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ABSTRACT   
 

Purpose: To improve our ability to interpret and validate Heidelberg Retina Flowmeter (HRF) 

flow images by recording flow measurements from specific regions of the retinal vasculature in 

in-vitro and in-vivo eye models in which retinal blood flow can be manipulated.   

Methods: The first experiments utilised an isolated perfused pig eyes perfused with a 50%/50% 

Krebs/RBC solution at known flow rates ranging from zero to 300 µl/min.  After HRF image 

acquisition, the retinal vasculature was perfused with fluorescein isothiocyanate (FITC), for 

fluorescence microscopy.  Using the standard HRF software and a 10×10 pixel measurement 

window, flow rates were measured from a retinal artery, vein, arteriole, venule, and the retinal 

capillary bed and a capillary-free-zone.  The relationship between HRF measured flow and 

perfusion flow in the different measurement regions was determined.  

For the second study, HRF flow images were acquired at retinal sites in Brown Norway rats 

over a range of focus levels before and after cessation of retinal blood flow by laser-induced 

central retinal artery occlusion.  Using the 10×10 pixel and 4×4 pixel measurement windows, 

HRF measured flow was performed in retinal artery, vein, arteriole, capillary and choroidal 

vessel locations.  The relationship between HRF measured flow and focus depth was 

determined for each location before and after central retinal artery occlusion.  At the conclusion 

of each experiment the effect of reduction of systemic blood pressure (by exsanguination) on 

HRF flow measurements in choroidal vessels and in locations without visible choroidal vessels 

was assessed.   Finally, HRF flow measurements were acquired after euthanasia, to determine 

the HRF flow signal which was still present under zero biological flow conditions (the zero-

offset). 

Results:  In the isolated perfused pig eye experiments it was found that the HRF flow response 

varied according to vascular location.  At zero perfusate flow, HRF flow was consistently 

greater than zero at all locations, averaging 171.9 ± 44.7 AU (n=97), representing background 

noise.  Arteries and veins yielded the highest HRF measured flow values, but the relationship 

between HRF measured flow and perfusate flow was not linear.  In arterioles the HRF flow was 

more linear over a broader range of perfusate flow rates but the peak flow signal was an order of 

magnitude smaller than that in arteries and veins.  Both the linearity and magnitude of the flow 

signal in venules was less than that in arterioles.   
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In retinal capillaries the HRF flow values were very low, only reaching statistical significance 

above the background noise levels at perfusate flow rates of 150 µl/min, and demonstrating only 

a weak linear trend. In the capillary free zone there was no significant difference between HRF 

measured flow and background noise levels at any perfusate flow and there was no apparent 

relationship between HRF measured flow and perfusate flow.  

In the in-vivo rat experiments the highest HRF measured flow values were found in retinal 

arteries, veins, and arterioles, which reduced significantly following occlusion of the central 

retinal artery.  Larger choroidal vessels also contributed high flow signals, which did not change 

significantly after central retinal artery occlusion.  In contrast, flow signal from retinal capillary 

areas (in isolation from larger vessels) were of low magnitude, and were not affected by retinal 

artery occlusion. 

Shift of the focus setting resulted in altered visualisation of perfused vessels and different flow 

signals.  Superficial focus favoured the retinal circulation, though retinal capillaries were not 

visualized.  Deep focus favoured the choroidal circulation, however the choriocapillaris was not 

visualised.  Post retinal artery occlusion, with systemic blood pressure reduction there was a 

linear reduction in HRF flow within large choroidal vessel locations only, with no significant 

change in HRF flow at other locations. 

Conclusions: The experiments outlined in this thesis provide insights into the validity and 

interpretation of scanning laser Doppler flowmetry (SLDF) with the HRF.  It appears that the 

flow measurement capabilities of the HRF are dependent on the region of the retinal vasculature 

being measured.  The technique responds most linearly to blood flow in arterioles over the 

widest perfusate flow range. The major retinal arteries and veins yield the higher HRF measured 

flow values but the relationship between HRF measured flow and perfusate flow rate is not 

linear.  The retinal capillaries and capillary-free-zone yield only a very weak signal which is 

dominated by background noise.  Large choroidal vessels are visible in HRF flow images in rats 

and flow measurement in these vessels may be valid.  
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Chapter 1.0: Introduction 

1.1 Background 

The retina performs the vital task of transducing and encoding the visual input and has the 

conflicting constraints of a high metabolic requirement 1, 2 and transparency which cannot be 

compromised by an overly rich vascular network on the inner retinal side. Adequate metabolic 

supply is achieved by precise regulation of vascular elements to match local blood flow with 

tissue demand.  Disruption of vascular regulation and blood supply can have severe 

consequences in the retina. Retinal diseases with a vascular component include diabetic and 

hypertensive retinopathy, age-related macular degeneration, arterial occlusion, and venous 

occlusion. 

The ability to quantify retinal blood flow is fundamental not only to understanding the 

physiology of the retinal circulation but also in the diagnosis and evaluation of retinal diseases.  

Although the assessment of ocular circulation has evolved over many years 3, 4, there is still no 

clinically applicable technique that can directly measure retinal blood flow and it is often 

difficult to know how to interpret the results from indirect flow measurements 5.  

Among the few truly non-invasive ocular blood flow measurement techniques which have been 

applied to humans to investigate the ocular circulation, laser Doppler flowmetry (LDF) 

techniques have been studied extensively and have continued to evolve since their first 

application to the field of ocular blood flow by Riva et al. in 1972 6. There have been a large 

number of reports which validate the laser Doppler flowmetry technique for measurement of 

blood perfusion in a range of organs including the eye, demonstrating linear, reproducible 

responses to changing perfusion conditions 7.  Despite this coverage in the literature, LDF has 

yet to find its way into common clinical use.  This is most likely because of the complexity of 

the instrument use including careful adjustment of the laser, optical fibers, fixation target, and 

the manipulation of multiple controls. 
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Recently the technologies of laser Doppler flowmetry and confocal scanning laser 

ophthalmoscopy have been combined to form confocal scanning laser Doppler flowmetry 

(SLDF), which is marketed as the Heidelberg Retina Flowmeter (HRF, Heidelberg Engineering 

GmbH, Dossenheim, Germany).  By means of a scanning laser this instrument computes laser 

Doppler measurements at discrete locations within a rectangular scan area, resulting in a 

“perfusion map” with high spatial resolution.  The HRF is easy to operate compared to the LDF 

technique, and has been used widely to measure retinal and optic nerve head blood flow in 

clinical studies of ocular diseases such as glaucoma 8, branch retinal vein occlusion 9 and 

diabetic retinopathy 10.  

Clinical research applications far outnumber studies aimed at validation of the method. Despite 

various attempts to establish the reproducibility and validity of measurements with the HRF in 

bench experiments 11, animal models 12 13 and in clinical studies 14, 15, many questions still 

remain. The test-retest reproducibility of blood flow measurements with the HRF ranges from 

7 to 30% coefficient of variability. 15,16 17. Multiple factors may influence HRF flow 

measurements including the optical properties of the measurement site 18, and operator–

dependent factors such as photodetector sensitivity 19, focus settings 20, positioning of the 

instrument15 and placement of the measurement window 21.  Such factors must be considered to 

ensure correct interpretation of results.  

Since the light scattering and absorption properties of vascular tissues are fundamental to the 

SLDF method of blood flow measurement, validation studies which are performed in similar 

environments may give the best indication of the performance of the instrument.  Laboratory 

experiments using in-vitro preparations and animal models allow more precise control and 

manipulation of flow conditions.  

The experiments outlined in this thesis attempt to further validate retinal blood flow 

measurements with the HRF using ocular models which closely simulate the conditions of HRF 

measurements in the human eye.  In particular the relationship between HRF flow 

measurements and actual retinal perfusion varied over a wide range is studied.  HRF 

measurement responses in different vascular elements of the retina and choroid were also 

examined closely. 
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Chapter 1 provides background information about the underlying principles of laser Doppler 

blood flowmetry methods and a summary of the efforts to validate these techniques, with 

particular reference to HRF.  The techniques of laser Doppler velocimetry (LDV) and single-

location laser Doppler flowmetry (LDF) are discussed; being instrumental to the development 

of HRF and supporting critical discussion of HRF. 

Chapter 2 outlines an experiment in which an isolated blood perfused pig eye preparation was 

used to test the linearity of HRF flow responses to precise changes in retinal blood flow.  In this 

preparation, retinal perfusion was determined by an operator-controlled infusion rate, which 

allowed assessment of the performance of HRF over a wide flow range.  Operator-controlled 

retinal perfusion alleviated the need for providing another blood flow measurement reference, 

which simplified the analysis, since there is no gold standard technique for ocular blood flow 

measurements.   

Chapter 3 outlines an in-vivo experiment in which Brown–Norway rats were used to determine 

the relative contributions from the retinal and choroidal vasculature to HRF flow measurements, 

and the effect of focus adjustment on HRF flow measurements. 

Chapter 4 is a general discussion of the conclusions of this research and the implications for 

clinical flow measurements with HRF.  

1.2 Principles of Laser Doppler Blood Flowmetry  

1.2.1 The Doppler Principle 

Laser Doppler blood flowmetry techniques are based on the Doppler Principle first described by 

Christian Doppler (1803-1853)22.  The Doppler Principle is a wave phenomenon which 

describes the change in frequency of a wave source emitted or reflected by a moving object, 

relative to an observer.   

This frequency change, called a “Doppler shift” is proportional to the velocity vector of the 

moving object relative to the observer.  Figure 1.1 illustrates this concept for a wave source with 

frequency f, reflected by a moving object.  In the direction of the observer, the wave train 

experiences a frequency change ∆f, called the Doppler shift.   
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The Doppler shift is described according to the following equation (see Figure 1.2). 

∆f = v · (cos α + cos β) /  λ 

where v is the velocity of the moving relative to the observer, λ is the wavelength of the wave 

source,  α is the angle of the incident light relative to the direction of the moving object and β is 

the angle of the observation path relative to the direction of the moving object. 

1.2.2 Measurement of the Doppler Frequency Shift (∆f) by Laser Doppler Blood 

Flowmetry 

In laser Doppler blood flowmetry, the Doppler frequency shifts, ∆f are measured to determine 

various blood flow parameters.  The Doppler frequency shifts in light reflected by moving red 

blood cells are small (in the range of 0-5000Hz for typical velocities encountered in the retina) 
23 compared to the frequency of the probing laser light (~1× 1014 Hz).   

This change is much too small to be measured spectroscopically.  However, the Doppler shifted 

frequencies are represented in the intensity fluctuations of the backscattered light resulting from 

interference.  The backscattered light consists of two components (Figure1.3).   

The first component is comprised of light scattered by stationary structures such as tissue and 

vessel walls which has not been Doppler shifted having the same frequency as the laser source 

(f).  The other component is comprised of light scattered by moving red blood cells which has 

been Doppler shifted (∆fi) to new frequencies (f ′i) according to the velocity vectors of the red 

blood cells relative to the photodetector.  The non Doppler shifted light acts as a reference 

signal which interferes with the Doppler shifted light, leading to beat, or intensity oscillations of 

the back scattered light.  The beat frequencies are equivalent to the Doppler shifted frequencies 

∆fi, since they have frequencies equal to the differences between the frequencies fi and f ′i.  The 

intensity fluctuations at the beat frequencies ∆fi are recorded in the photodetector current which 

oscillates at the same frequencies.   

The photodetector current consists of a superposition of beat frequencies (∆fi) each representing 

the interaction of the light with a particular velocity component.   By Fourier analysis, the 

intensity contributions from each of the measured Doppler shifted frequencies (∆fi) can be 

determined, generating a Doppler shifted power spectrum (DSPS) which is a plot of the power 

of each of the Doppler shifted frequency components.  Analysis of the DSPS allows calculation 

of certain parameters that describe blood flow. 
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Figure 1.1:  The Doppler Principle 

The Doppler shift is the shift in frequency, ∆f, relative to an observer, which occurs to a wave with 

frequency f, after it has been reflected or emitted by a moving object with velocity V.  The Doppler 

frequency shift, ∆f, is directly proportional to the velocity V, of the moving particle.  The frequency 

relative to the observer is then f ′ which equals the sum of the original frequency f and the Doppler shift 

∆f. 

 

 

 



Thesis – Experimental Study of a Scanning Laser Doppler Flowmeter 
By Dr Russell James Townsend  Page 8 
 

 
 

 

 
 

 

 

Figure 1.2:  The Doppler Principle Equation 

The Doppler shift is also dependent on the angles of the moving object relative to the observer. 

∆f = v · (cos α + cos β) /  λ 

where ∆f is the Doppler frequency shift, α is the angle of the incident wave relative to the moving object, 

and β is the angle of the observer relative to the moving object. 
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Figure 1.3:   Laser Doppler Blood Flowmetry 
The basic hardware of all laser Doppler devices for blood flow measurement consists of a low powered 

laser, a photodiode to convert the measured intensity of the backscattered light into an electrical current, 

and a computer to process the results. 

The backscattered light consists of two components.  The first component is comprised of light scattered 

by stationary structures such as tissue and vessel walls which has not been Doppler shifted having the 

same frequency as the laser source (f).  The other component is comprised of light scattered by moving 

red blood cells which has been Doppler shifted (∆fi) to new frequencies (f ′i) according to the velocity 

vectors of  the red blood cells relative to the photodetector.   

These frequencies interfere on the surface of the photodetector leading to intensity fluctuations which 

oscillate at the Doppler shifted frequencies, ∆fi, and which are recorded in the photodiode electrical 

current.   
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1.2.3 Laser Doppler Velocimetry 

The first application of laser Doppler blood flowmetry described by Riva et al. in 1972 was the 

measurement of absolute blood velocity in glass capillary tubes and rabbit retinal veins, known 

as laser Doppler velocimetry (LDV) 6.  In this technique a laser beam is directed at a major 

retinal blood vessel.  The laser light is scattered by the red blood cells flowing within the vessel 

leading to Doppler frequency shifts which represent the velocity profile of the red blood cells 

within the laser field.  In this case, the Doppler shifted power spectrum has a characteristic 

rectangular profile with a sharp drop in power at a threshold Doppler shifted frequency (∆fmax) 

which relates directly to the maximal red blood velocity (vmax). 

