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Abstract

Purpose—To evaluate retinal blood flow measurements in normal eyes and eyes with varying 

levels of diabetic retinopathy (DR) using Doppler Fourier-domain optical coherence tomography 

(FD-OCT).

Methods—Twenty-two eyes of 19 subjects, 10 with severe nonproliferative DR (NPDR) and 12 

with proliferative DR (PDR), were compared with 44 eyes of 40 healthy control subjects. All eyes 

were scanned by RTvue FD-OCT. Color disk photos and cube/volume scans of the optic nerve 

head were obtained. Doppler OCT scans and accessory imaging data were imported into Doppler 

OCT of Retinal Circulation grading software to calculate total retinal blood flow (TRBF) and 

vascular parameters (e.g. venous and arterial cross-sectional area). Measurements were compared 

between cases and controls using independent t tests.

Results—Mean TRBF was 44.98± 9.80 (range: 30.18–64.58) μl/min for normal eyes, 

35.80±10.48 (range: 20.69–49.56) μl/min for eyes with severe NPDR and 34.79±10.61 (range: 

16.77–48.9) μl/min for eyes with PDR. Mean TRBF was significantly lower in eyes with severe 

NPDR (P = 0.01) and PDR (P = 0.003) than in normal eyes.
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Conclusions—TRBF was significantly lower in eyes with severe NPDR and PDR compared to 

normal eyes. Retinal blood flow determined by Doppler OCT may be a useful parameter for 

evaluating patients with DR.
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Diabetic retinopathy (DR) is an important complication of diabetes mellitus and a leading 

cause of blindness in developed nations. The pathogenesis of DR is multifactorial; but the 

condition is believed to be due mainly to chronic hyperglycemia, which causes retinal injury, 

ischemia and fibrovascular tissue proliferation and ultimately results in vision loss1. Various 

techniques (e.g., ultrasound color Doppler imaging,2 magnetic resonance imaging,3 laser 

Doppler flowmetry4) have been developed to measure retinal blood flow; but other than 

fluorescein angiography,5 which provides qualitative assessment of blood flow, none of 

these techniques has achieved common clinical use.

Optical coherence tomography (OCT)6 is a non-invasive imaging technique used to evaluate 

outer retinal and choroidal diseases such as choroidal neovascularization and age-related 

macular degeneration7; retinal vascular diseases such as retinal vein occlusion8 and diabetic 

retinopathy9–12; and glaucoma.13–15 In addition to detailed information about the 3-D 

anatomy of the retina, the OCT data includes information about the Doppler shift of 

reflected light from vascular structures. This information can be used to assess blood flow. 

The introduction of Fourier domain techniques improved the speed of OCT imaging and 

allowed the Doppler shift to be measured over time, facilitating the development of Doppler 

Fourier-domain optical coherence tomography (FD-OCT).16–18 The magnitude of the 

Doppler shift alone is not enough to quantify flow velocity; it is also critical to know the 

Doppler angle, or the angle at which the light intersects the retinal vessel(s) of interest. In 

order to estimate the Doppler angle(s), a circumpapillary double circular scan pattern was 

developed to allow the trajectory of the retinal vessel(s) within the retina.19 Previous studies 

have used this technique to study small cohorts of normal and diseased eyes.10–12, 20 In the 

present study, we used Doppler OCT data to compare retinal blood flow in normal eyes and 

eyes with either proliferative DR (PDR) or severe nonproliferative DR (NPDR).

Materials and Methods

This cross-sectional prospective study evaluated 44 eyes of 40 healthy normal subjects and 

22 eyes of 19 subjects with severe NPDR (N=10 eyes) or PDR (N=12 eyes). All subjects 

were recruited from Los Angeles County University of Southern California (LAC + USC) 

Medical Center Ophthalmology clinic between January 2012 and January 2013. Written 

informed consent was obtained from all subjects. The study protocol was approved by the 

Health Science Institutional Review Board of University of Southern California, and the 

research adhered to tenets set forth in the Declaration of Helsinki.

Inclusion criteria for the control group included eyes with no history of ophthalmic disease 

which was confirmed by clinical examination as well as no systemic disease as confirmed by 

the patient. Eyes with either PDR or severe NPDR but with no evidence of other ocular 
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disorders (e.g., corneal opacity, glaucoma, ocular hypertension, or age-related macular 

degeneration) were included in the study. Inclusion criteria for the cases included evidence 

of severe NPDR or PDR in at least one eye and no history of prior ocular therapeutic 

intervention (surgery, intravitreal injection, or pan retinal photocoagulation). The diagnosis 

of severe NPDR and PDR was based on clinical examination and color fundus photos, with 

grading performed in accordance with the Early Treatment for Diabetic Retinopathy 

(ETDRS) scale. Color fundus photographs (ETDRS 7-standard fields) were captured using a 

Topcon fundus camera (Topcon Medical Systems, Inc., Oakland, NJ).

