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1 Introduction

Abstract. Investigation of the autoregulatory mechanism of human
retinal perfusion is conducted with a real-time spectral domain Dop-
pler optical coherence tomography (SDOCT) system. Volumetric,
time-sequential, and Doppler flow imaging are performed in the infe-
rior arcade region on normal healthy subjects breathing normal room
air and 100% oxygen. The real-time Doppler SDOCT system displays
fully processed, high-resolution [512 (axial) X 1000 (lateral) pixels] B
scans at 17 frames/sec in volumetric and time-sequential imaging
modes, and also displays fully processed overlaid color Doppler flow
images comprising 512 (axial) X 500 (lateral) pixels at 6 frames/sec.
Data acquired following 5 min of 100% oxygen inhalation is com-
pared with that acquired 5 min postinhalation for four healthy sub-
jects. The average vessel constriction across the population is
—-16+26% after oxygen inhalation with a dilation of 36+54% after a
return to room air. The flow decreases by —6+20% in response to
oxygen and in turn increases by 21+28% as flow returns to normal in
response to room air. These trends are in agreement with those previ-
ously reported using laser Doppler velocimetry to study retinal vessel
autoregulation. Doppler flow repeatability data are presented to ad-

dress the high standard deviations in the measurements. © 2007 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2772877]
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retinopathy.]2 This technology has provided a new set of ob-
servables for studying pathology, including macular thickness,

Spectral domain optical coherence tomography (SDOCT) has
been shown to be an excellent technique for imaging human
retinal structure with high resolution and high speed in vivo."?
Doppler flow analysis using OCT has previously been suc-
cessfully implemented in time-domain OCT systems™* for
endoscopic5 and retinal flow® characterization. Shortly after
SDOCT was demonstrated in the retina, SDOCT-based imple-
mentations of Doppler and polarization-sensitive imaging
were demonstrated for high-speed imaging of both flow ve-
locity and birefringence in retinal tissue.” The rapid devel-
opment and application of these techniques to optophysiology
are a burgeoning practice with potentially great importance
for noninvasive characterization of retinal function.

OCT has been proven as a method for determining and
tracking disease state in the retina. Time-domain OCT
(TDOCT) has been used to examine conditions including age-
related macular degeneration,10 macular edema,11 and diabetic
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optic disk size, landmark (e.g., neovascular lesion) topogra-
phy, and retinal vessel size. Perhaps less well studied is the
use of functional OCT to study disease states. Doppler OCT
has the potential to provide flow information to aid in the
diagnosis or characterization of diseases affecting the retinal
vasculature. Temporal observable changes, such as changes in
thickness or flow rate, can also be used to characterize disease
state.

Blood vessel autoregulation is the body’s compensatory
mechanism for adjusting blood flow in response to changes in
gas partial pressures, notably oxygen and carbon dioxide, as
well as intraocular pressure. Retinal autoregulation leads to
vasoconstriction and decreased arterial flow rates in response
to increased intraocular pressure or oxygen partial pressure.
Doppler SDOCT can be used to directly determine the retinal
flow and vessel diameter, and as such can be used to track the
autoregulatory response over time.
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Fig. 1 Schematic for system for real-time SDOCT Doppler imaging. The system uses a source with a center wavelength of 840 nm and a bandwidth
of 49 nm. Light is coupled to the sample and reference arms using an 80/20 fiber coupler, and the mixed light is detected with a custom
high-speed, high-throughput spectrometer. The spectrometer detector consists of a 1024-pixel line-scan camera operated at a 20-kHz line rate. Two
computers are used in this setup, one to control the SDOCT acquisition, processing, and display, and one to read in the plethysmograph data. The
clocks on both computers are synchronized to atomic clock servers prior to acquisition and both the SDOCT frames and the plethysmograph data
are time stamped to indicate the position in the cardiac cycle for each acquired frame.

The autoregulatory mechanism has been extensively stud-
ied using other techniques. Dumskyj et al."® used laser Dop-
pler velocimetry to probe retinal vessel flow. Intraocular pres-
sure was increased via isometric exercise, and changes in flow
and diameter were measured. An 8.4% rise in flow and 1.6%
increase in vein diameter were measured with a 34% rise in
venous perfusion pressure. A 4.8% rise in flow and 3.4% de-
crease in artery diameter were measured given a 33% rise in
arterial perfusion pressure. Deutsch et al."™ used oxygen as a
vasoconstrictor and measured vessel diameter changes using
fluorescein angiography. After 100% oxygen inhalation, a
9+ 1% decrease in artery diameter and a 15.9+1.4% decrease
in vein diameter were measured. Langhans, Michelson, and
Groh" used scanning laser doppler flowmetry to characterize
the autoregulatory response in both normal subjects and
smokers. Subjects inhaled 100% at 6 L/min for 5 min. While
normals exhibited a 33% decrease in flow and a 26% decrease
in flow volume, smokers only exhibited a 10% decrease in
flow and a 12% decrease in flow volume, directly indicating
an inhibited autoregulatory response. Finally, Kohnea, Patel,
Rajjan, and Grunwald et al.'®'" used laser Doppler velocim-
etry to study the oxygen inhalation response in both normals
and diabetics to gauge the affect of diabetic retinopathy on the
autoregulatory mechanism. Grunwald et al. defined the oxy-
gen reactivity metric as:

BFpostoz

R
%RO, = -(100), (1)

preO,

where %RO, is the oxygen reactivity and RBF is retinal
blood flow. The study found that normals had a %RO, of
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61%, whereas diabetics that did not present with retinopathy
had a %RO, of 53%. The most marked decrease was in dia-
betics with background retinopathy with a %RO, of 38%,
clearly indicating that diabetic retinopathy has a marked im-
pact on retinal vessel autoregulation. As such, measuring reti-
nal vessel autoregulation using Doppler SDOCT could poten-
tially provide micron-scale, depth-dependent structural
information supplemented by blood flow quantitation to sup-
port diagnosis of diabetic retinopathy.

2 Methods

We have developed a spectral domain Doppler optical coher-
ence tomography (SDOCT) system that builds on previous
work by using economical components and implementing
rapid algorithms for real-time acquisition and display of volu-
metric, time-sequential, and Doppler flow image data. A sche-
matic diagram of the real-time Doppler SDOCT system is
illustrated in Fig. 1. The system uses a low-coherence super-
luminescent diode with a center wavelength of 841.9 nm and
a bandwidth of 49 nm, yielding a theoretical full-width at
half-maximum (FWHM) axial resolution of 7.5 wm in air and
5.4 pm in tissue. Lateral resolution is directly limited by the
optics of the eye, and for the purpose of vessel diameter cal-
culations is assumed to be 20 um. Sample arm light is deliv-
ered to the eye through a slit-lamp biomicroscope adapted for
OCT with a scanning galvanometer pair and relay optics for
live patient imaging. Reference and sample arm light interfere
on a high-speed line camera at the output of a custom high-
throughput spectrometer. Custom high-speed software (devel-
oped in collaboration with Bioptigen, Inc., Research Triangle

July/August 2007 < Vol. 12(4)



Bower et al.: Real-time spectral domain Doppler optical coherence...

Park, North Carolina) is used for real-time data acquisition,
processing, display, and archiving. For time-sequential
B’-scan imaging, high-quality 512 (axial) X 1000 (lateral)
pixel B-scans at user-selectable retinal positions, and scan
lengths are acquired and displayed at 17 frames/sec. The sys-
tem sensitivity is defined bylS:

PS'R'p'T
2e '

SNR = (2)
P, is the power incident on the sample, R is the power reflec-
tivity of the sample, p is the detector responsivity, 7 is the
integration time, and e is the electron charge constant. The
maximum imaging depth z,,,, is proportional to the spectral

sampling interval 8,k'8:

1

T = 3)

O,k is the wavenumber spacing at the detector plane, which is
dependent on the spectral extent on the detector and the de-
tector pixel spacing. The SDOCT signal is defined by the
Fourier transform of the convolution of the interferometric
data with the detector pixel shape. Thus a square pixel creates
a sinc-shaped falloff function in sensitivity as a function of
depth.*"** The 3-dB falloff depth z3 g is limited by the opti-
cal resolution &,k:

2In2

234B = E (4)

O,k is directly dependent on the grating used in the detection
spectrometer.

For volumetric imaging, blocks of B-scan data acquired
while raster scanning the OCT beam are acquired and used to
construct “OCT fundus” images calculated from the maxi-
mum intensity axial projection of the volumetric datasets.
OCT fundus images are also updated in real time as B-scan
frames are acquired, with up to two fundus images/sec for
100 X 100 pixel raster volumes.”**

The signal processing steps implemented for real-time
Doppler imaging are illustrated in Fig. 2. First, a user-
adjustable number of SDOCT A scans are acquired at each
transverse pixel position while B scanning. In common with
amplitude imaging, the noninterferometric DC signal spec-
trum is estimated from the average of all A scans in each B
scan, and subtracted from each A scan prior to further pro-
cessing. A spectral rescaling approach2 is used to correct for
sample and reference arm dispersion mismatch before Fourier
transformation of the data. The Doppler frequency fp calcu-
lated for each image pixel, corresponding to the slope of the
phase of SDOCT signal at each point in the image, is then
estimated using the previously published algorithmzsz