To overcome the dependency of flow measurements on vessel orientation relative to the laser 

and photodetector, the technique was modified, to record scattered light for two different 

directions at known angular separations 24. This development, known as bi-directional LDV 

allowed calculation of absolute red blood cell velocity irrespective of the vessel orientation. 

Maximal red blood velocity (vmax) was combined with vessel diameter measures to calculate 

blood flow.  After improving the apparatus and reducing the laser power to safer levels, 

measurements of blood velocity and flow rates in human retinal vessels were performed 23.  The 

diameter of the arteries and veins at the site of the LDV measurements ranged from 39 to 134 

µm and 64 to 177 µm, respectively.  Typical threshold Doppler frequency shifts (∆fmax) for 

arteries and veins were in the range 3 kHz to 10 kHz.  Maximal blood velocity (vmax) correlated 

with vessel diameter and ranged between 0.5 cm/sec and 3.5 cm/sec 23.   

Laser Doppler velocimetry has been used in experimental studies to assess retinal blood flow 

changes in response to blood gas perturbations 25 and changes in perfusion pressure induced by 

scleral suction 26.  The technique has been used extensively in the study of retinal 

haemodynamic changes associated with diabetic retinopathy 27, branch retinal vein occlusion 
28and therapies such as pan-retinal photocoagulation 29 and glaucoma medications. 30.   
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1.2.4  Laser Doppler Flowmetry 

The next step in the evolution of laser Doppler blood flowmetery was the assessment of blood 

perfusion of the optic nerve head, known as laser Doppler flowmetry (LDF) 31.  By directing the 

laser beam onto the optic nerve head away from visible vessels, the Doppler shift in the 

returning light can be analysed to determine haemodynamic parameters describing the tissue 

perfusion.  The mechanism of LDF is fundamentally the same as for laser Doppler velocimetry.  

The differences arise from the structure and blood flow characteristics of the tissue 

microcirculation.  The scattering geometry of red blood cells moving through the capillary bed 

of tissues such as the retina and optic nerve head is markedly different from that of large blood 

vessels, in which the flow direction within the laser field are more uniform.  Bonner and Nossal 

developed a mathematical model to explain the interaction of light with vascular tissues which 

led to quantitative descriptions of the underlying tissue perfusion based on the characteristics of 

the Doppler shifted power spectrum 32. 

This model is based on the assumption that the red blood cells within the microcirculation are 

homogeneously and sparsely distributed among the static tissue elements which are the 

dominant light scatterers.  It is assumed that the light scattering events are independent and 

uncorrelated with each other.  As a result, the red blood cells receive light from numerous 

random directions rather than from a single direction.  For this reason the orientation of the LDF 

detector relative to the tissue being measured is theoretically not important for LDF in contrast 

to flow measurements in large vessels in which measurement is dependent on the angle of the 

instrument relative to the vessel.   

This model is an oversimplification of real vascular tissue in which red blood cells may be 

closely packed together in vessels and correlated scattering events may occur.  The application 

of the model to retinal tissue is also questionable since retinal tissue is virtually transparent 

compared to other vascularised tissues with a strongly absorbing pigment layer beneath it.  This 

is likely to result in less light scatter from stationary tissue elements and scattering from moving 

red blood cells may be more dominant 33, which may violate the premises on which the 

calculations are based.  This is another reason for the importance of experimental verification of 

retinal blood flow measurements with this method.  
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The DSPS derived from tissue measurements lacks a well defined cut-off frequency as seen in 

LDV measurement of large vessel velocity.  Most of the power is concentrated at very low 

frequencies, and power decreases gradually as frequency increases.  Bonner and Nossal’s theory 

relates mathematical characteristics of this DSPS to perfusion parameters which describe the 

underlying flow 34.  

These LDF perfusion parameters are (a) “Velocity”, the power spectral broadening of the laser 

light caused by the moving red blood cells which is equivalent to the average red blood cell 

speed (ie. the distance travelled per unit time); (b)“Volume”, the normalized power of the 

Doppler shifted laser light which is equivalent to the relative concentration of moving red blood 

cells in tissue, and (c) “flux” or “flow”, the product of (a) and (b) which is proportional to the 

average tissue perfusion. 

 Laser Doppler Flowmetry has been used in animal and clinical research.  Experiments with the 

method in cats have shown changes in optic nerve head blood flow in response to variation of 

blood oxygen levels, perfusion pressure changes, and flicker stimulation 33, 35.  Rhythmic 

changes in optic nerve head blood flow have also been demonstrated with LDF 33, 36.  In human 

research changes in perfusion pressure have been shown to alter optic nerve head blood flow 37, 

as has flickering light 33, 38.  

Due to the complexity of light scatter within tissue, LDF perfusion parameters are always 

represented as arbitrary units.  The optical properties of tissues vary greatly, resulting in 

different amounts of reflection, scatter and absorption of laser light, and different sampling 

depths.  These parameters influence the calculated haemodynamic parameters.   

Any attempt at absolute calibration of the LDF technique would only apply to the specific 

conditions under which the technique was calibrated.  Furthermore, calibration is not easy as 

there is no gold standard for quantitative flow measurement.  Despite not providing an absolute 

measure of blood flow, the LDF technique allows measurements of relative blood flow changes 

at a particular location induced by physiologic, pharmacological and pathological changes. 

An advantage of the technique is the high temporal resolution, allowing the study of rapid blood 

flow changes induced by various manipulations such as breathing different gases and acute 

intraocular pressure manipulation.  The main disadvantage is the small sampling volume of the 

technique which records flow parameters at highly specific locations, which may not be 

representative of the average tissue haemodynamics. 
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1.2.5 Scanning Laser Doppler Flowmetry 

Scanning laser Doppler Flowmetry (SLDF) combines the technology of laser Doppler 

flowmetry with scanning laser ophthalmoscopy for the purpose of assessing perfusion over a 

much wider area than single site LDF can provide.  The Heidelberg Retina Flowmeter (HRF) is 

the only commercially available SLDF and was used for the experiments described in this 

thesis.  

The basic components of the HRF include a 780 nm low power diode laser, a photodiode 

detector to measure the intensity of the backscattered light from the fundus and computer 

software to analyse the photodetector current.  The optics are confocal in design which limits 

the depth of focus of the instrument.  There is a focus adjustment for eyes with refractive error 

and a photodetector sensitivity adjustment to offset differences in reflectivity 39. 

LDF measurements are performed in a rectangular scan field consisting of 16,384 contiguous 

locations (pixels): 256 across and 64 down.  The pixel size is about 11µm and the scan field 

corresponds to a size on the retinal surface of 2.88mm × 0.72mm in a human emmetropic eye.  

The direction of the laser beam is changed in orthogonal directions by means of oscillating 

mirrors so that the rectangular scan field is covered line by line from the top to the bottom.  

During each line scan the reflected light intensity at each location is measured and digitized 

sequentially.  Each line consisting of 256 pixels is scanned 128 times with a repetition rate of 

4 kHz.  Scanning then proceeds to the next line which is also scanned 128 times until all 

64 lines are scanned.  The total data acquisition time including dead time between scans is about 

2.5 seconds 39.   

After the measurement region has been completely scanned, for each of the 16,384 locations 

there are 128 measurements of the reflected light intensity.  This data describes the light 

intensity variations over the scan time of 0.032 seconds for each individual location.  Within 

this intensity-time data are intensity oscillations at beat frequencies, which relate directly to the 

perfusion parameters of the location measured.  Fast Fourier transformation is performed by the 

HRF software to convert the temporal oscillations into the frequency domain and generate a 

Doppler shifted power spectrum for each individual location.   



Thesis – Experimental Study of a Scanning Laser Doppler Flowmeter 
By Dr Russell James Townsend  Page 14 
 
 

 

Before calculating these haemodynamic parameters, the DSPS is corrected for the estimated 

photodetector current noise.  Noise is estimated by averaging the power density at the high 

frequency end of each spectrum and subtracting it from each spectral component.  The signal is 

also normalised to the DC component of the photodetector current, that portion due to the 

constant background light intensity.  This reduces the dependency of the haemodynamic 

parameters on optical factors such as the intensity of the probing laser, the reflectivity of the 

surface measured and the sensitivity of the photodetector. 

The data is analysed within a frequency band with a lower limit of 125 Hz and an upper limit of 

2 kHz.  While the upper limit is determined by the sampling frequency of 4 kHz (setting the 

upper frequency limit at half the maximum sampling frequency reduces noise), the lower limit 

is chosen to eliminate movement artefact such as eye movements and respiration.  The 

perfusion parameters Volume, Velocity and Flow are calculated by mathematical analysis of the 

corrected power spectra for each individual location.  As for single-location LDF all perfusion 

values for SLDF are expressed in arbitrary units. 

When this analysis has been performed at each measured location the result is a flow image of 

16,384 independent local perfusion measurements within the rectangular scan area.  The 

quantitative measurements are represented graphically by translation into a graded colour scale 

and plotting in spatially accurate maps.  Low perfusion values are displayed in dark colours 

while high perfusion values are displayed in light colours. 

The perfusion parameters can be used to describe retinal blood flow in different ways.  The 

maps provide a qualitative representation of the network of perfused vessels and capillaries.  

The individual perfusion parameters can be determined for each individual location.  Using the 

standard software package it is possible to interactively place a square sampling window of 

variable size anywhere within the flow image, and the average perfusion values within it are 

calculated. 

Although the theory behind SLDF and single location LDF is the same, there are several 

differences.  The main theoretical advantage of SLDF over single location LDF is that it gives 

information about flow for multiple points covering a wide area, and allows accurate spatial 

positioning of the analysis window.  However, there is a trade-off between spatial resolution 

and temporal resolution.  
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One of the fundamental differences between single location LDF and scanning laser Doppler 

flowmetry is in the generation of the intensity-time data from which the Doppler shifted power 

spectrum is derived.  The single location LDF technique provides a continuous intensity-time 

signal from a single monitoring site whereas HRF, which calculates perfusion values at 16,384 

separate locations samples only 128 discrete intensity measurements for each pixel within the 

32 msec line scan.  As a consequence of this shorter sampling time, the signal-to-noise ratio for 

SLDF is lower than for LDF 39.   

The other fundamental difference is that the HRF sampling frequency is limited by the speed of 

the scanning laser to a maximum photodetector sampling frequency of 2 kHz.  As a result of 

this, the HRF is theoretically limited to the measurement of microvascular blood flow, as the 

Doppler frequency shifts recorded from large retinal vessels are reported to be greater than this 

(10-30 kHz) 23.  The maximum photodetector sampling frequency for single location LDF is 

limited only by the spectrum analyser which can evaluate frequency components up to 30 kHz 

present within the continuous intensity-time signal.  Thus single location LDF is capable of 

recording flow in retinal arteries and veins.  

1.3 Validation Studies 

There has been a large volume of clinical research in which the HRF has been used to measure 

blood flow in eye diseases such as glaucoma 8, 40 and branch retinal vein occlusion 9, 41. The 

technique has been popular for many reasons including ease of use; non-invasiveness; 

automated perfusion calculations; and the common assumption that the technique provides a 

valid measure of retinal capillary perfusion.  In comparison, there has been a relative paucity of 

research towards validation of the HRF.   

Every blood flow measurement technique requires validation so that results may be correctly 

interpreted.  Establishing the validity of techniques for ocular blood flow measurement is 

particularly challenging since there is no method available that provides direct measurement of 

blood flow.  Compounding this, techniques may differ in responses to blood flow in different 

regions of the ocular vascular system.   
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Validity implies that measurements are reproducible and relate to actual blood flow changes 

under normal operating conditions.  Ideally, validation studies should be performed under 

conditions which approach the intended use of the techniques.  Simple bench experiments 

which simulate flow conditions allow basic testing of laser Doppler instrument response to 

movement.  However, conclusions from bench experiments may not apply to clinical 

applications in which conditions may be very different.  Isolated perfused organs and in-vivo 

animal studies provide the best conditions for validation of the laser Doppler technique. 

1.3.1 Mechanical Models 

When assessing new laser Doppler flowmetry techniques, mechanical models have been 

designed for assessment of the instrument response to basic movement.     Mechanical models 

consisting of mobile components such as rotating discs or sliding plates mounted in stationary 

holders have been popular 7.  The mobile and static components of mechanical models are 

coated with materials which scatter light effectively, to ensure that heterodyne mixing of 

back-scattered light from stationary and moving elements occurs effectively.  The mobile 

components can be controlled precisely over a wide range of velocities.   

Such models have proved to be particularly useful for analysing the variance and linearity of 

LDF measurements.  Any measurement variance obtained using mechanical models can be 

attributed to instrumental or technical error which contrasts to live tissue preparations in which 

variance may also be attributed to biological variations.  The major limitations of mechanical 

devices are the obvious dissimilarities to vascularised tissues both structurally, dynamically and 

optically, and consequently results from this type of experiment must be interpreted cautiously. 

1.3.2 Hydraulic Models 

Hydraulic models consisting of glass tubing or channels embedded in a light scattering medium 

infused with blood, suspensions or emulsions have been popular for validation of laser Doppler 

techniques.  These models more closely simulate conditions in the microvasculature of living 

tissues compared to mechanical models which have no fluid components.   

Red blood cell perfusates provide the most realistic conditions in hydraulic models because the 

structural and optical properties of red blood cells are unique.  However red blood cells are 

prone to sedimentation, aggregation and clotting which may lead to localised variations in 

haematocrit, flow disturbances and occlusion of the tube lumen.  This tendency can be reduced 
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with the use of anticoagulants such as heparin, or by centrifuge separation of the red blood cells 

from plasma, removing the clot forming components of the blood. 

Suspensions of polystyrene or latex microspheres (0.5µm diameter), and milk (0.2 to 20µm milk 

fat globule diameter) have proven effective for hydraulic flow models.   Though such perfusates 

are more easily maintained than blood the fluid mechanics and light scattering properties are 

likely to be different.  

