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Abstract. We present in vivo human total retinal blood flow measure-
ments using Doppler Fourier domain optical coherence tomography
�OCT�. The scan pattern consisted of two concentric circles around
the optic nerve head, transecting all retinal branch arteries and veins.
The relative positions of each blood vessel in the two OCT conic cross
sections were measured and used to determine the angle between the
OCT beam and the vessel. The measured angle and the Doppler shift
profile were used to compute blood flow in the blood vessel. The
flows in the branch veins was summed to give the total retinal blood
flow at one time point. Each measurement of total retinal blood flow
was completed within 2 s and averaged. The total retinal venous flow
was measured in one eye each of two volunteers. The results were
52.90±2.75 and 45.23±3.18 �l /min, respectively. Volumetric flow
rate positively correlated with vessel diameter. This new technique
may be useful in the diagnosis and treatment of optic nerve and retinal
diseases that are associated with poor blood flow, such as glaucoma
and diabetic retinopathy. © 2008 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.2998480�
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Introduction
ptical coherence tomography �OCT�1 provides high-

esolution cross-sectional imaging2–6 and is commonly used
n the diagnosis and management of retinal diseases7–9 and
laucoma.10,11 In addition to obtaining morphological images,
CT can also detect a Doppler shift of reflected light, which
rovides information about flow and movement.12–14 Several
nvestigators have studied the visualization of blood flow and
ow dynamics using Doppler OCT,15–19 but the measurement
f the total flow velocity and volume requires additional in-
ormation about the incident angle between the OCT probe
eam and the blood vessel. This information is not available
ithin a single cross-sectional OCT image. Determination of

he incident angle requires three-dimensional �3-D� imaging
f the blood vessel using more than one cross-sectional scan.
easurement of flow in branch retinal vessels in vivo has

ecently been accomplished using Doppler Fourier domain
CT �FD-OCT�.20,21 Phantom flow measurements showed22

hat the difference between the measured flow and actual flow
s less than 10%. However, sequentially imaging each retinal
lood vessel is time-consuming and not a practical way of
easuring the total retinal perfusion in a clinical setting. It is

esirable to measure the total retinal blood flow in a single
can. Three-dimensional circular scan imaging has been pro-
osed as a method for measuring retinal blood flow.23 How-
ver, 3-D imaging of the peripapillary area requires many
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60B, 1355 San Pablo Street, Los Angeles, CA 90033. Tel: 323-442-6746; Fax:
23-442-6688. E-mail: yiminwan@usc.edu.
ournal of Biomedical Optics 064003-
seconds and cardiac cycles, and the measurement of several
flow values within a cardiac cycle was demonstrated for an
arc scan across only two vessels.23

We describe here a new method of measuring the total
retinal blood flow several times within a cardiac cycle using a
novel double circular scanning pattern �DCSP�. With a Dop-
pler FD-OCT system, we were able to scan all of the retinal
blood vessels that branch from the optic nerve head four times
per second. An estimate of the total retinal blood flow was
averaged over a 2-s OCT scan. This new technique may allow
routine measurement of total retinal blood flow in a clinical
setting. This information will be useful in the diagnosis and
management of optic nerve and retinal diseases that are asso-
ciated with poor blood flow, such as glaucoma and diabetic
retinopathy.

2 Theory
In Doppler OCT, light reflected by moving blood incurs a
Doppler frequency shift ��f� proportional to the flow velocity
component parallel to the axis of the probe beam. Given the
angle direction, the Doppler shift is simplified to

�f = − 2nV cos �/�0, �1�

where n is the refractive index of the medium, V is the total
flow velocity, � is the angle between the OCT beam and the
flow, V cos � is the parallel velocity component, and �0 is the
center wavelength of the light. In FD-OCT,18,19 the frequency

