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PURPOSE. To investigate blood flow changes in retinal and optic
nerve diseases with Doppler Fourier domain optical coherence
tomography (OCT).

METHODS. Sixty-two participants were divided into five groups:
normal, glaucoma, nonarteritic ischemic optic neuropathy
(NAION), treated proliferative diabetic retinopathy (PDR), and
branch retinal vein occlusion (BRVO). Doppler OCT was used
to scan concentric circles of 3.4- and 3.75-mm diameters
around the optic nerve head. Flow in retinal veins was calcu-
lated from the OCT velocity profiles. Arterial and venous diam-
eters were measured from OCT Doppler and reflectance im-
ages.

RESULTS. Total retinal blood flow in normal subjects averaged
47.6 �L/min. The coefficient of variation of repeated measure-
ments was 11% in normal eyes and 14% in diseased eyes. Eyes
with glaucoma, NAION, treated PDR, and BRVO had signifi-
cantly decreased retinal blood flow compared with normal
eyes (P � 0.001). In glaucoma patients, the decrease in blood
flow was highly correlated with the severity of visual field loss
(P � 0.003). In NAION and BRVO patients, the hemisphere
with more severe disease also had lower blood flow.

CONCLUSIONS. Doppler OCT retinal blood flow measurements
showed good repeatability and excellent correlation with vi-
sual field and clinical presentations. This approach could en-
hance our understanding of retinal and optic nerve diseases
and facilitate the development of new therapies. (Invest Oph-
thalmol Vis Sci. 2011;52:840–845) DOI:10.1167/iovs.10-5985

The development of noninvasive methods such as magnetic
resonance angiography1 and functional magnetic reso-

nance imaging (MRI)2 to measure cerebral hemodynamics has
greatly enhanced the study of neurologic diseases and func-
tional neuroanatomy. Such methods would also be very helpful
in the eye because the leading causes of blindness in the
industrialized world—diabetic retinopathy, macular degenera-

tion, and glaucoma—are all related to abnormal retinal3,4 or
optic nerve blood flow.5 Unfortunately, MRI resolution is too
coarse for quantitative imaging of retinal blood vessels, which
have a very fine caliber.

Although several techniques are being used for retinal
blood flow evaluation, they all have serious limitations. Ultra-
sound color Doppler imaging has sufficient resolution to mea-
sure only the larger retrobulbar vessels.6 It can measure blood
velocity but not vessel diameter; therefore, volumetric blood
flow cannot be determined. Several types of laser Doppler
techniques are able to measure flow in individual retinal ves-
sels7–9 or capillary beds.10 Although it is possible to measure
total retinal blood flow by adding measurements from individ-
ual vessels, this requires many measurements over a long ses-
sion.8 These specialized instruments are generally available
only in major research centers because they are expensive.
Fluorescein and indocyanine green angiographies are widely
used to visualize retinal and choroidal circulations. However,
they do not provide quantitative measurements of blood flow
and require the intravenous injection of dyes that have poten-
tial side effects.11

Optical coherence tomography (OCT)12 is commonly used
in the diagnosis and management of retinal diseases.13–16 It has
the requisite resolution to image retinal blood vessels.17 Be-
cause it is a coherent detection technique, OCT can detect the
Doppler frequency shift of back-scattered light, which pro-
vides information on blood flow velocity.18,19 With the devel-
opment of high-speed Fourier-domain OCT,20–22 it has become
possible to capture the pulsatile dynamics of blood flow.23,24

Using Doppler Fourier-domain OCT, we developed a dou-
ble circular scanning pattern (Fig. 1) that measures flow in all
the blood vessels around the optic nerve head four to six times
per second.25 Total retinal blood flow could be calculated with
the data sampled within 2 seconds. We have demonstrated that
flow measurements in normal subjects26 and in a patients with
diabetic retinopathy27 can be reproducibly obtained. In this
study, we used this new technique in a systematic investigation
of blood flow abnormalities in retinal and optic nerve diseases.

METHODS

Doppler imaging was performed with Fourier-domain OCT using a
double circular scan pattern around the optic disc. In subjects with
optic nerve or retinal pathologies, only the affected eye was scanned.
In normal subjects and subjects with bilateral disease, one eye was
randomly selected for scanning.