In addition to testing the laser Doppler flowmetry responses to changes in perfusate flow 

hydraulic models have been used to examine other aspects of these techniques such as 

variability 11 sampling volume 42 and the effect of image brightness 18 and haematocrit 42 on 

flow measurements.   

1.3.3 Isolated Blood Perfused Organ Preparations  

Prior to this study, isolated perfused eye preparations had not been used for the purpose of 

validation of laser Doppler techniques, though our research group has used this preparation for 

validation of a hydrogen clearance technique for blood flow measurement 43.  In contrast, laser 

Doppler flowmetry applications to blood flow measurement in abdominal viscera and skeletal 

muscle have been tested extensively using isolated blood perfused organs 44, 45.  

There are many advantages to using such preparations 46.  Precise control and quantification of 

total organ flow is possible and provides a direct reference from which to compare LDF 

measurements.  The structural and optical properties of isolated organ tissues are nearly 

identical to living tissues.  The isolated organ preparation is immune from systemic influences, 

although local regulatory mechanisms may be maintained.  Perfusion of isolated perfused 

organs is determined by the rate of infusion delivery.  Infusion delivery may be a constant flow 

design delivering a known volume of perfusate per unit time.  Alternatively infusion delivery 

may be driven by constant pressure, in which case flow rate is variable and total organ flow 

must be measured indirectly, usually by measuring venous outflow.   

For the same reasons described for hydraulic flow models, blood perfusates provide the most 

realistic conditions for isolated perfused organ experiments.  Blood perfusates used for this 

purpose are subject to the same problems of clotting, aggregation, sedimentation and occlusion 

which commonly occur in hydraulic models.  Many studies have used RBC mixed with 

physiological saline rather than whole blood to reduce the incidence of clotting.  Preservation of 

red blood cell shape and volume is an important consideration to ensure adequate perfusion of 
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the capillary bed.  Any damage to RBC membranes may lead to swelling and transformation to 

a more spherical form.  Such damaged RBC are likely to become obstructed within the 

microvasculature.   

An obvious disadvantage of isolated perfused organs is the tendency for tissues to become 

oedematous with time which may alter light scattering properties, and thus affect laser Doppler 

measurements.  Corneal oedema results in impairment of transmission of light which is likely to 

impair LDF measurements.  High flow rates may lead to retinal detachments and haemorrhage 

which may also influence flow measurements (unpublished work).  

1.3.4 In-Vivo Validation Studies 

The most common approach to validation of laser Doppler techniques is to use in-vivo methods 

in which organ perfusion is varied by physiological or pharmacological manipulation. The 

greatest strength of in-vivo validation studies is that anatomical and physiological conditions are 

not compromised.  The main disadvantage of in-vivo studies is that organ blood flow must be 

measured and manipulated indirectly.  Animal models provide more flexibility compared to 

human studies in that more invasive techniques may be used to control and measure blood flow.  

For example blood pressure manipulation by a lethal barbiturate dose has been used to vary 

optic nerve head blood flow for LDF validation using a cat model 35.  Similarly, invasive blood 

flow measurement techniques such as radioactively-labelled microspheres have been used 12.   

A range of other flow measurement techniques have been used for the purpose of LDF 

validation in animal studies including gas clearance techniques 47, venous plethysmography 48, 

and laser speckle flowgraphy 49.  Interpretation of such results requires knowledge of the 

assumptions and limitations for each flow measurement technique. For example, the tissue 

volume measured by microsphere techniques is much larger than that of the laser-Doppler 

method and may extend to a greater distance from the tissue surface.  As the microspheres may 

become lodged in capillaries and arterioles, injecting excessive numbers of spheres may in itself 

alter blood flow. 

Validation studies in humans require less invasive techniques of blood flow manipulation and 

monitoring which are not harmful.  For example, ocular blood flow has been indirectly 

manipulated by ophthalmodynamometric intraocular pressure manipulation 26 and by changing 

the concentration of inspired oxygen 14.  Likewise, less invasive blood flow reference standards 

must be used.  For example, in humans SLDF measurements have been compared against a 

single location LDF instrument 16, 16.   
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1.3.5 Linearity 

To determine the validity of the HRF technique Michelson et al. utilised a planar reflector 

sliding at variable velocities and demonstrated that the HRF was capable of a linear response to 

velocity measurements 16.  Rather than use the tissue perfusion parameters computed by the 

HRF software, the investigators analysed the Doppler shifted power spectra obtained from 

measurements at each reflector velocity, to determined the cut-off frequency shift, from which 

absolute velocity was calculated.  For reflector velocities between 0.15 and 0.5 mm/sec the 

investigators found a significant correlation between the observed and expected frequency 

shifts.  This method was analogous to centreline blood velocity measurement by LDV and did 

not validate the intended application of tissue blood flow measurement. 

Chauhan and Smith performed an HRF validation experiment using glass capillary tubes 

infused with skim milk at different flow rates and found that the instrument measured linearly 

within a given operating range of 0.08mm/sec to 1 mm/sec in the direction parallel with the 

instrument, after the angle of incidence was taken into account 11.  At velocities higher than 

1mm/sec the HRF-measured velocity either reached a plateau or decreased slightly, suggesting 

an aliasing effect occurring when Doppler frequency shifts are higher than the instrument’s 

sampling capability of 2 kHz.  This velocity limitation of ~1 mm/sec in the direction parallel 

with the instrument actually corresponds to the theoretical velocity limitation calculated from 

the Doppler equations 11.   

Tamaki et al. performed a validation study in rabbits and monkeys, in which ocular perfusion 

pressure was varied by intraocular pressure manipulation during serial HRF measurements 12.  

They found a significant reduction in HRF flow recorded in the retinal circulation of rabbits and 

monkeys for IOPs above 50mm Hg.  In another phase of this study, retinal blood flow was 

manipulated pharmacologically in rabbits using intravenous lomerizine (vasodilator) and 

intravitreal endothelin-1 (vasoconstrictor), and retinal blood flow were measured before and 

after by coloured mircospheres and SLDF.  A significant correlation between SLDF flow and 

retinal blood flow recorded by the microsphere method, however the correlation coefficient 

between retinal blood flow and SLDF flow was only r=0.596 for the grouped data.  Analysis of 

the correlation between relative change in SLDF flow compared to relative change in retinal 

blood flow calculated by the microsphere method showed better correlation (r=0.803).  Based 

on these findings, the authors suggested that the SLDF may be better suited to assessment of 

blood flow in individual subjects, rather than for blood flow comparisons between individuals. 
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Michelson et al. assessed the validity of scanning laser Doppler flowmetry measurements in 

humans by manipulating ocular perfusion pressure in 3 healthy eyes using scleral suction.  They 

found a significant linear relationship between retinal blood flow and ocular perfusion pressure 

(r=0.84, p<0.001)16.  The same investigators compared retinal blood flow measurements by 

single point laser Doppler flowmetry with SLDF measurements in 51 eyes and found a 

correlation coefficient of r=0.83 (p<0.0001) between the two methods 50. 

Strenn et al. investigated the validity of HRF in humans by performing measurements in 

subjects breathing different mixtures of oxygen and nitrogen in a double-blind crossover 

study 14.  They observed a dose dependent change in retinal blood flow, with a decrease in flow 

of 29-33% during 100% oxygen breathing and an increase of 28-33% during inhalation of 10% 

oxygen + 90%nitrogen.  The dose-response curve for this experiment was not as steep as has 

been found in other studies using different blood flow measurement techniques.  For example, 

using LDV and fundus photographs Riva et al. observed a 64% decrease during 100% oxygen 

breathing 25.   

Rotating disc models have demonstrated a high degree of linearity for standard LDF 

measurements with linear correlation coefficients as high as r = 0.99 44, 25, 45. 

A range of different perfused organ models have demonstrated that standard LDF measured 

perfusion responds linearly to changes in actual blood flow.  Another consistent finding was 

that the gradient of the relationship between LDF measured perfusion and actual blood flow 

varies greatly. Sheperd et al. perfused isolated rat liver and isolated canine gastric flap 

preparations at known total flow rates, with canine red blood cells suspended in 

Krebs solution 45.  They demonstrated a highly linear relationship between total organ perfusion 

and LDF measurements with correlation coefficients greater than 0.97.  However, the slopes of 

this relationship from individual experiments differed from each other by a factor of 5.  The 

slopes also differed between repeat measurements at the same location in a given preparation.    

These authors concluded that there is probably no universal calibration factor to relate 51 the 

LDF signal to blood flow.   

This site-to-site variation in the slope of LDF flow has been interpreted as resulting from a 

combination of the small tissue volume sampled by the laser combined with wide variations in 

the sampling conditions at different locations.   



Thesis – Experimental Study of a Scanning Laser Doppler Flowmeter 
By Dr Russell James Townsend  Page 21 
 
 

 

Factors such as haematocrit, red blood cell velocity, vasomotion, vessel density, and 

pigmentation are all likely to influence laser Doppler measurements.  Moreover, any method of 

blood flow measurement that is compared with the LDF signal has its own characteristics and 

limitations, which may affect the correlation between methods.   

1.3.6 Zero-offset 

Many authors have reported the presence of an LDF signal at zero perfusion, demonstrating that 

there is a portion of the LDF signal which is unrelated to blood flow.  This value, called the 

zero-offset, has been determined by performing measurements in in-vitro models  11, post-

mortem rabbit choroid 52, and by manipulating intraocular pressure above systolic blood 

pressure 35.   

Investigators have speculated on various causes of the zero-offset including macromolecular 

diffusion, vasomotion, “settling” of red blood cells tissue, Brownian motion and photodetector 

noise 53. 

The finding that there is a significant zero-offset for measurements of static inanimate objects 

supports photodetector noise as the major contributor to the HRF zero-offset 52. The observation 

in hydraulic flow models that the zero-offset is concentration dependent, increasing with higher 

concentration of particles, supports Brownian motion as a likely contributor, at least for the 

standard LDF technique 45. 

The zero-offset is an important quantity to establish since this signal comprises a constant 

component of the total LDF signal, and should be taken into account when interpreting flow 

measurements.   

1.3.7 Variability 

The variability of HRF measurements has been studied extensively.  Variability varies 

according to the nature of the location within the flow map.  In a clinical study of healthy eyes, 

using the default 10×10 sampling window, Nicolela found that the coefficient of variability was 

better for retinal locations (21.52%) compared to optic nerve head locations (25.22%) 8.  

Jonescu-Cuypers et al. found similar finding for retinal locations (19.8%) and optic nerve head 

locations (24.0%) 54. 



Thesis – Experimental Study of a Scanning Laser Doppler Flowmeter 
By Dr Russell James Townsend  Page 22 
 
 

 

Nicolela demonstrated that the ability of 3 observers to select the same location for 

measurement within a perfusion map was very good (reliability coefficient = 0.94) providing 

they had a printout of the area to be measured and they could orient themselves by vascular 

landmarks 8.  However, reproducibility of flow measurements performed in flow images 

acquired over consecutive days was not as impressive, with reliability coefficients of 0.81.   

A similar study, using standard LDF rather than SLDF found an intrasession coefficient of 

variability of 18%, which increased to a coefficient of variability of 32% for intersession 

measurements55.  Taken together, these findings suggest that the increased variability found in 

intervisit measurements is largely due to physiological changes over time rather than technical 

errors such as inaccuracies in selecting the measurement location.   

Variability is reduced under controlled laboratory conditions. Using a flow model consisting of 

glass capillary tubes infused with skim milk, Chauhan et al. found a mean coefficient of 

variation for HRF flow of 4.05% 11.  

Kagemann et al. found that the variability of measurements obtained weeks apart was much 

greater than consecutive measurements obtained in one sitting, with coefficients of variation of 

30.1% compared to 6.6% 15.   This can be explained either by greater physiological changes or 

differences in the HRF image acquisition occurring over the longer time frames. 

Measurement variability is dependent on the technique used for flow measurements.  Using the 

10×10 window there is less variability as opposed to using the 4×4 window, with coefficients 

of variation of 23.77% and 34.23% respectively.  This can be explained by less spatial 

averaging of measurements within the 4×4 window (16 pixels) compared with the 10×10 

window (100 pixels) 8. 

Many researchers have found that reproducibility is significantly affected by the ability to 

precisely locate the desired target on successive measurements, with considerable variation 

resulting from movement of the sample window by as little as 1 pixel, with variation between 

adjacent 10×10 frames in retinal locations as high as 18-23% 21. 

In the commercially available software, there is no method for exact transposition of the 

measurement window.  Some researchers have devised novel analysis methods which reduce 

the variability of localised measurements by averaging data over wider areas of the flow image, 

which reduces the influence of both the spatial heterogeneity of blood flow and the heart beat 

associated pulsation.  
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Michelson et al. developed the automated full field perfusion image analyser algorithm which 

calculates the mean flow over the whole scan area after excluding extremely bright or dark 

pixels, saccades and large retinal vessels 56.  Using this algorithm they found reliability 

coefficients of 0.78 for recording flow values at similar locations on consecutive days which is 

similar to the reliability of the conventional technique of 0.82 16.   

Kagemann et al. devised a computer routine for sorting of the entire 256×64 pixel flow map 

(after exclusion of major vessels, poorly focused areas, and improperly illuminated pixels) to 

determine mean overall flow, and flow at different percentiles of the cumulative data 15.  Using 

this technique they obtained a coefficient of flow of 16.3% compared to 30.1% obtained using 

the conventional 10×10 window analysis.  

1.3.8 Brightness 

Blood flow measurements with the HRF have been shown to be increased in darker, 

underexposed images and decreased in brighter, overexposed images 19,18.  Tsang et al changed 

the DC levels by using background materials with different reflectivity in a blood perfused glass 

capillary flow model.  Kagemann et al altered the DC levels by varying the sensitivity setting.  

Both mechanisms of changing the DC values revealed similar results.  This reduction in flow 

with increasing brightness levels is possibly a consequence of the noise correction algorithm 

and DC normalisation routines which diminish perfusion values according to the brightness of 

locations.  Because the noise corrections are calculated from the entire perfusion map data and 

then subtracted locally, the reported values could be distorted between regions of the same 

image and between different images 18, 57. 