1083-3668/2008/13�6�/064003/9/$25.00 © 2008 SPIE
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hift �f introduces a phase shift �� in the spectral interfer-
nce pattern that is captured by the line camera. With fast
ourier transform �FFT�, the phase difference between se-
uential axial scans at each pixel is calculated to determine
he Doppler shift. One limitation of a phase-resolved flow

easurement is an aliasing phenomenon caused by 2� ambi-
uity in the arctangent function. This phenomenon limits the
aximum determinable Doppler shift to �f =1 / �2��, where �

s the time difference between sequential axial lines. Thus, the
aximum detectable speed is V=�0 / �4n� cos ��. The mini-
um detectable flow velocity is determined by the phase

oise of the FD-OCT system. The detection of the relative
ngle � between the probe beam and flow direction is re-
uired to determine the real flow speed �refer to Eq. �1��.

The OCT sampling beam scans a circular pattern on the
etina �Fig. 1�a��. In so doing, the probe beam moves on a
one during scanning. The apex of the cone is in the conjugate
lane of the transverse scanning mirrors of the OCT system,
hich is near the nodal point in the eye. The OCT image

hows the retinal structure crossed by the scanning cone �Fig.
�b��. The lateral axis is the angular distribution � from
deg to 360 deg, while the vertical axis D shows the depth

nformation from the scanning cone. The zero frequency po-
ition, which is equivalent to the path equal in length between
ample and reference arm, is defined as D=0. In a 3-D dia-
ram of the circular scanning pattern �Fig. 2�, the retina is

ig. 1 Circular scan pattern of FD-OCT sampling beam. �a� The cir-
ular retinal OCT scan beam rotates in a cone pattern. The apex of the
one is the nodal point of the eye. �b� The cylindrical OCT image is
nfolded to fit a rectangular display where the horizontal axis corre-
ponds to the scanning angle from 0 to 360 deg. The vertical axis
orresponds to the depth dimension along the axis of beam
ropagation.
ournal of Biomedical Optics 064003-
scanned circularly by the probe beam at radii r1 and r2. A
small radius difference �r0=r2−r1 is chosen so that the
course of the blood vessel segment VE between the scanning
circles is approximately a straight line. In the coordinates
shown in Fig. 2, the two positions of the blood vessel segment
VE on the two scanning cones have coordinates P1�r1 ,�1 ,z1�,
and P2�r2 ,�2 ,z2�, respectively. The vector of the blood
vessel can be expressed as rb ��x=r1 cos �1−r2 cos �2,
�y=r1 sin �1−r2 sin �2, �z=z1−z2�. In OCT images, the reti-
nal structure matches a coordinate system defined by ��, D in
Fig. 1�b��. The blood vessel segment VE has relative positions
��1, D1� and ��2, D2� in the two OCT images with different
radii. Thus, the relationship between �D=D1−D2 and �z can
be deduced as

�z = �D cos 	 − ��r2
2 + h2�1/2 − �r1

2 + h2�1/2�cos 	 , �2�

where h is the distance from the nodal point to the retina, and
	 is the angle between the scanning beam and the rotation axis
NO �Fig. 2�. The second term of Eq. �2� corresponds to the
correction of the path difference caused by switching between
two radii in the circular scan protocol. With Eq. �2�, the vector
of the retinal blood vessel that is crossed by two scanning
circles can be determined.

During scanning, the probe beam BN �Fig. 2� is on the
scanning cone. The nodal point N has a coordinate of
�0,0 ,h+z0�, where z0 is the distance between the retina and
the xy plane �Fig. 2�. For OCT scans at radius r, when the
probe beam scans to the angle �, the scanning point B on the
retina has the coordinate �r cos �, r sin �, z0�. Thus, the vector
of the scanning beam BN is s �r cos �, r sin �, −h�. With
vector s and rb, the angle � between the OCT probe beam and
blood flow can be calculated as

cos � = �r�b · s��/�RbRs� ,

R = ��x2 + �y2 + �z2�1/2,

Fig. 2 Three-dimensional diagram of the OCT beam scanning in a
circular pattern across the retina. Two scanning radii, r1 and r2, are
shown in this diagram. See text for symbols.
b
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Rs = �r2 + h2�1/2, �3�

here Rb is the length of the vector rb, and Rs is the length of
ector s. Because the difference in radii between the two
canning circles is small, the radius r in Eq. �3� is chosen as
= �r1+r2� /2. After the angle between the scanning beam and
he blood vessel is determined, the actual flow speed can be
etermined using the measured Doppler signal for the volu-
etric flow calculation.
Assuming that, the relative flow profile does not change

uring the short sampling period of 2 s, the volumetric flow F
an be calculated as

