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A B S T R A C T   

Purpose: To measure non-invasively retinal venous blood flow (RBF) in healthy subjects and patients with retinal 
venous occlusion (RVO). 
Methods: The prototype named AO-LDV (Adaptive Optics Laser Doppler Velocimeter), which combines a new 
absolute laser Doppler velocimeter with an adaptive optics fundus camera (rtx1, Imagine Eyes®, Orsay, France), 
was studied for the measurement of absolute RBF as a function of retinal vessel diameters and simultaneous 
measurement of red blood cell velocity. RBF was measured in healthy subjects (n = 15) and patients with retinal 
venous occlusion (RVO, n = 6). We also evaluated two softwares for the measurement of retinal vessel diameters: 
software 1 (automatic vessel detection, profile analysis) and software 2 (based on the use of deep neural net
works for semantic segmentation of vessels, using a M2u-Net architecture). 
Results: Software 2 provided a higher rate of automatic retinal vessel measurement (99.5 % of 12,320 AO images) 
than software 1 (64.9 %) and wider measurements (75.5 ± 15.7 μm vs 70.9 ± 19.8 μm, p < 0.001). For healthy 
subjects (n = 15), all the retinal veins in one eye were measured to obtain the total RBF. In healthy subjects, the 
total RBF was 37.8 ± 6.8 μl/min. There was a significant linear correlation between retinal vessel diameter and 
maximal velocity (slope = 0.1016; p < 0.001; r2 = 0.8597) and a significant power curve correlation between 
retinal vessel diameter and blood flow (3.63 × 10− 5 

× D2.54; p < 0.001; r2 
= 0.7287). No significant relationship 

was found between total RBF and systolic and diastolic blood pressure, ocular perfusion pressure, heart rate, or 
hematocrit. For RVO patients (n = 6), a significant decrease in RBF was noted in occluded veins (3.51 ± 2.25 μl/ 
min) compared with the contralateral healthy eye (11.07 ± 4.53 μl/min). For occluded vessels, the slope be
tween diameter and velocity was 0.0195 (p < 0.001; r2 = 0.6068) and the relation between diameter and flow 
was Q = 9.91 × 10− 6 × D2.41 (p < 0.01; r2 = 0.2526). 
Conclusion: This AO-LDV prototype offers new opportunity to study RBF in humans and to evaluate treatment in 
retinal vein diseases.   

1. Introduction 

Abnormal variations in retinal blood flow (RBF) have been reported 
in a variety of ocular diseases, including age-related macular degener
ation (Burgansky-Eliash et al., 2014; Ehrlich et al., 2009; Pemp and 
Schmetterer, 2008), glaucoma (Sehi et al., 2014), and retinal vein oc
clusion (RVO) (Arsene et al., 2002; Chen et al., 1998; Pournaras et al., 
2008; Tranquart et al., 1998), as well as in systemic diseases such as 

diabetes (Grunwald et al., 1992; Pournaras and Riva, 2013) or systemic 
hypertension (Gutfreund et al., 2013; Lim et al., 2013; Ritt et al., 2012). 
Measurement of RBF is essential for understanding the pathophysiology 
of ocular and systemic diseases and is also key to the evaluation of 
therapeutic strategies (Pemp et al., 2010). 

RBF depends on the vascular diameter and velocity of red blood cells. 
Several techniques have been developed for estimating RBF in the 
human eye, such as fluorescein angiography (Rechtman et al., 2003), 
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Doppler optical coherence tomography (OCT) (Doblhoff-Dier et al., 
2014; Leitgeb et al., 2014; Werkmeister et al., 2012), laser blood flow
metry (Garcia et al., 2002; Guan et al., 2003; Yoshida et al., 2003), laser 
Doppler velocimetry (LDV) (Garhofer et al., 2012; Riva et al., 1972; Riva 
et al., 1985) and more recently laser Doppler holography (Puyo et al., 
2020). Each device has its proper limitations and some devices allow 
measurement simultaneously in different vessels whereas others allow 
measurement of one specific vessel. Current limitations of previous LDV 
devices include the lower resolution of the fundus camera for the mea
surement of inner retinal diameter and the inability to perform simul
taneous measurements of velocity and vessel diameters. The Canon 
Laser Doppler (Garcia et al., 2002) allowed simultaneous measurements 
of retinal vessel diameter and blood flow but is not available at this time 
and thus no LDV device is commercially available. 

Recent and innovative technology using adaptive optics (AO) aims to 
correct low-order and high-order ocular aberrations, enhance perfor
mance of the optical systems, and allows for high-resolution imaging of 
retinal vessels. For instance, the AO Instrument rtx1 provides in vivo 
retinal images with high lateral resolution (1.6 μm per pixel) and a 
quantitative analysis of microvascular structures, especially measure
ment of retinal arteriolar wall thickness (Koch et al., 2014). The reso
lution of the AO images is about 3-fold higher than with images acquired 
by standard retinograph (with a resolution of 4147 × 2764 pixels). 
Moreover, the image of the AO is coded at 16 bit whereas the standard 
retinograph are coded only at 8 bit. 