1.3.9  Sampling Depth 

One of the central issues in LDF and SLDF is the determination of the average depth and 

volume of tissue sampled by the emergent light.  For example, the perfusion parameters Flow 

and Volume measure the number of moving particles within the sampling volume.  A larger 

sampling volume is likely to result in higher readings for these parameters. 

Both optical absorption and scattering play important roles in determining the spatial 

distribution of energy deposited by laser in tissue 57.  The precise depth and volume of tissue in 

which the laser Doppler techniques samples blood flow is unknown and probably differs from 

one region of tissue to another, due to variations in the light-scattering and absorbing properties 

within tissue. 
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Only a limited theoretical basis for a prediction of depth sensitivity of the HRF has been 

described in the literature.  Assuming that the HRF and refractive media of the eye comprise a 

diffraction-limited imaging system, the actual size of the focused laser spot is described by a 

three-dimensional point spread function.  Using typical parameters for the optical properties of 

the eye, the point-spread function describes a volume about 400µm in depth 39.  It has been 

assumed by many investigators that this also defines the sampling volume of the HRF.  

However, this analysis disregards the scattering and absorption of light within tissue, which are 

likely to modify the point spread function.   

There has only been one attempt to assess the sampling depth of HRF measurements.  In rhesus 

monkeys, Cioffi et al. manipulated the blood flow to superficial and deep parts of the optic 

nerve head by surgical occlusion 13.  They concluded that the HRF measures blood flow 

principally in the superficial nerve fiber layer of the optic nerve head, with little contribution 

from blood flow in laminar and retrolaminar regions. This study suggested that the HRF was 

unable to sample flow in the optic nerve head deeper than 356µm which was the average depth 

of the nerve fibre layer.   

The findings of this study are comparable to a similar study in rhesus monkeys using single 

location LDF to measure optic nerve head blood flow 58.  This study also found that the LDF 

technique is predominantly sensitive to blood flow changes in the superficial layers of the optic 

nerve head. 

The findings of an in-vitro study examining the depth sensitivity of single location LDF through 

different thicknesses of excised optic nerve head tissue in a model eye found a depth sensitivity 

of 600 µm 59.  However, in this model all of the optic nerve sections were taken as transverse 

sections from regions where nerve fibres were oriented parallel to the nerve axis.  In this 

situation, the nerve fibers could act as wave guides, and thus enhance the penetration of light 

through the sections. 

There have been no attempts to establish the sampling depth of single location LDF or SLDF in 

retina.  Intuitively it seems plausible that this may be greater than the sampling depth within 

optic nerve head, since retina is more transparent than optic nerve head and thus may transmit 

light more efficiently.   Choroidal blood flow has been measured by LDF in the foveal region of 

the retina60 where the overlying retina is very thin, but there have been no reports of choroidal 

blood flow contributing to flow measurements in other parts of the retina, or of choroidal 

vessels being visible on HRF flow images. 
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Using the technique of differentially changing the blood flow to superficial and deeper tissues, 

has suggested a relatively superficial measurement depth.  For example, Sheperd and Riedel 61 

found that reactive hyperaemia of intestinal mucosa in dogs was only detectable from the 

mucosal side and not from the serosal side.  LDF measurements in skin have shown 

insensitivity to changes in blood flow of the underlying skeletal muscle induced by exercise 62. 

1.3.10 Focus 

Defocus of the HRF has been found to yield higher SLDF perfusion values 20.  De-focus may 

alter the HRF flow parameters in different ways.  By shifting the axial location of the sampling 

volume, different vascular locations are examined.  De-focus may also affect the brightness or 

DC level of the image, which may independently affect the flow results. 

1.3.11  Pulsatility of Blood Flow 

Sullivan et al. found that the HRF flow measurements are significantly affected by the cardiac 

pulse63 which accounts for the alternating bright and dark banding pattern observed in some 

clinical HRF flow images.  Blood flow measurements in a 10×10-pixel area fluctuated by as 

much as 50% depending on the phase of the cardiac cycle.   

This arises because the scanning procedure for each line takes 0.032 seconds, which amounts to 

2.05 seconds to complete all 64 lines of the scan area.  Thus, perfusion measurements are 

recorded at slightly different times of the pulse phase and two to three cardiac cycles occur 

during the total scan time. 

Sullivan showed that this variability between similar measurement locations could be reduced 

by timing HRF image acquisition with the cardiac cycle. 
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Chapter 2.0: Validation Experiment using an Isolated 
Perfused Pig Eye Flow Model 

2.1 Introduction 

In this experiment, an isolated perfused pig eye was used as a model to determine the validity 

and optimal interpretation of the HRF.  This preparation has previously been used in our 

laboratory to validate a hydrogen clearance technique for ocular blood flow measurements 43.  

In the isolated eye preparation, the ocular circulation is perfused at a known rate that can be 

modulated.  The ocular circulation is isolated from systemic influences.  The pig eye is similar 

to the human eye structurally and optically.  This study describes HRF flow measurements from 

specific regions of the retinal vasculature over a wide range of perfusate flow rates, including 

zero flow, at which the inherent flow zero-offset can be determined.  In this way the magnitude 

of the HRF flow signal can be determined as a function of the perfusate flow rate in each of the 

vascular structures of interest.   

2.2  Methods 

Enucleated pig eyes were obtained from a local abattoir.  Enucleation was performed 

immediately after slaughter with care to preserve the choroidoretinal arteries, which lie within 

the internal optic nerve sheath.  Pig venous whole blood was collected during exsanguination 

and anticoagulated with citrate-phosphate-dextrose-adenine buffer.  It was found that 

perfusion of the pig eye with whole anticoagulated pig blood led to unstable perfusion pressure 

and commonly led to occlusion of the cannula lumen, hence washed pig red blood cells were 

used.  Red blood cells were separated from the plasma phase by centrifuge at 4000 RPM for 

10 minutes, after which the plasma and buffy coat were discarded.  The red blood cells 

were then washed with phosphate-buffered saline and centrifuged at 4000 RPM for a further 

5 minutes. 

2.2.1  Isolated Arterially-Perfused Pig Eye  

Experiments were performed on 16 pig eyes.  A feeder artery to the retinal circulation branches 

from the choroidoretinal artery and lies within the optic nerve sheath close to the eyeball 64 

 (see Figure 2.1).  This artery was selected for cannulation, and any side branches if present 
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were ligated.  Tapered glass cannulas with internal diameters of ~130 µm were made for this 

purpose. The optical quality of the cornea was maintained by covering the cornea with 

methylcellulose and a contact lens. As the aim was to use the preparation as a passive model 

for testing the HRF, no attempt was made to maintain optimal physiological conditions, as is 

usually the case for isolated perfused organ preparations.  Wrapping the eye in gauze and 

frequent bathing with Krebs solution prevented drying of the tissues. The eye was placed in 

a custom-built stage with a stereotactic cannula holder for fine cannula manipulation 

(see Figure 2.2 and Figure 2.3).  Perfusion was delivered at precisely controlled flow rates by a 

syringe pump (Harvard 22, Harvard, USA). Perfusion pressure was monitored by a pressure 

transducer (Kobe, Japan) which was placed in the flow circuit close to the entry point to the eye.  

After cannulation, the eye was perfused with Krebs solution at a flow rate of 100 µl/min to clear 

any remaining red blood cells from the retinal vasculature.  The fundus was observed by 

indirect ophthalmoscopy.  When the vasculature was clear of red cells and the perfusion 

pressure had stabilised, the perfusate was switched to a 50%/50% mixture of washed red cells 

and Krebs at a baseline flow rate of 50 µl/min.  Papaverine 10-6 M was added in the perfusate to 

dilate the retinal vasculature.  When the vasculature was filled with the red blood cell perfusate 

and the perfusion pressure had stabilised, HRF images were acquired. 

2.2.2 Image Acquisition 

Scan locations were selected based on the following criteria: (1) Two disc diameters away from 

the optic disc along a vascular arcade, (2) At least one artery or vein with some visible branches 

on HRF flow image at perfusate flow rate of 50µl/min, and (3) Good quality reflectivity image 

of the fundus with the nerve fibre layer in sharp focus. Care was taken to position the HRF 

camera at a distance of ~1 cm from the cornea, since camera-eye distance has been shown to 

influence HRF measurements. 

The perfusate flow rate was incremented in a stepwise fashion over the range from 

0 to 300µl/min (~3 to 10 µl/min per step), and at each perfusate flow rate, after waiting for 

2 minutes, an image was acquired with the HRF.  Preliminary experiments demonstrated that 

2 minutes was an adequate time period for the perfusion pressure and flow values (measured by 

HRF) to stabilise at each flow rate. The same increments were not used in every case so the 

perfusate flow values were combined into discrete ranges for the averaged data.  
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Figure 2.1:  Pig Retinal Arteries 

 
Dorsal view of the arteries at the posterior aspect of a left pig eyeball showing a typical retinal artery 

(blue arrow head) selected for cannulation.  (Taken from Simoens, 1985)
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Fig 2.2:  Isolated Perfused Pig Eye Apparatus Schematic 

 
Shows perfusion system consisting of packed RBC and Krebs solution delivered via a syringe pump into 

the cannulated retinal circulation of the pig eye, with a pressure transducer monitoring system pressure. 
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Figure 2.3:  Photograph of Apparatus 

 
A photograph of an isolated perfused pig eye in the custom designed holder showing the X-Y-Z 

stereotactic cannula manipulator.  The contact lens covering the pig cornea can be seen.  

 

 

 

 

 

 

 

 

 



Thesis – Experimental Study of a Scanning Laser Doppler Flowmeter 
By Dr Russell James Townsend  Page 31 
 
 

 

2.2.3 Fluorescence Angiographic Technique 

To define the detailed vascular architecture and confirm that the entire retinal circulation was 

fully perfused, the vascular system was filled with a fluorescein/gelatin mixture 65. After 

acquiring HRF images throughout the range of perfusate flow rates, the red blood cells were 

flushed out of the retinal vasculature with Krebs, followed by injection of a bolus of 100µl of 

5% FITC (fluorescein isothiocyanate)/3%gelatin warmed Krebs solution.  The eye was then 

removed from the perfusion system and immersed in buffered formaldehyde.  After 4 days of 

immersion fixation the retina was dissected from the eye and whole mounted for analysis with 

fluorescence microscopy.   

2.2.4 Data Analysis 

Based on the architecture of the retinal microcirculation depicted in the fluorescein filled 

vasculature, various locations of the HRF flow image were selected for quantitative analysis 

using the 10×10 pixel sampling window.  Measurements were performed in the following 

locations: (a) retinal artery, (b) vein, (c) arteriole, (d) venule, (e) capillary area, 

(f) capillary-free-zone adjacent to a retinal artery.  Only HRF flow data was analysed.  When 

selecting capillary locations, care was taken to avoid arterioles and venules. Alignment of the 

window of measurement for sequential images was achieved using a tracing the vessel outlines 

on an acetate film, which overlaid the reflectivity image. In each eye only one sample from 

retinal artery, vein, venule and capillary-free-zone locations was analysed but two samples from 

retinal arterioles and capillary areas were used when available.  

The data consisting of paired perfusate flow/HRF flow points was graphed to study the 

relationship between actual perfusate flow and HRF flow. Bi-directional standard error bars 

were used when a range of perfusate flow rates was grouped. A statistics package (SigmaStat, 

SPSS, USA) was employed for statistical analysis. A one-way RM ANOVA was performed to 

determine any significant differences between measured HRF flow at a given perfusate flow 

rate and the measured HRF flow at zero perfusate flow. 
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2.3 Results 

2.3.1 HRF Flow Image, Reflectivity Image and Retinal Vascular Architecture 

Figure 2.4 shows an HRF measured reflectivity or Direct Current (DC) image (top panel) and 

flow image (middle panel) taken at a perfusate flow rate of 160 µl/min, and a fluorescence 

micrograph of the same location (lower panel).  In the fluorescence micrograph, each order of 

retinal vasculature right down to the capillary level can be identified. This incorporates 4 to 5 

orders of branches 66.  In the reflectivity image the artery and vein are very distinct, having a 

lower reflectivity than the surrounding retina.  However, even the first order branches from 

these vessels are only partially visible. In contrast, on the HRF flow image, much finer detail of 

the retinal microvasculature can be seen in comparison to the reflectivity image.  At least 2nd 

and 3rd order arterioles can be identified.  In comparison with the vascular micro architecture 

evident in the fluorescein image, the capillary network is not clearly delineated in the HRF flow 

image.   There is however a close correlation between the HRF flow image and the vascular 

anatomy of pre and post capillary structures in the measurement area.  

2.3.2 HRF Flow Images at the Different Perfusate Flow Rates 

A set of representative HRF flow images recorded at different perfusate flow rates at the same 

location in an isolated perfused pig eye is shown in Figure 2.5.  This demonstrates a clear 

relationship between perfusate flow rate (0 – 300 µl/min) and HRF flow rate. At zero perfusate 

flow the background of the HRF flow image was dark and featureless, except for the major 

retinal vein, which showed a faint signal.  At a perfusate flow rate of 10µl/min, the major retinal 

vessels and their first order branches can be seen in the HRF flow image. Further increments in 

perfusate flow rate resulted in increasing contrast in the HRF flow image to the point where at 

the higher perfusate flow rates, 3rd and 4th order arteriole branches are clearly represented, but 

there is no visible capillary network.  In contrast to the flow images the reflectivity images show 

little change over the 10 to 300 µl/min perfusion range.  However, the reflectivity images are 

still useful in confirming that the HRF remained focused on the superficial vasculature at all 

times.  
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Figure 2.4:  HRF DC image, HRF Flow map and Fluorescence Micrograph 

 
Three different images of the same retinal location in an isolated perfused pig eye.  Figure 2.4a is a DC or 

reflectivity image which is determined by the average intensity of back-scattered light.  Figure 2.4b is the 

HRF Flow image, in which pixel intensity is derived from analysis of the extent of Doppler shift 

produced by the moving red blood cells.    Figure 2.4c is a fluorescence micrograph of the same location 

after FITC/gelatin injection, fixation and fluorescence microscopy.   Note that in the DC image the artery 

and vein are very distinct, having a lower reflectivity than the surrounding retina.  The arteriole and 

venule are partly visible as a faint outline.  On the Flow map, much finer detail can be seen, and this 

corresponds to the vascular architecture evident in the fluorescein angiogram.  Note that the arterioles and 

venules are easy to discriminate against the low intensity background in the HRF Flow map, however the 

capillary network is not clearly delineated, compared to the detail in the fluorescein angiogram. 
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Figure 2.5:  HRF Flow Map Series From 0 to 300µl/min  

 
A representative series of reflectivity and HRF flow maps acquired at each flow rate from 0 to 300µl/min.  