F̄ =� � Ap�xv,zv�dxv dzv ·
1

T
�

0

T

P�t�dt , �4�

here Ap�xv ,zv� is the speed distribution of the blood flow at
he peak moment in the cardiac cycle in the cross section Pv
hat is normal to the blood vessel �Fig. 3�. P�t� describes the
ariation in flow speed over the cardiac cycle, normalized to 1
t the peak. T is the period of cardiac pulsation.

To determine the actual volumetric flow in the blood ves-
el, the integration should be done in the plane Pv that is
ormal to the blood vessel �flow� direction. But in practice,
he sampled Doppler FD-OCT plane S0 �Fig. 3� that crosses
he blood vessel is different from plane PV in most cases, or
here would be no Doppler signal. The relationship between
rea size 
s=r���D in the OCT plane S0 and area size 
v
�xv�zv in the plane PV is 
v=
s�cos ��, where � is the

ngle between planes PV and S0. According to geometrics, the
ngle between two planes can be calculated by two vectors
hat are normal to them separately. For Pv, the vector that is
erpendicular to it is the flow vector rb. The FD-OCT plane

0 is on the scanning cone �Fig. 3�. The unit vector rs, which
s perpendicular to plane S0, is in the plane determined by the
robe beam NB and the rotation axis NO, and perpendicular
o NB. The unit vector rs can be deduced as
cos 	 cos � , cos 	 sin � , sin 	�, where 	 is the angle between
B and NO �Fig. 3�. With r and r , the angle � can be

ig. 3 The angle � between the OCT plane So and the plane normal
o the flow direction Pv is indicated. Generation of a Doppler signal
epends upon the FD-OCT plane So, which crosses the blood vessel,
eing different from plane Pv, which is normal to the direction of
lood flow.
b s

ournal of Biomedical Optics 064003-
calculated. Thus, the retinal blood flow F can be calculated
within the vessel region S in the sampled Doppler FD-OCT
image as

F̄ = k�cos ���
S

rAp���D ,

k =
1

T
�

0

T

P�t� dt ,

cos � = �rs
� · rb

� �/Rb, �5�

where k is the cardiac pulsation factor. At a scanning radius of
1.9 mm, the circular length was 11.93 mm. In our previous
study,20 the measured maximum retinal vessel diameter was
150 �m, which is only 1.3% of the circular length. So for
each vessel, the influence of a curved surface is negligible
during flow calculation.

3 Experiment Methods
3.1 Experiment Setup
The spectrometer-based Doppler FD-OCT system employed
in this experiment contains a superluminescent diode �SLD�
with a center wavelength of 841 nm and a bandwidth of
49 nm. The measured axial resolution was 7.5-�m full width
at half maximum �FWHM� in air. Considering the refractive
index of tissue, the axial resolution was 5.6 �m in tissue. The
transverse resolution was about 20 �m as limited by optical
diffraction of the eye. The sample arm contained a standard
slit-lamp biomicroscope base that was adapted with custom
OCT scanning optics. The incident power on the cornea was
500 �W. The composite signal produced by the interference
between the reference and sample arm light in the fiber cou-
pler was detected by a custom spectrometer. The spectrometer
contained a 1024-pixel line-scan camera. The measured sys-
tem sensitivity was 107 dB at 200 �m from the zero path
length difference location. The time interval � between two
sequential A-lines was 56 �s, with an integration time of
50 �s and a data transfer time of 6 �s. The maximum deter-
minable Doppler shift was 8.9 KHz without phase unwrap-
ping, yielding a maximum velocity component in the eye �n
=1.36; Ref. 24� of 2.8 mm /s. The measured phase noise was
51 Hz, yielding a minimum determinable speed of
16.3 �m /s.

