, 26.9 ± 3.8 kg·m−2)
from the local community through advertisement. At study entry,
the participants were randomized into control or training groups.
Block randomization was used to ensure a balanced number of
participants assigned into each group. The inclusion criteria
included the following: healthy (free from cardiovascular,
metabolic, and respiratory diseases); sedentary or recreationally
active (<150 min of exercise per week); nonsmokers; and free
frommedication or supplements. Baseline participant character-
istics and those after 8wk of intervention are provided in Table 1.
This studywas approved byTheUniversity ofWesternAustralia’s
Human Research Ethics Committee and conformed to the stan-
dards outlined in the Declaration of Helsinki (reference number
RA/4/7134). All subjects provided written informed consent
before their involvement in this study.

Study Design

Before study commencement, participants visited the labora-
tory for familiarization with the study protocol and completed a
medical history and preactivity questionnaire. Preliminary as-
sessments were undertaken during two different visits: visit 1
for body composition (dual-energy x-ray absorptiometry) and
V̇O2max testing, and visit 2 for vascular assessments. All assess-
ments were conducted at the same time of day in a quiet and
temperature-controlled (23°C) laboratory in the Cardiovascular
and Exercise Research Centre at The University of Western
Australia. After preliminary assessment, all participants were
asked to maintain their usual level of daily physical activity,
whereas participants in the training group underwent addi-
tional supervised exercise training, as described hereinafter.
All preliminary assessments were repeated after 8 wk of inter-
vention, at least 3 d after the last exercise session to eliminate
any acute exercise effects.

Exercise Training Intervention

Participants performed exercise on a stationary bicycle er-
gometer (Monark Ergomedic 828E, Varberg, Sweden) three

http://www.acsm-msse.org1946 Official Journal of the American College of Sports Medicine

A
PP

LI
ED

SC
IE
N
C
ES

Copyright © 2021 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

http://www.acsm-msse.org


times per week across an 8-wk period. Each session of exer-
cise consisted of 30 min of cycling at 80% of maximal heart
rate (HRmax), derived from a maximal exercise test undertaken
before the exercise training (see discussion hereinafter). Our
exercise intervention in this study was based on the
American College of Sport Medicine guidelines on cardiore-
spiratory exercise training (31). After a 5-min warm-up, sub-
jects were supervised to maintain their target heart rate in the
cadence of 60 rpm by adjusting the workload accordingly. A
Polar H10 (Polar, Kempele, Finland) heart rate monitor was
used to continuously monitor heart rate during each exercise
session. A total of 24 exercise sessions were performed in
the supervised laboratory.

Cardiorespiratory Fitness (V̇O2max)
Assessment Protocol

Participants performed a maximal exercise test (ramp proto-
col) until volitional fatigue to determine their V̇O2max. The test
was performed on an electronically braked cycle ergometer
(Lode, Groningen, Holland). All tests were performed under
similar conditions (23°C, 54% relative humidity). After a
5-min warm-up at 50 W and self-selected cadence, the incre-
mental test commenced.Workload was increased by 20W ev-
ery 2 min, and subjects were allowed to choose their preferred
cadence within the range of 70–90 rpm. Rate of perceived ex-
ertion was assessed at the end of every stage, before each
workload was progressed. Verbal encouragement was given
to the subjects to continue the test until volitional exhaustion.
The test was terminated when the subject was unable to con-
sistently maintain a pedal cadence greater than 70 rpm. During
the test, minute ventilation, oxygen uptake (V̇O2), carbon di-
oxide production, and fraction of oxygen and carbon dioxide
were recorded over 15-s epochs using an automated metabolic
cart system (TrueOne®2400; ParvoMedics, Salt Lake City,
UT). Gas analyzers were calibrated before each test using
room air and a certified gas mixture (4% CO2, 16% O2, bal-
ance N2; Airgas Healthcare, Miami, FL) and a metered 3-L

syringe (Hans Rudolph Inc., Shawnee, KS) in accordance with
the manufacturer’s instructions. V̇O2max was defined by the
following criteria: 1) oxygen consumption failed to increase
linearly with an increase in workload, 2) RERwas greater than
1.1, and 3) HR achieved >90% age-predicted HRmax. V̇O2max

was recorded as the highest reading averaged over four con-
secutive epochs. V̇O2max was reported normalized by body
weight (in milliliters per kilogram per minute).

Anthropometry and Body Composition Assessment

Body weight and height were measured using an electronic
scale (CPWplus-200; ADAM Instruments, Oxford, CT) and a
stadiometer, with participants wearing light clothes and no
shoes. Body mass index (BMI) was calculated as body weight
(in kilograms) divided by height (in meters squared). Body
composition (fat and lean mass) and bone density were ana-
lyzed using dual-energy x-ray absorptiometry (Lunar Prodigy;
GE Medical Systems, Madison, WI), calibrated daily; fat
mass, visceral adipose tissue, lean body mass, and bone min-
eral density were assessed.

Vascular Assessments

Before the vascular assessment, participants were asked to
fast for 6 h and abstain from alcohol, tea, caffeine, and choco-
late 12 h before test (32,33). They were also asked to avoid ex-
ercise or vigorous activity for 24 h before each test.