N
] 3
_ Ap(z) _ e Nz ir(@) - fijan)r(2)]

27T 27T

Io ©)

Here, A¢(z) is the total change in phase and T is the total
acquisition time required for N A scans to be acquired at each
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Fig. 2 Doppler SDOCT acquisition, processing, streaming, and dis-
play flow chart. DC removal is accomplished by summing across all
A-scan lines, low-pass filtering the result, and subtracting the filtered
A scan from all lines in the frame. Dispersion correction is accom-
plished using a spectral rescaling approach.” Linear interpolation
transforms the spectral data from wavelength to wavenumber space. A
Fourier transform translates the spatial frequency data to spatial
position.

transverse pixel position, estimated from the summation in
Eq. (5), where f; represents an iteration over each A-scan line
at each transverse pixel position. These data are used to gen-
erate 2-D Doppler frequency maps, which are color-coded,
thresholded, and overlaid in real time on the grayscale B-scan
data (1-D and 2-D Doppler flow profiles may also be ex-
tracted from saved datasets).

The minimum Doppler frequency that is detectable by this
method is given by:"®

_ ¢noise
min — ’
2@T

(6)

where ¢, represents the standard deviation of the phase in
the absence of flow in the sample.”® To measure ¢, for our
system, a stationary mirror was placed in a sample arm with-
out galvonometric scanners, and the standard deviation of the
phase recorded at the surface of the mirror over all A scans in
a 500-line B scan was recorded. The phase noise is also af-
fected by speckle noise and transverse motion, as indicated in
Ref. 27. The maximum frequency that can be unambigously
detected is defined by:

= D, ™)
20T

where ¢y, is 7 radians. For accumulated phase changes
larger than =71 over the acquisition time 7, the measured fre-
quency wraps modulo 27 akin to other phase imaging tech-
niques, and can potentially be unwrapped using standard
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phase unwrapping techniques from phase microscopy. @poise
is typically much lower in SDOCT systems compared to
TDOCT systems, due primarily to the fixed reference arm.
The dynamic range of Doppler frequencies in previous
SDOCT systems has been shown to be as high as 600,” which
is at least a factor of 100 times that of TDOCT systems.zg’29

From the Doppler frequency data, flow velocity could in
principle be determined by:

_ Ad- Ny _ /b No
47-T-n-cos(a) 2-n-cos(a)

v (8)
Here, A is the source center wavelength, n is the refractive
index of the medium, and « is the angle of incidence of the
probe beam relative to the moving scatterer. The angle of
incidence is difficult to measure in retinal vessels, particularly
in the arcades near the optic nerve head where they have
significant axial curvature. As the relative change in flow and
not the absolute flow velocity was necessary for this study, the
Doppler angle was neglected and all values are reported in
flow frequency.

For this study, four healthy subjects were imaged in accor-
dance with the Declaration of Helsinki under Institutional Re-
view Board approval. 100% oxygen was inhaled through a
nonrebreather mask for 5 min with a flow rate of 6 L/min.
Datasets were collected before inhalation of oxygen, follow-
ing 5 min of pure oxygen inhalation, and following 5 min of
recuperation postoxygen inhalation. A finger-clip pulse pl-
ethysmograph (ADInstruments, Colorado Springs, Colorado)
connected to a second computer was used to capture the car-
diac cycle during SDOCT acquisition. Both the
plethysmograph data and the SDOCT frames were time
stamped, and the computer clocks were synchronized to the
same atomic clock servers using a freely available utility
(Chronos Atomic Clock Synchronizer, Chronos Atomic,
www.chronosatomic.com) prior to acquisition. Fixation was
maintained with a 280X 220 color LCD panel in the visual
field of the subject. An SDOCT aiming pattern consisting of
alternating 10-mm horizontal and 10-mm vertical lines was
raster scanned on the eye to determine alignment of the
SDOCT scan through the pupil plane. A green cross on the
fixation screen was colocated with the center of the aiming
cross. The subject was first asked to focus on the center of the
green cross, yielding an SDOCT scan of the fovea. After the
foveal position was determined, the SDOCT scan was
switched to acquire 1 mm, 100 lines per frame, 10 Doppler
samples per line frames. This combination yields an imaging
rate of 16 frames per sec, or about 6 sec per acquisition. Sub-
ject focus was then shifted nasally by moving the fixation
cross until the SDOCT scan was approximately centered on
the optic nerve head. The fixation cross was then moved to
guide the subject focus such that the SDOCT image contained
at least one of the vessels of the inferior arcade. Once this
fixation position was established, a 10X 10-mm SDOCT
volumetric dataset was collected. The OCT fundus image cre-
ated from this dataset was used to map the retinal vessel net-
work and confirm patient fixation between time periods.

