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Background: Color Doppler optical coherence tomog-
raphy (CDOCT) combines laser Doppler velocimetry and
optical coherence tomography for simultaneous micron-
scale resolution cross-sectional imaging of tissue micro-
structure and blood flow. Recently, CDOCT was adapted
to a slitlamp biomicroscope for imaging structure and
blood flow in the human retina.

Objective: To demonstrate feasibility of CDOCT for im-
aging retinal hemodynamics.

Design: Enabling CDOCT to measure retinal blood flow
pulsatility in humans.

Setting: Laboratory.

Main Outcome Measures: Time-resolved flow pro-
files and images of retinal blood flow dynamics for mea-
surement of pulsatility within retinal vessels.

Results: Rapid sequences of images were acquired over
selected vessels near the optic nerve head. From these

images, retinal blood flow profiles were extracted and syn-
chronized to an external reference obtained with a pho-
toplethysmograph. Each profile was acquired in less than
10 milliseconds.

Conclusions: Our results indicate that CDOCT pro-
vides laser Doppler information in addition to conven-
tional optical coherence tomography, allowing the ob-
servation of blood flow dynamics simultaneous to imaging
retinal structure. CDOCT is a promising technology for
research and clinical studies of retinal blood flow dy-
namics.

Clinical Relevance: Blood flow dynamics, such as pul-
satility and autoregulation, have been shown to change
throughout the progression of diabetic retinopathy
and glaucoma. Enabling CDOCT to observe retinal
dynamics improves its potential as a clinical diagnostic
tool.
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R ECENT ADVANCES in nonin-
vasive and minimally inva-
sive technology have paved
the way for improved clini-
cal evaluation of ocular he-

modynamics in living patients. Physi-
ologic changes of the retinal vasculature
have been associated with several disor-
ders, including diabetic retinopathy, glau-
coma, and age-related macular degenera-
tion.1 It has been noted that these disorders
may disturb pressure and metabolic au-
toregulation of oxygenated blood deliv-
ery to the retina, or conversely, disturbed
autoregulation may accelerate visual im-
pairment.2-6

Several optical techniques currently
exist for qualitative and quantitative ocu-
lar flow measurement. A common tech-
nique is angiography, where a map of
blood vessels in the retina and partially in
the choroid is generated by detection of a

fluorescent dye, typically sodium fluores-
cein or indocyanine green. Quantitative an-
giography is achieved by constructing dye-
dilution curves, that is, by tracking the
fluorescence intensity emitted from a re-
gion of interest as a function of time. The
intravenously injected dye can cause dis-
comfort, leading to nausea in some pa-
tients and a yellow discoloration of the skin
for several hours. Laser Doppler velocim-
etry (LDV),4 a noninvasive optical method
of measuring velocity of flowing fluids, was
first applied to measure blood flows in hu-
man retinal vessels in the early 1970s.7

Conventional LDV is a single-point de-
tection measurement without axial (depth)
localization of flow. Nevertheless, LDV has
been used extensively as a valuable re-
search tool to noninvasively examine blood
flow and flow dynamics in the human
retina,8 iris,9 and choroid.10 Combining
LDV with a scanning mechanism and con-
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focal detection, termed scanning laser Doppler flowmetry
(SLDF), enables localization of flow, and 2-dimensional
en face retinal blood flow maps at various depths have
been imaged with 300-µm axial resolution.11