Conduit artery endothelial function assessment:
flow-mediated dilation. After instrumentation and 20-min
of supine rest, blood pressure and heart rate were obtained
(Dinamap V100; GE Healthcare, Chicago, IL). After this, con-
duit artery endothelial function was assessed in the brachial ar-
tery using the flow-mediated dilation (FMD) method, in accord
with well-established guidelines (32), which are briefly summa-
rized hereinafter.

The right armwas extended and supported using a contoured
foam pad. A pneumatic cuff was placed around the forearm,
distal to the olecranon process, and connected to a rapid

TABLE 1. Participants characteristics.

Control (n = 8, ♂) Training (n = 8, ♂) RM 2-Way ANOVA, P Value

Week 0 Week 8 Week 0 Week 8 Time Group Interaction

Age, yr 26.4 ± 4.3 26.4 ± 5.3 >0.999 (t-test)
Blood pressure, mm Hg

Systolic 118 ± 5 115 ± 6 113 ± 6 108 ± 5*,*** 0.01 0.03 0.454
Diastolic 69 ± 6 66 ± 6 65 ± 5 61 ± 4 0.048 0.084 0.791
MAP 85 ± 5 81 ± 5 81 ± 5 77 ± 4* 0.012 0.053 0.813

RHR, bpm 70 ± 10 67 ± 8 66 ± 8 60 ± 3* 0.014 0.118 0.395
Body weight, kg 80.8 ± 15.4 80.9 ± 15.8 74.6 ± 12.9 74.0 ± 13.3 0.646 0.38 0.488
BMI, kg m−2 27.7 ± 4.5 27.7 ± 4.6 26.3 ± 3.2 26.0 ± 3.2 0.545 0.446 0.412
Cardiorespiratory fitness

V̇O2max, mL·kg−1·min−1 29.9 ± 5.7 29.1 ± 5.4 29.7 ± 2.8 36.3 ± 2.6**,**** 0.001 0.11 <0.001
HRmax, bpm 185 ± 11 179 ± 9* 184 ± 12 178 ± 8* 0.002 0.84 >0.999
Timemax, min 14.2 ± 1.7 13.5 ± 1.6 13.7 ± 2.3 16.9 ± 3.4**,**** 0.038 0.177 0.003
Powermax, W 147 ± 19.8 143 ± 14.1 165 ± 33.4 185 ± 33.4 **,**** 0.037 0.038 0.005

Values are mean ± SD.
*P < 0.05, week 0 vs week 8 within the same group.
**P < 0.01, week 0vs week 8 within the same group.
***P < 0.05, control vs training at the same time point.
****P < 0.01, control vs training at the same time point.
RM, repeated-measures.
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inflated/deflated pneumatic device (D.E. Hokanson, Bellevue,
WA) to induce local ischemia. An ultrasound probe (15 MHz),
attached to high-resolution vascular ultrasound machine (t3200
system; Terason, Burlington, MA), was placed on the upper
arm. Once an optimal image of the brachial artery was ob-
tained, the probe was held stable and ultrasound parameters
were set to optimize longitudinal B-mode images of the
lumen–arterial wall interface. Along with the artery diameter,
continuous Doppler velocity was collected using the lowest
possible insonation angle (<60°). After 1 min of baseline record-
ing (Camtasia Studio 8; Techsmith, Okemos, MI), the pneumatic
cuff on the forearm was inflated simultaneously to suprasystolic
level (220mmHg) for 5min. Ultrasound recording resumed 30 s
before cuff deflation and continued for a further 3 min. All
data were saved as video files (.avi) for posttest analysis.

Posttest analysis of artery diameter and velocity was under-
taken using customized edge-detection and wall-tracking soft-
ware. Our coefficient of variability using this software is 6.7%,
and the reproducibility of analysis is significantly better than
manual methods (34). Brachial artery FMD was presented as the
relative dilation from the preceding resting diameter (in percent),
whereas arterial flow was calculated as area under the curve
(AUC) at baseline and also during the peak response immediately
after the cuff pressure (in milliliters per minute). We calculated the
shear rate stimulus responsible for endothelium-dependent
FMD as area under the shear rate curve (SRAUC) from cuff de-
flation to the point of maximal arterial dilation.

Skin microvascular assessment: LDF and OCT.
The experimental preparation is illustrated in Figure 1.Microvas-
cular assessment was performed using a seven-element array
LDF probe (model 413, Periflux System 5000; Perimed), with
OCT (Telesto III; Thorlabs GmbH, Bergkirchen, Germany)
measures assessed simultaneously. Both techniques collected
data at rest and in response to two different physiological stimuli:
reactive hyperemia and local skin heating. Reactive hyperemia

elicits sensory nerve (35) and NO-independent endothelium-
mediated vasodilation (36), whereas local heating stimulates
axonal reflex and NO-mediated dilation (37). Beat-to-beat
continuous arterial blood pressure and heart rate were recorded
throughout each session using a Finometer PRO (NOVA;
Finapres Medical Systems, Enschede, The Netherlands) with
finger cuffs placed on the contralateral arm. LDF and blood
pressure/heart rate data were exported to a data acquisition
system (PowerLab, LabChart 8; ADInstruments, Colorado
Springs, CO) for offline analysis. Skin conductance was cal-
culated as LD flux/mean arterial pressure (PU·mm Hg−1).