In order to counterbalance the limitations of present technologies, 
we developed an approach based on simultaneous measurements of 
retinal vessel diameters using AO technology and blood velocities with 
bidirectional LDV. The aim of the study was to report the results of ex
periments investigating the validity of blood flow measured by this new 
prototype AO-LDV in healthy subjects and patients with retinal venous 
occlusion (RVO). 

2. Methods 

2.1. AO-LDV device 

The laser Doppler velocimeter (Patent: FR1560450) was combined 
with an adaptive fundus camera (rtx1, Imagine Eyes®) by introducing a 
beam-splitter into the illumination path close to a pupil's image. Tech
nical details were provided in a recent publication (Truffer et al., 2020). 
In practice, rtx1 provides a 4◦ × 4◦ fundus area (i.e., approximately 1.2 
× 1.2 mm in emmetropic eyes) illuminated at 840 nm by a temporally 
low coherent light emitting diode flashed flood source, and a stack of 40 
fundus images is acquired in 4 s (10 images/s) by a charge-coupled 
device camera. Each fundus image is matched to a spectrum pair pro
vided by LDV, measured at 830 nm. The probing beam and two scattered 
beams, selected at the pupil plane, lie in the same plane. To bring the 
velocity vector (i.e., the vessel) into this plane, a Dove prism rotates that 
plane along the optical axis. This adjustment is done with the use of a 
diffraction grating producing a sheet of light in the same plane which 
produces a line on the retina, so that it can be visually aligned with the 
vessel on the screen of the rtx1. The two scattered beams are collected by 
two avalanche photodiodes which deliver two beating signals between 
the light backscattered by the tissue and by the moving red blood cell 
which Doppler effect shifts the light. The angle between the two scat
tered beams, defined by the optical system, and the two Doppler signals 
from the detectors, allow an absolute calculation of the velocity of the 
red blood cells. This assumes that all red blood cells are moving in the 
same direction and that the flow is laminar, which determine the ve
locity distribution (constant up to a maximum velocity then zero) and 
thus the Doppler shifts distribution. 

The initial prototype previously described (Truffer et al., 2020) un
derwent two significant improvements: (i) development of an external 
fixator allowing for the measurement of temporal and nasal retinal 
vessels of both eyes and replacing the internal target of the rtx1 designed 

for macular acquisition, and (ii) avoiding the parallax problem. Due to 
the fact that LDV uses the illumination path and not the optical imaging 
part with adaptive correction, the focal plane of the illumination path is 
not well defined. To solve this parallax problem, we introduced lasers in 
the detections paths which illuminate the fundus point of detection. By 
adjusting the direction of propagation of both lasers, we ensure that the 
light paths of probing and detections are crossing on the vessel. 

2.2. Study design and subjects 

The study was conducted in accordance with the Declaration of 
Helsinki for research involving human subjects and adhered to Good 
Clinical Practice guidelines. Written informed consent (required for the 
ethics committee) was obtained from subjects after explanation of the 
study. This study was approved by the local institutional review board 
(IRB #6705, CCP Grenoble, France) before the study began. 

The following inclusion criteria were applied for all subjects: affili
ation to the French national health insurance system, age between 18 
and 80 years, and good ocular fixation. RVO patients were included if 
they had central or branch RVO assessed by fluorescein angiography and 
OCT. Exclusion criteria were: (a) for all subjects: ametropia ≥3 diopters 
spherical equivalent, on-going treatment using drugs with a potential 
effect on intraocular pressure, tropicamide hypersensitivity, lack of 
compliance, any history of ocular inflammation, aphakia, ocular 
trauma, optic neuropathy, retinopathy, and/or severe dry eye; (b) for 
healthy subjects: presence of ocular or general disease, use of any 
medication; (c) for RVO patients: anti-vascular endothelial growth fac
tor or dexamethasone implant intravitreal injection within the 4 months 
before the study. 

All participants underwent a detailed medical history-taking and 
complete examination, including best corrected visual acuity, air pulsed 
tonometry, slit lamp biomicroscopy, indirect fundoscopy, fundus 
photography (CR-2 CANON fundus camera; Canon™ Europa, 
Amstelveen, The Netherlands), and axial length measurement (Zeiss IOL 
Master®, Carl Zeiss Meditec, Jena, Germany). Central subfield is defined 
as the circular area 1 mm in diameter centered around the center point 
of the fovea and has been measured using SD-OCT (Heidelberg Spec
tralis HRA + OCT, Heidelberg Engineering, Heidelberg, Germany). 

A blood count for hematocrit was performed within 30 days prior to 
the examination. Examinations were performed after pupil dilation 
using 1 % topical tropicamide (Théa, Clermont-Ferrand, France). 

Blood pressure and heart rate values were obtained before ocular 
measurements Healthy subjects and RVO patients were recruited during 
the same period, and RBF measurements were recorded according the 
same procedure. RBF measurement was performed after 15 min of rest. 
One major difficult task was to obtain an excellent fixation of the eye for 
a correct positioning of the probe on the retinal vein and thereafter 
keeping this position during the measurement. The rtx1's internal fixa
tion point does not allow the probe to be positioned on the temporal and 
nasal retinal veins. Therefore, we added an external fixation point for 
the contralateral eye, which is made up of one small screen that the 
subject's contralateral eye views through an ocular (Supplemental data). 
A microprocessor-generated cross on the screen is moved with a joystick 
by the operator in order to reach temporal and nasal veins with the 
probing beam. Obtaining a good fixation was obviously more difficult in 
RVO patients. 