3.2 Image Sampling and Processing
The FD-OCT system was coupled to a retinal scanning setup
mounted on a slit-lamp biomicroscope. The chin and forehead
of the subject rested on a frame in front of the objective lens.
A green flashing cross target was used to fix the subject’s
gaze. The FD-OCT probe beam was scanned in circular pat-
terns on the retina around the optic nerve head at radii r1 and
r2 �Fig. 4� using a pair of high-precision optical scanners
�6810P, Cambridge Technology, Inc., Cambridge, Massachu-
setts�. Sinusoidal voltage drive signals were generated by
InVivoVue imaging software �Bioptigen, Inc., Research Tri-
angle Park, North Carolina� and were triggered to start the
scan at the beginning of an FD-OCT frame acquisition. As
November/December 2008 � Vol. 13�6�3
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ircular scans are used, the duty cycle of the drive signals is
9.3%, with the scanners returning to their original position at
he end of one scan. Shifts between radii were conducted
utomatically between scans. The scanning radii of 1.8 and
.0 mm were chosen so that the probe beam incidence angle
nto the retinal vessels was slightly off-perpendicular, making
he Doppler signal for all the retinal branch veins within the
he detection range. There were 3000 A-lines sampled in each
ircle. The phase differences for every three A-lines were cal-
ulated to get the Doppler frequency shift. Thus, each frame
onsisted of 1000 vertical lines. Data was acquired, pro-
essed, and streamed to disk for real-time display of Doppler
D-OCT at 4.2 frames per second �VC++ software, Biopti-
en�. There were four pairs of Doppler FD-OCT images
ampled for each flow measurement. Four were sampled at
adius r1, and four were from radius r2. The total recording
ime for the eight-image set was approximately 2 s. The
ampled Doppler FD-OCT images were saved for further off-
ine data processing.

Blood flow in the vessels was calculated in a semiauto-
atic fashion. The locations of the vessels were selected by a

uman operator �coauthor Y.W.� and then the flows were au-
omatically calculated according to Eqs. �1�–�5�. The distance

from the nodal point N to the retina surface was assumed to
e 17 mm according to a standard eye model.25 The speed
rofile of a single vessel in the eight Doppler images was
alculated. Peak velocity in the eight flow profiles was nor-
alized to the maximum one and plotted against time to show

he flow pulsation. This curve was integrated as the pulsation
erm k in Eq. �5�. The maximum flow speed profile of the
ight analyzed flow profiles was used in Eq. �5� as Ap to
alculate the retinal blood flow �F�. For some veins, the Dop-
ler flow signal was too weak for accurate reading at diastole,
he minimum flow portion of the cardiac cycle. For those
ccasions, the pulsation factor k in the adjacent veins was
sed for flow calculation.

Results
he in vivo retinal flow measurement was performed on the

ight eye, and the Doppler FD-OCT images were recorded
sing the circular scanning protocol. Flow within the major
ranch retinal blood vessels around the optic nerve head was
isible in these images �Fig. 5�. We chose to measure flow in

ig. 4 Path of the scanning beam in the double circular scanning
attern. For vessel VS, the scanning length was 1 mm.
ournal of Biomedical Optics 064003-
the branch veins rather than arteries because the arteries have
higher flow velocities that can cause excessive phase wrap-
ping and signal fading. The identification of branch veins
among the other vessels distributed around the optic nerve
head was based on the recorded Doppler frequency shift and
the calculated angle between the probe beam and blood ves-
sel. According to Eq. �1�, flow occurring in different direc-
tions in the same blood vessel introduces different frequency
shifts in the backscattered beam. Knowing the direction of
flow helps separate the veins from the arteries that are distrib-
uted around the optic disk because blood flow in arteries is
away from the nerve head and flow in veins is toward the
nerve head.

