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ABSTRACT 

The introduction of duplex Doppler ultrasound, almost half a century ago, signified a 

revolutionary advance in the ability to assess limb blood flow in humans.  It is now widely 

utilized to assess blood flow under a variety of experimental conditions to study skeletal 

muscle resistance vessel function.  Despite its pervasive adoption, there is substantial 

variability between studies in relation to experimental protocols, procedures for data 

analysis, and interpretation of findings.  This guideline results from a collegial discussion 

among physiologists and pharmacologists with the goal of providing general as well as 

specific recommendations regarding the conduct of human studies involving Doppler 

ultrasound-based measures of resistance vessel function in skeletal muscle.  Indeed, the 

focus is on methods used to assess resistance vessel function and not upstream conduit 

artery function (i.e., macrovasculature), which has been expertly reviewed elsewhere.  In 

particular, we address topics related to experimental design, data collection and signal 

processing, as well as review common procedures used to assess resistance vessel 

function, including post-occlusive reactive hyperemia, passive limb movement, acute 

single limb exercise, and pharmacological interventions. 
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1. INTRODUCTION 

Cardiovascular disease is a leading cause of morbidity and mortality worldwide 

(226).  In the United States alone, ~600,000 deaths (25%) each year are attributed to 

cardiovascular disease (17).  The burden associated with cardiovascular disease is 

projected to sharply escalate in the Western world because of the changing age structure 

of the population, in addition to the growing prevalence of physical inactivity, obesity, and 

diabetes (85, 180, 286, 300).  In many clinical syndromes linked to underlying 

cardiovascular disease, overt changes in “cardiovascular control” are observed, which 

may encompass disease-related changes in neural, metabolic, and myogenic control of 

skeletal muscle resistance vessels.  Notably, in various metabolic diseases such as 

diabetes, impaired vasomotor reactivity of the resistance arteries, including feed arteries 

and arterioles, typically manifests before vascular dysfunction or disease can be detected 

in larger, more proximal arteries.  In fact, assessment of resistance vessel function may 

have the potential to provide prognostic information beyond the predictive value of 

traditional risk factors (4, 120, 260).  Furthermore, given that skeletal muscle resistance 

vessel function is positively associated with exercise tolerance and fitness (1, 55, 139, 

173), blood pressure control (148, 199, 200), glucose homeostasis (12, 147), and lower 

cardiovascular risk (4, 110, 120, 172), improved vasomotor function in skeletal muscle 

resistance arteries (defined broadly as the ability to vasoconstrict or vasodilate 

appropriately) is a marker of overall health status. 

A landmark in technological development for assessment of skeletal muscle blood 

flow and downstream resistance vessel function in humans was the introduction of duplex 

Doppler ultrasound (9).  This methodology was, along with the cold saline thermodilution 
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technique, instrumental to the initial recordings of limb blood flow during rhythmic muscle 

contraction (291) and to the subsequent seminal work undertaken at the Copenhagen 

Muscle Research Center and led by Professor Bengt Saltin (136, 212-214, 216, 217, 

230).  Since then, Doppler ultrasound has been widely utilized to assess blood flow under 

a variety of experimental conditions (e.g., reactive hyperemia, passive limb movement 

[PLM], single limb exercise, pharmacological interventions) designed to interrogate 

aspects of skeletal muscle resistance vessel function (Figure 1).  Accordingly, the 

purpose of this report is to provide some recommendations regarding the conduct of 

human studies involving Doppler ultrasound-based assessments of resistance vessel 

function in skeletal muscle.  Indeed, we focus on the methods used to assess resistance 

vessel function rather than upstream conduit artery function (i.e., macrovasculature), 

which has been expertly reviewed elsewhere (97, 260).  This commissioned compendium 

reflects the discussion among several independent research groups who routinely employ 

these methodologies for vascular studies in humans.  For comparisons of Doppler 

ultrasound with other technologies to assess blood flow, the reader is referred to recent 

reviews (27, 84). 

 

2. EXPERIMENTAL DESIGN 

2.1 Subject-Specific Considerations 

When appropriate experimental controls are in place, Doppler ultrasound-based 

determinations of limb blood flow to assess resistance vessel function can be reliably 

compared between study pouplations and/or within the same individuals before and after 

pertubation or over time (213, 245).  In order to ensure measures of resistance vessel 
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function are both accurate and repeatable, human research participants should avoid a 

number of potential environmental stressors for a period of time preceeding assessment 

(Figure 1).  At the minimum, research participants should refrain from caffeine, nicotine, 

alcohol, and strenuous exercise for 12-24 hours (26, 183, 259, 284).  In addition, food 

and drink (other than sips of water) should be avoided for at least four hours prior to the 

initiation of measurements.  In many cases, subjects have to be fasted for these 

measures.  Indeed, in some studies, overnight fasting is required; this may be the case 

for insulin clamp studies or studies in clinical populations (i.e., insulin resistance) where 

a four-hour fast may not be sufficient time to confidently assure glucose/insulin levels are 

low and/or at steady-state.  Furthermore, blood flow distribution is impacted during the 

postprandial state.  A high fat meal, for example, not only alters blood flow distribution but 

it can also exert detrimental effects on vascular function (131, 198).  With this, another 

option may be to feed a standardized low fat, low glycemic index meal to participants, for 

example, during day-long experiments with multiple testing sessions where it is not 

feasible to have subjects continuously fasted.   

 

2.1.1 Medication Considerations 

When conducting research with human volunteers, it is standard practice to inquire 

about past and current medical history to determine whether individuals meet eligibility 

criteria.  In such instances, medications known to impact the cardiovascular system 

should be documented.  Such medications include, but are not limited to, non-steroidal 

anti-inflammatory medications (119, 238), certain vitamins and/or supplements (67, 130, 

231), anti-anxiety and anti-depressants (102, 206), central acting sympatholytics (87), β-
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blockers (144, 171), ACE inhibitors (171), angiotensin II receptor blockers, and statins 

and other lipid-lowering agents (170, 287, 307).  Adequate experimental control may 

consist of withholding certain medications/vitamins prior to participation.  For example, 

“as needed” medications (i.e., ibuprofen taken PRN) or subject-elected 

supplements/vitamins can be withheld if not prescribed and the subject is willing.  From 

a clinical standpoint, a typical washout period for medication is five half-lives, which 

typically falls within a 24-48-hour time window.  The potential impact of medication on 

vascular outcomes is well illustrated by two recently published studies in patients with 

heart failure with a reduced ejection fraction (HFrEF).  Using an identical knee extension 

exercise paradigm, Barett-O’Keefe et al. (14) identified a 20-35% reduction in exercise-

induced muscle blood flow in patients with HFrEF compared to controls, while Espoito et 

al. (68) failed to identify any disease-related reduction in limb blood flow.  One potential 

explanation for the divergent results from these two studies using almost identical 

methodologies may be the choice to withold β-blockers for 48 hours prior to the 

experiemtnal day in the latter study. This example highlights the importance of carefully 

considering background pharmacotherapy in highly medicated patient groups.  That said, 

it is important to mention that in some clinical populations, individuals may be unable to 

refrain from certain medications and it may be unsafe to do so; in these instances, studies 

should be conducted a standard period of time following medication intake (260).  If the 

medication cannot be withheld and it interacts with main study outcomes, the individual 

may need to be excluded from the study.  For example, amlodipine (angioselective 

calcium channel blocker) is a medication that would impact the results of a vascular study, 

and also should not be withheld if prescribed.  If the medication was withheld, elimination 
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half-life is approximately 40 hours, so five half-lives would be approximately 200 hours 

(and could be even longer in older adults).  It could be argued that in some experiments 

the impact of these medications (taken at the appropriate time of day and dose) is actually 

of interest and ecologically valid.  Indeed, in the real world, a patient is the individual plus 

their medications.  Accordingly, whether drugs are sanctioned or allowed ultimately 

depends on the research question, the experimental design, and the population studied.  

These decisions may also depend upon physician recommendation, the Institutional 

Review Board, and/or the local ethics committee.   

 

2.1.1 Study Timing 

Study visits should be scheduled for the same time of day, after a normal night’s 

sleep.  There is evidence to support diurnal variation in vascular function (69, 134, 135, 

197, 241), as well as an effect of sleep (5, 25).  Indeed, it is advised that investigators 

collect information regarding sleep patterns as short night sleep duration has been 

recently associated with depressed endothelial-dependent vasodilator function due to 

diminished nitric oxide (NO) bioavailability (5).  Prolonged inactivity/bed rest is also 

associated with reduced vascular function (263).  In this regard, protocols lasting more 

than two hours should consider the potential impact of prolonged immobility on 

experimental measures and how such factors may impact results in later trials.  Time-

controlled experiments may be necessary to account for the effect of prolonged 

sedendary time on outcome variables (219, 285).  Alternatively, and depending on the 

experimental model (e.g., single limb exercise), the contralateral limb may be used as 
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internal control, an approach that significantly strengthens the experimental design  (16, 

118, 174, 220, 252, 261, 265, 268, 292, 293).  

Prior to instrumentation for even relatively short protocols, subjects should be 

strongly encouraged to void their bladder, clearly explaining that they will not be able to 

get up to use the restroom once the study starts.  For prolonged studies, a urinal should 

be available, or other plan in place for what will be done if an individual needs to use the 

restroom, given the significant changes in cardiovascular homeostasis that can occur with 

increasing bladder distension (73).  During testing, the study room should be quiet, 

temperature controlled, dimly lit and void of distractions including, but not limited to, 

conversations, loud music, and people coming in and out of the lab.  Likewise, to reduce 

subject burden, the number of research personnel should be limited to those needed to 

execute the study protocols and measurements.  For reasons related to both biological 

safety and a controlled environment, food and food smells (e.g., coffee) should also be 

limited. 

All studies conducted in premenopausal women of childbearing age should be 

menstrual-cycle controlled, meaning women are studied during the same hormone phase 

of the menstrual cycle (93).  The majority of researchers choose to study participants 

during the early follicular phase of the menstrual cycle (days 1-5) and/or placebo phase 

of oral hormonal contraceptive use because circulating female sex hormone 

concentrations (estrogen, progesterone) are at their lowest.  However, depending on the 

question at hand, it may be more appropriate to study women during the luteal phase of 

the menstrual cycle and/or active pill phase of oral hormonal contraceptive use.  In reality, 

the optimal design may be to conduct measurements in both high and low estrogen 
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phases.  Under these circumstances, measurements of sex hormones would be 

important.  We refer readers to a recent review on this topic (249).  Along these lines, 

when studying older individuals it is important to document and/or control for menopausal 

status as well as the potential use of hormone replacement therapy.  Age at onset of 

menopause should also be consdiered.  We now understand there are a number of 

vascular control mechanisms that differ between men and women, as well as between 

women using oral contraceptive pills, hormone replacement therapy, women with natural 

menstrual cycles, and women after menopause (7, 155, 160, 271).  Thus, controlling for 

menstrual phase, pill phase, and menopausal status are important aspects of study 

design for women.  