Each retinal vessel was systematically measured three consecutive 
times. As illustrated in Fig. 1, RBF was measured on the main retinal 
veins, before the first bifurcation or on the two daughter retinal vessels if 
the bifurcation was too close to the optic disc. For healthy subjects, bi
furcations were studied whenever possible depending on the vascular 
tree of the individual. 

In RVO patients, measurements were done on the main inferior and 
superior temporal retinal veins in the cases of CRVO, and the main su
perior temporal retinal vein in the case of superior BRVO. Aflibercept 
(Bayer, Leverkusen, Germany) intravitreal injections were performed at 
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a dose of 2 mg for RVO patients when required during the follow-up 
after inclusion in the study, and RBF measurement was repeated 1 
month after each injection. 

2.3. Data analysis 

2.3.1. Vessel diameter 
Retinal vessel diameters were measured using software 1 for the 

evaluation of RBF and these measurements were considered as the 
standard reference in this study. Software 2 based on the use of deep 
neural networks for semantic segmentation was developed to improve 
vessel identification in AO images and was evaluated in a series of 
measurements in this study. Software 2 was not used for RBF mea
surement in this study. 

The conversion from n pixels to physical distance d is based on the 
publication of Bennet (Bennett et al., 1994) and was provided by Ima
gine Eyes©: 19.269 *(L − 1.82) / 373.87 where L is the axial length in 
millimeters of the eye under examination. The pixel to micron factor is 
estimated to 1.14 for a normal eye (axial length of 24 mm). 

2.3.1.1. Software 1. The diameter of a particular vessel was measured 
in the image as the width in pixels of this darker path. Several profiles 
perpendicular to the vessel axis were analyzed and the vessel edges 
detected in each profile as the two transitions light-to-dark and dark-to- 
light along the profile. The profile analysis to detect vessel edges was 
already developed in a previous work (Truffer et al., 2020). However, 
the method of combining the profiles was different here. In the previous 
work, a mean profile was computed from all the profiles and edge 
detection was applied on the mean profile. Here, the profiles were 
analyzed independently and the vessel diameter was determined as the 
mean of the edge distances measured in each profile by applying robust 
statistics, i.e., statistics discarding outliers. 

However, the major improvement is the introduction of an automatic 
vessel detection method. The method assumes that the vessel is darker 
than the background, is more or less straight and is behind or very close 
to the spot created by the probing beam on the retinal surface. First, the 
beam spot was simply detected as the set of pixels surrounding the pixels 
of maximal intensity. Then, the vessel was detected by cross-correlation 
with a synthetic pattern representing a straight vessel of mean width. A 
total of 12 vessel orientations (every 15◦) were checked and the pattern 
translation was allowed at a resolution of one pixel up to a maximal 
distance with respect to the beam spot center. The vessel position and 

orientation were those corresponding to the maximal cross-correlation 
value. The software returned the mean diameter and its corresponding 
standard deviation as well as the distance between the probing beam 
and the vessel. In the case that the standard deviation of the diameter is 
above 10 %, no values are returned. 

2.3.1.2. Software 2. Another approach to automatic analysis based on 
the use of deep neural networks for semantic segmentation of vessels 
and the laser spot reflection on the infrared image was evaluated (Lai
bacher and Anjos, 2019). We used an M2u-Net (Laibacher, 2019), which 
was initialized using pre-trained VGG16 weights and then adapted to the 
segmentation of both vessels and the laser spot via 200 hand-labeled 
samples and a fixed number of training steps (F1 score 0.96/0.98 for 
vessel and laser segmentation, respectively, after training). Our refer
ence implementation of this architecture has been previously published 
(Laibacher, n.d.). The architectural choice allows for both training and 
inference at original sample resolution (1040 × 1392 pixels). A separate 
set of 100 hand-labeled samples was used to fine-tune thresholding and 
to evaluate the final deep neural network performance (F1 score 0.87/ 
0.78 for vessel/laser). The deep segmentation outputs binary masks with 
the same dimension as input images, indicating where both vessels and 
laser are located. We then evaluated the centroid of the laser reflection 
and proceeded to extract a topological skeleton of the vessel structure. 
Next, we determined the closest point C on the skeleton to the laser 
centroid. The width of the vessel was then measured around C, on the 
vessel binary mask, using an orthogonal direction to the vessel, esti
mated on the direction of the vessel skeleton around C. 

Software 2 was evaluated to compare the performance with software 
1 on a set of annotated images: 208 images were used to train the deep 
neural network model powering software 2 while 108 images were hold 
out for paired comparisons with software 1. Annotations (i.e. vessel 
delineations) were performed by two individuals (annotator 1 and 2) 
allowing us to also evaluate inter-observer agreement. The accuracy of 
software 1, software 2 and inter-observer agreement were evaluated by 
comparing the measured vessel widths for the vessel which was closest 
to the laser beam. 