4.1 Effect of Eye Movement on Doppler Angle
Measurement

Eye movements during image acquisition can cause error in
the measurement of retinal vessel location due to the limited
imaging speed. This introduces an error in the Doppler angle
calculation. To reduce the influence of eye movements, the
coordinates of a retinal vessel in two adjacent Doppler images
were compared. For each vessel, seven depth differences were
calculated. The standard deviation of the depth difference was
13.15 �m. Since the Doppler angle was calculated from the
average of the seven depth values, the angle error is propor-
tional to the standard error of the mean of the seven depth
difference measurements, which was 4.97 �m. Considering
the 0.2-mm-radius difference between the two scanning
circles, the precision of the Doppler angle measurement was
1.42 deg.

4.2 Influence of Sampling Density on Doppler Shift
Measurement

In Doppler OCT, the phase difference between sequential
axial scans is calculated to determine Doppler frequency shift.
Ideally, the phase difference should be compared at the same

Fig. 5 Doppler OCT images with grayscale display of the Doppler
frequency shift. The horizontal axis shows the scanning angle from
0 to 360 deg. �a� Circular scan at a radius of 1.8 mm; �b� circular scan
at 2.0-mm radius. Retinal branch veins are labeled from V1 to V7. The
inset window shows vessel V4 as an example of background signal
removal.
November/December 2008 � Vol. 13�6�4
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ocation. However, for retinal OCT systems, the probe beam
cans continuously across the retina and there is a small dis-
lacement between sequential axial scans. If the sampling lo-
ations were not negligibly small relative to the beam diam-
ter, phase decorrelation would decrease the measured
oppler shift.18 To evaluate the influence of the sampling step
n flow measurement, we measured the volume flow in vivo
t different sampling steps with the dual scanning plane
ethod.20 For example the scanning length for vessel VS in
ig. 4 was 1 mm. Flow at each sampling step was measured

hree times and averaged. For each measurement, the integra-
ion time of the camera did not change. The results showed
hat the measured flow decreased with increased sampling
teps �Fig. 6�. This decrease was notable starting at the sam-
ling step around 1.4 �m. Therefore, to avoid the influence of
hase decorrelation between adjacent axial scans, the sam-
ling step should be shorter than 1.4 �m. In our Doppler
D-OCT system, we chose a 3000 axial line sampling density
or real-time display at 4.2 Hz. At a scanning radius of
.9 mm �circumference 11.93 mm�, the sampling step was
bout 4.0 �m. The ratio between the measured flow at the
.0-�m and 0.7-�m step was 0.683 �Fig. 6�. Because the
hase decorrelation between adjacent axial lines is mainly re-
ated to the beam spot size on the retina,18 which is a system
actor, we used the curve in Fig. 6 to correct the measured
ow result for a fixed sampling step.

.3 Removal of Background Doppler Signal Due to
Eye Motion

he Doppler information contained artifacts from the motion
f the eye and the OCT system. Doppler noise due to these
ovements was larger than the phase instability of the OCT

ystem and would have influenced the measurement result if
ncorrected. In the Doppler shift image, retinal motion varied
cross the transverse dimension �Figs. 5�a� and 5�b��. There-
ore, the background axial motion of the retina relative to the
CT system was measured locally and used to correct the
easured blood flow in the local area.
As an example of how the motion artifacts and OCT limi-

ations were mitigated, consider vessel V4 in Fig. 5 �b, inset�.
or each axial line, the Doppler signal between the inner
etina boundary and vessel boundary was averaged. This
alue was the Doppler signal due to local tissue motion and
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ig. 6 Influence of sampling step on the measured volume of blood
ow. For sampling steps greater that 1.4 �m, the estimate of blood
ow decreased.
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was subtracted from the Doppler signal in the whole axial line
to get the net signal induced by blood flow. One axial line
Doppler signal, noted as the dashed line in Fig. 5 �b, inset�,
was determined before and after background motion removal
�Fig. 7�. The averaged tissue motion speed was −0.89 mm /s.
Through subtracting the background motion signal, the aver-
aged Doppler signal was 0.081 mm /s outside the vessel. Af-
ter subtraction, the integration of flow was done over the area
that contained the vessel. It was not necessary to determine
the exact vessel boundary because the net Doppler signal out-
side blood vessels was close to zero.