Study Population

The clinical study was performed at the Doheny Eye Institute at the
University of Southern California (USC). The research protocols were
approved by the USC institutional review board and carried out in
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accordance with the tenets of the Declaration of Helsinki. Written
informed consent was obtained from each subject.

The normal and perimetric glaucoma subjects were part of the
Advanced Imaging for Glaucoma study, and their inclusion criteria are
reported in a previous publication28 and on www.AIGStudy.net.

Subjects with established nonarteritic ischemic optic neuropathy
(NAION) who were past the initial acute phase, having achieved
resolution of initial optic disc and retinal edema, were recruited from
the clinic of Alfredo A. Sadun. Subjects with retinal diseases were
recruited from the clinic of Amani A. Fawzi.

Optical Coherence Tomography

Two spectrometer-based20,23 Fourier-domain OCT systems were used
for Doppler imaging. The initial prototype was built by coauthor
Joseph A. Izatt, and its operating software was provided by Bioptigen
Inc. (Durham, NC). This unit imaged the initial 33 subjects. Subsequent
scans used a high-resolution OCT scanner (RTVue; Optovue Inc.,
Fremont, CA). Both systems operated at a wavelength of 840 nm with
an axial resolution of 5 �m and a transverse resolution of 20 �m in
tissue. The power incident on the eye was 500 �W for the Izatt system
and 750 �W for the RTVue system. The time interval between two
sequential axial scans was 56 �s for the Izatt system and 36.7 �s for the
RTVue system. The maximum measurable Doppler shift was 8.9 kHz
for the Izatt system and 13.6 kHz for the RTVue system at the phase
wrapping limit of �� radian phase shift between sequential axial
scans. This corresponds to a maximum measurable axial velocity com-
ponent in the eye of 2.8 and 4.2 mm/s, respectively. The normal total
blood flows measured by the two devices were not significantly dif-
ferent (Izatt system, 46.7 � 4.1 �L/min; RTVue system, 48.6 � 6.8
�L/min; P � 0.45).

Doppler Image Acquisition and Processing

After pupil dilation with 1% tropicamide and 2.5% phenylephrine
eyedrops, each subject was seated in front of the OCT scanner and
instructed to look at the internal fixation target. The subject’s head was
stabilized by a chin rest. The fundus of the subject eye was visualized

on a real-time video display. The double circular scan pattern was
centered on the optic disc. The frame rate was 4.2 circles per second
for the Izatt prototype and six frames per second for the RTVue system.
Scans were recorded over consecutive 2-second intervals. Five scans
were performed on each eye.

Retinal blood flow was measured in post-processing by YW accord-
ing to a previously described method.25 Blood vessels were identified
based on Doppler and reflectance images. For the Izatt system, the
pixel dimensions are 12.6 �m in the transverse dimension (horizontal
in image) and 3.7 �m in the axial dimension (vertical in image). For the
RTVue system, the pixel dimensions are 11.2 �m in the horizontal
dimension and 3.1 �m in the vertical dimension. Vessel diameter D
was measured by computer caliper on the cross-sectional Doppler
OCT images and was used to compute lumen area (�D2/4). The arterial
and venous cross-sectional areas for all branch vessels around the optic
disc were summed separately to obtain the total arterial and venous
areas for the eye. The Doppler angle, between the vessel and OCT
beam, was measured by the relative position of each vessel in the two
concentric OCT images. The effect of eye motion on the calculation of
Doppler angle was small because of the short time interval between
the inner and outer circular scans (0.17 second for the RTVue system
and 0.25 second for the Izatt system). The error was further minimized
by averaging the Doppler angle estimates from the four (Izatt system)
or six (RTVue) pairs of concentric circular scans. Flow velocity was
computed from the Doppler shift and Doppler angle, with steps to
account for the effect of background retinal motion and transverse
scan step size.25 The Doppler angle in our study was small enough that
the axial velocity component for the great majority of veins was within
the range of the OCT systems used. When the peak axial Doppler shift
was between � and 2� (or �� and �2�) at the center of the vessel,
an unwrapping algorithm was applied automatically to allow valid flow
measurement.29 Doppler shifts of greater than �2� did not occur in
any vein in this data set. However, faster arterial velocities could cause
multiple phase wrapping (�2� or ��2�), and we did not measure
arterial flow because of this difficulty. Veins were identified by the flow
direction toward the optic disc. Volumetric blood flow rate for each
pixel was calculated by multiplying the velocity with pixel area. Flow
F within a vein was calculated by summing the flow in the pixels over
a rectangular area slightly larger than the lumen cross-section. Flow
measurements were averaged over each 2-second recording. Measure-
ments from all valid scans were averaged. Total retinal blood flow was
calculated by summing flow from all detectable veins. Retinal blood
flow in arteries and veins should have an equal sum because inflow
must equal outflow in any steady state system that obeys the law of
conservation of mass. This has been confirmed by actual measure-
ments of retinal arterial and venous flows with a number of tech-
niques.9 Thus, measuring total venous flow alone is sufficient to quan-
tify the total retinal blood flow. For each vein, the average velocity was
obtained by F/(�D2/4), where D was vessel diameter. Average arterial
velocities were obtained by dividing the total retinal flow by the total
arterial areas.