2.3.2. Spectra 
To determine the cut-off frequency (fc) of each spectrum, we used an 

automated spectra analysis, assuming a rectangular distribution. 
Assuming that the power spectrum is given by {Si} where i corresponds 
to a given frequency and goes from 1 to n. The ideal case (rectangular 
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Fig. 1. Total retinal blood flow in one healthy subject. 
Each vein emerging from the optic disc was measured. The AO image, used to obtain the vein diameter of each vein and the corresponding diameter is represented on 
the fundus photograph. Velocity [mm/s] is obtained using the couple of spectra from which the flow is derived [μl/mm]. The total retinal blood flow RBF for this eye 
is 37.54 μl/min. Note that retinal veins 4a and 4b are first daughter veins whereas the other veins are mother veins. The small figure in black and white illustrates the 
white spot being the probing laser, centered within the retinal vein. 
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distribution of the spectra) is given by: {Sk} = X for k ≤ fc and {Sk} = Y 
for k ≥ fc where 1 ≤ k ≤ n, fc defines the cut-off frequency and Y the 
noise of the system. The ratio X/Y gives the signal-to-noise ratio (SNR). 
For the automated spectra analysis (Petrig and Riva, 1988), the position 
fc corresponds to the minimum of the residual: 

rk =
∑

i=1

k
(Si − X)

2
+
∑

i=k

n
(Si − Y)

2 

Spectra are often a superposition of a signal from the vessel (step 
distribution) and from the tissue behind or near the vessel (decreasing 
distribution) depending on the exact position of the probing beam. To 
determine the cut-off frequency of a spectrum, we ran from the lower 
frequencies to the higher frequencies and stop when all further powers 
were lower than half of the current frequency, which was then consid
ered the cut-off frequency. This algorithm excluded noisy spectrum 
automatically because we ran up to the digitalized maximum frequency 
(10 kHz). 

2.4. Statistical analysis 

All analyses were performed with R (R Core Team (2018). R: A lan
guage and environment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. Url https://www.R-project.org/, n.d.). Results 
are presented as the mean ± standard deviation (SD). The Pearson test 
was used to evaluate the correlation between total RBF and subject 
characteristics. Student's t-test was used to compare unpaired contin
uous variables with normal distribution, and the paired t-test was used 
to compare paired continuous variables with normal distribution. 

3. Results 

3.1. Subjects 

Systemic and ocular characteristics of healthy subjects (n = 15) and 
patients with retinal vein occlusion (n = 6) are summarized in Table 1. 
Patients exhibited BRVO in one case, hemiCRVO in one case, and CRVO 
in four cases. The series of 6 patients described here came from a cohort 
of 16 included RVO patients. Indeed, data from 10 RVO patients were 
excluded due to major difficulties to obtain a good fixation and therefore 
reliable data from spectrum analysis. Only one case (with BRVO) was 
associated with retinal ischemia in the area of vein occlusion. The 
duration of symptoms before RBF measurement was 17 ± 10 days. 

3.2. Measurements of retinal vessel diameters 

Over the set of 108 annotated images, software 1 provided an output 
to 68 % of the images (73/108) whereas software 2 was successful in 
100 % of the cases. We observed an average difference of 9 ± 10 pixels 
(10.3 ± 12.0 μm) comparing two different human observers which 
corresponds to 13 % difference in the estimation of the relative vessel 
width. Accordingly, both softwares 1 and 2 provided similar evaluation 
scores, with software 2 being able to analyze all images. 

Based on a set of 73 images (Table 2), software 2 provided wider 
measurements of retinal vascular diameters (88.3 ± 16.9 μm) as 
compared with Software 1 (84.1 ± 17.6 μm, p = 0.03, paired compari
sons). Values obtained using both softwares were well correlated (r =
0.6, p < 0.001). Variability of vascular diameter measurements of the 40 
images in a single recording was higher using Software 2 (SD = 6.8 ± 4.6 
pixels) as compared with Software 1 (SD = 2.9 ± 2.5 pixels, p < 0.001). 

In the 15 healthy subjects, 308 RBF measurements were performed, 
including 12,320 AO images. Software 1 provided diameter measure
ments in 7998 images (64.9 %). 

3.3. Retinal blood flow in healthy subjects 

The total RBF was obtained from retinal veins in 15 healthy subjects. 
The characteristics of healthy subjects are listed in Table 1. Total RBF 
was 37.84 ± 6.81 μl/min. Fig. 1 illustrates RBF measurements in one 
healthy subject allowing for the calculation of total RBF. 

All RBF measurements in healthy subjects are summarized in Fig. 2A 
and B. There was a significant linear correlation between retinal vessel 
diameter and maximal velocity (slope = 0.1016; p < 0.001; r2 = 0.8597; 
Fig. 2A) and a significant power curve correlation between retinal vessel 
diameter and blood flow (3.63 × 10− 5 × D2.54; p < 0.001; r2 = 0.7287; 
Fig. 2B). 