4.4 Volume Blood Flow Results
The first vessel, V1 in Figure 5�b�, had a negative frequency
shift with positive phase wrapping at the center. After phase
unwrapping, the flow profile A�� ,D� was obtained. The vec-
tor of the vessel V1 was calculated as P1P2
�−154,−128,−71.34� based on the vessel positions in two
adjacent images. From Eq. �3�, the angle between the scan-
ning beam and blood vessel was calculated as cos �=0.24,
and �=76.1 deg. Since the signal had a negative frequency
shift and cos ��0, the direction of the flow in V1 was from
P2 to P1. In our scanning pattern, P1 was on the inner cone
closer to the nerve head, while P2 was on the outer cone.
Thus, this flow was toward the optic disk; therefore, blood
vessel V1 was a vein. Through continuous scanning, eight
frames of the Doppler signals were recorded. The flow speed
at the center part of vessel V1 �Fig. 5�b�� was analyzed, and
the normalized flow speed was plotted �Fig. 8�. The cardiac
pulsation factor, calculated based on the curve in Fig. 8, was
k=0.695. With the value of cos �, the calculated peak flow
speed in V1 was 17.0 mm /s. From Eq. �5�, the angle � was
calculated as cos �=−0.97. With these parameters, the volu-
metric flow in vessel V1 was calculated as 3.01 �l /min. Con-
sidering the effect of phase decorrelation due to insufficient
sampling density �Fig. 6�, the adjusted volumetric flow was
4.41 �l /min.

The flow directions of the main vessels around the optic
nerve head were similarly analyzed, and the main venules
were identified and labeled V1 to V7 �Fig. 5�b��. The blood
flow for each venule was calculated �Table 1�. The summation
of these flows determined the total venous flow out of the
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Fig. 7 Correction of the Doppler noise due to background motion.
The solid curve shows the original signal. The dashed curve shows the
Doppler signal after background removal.
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etina, which was 53.87 �l /min. The scanning angle between
he probe beam and blood vessel was also determined �Table
�.

There were seven measurements performed upon this sub-
ect in which the total venous flow was calculated for each

easurement. The total sampling time was finished within
0 min. The averaged total flow was 52.90 �l /min, with a
tandard deviation of 2.75 �l /min, which is about 5.2% of
he average flow. Collectively, vessels with larger diameters
ad higher flow rates than did smaller vessels �Fig. 9�. The
ow rates ranged from 3.53 �l /min in the smallest vessel to
3.32 �l /min in the largest vessel, with standard deviations
anging from 0.69 to 2.08 �l /min.

To test the reliability of this method, flow rates were mea-
ured in another subject. The left eye of the subject was
canned six times. Each scan was finished within 2 s, within
hich eight Doppler FD-OCT frames were acquired. The total
easuring time was finished within 10 min. Through similar

ata analysis, we found a total of 5 main branch veins iden-
ified from the Doppler image. Based upon the six sets of
ampled data �Fig. 10�, the average flow was 45.22 �l /min.
he standard deviation of the total flow for this subject was
.18 �l /min, which was 7.0% of the average flow. The aver-
ge flow for both subjects was 49.07 �l /min, with a differ-
nce of 7.67 �l /min between the two subjects.
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ig. 8 Normalized peak flow speed variation with time for the vessel
1 shown in Fig. 6.

Table 1 Vessel diameter, scanning angle, and
subject.