 

2.2 Isolating Skeletal Muscle Blood Flow 

Doppler-based assessments are made in the conduit arteries and, thus, changes 

in flow (i.e., blood velocity) are largely reflective of changes in tone of the downstream 

resistance vessels, particularly if changes in conduit artery dimater do not occur.  With 

this, researchers need to consider the potential impact of all distal resistance arteries.  

For example, at rest and under thermoneutral conditions, ~30% of forearm blood flow is 

directed to the skin (43), indicating that a non-trival portion of forearm blood flow resides 

in the cutaneous circulation (248).  Notably, under thermal stress, 75-80% of forearm 

blood flow is directed to the skin circulation (133, 196); therefore, cutaneous vascular flow 

becomes a primary determinant of whole-limb blood flow.  Accordingly, when the intent 

is to study skeletal muscle blood flow, it is of paramount importance to limit extraneous 

flow to the skin.  By maintaining an ambient temperature of the study room around 21-22 
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degrees celsius (to keep core temperature stable and exposed limb in direct contact with 

cool air), variability in blood flow to the cutanous circulation can be reduced.  In such 

instances, it is also important to limit body coverings such as long-sleeved shirts, pants 

and/or heavy blankets.  The use of blankets has the potential to also limit visibility of the 

extremities which can be problematic when attempting to control for limb movement.  

Directing a fan toward the limb of study has also been used to limit extraneous flow to the 

skin (48, 221).   

In addition, inflation of a wrist (during forearm measurements) or ankle (during leg 

measurements) blood pressure cuff to supra-systolic pressures can be used to limit flow 

to the hand/foot which is composed primarily of skin (48, 76, 221). Historically, this 

approach has been applied to study differences in vasomotor control between acral and 

non-acral skin.  Of note, this approach has the undesirable effect of creating tissue 

ischemia and may therefore not be apropriate for prolonged periods of data collection.  

There is also the aspect of subject discomfort that requires consideration.  The usefulness 

and appropriatness of wrist occlusion varies with the conditions and techniques (i.e., 

Doppler ultrasound vs. venous occlusion plethysmography) under which forearm blood 

flow is being assessed.  For example, in the case of post-occlusion reactive hyperemia, 

because the entire limb circulation is affected, a wrist cuff is required for accurate 

measurement of forearm blood flow via venous occlusion plethysmography.  This is 

because the strain gauge around the forearm does not provide assessment of the hand, 

yet the hand microcirculation is also dilated due to occlusion.  In contrast, Doppler 

ultrasound measures conduit artery inflow to the entire limb and, thus, in the absence of 

a wrist cuff, dilation of the hand circulation remains appropriately captured as part of the 
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total hyperemic response.  In the setting of forearm exercise, an occlusion cuff around 

the wrist would lead to metaboreflex activation of the muscles in the hand and 

consequently alter blood flow responses as assessed via Doppler ultrasound.   With 

venous occlusion plethysmography, inflating the wrist cuff for the brief period of flow 

measurement when exercise is temporarily stopped would be appropriate.  

To determine whether skin blood flow is adequately controlled, one can observe 

the pattern of resting blood flow across the cardiac cycle.  At rest, there is often systolic, 

but not diastolic flow and flow remains relatively stable.  When there is periodic diastolic 

flow, this is an indication of rhythmic increases and decreases in skin blood flow.  These 

oscillations should be identified.  Typically, extending the resting period (i.e., waiting a bit) 

until diastolic flow dissipates is adequate.  Another option is to apply local (e.g., forearm) 

cooling until stability and zero diastolic flow is observed.  For review of the oscillatory flow 

due to rhythmic opening and closing of arterio-venous anastomoses in human skin and 

how local cooling eliminates this and leads to stable, low flow through the forearm conduit 

artery, see review by L. Walloe (290).  It is most often blood flow within the hand that 

creates concern, and an ice pack on the hand can speed up the process of eliminating 

skin flow.  When systolic-only flow is achieved, one can assume the majority of skin blood 

flow is eliminated and the ice pack should be removed.  If this technique is employed, it 

is important to recognize the potential impact of an ice pack on the hand on other 

cardiovascular variables (e.g., blood pressure) as well as the effect of such cooling on 

sympathetic nervous system activity (e.g., cold pressor test), which must be assessed 

and avoided.  However, it should noted that cold pressor test is mostly a pain response, 

and is much more extreme than the local cooling we are describing here.  While muscle 
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sympathetic nerve activity can be increased if sufficient whole body cooling is evoked 

(88), this increase requires considerable reduction in skin temperature before it manifests.  

Participants experiencing the room temperatures recommended in this review are not 

experiencing sensation of being cold, as they are fully clothed and comfortable.  However, 

the exposed limb is experiencing direct air contact and thus the local cooling effect of 

such an environment on the arterio-venous anastomoses is the goal of the recommended 

room temperature.  Importantly, currently there is no approach to exclusively isolate 

muscle blood flow from other tissues in the limb (e.g., cutaneous, adipose, bone) using 

ultrasound technology, and thus the obtained data should be interpreted with this 

understanding. 

 

2.3 Model Selection 

A number of past studies have focused on blood flow to a single limb (arm or leg) 

and extrapolated these findings to all skeletal muscle vascular beds to determine 

systemic vascular function.  However, we now know there are clear limb differences in 

vascular control mechanisms (i.e., arm versus leg) (184, 191, 209, 223), and thus any 

conclusions drawn are likely specific to the vascular bed studied.  In addition, resistance 

vessel function in dominant/trained limbs may differ from non-dominant/untrained limbs 

(94, 145, 185, 254, 301).  In these instances, it is important to document and control such 

factors between subjects and visits as much as is possible.   

Regardless of known limb differences, the forearm is often studied for a number of 

reasons, including 1) isolation of intrinsic mechanisms without influence of central 

hemodynamics (e.g., cardiac output) (64, 91, 92), although some would argue that one-
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legged knee extension exercise also poses minimal cardiopulmonary stress particularly 

at submaximal work rates (8, 176-178, 190, 229); 2) significance of the forearm to 

activities of daily living (e.g., carring groceries, opening jars); and 3) relatively easy access 

to venous and arterial vessels (192).  It should be noted that the initial studies using 

forearm plethysmography were done by clinical pharmacologists.  In the early era of 

cardiovascular drug development, they needed an in vivo human model to translate pre-

clinical/animal work, but one where the consequences of potential side effects were 

limited to one limb and did not potentially inflict serious events.   

The vascular bed studied will dictate subject posture during testing.  The majority 

of studies in the forearm are conducted with the subject in a supine position, whereas 

studies in the leg may be conducted in the supine, seated, semi-recumbant, or prone 

position.  Variations in posture have the potential to alter systemic vascular control 

mechanisms, including differences in venous pooling and venous return, baroreceptor 

stretch, and hydrostatic pressure (24, 51, 258, 277).  For example, when going from lying 

to sitting, sympathetic nerve activity directed to the skeletal muscle vasculature can 

double, thus significantly impacting peripheral vascular tone (24, 128).  Therefore posture 

(and/or limb height relative to heart-level) should be controlled for, reported in 

manuscripts, and considered in data interpretation. 

 

3. DATA COLLECTION AND SIGNAL PROCESSING 

There are a number of technical aspects of Doppler ultrasound which require 

significant training in order to ensure mastery of the technique.  It is only through 

consistent handling of the ultrasound probe and a clear understanding of software 
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settings that one can be assured the method is accurate, valid, and reliable with low day-

to-day variability (9, 82-84, 97, 153, 213, 291, 295). 

 

3.1 Doppler Technology 

When the use of Doppler technology was first introduced for assessment of blood 

velocity (54, 96), data were captured, stored and analyzed via non-imaging systems.  One 

limitation of non-imaging devices is the inability to measure arterial diameter which, as 

highlighted below, is an essential component of the calculation of blood flow.  To control 

for this, blood velocity collected via non-imaging Doppler devices can be combined with 

diameter measurements from a separate ultrasound imaging system; however, this 

approach introduces potential variability in the probe recording sites and does not allow 

for precise time alignment between the velocity and diameter, which can be critical for 

accurate analysis of blood flow.  In this regard, it should be mentioned that while earlier 

studies were limited by equipment without capabilities for simultanous B-mode imaging 

and Doppler velocity measurements, most of the current Doppler ultrasound systems 

possess the duplex modality thus allowing for continuous and simultaneous assessment 

of diameter and blood velocity (9, 82, 83, 89, 90, 113, 299).   

Using duplex Doppler ultrasound, ultrasound waves of a given frequency (typically 

4 to 12 MHz when using a linear array ultrasound probe) are reflected by red blood cells 

(erythrocytes) traveling through the conduit vessel of interest on their way to downstream 

resistance vessels.  When these sound waves are reflected by moving erythrocytes, there 

is a shift in the Doppler ultrasound frequency that is sensed by the receiver.  The 

difference in the transmitted and received ultrasound frequency is used to calculate 
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erythrocyte velocity (27, 83, 84, 212).  In order to limit error within the estimate of blood 

flow, an insonation angle (the angle the ultrasound beam meets moving erythrocytes) of 

60 degrees or less to the axis of the vessel is required (212).  This can be achieved 

through the Doppler software interface and by manually tilting the probe. 

Because commercial ultrasound systems are primarily designed to provide high-

resolution images (B-mode), the majority of devices, including newer systems, emit a 

beam with a thin, finite width (21).  Unfortunately, most of these thin-width beams are 

narrower than a typical brachial or femoral artery and do not insonate the entire cross-

sectional area of the vessel.  Thus, the ultrasound system may not measure velocity near 

the vessel lamina, which is theoretically lower (in accordance with the principles of laminar 

flow).  As a result, when the average velocity is calculated, the slower velocities are not 

included in the calculation, leading to an overestimation of mean blood velocity by up to 

33% (21).  It should be clarified that thin width beam is a newer development, so it is quite 

likely to play a role in current research.  The reader is directed to the review by Halliwill 

for details on how to assess the beam width in one’s own system (21).   Validation studies 

that compared Doppler ultrasound to blood flow determined by thermodiluation in humans 

relied on earlier generations of ultrasound that likely did not have thin-beam technology 

(213, 303), therefore these early validation studies cannot be generalized to current 

systems (21).   

Although this “thin-beam” error exists, our point herein is two-fold.  First, this source 

of error is largely under-reported and we want investigators to know of and acknowledge 

the issue.  Second, if beam and vessel width are known, this overestimation can be 

corrected and thin-beam error minimized using a published equation (21, 71).  By 
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reporting depth and diameter of the blood vessel, as well as specifications of the 

ultrasound probe, the impact of thin-beam ultrasound on study results can be examined 

and controlled (21).  Another approach is to create a calibration between the velocity 

voltage signal and actual measured flow through tygon tubing of various diameters.  