Recently, we introduced color Doppler optical co-
herence tomography (CDOCT)12,13 for quantitative cross-
sectional imaging of flow in blood vessels of the human
retina.14,15 CDOCT is a functional extension of optical co-
herence tomography (OCT), a noncontact technique for
high-resolution and high-sensitivity cross-sectional im-
aging of microstructure in biological tissues.16 Since its
early demonstration in living humans,17,18 OCT has
emerged as a valuable tool for cross-sectional imaging of
posterior segment19,20 and anterior segment21,22 struc-
ture at an unprecedented resolution scale. Whereas con-
ventional OCT records only the amplitude of light re-
flected as a function of depth within tissue, CDOCT uses
interferometric phase information to monitor Doppler
shifts in the reflected spectrum in a fashion similar to LDV.
Phase-sensitive detection of interference of light re-
flected from the sample and a moving reference mirror
enables localization of Doppler shifts arising from mo-
tion in the sample, and therefore simultaneous imaging
of tissue structure and blood flow. The Doppler shift is
localized in depth by use of joint time-frequency analy-
sis algorithms, which generate depth-resolved Doppler
frequency spectra of the reflected light. The center fre-
quency of each local spectrum corresponds to the local
Doppler shift induced by flowing hemocytes.

Using this approach, CDOCT has been used to mea-
sure blood flow profiles in a few milliseconds in the hu-
man retina15 and skin.23 Rapid acquisition of retinal flow
data allows the extraction of dynamic flow properties, such
as the retinal vascular response to changes in perfusion pres-
sure or oxygen content. Studies with LDV6 have demon-
strated that ocular diseases induce a measurable change in
retinal flow dynamics (eg, systole to diastole or in re-
sponse to altered pressure, metabolism, or exposure to light

intensity). Retinal pulsatility increases from healthy pa-
tients to patients with diabetic retinopathy and increases
further throughout the progression of the disease. Addi-
tionally, a slight decrease in arterial flow pulsatility fol-
lowed pan-retinal laser photocoagulation therapy.24

Both LDV and SLDF have been used in studies of
retinal hemodynamics. Herein, we demonstrate the fea-
sibility of CDOCT in measuring retinal blood flow dy-
namics in humans for the first time. Depth-resolved Dop-
pler flow measurement with OCT may complement or
enhance currently developed methods for assessment of
ocular hemodynamics.

METHODS

A schematic of the fiberoptic Michelson interferometer used
in CDOCT is illustrated in Figure 1. For retinal imaging, a
superluminescent diode with a 15-nm bandwidth centered at
�0=832 nm (resulting in an axial spatial resolution of 20.4 µm
in free space25) illuminated the interferometer. The sample arm
of the interferometer contained a standard slitlamp biomicro-
scope modified for viewing of the fundus simultaneous with
OCT imaging. Transverse scanning of the OCT beam was per-
formed using a galvanometric xy-scanning mirror pair, en-
abling arbitrary scanning patterns on the retina under com-
puter control. The optical power incident on the eye was less
than 250 µW, in accordance with the maximum permissible
exposure (MPE) limits for near-infrared radiation.26 The most
conservative American National Standards Institute MPE stan-
dard for 830-nm light is 700 µW, assuming full pupil intra-
beam viewing (7-mm pupil aperture) for exposure times up to
8 hours.26 Our experiments were performed for exposures of
up to 60 seconds with a less than 250-µW incident on the cor-
nea, considerably lower than the MPE standards for that du-
ration. Imaging was performed over large vessels near the op-
tic nerve head, predominantly in a main superior or inferior
temporal vein. Pupillary dilation was not used for these mea-
surements. Experiments were performed on 5 healthy adult vol-
unteers (one eye each) who provided informed written con-
sent under a protocol approved by the University Hospitals of
Cleveland Institutional Review Board, Cleveland, Ohio.

Axial ranging was performed by linearly scanning (32.5
mm/s) a retroreflecting mirror in the reference arm while re-
cording the complex envelope of the detected interferometric
signal between light reflected from the 2 arms. The interfero-
metric detector signal was coherently demodulated at the Dop-
pler frequency induced by the linear motion of the reference
arm (78 kHz). The resulting base-band signal was low-pass fil-
tered at a 20-kHz cutoff frequency, allowing sufficient band-
width to accommodate the range of Doppler shifts that re-
sulted from the retinal blood flow. To augment the image quality
after broad-band Doppler processing, the images were digi-
tally filtered off-line using a 5-kHz bandwidth fourth-order Bes-
sel filter, resulting in an overall detection sensitivity of 90.5 dB.