The OCT imaging system has a central wavelength of
1300 nm and an axial resolution of 5 μm in tissues (assuming
a refractive index of 1.43 for the skin). The lateral resolution of
the OCT scanning probe (LSM03; Thorlabs) is 13 μm. This
scanning probe was affixed to customized three-dimensional
printed spacer (Form2; Formlabs, Somerville, MA) to ensure
a standard distance between probe and skin surface. A thermo-
static probe holder (PF450; Perimed, Stockholm, Sweden)
was fitted inside the custom spacer, allowing the OCT imaging
to be performed through it during localized heating (Fig. 1).

The skin sites for microvascular assessment were shaved 24 h
before the assessment. A small drop of ultrasound gel was placed
between the skin and a transparent square microscope slide
(8 � 8 mm) attached to the thermostatic probe holder. This
provided a flat imaging surface, eliminating imaging artifacts
due to the surface shape of the subject’s skin (38). LDF and
OCT probe holders were positioned on the ventral forearm
using double-sided adhesive rings, adjacent of each other
(distance <5 cm), with a skin temperature sensor (MLT;
ADInstruments, Bella Vista, NSW, Australia) placed between
the probe holders. After positioning the probe, Henna dye was
placed around the outer diameter of each probe holder to tattoo
the site for repeat placement after the interventions. Once the
test was completed, the participant’s forearm was wrapped

FIGURE 1—Illustration of the timeline of vascular assessment protocol (A), instrumentation for OCT and LDF probes and skin microvascular assessment
in the FMD protocol (B), and schematic diagram of OCT probe (imaging head)–skin tissue interface (C).
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with transparent plastic and the OCT/LDF sites were again
drawn using Henna dye. Photographs were also taken, and dis-
tances from anatomical landmarks recorded. Repeated mea-
sures were therefore collected at the same site in each subject.

Skin microvascular assessment during reactive hyperemia
was assessed simultaneously with brachial artery FMD assess-
ment, as described previously. A resting OCT image was ob-
tained over 5 � 5 � 2.5-mm field of view (FOV). The FOV
here is defined as (x,y,z), where z is in the direction of the light
beam and x,y are approximately parallel to the skin surface.
Postocclusion OCT scans were performed 30 s after the cuff
deflation to capture the reactive hyperemic responses using a
smaller FOV (2.5 � 2.5 � 2.5 mm) to optimize the timing
of assessment. LDF baseline and postocclusion assessments
were captured and analyzed using the same time window
(90 s at baseline and 30 s during reactive hyperemia), to ensure
consistency with the OCT measures.

After a further 10-min rest, assessment of the skinmicrovas-
culature in response to a local heating protocol was completed
on the opposite arm to that exposed to the reactive hyperemia
stimulus. An LDF probe was again affixed to the central bore
of thermostatic holder (PeriTemp 4005 Heater; Perimed,
Stockholm, Sweden) with an adjacent OCT probe also affixed.
OCT images were taken over a 5� 5� 2.5-mm FOV for local
heating. Once the resting OCT scan was processed, a local
rapid heating protocol (1°C per 10 s, from 33°C to 44°C, then
30 min at 44°C) commenced (30,39). Final OCT heating data
were obtained at the end of 30 min of the local heating proto-
col. LDF-derived blood flux at either baseline or at the end of
30-min local heating was calculated across the same time point
(90-s bin) as OCT scans for comparative purposes.

OCT image acquisition and analysis. The OCT-derived
image acquisition and analysis are described in detail in our
methodological articles (29,30), and a brief summary is pro-
vided here. OCT data were acquired at a sampling resolution
of 5 � 1 � 2.5 μm (X � Y � Z), where the X and Y dimen-
sions are approximately parallel to the skin surface and the Z
dimension is orientated into the skin. The focus of the OCT
light beam was set to a depth of approximately 300 μm below
the skin surface to optimize the image quality over the first
600-μm depth. Individual OCT measurements (A-scan) were
acquired at a rate of 76 kHz, and the total acquisition time
was approximately 90 s for large FOV and 30 s for smaller
FOV. We found this acquisition time to be well tolerated by
our subjects, with minimal movement artifact. The stack of
A-scans was collected and speckle decorrelation analysis per-
formed to distinguish blood vessels from surrounding tissue
using an automated analysis algorithm. The statistical charac-
teristics of the speckle noise are related to blood flow speed,
with faster blood flow giving rise to more rapid fluctuations
in the speckle noise. By quantifying the characteristics of the
speckle noise, we were able to compute an estimate of flow
speed at each OCT voxel. Using standard imaging processing
techniques, voxels containing flow were then aggregated into
vessels, providing a two-dimensional projection image of the
vasculature parallel to the skin surface. We calculated the

average vessel diameter (units: micrometers) and average flow
speed within vessels (units: micrometers per second) over the
entire scanning FOV. We also computed the average flow in
each vessel (units: picoliters per second). Finally, we computed
an estimate of vessel density by generating a two-dimensional
projection image of the blood vessels (as shown in Fig. 2) and
quantifying the pixels that lay on a blood vessel as a percentage
of the total FOV.

The OCT-derived diameter, speed, flow rate, and density
are reported at baseline and in response to reactive hyperemia
and local heating. All OCT and LDF-derived parameters are
also presented as an increase (Δ) from the preceding baseline,
with the exception of OCT-derived parameters in response to
reactive hyperemia, because different FOV values were used
to facilitate rapid assessment after cuff deflation.