Knowing the actual tubing diameter and flow, true mean velocity can be calculated and 

Doppler voltage can be calibrated accordingly.  

Regarding signal processing, there are a number of available technologies 

currently in use by groups around the world.  We will name just a few of them here, which 

include commercially available, such as Multigon spectral analyzer (221), DAT (113), and 

FlowWave (42) as well as custom-made, image/video capture systems (89, 90, 299).  

Such approaches may be used to analyze the Doppler shift frequency and subsequently 

determine mean blood velocity from the weighted mean of the spectrum of Doppler shift 

frequencies.  The pros/cons to each of these approaches are too numerous to address in 

this review and will likely become obsolete as new techonologies develop.  Nevertheless, 

the preferred approach is one that relies upon digital analyis of the graphical user interface 

and that can be simultaneously recorded and aligned with other physiological parameters 

for beat-to-beat analysis (51, 74, 75).  An alternative approach that allows for analog 

velocity signal output and/or RCA phono jacks (allowing for the conversion of Doppler 

audio signals to real-time velocity signals) is also available (113).  The issue of 

transferring signals from commercial/clinical ultrasound devices to a data acquisition 

program is not trivial, and an understanding of how the signal is being processed is of 

high importance. 
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3.2 Technical Settings 

In addition to insonation angle, depth, diameter, and specifications of the 

ultrasound probe, there are a number of other technical settings that must be recorded 

and kept consistent between participants and/or visits to ensure accuracy and repeatibility 

of measurements.  First, the position of the ultrasound probe on the skin should be 

marked to ensure measurements are occuring at the same location throughout the study.  

Some groups use a probe “holder” to securely fix/clamp the probe, mark the position on 

the skin with a permanent marker, take a picture, and/or identify anatomical landmarks 

within the B-mode image.  For studies requiring multiple visits, investigators can provide 

the subject with a permanent marker to remark the spot of interest inbetween visits.  

Alternatively, henna tattoos (i.e., dye drawn on the skin which may last a couple of weeks) 

can be used.   

Regarding anatomical landmarks, the probe should be positioned at least 2-3 cm 

proximal to vessel bifurcations and/or branches on a relatively straight-segment of vessel 

to avoid potential vortices (84); this is not the same as noise from turbulence at the vessel 

wall, which can be rejected with the use of a low-velocity filter.  Second, following 

optimization of the image, ultrasound settings such as 2D gain, PW gain, sample volume, 

and sweep speed should not be altered within a given experiment and should be 

reproduced between study visits.  Furthermore, the preferred approach by several 

laboratories is to use a sample volume that encompasses the entire width of the vessel 

(192).  However, this is somewhat controversial.  As noted above, one of the issues with 

insonation sample volume is that, while the thickness of the volume can be adjusted to 

emcompass the entire vessel, in most cases the width of the insonation field is unknown 
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(21).  In this way, some groups derive the peak envelope from the center of the vessel 

and then use standarized equations to calculate mean flow (70).  Use of a large sample 

volume that spans the entire vessel also increases the risk of spurious velocity 

measurements during experimental paradigms where significant limb movement is 

expected, such as high intensity handgrip or knee-extensor exercise. Regardless of 

approach, standardization of such measures can be easily accomplished by documenting 

this information in a lab notebook or by taking a screenshot.  A summary of settings that 

should be optimized and kept constant can be found in Figure 1. 

 

3.3 Estimation of Blood Flow 

The Doppler ultrasound velocity signal, when combined with brachial artery or 

common femoral artery diameter, provides an estimate of blood flow to the entire limb.  

Blood velocity is the time- and space- averaged, angle corrected, and amplitude weighted 

mean blood velocity (82, 84, 213).  The gold-standard approach includes steady-state 

mean blood velocity recordings, collected in duplex mode (2D and Doppler) during 

simultaneous 2D vessel visualization and audiovisual blood velocity feedback (84).  

Vessel diameter measurements are obtained from a perpendicular B-mode (2D mode) 

image, using care to ensure a clear image of the borders between lumen and intima of 

the artery, and is used to calculate vessel cross sectional area [π x (artery diameter ÷ 

2)2].  Blood flow is then calculated as the product of mean blood velocity (cm/s) and artery 

cross-sectional area (cm2), and is multipled by 60 sec/min to convert from mL/sec and 

achieve units of mL/min.  This calculation, as noted, requires accurate measures of vessel 

diameter (83). 
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To ensure accuracy in the measurement of conduit vessel diameter, some groups  

record diameter images continuously (e.g., multiple frames per second using custom-

designed or commerically available wall-tracking software),  while others get a “snapshot” 

of vessel diameter during various times during the measurement period.  There are data 

to suggest diameter does/does not change with various physiological stressors, 

dependent upon the cohort studied, limb of interest, and location within the artetial tree 

where measurements are made (202).  For example, the large majority of studies utilizing 

knee extension exercise have failed to identify any appreciable change in femoral artery 

diameter, even at very high exercise intensities (213, 215, 304), though there are 

exceptions (86, 201).  However, conduit vessel diameter has been known to increase in 

the more distal portions of the leg (e.g., superficial femoral, popliteal arteries) which are 

commonly used for lower limb flow-mediated vasodilation testing (264).  Furthermore, 

bracial artery vasodilation is often observed at moderate and high intensity handgrip 

exercise (243, 306), so much so that this experimental model has been adopted to assess 

endothelium-dependent vasodilation to exercise-induced “sustained shear” (272).  

Undoubtedly, the recommended practice is to measure diameter and velocity 

simultaneously at high temporal resolution (e.g., 30 Hz) using an edge detection and wall 

tracking software.  If this is not possible and diameter is measured at a single timepoint 

using calipers, it is advised that all measures are conducted: 1) during the same time of 

the cardiac cycle, 2) by the same investigator, ideally blinded to the condition, and 3) in 

triplicate (at minimum) and values averaged.  Regardless, prior to selecting the region of 

interest, it is good practice to play back the video or images to identify the arterial segment 

that is consistently most clear and free of movement artifact.  
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When assessments of blood flow (mL/min) are combined with measurements of 

arterial blood pressure, limb vascular conductance (flow/pressure gradient) and/or 

resistance (pressure gradient/flow) can be calculated.  Vascular conductance is typically 

calculated as limb blood flow (mL/min) divided by mean arterial blood pressure (mmHg) 

and multipled by 100 to achieve units of mL/min/100 mmHg.  The multiplication by 100 is 

arbitrary, allowing for more direct comparison between flow and conductance values (i.e., 

similar decimal places).  Importantly, this determination of regional 

conductance/resistance is distinct from the more traditional calculation of systemic 

vascular resistance, a clinical metric that is mean blood pressure divided by cardiac 

output. 

The combination of flow and pressure signals (e.g., conductance, resistance) are 

helpful for developing a deeper understanding of downstream vascular tone.  More 

specifically, an increase in conductance may be assumed to signify peripheral 

vasodilation (an increase in flow when normalized for driving presure) whereas an 

increase in resistance may signify vasoconstriction.  Mathematically speaking, there is a 

reciprocal relationship between resistance and conductance.  Although neither resistance 

nor conductance are perfect, changes in conductance are thought to provide a better 

index of the regional vasomotor response than changes in resistance (195).  This is 

because when perfusion pressure remains constant and changes in blood flow occur 

(similar to what is observed with the majority of maneuvers described herein), calculated 

changes in resistance do not add algebraically, whereas changes in conductance yield 

consistent results (151) (i.e., conductance is linearly related to flow, whereas resistance 

is curvilinear).  In this way, flow is proportional to 1/resistance and is directly proportional 
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to condutance.  On the other hand, blood pressure is proportional to resistance, but to 

1/conductance.  It is the direct versus inverse proportional effect that encourages the use 

of the index proportional to the variable that is changing (i.e., conductance and flow, 

resistance and pressure).  In this situation, vasoconstriction will induce a large decrease 

in conductance with little increase in resistance (151, 195).  To summarize a relatively 

complicated, contentious and often confused point: 1) conductance is the perferred 

assessment when flow is the primary variable of interest and it is expected that changes 

in flow will be substantially greater than changes in pressure (i.e., dynamic exercise), 2) 

resistance is preferred when pressure is the primary variable of interest and it is expected 

that pressure will change more than flow. 

Some options for blood pressure recording include continuous methodologies 

(e.g., finger photoplethysmography, arterial catheter connected to a pressure transducer) 

or “snapshot” approaches (e.g., brachial artery cuff with sphygmomanometer).  However, 

continuous methodologies are preferred given the “snapshot” approach provides a single 

systolic and distolic pressure across a time frame of oscillating blood pressures and 

associated limb blood flows, potentially resulting in over- or under-estimation of dynamic 

responses.  In order to ensure accurate measures when performing experiments within 

the forearm circulation with a subject in the supine position, blood pressure devices 

should be kept at heart level (or corrected for this factor) and finger 

photoplethysmotgraphy technologies should be calibrated to an upper-arm 

sphygmomanometer when assessing mean arterial pressure.  On the contrary, in leg-

based studies that involve placement of indwelling arterial and venous catheters, it is 

commonplace to keep the pressure transducer at the level of blood flow assessment (i.e., 
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femoral artery) to obtain accurate leg blood pressure values that allow for calculation of 

perfusion pressure across the limb.  This level of accuracy is required to obtain a true 

measure of leg vascular conductance.  It is important to acknowledge that these limb-

specific examples are less about the limb and more about limb position and the need to 

quantify the effective pressure gradient for flow.  However, if blood pressure is the main 

variable of interest then the transudcer should be placed at heart level. 

As eluded to above, depending on the nature of the investigation the limb may be 

in a position that varies relative to heart level.  The question then arises as to what 

represents the effective perfusion pressure gradient for blood flow (since vascular 

conductance is calculated using an estimate of this effective perfusion pressure).  A key 

factor that needs to be considered when estimating effective perfusion pressure is the 

hydrostatic contribution to local limb arterial and venous blood pressure.  Due to 

hydrostatic contributions, blood pressure on both the venous and arterial side increases 

in proportion to the distance below the heart that the vascular bed of interest is positioned.  

Since, at rest, there is a continuous column of blood on the arterial and venous side, this 

does not elevate the pressure gradient from arterial to venous circulation.  In that instance, 

the use of heart level arterial pressure, and the assumption of a central venous pressure 

close to zero (if the person is in an upright position) is appropriate.  For these reasons, it 

is common for research groups to use mean arterial blood pressure to calculate vascular 

conductance. 

In contrast, at rest in a limb positioned above heart level, there is a loss of 

hydrostatic pressure on the arterial side, but not on the venous side because the venous 

circulation volume is “unstressed” volume from just above central vein level onwards 
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(unstressed volume is volume in the veins that does not create pressure).   Therefore, the 

further above the heart, the lower the arterial to venous pressure gradient becomes, in 

proportion to the height of the hydrostatic column on the arterial side.  This is the case 

regardless of whether the person is supine or upright.  Thus, with increasing limb height 

above heart level, the effective perfusion pressure used to calculate vascular 

conductance decreases.   