Visual Field Testing

Visual fields were tested in normal, glaucoma, and NAION subjects
using the Humphrey Field Analyzer II (Carl Zeiss Meditec, Inc., Dublin,
CA) with the 24–2 threshold test, size III white stimulus, and the
Swedish Interactive Threshold Algorithm.

Statistical Analysis

Reproducibility was assessed using pooled standard deviations and
coefficients of variation. Two-sided t-tests were used to compare the
average values of measurements. Given that we made comparisons for
five parameters (flow, venous area, venous velocity, arterial area, arte-
rial velocity), Bonferroni correction was applied to make the level of
significance P � 0.01. Linear regression was used to analyze the
relationship between visual field and blood flow. All the statistical

FIGURE 1. (a) Fundus photograph showing the double circular pattern
of the OCT beam scanning retinal blood vessels emerging from the optic
disc. (b) The relative position of a blood vessel in the two OCT cross-
sections is used to calculate the Doppler angle � between the beam and
the blood vessel. (c) Color Doppler OCT image showing the unfolded
cross-section from a circular scan. Arteries and veins could be distin-
guished by the direction of flow as determined by the signs (blue or red)
of the Doppler shift and the angle �. Image magnification ratio is 3.39:1.00
(vertical/horizontal).
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analyses were performed with statistical software (SAS 9.1.3; SAS
Institute, Cary, NC).

RESULTS

We compared the retinal blood flow parameters in human
subjects with retinal or optic nerve diseases with those of a
normal reference group (Table 1). The repeatability of total
retinal blood flow, measured as the coefficient of variation, was
10.9% in the normal group and 14.3% in the diseased eyes. The
overall intraclass correlation coefficient (ICC) was 0.85. The
blood flow in some eyes could not be determined either be-
cause of motion artifacts (poor fixation) or near perpendicular
orientation of the vessels relative to the OCT beam, primarily in
eyes with tilted discs.

Normal Eyes

The eyes of 25 normal healthy human subjects (9 men, 16
women; average age, 58.8 years; age range, 35–79 years) were
scanned. Retinal blood flow could be determined for 20 of the
25 subjects. Total retinal blood flow ranged from 40.8 to 60.2
�L/min. The measured venous diameters ranged from 27.9 to
183.2 �m. Analysis showed that 66% of veins were larger than
80 �m in diameter, and these larger veins carried approxi-
mately 88% of the total flow. There was no statistically signif-
icant difference between retinal blood flow in the superior
retinal hemisphere (24.2 � 3.4 �L/min [mean � SD]) and the
inferior hemisphere (23.4 � 4.1 �L/min). In addition, there
was no significant difference in total blood flow between men
(46.9 � 5.5 �L/min) and women (47.7 � 5.6 �L/min; P �
0.84). For the relationship between blood flow and vessel
diameter, linear regression analysis of the combined data from
all 20 subjects (Fig. 2) gave a slope of 2.13 � 0.08 (R � 0.93).
This indicated that velocity increased with vessel diameter.
There was a weak trend for age-related reduction in blood flow
(P � 0.17, linear regression).

For the individual pathologic eyes presented below, flow
values were considered abnormally low if they fell below 35
�L/min, which corresponds to the mean minus 2.33 SD of the
normal group (1 percentile cutoff for normal distribution).