Statistical Analysis

The calculation of sample size was based on the published
data of Atkinson et al. (26), which reported skin microvascular
responses before and after 8 wk of exercise training. Based on
the effect size in that experiment and assuming α = 0.05 and
β = 0.8, the minimum number of subjects required to establish
a significant change in the cutaneous vascular conductance re-
sponse to skin heating stimulation was determined at seven per
group (G*power, version 3.1.9.7).

Statistical analysiswas performed using PRISM8.1 (GraphPad,
La Jolla, CA). The results are reported as means and SD, un-
less stated otherwise. Statistical analysis was performed using
two-way ANOVA to calculate differences between groups,
with a repeatedmeasure pretraining versus posttraining.When
ANOVA tests were significant, post hoc analysis using Fisher’s
least significant differences was used to assess changes. Further
FMD analysis, which included SRAUC as a time-varying co-
variate, was performed via linear-mixed modeling in STATA
15.0 (STATA Corporation LP, College Station, TX). Results
are statistically significant if P < 0.05.

RESULTS

Participants characteristics. Participant characteristics
before (week 0) and after (week 8) intervention are presented
in Table 1. Age, resting blood pressure, resting heart rate
(RHR), body weight, and BMI did not differ between groups
at baseline (Table 1, week 0). There was no significant
(time–group) interaction for systolic blood pressure (SBP),
diastolic blood pressure (DBP), mean arterial pressure (MAP),
or heart rate (two-way ANOVA: SBP, P = 0.454; DBP,
P = 0.791; MAP, P = 0.813; RHR, P = 0.395), suggesting
that there were no divergent responses in these outcomes in
the two groups. However, there were significant main effects
for resting SBP (time effect, P = 0.01; group effect, P = 0.03),
suggesting that SBP decreased after intervention and that SBP
in the training group was lower across both time points than
in controls. Post hoc analysis subsequent to the main effect
for time revealed that SBP was significantly lower relative to
its baseline in the training group (post 108 ± 5 mm Hg vs pre
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113 ± 6 mm Hg, post hoc P = 0.019) but not the controls
(P = 0.144). Post hoc analysis subsequent to the main effect
for group revealed that SBP was significantly lower only for
the posttraining time point (training: 108 ± 5 mm Hg vs
control: 115 ± 6 mm Hg, P = 0.019) but not at baseline

(training: 113 ± 6 mm Hg vs control: 118 ± 5 mm Hg,
P = 0.089). In any event, all measures of SBP were within the
normal range.

In keeping with these results for SBP, there was a signifi-
cant time effect for resting MAP (P = 0.012), whereas group
effect was borderline significant (P = 0.053), suggesting that
MAP decreased after the intervention period across groups.
Post hoc analysis subsequent to this main effect for time re-
vealed a significant reduction in MAP relative to its baseline
in the training group (post 77 ± 4mmHg vs pre 81 ± 5mmHg,
post hoc P = 0.044) but not the controls (P = 0.082). There was
also a significant main effect for time for resting DBP
(P = 0.048) but no group effect (P = 0.08). Post hoc analysis
subsequent to this effect showed no significant reduction in
DBP relative to its baseline in either group (all, P ≥ 0.05). Sim-
ilarly, there was a significant time effect for RHR (P = 0.014)
but no group effect (P = 0.118), suggesting that RHR de-
creased after intervention across groups. Post hoc analysis
subsequent to this main effect revealed a significant reduction
in RHR relative to its baseline in the training group (post
60 ± 3 bpm vs pre 66 ± 8 bpm, post hoc P = 0.021) but not
in the controls (P = 0.198). No changes were evident in body
weight or BMI after training (two-way ANOVA, interaction
and main effect, P ≥ 0.05).

Effect of exercise training on cardiorespiratory fit-
ness (V̇O2max). The two-way ANOVA for V̇O2max revealed
a significant interaction effect (P< 0.001, Table 1) and time effect
(P = 0.001) but no group effect (P = 0.11), whereby V̇O2max in-
creased after 8 wk of training (post 36.3 ± 2.6 mL·kg−1·min−1 vs
pre 29.7 ± 2.8 mL·kg−1·min−1, post hoc P < 0.001), and the
posttraining value was significantly higher compared with
the control group (29.1 ± 5.4 mL·kg−1·min−1, post hoc
P = 0.002). No change of V̇O2max was evident in the control
group (P = 0.442). There was no significant interaction or
group effect for HRmax, but the time effect was significant
(P = 0.002), whereby HRmax posttest was lower in both the
training and control groups at week 8 (training group: post
178 ± 8 bpm vs pre 184 ± 12 bpm, post hoc P = 0.023; control
group: post 179 ± 9 bpm vs pre 185 ± 11 bpm, post hoc
P = 0.023). However, the maximal exercise time and power
achieved at max improved only in the training group (Timemax

interaction effect, P = 0.003: post 16.9 ± 3.4 min vs pre
13.7 ± 2.3 min, post hoc P = 0.001; Powermax interaction ef-
fect, P = 0.005: post 185 ± 33.4 W vs pre 165 ± 33.4 W, post
hoc P = 0.001). Posttraining data were also higher compared
with the control group (Timemax, 13.5 ± 1.6 min, post hoc
P = 0.007; Powermax, 143 ± 14.1, post hoc P = 0.004). No
changes were evident in either Timemax or Powermax in the
control group (all, P ≥ 0.05).