If vascular conductance in exercising muscle is the variable of interest, 

quantification of the effective perfusion pressure gradient is based on the following:  First, 

contraction empties the veins of the muscle, so that upon relaxation the local venous 

pressure is zero.  Second, the hydrostatic contribution locally contributes to the local 

arterial pressure.  Therefore, the local effective perfusion pressure gradient for flow would 

be the local arterial blood pressure.  In contrast, above heart level there has been no 

change in the arterial to venous pressure gradient as a result of contraction because 

venous pressure was essentially zero already.  We know the local exercising muscle 

arterial pressure represents the effective perfusion pressure because of the findings of 

Walker et al. (288).  These investigators had participants perform rhythmic forearm 

exercise at a moderate intensity.  During steady state exercise, the forearm was moved 

from above to below heart level during one of the contractions.  Upon release of the 

contraction flow was immediately higher than during the preceding relaxation that took 

place above heart level.  The reverse occurred when moving the forearm back above 

heart level.  In summary, accounting for effective perfusion pressure differences as 

described above is critical if one is interested in comparing vascular conductance 
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between limb positions.  Most important is consistency of measurements and being aware 

of these issues. 

 

4. COMMON PROCEDURES 

4.1 Post-Occlusive Reactive Hyperemia 

4.1.1 Protocol used during the flow-mediated dilation test 

One of the most common Doppler ultrasound-based methodologies for 

noninvasive assessment of vascular function in humans is brachial artery flow-mediated 

dilation (FMD), which was introduced by Celermajer and Deanfield in 1992 (36).  This 

technique involves a transient (5-min) suprasystolic (200-250 mmHg) forearm occlusion 

to generate a reactive hyperemic-induced shear stress stimulus that consequently elicits 

dilation of the brachial artery, detectable via ultrasound.  In contrast to the forearm, 

reactive hyperemia in lower limbs (e.g., popliteal or femoral artery) often requires a cuff 

occlusion >250 mmHg (72).   

FMD is endothelium-dependent (207) and as such it reflects conduit artery 

endothelial function (103, 224, 260, 266).  Importantly, the magnitude of reactive 

hyperemia following transient limb ischemia (i.e., the impetus for FMD) is assessed via 

Doppler ultrasound and serves as an index of resistance vessel function.  The reactive 

hyperemic response should not be confused with FMD.  While interrelated, the measure 

of reactive hyperemia reflects the magnitude of dilation in downstream resistance arteries.  

Conversely, FMD is a measure of dilation of the conduit artery in response to the 

hyperemic shear stress stimulus.  More information regarding the measure of conduit 

artery FMD can be found in previous reviews (103, 224, 260, 266). 
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Continuous and simultaneous monitoring of arterial diameter (B-mode) and blood 

velocity (Doppler mode) is the preferred approach to appropriately capture reactive 

hyperemia (210).  Data can be expressed as a peak change in blood flow or velocity, 

typically occurring within the first ~10 seconds from cessation of occlusion, or as blood 

flow or velocity area under the curve (AUC) across an extended post-occlusion period 

(e.g., 60 seconds to two minutes) (210).  It remains unknown what metric is most reflective 

of resistance vessel function.  Accordingly, at this time it is recommended that data are 

presented in multiple ways (i.e., absolute blood flow and velocity, peak and AUC) to allow 

for comparisons with other studies.  It is also important that placement and size of the 

pneumatic cuff, as well as the duration and magnitude of occlusion, are standardized 

across subjects and time-points because the degree and extent of muscle ischemia is a 

dominant determinant of the hyperemic response.  If researchers are interested in 

simultaneously also obtaining FMD data conforming to current guidelines (103, 224, 260, 

266), it is recommended that the cuff is positioned distal to the site of imaging (Figure 1). 

If not, then placing the cuff on the upper arm will provide a more robust hyperemia.  

Of significance, Mitchell and colleagues were the first to provide evidence that 

cardiovascular risk factors are more closely related to reactive hyperemia than to FMD 

itself (172), a finding confirmed by a subsequent study (205).  The importance of studying 

the function of small resistance arteries is further supported by additional evidence which 

collectively suggest reactive hyperemia as: 1) an independent predictor (i.e., beyond 

other risk factors) of adverse cardiovascular events (4, 110, 120, 270), 2) a measure that 

can discriminate subjects with increased cardiovascular disease risk (4, 110, 120, 270), 

3) a measure that  is responsive to changes in physical activity levels (100, 219, 285).  
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The degree to which reactive hyperemia is endothelium-dependent has not been 

experimentally resolved; however, it is prudent to assume that, unlike FMD in conduit 

arteries, reactive hyperemia after a 5-minute cuff occlusion is not an endothelial-specific 

test.  In this regard, reactive hyperemia should be considered a general vascular metric 

resulting from an agglutination of factors, namely the local production, release and 

diffusion of a myriad of vasodilator substances (e.g., metabolites) during muscle ischemia 

combined with the responsiveness of the underlying resistance arteries.  Accordingly, 

changes in reactive hyperemia can be attributed to both alterations in the 

magnitude/diversity of stimuli and the phenotype of the responding vascular cells.  

Notwithstanding the potential predictive value of reactive hyperemia, it should be noted 

that this vascular response is minimally mediated by NO (50, 62, 179, 255).  In this regard, 

using venous occlusion plethysmography to assess forearm blood flow, work in Dinenno’s 

laboratory (48) demonstrates that, in young healthy subjects, activation of inwardly 

rectifying potassium (KIR) channels is the primary determinant of peak reactive 

hyperemia, while activation of both KIR channels and Na+/K+-ATPase contributes to 

almost all of the total AUC reactive hyperemic response.   The extent to which these 

vasodilator pathways are blunted in patient populations remains to be deciphered.  

However, on the basis of these findings and work relating reactive hyperemia with 

cardiovascular risk factors and outcomes, it is conceivable to conclude that vascular 

health extends beyond NO-dependent vasodilator function.  Future studies are needed 

to elucidate if the determinants of reactive hyperemia are the same in the upper and lower 

extremities, as well as to further establish its prognostic value in large cohort studies. 
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4.1.2  Protocol used to achieve peak (or “maximal”) reactive hyperemia  

There is a long history of the assessment of peak reactive hyperemic blood flow 

response as an index of the overall structural capacity of a resistance vessel bed in 

humans (41, 78, 181, 203, 256).  The general principle, introduced by Folkow in the 1950s 

in the context of assessment of the mechanisms associated with primary hypertension 

(77, 78), is that by dilating the resistance vessels maximally, it is possible to indirectly 

gauge their structure.  Folkow proposed that dilator capacity might ultimately be limited 

by increased arterial wall thickness and that peak dilator capacity is therefore linked to 

hyper-responsiveness of resistance vessels to all forms of vasoactive stimulation.  

Conway (41) established that peak reactive hyperemia elicited by prolonged cuff inflation 

could not be modulated by concurrent intra-arterial vasodilator or vasoconstrictor drug 

infusions, whilst Takeshita and Mark (256) established that ten minutes of ischemia 

elicited a peak reactive hyperemic response that could not be modified by sympathetic 

nervous system activation.  

These pioneering early studies were completed using forearm strain-gauge 

plethysmography.  In more recent years, Naylor and colleagues applied these concepts 

utilizing Doppler ultrasound assessments (181, 268, 269) and identified that forearm 

occlusion (five minutes) coupled with handgrip exercise (three minutes; one contraction 

every three seconds using a 3-kg load), elicits a maximal blood flow response that is not 

exceeded by either a longer period of ischemia or the combination of ischemia and 

vasodilator drug administration.  As a consequence, this ischemic exercise stimulus has 

been used in multiple studies as an index of structural conduit and resistance vessel 
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remodeling (267, 268).  Indeed, hyperemia following ischemic exercise is considered a 

measure of skeletal muscle blood flow capacity (149, 181, 227) that is augmented with 

exercise training (91, 92, 149, 166, 247, 250, 251, 253).  Increases in skeletal muscle 

blood flow capacity can result from increases in microvascular density (i.e., increased 

number and/or size of microvessels) (149, 150) as well as enlargement of the larger 

upstream arterioles (i.e., those that lie proximal to the interstitial level) and feed arteries, 

where the majority of the resistance to flow resides (239).  Changes in the wall-to-lumen 

ratio, as proposed by Folkow in the 1950s (77, 78), can also occur (19, 60, 95, 227, 228, 

262).  Furthermore, the idea that blood flow capacity also relies on functional vascular 

adaptations (i.e., changes in the phenotype of endothelial and smooth muscle cells) 

cannot be dismissed (149, 150).  In conclusion, maximal reactive hyperemia in the arm 

can be achieved with ischemic forearm exercise and blood flow changes in this response 

are largely determined by structural vascular adaptations in skeletal muscle.   

 

4.2 Passive Limb Movement  

Passive limb movement (PLM) is the manipulation of a limb (e.g., leg) without 

voluntary effort or muscle contraction.  At the onset of PLM a robust and transient increase 

in blood flow occurs.  This hyperemia is evoked by mechanical deformation/stretch of the 

skeletal muscle leading to a cascade of vasodilatory events in the resistance vessels (81, 

175, 216, 279).  Unlike reactive hyperemia observed following cuff occlusion, the PLM-

induced response occurs without tissue ischemia.  Compared to active exercise, which 

will be discussed in detail in a subsequent section, the hyperemia during PLM occurs with 

negligible increase in skeletal muscle activation and metabolism (112, 273).  During 
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volitional exercise, the increase in oxygen demand caused by elevated skeletal muscle 

metabolism dominates the regulation of blood flow.  Because of the number of “moving 

parts” during active exercise, interrogation of vasodilatory pathways is difficult.  PLM 

and/or single voluntary muscle contractions may be used as reductionist models to better 

understand the regulation of blood flow in response to mechanical factors (such as stretch 

or shear stress) without an increase in metabolism and oxygen demand (302).  

Remarkably, the time course of hyperemia in response to single voluntary contraction and 

PLM are quite similar.  Moreover, as will be discussed later, the control of hyperemia 

between the two models appears to be similar; therefore, insight gained from PLM-based 

measures may inform the regulation of blood flow during single voluntary contractions 

and vice versa (35).  Moreover, a growing body of evidence supports the notion that PLM 

may be a potentially clinically relevant approach to assess vascular function (81). 