Doppler OCT Acquisition

The RTVue FD-OCT (Optovue Inc. Fremont, CA) was used to obtain the Doppler OCT 

scans on all eyes enrolled in the study. Scans were obtained using the previously published 

dual circular scan protocol,19 consisting of two concentric circles which transected all of the 

major blood vessels (arteries and veins) entering/exiting the optic nerve head. The OCT 

system operated at a wavelength of 840nm. The scan rate of OCT system is 26,000 A-scan/s 

with a 36.7 ms time interval between the two consecutive axial scans.21 Between the 

sequential scans, phase wrapping limit is π radian phase shift and the Doppler shift is 13.6 

kHz, which corresponds to a maximum measurable axial velocity of 4.2 mm/s.11, 21 Since 

the average peripapillary blood flow velocity was 15 mm/s, a double-ring scan pattern20 was 

used to overcome this problem.

The double-ring scan pattern consisted of two concentric ring scans with diameters of 3.4 

and 3.75 mm, respectively, around the optic disc. At these locations, the axial component of 

velocity is quite small and is in the measurable range of RTVue because the vessel is nearly 

perpendicular to OCT beam. Since each vessel entering or exiting the optic nerve was 

crossed by these two circular scans, the trajectory of the blood vessel relative to the light 

beam could be determined, allowing computation of the Doppler angle.20–21 Both Doppler 

shift and Doppler angle were used to calculate flow velocity.

In some veins, the Doppler phase shift in the center of the vessel might be between π and 2π 
(or -π and −2π), so a phase unwrapping technique was employed to correct for this and 

obtain a valid flow measurement.11 Since arteries could cause multiple phase wrapping (>2π 
or <−2π) due to faster velocities, we did not use artery for flow measurement, focusing 

instead on the peripapillary veins for the flow calculation.11 Occasionally, multiple phase 

wrapping could also occur in veins with large Doppler angles. In a previous study, 20 the 

maximum Doppler angle was 32 degree and the maximal axial velocity was 18.5mm/s in a 

normal subject, which would cause 3 times phase wrapping. These veins with phase 

wrapping were excluded for speed calculation, but the flows in these occasional veins were 

estimated based on their cross-sectional area and the speed of other adjacent veins.

The total retinal blood flow (TRBF) was measured by summation of flow in the veins. For a 

given scan acquisition sequence, six dual circular scans were acquired in 2 seconds. To 

achieve high quality scans, the scan acquisition sequence was repeated five or six times, 

providing 30 to 36 frames for each ring.22
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Doppler OCT Grading and Blood Flow Calculation

Doppler Optical Coherence Tomography of Retinal Circulation (DOCTORC) software23 

was used for grading and blood flow calculation. This semi-automated grading procedure 

requires a human grader and has been shown to have good reproducibility.22 Doppler OCT 

scans, and 3D disk scan (101 × 512 A-scans over a 6 mm × 6 mm square) were exported 

using RTVue Doppler transfer output software and submitted, along with color fundus 

photographs, to the Doppler OCT Reading Center at Doheny for grading. The grading 

procedure was separated into three steps: preprocessing, manual editing, and flow 

calculation.14

In the preprocessing step, the Doppler OCT scans was registered to the en face projection of 

the 3D OCT data (from the 3D disk scan). This step helped the grader compare the positions 

of vessels on the en face OCT image with the Doppler OCT B-scans (and the corresponding 

color photographs, which were easy to compare against the en face OCT images). The 

DOCTORC software also automatically detected vessels on all frames, including vessel 

position and vessel type (artery vs vein).

As previously described,21 in the manual editing step, vessels were verified or corrected with 

respect to position and size. Vessels were also added (if missing) or deleted (if falsely 

detected) as needed. Vessel type was also verified or corrected based on the hue (bright red 

vs dark red) of the corresponding vessel on the color photographs. Factors that could 

potentially affect accurate identification of vessels differ from case to case and vessel to 

vessel but may include suboptimal image quality, small Doppler angles, and motion artifacts. 