At zero perfusate flow the HRF flow image is dark, with only the major retinal vein showing patches of 

poor contrast. As perfusate flow is increased the HRF flow images reveal much greater detail in a pattern 

consistent with the vascular network in the chosen area. The final flow image also shows the analysis 

windows superimposed on the image to highlight the specific regions chosen for further analysis. 
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2.3.3 Relationship between the HRF Flow Rates and the Perfusate Flow Rates 

Typical data  

As shown in Figure 2.5, HRF flow images clearly changed with increasing perfusate flow rates. 

To quantify the HRF flow rate at selected locations as a function of perfusate flow rate, 10×10 

pixel sampling windows were positioned as shown in the flow image on the lower panel of 

Figure 2.5 and the average flow within the window was determined.  Figure 2.6 shows the 

results graphed in terms of HRF flow at each location versus perfusate flow rate.  Although 

HRF flow measurements at zero perfusate flow were quite similar for different locations with a 

range of 166 to 206 AU, there were noticeable differences in the responses of HRF flow to 

incremented perfusate flow at different sampling locations.  The artery and vein curves had 

similar characteristics with steep gradients up to 50µl/min and HRF flow reaching more than 

5000 AU for the artery and 3000 AU for the vein, and then more gradual increases in HRF flow 

until a plateau was reached beyond perfusate flow rates of 200 µl/min. The arteriole and venule 

curves appeared to have a more linear relationship, the gradient of the arteriole being steeper 

than for the venule, and their maximum values were reached just over 1000 AU for the arteriole 

and about 500 AU for the venule, both of which were much lower than the artery and vein 

maxima. The capillary curve showed no distinct relationship between perfusate flow and HRF 

flow at low perfusate flow rates, but at higher flow rates there was more of a direct trend. The 

HRF flow maximum for the capillary area reached just above 300 AU, which was much lower 

compared to arteriole locations.  The capillary-free-zone location did not appear to have a 

relationship between perfusate flow and HRF flow.  The maximal values for HRF flow in 

descending order of magnitude were: artery, vein, arteriole, venule, capillary and capillary free 

zone.  

Averaged HRF flow rates from different locations at zero perfusate flow 

Figure 2.7 is a graph showing grouped data of HRF flow values at zero perfusate flow for the 

six different sampling locations from 16 eyes.  At zero perfusate flow the HRF flow was 

consistently greater than zero and averaged 171.9 ± 44.7 AU (n=97) across all chosen locations. 

The vein HRF flow at zero perfusate flow averaged 232.6 ± 23.7 (n=8), which was significantly 

higher (P<0.05) than for other sampling locations.  All other locations were not significantly 

different from each other (P>0.05).  The variability in HRF flow rates at zero perfusate flow 

was greatest for the major artery and vein.  Non-zero HRF flow rates obtained at zero perfusion 

flow represent background noise. 
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Figure 2.6:  Representative HRF Flow Data 

Figure 2.6 shows the graphed results of the representative data taken from the sampling locations shown 

in Figure 2.5, showing the relationship between HRF measured flow and perfusate flow rate for each of 

the selected retinal locations where the 10×10 pixel measuring window was placed over an artery, vein, 

arteriole, venule, capillary area, and capillary free zone. 
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Figure 2.7:  HRF flow at Zero Perfusate Flow 

 

Average HRF flow value measured from selected retinal areas when the perfusate flow was zero. The 

10×10 pixel measurement window was placed on either an artery, arteriole, capillary area, capillary free 

area, venule, or major retinal vein. The presence of an HRF flow signal in the absence of any perfusate 

flow illustrates that there is a background “noise” of unknown origin.  This noise was significantly greater 

in the region of the retinal veins when compared to the other retinal locations selected.  
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Averaged HRF flow rates from different locations as a function of perfusate flow  

Figure 2.8 shows the averaged results of the artery and vein sampling locations from 14 eyes.  

For retinal arteries, over the initial increments of perfusate flow from zero to 50 µl/min, HRF 

flow increased rapidly to ~3400 AU.  Above 50 µl/min HRF flow increased more gradually to 

reach ~4200 ΑU at a perfusate flow of 150µl/min, and a maximum of ~5400 AU at 300µl/min. 

Retinal vein sampling locations showed similar trends, the main difference being lower HRF 

flow magnitudes.  Between perfusate flows of zero and 50 µl/min, HRF flow increased with a 

steep gradient from ~230 AU to ~2500 AU.  Above 50 µl/min HRF flow increased more 

gradually to reach ~ 3000 ΑU at 150 µl/min and a maximum of ~4300 AU at 300 µl/min.  All 

averaged HRF flow values in arteries and veins at perfusate flow rates above zero were 

significantly higher than HRF flow at zero perfusate flow (p< 0.05).  

Figure 2.9 shows the grouped results for arteriole and venule sampling locations.  For arterioles, 

over the perfusate flow range from zero to ~125µl/min HRF flow increased steadily in a linear 

fashion to ~500 AU.  Above a perfusate flow of 125 µl/min, HRF flow increased more 

gradually, reaching a maximum of ~700 ΑU at 275µl/min.  For venules, the relationship 

between HRF flow as a function of perfusate flow was quite similar to the results for arterioles, 

the main difference being lower HRF flow magnitudes.   Between perfusate flows of zero and 

150 µl/min, HRF flow increased in a linear fashion to ~350 AU.  Above a perfusate flow of 

150 µl/min, HRF flow remained at a plateau of ~350 AU.  In both arterioles and venules all 

grouped data for HRF flow at perfusate flow rates above zero was significantly different from 

HRF flow at zero perfusate flow (p< 0.05).  

Figure 2.10 illustrates the grouped results for the capillary and capillary-free-zone sampling 

locations.  Compared to other locations measured, the relationship between HRF flow as a 

function of perfusate flow was not as clear for these locations, and the changes in HRF flow 

magnitude over the perfusate flow range were very small.  The HRF flow value for capillary 

areas was ~160 AU at zero perfusate flow and ~200 ΑU at maximum perfusate flow. All 

grouped data for HRF flow in capillary areas at perfusate flow rates below 150µl/min was not 

significantly different from HRF flow at zero perfusate flow (p>0.05).  However, all grouped 

data for HRF flow at perfusate flow rates above 150µl/min was significantly different from 

HRF flow at zero perfusate flow (p<0.05).  
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Figure 2.8:  HRF Flow for Artery and Vein 

 
Average HRF measured flow as a function of perfusate flow calculated from a 10×10 pixel window 

positioned over a major retinal artery or vein. 
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Figure 2.9:  HRF Flow For Arteriole and Venule 

 
Average HRF measured flow as a function of perfusate flow calculated from a 10×10 pixel window 

positioned over a retinal arteriole or venule. 
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Figure 2.10:  HRF Flow For Capillary and Capillary-Free Zone 

 
Average HRF measured flow as a function of perfusate flow calculated from a 10×10 pixel window 

positioned over an area with only retinal capillaries or over a capillary free zone.  
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In the capillary-free-zones there did not appear to be any obvious trend for HRF flow as a 

function of perfusate flow.  There was no significant difference between HRF flows at perfusate 

flows above zero compared to the values at zero perfusate flow.   

2.4 Discussion 

The major finding of this study is that different HRF responses to actual flow conditions are 

found when selecting different measurement regions of the vasculature in a perfused retina 

preparation. This finding, suggests that careful interpretation of HRF flow images is required to 

obtain an accurate estimate of retinal blood flow.  The advantage of this model was that the 

retinal vasculature was intact, yet perfused at a controlled and easily manipulated flow rate and 

the optical pathways were the same as encountered in-vivo.  This essentially provided a living 

organ model to examine the relationship between perfusate flow and HRF flow.  In particular, 

the ability to study a zero flow condition allowed the background “noise” (or zero-offset) in the 

HRF flow map to be determined.  The strength of subsequent flow related signals when 

perfusate flow commenced could then be compared to the background noise.  In this manner the 

signal to noise ratio (SNR) of the flow signal from specific vascular locations can be assessed.  

A further advantage of this model was that the retinal vasculature was readily labelled for 

anatomical analysis at the conclusion of the experiment. This allowed a direct comparison 

between the HRF flow images and the vascular morphology.  This also served to confirm that 

the entire vascular network, including the retinal capillaries, was fully perfused during the 

experiment. 

An important question to consider is how to compare the isolated perfused eye model with 

in-vivo or clinical situations.  We have only limited information about the rates of total retinal 

blood flow in humans.  A range of total retinal blood flow of 33 µl/min 23 to 80 µl/min 67 

calculated from laser Doppler measurements has been reported in normal human subjects.  

From our preliminary study in pig eyes, we have confirmed that when perfusing the feeder 

artery to the retinal circulation, the vast majority of perfusate flow is through the retinal 

vasculature.  We can therefore assume that the maximum total perfusate flow through the entire 

retinal circulation approaches 300 µl/min.  Presuming that normal retinal blood flow rates in the 

pig and the human are comparable, our chosen perfusate flow range of zero to 300 µl/min 

therefore covers the normal and pathological flow range in the retina.  Although the actual flow 

rate in any particular retinal vessel in our preparation is unknown, it is reasonable to assume that 

there will be a close correlation between local and total perfusate flow. 
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The average zero-offset or background noise level in our study (171.9 ± 44.7 AU) is 

comparable to that previously reported in post-mortem rabbit choroid and static objects (150 to 

300 AU) 52.  The source of the background noise has not been fully established, but is probably 

largely due to photodetector electrical noise as well as detection of residual red blood cell 

motion due to settling or convection forces 7.  This noise is critical in terms of confirming 

whether measurements from the HRF flow map represents true blood flow-induced signal.  If 

the HRF measured results are not significantly different from the background noise this 

indicates that noise dominates, and the SNR is poor, making it difficult to extract meaningful 

flow information.  

The zero-offset from the vein locations in our study was significantly higher than for other 

locations.  This was supported by faint visualisation of the vein on the otherwise featureless 

HRF flow image recorded at zero perfusate flow (Figure 2.7).  The reason for this finding is 

unclear.   The most likely explanation is that the veins, which have lower reflectivity than other 

tissues in the retina (appearing darker on the reflectivity image compared to other locations) are 

not subjected to the same degree of noise correction, leading to relatively higher HRF signal.   

Our results showed that the highest SNR were recorded from retinal arteries and veins.  In the 

retinal artery the SNR reached ~30 at maximal perfusate flow rates.  This compares with SNR 

of ~4 for the arterioles, ~2 for the venules, and ~1.3 for the retinal capillaries.  However, the 

SNR is not the only factor to be considered.  The linearity of the HRF response as a function of 

perfusate flow in the retinal arterioles was significantly better than that from the retinal arteries.  

Saturation of the HRF response from the retinal arteries may be a factor with RBC velocities 

exceeding the maximum resolvable velocity of the instrument.  Technical improvements to the 

HRF may be required to extend the useful range over which linear relationships between flow 

and HRF signal can be achieved.   

The results for arterioles and venules showed that maximal HRF flows were about an order of 

magnitude less compared to HRF flows in arteries and veins.  This can partly be explained by 

the smaller vessel dimensions, which take up less pixels within the sample windows compared 

to the major vessels which fill the sample window. 
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The results for capillaries showed that HRF flow values were very low compared to other 

vascular locations.  In capillary regions HRF flows were only significantly different from the 

zero-offset at higher perfusion flow rates (> 150 µl/min), but were still only marginally greater 

than the zero-offset (low SNR).  Under these conditions there seems little likelihood that 

reliable measurements of HRF flow at the capillary level can be achieved with the present 

instrument.  The absence of a clear capillary outline in the HRF flow map is further evidence 

that the flow signal from the capillary level is weak.  

The results for capillary-free-zone locations showed that there were no significant differences 

between HRF flows at any of the perfusate flow rates above zero compared to the zero-offset.  

This result is consistent with the deficiency of retinal capillaries within this location.  

It was observed that the arterioles and venules within the superficial capillary layer were 

visualised more clearly in flow images, than similar size vessels within the middle or deeper 

layers.  This suggests either a measurement bias towards vessels located within the superficial 

vasculature or higher flow rates within these vessels compared to vessels deeper within the 

retina.  This observation suggests that the theoretical sampling volume which extends 200µm in 

depth either side of the focus plane in the shape of a double cone 39, may be an 

oversimplification, as it does not account for this apparent HRF signal attenuation with depth in 

the retina. 

This study demonstrated that HRF measured blood flow in the pig retinal capillary bed was very 

weak, only reaching statistical significance at flow rates above 150µl/min, after which HRF 

flow values were not much greater than the zero-offset.  Compared to larger vessels, the 

capillaries were not clearly visible in the HRF flow image, which was consistent with the low 

magnitude of HRF flow measurements.  

The validity of recording HRF flow in large vessels has been judged to be invalid for several 

reasons.  Firstly, the perfusion calculations are based on the premises of the theoretical model 

described by Bonner and Nossal, which describes a capillary bed and assumes dominant light 

scatter by static tissue scatterers with less significant scatter by the sparse moving red blood 

cells.  When light encounters the tissue it is scattered in multiple directions by the static 

scatterers and thus the orientation of the photodetector to the tissue surface is unimportant.   