The first evidence of a PLM-induced hyperemic response was reported by 

Radegran and Saltin (216).  In preparation for active exercise, PLM was performed in the 

leg and a 3.3-fold increase in blood flow through the common femoral artery was 

observed.  Following this observation, Wray et al. (302) utilized PLM to elucidate 

mechanisms of blood flow regulation and reported a transient and significant increase in 

blood flow during PLM and concomitant cardioacceleration.  Through a series of studies, 

the role of central and peripheral responses to PLM were described and it became clear 

that PLM results in a central hemodynamic response (increase in heart rate and cardiac 

output) that involves afferent feedback from the moved limb (99, 169, 273, 276).  Based 

on these studies, it was concluded that central hemodynamic response to PLM is linked 

to the peripheral response; however, the magnitude of the central response does not 
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dictate the peripheral response.  This is an important distinction when considering the 

relevance of PLM to assess resistance vessel function. 

 

4.2.1  Role of nitric oxide  

Accumulating evidence supports an increase in hyperemia during PLM, and now 

the mechanisms regulating the vasodilatory response have been elucidated.  Utilizing 

intra-arterial administration of the NO synthase inhibitor L-NG-monomethyl Arginine (L-

NMMA; see Section 4.4 for more detail regarding this technique), it has been reported 

that ~80% of the hyperemic response to PLM is NO-dependent in young healthy men 

(175, 276).  Subsequent studies in healthy older adults confirmed that the age-related 

reduction in vasodilation to PLM is largely due to diminished NO bioavailability (99, 275).  

Together, these findings suggest that the hyperemic response to PLM, being largely NO-

mediated, may provide a useful and novel approach to assess endothelial function of the 

skeletal muscle resistance arteries.  Comparisons of PLM to more established methods 

of assessing endothelial function (i.e., FMD and infusion of acetylcholine) support this 

notion.  With respect to brachial artery FMD, Rossman et al. (225) reported significant 

correlations between FMD and PLM in young (r = 0.77) and older (r = 0.45) subjects.  

Similar relationships between popliteal FMD and PLM have been reported (r = 0.68) 

(289).  These studies related functional measures between conduit arteries and 

resistance vessels.  Notably, within the same vascular bed, Mortensen et al. (175) 

reported an even stronger relationship between the increase in leg blood flow in response 

to acetylcholine and the PLM-induced hyperemic response (r = 0.84). 
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PLM, despite being a relatively novel approach, is capable of identifying vascular 

dysfunction that accompanies aging, disease, and inactivity.  In patients with overt 

disease including heart failure, peripheral artery disease, chronic obstructive pulmonary 

disease, and systemic sclerosis, the PLM response is diminished by up to 90% (40, 116, 

175, 289, 298).  Importantly, PLM is also highly responsive to acute disease conditions 

such as sepsis where systemic inflammation evokes a critical vascular component 

leading to impaired vasodilatory capacity (as evidenced by diminished PLM) (182).  

Physical activity and cardiorespiratory fitness also modulate the PLM response such that 

more active and fit individuals possess a greater PLM response than their sedentary 

counterparts (98).  It should be noted that the NO contribution to disease and inactivity 

related reductions in the PLM response are inferred from direct NO synthase inhibition 

studies performed in healthy adults, as similar invasive studies have yet to be performed 

in patient groups.  In addition, there is still no prospective prognostic data on large cohorts, 

which is required to determine the clinical relevance of this test.  

 

4.2.2  Technical considerations  

Detailed step-by-step instructions for preparing, performing, and interpreting PLM 

have been presented by Gifford and Richardson (81) (see reference for detailed 

instructions).  The following section will highlight several critical factors to consider when 

performing PLM.  The performance of the PLM test is rather simple, however, as with any 

human-based physiological assessment, reproducibility and validity is highly dependent 

upon participant preparation and the careful attention to detail by the investigators.  

Duplex Doppler ultrasound is required for arterial imaging and simultaneous acquisition 
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of second-by-second or beat-by-beat (i.e., cardiac cycle) blood velocity.  PLM can be 

performed in either the supine or upright seated positions, with the upright seated position 

being preferred as the hyperemic response and contribution of NO is augmented in this 

position (99, 278). 

Standard precautions for use of Doppler ultrasound must be followed (see above).  

Familiarization trials should be performed to ensure that the subject can remain passive 

during the movement and the common femoral artery can be properly imaged.  Once the 

subject has assumed the seated position with their legs extended and supported, a 15-

minute period of rest and instrumentation is required.  This timeframe is important to 

ensure stable baseline hemodynamics.  Upon hemodynamic stabilization, baseline 

Doppler data are collected for at least 60 seconds.  During the transition from baseline to 

PLM, it is it important to minimize unwanted movement and to ensure there is no 

insensible muscle activation using simultaneous electromyography.  This is best achieved 

by fully supporting the subject’s legs at chair level with a table that can be easily moved.  

The investigator performing the PLM then manually supports the leg to be moved and 

slides the table away allowing for complete range of motion.  PLM is performed across 

90⁰ range of motion (starting at knee extension 180⁰) for at least one minute and at a rate 

of 1 Hz.  Following data acquisition, the hyperemic response can be determined and 

analyzed according to peak response, change from baseline, and/or total hyperemic 

response (i.e., AUC).  As mentioned above, it is recommended that data are presented 

in multiple ways to allow for comparisons with other studies. 

 

4.3 Single Limb Exercise 
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The use of Doppler ultrasound for assessment of peripheral artery blood flow 

during exercise was first utilized in the 1980s (291, 295).  Unlike other techniques that 

have been used for the assessment of blood flow during exercise (venous occlusion 

plethysmography and indicator dilution methods), Doppler ultrasound is unique in that it 

can sample blood velocity continuously (i.e., beat-by-beat or second-by-second) (213).  

Additionally, it has the capability to detect rapid changes in the pulsatile nature of the 

blood velocity profile and provide a comprehensive view of skeletal muscle blood flow 

during each duty cycle (a muscular contraction and relaxation period) during exercise.   

As discussed earlier in this review, the assessment of arterial blood flow via duplex 

Doppler ultrasound is calculated as the product of the cross-sectional area of the artery 

and the mean velocity in which blood moves through that artery.  Changes in arterial 

blood velocity during exercise reflect the vasomotor tone of the downstream circulation 

within the contracting skeletal muscle, and ultimately provides insight to resistance vessel 

function in humans.  While understanding the mechanisms involved in the complex 

integration and regulation of skeletal muscle blood flow during exercise are important and 

may be of interest to the reader, this area has previously been covered in detail elsewhere 

(137).  Instead, our goal for this section is to outline key experimental considerations when 

utilizing Doppler ultrasound for the assessment and interpretation of skeletal muscle 

blood flow responses to exercise.   

To examine skeletal muscle blood flow measurements during what is classically 

viewed as exercise, measurements would ideally be made during whole-body exercise 

engaging large muscle groups such as those involving locomotion or cycling.  However, 

since maintaining a recommended angle of insonation (≤ 60°) is critical for obtaining 
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accurate and reproducible blood flow assessments, the use of Doppler ultrasound during 

whole body exercise is not always a feasible option.  In this regard, Doppler ultrasound 

during maximal exercise is technically challenging and requires a highly skilled operator 

and significant training. To avoid insonation failures that would inherently occur with 

upright, whole-body exercise, models incorporating brachial and femoral artery blood flow 

assessments during submaximal forearm handgrip or lower limb knee extensor exercise, 

respectively, have been developed and are commonly used (2, 3, 245).  

 

4.3.1  Forearm versus leg models  

The forearm model typically involves subjects performing rhythmic handgrip 

exercise on either a hand dynamometer or custom-built handgrip device involving a 

weighted pulley system, while in a supine position.  Despite some differences across 

studies in the design of the forearm exercise protocol, the contraction frequency 

commonly employed for rhythmic dynamic exercise tends to be ~20-60 contractions per 

minute, with workloads ranging from a light to moderate intensity (~10-40% of maximum 

voluntary contraction, MVC).  In such instances, target force output can be shown in real 

time to guide participant contraction force and duration.  This approach can help ensure 

sufficient force development with each duty cycle and tension over time can be quantified.  

In such models, brachial artery blood velocity and diameter are measured proximal to the 

elbow and catheter insertion site (for studies involving intra-arterial drug infusions, 

discussed in detail below).  

In the one-legged knee extension exercise model, the exercise is confined to the 

quadriceps muscle group.  This is achieved by having subjects ‘kick’ the lower part of the 
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leg through a ~90-170° range of motion during extension at a constant cadence (typically 

40-60 kicks per minute) against a resistance, while the flexion portion of the exercise is a 

passive movement (2, 201, 222).  Subjects are placed in either a seated semi-recumbent 

position or supine position for the exercise protocol.  The measurement of blood velocity 

in the femoral artery feeding the active thigh muscles is commonly made distal to the 

inguinal ligament, but above the bifurcation to the branches of the superficial and deep 

femoral arteries.  These models are ideal for accurate blood flow assessment during 

exercise, as they allow the limb and artery to remain in a fixed position, increase the 

stability of the Doppler probe position, and ultimately help to minimize motion artifact and 

insonation angle variability.  Additionally, the use of a single-limb exercise model (when 

paired with intra-arterial drug infusions) also permits the study of the local vasoregulatory 

mechanisms in contracting human skeletal muscle with minimal interference from the 

cardiovascular reflexes that are engaged during whole body exercise (29, 111, 230).   

While the forearm handgrip and one-legged knee extension exercise models have 

both been instrumental in identifying mechanisms involved in the local regulation of 

skeletal muscle blood flow during exercise, it is important to consider potential limb 

specific differences in terms of vascular responsiveness to exercise and the interpretation 

of any age- and disease-related reported reductions in muscle blood flow.  In this context, 

evidence suggests the vasodilator responsiveness differs between the arms and legs of 

humans.  That is, in response to physiological vasodilator stimuli (e.g., limb ischemia) as 

well as pharmacological stimuli (e.g., intra-arterial infusions of both endothelium-

dependent and independent vasodilators) the arms exhibit greater vascular reactivity than 

the legs (184, 187).  Conversely, the legs demonstrate greater sympathetically-mediated 
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vasoconstrictor responsiveness than the arms (191, 204).  To date, direct comparisons 

of forearm and leg blood flow and vasodilator responses to exercise, particularly in the 

same cohort, are scarce.  This is likely attributable to several confounding variables at 

play when trying to compare responses to exercise between limbs.  

First, the forearm contains less muscle mass than the quadriceps, and therefore, 

hypothetically, the capacity to increase flow in response to exercise may be lower.  One 

way to help circumvent the influence of this confounding factor is to compare responses 

normalized for muscle mass.  Utilizing this approach, Donato and colleagues (61) 

examined forearm and leg blood flow responses normalized to muscle mass to a range 

of relative handgrip and one-leg knee extension workloads, respectively, in the same 

cohort of young and older adults.  While the primary purpose of their study was to 

determine whether aging has differing effects on blood flow in the arm and leg, close 

inspection of the data clearly indicate the normalized blood flow response to exercise is 

greater in the leg compared to the forearm in both the young and older groups.  Similarly, 

leg blood flow responses (normalized to quadriceps muscle mass) to exercise appear to 

be greater than blood flow responses in the forearm of the same cohort of young obese 

adults (154).  Interestingly, more recent work utilizing the knee extension exercise 

modality in young healthy male subjects failed to identify a relationship between 

quadriceps muscle mass and leg blood flow across a wide range of exercise intensities, 

challenging the notion that muscle mass is a determinant of the hyperemic response 

during exercise (80).     