Eight venous bifurcations in eight healthy subjects were analyzed 
from the measurements of a proximal vessel and the two distal vessels 
(Table 3). The comparison between proximal vessel flow and the sum of 
the two distal vessel flows shows a mean difference of 11.9 ± 4.3 % 
(range: 6–17.3 %). 

3.4. Retinal blood flow in retinal vein occlusion 

Characteristics of OVR patients are listed in Table 1. Three patients 

Table 1 
Clinical characteristics of healthy subjects and patients with retinal vein occlu
sion (RVO).   

Healthy subjects (n =
15) 

RVO patients (n = 6) 

Mean ± SD (range) Mean ± SD (range) 

Age, years 38.8 ± 17.7 (22–73) 68.6 ± 10.2 (52–78) 
Sex, female/male 8/7 2/4 
Body mass index 22.3 ± 2.8 (18.4–29.3) 21.7 ± 3.2 (18.7–27.7) 
Systolic blood pressure, 

mmHg 
122.4 ± 10.6 
(104–142) 

131 ± 14 (110–145) 

Diastolic blood pressure, 
mmHg 

75.6 ± 11.2 (56–93) 80 ± 10 (69–95) 

Heart rate, bpm 73 ± 9.6 (55–93) 77 ± 14.3 (64–104) 
Hematocrit, % 41.5 ± 3.4 (36–47) 41.0 ± 2.9 (36–45) 
Eye included, right/left 3/12 1/5 
Spherical equivalent, 

diopters 
0 ± 1.3 (− 2.75–2) − 0.8 ± 0.7 

(− 1.75–0.25) 
Intraocular pressure, mmHg 14.4 ± 2.7 (9–20) 15.5 ± 3.8 (10− 20) 
Axial length, mm 23.5 ± 0.8 (22.3–24.8) 23.4 ± 0.5 (22.8–24.3) 
Central subfield thickness, 

μm 
265.8 ± 14.5 
(232–288) 

372 ± 163 (263–696) 

bpm = beat per minute. 

Table 2 
Evaluation of softwares 1 and 2 on 108 annotated images.  

Model Successful 
samples 

Vessel 
width 

Absolute 
vessel 
width 
difference 
versus 
Annotator 1 

Vessel 
width (on 
73 paired 
samples 
with 
software 
1) 

Absolute 
vessel width 
difference 
versus 
Annotator 1 
(on 73 
paired 
samples with 
software 1) 

Annotator 
2 

108/108 
(100 %) 

86.3 
± 19.1 
μm 

10.3 ±
12.0 μm 

86.9 ±
18.7 μm 

9.4 ± 8.4 μm 

Software 1 73/108 
(68 %) 

84.1 
± 17.6 
μm 

10.3 ±
10.3 μm 

84.1 ±
17.6 μm 

10.3 ± 10.3 
μm 

Software 2 108/108 
(100 %) 

87.5 
± 20.3 
μm 

11.4 ±
11.7 μm 

88.3 ±
16.9 μm 

9.7 ± 7.6 μm 

Annotators 1 and 2 (TM, AA) delineated the borders of vessels present on the 
images as well as the location of the laser beam. Software 2 provided wider 
measurements of retinal vascular diameters as compared with Software 1 (p =
0.03, paired comparisons). Average values and standard deviations are given in 
micrometers (μm). The relationship between pixels and distance is 1 pixel =
1.14. micrometers (μm). 
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had branch RVO (BRVO; Fig. 3A), while three patients suffered from 
central RVO (CRVO; Fig. 3B). Two patients underwent treatment with 
intravitreal injection of aflibercept (Fig. 3C). The median delay between 
the onset of symptoms and the flow measurement procedure was 19 
days (10.2–24.7). In all cases, RBF had decreased in occluded veins, 
despite a wider diameter of retinal veins, as can be seen on the spectrum 
analysis (Fig. 3). We noted a relationship in non-occluded vessels be
tween vessel diameter and maximal velocity (slope = 0.0796; p < 0.001; 
r2 = 0.7934) or RBF (Q = 3.82 × 10− 3 × D1.58; p < 0.001; r2 = 0.2772) 

similar to that described in healthy subjects (Fig. 2C and D). 
The comparison between the occluded vessels (3.51 ± 2.25 μl/min) 

and similar vessels in the contralateral eye (11.07 ± 4.53 μl/min) 
showed a significant decrease in RBF (p < 0.001). For occluded vessels, 
the slope between diameter and velocity was 0.0195 (p < 0.001; r2 =

0.6068) and the relation between diameter and flow was Q = 9.91 ×
10− 6 × D2.41 (p < 0.01; r2 = 0.2526). RBF in the inferior occluded vein of 
the eye with ischemic BRVO was 0.5 μl/min (n = 1) whereas mean RBF 
occluded veins from eyes with non-ischemic forms (n = 5 CRVOs) was 