Thesis – Experimental Study of a Scanning Laser Doppler Flowmeter 
By Dr Russell James Townsend  Page 45 
 
 

 

However, when considering the interaction of light with a large vessel the assumptions of 

Bonner and Nossal are not well supported.  Scattering from moving red blood cells is likely to 

be more significant due to the higher concentration of moving red blood cells in a large vessel, 

compared with the more scant distribution of red blood cells in the capillary bed.  The 

application of laser Doppler measurements in large vessels (laser Doppler Velocimetry) is very 

different to measurement of tissue flow and these applications have been treated differently in 

past studies (see Chapter 3).  

Secondly, the velocity resolution of the HRF is limited by the scanning frequency, with a 

frequency cut-off of 2kHz.  Based on the simple Doppler equation, this places a theoretical 

limitation on the maximum resolvable velocity vector to about 1mm/sec along the axis of the 

photodetector 11.  The velocity of RBC in large vessels has been predicted to be in the order of 

7mm/sec to 20mm/sec 68, and many investigators have used this as an argument to invalidate the 

use of SLDF for recording large vessel flow.  However, if the vessel orientation is nearly 

perpendicular to the photodetector, the velocity vector along the axis of the photodetector may 

be within the velocity resolution of the instrument.  In this case the measurement of large vessel 

flow may be plausible.  Certainly, this study clearly demonstrates that large vessel 

measurements with the HRF are directly related to actual flow rates within a certain flow range.  

As the vessel orientation relative to the photodetector was not known and the actual red blood 

cell velocity was not measured, this question of the resolution of HRF flow measurements in 

large vessel blood flow was not answered by this experiment, and requires further investigation.    

In conclusion, the isolated perfused eye preparation was a useful model to improve our 

understanding of the validity and interpretation of HRF flow measurements.  The results have 

confirmed that the HRF flow image contains flow information relating directly to blood flow 

within the retinal circulation.  Careful selection of measurement site is clearly important in 

influencing the significance and linearity of flow measurements.  Although the larger retinal 

vessels produce the highest flow signal and the greatest SNR, flow rates probably exceed the 

maximum velocity resolution of the HRF, and HRF flow response is not linear.  Selection of a 

region containing retinal arterioles may produce more valid results as the flow response is most 

linear over the widest range of flow rates.  Selection of a capillary location with no arterioles or 

venules does not produce valid results, as the SNR is very low. 
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Chapter 3.0: Interpretation of SLDF Maps in a Rat 
   Model of CRAO 

3.1 Introduction 

The purpose of this study was to further understand the source of the HRF flow signal in retinal 

blood flow measurements.  Using a pigmented rat model, HRF acquisitions were performed at 

different focus depths, both in the presence and absence of retinal blood flow and in the 

complete absence of ocular blood flow.  This analysis allowed assessment of the contributions 

from the retina and choroid to HRF blood flow measurements, the zero-offset HRF signal, and 

the influence of focal plane on HRF measurement.  Measurements from specific vascular 

locations in the flow image series were analysed with the 10×10 pixel and 4×4 pixel windows.   

A pigmented rat model was chosen for the reason that the retinal vascular distribution and level 

of pigmentation is not unlike that in man.  The central retinal artery in Brown Norway rats also 

offers the advantage of a high degree of pigmentation where it branches on the optic disc 

surface to form the retinal circulation, making the entire retinal arterial system amenable to laser 

occlusion. After post-occlusion measurements, choroidal blood flow could also be manipulated 

by exsanguination of arterial blood causing reduction of systemic blood pressure, and lastly by 

killing the animal. 

3.2 Methods 

3.2.1 General Preparation 

Six pigmented Brown Norway rats were used for this study. On the day of the experiment the 

animal was anaesthetized with an intraperitoneal injection of 100mg/kg 5-ethyl-5- (1'-methyl-

propyl)-2-thiobarbiturate (Inactin, Sigma Chemical, St. Louis, MO, USA). Atropine sulphate 

(20 mg) was administered intramuscularly to minimise salivation.  The trachea was cannulated 

for mechanical ventilation, the left internal jugular vein for venous infusion of supplemental 

anaesthetic or a bolus dose of Rose Bengal, and the femoral artery for continuous blood 

pressure monitoring and occasional aspiration of arterial blood (60µl) for blood gas analysis 

(CIBA-CORNING 238, Helstead, Essex, UK).  
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The rat was then mounted prone in a modified stereotaxic apparatus (model 51400, Stoelting, 

IL, USA), and the head fixed in position. The rat was artificially ventilated (Harvard rodent 

respirator, model 683, Harvard, South Natick, MA, USA) at a rate of 90 breaths/min with an 

appropriate tidal volume to ensure normal arterial pCO2 levels. Rectal temperature was 

monitored and maintained at 37.5ºC by a homeothermic blanket (Harvard Apparatus, Holliston, 

Massachusetts).  Experiments usually lasted 3 hours, after which the rat was sacrificed with an 

anaesthetic overdose.  All procedures conformed to the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research. 

3.2.2 Ocular Surgery and Laser-Induced CRAO 

The left eye was used for all flow measurements.  The pupil was dilated with 1% Mydriacyl 

(Tropicamide, Alcon, Australia).  An eye ring was sutured to the conjunctiva at the limbus and 

fixed to the stereotaxic framework of a custom built ultramicrosurgical system 69.  A 

plano-concave contact lens was placed on the cornea to allow the vitreous and the fundus to be 

visualised using an operating microscope (Zeiss OPSM6-SF Germany) during laser-induced 

central artery occlusion, or with the HRF device during flow measurements. An additional 

stereotaxic framework was specifically manufactured for mounting the HRF camera. This 

device allowed rotation of the HRF laser through the optical centre of the rat eye and adjustment 

of camera distance from the eye.  The camera head could be removed and replaced in the same 

position thereby virtually eliminating any instrument-eye alignment errors and allowing the 

same region of fundus to be imaged before and after laser occlusion of the retinal circulation.  

Central retinal artery occlusion was achieved using a laser (532nm Diode laser Iridex GL, CA, 

USA) mounted to the operating microscope.  Following a bolus injection of 0.1 ml of Rose 

Bengal (Chauvin Pharmaceutical Ltd, Essex, UK) into the internal jugular vein , a single 

490 mW shot of laser light (532nm Diode laser Iridex GL, CA, USA), with a pulse duration of 

300ms and spot size of 300µm, was delivered to the central retinal artery. 

3.2.3 Image Acquisition 

The HRF objective lens used in our studies was specially designed and manufactured (by 

Heidelberg Engineering GmbH) for imaging the rat retina in combination with a customised 

contact lens placed on the rat cornea.  Increments of focus depth were modified to 

0.125 diopters per step instead of 0.25 diopters on the standard instrument.   
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Scan locations were selected approximately two disc diameters away from the optic disc along a 

vascular arcade with at least one artery or vein visible on the HRF flow image.  Flow images 

were recorded at different focus depths.  The HRF camera-eye distance was adjusted such that 

the superficial retinal artery and vein were in sharp focus with the focus adjustment set to zero.  

HRF images were then acquired at focal planes ranging between +1.5 diopters and –3.5 diopters 

to record HRF parameters over a range of depth biases, from inner retina to choroid 

(see diagram).  Sharpest focus of the large choroidal vessels occurred at ~ -1.5 diopters.  The 

smallest focal steps of 0.125 diopters were used in the range from 0.5 to -2.0 diopters and steps 

of 0.25 diopters were used for the remainder of the focus range studied.  The HRF flow images 

were measured from various locations including retinal artery, vein, arteriole, capillary bed and 

choroidal vessels before and after laser-induced central retinal artery occlusion.  The 

relationship between HRF flow and focus depth was determined.  Finally, the effect of systemic 

blood pressure modulation on HRF flow (after central retinal artery occlusion) was also 

recorded.  The systemic blood pressure was reduced in a stepwise fashion by exsanguination 70, 

while acquiring HRF images at 0.5D intervals within a focal range of –1.5D to –3.5D to ensure 

that the focal planes were biased towards choroid locations.  Preliminary experiments 

demonstrated that ~1 minute was an adequate time for the systemic pressure and flow values 

(measured by HRF) to stabilise at each flow rate.  

3.2.4 Fluorescence Angiographic Technique 

To define the detailed architecture of the choroidal vessels and confirm occlusion of the central 

retinal artery, a fluorescence angiographic technique was performed 65.  After the rat was killed, 

the head was perfusion fixated (1% glutaraldehyde, 4% paraformaldehyde) via the internal 

carotid arteries, followed by a bolus of 200µl of 5% FITC (fluorescein isothiocyanate) / 3% 

gelatin warmed Krebs solution.  The eye was then enucleated and immersed in chilled buffered 

formaldehyde.  After 1 day of immersion fixation the retina and choroid with sclera were 

dissected from the eye and whole mounted for analysis with fluorescence microscopy.   

3.2.5 Data Analysis 

The following locations were selected for analysis with the default 10×10 pixel window and the 

4×4 pixel window: (a) retinal artery, (b) retinal vein, (c) retinal arteriole, (d) capillary locations 

devoid of larger visible retinal and choroidal vessels, and (e) choroidal vessels.  Only HRF flow 

data was analysed, as preliminary work demonstrated similar trends in Volume and Velocity 

perfusion parameters.   



Thesis – Experimental Study of a Scanning Laser Doppler Flowmeter 
By Dr Russell James Townsend  Page 49 
 
 

 

Alignment of the measurement window for sequential images was achieved by tracing the 

vessel outlines on an acetate film overlying the HRF flow image. Only one sample for retinal 

artery, retinal vein, and choroidal vessels was used, but two samples for retinal arterioles and 

capillary areas were used when available.  

3.2.6 Data Presentation 

The pre and post retinal artery occlusion HRF flow data from all six rats was averaged for each 

focus interval group and represented graphically with uni-directional standard error bars.  The 

HRF flow data acquired during blood pressure manipulation was averaged for each blood 

pressure interval and represented graphically with bi-directional standard error bars.  All 

statistical testing was performed using the statistics program SigmaStat (Jandel Scientific 

Software, San Raphael, CA, USA). One way RM ANOVA with a significance acceptance level 

of p < 0.05 for the F value was performed to determine any significant differences in measured 

HRF flow at different focus depth planes.  Two way ANOVA with an acceptance level of 

 P<.05 was used to determine any significant differences in measured HRF flow before and 

after central retinal artery occlusion and the influence of changes in focus depth. 

When appropriate, Student’s t test was employed. All mean data is expressed as mean ± 

standard error, and all error bars represent standard errors. 

3.3 Results 

3.3.1 Fundus Photographs Before and After Laser-Induced CRAO 

Figure 3.1 shows fundus photographs from a Brown Norway rat using a plano-concave contact 

lens and an operating microscope.  Figure 3.1A was taken before central retinal artery occlusion 

(CRAO) and shows the radial distribution of retinal arteries (A) and veins (V).  The fundus is 

heavily pigmented and only a few choroidal vessels can be identified (Ch).  The pigment 

deposit at the head of the central retinal artery is clearly visible. Figure 3.1B was taken after 

central retinal artery occlusion.  Compared to the previous photograph, the optic disc has a 

whitish appearance.  The retinal arteries are slightly narrowed and darker and the veins are 

uneven in caliber and darker indicating obstruction of the retinal circulation. Choroidal vessels 

remain difficult to identify.  
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Ch Figure 3.1:  Rat Fundus Images   

 

Fundus images from a Brown Norway rat before 

(A) and after (B) laser occlusion of the central 

retinal artery. In figure 1A the radial distribution 

of retinal arteries (A) and veins (V) can be seen.  

Note the highly pigmented zone at the head of the 

central retinal artery (arrow). Relatively few 

choroidal vessels (Ch) can be seen. After laser 

occlusion there is stasis of blood in the retinal 

vessels. The disk has a pale appearance and the 

fundus generally appears paler. 

 



Thesis – Experimental Study of a Scanning Laser Doppler Flowmeter 
By Dr Russell James Townsend  Page 51 
 
 

 

3.3.2 Fluorescein Labelled Retinal Whole Mount Following CRAO 

Figure 3.2 shows fluorescence microscopy images of fluorescein-perfused rat retina following 

laser photocoagulation of the central retinal artery.  Figure 3.2A shows the flat mounted retina 

where it is evident that there is no fluorescence staining of the retinal vasculature or the retina 

itself in regions away from the disk. Figure 3.2B shows a section of choroid with the retina 

removed.  The staining pattern reflects the distribution of the choroidal vasculature.  The 

choriocapillaris can be recognised as a dense intervening network. Large choroidal vessels are 

embedded in melanin granules and lie behind the choriocapillaris obscuring their pattern and 

edges.  

3.3.3 HRF Flow Images at Different Focus Levels Before and After CRAO  

A set of representative HRF flow images recorded at different focus levels at the same location 

in a pigmented rat eye before and after central retinal artery occlusion is shown in Figure 3.3.  

This demonstrates a clear relationship between the focus level and the vascular structures 

evident on the HRF flow image.  At all focus levels in the pre-occlusion images some 

contribution from the major retinal vessels and choroidal vessels can be seen.  Figure 3 clearly 

demonstrates that in the pre-occlusion flow images, the large retinal vessels are visible as the 

brightest, highest contrast vascular elements in the flow image.  However, large choroidal 

vessels are also visible, being wider, fainter and lower in contrast than the retinal vessels.  With 

progressive focus shift to deeper sampling locations the large retinal vessels become less well 

defined, while the choroid vessels gain in intensity and contrast.  In the post occlusion images 

the major retinal artery and veins are no longer apparent in the HRF flow image. However, the 

major choroidal vessels remain clearly visible.  