Second, the bipedal nature of humans exposes the upper and lower limbs to 

differing chronic homeostatic challenges and uses.  In this context, the legs represent a 
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large vascular bed that is exposed to greater hydrostatic forces and used regularly for 

locomotion, whereas the arms are not (223).  These inherent limb differences likely impact 

skeletal muscle metabolism and therefore the blood flow responses to exercise.  

Lastly, it is important to consider the type of muscle contraction being performed 

when considering possible differences in the blood flow responses between the forearm 

and the leg.  The type of muscle contraction performed in most exercise studies involving 

the forearm and leg differ slightly.  The single leg knee extensor model employed usually 

consists of contraction of the quadriceps during the concentric portion of the duty cycle, 

followed by a passive relaxation during return to the 90 degree leg flexion position (e.g., 

no resistance during the eccentric portion) (2, 122, 201, 222).  In contrast, the weight is 

constant during the contraction and relaxation phases of the forearm contractions (no 

passive relaxation) in studies utilizing a pulley system ergometer (59, 154, 237), though 

this is not the case for the “static-intermittent” exercise performed with a handgrip 

dynamanometer.  Therefore, it is conceivable that differences in the blood flow and 

vasodilator responses to exercise between limbs are confounded to some degree by the 

type of muscle contraction performed.  Additionally, the method for determining 

submaximal exercise workloads tends to differ for the forearm handgrip and one-legged 

knee extensor exercise models.  That is, submaximal workloads for the one-legged knee 

extensor studies are often based on a work rate maximum derived from an incremental 

maximal exercise test.  Conversely, the submaximal workloads commonly used in 

forearm studies are based on a percentage of an isometric MVC, such that comparing 

the blood flow responses between limbs at the same percent of work rate max (leg) vs. 

MVC (forearm) may not truly represent the same relative workloads.  Taken together, 
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these notable differences have made it difficult to make direct comparisons in the blood 

flow response to exercise between limbs of humans.  However, some groups have used 

the same incremental maximal test approach to identify workloads in the forearm (18, 

232), which makes relative workload comparisons between forearm and leg possible. 

 

4.3.2  Exercise intensities and timing of the response 

Regardless of the limb being studied, when designing an exercise experiment with 

blood flow assessments, it is important to consider absolute and relative exercise 

intensities.  Given the well-established relationship between metabolic demand and blood 

flow/oxygen delivery, it is often advantageous to incorporate at least two relative and two 

absolute exercise intensities, an approach that is especially important when comparing 

groups with marked differences in exercise capacity or muscle strength (young vs. old or 

control vs. disease).  If one considers that oxygen demand dictates blood flow, then 

absolute work load would be used for comparison.  In such instances, the parallel 

assessment of arterial oxygen content and oxygen uptake of the limb would strengthen 

blood flow measurements during exercise.  This is particularly the case when comparing 

young and older adults or men and women, where differences in arterial oxygen content 

can be expected.    

One of the main advantages of using Doppler ultrasound in the assessment of 

peripheral blood flow in humans is that it allows for continuous sampling of blood velocity 

and can detect rapid changes in blood flow during the transition from rest to exercise 

and/or the transition between workloads.  To date, the majority of studies that have 

assessed blood flow during exercise in humans have commonly done so under steady-
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state conditions.  That is, quantifying the absolute amount or magnitude of change in flow 

(from rest) for a given workload once the flow has likely plateaued.  Depending on the 

intensity of exercise and assuming the workload is kept constant throughout, this usually 

occurs within the first few minutes of exercise, with the majority of studies waiting two to 

three minutes before data collection to allow establishment of a hemodynamic steady-

state.  Thereafter, steady-state exercising muscle blood flow is usually derived from the 

blood velocity data and arterial diameter measurements collected continuously during the 

last 30-60 seconds of a given exercise workload and/or bout (33, 143, 154).  The 

assessment of steady-state responses has allowed for the interrogation of whether blood 

flow to the contracting muscle is impaired in patient populations known to have diminished 

exercise capacity.  Along these lines, Doppler ultrasound-assessed steady-state exercise 

blood flow has been reported to be attenuated with age in both forearm and single-knee 

extensor models (106), although this dogma has been challenged in recent years.  

Furthermore, the impairments in steady-state blood flow appear to be even greater in the 

presence of disease states such as heart failure (14, 15), chronic obstructive pulmonary 

disease (126), and peripheral artery disease (104, 146).  

While examining the blood flow response under steady-state conditions has 

proven to be extremely useful in detecting age and disease-related alterations in vascular 

control mechanisms, the dynamic response of muscle blood flow in the transition from 

rest is often overlooked.  At the onset of exercise there is a rapid (within 1-2 seconds) 

and substantial increase in blood flow.  The mechanisms responsible for the immediate 

rise in flow during the first few seconds of voluntary exercise likely involve the skeletal 

muscle pump and some combination of vasodilating substances.  The extensive list of 
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possible mechanisms has been covered previously in other reviews (39, 137, 282).  

Utilizing a single voluntary muscle contraction model in humans elicits an immediate and 

robust rise in limb blood flow and vascular conductance in both the forearm (20, 28, 34, 

44, 47, 140, 280) and leg (51, 121, 123, 124).  The blood flow and vasodilator response, 

commonly termed rapid onset vasodilation, tend to peak ~3-6 cardiac cycles after 

completion of the single muscle contraction and these responses are graded with 

contraction intensity (20, 44, 140, 280).  This is accomplished by having a subject perform 

a single brief (~1 sec) muscle contraction and relaxation using either the forearm handgrip 

or single knee extensor model and then tracking the blood flow and vasodilator response 

in the active limb for 30-45 cardiac cycle post-contraction.  This approach allows for the 

assessment of the immediate (first cardiac cycle post contraction), peak, and total 

(expressed as AUC) blood flow and vasodilator response to a single voluntary muscle 

contraction.  Reporting each of these measures are important to allow comparisons 

across studies.  An important benefit of examining the blood flow and vasodilator 

response to a single-muscle contraction is that it allows assessment of the local 

mechanisms underlying exercise hyperemia without the confounding effects of 

subsequent contractions.  Importantly the immediate vasodilation following the first 

muscle contraction is thought to serve a critical role in helping the transition and timing 

between the onset of exercise and steady-state exercise conditions (233, 246).  

The dynamic nature of the blood flow response across an exercise transient (from 

rest to steady-state exercise) can also be assessed utilizing Doppler ultrasound coupled 

with either the forearm handgrip or one-legged knee extension models.  During rhythmic 

dynamic submaximal exercise, skeletal muscle blood flow shows an exponential rise over 
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time that typically presents in either a monophasic or biphasic pattern (32, 122, 125, 161, 

280), although a triphasic response can be observed with heavier exercise intensities 

(232).  With a biphasic response commonly observed during moderate intensity forearm 

or leg exercise, there is an immediate and significant rise in flow that plateaus within ~5-

7 seconds, followed by a second slower phase beginning at ~20 seconds and progressing 

until steady-state is achieved (232, 242, 282).  Using an exponential model allows for the 

quantification of various dynamic response characteristics of exercising muscle blood 

flow, including: 1) the time delay of the response from the onset of exercise, 2) a time 

constant (tau) that represents the rate at which flow increases in a given phase, and 3) 

the amplitude of the response for an individual phase or overall total response (281).  It 

could be argued that if the kinetic response is the primary response of interest, multiple 

transitions should be performed, similar to what is done with VO2 kinetics. Typically, four 

transitions are collected and then ensemble averaged.  Also, exercise intensity domain 

(determined by gas exchange threshold) should be accounted for as this will influence 

the development or lack thereof of a slow component (208).  To adequately identify 

specific phases and model the blood flow response across the entire exercise transient, 

it is imperative to maintain a recommended angle of insonation and to minimize any 

motion artifact.  Additionally, averaging the blood velocity over a complete 

contraction/relaxation cycle helps to minimize variability in the blood flow across and 

between cardiac cycles, which is impacted by the mechanical impedance of muscle 

contraction to arterial inflow (281). Indeed, utilizing an averaging over the 

contraction/relaxation cycle approach to assess the blood flow and vasodilator kinetic 

response to forearm exercise is reproducible (32).   
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4.4 Pharmacological Interventions 

Pharmacological interventions have been integral in advancing our understanding 

of vascular control mechanisms in humans.  For example, the use of intra-arterial 

acetylcholine and/or sodium nitroprusside infusions (mentioned above) have enhanced 

our understanding of endothelium-dependent and independent vasodilation in humans, 

as well as the important contribution of NO in vascular control in both health and disease 

(162, 193, 194, 217).  Of note, a large amount of the information contained within this 

section is pertinent to other approaches beyond Doppler ultrasound (e.g., venous 

occlusion plethysmography).  Indeed, regardless of the technique to assess limb blood 

flow, a number of key considerations are needed when employing pharmacological 

agents. 

When designing studies utilizing pharmacological interventions in humans, 

findings from pre-clinical work can inform experimental design; however, there are a 

number of additional important considerations.   The first step in drug and dose selection 

is often literature review to ascertain previous use of the drug and model in humans.  

Many physiological studies have used pharmacological approaches successfully in the 

past, allowing the researcher to capitalize on prior knowledge for study design (see 

Tables 1 and 2 for recent examples). 

 

4.4.1  Model selection 

When preparing a study protocol, model selection is an important consideration.  

Both dosage and pharmacokinetics (absorption, distribution, metabolism, and excretion) 
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will differ greatly between regional (e.g., forearm, leg) and systemic physiologic studies.  

The model system will also determine dosing.  For example, because both regional (e.g., 

forearm size) and systemic (e.g., body size) volumes will differ between groups and 

individuals, doses are typically indexed for limb volume (e.g., mcg/dL forearm 

volume/min) and/or body size (e.g., mcg/kg/min). 

As noted above, many physiologic studies utilizing Doppler ultrasound often 

employ a regional/forearm model, although the leg/quadriceps have been extensively 

interrogated by several research groups (15, 127, 189, 304, 305).  In either model system, 

this method requires placement of an arterial catheter under local anesthesia and aseptic 

conditions by a trained individual (i.e., physician) for drug administration and direct blood 

pressure measurement via the indwelling catheter, connected to a pressure transducer.  

Catheters are typically placed using the Seldinger technique (240) in a retrograde 

direction.  The pharmaceutical agent is then administered directly into the vasculature of 

interrogation (i.e., forearm or leg circulation) to create a local effect, under free flowing 

conditions (91, 92).  Of note, depending on the catheter placement, the ultrasound probe 

can be placed proximal or distal to the site of drug infusion.  Some laboratories scan distal 

to the end of the catheter, an approach that allows visualization of the catheter in the 

artery.  In such instances, care should be taken to: 1) select an imaging site that is not in 

the direct line of the catheter or where the catheter movement is minimal (catheter 

movement may impact the blood velocity profile assessed by Doppler), or 2) scan far 

enough away from catheter that it is not in the field of view. 