Glaucoma

The eyes of 19 perimetric glaucoma subjects (9 men, 10 women;
average age, 62.8 years; age range, 49–69 years) were scanned.
Retinal blood flow could be determined in 16 subjects; in 10 of
them it was abnormally low. As a group, the average flow and
arterial and venous velocities were significantly lower than
normal, whereas the arterial and venous cross-sectional areas
were essentially the same as normal (Table 1). The decrease

in blood flow was highly correlated with the severity of
glaucoma as measured by mean deviation of the visual field
(Fig. 3, black dots).

Nonarteritic Ischemic Optic Neuropathy

The eyes of nine subjects (7 men, 2 women; average age, 57.0
years; age range, 45–70 years) with NAION were scanned.
Retinal blood flow could be measured in seven eyes, and six of
these were abnormally low. As a group, the average flow,
arterial velocity, venous area, and arterial cross-sectional area
were significantly lower than normal, whereas the venous
velocity was not significantly lower (Table 1). The blood flow
deficit and visual field loss in the NAION group are more severe
than in the glaucoma group (Fig. 3). Three NAION eyes had
purely altitudinal visual field defects with damage only in the
inferior field. All three had lower flow in the corresponding
superior retinal hemisphere (one example shown in Fig. 4).

Proliferative Diabetic Retinopathy

The eyes of five subjects (2 men, 3 women; average age, 41.6
years; age range, 29–65 years) with proliferative diabetic reti-
nopathy (PDR) were scanned. Each had undergone laser retinal
photocoagulation, and the PDR was quiescent. This group had
the most severely depressed blood flow, and all eyes had
abnormally low values. As a group, the average flows, veloci-

TABLE 1. Retinal Blood Flow, Vessel Cross-Sectional Areas, and Average Velocities in Normal and Pathological Eyes

Group
(No. eyes)

Blood Flow
(�L/min)

Venous Area*
(mm2)

Venous Velocity†
(mm/s)

Arterial Area*
(mm2)

Arterial Velocity‡
(mm/s)

Normal (20) 47.6 � 5.4 0.046 � 0.008 17.7 � 3.1 0.033 � 0.005 24.6 � 4.0
Glaucoma (16) 34.1 � 4.9 0.046 � 0.008 12.7 � 1.7 0.034 � 0.008 17.1 � 3.6

(P �0.001) (P � 0.977) (P �0.001) (P � 0.454) (P �0.001)
NAION (7) 28.2 � 8.2 0.030 � 0.007 15.4 � 3.2 0.025 � 0.006 19.0 � 3.4

(P �0.001) (P �0.001) (P � 0.109) (P � 0.002) (P � 0.003)
PDR (5) 15.8 � 10.1 0.024 � 0.007 10.4 � 3.6 0.018 � 0.011 16.0 � 5.0

(P �0.001) (P �0.001) (P � 0.001) (P �0.001) (P � 0.001)

Values are shown as average � SD. P values are in comparison with the normal average. Blood flow shown is the total venous flow. Arterial
flow was not independently measured.

* Venous and arterial lumen cross-sectional areas are sums of all detected retinal vessels.
† Venous velocity is calculated by dividing the flow by the total venous area in each eye.
‡ Arterial velocity is calculated by dividing the flow by the total arterial area in each eye.

FIGURE 2. Blood volume flow rate versus blood vessel diameter. Re-
sults are on a log-log scale. Solid line: best-fit result of linear regression
(P � 0.001; R � 0.93). Dotted lines: 95% confidence interval limits to
the fitted line (solid). The SD about the mean slope and intercept
values of the linear fit are �0.08 and �0.15, separately.

842 Wang et al. IOVS, February 2011, Vol. 52, No. 2



ties, and cross-sectional areas of both arteries and veins were all
significantly below normal (Table 1).

We also examined retinal blood flow in two diabetic pa-
tients (one man, 48 years; 1 woman, 28 years) without reti-
nopathy. Their total retinal blood flow values, 43.26 �L/min
and 40.49 �L/min, were within normal limits.

Branch Retinal Vein Occlusion

The eyes of two subjects (both women, 42 and 59 years old)
with BRVO were scanned. The retinal flow rates of both were
abnormally low, 18.6 and 34.8 �L/min. Their average venous
velocities, arterial velocities, and arterial areas were below
normal, whereas the venous areas were not significantly differ-

ent from normal. In both cases, the hemisphere with the vein
occlusion also had lower flow (one example shown in Fig. 5).