Effect of exercise training on body composition. In
absolute terms, visceral adipose tissue, total and area-based fat
and lean mass, and bone mineral density were not altered after
8 wk of training (Table 2). In relative terms (%), there was no
significant interaction effect for the percentage of total or
area-based fat and lean mass, or bone mineral density. How-
ever, there was a significant time effect for percentage gynoid

FIGURE 2—Representative OCT-derived images from forearm skin
microvessels at baseline (left panel (A, C, E, G), 33°C) and at the point
of maximal local heating (right panel (B, D, F, H), 44°C) in a control
(top panel) and exercise-trained subject (bottom panel). White arrows
point to similar sites assessed in these individuals at the study entry (week
0) and during the repeated OCT scan after exercise training or control in-
terventions (week 8). Blood vessels are color coded to indicate flow speed
(in micrometers per second). The white scale bar represents 500 μm.
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fat mass (P = 0.013) and leg leanmass (P = 0.007), independent
of a group effect (percent gynoid fat mass, P = 0.221; percent
leg lean mass, P = 0.274), suggesting that decreased % gynoid
fat mass and increased percent leg lean mass after the interven-
tion period were observed in both groups. Post hoc analysis sub-
sequent to the main effect for time revealed a significant reduction
in percent gynoid fat mass relative to its baseline in training group
(post 28.8% ± 6.6% vs pre 30.8% ± 6.8%, post hoc P = 0.006) but
not in the controls (P = 0.198). In keeping with this, percent leg
lean mass increased relative to its baseline in the training group
(post 73.8% ± 5.5% vs pre 72.1% ± 5.4%, post hoc P = 0.003)
but not in the controls (P = 0.354). Percentages of total/android
fat mass and total/arm/trunk mass were not altered, although
the results revealed a consistent trend after training for reduced
percent fat mass and an increase in lean mass (all, P ≥ 0.05).

Effect of exercise training on vascular endothelial
function. Baseline brachial artery diameter did not change
in either the training or control group (two-wayANOVA inter-
action, P = 0.945; time, P = 0.422; group, P = 0.354). There
was a significant interaction (P = 0.04) but no main effect,
for FMD (time effect, P = 0.075; group effect, P = 0.21)
whereby increase in FMD was observed after training (post
9.83% ± 3.27% vs pre 6.97% ± 1.77%, post hoc P = 0.01),
with this posttraining value being higher compared with the
control group (6.9% ± 2.87%, post hoc P = 0.027). No change
in FMD was evident in the control group (P = 0.894).
Mixed-model analyses showed significant time (P = 0.003)
and interaction (P = 0.008) effects for FMD, after SRAUC

was accounted for as a time-varying covariate. Brachial blood
flow, at baseline, peak, or the increase after a 5-min period of

TABLE 2. Body composition.

Control (n = 8, ♂) Training (n = 8, ♂) RM 2-Way ANOVA, P Value

Week 0 Week 8 Week 0 Week 8 Time Group Interaction

Fat
Total, kg 26.1 ± 8.8 26.4 ± 8.5 23.0 ± 7.4 21.7 ± 7.2 0.306 0.347 0.113
Total, % 33.1 ± 6.5 33.1 ± 5.6 31.3 ± 6.3 25.8 ± 12.2 0.188 0.215 0.191
Android, kg 2.4 ± 1.1 2.4 ± 1.1 2.1 ± 0.8 1.9 ± 0.8 0.23 0.478 0.198
Android, % 40 ± 10.5 40.6 ± 8.7 38.3 ± 10.6 36.1 ± 10.3 0.283 0.542 0.082
Gynoid, kg 4.3 ± 1.4 4.3 ± 1.4 4.1 ± 2.2 3.4 ± 1.3 0.117 0.495 0.212
Gynoid, % 34.1 ± 6.2 33.6 ± 5.7 30.8 ± 6.8 28.8 ± 6.6* 0.013 0.221 0.111

Visceral adipose tissue, g 805.9 ± 526.4 819.5 ± 567.9 649.1 ± 299.7 599.5 ± 264.7 0.67 0.393 0.457
Lean mass, kg

Total, kg 50.9 ± 6.6 51.0 ± 6.8 48.9 ± 6.5 49.4 ± 6.4 0.261 0.585 0.422
Total, % 66.9 ± 6.5 66.9 ± 5.6 68.7 ± 6.3 70.3 ± 6.1 0.087 0.407 0.092
Arms, kg 5.5 ± 0.9 5.5 ± 0.9 5.3 ± 0.7 5.3 ± 0.7 0.459 0.665 0.71
Arms, % 71.0 ± 5.6 70.7 ± 6.1 71.7 ± 5.4 72.8 ± 5.3 0.299 0.608 0.099
Leg, kg 19.4 ± 3.2 19.7 ± 3.3 18.2 ± 3.1 18.5 ± 3.1 0.022 0.471 0.704
Leg, % 69.7 ± 5.8 70.1 ± 5 72.1 ± 5.4 73.8 ± 5.5* 0.007 0.274 0.089
Trunk, kg 22.2 ± 2.4 21.9 ± 2.6 21.7 ± 2.4 21.9 ± 2.5 0.813 0.828 0.133
Trunk, % 62.4 ± 8.3 62.1 ± 6.8 64.4 ± 8.3 66.1 ± 8 0.117 0.291 0.117

Bone mineral density
Total, g·cm−2 1.27 ± 0.15 1.28 ± 0.16 1.22 ± 0.06 1.22 ± 0.05 0.554 0.369 0.09
Bone mineral content, g 2691.4 ± 456.3 2703.6 ± 464.4 2492.5 ± 379.3 2504.2 ± 388.3 0.148 0.363 0.975

Values are mean ± SD.
*P < 0.05, week 0 vs week 8 within the group.
RM, repeated-measures.