Fig. 2. Correlation between retinal vein diameter, velocity and flow in healthy subjects and patients with retinal vein occlusion. 
(A) For healthy subjects, the relationship between velocity and diameter is linear (slope = 0.1016; p < 0.001; r2 = 0.8597, black line), which is consistent with the 
princeps publication by Riva et al. (Riva et al., 1985) (slope = 0.1094, gray line). 
(B) For healthy subjects, the relationship between flow and diameter exhibits a power curve according to the formula Q = 3.63 × 10− 5 × D2.54 (p < 0.001; r2 =

0.7287, black line), which is consistent with the previous publication of Riva et al. (Riva et al., 1985; Riva et al., n.d.) (Q = 8.25 × 10− 6 × D2.84, gray line). 
(C & D) In the same way as (A) and (B), this plot represents the relation of velocity or flow to diameter, but it compares the measurements performed on vessels in 
healthy (black) and non-occluded vessels in RVO patients (gray). For non-occluded vessels in RVO patients, the slope between diameter and velocity was 0.0796 (p <
0.001; r2 = 0.7934) and the relation between diameter and flow was Q = 3.82 × 10− 3 × D1.58 (p < 0.001; r2 = 0.2772). 
(E & F) This plot represents the relation of velocity of flow to diameter for measurements performed on vessels in different RVO patients: non-occluded vessels (gray 
circle), occluded vessels (black circles), and occluded vessels 1 month after one aflibercept injection (gray cubes). For occluded vessels, the slope between diameter 
and velocity was 0.0195 (p < 0.001; r2 = 0.6068) and the relation between diameter and flow was Q = 9.91 × 10− 6 × D2.41 (p < 0.01; r2 = 0.2526). For occluded 
vessels 1 month after treatment, the slope was 0.081 (p < 0.001; r2 = 0.9223) and the relation between diameter and flow was Q = 4.08 × 10− 4 × D2.06 (p < 0.08; r2 

= 0.1782). 
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3.79 ± 1.57 μl/min. 
For the CRVO patient who underwent aflibercept treatment, we then 

observed an at least partial recovery of flow, as well as an improvement 
in visual acuity and the macular edema (Fig. 3C). For occluded vessels 1 
month after intravitreal treatment, the slope was 0.081 (p < 0.001; r2 =

0.9223) and the relation between diameter and flow was Q = 4.08 ×
10− 4 × D2.06 (p < 0.08; r2 = 0.1782). Fig. 2E and F summarize the 
measurements performed in non-occluded veins, occluded veins at 
diagnosis, and occluded veins after aflibercept injection. 

4. Discussion 

Our study of the new AO-LDV prototype showed: (1) the feasibility of 
RBF measurements in healthy subjects and RVO patients, (2) measure
ments of RBF are in the range of published data using LDF technology, 
(3) measurements of vein diameters can be automatically computed 
using appropriate new software, (4) RBF after retinal vein occlusion is 
significantly lowered and the relationship between retinal vein diameter 
and flow is modified when compared to normal eyes. 

In previous studies, the authors independently measured red blood 
cell velocity and vascular diameter at two different times, which rep
resents a technical and scientific limitation. The AO-LDV prototype al
lows for the simultaneous acquisition of diameters and velocities and 
thus the calculation of RBF. The use of a laser during the acquisition of 
AO images does not allow for use of the averaged image acquired during 
a 4-s recording and processed with the rtX1 software. For this reason, 
retinal vascular diameter was calculated from between one and several 
raw images acquired during the 4-s recording. Accordingly, the resolu
tion of raw images was 1392 × 1040 px instead of 1500 × 1770 for 
averaged images. 

Automated calculation of vascular diameters was performed using 
dedicated software. Software 1 was used as the standard reference and 
the diameter was obtained for 64.9 % of images. To facilitate automatic 
measurement of retinal diameters and to improve selection and identi
fication of the retinal vessel, we also evaluated an innovative approach 
involving deep neural networks (software 2). Data obtained from each 4- 
s recording using softwares 1 and 2 were well correlated, and paired 
comparison showed a significant difference between both implementa
tions of 3.7 μm, which is in the range of variability of both applications. 

Table 3 
Retinal blood flow in vessel bifurcations.  