To increase the reliability of the retinal blood flow result, graders also subjectively gave a 

confidence score for each vessel of the scan on a scale of 0–5 (0 being the worst and 5 being 

the best).21

Finally, blood flow was calculated by DOCTORC software based on the corrected vessels. 

Doppler angle (the angle between the vessel and the laser beam), vessel area, and flow 

velocity were estimated based on vessel position, vessel boundary, and Doppler phase shift 

within the selected vessel area.22–23 TRBF was calculated with average flow in all veins and 

all frames. Based on the Doppler angle variance and subjective grading, reliability of blood 

flow11–12 was determined for each eye. The criteria used for the automated reliability 

assessment have been published previously,11–12 and only reliable eyes were included in the 

analysis. DOCTORC grading methodology was explained in detail in our previous papers 

(Figure 1 and 2). 21–22

Statistical Analysis

Statistical analysis was performed using SPSS software (SPSS for Windows 18.0; SPSS, 

Chicago, IL) with the significance level set at 0.05. Descriptive statistics were calculated for 

normal eyes and for eyes with severe NPDR or PDR. All variables were expressed as mean 

(± SD). Independent t tests were used to compare the measurements between the various 

groups. Pearson correlations were performed. The main outcome measures were blood flow, 

venous area and velocity, and arterial area and velocity.
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Results

Subjects

A total of 22 eyes of 19 subjects with advanced DR, including 10 eyes with severe NPDR 

and 12 eyes with PDR, with mean ages of 53±8.75 (38–61) and 50.22± 7.1(42–61), 

respectively, were recruited. Forty-four eyes of 40 healthy control subjects with average age 

of 62.44 ± 9.65(45–82) years were included in the analyses.

Comparison between Normal Eyes and Eyes with DR (Table 1)

The mean TRBF was 44.98 ± 9.80 (range: 30.18–64.58) μl/min for normal eyes; 35.80 

± 10.48 (range: 20.69–49.56) μl/min for eyes with severe NPDR; and 34.79 ± 10.61 (16.77–

48.9) μl/min for eyes with PDR. There was a significant difference in age between normal 

and severe NPDR (P = 0.03), PDR (P <0.001). The mean TRBF was significantly lower in 

eyes with severe NPDR (P = 0.01) and PDR (P = 0.003) compared with normal eyes.

Inferior hemisphere blood flow was significantly lower (P = 0.01) in eyes with PDR 17.15 

(±5.06) μl/min compared to normal eyes 22.56 (±6.27) μl/min. Venous velocity in the eyes 

with PDR 12.11(±3.62) mm/sec was significantly lower (P = 0.01) compared to the normal 

eyes 14.93(± 3.25) mm/sec. There was no significant difference in the total cross-sectional 

areas of either veins or arteries between the eyes with severe NPDR, PDR and the normal 

eyes.

The difference in mean TRBF was not statistically significant (P = 0.82) between eyes with 

severe NPDR and those with PDR. There was no correlation between blood flow and age 

within the study groups (Normals: r = −0.14, P = 0.39; Severe NPDR: r = −0.24, P = 0.64; 

PDR: r = −0.44, P= 0.23).

Discussion

In the present study, we compare retinal blood flow values in normal eyes and eyes with 

advanced DR (severe NPDR and PDR) using Doppler FD-OCT. The mean TRBF in normal 

eyes was 44.98 (±9.80) μl/min, comparable to the results in previously published reports by 

Wang.20–21 The mean TRBF in normal eyes falls between the previous values of 34.0 (±6.3) 

μl/min reported by Riva24 and 64 (±12.8) μl/min reported by Garcia et al.4 The results of 

blood flow, velocity and area measurements for normals are also similar to the results from 

our previous publications. 20–21 TRBF was significantly lower in eyes with severe NPDR 

and PDR compared to normal eyes. The decrease in TRBF in eyes with severe NPDR 

compared to normal eyes was in accordance with the previously published results by 

Neudorfer25 et al, who showed that the resistive index of the central retinal artery and 

posterior ciliary artery increased in eyes with NPDR in comparison to healthy control eyes, 

indicating that blood vessel resistance increased in eyes with NPDR. Since vascular 

resistance is inversely proportional to blood flow, retinal blood flow decreased in eyes with 

NPDR. However, it should be noted that other studies have reported increased retinal blood 

flow in NPDR.26–27
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The mean TRBF, inferior retinal blood flow and venous velocity decreased in eyes with 

PDR in comparison with normal eyes. The reduction in venous velocity may be a reflection 

of the venous congestion and possibly even mild venous obstruction that has been reported 

in eyes with more advanced levels of retinopathy.28 Our results for PDR are similar to the 

previous publications from our group.10–12 However, other studies have shown increased 

blood flow in PDR compared to normals.25 There was no significant difference in the total 

cross-sectional areas of either veins or arteries between the eyes with DR and the normal 

eyes. Of note, there was no significant difference in mean TRBF between eyes with severe 

NPDR and those with PDR.