V1 V2

Diameter ��m� 70.3 78 1

Angle �deg� 76.1 78.8 8

Volume flow
��l/min�

4.41 2.88 13
ournal of Biomedical Optics 064003-
5 Discussion
By using the DCSP method, we demonstrated that the total
retinal blood flow can be determined rapidly. The measured
total retinal venous flow in one volunteer, 52.90 �l /min, was
close to the value of 54.71 �l /min that was previously mea-
sured by sequentially imaging each retinal blood vessel
individually.20 We targeted the major branches of the central
retinal veins because the sizes and velocities were within the
dynamic range of the Doppler FD-OCT system. Because the
total venous flow volume is identical to that of arteries in the
retina, as shown by Riva and colleagues,26 measuring the total
venous flow alone is sufficient to quantify the total retinal
blood flow. With the laser Doppler flowmeter �LDF� tech-
nique, the early study reported total venous flow of
34.0
6.3 �l/min from normal human subjects.26 In another
study using LDF,27 the total venous flow was
64.9
12.8 �l /min in the normal human eye. The measured
average total venous flow in our study, 52.90 and
45.23 �l /min for the two normal subjects, was within the
range of these previously published values.

There are some limitations to our technique. The assumed
distance between the nodal point of the eye and the retinal
plane may vary due to eye length variation and, to smaller
extents, the refractive error and instrument positioning varia-
tion. However, our calculations show that nodal point position
has very little effect on the measured blood flow. For ex-
ample, the normal human eye has a length that ranges be-

olume for the retinal branch veins of the first
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ween 21 to 26 mm. The distance h from the nodal point to
he retina is about 70% of eye length. So h is between 14.7
nd 18.2 mm, a difference of 3.5 mm. The flow measurement
rror in a very short �21 mm� or long �26 mm� eye would be
nly 
0.7% relative to the average eye �24 mm�.

A second potential limitation is that our frame rate of
.2 Hz was barely enough to track the variation in flow ve-
ocity during the cardiac cycles. We believe that a higher
rame rate would improve the accuracy of our measurements.
hird, our transverse sampling interval of 4.0 �m, due to a
canning diameter of 1.9 mm for 3000 axial sampling lines,
as not sufficient to avoid phase decorrelation in the adjacent

xial lines. A correction factor based on calibration measure-
ents had to be used to calculate the volume of retinal flow.
our, branch veins with diameters less than 65 �m were not

aken into account due to limited lateral sampling density. A
ner sampling interval could decrease the phase decorrelation
ffect and allow flow measurement in smaller vessels, thereby
ncreasing the measurement accuracy. Fifth, in some arteries
uring systole, the Doppler velocity was unreadable due to
ading of the OCT signals. We believe that this is due to the
elocity-related interferometric fringe washout. If the reflector
oves by more than a quarter wavelength within the spec-

rometer’s integration time of 50 �s, the peaks and troughs of
he interference signal average out. Sixth, at high flow speeds,
he Doppler phase shift can exceed �, causing “phase wrap-
ing.” A very high flow that causes phase wrapping over one
eriod is too complex for the computer software to analyze
eliably. Thus, a shorter integration time could extend the up-
er limit of measurable velocity. Last, eye movement in the
epth dimension affects the accuracy of retinal vessel depth
nd incidence angle measurements.23 This is especially criti-
al for blood vessels that are nearly perpendicular to the OCT
eam—since the precision of the incidence angle was
.42 deg, the incidence angle on the blood vessel should be at
east twice 1.42 deg from perpendicular to permit reasonable
elocity measurement. We found that in the
.6 to 4.0 mm-diam circles around the optic disk, the vessels
loped upward as they emerged from the disk, providing a
ood range of incidence angle for Doppler blood flow mea-
urement.