3.3.4 HRF Flow Images as a Function of Systemic Blood Pressure After CRAO 

A set of representative HRF flow images recorded at different systemic blood pressures after 

central retinal artery occlusion is shown in Figure 3.4.  This demonstrates a clear relationship 

between systemic blood pressures (123 mmHg to 0 mmHg) and the HRF flow image.  At zero 

systemic blood pressure the overall background of the HRF flow image was featureless.  At a 

systemic blood pressure of 25 mmHg there was a faint outline of the major choroidal vessels. At 

higher systemic blood pressures the major choroid vessels gained progressively in intensity and 

contrast to the point where smaller choroidal vessels were evident.  
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Figure 3.2:  Rat Fundus Fluorescence 

Microscopy Images 

 
Microscope photographs of sections of an eye 

perfused with fluorescein after laser occlusion 

of the central retinal artery. The upper panel 

(3.2A) shows a whole mounted retina. The 

retinal artery (A) and vein (V) are free of 

fluorescein label at all locations away from the 

optic disk (empty arrow).  The lower panel 

(3.2B) shows a view of a section of choroid 

after the retina had been removed. Staining of 

the choroidal vasculature is evident. The 

choriocapillaris can be recognised as a dense 

intervening network. Large choroidal vessels 

are placed behind the choriocapillaris and 

embedded in the dark pigment granula. The 

pattern and edges of large choroidal vessels 

could not be identified easily (arrows). 
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Figure 3.3:  HRF Flow Map Series at Different Focal Depths Before and After CRAO 
 

HRF flow maps recorded over a range of focal depths before and after retinal artery occlusion.  When 

patent the retinal arteries and veins appear in sharp focus when the focal plane near the plane of the 

superficial retina (zero diopters). The choroidal vessels are more clearly in focus at deeper focal planes (-

1.5 diopters). After occlusion the retinal arteries and veins are no longer apparent in the HRF flow map. 
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Figure 3.4:  HRF Flow Map 

Series Post CRAO at Different 

Blood Pressures 

 

A sequence of HRF flow maps of the 

choroid (after occlusion of the retinal 

circulation ) at different levels of 

systemic arterial blood pressure. As 

blood pressure is reduced the 

choroidal vessels become less 

apparent in the HRF flow map.  At 

zero blood pressure, and presumably 

zero flow in the eye, the HRF image is 

featureless, representing the inherent 

background noise.  
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3.3.5 Relationship Between the HRF Flow Rates and the Focus Depth 

The averaged results across all animals for the retinal and choroidal flow rates at different focus 

levels before and after laser-induced central retinal artery occlusion are presented in Figure 3.5 

to Figure3.11.  Data is presented for both 10×10 and 4×4 pixel sampling windows.  

Figure 3.5 shows that in retinal artery sampling locations the HRF flow rate was above 

1300 AU regardless of the focal plane setting.  The flow values were significantly higher in 

superficial focal planes compared to deeper focal planes for the 10×10 (p<0.001) and 4×4 

(p<0.001) pixel windows respectively.  Flow values reached peak values of 2277 ± 206 AU and 

4006 ± 455 AU for the 10×10 pixel windows and 4×4 pixel windows respectively.  The HRF 

flow values measured with the 4×4 sampling window were significantly higher than 

measurements with the 10×10 sampling window (p<0.001).  After retinal artery occlusion the 

measured HRF flow rates fell significantly for all focal planes (p<0.001) to 158 ± 42 AU and 

166 ± 63 AU at zero diopters for the 10×10 and 4×4 windows respectively.  After occlusion, 

HRF flow in deep focal planes was significantly greater compared to flow measurements in 

superficial focal planes (p<0.05).  

Figure 3.6 shows similar results for the retinal vein measurements.  Prior to retinal artery 

occlusion at all focal planes the HRF flow was more than 1000 AU.  The flow values were 

significantly higher in superficial focal planes compared to deeper focal planes for the 10×10 

(p<0.001) and 4×4 (p<0.001) pixel windows respectively.  Flow values reached peak values of 

2085 ± 158 AU and 3396 ± 166 AU for the 10×10 pixel windows and 4×4 pixel windows 

respectively.  The HRF flow values measured with the 4×4 sampling window were significantly 

higher than measurements with the 10×10 sampling window (p<0.001).  After occlusion of the 

central retinal artery the measured flow rates in retinal veins were significantly reduced 

(p<0.001) in all focal planes, falling to 170 ± 36 AU and 149 ± 31 AU at zero diopters for the 

10×10 and 4×4 sampling windows respectively.  After occlusion, HRF flow in deep focal 

planes was significantly greater compared to flow measurements in superficial focal planes 

(p<0.05). 
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Figure 3.5:  HRF Flow for Artery Locations Pre and Post CRAO 

Average HRF flow rates from a 10×10 and 4×4 window positioned on a retinal artery as the focal plane is 

adjusted across the full thickness of retina and choroid both before (full squares) and after (empty 

squares) central retinal artery occlusion. When the retinal artery is patent the amplitude of the flow signal 

is significantly greater when the focal plane is at the level of the superficial retina when compared to that 

when the focal plane is deep within the choroid.  When the retinal circulation is occluded there was a 

significant reduction in the flow signal from the region containing a retinal artery. 
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Figure 3.6:  HRF Flow for Vein Locations Pre and Post CRAO 

Average HRF flow rates from a 10×10 and 4×4 pixel window positioned on a retinal vein as the focal 

plane is adjusted across the full thickness of retina and choroid both before (full circles) and after (open 

circles) central retinal artery occlusion. The amplitude of the flow signal from the region containing a 

retinal vein was significantly reduced when the focal plane is at the level of the superficial retina when 

compared to that when the focal plane is deep within the choroid.  Occlusion of the retinal circulation 

produced a significant reduction in HRF flow amplitude at all focal planes. 
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Figure 3.7 shows that for retinal arteriole sampling locations, HRF flow magnitude was much 

lower compared with HRF flow in major retinal vessel sampling locations.  The HRF flow 

values in superficial focal planes were not significantly higher than for measurements at deeper 

focal planes (p=0.823) for the 10×10 window.  In contrast, HRF flow measurements with the 

4×4 sampling window were significantly greater in superficial focal planes compared to deeper 

focal planes (p<0.001).  At zero diopters the average HRF flow values for the 10×10 and 4×4 

windows were 694 ± 61 AU and 1050 ± 138 AU respectively.  Following occlusion of the 

central retinal artery there was a significant drop in measured HRF flow values for all focal 

planes (p<0.001), falling to 274 ± 26 AU and 264 ± 42 AU at zero diopters for the 10×10 and 

4×4 sampling windows respectively.  After occlusion, HRF flow in deep focal planes was 

significantly greater compared to flow measurements in superficial focal planes (p<0.05). 

Figure 3.8 shows the results for the retinal capillary sampling locations devoid of any visible 

larger retinal vessels or underlying choroidal vessels.  HRF flow values at deeper focal planes 

were significantly greater than HRF flow values at superficial planes, and this effect was 

statistically significant (p<0.05).  At zero diopters the HRF flow values were 222 ± 37 AU and 

230 ± 46 AU for the 10×10 and 4×4 sampling windows respectively.  There was no significant 

reduction in HRF flow following occlusion of the central retinal artery (p=0.825), with HRF 

flow values of 239 ± 20 AU and 245 ± 33 AU for the 10×10 and 4×4 pixel windows 

respectively. After occlusion, HRF flow in deep focal planes remained significantly greater 

compared to flow measurements in superficial focal planes (p<0.05). 

Figure 3.9 shows the results from choroidal vessel sampling locations.  The HRF flow values in 

deep focal planes were significantly higher than for measurements in superficial focal planes for 

the 10×10 and 4×4 pixel sampling windows.  The HRF flow measured from choroidal vessels 

was 735 ± 91 AU and 825 ± 104 AU at zero diopters for the 10×10 and 4×4 windows 

respectively.   After central retinal artery occlusion HRF flow in this location reduced slightly at 

all focus levels to 583 ± 82 AU (p=0.066) and 547 ± 65 AU (p=0.146) at zero diopters for the 

10×10 and 4×4 pixel windows respectively, this reduction not reaching statistical significance. 

After occlusion, HRF flow in deep focal planes remained significantly greater compared to 

superficial focal planes (p<0.05). 

As an aid to comparing the magnitude of the HRF flow signals from different vascular elements 

the results from each selected location are shown superimposed in Figures 3.10 and Figure 3.11 

for the pre and post occlusion data respectively.  Figure 10 shows clearly that the largest flow 

signals are obtained from the major retinal arteries and veins.  
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The smaller 4×4 pixel sampling window yields significantly higher flow values than the 10×10 

pixel window when positioned over a retinal artery or vein and focused near the plane of the 

retinal vessels. The same is true for retinal arteriole locations but to a lesser extent.  By far the 

smallest HRF flow signal is obtained from retinal capillary sampling locations devoid of any 

visible larger retinal vessels or underlying choroidal vessels.  Figure 3.11 shows that after 

occlusion of the retinal circulation the only region maintaining higher measured flow rates than 

the background flow signal was the region containing choroidal vessels.  There was no 

significant difference between flow rates measured from the occluded retinal artery, retinal vein, 

or retinal capillary area. 

3.3.6 Relationship Between HRF Flow and Systemic Blood Pressure Post CRAO 

Figure 3.12 shows a graph of grouped HRF flow in deep focal planes as a function of systemic 

blood pressure after central retinal occlusion. The data was collected from 5 animals with four 

10×10 pixel window sampling locations selected for analysis from each animal: 2 locations with 

choroidal vessels and 2 locations without choroidal vessels.  When selecting locations with 

choroidal vessels there was a clear relationship between systemic blood pressure and measured 

HRF flow.  For locations without choroidal vessels there was no such relationship between HRF 

flow and systemic blood pressure.  This data also provided measurement of the HRF flow under 

the condition of zero biological flow, after the animal had been killed and the systemic blood 

pressure was zero.  Under these conditions, the residual HRF flow rate averaged 187 ± 8 AU 

(n=10) for regions containing a choroidal vessel and 194 ± 10 AU (n=10) for locations free of 

choroidal vessels, values which were not statistically different. Combining this data gave an 

average residual HRF flow rate of 190 ± 7 AU (n=20).
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Figure 3.7:  HRF Flow for Arteriole Locations Pre and Post CRAO 

Average HRF flow rates from a 10×10 and 4×4 pixel window positioned on a retinal arteriole as the focal 

plane is adjusted across the full thickness of retina and choroid both before (full triangles) and after (open 

triangles) central retinal artery occlusion. When the retinal arteriole is patent the amplitude of the flow 

signal was not significantly greater when the focal plane is at the level of the superficial retina when 

compared to that when the focal plane is deep within the choroid. When the retinal circulation is occluded 

there was a significant reduction in the flow signal from the region containing a retinal arteriole. 
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Figure 3.8:  HRF Flow for Capillary Locations Pre and Post CRAO 

Average HRF flow rates from a 10×10 and 4×4 pixel window positioned on a retinal capillary region as 

the focal plane is adjusted across the full thickness of retina and choroid both before (full downward 

triangles) and after (open downward triangles) central retinal artery occlusion. When the retinal 

circulation is patent the amplitude of the flow signal from the region containing a retinal arteriole was not 

significantly greater when the focal plane is at the level of the superficial retina when compared to that 

when the focal plane is deep within the choroid.  After occlusion of the retinal circulation there was no 

significant reduction in the flow signal from the region containing retinal capillaries. 
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Figure 3.9:  HRF Flow for Choroid Locations Pre and Post CRAO 

Average HRF flow rates from a 10×10 and 4×4 pixel window positioned on a retinal capillary region 

overlying a visible choroidal vessel as the focal plane is adjusted across the full thickness of retina and 

choroid both before (full diamonds) and after (open diamonds) central retinal artery occlusion. The 

amplitude of the flow signal from the region containing a visible choroidal vessel was not significantly 

reduced when the focal plane is at the level of the superficial retina when compared to that when the focal 

plane is deep within the choroid.  Occlusion of the retinal circulation produced no significant change in 

HRF flow amplitude at and focal plane. 
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Figure 3.10:  HRF Flow All Locations Pre CRAO 

Combined average HRF flow rates from each retinal location as the focal plane is adjusted across the full 

thickness of retina and choroid before central retinal artery occlusion (10×10 and 4×4 windows). It is 

apparent that the HRF flow signal from the retinal arteries and veins are much greater than that from 

other vascular structures such as the retinal capillaries or choroidal vessels.  
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Figure 3.11:  HRF Flow All Locations Post CRAO 

 

Combined average HRF flow rates from each retinal location as the focal plane is adjusted across the full 

thickness of retina and choroid after central retinal artery occlusion (10×10 and 4×4 windows). It is 

apparent that following occlusion the HRF flow signal from the choroidal vessel is the dominant source 

of flow signal. 
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Figure 3.12:  HRF Flow as a Function of Blood Pressure Post CRAO 

 
Combined average HRF flow rates from a choroidal vessel (open diamonds) and an area free of choroidal 

vessels (open downward triangles) as a function of systemic blood pressure after occlusion of the central 

retinal artery. The “no flow” condition at zero blood pressure provides an estimate of the inherent 

background noise under equivalent experimental conditions to the normal perfusion environment.  
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3.4 Discussion 

This experiment, in which HRF flow was measured in in-vivo rat retina before and after central 

retinal artery occlusion was designed to further examine the contributions from different 

vascular elements to HRF flow measurement and to estimate the background “noise” or zero-

offset component unrelated to retinal blood flow.  Acquiring HRF flow images over a range of 

focus settings allowed an assessment of the influence of focus on HRF flow measurements.  

Changing the focus had the effect of shifting the depth bias of the sampling volume.  Acquiring 

HRF flow images before and after cessation of retinal blood flow allowed an evaluation of the 

separate flow signal contributions from retinal circulation and choroid. 

The rat model was chosen for this experiment for convenience as well as for the remarkable 

similarities of rat retina to human retina.  Though the size of the rat eye and the diameter of the 

major retinal artery and vein are smaller than that of the human eye, the rats possess a similar 

layered structure to the retina and a comparable retinal and choroidal thickness.  Pigmentation 

of the retinal pigment epithelium may be similar judging by comparable thresholds for laser 

treatment of the outer retina (unpublished results). Furthermore, unlike other species such as 

dogs, pigs, or cats, rats and humans have a central retinal artery and vein.  

Figure 3.1 and Figure 3.2 clearly demonstrate the effectiveness of the method for laser induced 

central retinal artery occlusion, which did not appear to directly damage other the tissues of the 

rat eye.   