Depth-resolved Doppler frequency spectra of the demodu-
lated detector response were calculated in software using time-
frequency analysis methods described previously.13,27 The cen-
troid (fs)of eachdepth-localizedspectrumwasextracted toestimate
blood flow velocity (v) according to the following equation:

(1) v= fsλ0/2ntcos�

where � is the angle between the incident light and the di-
rection of blood flow, and nt is the average tissue index of
refraction. Velocity data were thresholded, color coded, and
superimposed on the conventional OCT image for a
CDOCT display similar to color Doppler ultrasound.
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Figure 1. Schematic of the retinal color Doppler optical coherence
tomography (CDOCT) scanner. A 78-diopter (D) condensing lens projects
the image of the retina onto the image plane indicated by the dashed lines,
and the image plane is relayed onto the fiber tip using a pair of lenses.
An xy-scanning mirror pair enables transverse imaging in arbitrary linear
and circular scan patterns. A charged-coupled device (CCD) camera
sensitive to low-intensity visible and near-infrared light was used to visualize
the exact scan location on the fundus simultaneous with CDOCT imaging.
BPF indicates bandpass filter; A/D, analog-to-digital converter; I, in-phase
signal components after phase-sensitive demodulation; and Q, quadrature
signal components after phase-sensitive demodulation.
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To measure dynamics in the pulsation of retinal blood flow,
the reference arm scan rate was increased by a factor of 4 to 130
mm/s. High-frequency quadrature detection electronics were used
to demodulate the signal at its center frequency of 312 kHz and
obtain the in-phase and quadrature signal components from which
the amplitude and phase were calculated. The probe beam was
repeatedly scanned over a blood vessel of interest near the optic
nerve head, where the lateral scan dimensions were restricted to
slightly greater than the blood vessel diameter. Forty sequential
images composed of 5 depth scans each were acquired in 5.0 sec-
onds. A blood volume waveform was obtained externally using
an infrared photoplethysmograph placed on the participant’s ear,
assuming that blood flow within the earlobe was approximately
in phase with ocular blood flow. Centerline flow profiles were
extracted from the images and correlated to the different phases
of the cardiac cycle to measure pulsatility. Nonlinear least squares
regression parabolic fits to these profiles provided the depth, di-
ameter, and peak Doppler shift of the vessel.

RESULTS

Cross-sectional imaging of structure and blood flow was
performed in the retina of the undilated human eye us-
ing a slitlamp biomicroscope adapted for OCT imaging.
Figure 2A presents an in vivo CDOCT image demon-
strating the observation of sub–100-µm-diameter ves-
sels within the retina. The conventional reflectivity OCT

image (gray scale) clearly delineates retinal layers asso-
ciated with OCT examination of the fundus. A fundus
photograph (Figure 2B), indicating the location of the
scan, confirms that a large artery-vein pair in the infe-
rior temporal quadrant was imaged in Figure 2A. In this
image, structural information is encoded in gray scale,
where white indicates regions of high reflectivity (eg, reti-
nal pigment epithelium–choriocapillaris complex), and
black indicates low or no reflectivity (eg, vitreous humor).
For velocity information, the direction and magnitude
of blood flow are designated by color (red or blue) and
intensity, respectively. Both microstructural and flow in-
formation were acquired simultaneously, and the flow
data signal processing and display were performed off-
line. Identification of blood vessels during image acqui-
sition was aided by the fundus photographs acquired in
real-time by a charged-coupled device camera with suf-
ficient responsivity to view the scanning infrared beam
on the fundus. Before flow processing, the blood vessels
sometimes appeared as low-reflectivity regions in the OCT
image because of the increased scattering and absorp-
tion of light in blood relative to the surrounding tissue.