Most of the preceding limitations can be reduced with
reater imaging speed. Decreasing the effective integration
ime of the spectrometer can increase the detectable range of
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Fig. 10 Repeatibility measurement for the second subject.
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flow speeds. A higher speed will also allow for a finer degree
of sampling in time, i.e., more time points within each cardiac
cycle. It will also allow a finer degree of sampling in space,
i.e., more points sampled within each blood vessel. At high
sampling speed, incidence angle measurement error due to
eye motion will also be reduced. With the continual improve-
ment in the speed of line cameras that make up the heart of
the FD-OCT system, we can expect these limitations to be-
come less important over time. Despite all these limitations,
we were able to achieve our main goal of measuring total
retinal blood flow in the venous system several times within a
cardiac cycle.

Several methods of visualizing and measuring retinal
blood perfusion already exist.28–32 Fluorescein angiography29

allows visualization of retinal hemodynamics but does not
measure volumetric blood flow. The pulsatile ocular blood
flowmeter �POBF Paradigm, Inc.�28 measures both uveal and
retinal blood flow. The POBF assumes a scleral rigidity that
relates intraocular pressure and eye volume. Scleral rigidity is
likely to vary significantly between people, introducing a ma-
jor source of measurement variation. There are two types of
LDF on the market: the Canon �Canon U.S.A., Inc., Lake
Success, New York,� and the Heidelberg �Heidelberg Engi-
neering, GMBH, Heidelberg, Germany�. The Heidelberg
retina flowmeter �HRF�30 measures in arbitrary units flow in
the retinal capillary bed over a small region. It is suitable for
measuring local perfusion variation but cannot measure the
total retinal blood flow,31 which reflects on the global health
of the eye. The Canon flowmeter �CF� is closer to our meth-
ods in that it measures flow at points within the large retinal
branch vessels. To convert the velocity measurements to flow
estimates, it assumes a fixed relationship between the maxi-
mum detected Doppler shift and the average velocity within
the blood vessel.32,33 To measure the total retinal blood flow,
the CF requires careful positioning of the scan on each major
retinal branch blood vessel, which is a time consuming pro-
cess. Thus, none of the current retinal blood flow measure-
ment technologies are able to provide rapid �faster than the
cardiac cycle� measurements of total retinal blood flow.

The DCSP method reported in this paper produces an ab-
solute flow measurement by integrating the flow profile of the
blood vessel cross section without resorting to any assump-
tions on the anatomic or flow parameters. Flow pulsation was
averaged over cardiac cycles sampled within 2 s for volume
flow calculation. This will greatly reduce the chair time for
the photographer and patient in the clinic.

The measurement of total retinal blood flow is important
for the treatment of some eye diseases. The leading causes of
blindness in the United States,34–36 such as diabetic retinopa-
thy and age-related macular degeneration, are related to vas-
cular abnormalities. Central retinal vein occlusion and branch
retinal vein occlusions are also common retinal diseases char-
acterized by decreased retinal blood flow. Glaucoma is an-
other leading cause of blindness that is primarily linked to
elevated intraocular pressure; however, poor circulation in the
retina and optic nerve is thought to be a risk factor for glau-
coma disease progression as well.37,38 Glaucoma causes atro-
phy of the inner retinal layers served by the retinal circulation.
Therefore, measurement of the total retinal blood flow may
also be a useful approach to assess the severity of glaucoma in
an eye. A rapid and accurate measurement of total blood flow
November/December 2008 � Vol. 13�6�7
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ith Doppler OCT could enhance our understanding of patho-
hysiology and develop treatments that improve retinal blood
ow for these diseases.

Conclusion
n summary, we present in vivo measurements of retinal blood
ow using Doppler FD-OCT. A DCSP was developed to de-

ermine the angle between the blood flow and scanning beam
o that the real flow velocity can be measured. Volumetric
ow in the branch veins around the optic nerve head was

ntegrated in the sampled cardiac cycles. The measured blood
ow for two subjects was 52.90
2.75 and
5.23
3.18 �l /min, with a difference of 7.67 �l /min. This
ethod will be useful for the measurement of total retinal

lood flow quickly without depending on any assumption of
essel size or flow profiles.
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