This study of HRF flow signals at different focal depths in regions containing different vascular 

elements allows several conclusions to be made.  Firstly, despite the confocal design, the major 

retinal vessels contribute to the measured HRF signal over a wide range of focal depths.  

Similarly, the influence of the choroidal circulation after central retinal artery occlusion can still 

be seen throughout the focus range.  This experiment demonstrates that the instrument is 

sensitive to flow in vascular elements at all depths within the retina and choroid.  The peak 

values of the HRF flow from the retinal artery and vein sampling locations are many times 

higher than the background noise level (SNR > ~10 to 20) and the SNR for retinal arterioles 

was approximately 3–5.   
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Secondly, although blood flow in the choroid is higher than that in the retina, the HRF flow 

measured from the choroidal vessels in the rat is much lower than that from the retinal artery 

and vein sampling locations and only 2-3 times higher than background noise level.  This lower 

than expected HRF flow from choroidal vessels may be caused by HRF flow signal attenuation, 

which could result from absorption by the retinal pigment epithelium and the choroidal 

melanocytes.   

Thirdly, the HRF signal measured from the capillary sampling location is weak, and unaffected 

by retinal artery occlusion.  Thus, it is evident that the retinal capillary blood flow is 

contributing very little to the measured flow signal in the normal rat retina.   This finding is in 

contrast to several clinical and theoretical studies 10, 16, 41, 71, but may well account for the 

difficulties that many observers have found in trying to obtain consistent results from HRF flow 

measurements at the retinal capillary level. 

Large choroidal vessels were also clearly visible in the flow images (Figure 3.3) throughout the 

focal range, but conversely to retinal vessels, yielded the greatest signal in the deeper focal 

planes (Figure 3.9).  This is compatible which their location deep to the retina.  Following 

CRAO, large choroidal vessel flow was preserved, remaining distinctive on the flow image, in 

contrast to the disappearance of retinal vessels.   

Figure 3.4 and Figure 3.12 provide further confirmation that the choroidal vessels visible on the 

flow image were derived from HRF flow signal from this region, by demonstrating an HRF 

response to decreases in perfusion pressure, with no evidence of signal above background levels 

at zero perfusion pressure. 

This finding of choroidal vessels within HRF flow images has been documented in the 

avascular part of the rabbit retina below the visual streak, but, to our knowledge never been 

documented in vascular retinas.  In in-vivo pig experiments conducted in our laboratory, 

choroidal vessels were not visualised (unpublished results).  

 This unprecedented finding which appears to be specific to the rat model cannot readily be 

explained and requires further study.  Possible explanations include differences in ocular 

properties such as greater retinal transparency or less pigmentation allowing greater penetration 

of the laser light through to the choroid.  Another possibility is that the optical system for the rat 

experiments, which consisted of a specially designed objective lens in combination with a 

plano-concave contact lens placed on the rat cornea, could have lead to an increased depth of 

sampling volume. 
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Prior to retinal artery occlusion, the locations in descending order of HRF flow magnitude were: 

artery 4×4, artery 10×10, vein 4×4, vein 10×10, arteriole 4×4, choroid 4×4, choroid 10×10, 

arteriole 10×10, and capillary 4×4 and capillary 10×10 (Figure 3.10).   

The analyses were performed using different size windows to explore the effect of sampling 

window size on HRF flow magnitude.  It is clear that the 4×4 analysis window yielded higher 

flow values compared with the 10×10 window for all locations except the capillary locations.   

For arteriole locations, this may be explained by a smaller fraction of pixels representing the 

arteriole in the larger 10×10 sampling window, which effectively dilutes the flow signal.  In 

large retinal vessel locations, the flow values using the 10×10 windows are also less than for the 

4×4 windows, but for different reasons.  Both window sizes are small enough to fit within the 

width of the major retinal and choroidal vessels.  However, in this case, HRF measured flow is 

greater for the 4×4 measurements due to the window position over the centre of the vessel 

where blood velocity is highest, whereas the 10×10 window spans the whole vessel, including 

the slower moving blood at the vessel edge which dilutes the averaged flow signal.  There is no 

difference in magnitude between the 2 window sizes for capillary locations due to generally low 

HRF flow pixels, and the lack of vascular detail demarcated by the flow pixels in this region. 

Following central retinal artery occlusion, there was a reduction of HRF flow values to very 

similar levels for all locations, except for locations with choroidal vessels, at which HRF flow 

was greater than elsewhere.  After CRAO, the HRF measured flow in deep focal planes was 

significantly greater compared to superficial.  This depth profile was very similar to post 

mortem flow results (not shown).  The reason for the increase in HRF measured flow at depth is 

not clear, however, de-focus leading to greater background noise may explain this finding. 

This experiment provided another estimate for the instrument “noise” or zero-offset value, the 

HRF flow present when there is zero biological flow.  The zero-offset in the present study was 

190 ± 7 AU as measured after central retinal artery occlusion and zero systemic blood pressure.  

This is comparable to that found in the isolated pig eye preparation (171.9 ± 44.7 AU) 

(Chapter 4) and to previously reported zero-offset levels in sacrificed rabbits (150 to 300 AU)52.   

A knowledge of the zero-offset is critical in terms of assessing whether HRF measurements 

represent true blood flow induced signals.  If measured results from a particular sampling 

location at a given perfusion rate are not significantly different from the zero-offset this 

indicates that the HRF measured results are dominated by noise, thereby the signal to noise ratio 

(SNR) is small, and no meaningful flow information can be extracted.  It is critical to determine 

the ability and reliability of the HRF flow measurements based on the magnitude of the SNR.  
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This experiment results that capillary locations contribute very little to the measured flow signal 

in normal rat retina is consistent with the isolated perfused eye experiment (chapter 4).  HRF 

flow values in capillary locations averaged 222 ± 37 AU for the 10×10 pixel window, which 

was only slightly greater than the zero-offset value of 190 ± 7 AU.   In addition, this location 

did not yield any significant differences in HRF flow before and after retinal artery occlusion.  

Our finding that retinal capillary blood flow makes very little contribution to HRF flow is in 

contrast to several clinical and theoretical studies 10, 16, 41, 71, but may well account for the 

difficulties that many observers have found in trying to obtain consistent results from HRF flow 

measurements at the retinal capillary level. 

In the light of this present finding that the sampling volume of HRF measurement includes large 

choroidal vessels even with the instrument focused at the surface it must be appreciated that 

measurements in capillary locations also encompass the choriocapillaris.   It is difficult to 

explain why there appears to be no significant HRF flow signal generated by this richly vascular 

layer.  Even with the instrument focused in deeper planes, there was no obvious response of the 

choriocapillaris location to changes in perfusion pressure.  It is even more surprising that the 

laser light is able to penetrate through the choriocapillaris into the deeper layers containing the 

large choroidal vessels.   
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Chapter 4.0: General Discussion 

The HRF, the only commercially available confocal scanning laser Doppler flowmeter has been 

used in experimental and clinical ophthalmology research for retinal and optic nerve head blood 

flow measurements for more than 10 years.  The technique provides a qualitative visualisation 

of perfused vessels.  It is also possible to measure perfusion values at any location within the 

flow images.  The technique is non-invasive, easy to use and very quickly provides perfusion 

data which is ready for analysis.  The technique has been used to investigate blood flow changes 

in a range of ocular disorders including glaucoma, diabetic retinopathy and macular 

degeneration.   

Evidence to support the validity of retinal blood flow measurements with the HRF has been 

insufficient and the need for further validation of the technique was the motivation for this 

thesis.  Mechanical and hydraulic flow models have demonstrated a linear response of HRF 

flow inside an operating velocity range of about 0.05 mm/sec to 1 mm/sec 11, 16 in a direction 

parallel with the instrument, which corresponds to the theoretical velocity range.  However, the 

ocular environment is much more complex than these simple models, and extrapolation to 

clinical measurements cannot be assumed.  Perfusion measurements by laser Doppler flowmetry 

are dependent on the properties of the light scattered from static and moving elements within 

the environment it is measuring.  Validation studies in which the measurement environment 

closely matches the structural and optical properties of the human eye are thus very important.  

Previous validation studies in animals and humans have involved indirect manipulation and 

measurement of blood flow such as changing ocular perfusion pressure 12, 50 or blood gas 

composition 14 which may not be representative of actual flow conditions.  The isolated pig eye 

preparation and the rat CRAO model used for the experiments described in this thesis provide a 

means to directly manipulate retinal blood flow.  These preparations were also chosen for their 

similarities to the human retina.  Both have holangiotic circulations, with 2 to 3 capillary 

laminae supplying the inner two-thirds of the retina64, 72.   Both have an avascular outer third of 

retina, which depends on metabolic support from the choroid.  Both have a retinal thickness 

which is similar to the human.   Both lack a reflective tapetum, which may affect the laser 

Doppler flowmetry method.   
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The great advantage of the isolated blood perfused pig eye was that total retinal blood flow 

could be precisely controlled, providing a direct blood flow reference for comparisons with 

HRF flow measurements.  The perfusate flow range of 0 to 300 µl/min was likely to have 

covered the range of total retinal blood flow which occurs in normal and disease states.  The 

significance of HRF retinal blood flow measurements could be established against the zero 

biological flow condition by switching off the infusion pump.  The retina was perfused in 

isolation to the choroid, which ensured that the analysis of HRF flow response to retinal blood 

flow was not confounded by HRF flow signal from choroid.    

The in-vivo rat experiments allowed assessment of the significance of HRF retinal blood flow 

measurements by analysis of flow prior to and after central retinal artery occlusion.  The 

linearity of HRF flow response to choroidal vessel flow could then be assessed in isolation from 

the retinal circulation by manipulation of blood pressure.   

The finding that the HRF flow signal from capillary locations was so weak that it was 

indistinguishable from the zero-offset signal for most of the perfusate flow range was supported 

by both experiments.  This finding is at odds with the widely accepted notion that the HRF can 

measure capillary blood flow.  The range of Doppler shifts which occur in typical capillary bed 

measurements (about 0 to 700 Hz) fall well within the capabilities of the HRF which has an 

analysis range between 125 Hz and 2000 Hz.  The reasons for this are not clear.  Perhaps the red 

blood cell velocities are slower than was previously considered.  The 125 Hz lower frequency 

cut-off designed to reduce movement artefact, could actually be preventing a complete analysis 

of the Doppler shifted power spectrum.  Perhaps the scattering properties of retina, which is 

relatively transparent , do not fit the assumptions of Bonner and Nossal’s theory32 and the 

perfusion calculations, which are based on this theory are not applicable.   

Another possible cause for this weak HRF flow signal from capillaries is that the signal is 

swamped by instrument noise.  A consequence of performing thousands of perfusion 

measurements for the 256×64 pixels is that the Doppler shifted power spectrum for each pixel 

location is constructed from only 128 measurements over 32 msec, which may not provide 

enough sampling points for analysis of weak flow signals.  More work is required to establish 

the cause for the weak HRF flow signal from capillaries. 
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The finding that HRF flow measurements in retinal arterioles and venules are most linear over 

the widest range of perfusate flow rates suggests that measurement in these locations is the most 

appropriate application of this technique.  Arterioles are clearly visible on HRF flow images 

even at low perfusate flow rates.  According to these experiments, the finest vessels that are 

visible on HRF flow images are likely to be arterioles or venules, and when measuring 

perfusion values the sampling window should include at least part of these visible vessels.  

Placement of the sampling window in a featureless location without visible vessels is not likely 

to produce meaningful results. 

The finding that arteries and veins generated the highest flow signal, but that the HRF flow 

responses were not linear is consistent with the theoretical velocity resolution of the HRF.  The 

Doppler shifts recorded from large retinal vessels has been found to be as high as 10 to 20 kHz 
23 which is beyond the theoretical measurement capability of the HRF. 

The findings from our study of HRF signal in the absence of biological flow, the zero-offset, or 

noise, has been well described previously for both SLDF and LDF.  The zero-offset must be 

considered when interpreting flow results, as this component of the flow signal cannot be 

attributed to actual flow conditions.  A large component of the zero offset may be due to 

photodetector noise, which may be compounded by the relatively small number of sampling 

points used in the estimation of the Doppler shifted power spectrum for each pixel location.   

 The visualisation of large choroidal blood vessels on HRF flow images acquired from rats is 

unprecedented and requires further investigation.  Choroidal vessels have not previously been 

reported for human HRF flow images and have not been found in in-vivo pig HRF flow images 

(unpublished experiments performed in this laboratory).  The finding that measurements in 

this location respond linearly to changes in perfusion pressure supports the validity of  

measurements in large choroidal vessels, which is difficult to explain considering that blood 

velocity in these vessels has been reported to be very high.  The lack of HRF signal generated 

by the choriocapillaris was surprising given that this is a high flow vascular layer which is 

situated anterior to the choroidal arteries and veins.  

The finding that both retinal vessels and choroidal vessels were visualised throughout a 

5 Diopters focal range was surprising given that the HRF has confocal optical design.  It is 

possible that the customised optical system used for the rat experiments reduces the 

effectiveness of this confocal design which could account for this observation.   
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Although there was a change in image clarity, with retinal vessels appearing sharper at 

superficial focus and choroid vessels appearing sharper at deep focus, the HRF flow values 

varied only slightly across this focal range.  Many users of the HRF place great emphasis on the 

ability to extract HRF flow signals from specific retinal depths.  This depth precision is not 

supported by our experiments. 

In summary, this thesis has furthered our understanding of how to interpret HRF flow 

measurements.  Several novel insights have been discovered.  The results confirm that HRF 

flow measurements are responsive to perfusion changes in the retina, but that the relationship 

between actual perfusion changes and HRF measured flow changes varies for different vascular 

locations.  It was also demonstrated that careful selection of the measurement location is 

necessary to obtain valid flow measurements and optimise the signal to noise ratio.  However, 

many aspects of scanning laser Doppler flowmetry are poorly understood and there are clearly a 

multitude of different factors which influence flow measurements with this technique.  Depth 

and shape of the sampling volume, influence of pigmentation, and contribution of choroidal 

perfusion to flow measurements are particularly important questions which need to be explored 

further.   
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