Vessel Branch 1 Vessel Branch 2 VB1 +

VB2 

Vessel Parent Δ/VP 

86 
μm 

2.06 
μl/min 

156 
μm 

11.29 
μl/min 

13.35 
μl/min 

169 
μm 

17.32 
μl/min 

12.3 
% 

125 
μm 

5.06 
μl/min 

105 
μm 

3.5 μl/ 
min 

8.56 μl/ 
min 

132 
μm 

7.13 μl/ 
min 

7.5 % 

134 
μm 

9.82 
μl/min 

109 
μm 

8.53 μl/ 
min 

18.35 
μl/min 

158 
μm 

16.86 
μl/min 

17.3 
% 

131 
μm 

9.89 
μl/min 

112 
μm 

5.53 μl/ 
min 

15.42 
μl/min 

159 
mm 

13.46 
μl/min 

14.4 
% 

116 
μm 

6.84 
μl/min 

82 
μm 

1.58 μl/ 
min 

8.42 μl/ 
min 

126 
μm 

8.57 μl/ 
min 

7.4 % 

81 
μm 

4.57 
μl/min 

65 
μm 

2.51 μl/ 
min 

7.08 μl/ 
min 

89 
μm 

6.72 μl/ 
min 

6.0 % 

129 
μm 

9.53 
μl/min 

78 
μm 

4.99 μl/ 
min 

14.53 
μl/min 

165 
μm 

17.51 
μl/min 

13.5 
% 

98 
μm 

8.92 
μl/min 

109 
μm 

8.59 μl/ 
min 

17.51 
μl/min 

155 
μm 

16.35 
μl/min 

16.5 
%  

3.01 µl/min

10.61 µl/min 1.88 µl/min 17.76 µl/min

10.15 µl/min

Healthy right eye

Pa
tie

nt
 A

Pa
tie

nt
 B

Left eye with inferior BRVO

Healthy right eye Left eye with BRVO at T0 Left eye one month later

11.53 µl/min

7.10 µl/min 1.67 µl/min 12.08 µl/min

6.6 µl/min

Fig. 3. Retinal blood flow in eyes with retinal vein occlusion. 
Fundus photography, optical coherence tomography, and RBF measurement for a number of RVO patients. Measurements of RBF in superior and inferior temporal 
veins are recorded in the figs. 
1- RBF was measured in temporal veins in a patient in the right healthy eye (1A) and the left eye with inferior CRVO (1B). The RBF of the occluded vein was 
significantly decreased when compared with the contralateral inferior temporal vein. 
2- RBF was measured in temporal veins of the right healthy eye (2A) and the inferior left eye with CRVO (2B, T0). The RBF in the left eye, both in the inferior and 
superior temporal veins, was decreased compared with the contralateral eye. Measurements of RBF at 1 month after the first injection of aflibercept (2C) showed a 
significant increase in RBF in the temporal occluded veins. 
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As stated in the methods, softwares 1 and 2 were only evaluated on a set 
of 108 annotated images. A preliminary test shows that software 2 is 
able to provide a vascular diameter in 99.5 % of 12,320 images from 308 
RBF measurements. This exploratory study showed that the mean dif
ference between softwares was tiny, about 3,7 μm, i.e. 5 %. Further 
studies are necessary to compare softwares 1 and 2 on a larger set of 
uniformly sampled annotated images, i.e. images that encompass 
enough statistical variability. 

For the spectrum analysis, the automatic analysis described in the 
method section was not always effective for the cut-off determination 
depending on the quality of the spectrum. For this reason, a “human” 
selection of spectra was used to identify spectra with a high level of noise 
and to select spectra. One perspective would be the development of a 
software that excludes low-quality spectra associated with the parallax 
phenomenon. 

The rtx1 optical system has two optical paths, one for illumination 
and one for AO imaging. Due to the restricted space and choice of 
wavelength, the Doppler system was introduced in the illumination 
path, which does not correct for the eye aberration and corrects only 
partially for the dioptric error of the eye. If the focal plane of the Doppler 
system does not match the retinal plane, then parallax occurs and the 
light detected does not match that of the vessel. For this reason, we 
added an extra step to set the focal plane of the Doppler system on the 
retinal plane. This was done by replacing detection by laser sources and 
moving theses sources onto the probing beam. However, this technique 
as used in the present study is time-consuming (i.e., 40 min for 
measuring all major retinal veins in one eye). We acknowledge that this 
AOLDV device was not directly compared to other devices such as Canon 
LDV or laser speckle flowgraphy, which would be a further study. Pre
vious experiments validated our experimental device with in vitro 
measurements (Truffer et al., 2020). 

Previous studies using different technologies reported the total RBF 
in humans based on vein measurements (Table 4). In our study, the total 
RBF varies between 23.83 and 50.7 μl/min, which is consistent with 
previous studies. With a device based on the same fundamental princi
ple, bidirectional LDV and monochromatic fundus photographs, Riva 
et al. found a total RBF that varies between 23.8 and 40.9 μl/min (Riva 
et al., 1985), Grunwald et al. between 25.9 and 44.4 μl/min (Grunwald 
et al., 1992), and Garhofer et al. between 23.0 and 80.8 μl/min 
(Garhofer et al., 2012). AO-LDV measurements also showed a similar 
relationship between retinal vein diameter and velocity to that of the 
previous study by Rival C et al. (Riva et al., 1985). We also showed a 
slight correlation between total RBF and OPP, consistent with a previous 
study by Garhofer (Garhofer et al., 2012). This is probably due to an 
autoregulation of RBF and the low range of OPP in our healthy subjects 
(between 40 and 70 mmHg) (Pournaras et al., 2008). 

The difference in RBF observed when studying vessel bifurcations 
underlines the variability of velocity measurements rather than mea
surements of vein diameters using our prototype. A reproducibility test 
was done on five vessels of one eye with three measurements per vessel. 

We showed that the variability of vessel velocity (mean coefficient of 
variation of 9.38) was higher than the variability of vessel diameter 
(mean coefficient of variation of 2.89). 