Reducing CDOCT image acquisition time facilitated
measurement of retinal hemodynamics. A pulse plethys-
mograph signal was acquired synchronously from the ear
as an external reference for comparison. After increasing
the reference arm speed and reducing the lateral image size,
several images of major retinal vessels were acquired rap-
idly during each heartbeat, as shown in Figure3. The cen-
terline flow profiles were extracted from the images and
correlated to the phases of the cardiac cycle measured from
plethysmographic waveforms, as shown in Figure 4A for
a single participant. Parabolic fits to these profiles pro-
vided the depth, diameter, and peak Doppler shift of the
vessel. Pulsatility of a given vessel was then extracted from
a series of profile fits as follows:

(2) P=(vsyst)/(vdias)

where vsyst and vdias are the peak systolic and end dias-
tolic blood flow velocities, respectively, calculated from
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Figure 2. A, In vivo color Doppler optical coherence tomographic (CDOCT)
image (2048 axial�100 lateral pixels) of bidirectional flow in the human
retina acquired in 10 seconds. The axial dimensions indicate optical depth.
CDOCT is able to distinguish various layers of tissue and to quantify blood
flow magnitude and direction in sub–100-mm-diameter retinal blood vessels.
B, A fundus photograph marked to illustrate the position of the linear scan
inferior to the optic nerve head. ILM indicates inner limiting membrane;
RNFL, retinal nerve fiber layer; and RPE-CC, retinal pigment
epithelium–choriocapillaris complex.
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Figure 3. A sequence of images of a selected retinal blood vessel for
measurement of flow dynamics (eg, extraction of pulsatility). The left inset is
a single image of the vessel magnified by a factor of 2. The right inset is the
amplitude-only image underlying the Doppler processing. Note the low
reflectivity of the retinal pigment epithelium–choriocapillaris complex, as
indicated by the arrowhead, below the blood vessel.
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equation 1. As expected, Figure 4B indicates that the high-
est and lowest peak flows were during the systolic and
diastolic phases of the heartbeat, respectively. The pro-
files remained approximately laminar throughout the
heartbeat, indicating that parabolic fits are acceptable,
despite the pulsatile variation of the measured flow rate
over time. In the vein imaged in this figure (diam-
eter=159.4±17.7 µm, assuming an average tissue index
of refraction of 1.38), the measured pulsatility was 1.6.
The peak centerline Doppler frequency in CDOCT is com-
parable to the measurement obtained with conven-
tional LDV devices.24 Although the scattering angle � was
not exactly determined in the current setup, equation 2
is normalized and thus independent of scattering angle
(�) ambiguities. Also, since the data corresponding to
each profile are acquired in 5 to 10 milliseconds, in-
stantaneous relative to flow fluctuations, the profile
represents an accurate snapshot of the blood flow infor-
mation.

COMMENT

Optical examination techniques such as CDOCT and LDV
are particularly favorable for measurement of retinal blood
flow in humans for several reasons. First, the vitreous is
relatively transparent in the wavelength range of 600 to
1000 nm (visible and near infrared) due to the lack of
chromophores and the low absorption coefficient of wa-
ter in this spectral window.28,29 Within this region, suf-
ficient photons survive the round-trip journey through
the vitreous to provide a detectable signal collected at the
optical fiber. Second, the short wavelength of light per-
mits highly localized measurement of perfusion in the
retina with micrometer-scale resolution. Currently, only
optical techniques can maintain high spatial resolution
at the retina. High-frequency (50- to 100-MHz) ultra-
sound biomicroscopy has been demonstrated for high-
resolution blood flow imaging of the anterior seg-
ment,30 approaching 15- to 20-µm spatial resolution.
However, the rapid attenuation of ultrasound at higher
frequencies31 prevents imaging of the retina with ad-
equate resolution. In contrast to ultrasound, optical mo-
dalities for measuring flow do not require immersion of
the eye in a water bath, resulting in greater patient com-
fort and potentially reduced preparation time. Unlike fluo-
rescein angiography, CDOCT (as well as LDV and SLDF)
is entirely noninvasive and does not require dilation of
the pupil. Finally, fiberoptic delivery makes optical tech-
niques amenable to integration with ophthalmoscopes
and slitlamp biomicroscopes.