DISCUSSION

OCT is commonly used for the evaluation of retinal diseases,13

glaucoma,14,28 and other optic neuropathies.30,31 Thus far,
OCT has been used to measure the anatomic changes caused
by disease. This is the first systematic study that uses OCT to
measure a functional change caused by these diseases.

Doppler OCT has previously been used to visualize the
two-dimensional17,23 and three-dimensional32 vascular pat-
terns in the retina and choroid. To move beyond visualization
and achieve quantitative blood flow measurement, the angle
between the flow and the OCT probe beam must be deter-
mined. Several methods have been devised to achieve this goal.
One approach is to make use of two OCT beams that probe the
target from two different angles.33,34 Its drawback is that spe-
cial hardware is needed; therefore, the method cannot be used
with the OCT systems in common clinical use. Another ap-
proach is to use a three-dimensional volumetric OCT scan
pattern that can be processed to yield the course and orienta-
tion of blood vessels.35,36 The limitation of that approach is
that a dense volumetric scan of the area around the optic disc
requires more than 10 seconds at the speed of current com-
mercially available Fourier-domain OCT systems. This makes
measurements susceptible to errors caused by eye motion and
variation in flow during the cardiac cycle. To overcome these
limitations, we developed the double circular scan pattern that
can capture the direction and flow in all retinal vessels six
times per second. The method does not require any special
hardware and can be implemented on the current generation
of Fourier-domain OCT systems.

Our results are largely compatible with previous findings.
Retinal blood flow rate and velocity have been shown by

FIGURE 3. Relationship between visual field (VF) loss and retinal
blood flow in optic nerve diseases. There was a significant correlation
(P � 0.003; Y � 0.85 X � 34.48; R � 0.691) between the VF mean
deviation and the total retinal blood flow in the glaucoma group. There
were not enough NAION patients to compute the correlation.

FIGURE 5. Doppler OCT of an eye with superotemporal branch retinal
vein occlusion. The fundus photograph (a) showed the associated
retinal hemorrhage. The fluorescein angiogram (b) showed diffuse dye
leakage along the occluded vein and blocked fluorescence associated
with the hemorrhage. This eye also had previous panretinal photoco-
agulation for proliferative diabetic retinopathy; associated exudates,
blot hemorrhages, and laser scars were also present. Color Doppler
OCT (c) showed flow in three veins of the superior retinal hemisphere
(yellow arrowheads, left) was 8.2 �L/min. Flow in the three veins of
the inferior retinal hemisphere (yellow arrowheads, right) was 10.4
�L/min.

FIGURE 4. Color Doppler OCT of an eye with NAION. (a) Superior
retinal hemisphere (left half of image) showed lower flow, 13.6 �L/min
in 4 veins (yellow arrowheads), compared with the inferior retinal
hemisphere (right half of image), where the flow was 18.7 �L/min in
two veins (yellow arrowheads). N, nasal; S, superior; T, temporal; I,
inferior. Visual field total deviation map (b) showed altitudinal defect
in the inferior field (corresponding to the superior retinal hemisphere).
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several methods to be decreased in glaucoma.37–39 Glaucoma-
tous visual field defects have been correlated with blood flow
abnormalities.40 Optic neuropathy is associated with de-
creased blood flow in the optic nerve head41 and retina,42 as
measured by laser Doppler techniques. The PDR subjects in
this report had been treated with pan-retinal photocoagulation,
which, by destroying retinal tissue, decreases retinal oxygen
consumption43 and blood circulation.5 Our method is unique
in that vessel flow, velocity, and caliber were rapidly surveyed
for the global retinal circulation using a single instrument. In
glaucoma, the low flow was associated with low velocity in
both arteries and veins, but the vascular cross-sectional areas
were comparable to normal. This agreed with previous reports
of no differences in retinal vessel diameters between early
glaucoma and control subjects.44,45 In NAION and treated
PDR, vessel caliber and velocity were both decreased, although
the decrease in venous velocity was not statistically significant.
The pathophysiological mechanisms for the different patterns
of velocity and caliber abnormalities are unclear, and further
studies will be needed to validate and explain these findings.