We found a significant difference in age between normals and eyes with advanced DR. Age 

was negatively correlated with TRBF in normal eyes and in eyes with advanced DR, 

although the difference was not statistically significant. However, in our previous study 

involving normal, healthy Chinese-Americans, we found a significant negative correlation 

between blood flow and age.21 According to the results of our study, the difference in age 

between the DR and control groups would not explain the difference in TRBF since the 

expected age effect would be much smaller and different in sign, predicting higher TRBF in 

the younger DR groups.

In diabetes mellitus, altered metabolism is the main factor leading to systemic vascular 

disease. Although the exact pathogenesis of the disease is unknown, the vascular changes 

and the subsequent hemodynamic changes are considered to play a significant role in the 

pathogenesis of DR.29 Microangiopathy, considered an important factor contributing to DR, 

appears to be due to hypoxic and hyperglycemic changes.30–33 Thus retinal blood flow is an 

important factor to be studied. None of the many techniques developed for retinal blood flow 

measurement2–4 have had widespread clinical applications due to various limitations. The 

data on color Doppler imaging is mixed with reports of both increased and decreased blood 

flow velocities in diabetic retinopathy patients,34–36 indicating that color Doppler imaging 

can be used only for larger retrobulbar vessels and cannot be used to calculate TRBF. MRI3 

scan acquisition is very slow. The Canon laser blood flowmeter4 causes patient discomfort 

with its very bright screen, and its problems with vessel tracking and difficulty in focusing 

present challenges for obtaining vessel measurements near the disc margin. And fluorescein 

angiography,5 while it has been used clinically, provides only a qualitative assessment of 

retinal blood flow and is a relatively invasive test involving the injection of dye.

In contrast, the non-invasive Doppler FD-OCT16–18 technique used for this study allows 

rapid quantitative measurement of retinal blood flow. Retinal blood flow measurement 

requires only the installation of additional software to existing FD-OCT devices, which are 

being extensively used in ophthalmology.

Our study has several limitations, including the relatively modest sample size, particularly of 

patients with severe NPDR and PDR. In addition, although we attempted to recruit normal 

subjects with ages similar to those of the diabetic subjects, the normal subjects were 

somewhat older. As such, further replication studies with age-matched controls would be of 

importance. Another limitation of our study is its cross-sectional nature. Thus, we have no 

information regarding how blood flow abnormalities evolve over time in diabetic patients. 
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Finally, we did not have data for regarding the level of blood pressure control, cardiac status 

(e.g. ejection fraction), extent of atherosclerosis or caroid stenosis for the severe NPDR and 

PDR groups. While hemoglobin A1C levels may be an important parameter to be included, 

we did not have this data.

Our study also has several strengths, including the use of a well-established and reliable 

protocol for the acquisition of Doppler OCT scans, the use of experienced reading center 

graders, and a standardized grading protocol with established good reproducibility.22 

Compared to previous reports11,12, our study also analyzes a much larger PDR cohort and 

also includes eyes with severe NPDR.

It still remains to be determined through future prospective studies, whether TRBF could 

have prognostic significance or is affected by laser or anti-angiogenic therapies.

In summary, total retinal blood values for the normal eyes in our study were similar to those 

described in previous reports. The TRBF in eyes with severe NPDR and PDR, however, was 

significantly lower than normal. Our findings, while preliminary, suggest that TRBF 

determined by Doppler OCT may be a parameter worthy of further study in the context of 

diabetic retinopathy. Prospective longitudinal studies are necessary to better define how 

TRBF changes as the disease evolves and in response to treatment.
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Summary Statement

Doppler OCT was used to measure total retinal blood flow (TRBF) in normal eyes and 

eyes with varying levels of diabetic retinopathy (DR). TRBF was significantly lower in 

eyes with non-proliferative DR and proliferative DR, compared to normal eyes.
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Figure 1. 
Grading flow chart
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Figure 2. 
(A) Comparison of reconstructed fundus image from OCT with (B) Color fundus photo of 

the same subject to identify the type of vessel as an artery or vein. Numbers show the vessel 

location and color indicates the type of vessel detected: red = artery; blue = vein. (C) Cross-

sectional image of the vessel for grading.
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