TABLE 3. Impact of 8-wk cycling on brachial artery characteristics and skin microvascular reactivity (LDF-derived parameters).

Control (n = 8, ♂) Training (n = 8, ♂) RM 2-Way ANOVA, P Value

Week 0 Week 8 Week 0 Week 8 Group Time Interaction

Brachial artery
Diameter
Baseline, mm 3.73 ± 0.22 3.81 ± 0.47 3.91 ± 0.42 3.97 ± 0.43 0.354 0.422 0.945
FMD, % baseline 7.14 ± 1.74 6.90 ± 2.87 6.97 ± 1.77 9.83 ± 3.27*,** 0.21 0.075 0.04
SRAUC (in 103) 17.9 ± 9.7 21.8 ± 10.8 19.4 ± 12.9 20.5 ± 11.6 0.981 0.355 0.609

Flow
Baseline, mL·min−1 25.3 ± 10.7 36.0 ± 26.8 31.3 ± 15.3 35.7 ± 22.7 0.74 0.171 0.558
Peak, mL·min−1 301.2 ± 115.9 334.5 ± 149.7 281.2 ± 93.2 328.8 ± 65.2 0.806 0.07 0.733
Δ Flow, mL·min−1 275.9 ± 109.5 298.5 ± 132.6 249.8 ± 86.2 293.1 ± 59.2 0.102 0.741 0.592

Skin microvascular reactivity (LDF)
Local heating
Baseline, PU·mm Hg−1 0.17 ± 0.08 0.15 ± 0.08 0.14 ± 0.06 0.16 ± 0.06 0.643 0.884 0.323
Peak LH, PU·mm Hg−1 1.38 ± 0.27 1.33 ± 0.19 1.59 ± 0.57 1.54 ± 0.23 0.112 0.704 0.988
Δ BL-LH, PU·mm Hg−1 1.21 ± 0.25 1.18 ± 0.15 1.45 ± 0.55 1.38 ± 0.23 0.089 0.694 0.872

Postocclusive reactive hyperemia
Baseline, PU·mm Hg−1 0.19 ± 0.10 0.18 ± 0.10 0.2 ± 0.09 0.24 ± 0.11 0.436 0.646 0.549
RH30–60 s CVC, PU·mm Hg−1 0.49 ± 0.30 0.54 ± 0.30 0.47 ± 0.16 0.70 ± 0.37 0.583 0.162 0.315
Δ BL-RH, PU·mm Hg−1 0.31 ± 0.22 0.35 ± 0.24 0.27 ± 0.14 0.46 ± 0.26 0.69 0.088 0.274

Values are mean ± SD.
*P < 0.05, week 0 vs week 8 within the same group.
**P < 0.05, between groups at the same time point.
CVC, cutaneous vascular conductance; RH, reactive hyperemia; RM, repeated-measures.
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local ischemia period, was unaltered after training (all,P ≥ 0.05;
Table 3).

Effect of exercise training on skin microvascular
characteristics. Figure 2 is representative of OCT-derived
images at rest (baseline) and in response to 30 min of local
heating, collected at Henna-marked sites from one individual
in the control and training groups. Baseline OCT-derived di-
ameter, speed, flow rate, and density were not different after
training (Fig. 3). There was a significant interaction for local
heating-induced OCT-derived speed (P = 0.038), whereby a
significant decrease at peak heating was observed after training

(post 98.6 ± 3.9 μm·s−1 vs pre 102 ± 5 μm·s−1, post hoc
P = 0.012; Fig. 3Bii), whereas no change in OCT-derived speed
was observed in the control group (P = 0.877; Fig. 3Bi). How-
ever, no differences were apparent when changes with heating
were compared between these groups (Fig. 3Biii). Other local
heating-induced OCT parameters (diameter, flow rate, and
density) were not altered after training (Fig. 3). In keeping
with these OCT results, skin conductance derived from
LDF measures also did not reveal any differences at baseline,
at peak, or in the magnitude of local heating responses (Table 3).
OCT (Fig. 4) and skin conductance (Table 3) parameters

FIGURE 3—OCT-derived parameters (A: diameter, B: speed, C: flow rate, andD: density) before and after intervention, at baseline (BL) and the at the end
of 30 min prolonged local heating (LH), in the control (i) and training (ii) groups. The magnitude of local heating responses are shown as the increment of
each parameter relative to their baseline (Δ LH-BL, iii). Values are presented in means ± SD. A two-way repeated-measures ANOVA was performed to
compare local heating responses within groups (i and ii panels: LH–time) and the magnitude of local heating responses between group (iii panels:
group–time) for all OCT-derived parameters. *P < 0.05LHresponses vs BLwithin same time point. #P < 0.05 LHheating responses week 0 vs week 8within
the group.
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were unaltered after exercise training in response to reactive
hyperemia.