The average measured total venous flow in our study, 47.6
�L/min for 20 normal subjects, was within the range of previ-
ously published values—34.0 �L/min7 to 64.9 �L/min8—de-
termined by laser Doppler velocimetry (LDV). The population
SD, 5.4 �L/min, was smaller than that of previous studies, 12.8
�L/min.8 The overall ICC value, 0.85, shows the repeatability is
excellent compared with the variation between normal and
diseased eyes. We were also encouraged by the high correla-
tion between the Doppler OCT flow measurement and visual
field loss in the glaucoma group. These findings may indicate
that the Doppler OCT measurements are relatively uncontam-
inated with measurement errors that could have increased the
population SD or obscured correlation with visual function.
Accurate measurements could be useful in the diagnosis and
staging of glaucoma and in evaluating the effectiveness of new
therapies that improve retinal blood flow.

In this study, the volumetric flow rate varied with the vessel
diameter with a power coefficient of 2.13 � 0.08. This is
higher than the value of 1.97 in our previous paper,26 though
not statistically significant. Our current sample is larger (20
eyes) than our previous study (eight eyes) and likely to be more
accurate. This logarithmic slope value is still not as high as the
value of 2.8 measured with LDV.7 The lower slope might have
resulted from a systematic underestimation of vessel diameter.
In a laboratory study, Li et al.46 found that the phase-resolved
Doppler OCT algorithm underestimated the diameter of flow
profile in a small tube of known diameter. At the edge of the
vessel, reflected OCT signal from the stationary vessel wall
might have interfered with the Doppler signal from flowing
blood within the same beam width. If we added one beam
diameter to all our vein diameter measurements, the log-log
flow-diameter slope would have been 2.7 and would have
agreed better with LDV results and Murray’s law.47 We are
performing in vitro phantom studies to better characterize
these possible measurement biases.

There are several limitations to the double circular scan
method. At six circles per second, it is not possible to fully
eliminate eye motion and compensate for motion-induced er-
ror in the measurement of the Doppler angle. This limits the
precision and accuracy of blood flow measurements. Another
limitation is that velocity determination is more difficult when
the Doppler phase shift is greater than 2� radians between two
consecutive axial scans (double phase-wrapping). With the
OCT systems used in this study, this can occur in the peak
phase of retinal arterial flow, making arterial flow measure-
ments unreliable. Therefore LDV has the advantage of being
able to measure both arteries and veins. However, this limita-
tion is not intrinsic. Fourier-domain OCT, with a speed of

�200,000 axial scans per second, has been demonstrated using
both spectrometric (line-camera)48 and swept-source49 ap-
proaches. These ultrahigh-speed OCT systems will be able to
measure retinal arterial flow and very high blood velocities at
large angles without phase wrapping. For average flow velocity
calculation, one limitation was that the vessel cross-sectional
area was calculated with the assumption that the vessel was
round.

Another limitation occurs when the OCT beam is nearly
perpendicular to the blood vessels because of the anatomy
around the optic nerve head. Measurement in these eyes is
possible if the OCT beam can be repositioned in the pupil,
changing the angle of approach to the vessel. We must develop
a real-time display of the Doppler angle to help the operator
adjust the scan angle and to compensate for anomalous ana-
tomic variations. Other subjects in this study could not be
measured because of poor vision and poor fixation. Fortu-
nately, most of the subjects in the present study could be
measured using current technique and systems.

A final limitation of this technique was the use of a human
expert to delineate vascular outlines. To overcome this limita-
tion, we are developing fully automated computer software to
identify, delineate, and measure retinal blood vessels. Auto-
mated measurement will be needed for widespread clinical use
of the Doppler OCT technology.

In summary, we have demonstrated quantitative measure-
ments of total volumetric flow rate, average arterial velocity,
average venous velocity, total arterial area, and total venous
area in patients with a variety of optic nerve and retinal dis-
eases. Flow deficit correlated well with visual field loss in the
optic nerve diseases and with the site of occlusion in BRVO.
This is the first systematic application of OCT in the measure-
ment of functional (blood flow) abnormalities instead of ana-
tomic changes in disease. OCT is already a major imaging
modality in ophthalmology and is commonly used for retinal
diseases and glaucoma evaluation. Our findings could expand
the usefulness of OCT in the evaluation of ocular diseases.
Larger studies are needed to validate the clinical application of
this new technology.
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