CDOCT offers some additional advantages. Using
a broad-band light source in the interferometer enables
depth localization of retinal flow with unprecedented axial
resolution. Unlike CDOCT, LDV detects a signal that is
composed of Doppler shifts from both the superficial and
deep tissue layers, so the relative contributions are dif-
ficult to isolate in the retina.32 Although SLDF is also able
to localize flow longitudinally, its ability to do so de-
pends on confocal rejection of out-of-focus light in the
retina. Therefore, the numerical aperture of the ocular
lens determines the axial spatial resolution, which is on
the order of 300 µm. In addition to decreasing the spa-
tial resolution to approximately 10 to 20 µm, low-
coherence interferometry improves the rejection of light
outside the focal volume, resulting in a higher signal-to-
noise ratio than confocal detection alone. Furthermore,
CDOCT operates at longer wavelengths than conven-
tional LDV, so light exposure times can be safely in-
creased.

In summary, we have demonstrated the feasibility
of using CDOCT for measuring retinal flow dynamics in
the human vasculature. Cross-sectional imaging of blood
flow in the retina is an important complement to con-
ventional reflectance OCT imaging. Depth-resolved quan-
tification of retinal hemodynamics may prove helpful in
understanding the pathogenesis of several ocular dis-
eases. These promising results should stimulate more com-
prehensive studies of retinal blood flow with CDOCT,
similar to prior work with more mature laser Doppler tech-
nologies. Thus far, we have used CDOCT only for im-
aging of large vessels near the optic nerve head. Improve-
ment of both the spatial and velocity resolutions is

300

100

200

0

–100

–200

–300
0.0 0.5 1.0 1.5 2.0

Time, s

Vo
lu

m
e,

 a
u

A

3

2

1

–4

–2

–3

–1

0
Depth

Time

Do
pp

le
r S

hi
ft,

 k
Hz

B

1

2

3

Figure 4. A, A portion of the periodic cardiac pulse waveform obtained with
an infrared ear photoplethysmograph during acquisition of sequential color
Doppler optical coherence tomographic (CDOCT) images of a selected
central vein branch inferior to the optic nerve head. au Indicates arbitrary
units. B, A sequence of extracted flow profiles demonstrates approximate
laminar flow corresponding to the phases of the cardiac cycle numbered in
part A. Solid lines represent parabolic fits to the raw flow data. Waveform 1
corresponds to diastole and waveform 3 to systole. The CDOCT data
corresponding to each profile was acquired in fewer than 5 milliseconds, and
the flow profiles are not averaged.
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required for imaging retinal microvasculature, which is
composed of smaller-diameter vessels with slower-flow
velocities. Since the spatial resolution in OCT is in-
versely related to the optical bandwidth of the source used
in the interferometer, the resolution can be improved sim-
ply by using a broader bandwidth source, as demon-
strated recently for ultrahigh-resolution (2- to 3-µm) struc-
tural imaging in the human retina.33 The velocity
resolution depends on the amount of time spent in de-
tecting the Doppler shifts at a given location in the tis-
sue. Therefore, to improve velocity resolution for detect-
ing smaller blood flow velocities, the CDOCT image
acquisition time has to be increased, which precludes im-
aging in a moving sample such as the human retina. How-
ever, we and others23,34,35 have recently demonstrated that
by calculating Doppler flows across sequential scans, the
velocity resolution can be improved by orders of mag-
nitude without compromising the image acquisition time.
Incorporating these 2 technologies into the existing setup
will allow CDOCT to image smaller retinal blood ves-
sels. CDOCT is the first technique to determine simul-
taneously, with micron-scale resolution, the depth, di-
ameter, flow rate, and flow dynamics of blood vessels
within the living retina.
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