Our results show significantly reduced RBF in occluded veins, in 
contrast to that reported by Kohner et al. (Chen et al., 1998) using 
bidirectional LDV. Our conclusions are limited by the limited number of 
patients included according to a strict selection criterion (absence of 
anti-hypertensive treatment). In RVO, we found lower RBF (3.51 ± 2.25 
μl/min) at baseline in occluded vessels than that described by Kohner 
(13.7 ± 5.8 μl/min) whereas RBF values in healthy vessels were similar 
(11.07 ± 4.53 μl/min vs 14.2 ± 4.1 μl/min). Another study that re
ported RBF using laser speckle flowgraphy showed that RBF in occluded 
vessels (BRVO) was reduced by 20 % as compared with contralateral 
retinal veins of the same eye (Noma et al., 2016). This reduction was 
estimated to be 68 % in our series, when we compared occluded vessels 
with healthy vessels in the contralateral eye. Our data also may suggest 
that RBF is reduced in ischemic RVO as compared with non-ischemic 
RVO. However, this result should be confirmed among a larger series. 
The measurement of RBF will offer the ability to evaluate future treat
ment for improving blood flow. 

Riva and coll. (Logean et al., 2003) has demonstrated that the retinal 
flow in vessels of healthy, young subjects is laminar. According to the 
Poisseuille's equation, this type of flow is proportional to the fourth 
power of the diameter (i.e. R4). We found a power factor of 2.54 in 
healthy eyes which is close to the 2.84 factor reported by Riva (Riva 
et al., 1985) using LDV and lower than that found by Garcia (Garcia 
et al., 2002), a factor of 3.5 using Canon LDV. For subjects with RVO, the 
calculation gave the lower factor of 1.58 in non-occluded vessels and 
2.41 in occluded vessels, which suggests that other physical quantities 
than perfusion pressure and blood vessel length are involved. 

The increase of RBF after anti-VEGF treatment (about +30 %) has 
been previously described using laser speckle flowgraphy technique in 
non-ischemic eyes (Matsumoto et al., 2021). In one case of CRVO, we 
illustrated a significant increase in RBF at one month after anti-VEGF 
treatment. The mechanism by which the effect of anti-VEGF could be 
driven is not known since anti-VEGF drugs may induce decrease 
(Fukami et al., 2017; Sacu et al., 2011), no change (Bek et al., 2008; 
Nagaoka et al., 2014) or increase (Micieli et al., 2012; Noma et al., 2016) 
in retinal vein diameter. The effect of anti-VEGF drugs is complex, 
associated with the intraocular level of VEGF (Nagaoka et al., 2014; 
Yamada et al., 2015) and also to the extent of vein occlusion and/or 
associated ischemia. 

We acknowledge several technical limitations relative to this AOLDV 
device: (1) there is no eye-tracking and therefore the fixation of the 
subject should be excellent in order to keep the laser beam on the center 
of retinal vessels. This may explain why several spectra from LDV 
measurement should be excluded for final analysis. Moreover, this limits 
the use of this system to subjects with a good fixation, and therefore 
limits the routine use of this device in ophthalmology (2) One should 
also note that software 1 used for evaluation of RBF provided an output 
in about 65 % of the cases, due to the following reasons: (1) the subject 
was blinking with no apparent vessels, (2) the AO illumination failed to 
correctly illuminate the field-of-view and (3) in case many vessels were 
in the area of the laser beam, software 1 poorly detected the edges of the 
vessel of interest. Finally, since our AO-LDV acquires retinal vessel 
diameter measurements every 100 msecondes during 4 secondes, the 
overall measurement considers measurements during diastole and sys
tole. Pulsatility per se is not therefore considered in the analysis. The 
cardiac cycle mainly influences blood flow velocity profiles in retinal 
arteries and in a lesser extent in veins (Knudtson, 2004; Riva et al., 1985; 
Zhong et al., 2011), we focused our measurement on retinal veins and 
acknowledge that some minor variability of RBF measurement in rela
tionship with pulsatility could be encountered. As noticed previously, 
the major limitation of the technique is the need of an excellent macular 
fixation, even in the controlateral healthy eye, especially in aged 
patients. 

Table 4 
Review of the literature for the measurement of total retinal venous flow in 
healthy subjects. TRBF: total retinal blood flow, LDV: laser Doppler velocimetry, 
FD-OCT: Fourier-domain optical coherence tomography.  

Study Measurement 
technique 

No. of 
subjects 

Age (years, 
range) 

TRBF (μl/min, 
range) 

Our study AO-LDV  15 39 (22–73) 23.83–50.7 
(Riva et al., 

1985) 
LDV  7 34 (20–45) 23.8–40.9 

(Grunwald 
et al., 1992) 

LDV  12 32 (19–45) 25.9–44.4 

(Doblhoff-Dier 
et al., 2014) 

FD-OCT  4 Unknown 32.5–42.4 

(Garhofer 
et al., 2012) 

LDV  64 32 (18–45) 23.3–80.8  
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In conclusion these new developments using AO-LDV are encour
aging for the non-invasive evaluation of RBF in humans and offer new 
opportunity to study RBF in patients with retinal vascular disease. This 
study should prompt future technical improvement, including the use of 
the optical path of rtX1 for the LDV part of the system, to overcome the 
parallax problem and improve the quality of the spectra acquired. 
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