An alternative, and less common, approach to intra-arterial infusions is a regional 

intra-venous technique known as a Bier-block (52, 53, 101, 152, 244).  Briefly, a catheter 
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is placed intravenously in the antecubital fossa of the arm for regional administration of a 

pharmacological agent.  The forearm vasculature is then drained by elevating the arm 

above heart level, followed by sequential exsanguination of forearm blood volume via 

compression.  Shortly thereafter, the pharmacological agent is infused intravenously in 

the occluded arm via the catheter, allowing the drug to diffuse into the forearm tissue.  

Circulatory arrest is maintained for 20 minutes, after which time the cuff is deflated and 

the subject rests for an additional 15-60 minutes prior to measurement.  Importantly, 

groups have conducted control studies on separate study days and have shown no effect 

of the Bier-block procedure itself (53).  To ensure the forearm and Doppler probe return 

to the same position following the exsanguination procedure, it is important to fix the 

position and posture of the arm while also marking the recording site on the skin (52).  It 

is important to note: 1) this technique can be applied to studies using a limited number of 

pharmacological agents, and 2) the drugs and doses are not interchangeable with those 

administered intra-arterially. 

 

4.4.2  Dosing scheme and solution 

The next pharmacological consideration is whether a single dose and/or dose 

response curve needs to be developed.  In some instances, augmentation or blockade at 

a single, continuous dose is sufficient; this is the standard approach when using the Bier-

block technique.  Conversely, other agents (i.e., acetylcholine) may be administered intra-

arterially via a dose-response curve.  Benefits of a dose-response curve include the ability 

to compare responses across a range of receptor stimuli, determination of a “maximal” 

local dose (i.e., a plateau in the sigmoidal dose response curve, such that increasing 
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doses do not elicit an additional change in blood flow (303), and determination of half-

maximal effective concentration (EC50).  One can also assess the slope of the response 

to detect physiological differences which may be more nuanced.  Often three-to-five 

ascending doses are sufficient to produce a drug dose-response curve.  Depending on 

the agent, a loading dose may be required prior to initiating experimental trials.  A loading 

dose is followed by a continuous maintenance dose (211).  This type of dosing scheme 

(loading/continuous maintenance) may be necessary when utilizing pharmacological 

agents with a long half-life when an immediate, full-effect is desired, which is often the 

case with receptor antagonist drugs.  An alternative option would be to administer the 

maintenance dose for a longer period of time, until concentrations/effect reach steady-

state.  A final note on dosing, when drugs are infused in the dilated state (e.g., exercise 

and/or a “high flow control,” described in more detail below), the dose needs to be 

adjusted to the flow environment so that it is not inadvertently diluted (58, 107, 109, 283). 

Once dose is determined, consideration should be given to the final solution to be 

delivered.  First, the compatibility of the drug in the desired diluent must be ensured and 

appropriate experimental controls put in place.  In many instances, normal saline (0.9% 

NaCl) is appropriate; however, some drugs (e.g., prostacyclin) require an alternative 

diluent to be stable.  If an alternative diluent is utilized, this diluent should be used as the 

experimental control given some diluents can alone exhibit effects on the peripheral 

vasculature (i.e., glycine- or ethanol-containing solutions).  Second, concentration of the 

solution should be predetermined to ensure the final volume administered is appropriate.  

For example, intra-arterial drug infusion rates should be within the 2-4 mL/min range in 

forearm studies to reduce the potential for noise from the infusion catheter which has the 
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potential to interfere with the Doppler signal (84).  Therefore, infusing a final concentration 

that is too dilute will result in excess fluid administration, while a final concentration that 

is too concentrated may lead to very slow infusion rates and potential errors if dead space 

of the catheter/tubing is not accurately accounted for (20).  For example, if the calculated 

dead space for a femoral catheter plus tubing and stopcock is 0.9 mL, and the pump rate 

for the drug is 1 mL/min, it will take almost 1 minute for the drug to reach the circulation.  

For simplicity, the total volume of dead space within the tubing and catheter may be 

established prior to the experimental day, and tubing may be “primed” with the study drug 

to minimize run-in time and increase confidence that the drug is getting into the limb when 

slow infusion rates are required.  

Regarding dosing times, a good rule of thumb is to expect five half-lives for a drug 

to be at a steady-state concentration.  However, drug action is often faster than the 

inherent half-life when regionally administered, though kinetics may differ drastically 

between drug classes, even with intra-arterial administration.  For example, intra-arterial 

administration of the α1-adrenergic agonist phenylephrine locally into the forearm 

circulation elicits a maximal reduction in limb blood flow within 45 seconds; in contrast, 

30-minutes of continuous infusion are needed to establish a similar level of 

vasoconstriction in response to endothelin-1 (304).  Regardless of the initial regional 

administration, the systemic half-life of the drug needs to be a consideration.  All 

pharmacological agents are expected to leave the local circulation (i.e., forearm, leg) and 

enter the systemic circulation.  Systemic spillover of a vasoactive drug is typically 

minimized during arm-based studies where small doses are required.  In contrast, in leg-

based studies, the potential for systemic spillover is augmented due to the larger limb 
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mass and higher drug doses required to elicit a vasoactive effect.  Irrespective of the limb 

being studied, central hemodynamics (i.e., heart rate and mean arterial blood pressure) 

should be measured continuously to document any potential systemic effects, which 

could confound the interpretation of the studies.  With this, the potential for systemic 

accumulation (i.e., spillover) must be taken into account.  For example, pharmaceutical 

agents with long half-lives (e.g., milrinone) will accumulate systemically following 

redistribution from the forearm due to their dependence on renal and/or hepatic 

clearance.  Therefore, dosage and/or infusion time should be reduced as needed to limit 

systemic effects.  This is highly important with use of a Bier-block, where removal of the 

tourniquet could result in sudden release of drug into the systemic circulation.  With this, 

it is important to recognize that although hemodynamics (e.g., forearm blood flow) may 

return to baseline before five half-lives have elapsed, there is still drug in the body which 

may elicit an effect. 

 

4.4.3  Safety considerations 

With the design of any intervention in humans, a major decision point is safety of 

the selected model.  When proposing a new agent that has not been previously studied, 

it is essential to consult a physician and/or pharmacist familiar with the pharmacology and 

safe administration of the desired drug before finalizing a research protocol.  For example, 

although hexamethonium has been used systemically (23) and in research safely in 

regional studies (115), administration via inhalation may produce fatal results (234).  

Additionally, intravenous promethazine is commonly used clinically as an anti-emetic; 

however, inappropriate intra-arterial administration in a regional forearm model may result 
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in loss of limb (79).  Last, barium chloride and ouabain have been used extensively in 

recent years in the forearm circulation (45, 49, 109, 211); however, these drugs should 

not be given in the leg due to concerns for systemic spillover and potential serious 

consequences on K+ channels in the heart.  Identifying potential allergic reactions and/or 

interactions with existing pathology and pharmacologic interventions are also essential to 

be considered before a subject is enrolled in these types of studies.  For example, an 

aspirin allergy would exclude individuals for studies including oral system indomethacin 

and asthmatics would be excluded from studies utilizing systemic trimethaphan.  Finally, 

additional consideration and consultation is required when designing drug infusion studies 

in patient groups to ensure the intended study drug is not contraindicated, and to consider 

the potential interaction and/or duplicity with the patient’s existing pharmacotherapy.      

When designing a human physiologic study using pharmacological agents, 

regulatory requirements are also key considerations.  First and foremost, the selected 

agent must be approved by the FDA and produced under Good Manufacturing Practices 

(GMP).  There are a number of compounds used historically that no longer meet the 

requirement of GMP manufacture and/or are no longer manufactured, which precludes 

their use (See Table 1).  Thus, it is highly recommended that the availability of a 

compound is carefully explored prior to study, especially in the context of GMP.  Even if 

produced under GMP, the FDA mandates an Investigational New Drug (IND) application 

be filed.  An IND application is required for drug studies in humans using agents that are 

not FDA approved, as well as agents that are approved but will be used outside their FDA 

approved terms (117).  Simply, if it is not a currently approved drug by the FDA used 

according FDA-approved guidelines, an IND is required, even if the compound is of 
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pharmaceutical quality.  In such cases, the research team should inquire with the FDA 

regarding an IND exemption, and the FDA will determine whether the proposed 

agents/protocol is exempt or not.  An IND exemption may be granted if all exemption 

criteria are met (for more information, please see the FDA website).  Whether exempt or 

not, in addition to the other required criteria, special attention should be given to ensure 

the route of administration, dose, patient population, as well as other factors, do not 

significantly increase risk or decrease acceptability of risk associated with the use of the 

study drug. 

In contrast to regional administration (i.e., local forearm infusions), a systemic 

model design is selected when total body hemodynamic effects are desired and/or when 

drugs require hepatic activation (i.e., many pro-drugs).  One large pharmacologic 

advantage of systemic usage is that typical dosing and pharmacokinetics in normal 

therapeutic use are reasonably well defined.  With this, pharmacokinetics is important in 

systemic study design.  When used intravenously, the bioavailability of systemically 

administered drugs is 100%.  However, if a medication is administered orally, the 

bioavailability will be dependent upon absorption and/or hepatic extraction (i.e., first-pass 

metabolism) which has the potential to reduce the available amount of drug considerably.  

Next, measurement periods will need to take into account distribution time; this careful 

consideration is necessary to ensure data are collected within the window of peak plasma 

concentration of the study drug. For example, a centrally acting α2-agonist (e.g., 

dexmedetomidine) given systemically to block central sympathetic outflow will have a 

greater time to onset of effect than a directly acting vascular agent (e.g., sodium 

nitroprusside) due to the distribution time into the central nervous system. 

https://www.fda.gov/drugs/investigational-new-drug-ind-application/ind-application-procedures-exemptions-ind-requirements
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As with any factor of study design, study population needs to be carefully 

considered.  For example, drug half-life is dependent on clearance and this information 

is readily available in the literature for FDA-approved medications.  However, most 

pharmacokinetic studies are performed in small sample sizes and in healthy male 

populations.  Studies in different populations (e.g., aging, renal insufficiency, etc.) will 

have differing volumes of distribution and clearances and therefore altered drug half-lives 

when compared to the heathy male population.  Accordingly, certain populations may 

require an adjustment in dose.  For example, in anticipation that older adults will exhibit 

attenuated adrenergic receptor responsiveness, some groups elect to use different doses 

in young versus older adults (221).  When pharmacological agents are dosed relative to 

limb size (mL/g tissue/min), it may be appropriate to also present flow and conductance 

values relative to limb size (i.e., mL/min/dL forearm volume/100 mmHg); this is especially 

true when comparing across groups of individuals of varying sizes (156, 157).  Lastly, it 

should be acknowledged that in the older plethysmography studies of drug infusion (e.g., 

L-NMMA, acetylcholine, and sodium nitroprusside), it was typical to include a dose 

response curve to an agent independent of the pathway in question (i.e., NO) to prove 

any abnormality was specific to that pathway and not generalized in nature.  For example, 

a study focused on endothelin-1-mediated vasoconstriction should also consider 

including dose-response curves to other agonists (e.g., phenylephrine) to determine if 

alterations in endothelin-1-induced vasoconstriction are indeed specific to changes in 

endothelin-1 signaling.  These experimental controls should be included when possible. 