DISCUSSION

Our study revealed that 8 wk of aerobic cycle ergometer
training in young healthy subjects improved fitness, body
composition, BP, HR, and conduit (brachial) artery function

compared with inactive controls. In contrast, training did not
markedly affect OCT-derived responses of the cutaneous mi-
crocirculation. Although our FMD data are broadly consistent
with previous studies on the effect of training in larger arteries
(10), our use of a new OCT-based imaging technique to visu-
alize and quantify skin microvessels revealed findings that
lead us to reject our hypothesis that repeated increases in blood
flow induce microvascular adaptation in the skin.

FIGURE 4—The effect of exercise training on OCT-derived parameters (A: diameter, B: speed, C: flow rate, and D: density) at baseline (BL) and in re-
sponse to postocclusion reactive hyperemia (PORH), in the control (i) and training (ii) groups. Values are presented as mean ± SD. A two-way repeated-
measures ANOVA was performed to compare reactive hyperemia (RH) responses before and after exercise training intervention (Interaction = RH–time)
for all OCT-derived parameters. *P < 0.05 RH responses vs BL within same time point.
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In response to exercise training, conduit and larger skeletal
muscle resistance arteries that control blood flow exhibit func-
tional and structural adaptation that is largely mediated by re-
peated episodic increases in shear stress (3,4,12). It is also well
established that skeletal muscle capillary beds exhibit angio-
genic adaptation to exercise training (16). Our finding in
healthy subjects suggests that the skin does not adapt in a sim-
ilar manner, despite the fact that, like active skeletal muscle,
cutaneous blood flow increases significantly in response to ex-
ercise (40). Our findings suggest that blood flow and shear
stress may not be key mediators of structural microvascular
adaptation in skin microvessels, and that other stimuli such
as hypoxia may be more important. Indeed, transient hypoxia
in skeletal muscle induces the release of the proangiogenic
substances during exercise (16,41,42), whereas the skin re-
mains hyperperfused relative to metabolism as a consequence
of thermoregulation (43). Although no study to date has exam-
ined the effect of exercise on the release of cutaneous angio-
genic proteins, it is known that individuals with severely
impaired cutaneous perfusion (and therefore hypoxia), such
as diabetic patients (39,44), display profound structural differ-
ences in their cutaneous microvessels. Future studies of exer-
cise training in clinical populations are warranted.

An important consideration when discussing the findings of
previous studies is the differing terminology used for the segments
of the vascular tree. For example, previous studies (10,45) have
demonstrated that exercise training improves endothelial function
in both conduit and “resistance” arteries. The latter studies have
relied on blood flowmeasures derived from limb plethysmogra-
phy or conduit artery quantitative duplex ultrasound, whereby
changes in flow are a surrogate for “resistance vessel” function
(46). The arteries that control limb flow and resistance are likely
to be larger than the precapillary vessels we imaged in the skin
(47), raising the possibility that larger resistance arterioles be-
have and respond differently to smaller microvessels. This is
consistent with reports that larger vessels adapt structurally via
caliber enlargement, whereas small microvessels undergo an-
giogenesis via budding and sprouting of new vessels (48). From
a physiological perspective, it is reasonable to conceptualize the
arterial tree as consisting of larger elastic arteries, conduit ar-
teries, resistance arterioles, and microvessels. Although such
classification may not be consistent with the commonplace de-
piction of “resistance vessels” as encompassing all those between
conduit arteries and capillaries, it is nonetheless consistent
with known differences that exist in artery wall anatomy (49).

Despite the limitations of laser Doppler technology, which
does not image actual microvessels, some previous studies
have attempted to assess microvascular adaptation to exercise
in the skin, with mixed results. Individuals with higher fitness
levels demonstrate enhanced endothelium-dependent vasodi-
lation compared with less fit controls in some (19) but not all
(20) studies. The sole-author article of Wang (22) reported in-
creased skin blood flow at rest, as a response to incremental
exercise, and endothelium-dependent vasodilation after 8 wk
of exercise training in young healthy, sedentary people, and
this effect was reversed to pretraining state after detraining.

Enhanced NO contribution to skin vasodilation after training
has been reported in young type 2 diabetic subjects (5), and
Black et al. (23) demonstrated, using LDF combined with mi-
crodialysis of NO blockade, that the NO contribution to skin
flux responses increased after exercise training in the seden-
tary elderly subjects, suggesting that exercise training can en-
hance microvasculature function. However, Atkinson et al.
(26) reported decreased LDF-based responses to local heating
after exercise training, an adaptation that was associated with
repeated increases in shear stress, as changes were not appar-
ent in the contralateral forearm in which shear stress was
clamped during exercise. We therefore speculated in Atkinson
et al. that the training-induced decrease in skin red cell flux by
LDF may have been caused by angiogenic adaptation. Al-
though we are not able to reproduce the decrease in
LDF-derived variables (cutaneous vascular conductance) in
our study, somewhat in keeping with the findings of Atkinson
et al., we observed a decrease in the response to local heating of
OCT-derived speed after training in the present study, and this re-
sponsewas not apparent in the control group. There are some im-
portant differences between the current study and Atkinson et al.
that may contribute to the different results. In the latter, we uti-
lized a longer local heating protocol (±2.5 h) by slowly in-
creasing disk heat to 42°C and 44°C, whereas we simplified
the protocol in our current experiment by rapidly increasing
the heating disk temperature to 44°C; our focus here was to reveal
structural adaptation in skin microcirculation. These different local
heating approaches may provoke distinct physiological responses
(27,37,43,50,51). In addition, instead of the within-subject
between-limb model exploited by Atkinson et al., we did a
comparison of skin microcirculation between subject groups;
therefore, we did not eliminate central factors such as circulat-
ing hormones, neural outflow, or sympathetic activity that
might affect microcirculatory adaptation to training.