Although pharmacological interventions can be a powerful experimental tool, there 

are limitations of this approach.  Many experimental considerations have been addressed 
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above, however there are a number of nuances to this approach that cannot be 

adequately summarized in a few paragraphs. To this end, it is paramount that 

investigators not formally trained in pharmacology seek collaboration with individuals 

experienced in such approaches to ensure both sound experimental design and subject 

safety. 

 

4. ANALYSIS AND REPORTING OF FINDINGS 

It is critical that one considers how data will be reported early in study design.  

Depending on the research question of interest, blood flow and/or vascular conductance 

measures may be reported as an average over time (mean), a peak response, a steady-

state response, or an integrated AUC.  Typically a quiet resting period of a minimum of 

ten to twenty minutes is required before hemodyanmics become stable following 

instrumentation and/or an intervention peirod (i.e., wash-out).  Following this period of 

time, baseline hemodynamic data are often reported as an average over 30-seconds to 

two minutes to be confident subjects have achieved steady-state and to limit the influence 

of beat-by-beat variability.  This is particularly relevant if the subject has arrythmias. 

As noted above, a benefit of the use of Doppler ultrasound in human physiological 

research is the ability to assess blood flow continuously.  In instances when responses to 

an intervention may be transient (such as in response to a single muscle contraction, 

passive movement of the limb, or short-acting pharmacological agent) data collected at 

30 Hz can be analyzed beat-by-beat (20) or in short, time-dependent (i.e., 3-sec) bins 

(108).  In such instances, the peak change or integrated AUC is often identified and 

reported. 
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After the assessment of resting, baseline hemodynamics, most researchers are 

interested in the dynamic response to an experimental perturbation (i.e., the vasodilator 

or vasoconstrictor response to an intervention).  A common issue encountered in studies 

where baseline vascular tone may differ across groups and/or conditions is the proper 

quantification of the blood flow responses (107).  As such, it is preferred to quantify and 

present data as both an absolute (Δ) and relative (%) change in blood flow (or 

conductance) from baseline within a given condition (163, 221, 294).   

This issue of data presentation has received much attention particularly as it relates to 

the study of functional sympatholysis and the combined study design of both exercise 

and intra-arterial pharmacological interventions (142, 283), due in large part to the 

capacity for large increases in skeletal muscle blood flow in the exercising limb. 

Mathematically, percent changes become smaller as the starting value increases; for 

example, a 50% reduction in resting leg blood flow (≈250 ml/min) may reflect an absolute 

change of 125 ml/min, while this same change in absolute blood flow during moderate 

intensity knee-extensor exercise, where leg blood flow may increase 10-fold (≈2500 

ml/min) would be <1%.  Thus, it is critical to evaluate blood flow in both absolute units, as 

well as absolute change and percent change, to properly interpret the physiologic 

significance of responses.  However, quantification of data as an absolute (Δ) versus a 

relative change (%) from baseline to steady-state exercise can lead to discrepancies in 

the interpretation of results (107).  To address this issue, a vasodilating agent may be 

administered to match the anticipated hemodynamic response to exercise (i.e., a “high-

flow control”) prior to study drug administration (59, 141).  Alternately, post-hoc calculation 

of the magnitude of change in blood flow or vascular conductance, expressed as a 
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percentage, can be determined from rest to exercise (59).  Indeed, it is the belief of many 

that the relative (%) change in vascular conductance (from rest to exercise or pre/post 

drug infusion) is the most appropriate index of vasoconstrictor responses (22, 283).  In a 

review on the topic, Buckwalter and Clifford (22) demonstrate that despite differences in 

baseline blood flow, a relative (%) change in vascular conductance reflects a similar 

relative reduction in blood vessel radius (i.e., vasoconstriction).  While the relative (%) 

change in blood flow and/or conductance is commonly viewed as the most appropriate 

index for assessing vasomotor responses, one must ultimately consider the nature of the 

experimental question being addressed.  For example, under conditions of altered arterial 

oxygen content (i.e., hypoxia), assessing the absolute change in blood flow and vascular 

conductance needed to help ‘compensate’ and keep oxygen delivery to the active 

muscles relatively constant is likely more appropriate (33).      

 

5. FINAL REMARKS 

The use of Doppler ultrasound in human cardiovascular studies has rapidly 

escalated over recent years.  The widespread adoption of this technology to assess limb 

blood flow is largely driven by the increased recognition that resistance vessel function is 

an important determinant of cardiovascular health that may also provide prognostic 

information.  Another advantage is that from the same technique one can typically derive 

information about both conduit and resistance vessel function.  However, the prevalent 

use of Doppler ultrasound to assess resistance vessel function has also exposed the 

marked variability between studies and laboratories with respect to experimental 



54 
 

approaches, procedures, and analysis, revealing a clear need for guidelines regarding 

the conduct of human studies involving this methodology.  

The National Institutes of Health and other research funding agencies strive to 

exemplify and promote the highest level of scientific integrity and enhance reproducibility 

through rigor and transparency.  In support of this, in 2015, the editors of AJP-Heart and 

Circulatory Physiology began working with experts in various fields to develop landmark 

Guidelines in Cardiovascular Research.  As part of this initiative, the present 

commissioned manuscript is the reflection of a collegial discussion among physiologists 

and pharmacologists from several independent research groups with expertise in Doppler 

ultrasound-based measures of resistance vessel function in humans.  Here we portray a 

collection of considerations and recommendations on topics related to experimental 

design, data acquisition and signal processing, in addition to delivering an overview of the 

common procedures used to assess resistance vessel function via Doppler ultrasound.  

We expect this expert consensus report will serve as a useful resource for both trainees 

and more established investigators engaged in human cardiovascular research.  
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FIGURE LEGEND 

Figure 1:  Schematic illustrating common Doppler ultrasound-based procedures to 
assess resistance vessel function in humans and list of environmental stressors 
that should be taken into consideration during such studies.  As noted in the main 
text, these procedures can be applied to the upper and lower limbs and can also be 
overlaid.  For example, drug infusions can occur in the resting limb but also during 
exercise or passive limb movement.  Likewise, cuff occlusion can also be coupled with 
exercise to produce a “maximal” hyperemic response.  The profile of typical blood flow 
responses are also illustrated; however, these are largely dependent on the precise 
stimulus (e.g., intensity of exercise, drug type and dose, etc) as well as the subject 
population studied.   
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Table 1: Example of Drugs Used in Regional Studies 
 

Drug      Class       Reference___________________ 
Acetylcholine     Vasodilator –cholinergic    (65) 
Adenosine     Vasodilator-adenosine     (165) 
Aminophylline     Adenosine antagonist     (165) 
Angiotensin II 1     Angiotensin II      (16) 
Ascorbic Acid     Vitamin C      (274) 
Atropine     Cholinergic antagonist     (20) 
Barium Chloride (BaCl2) 1   KIR channels      (46) 
BHT-9331     Alpha - 2 adrenergic agonist    (129) 
BQ1231     ET-A receptor antagonist    (13) 
BQ7881     ET-B receptor antagonist     (56) 
Celecoxib2     Cyclooxygenase-2 inhibitor    (65) 
Clonidine     Alpha - 2 adrenergic agonist    (167) 
Dexmedetomidine    Alpha - 2 adrenergic agonist    (168) 
Dipyridamole     Adenosine transporter antagonist   (164) 
Endothelin-11     Vasoconstrictor – Endothelin-1   (188) 
Glibencamide1     ATP-sensitive potassium (KATP) channel antagonist     (236) 
Ibuprofen2     Cyclooxygenase  inhibitor    (11) 
Indomethacin2     Cyclooxygenase  inhibitor    (257) 
Isoproterenol     Beta 1and 2 adrenergic agonist    (105) 
Ketorolac     Cyclooxygenase inhibitor    (30) 
Milrinone     Phosphodiesterase III inhibitor    (66) 
N (G)-monomethyl-l-arginine acetate1  NO synthase inhibitor      (186) 
Nitroglycerin     Vasodilator – nitric oxide    (218) 
Norepinephrine    Alpha and Beta 1 adrenergic agonist   (37) 
Ouabain octahydrate1    Na+/K+-ATPase     (46) 
Phentolamine     Alpha 1 and 2 adrenergic antagonist   (297) 
Phenylephrine     Alpha - 1 adrenergic agonist    (168) 
Prazosin1     Alpha - 1 adrenergic antagonist   (167) 
Propranolol      Beta 1 and 2 adrenergic antagonist   (297) 
Prostacyclin     Vasodilator –prostacyclin    (186) 
Sildenafil2     Phosphodiesterase V inhibitor    (138)  
Sodium Nitroprusside    Vasodilator – nitric oxide    (218) 
Tyramine1     Vasoconstrictor – endogenous norepinephrine  (31) 
Yohimbine1      Alpha - 1 adrenergic antagonist   (57) 
 
1Historical (not FDA approved, limited availability, or no longer manufactured)  
2Orally administered and vascular study was preformed regionally  
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Table 2: Example of Drugs Used in Systemic Studies  

Drug     Class      Reference______________________ 
Dopamine    Alpha, beta, dopamine agonist   (132) 
Dexmedetomidine   Alpha - 2 adrenergic agonist   (296) 
Epinephrine    Alpha, beta, adrenergic agonist   (63)   
Glycopyrrolate    Cholinergic antagonist    (296) 
Insulin     Hormone-hypoglycemic    (10) 
Phentolamine    Alpha 1 and 2 adrenergic antagonist  (235) 
Phenylephrine2     Vasoconstrictor- alpha 1 agonist   (159) 
Phenylephrine3     Vasoconstrictor- alpha 1 agonist   (38) 
Propranolol    Beta 1 and 2 adrenergic antagonist  (158) 
Sodium Nitroprusside2   Vasodilator – nitric oxide   (159) 
Sodium Nitroprusside3   Vasodilator – nitric oxide   (38) 
Terbutaline    Beta 2 adrenergic agonist   (114) 
Trimethaphan1     Ganglionic Blocker    (6) 
 
1Historical (not FDA approved, limited availability, or no longer manufactured)  
2Infusion titration 
3Modified Oxford Technique  
 
 