Although the precise effect of exercise training and change
in blood flow on cutaneous vascular function remains to be
elucidated, in the current experiment, we observed no un-
equivocal evidence to support our previous speculation in
Atkinson et al. that exercise training may induce structural re-
modeling of the cutaneous vasculature. This observation sug-
gests that changes in thermoregulatory function with exercise
in humans may be unrelated to intrinsic structural changes in
peripheral skin microvesssels. It is well established that exercise
training induces a lower skin vasodilatory threshold (52,53).
This was not influenced by changes in cutaneous sympathetic
vasoconstriction, suggesting that active vasodilator mechanisms
or changes in blood volume may be the main contributor to
training-induced adaptation in skin blood flow control (53).
Moreover, the magnitude of maximal vasodilation reached
during exercise is increased after training (54,55), whereas
previous studies have commonly shown that the slope (sensi-
tivity) of the relation between core temperature–skin blood
flow is not changed (52–54). Finally, the sympathetic neural
control of the circulation may be altered by exercise training
(52,56). Taken together with our findings, this suggests that
local cutaneous vascular adaptations are not largely responsible
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for training-induced changes in the control of skin blood flow
and reinforces the concept that central adaptations to training,
particularly changes in blood/plasma volume, may be the major
contributor to training-induced thermoregulatory adaptation in
humans (57,58).

This study had several limitations. Our sample size was rel-
atively small; however, power was adequate as based on pre-
vious studies (26). In terms of OCT imaging, the assessment
of skin microvessels was obtained from a small area and
may not be a representative of other areas of the skin. Because
skin microvascular density is heterogenous, different vascular
beds may exhibit distinct responses (59). We also rendered the
images in two dimensions, and the current OCT approach we
use has relatively limited temporal resolution. It is likely that
future development of OCT technology will overcome these
issues and generate four-dimensional images in real time. It
is also possible that exercise-induced adaptation in human
microvessels depends on the time course of training, as is ap-
parent in the conduit arteries (2–4). These exercise training
studies revealed a biphasic pattern of functional change in con-
duit arteries, whereby the FMD increased after several weeks
of training, then returned toward baseline as the increase of di-
lator capacity occurred. These findings suggest the occurrence
of structural remodeling (2–4) and fit with Laughlin’s (60)
original proposal that initial improvement in vasodilator ca-
pacity contributes to normalizing the increase in shear stress
during exercise, whereas continuing exercise leads to struc-
tural adaptation for more “permanent” shear stress normaliza-
tion. Unfortunately, we did not assess brachial artery dilator
capacity as a surrogate measure for conduit artery structure
in the current study. Although functional and structural adap-
tation to exercise training in conduit arteries seems to be time
dependent, the precise timeline of this adaptation is still not
clearly defined and probably depends on dose and mode of ex-
ercise. With regard to the timing of adaptation in microvessels,
White et al. (61) reported in the coronary microvasculature
that initial increases in capillary growth and small arterioles
density (<30 μm) reached a peak 3 wk after training onset
and declined with longer training. We may therefore have
missed microvascular adaptation in the skin at our 8-wk
follow-up, despite observing improvement in brachial artery
FMD. A further limitation is that, because of our focus on ex-
amining changes in cutaneous vascular structure (remodeling),
we utilized a different local heating protocol from that used by

some previous functionally orientated studies, and it is well es-
tablished that different local heating approaches provoke dis-
tinct physiological responses (50,51). In addition, the effects
of training on microvascular adaptation may depend on the
subjects studied: those with impaired skin microvascular func-
tion (5,23,62), such as those with diabetes and those with car-
diovascular diseases, may prove more responsive than the
healthy young subjects we studied. Indeed, the effect of train-
ing on conduit and larger resistance vessels is more apparent in
those with impaired arterial function a priori (63). Finally, our
study involved local skin heating and intrinsic adaptations in
the cutaneous vasculature; the effect of whole body heating
on OCT-derived outcomes has not been studied and may dif-
fer, as systemic and neural regulatory changes have important
impacts on thermoregulatory adaptation. Further studies (per-
haps using OCT insights) will be required to address such in-
tegrative thermoregulatory questions.

CONCLUSIONS

Our findings suggest that vascular adaptation to exercise
training in healthy young adults is not uniform across different
levels of the arterial tree. Although exercise training improved
larger artery function, this was not accompanied by unequivocal
evidence for cutaneous microvascular adaptation. Our OCT ap-
proach provides insights not previously possible in humans and
should be applied in future studies of different populations with
a priori impairment in skin microvascular function.
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