SDOCT Doppler frames were extracted and the time stamp
on each frame was compared to the plethysmograph trace to
ensure that the frames analyzed at all three time periods were
collected during either a peak or trough in the trace. The Dop-
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pler frame was then median filtered with a 3 X3 kernel to
remove salt and pepper noise. A Canny edge detector was
then used to extract vessel edges. The edge pixel locations
were then thresholded from the binary image and fed to an
open-source ellipse-fitting routine.”™*! Retinal vessels ac-
quired with SDOCT do not often appear circular due to a
mismatch in the transverse and axial sampling. Also, raster
scanning that is not parallel to the flow direction can create an
angled slice through the vessels. To measure the true diameter
of a vessel, it is then necessary to fit an ellipse to the vessel
shape, extract the major and minor axes, and scale those val-
ues by the transverse and axial sampling to determine the true
vessel diameter. The ellipse was then superimposed on the
Doppler image for visual confirmation of the fit. Flow profiles
along the major and minor axes were extracted using a qua-
dratic polynomial fit. Vessel diameters were calculated as the
major and minor axis lengths, scaled by the axial and lateral
resolutions. The mean and standard deviation of the major and
minor axis diameters were combined and reported as the ves-
sel diameter statistics.

Data from one subject at four different time periods with
no oxygen inhalation was also collected to determine repeat-
ability between measurements. The same processing steps
were applied to collect a table of Doppler repeatability data.

3 Results

Using Eq. (2), the predicted system sensitivity for 700 uW of
power on the sample and 100-us integration time is 110 dB.
The sensitivity measured at 200 wm from the zero-pathlength
difference location was 107 dB. For the purpose of the study,
an integration time of 50 us and an incident sample power of
380 uW was used, which leads to a theoretical sensitivity of
108 dB. The depth-dependent sensitivity falloff of the
SDOCT system was about 15 dB over the entire imaging
depth, as illustrated in Fig. 3. Following Eq. (3), the theoret-
ical maximum depth is 2.25 mm while the measured maxi-
mum depth occurred at 2.2 mm. The 3-dB falloff point [Eq.
(4)] is calculated to occur at 1.3 mm and was found at
1.0 mm from the zero-pathlength difference location. For the
settings given, the minimum Doppler frequency calculated
from the measured phase noise standard deviation using Eq.
(6) was 51 Hz, or 0.016 radians The maximum frequency
before phase wrapping [Eq. (7)] for 50-us integration time is
5 kHz. The Doppler frequency dynamic range was thus ap-
proximately 100, or 40 dB. System performance results are
summarized in Table 1.

Figure 4 includes a wide-angle (2.2 X 12 mm) SDOCT B
scan of one subject as well as a single frame from the real-
time color Doppler image of the selected artery/vein pair im-
aged for the purpose of this study. Figure 5 shows the pro-
cessing steps undergone to extract the vessel diameter and
peak flow data. Tables 2 and 3 detail the results of the repeat-
ability measurements. Table 2 lists the data from all four tri-
als, while Table 3 indicates the repeatability error, as defined
by the measurements standard deviation divided by the mean.
The study results, including mean and standard deviation val-
ues for both peak flow and vessel diameter, are indicated in
Table 4.

July/August 2007 = Vol. 12(4)
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Fig. 3 Measured SDOCT system sensitivity as a function of depth. The
theoretical system sensitivity at zero pathlength difference is 110 dB
for an integration time of 100 us. Depth-dependent sensitivity falloff
is dependent on detector pixel size and is complicated by dispersion
mismatch between the reference and sample arms. Spectral rescaling
was used to correct for dispersion mismatch, yielding a depth-
dependent sensitivity falloff of about 15 dB over the entire imaging
depth. The 3-dB falloff point is theoretically 1.3 mm and was experi-
mentally measured to occur at 1.0 mm.

4 Discussion

The mean diameter change in response to increased blood
oxygenation was —16%, indicating vasoconstriction, and the
diameter change after a return to room air was 36%, indicat-
ing vasodilation, as expected. The mean flow change after
100% oxygen was —6%, and after the relaxation period it was

Table 1 SDOCT system performance data. Theoretical and measured
axial resolution values are for air/tissue. The theoretical value for Dop-
pler frequency minimum is not available, as this value is dependent
on the phase stability of the system. The maximum frequency limit
was not confirmed directly for this study, but depends only on the
A-scan repetition rate which was confirmed by monitoring the line
scan camera frame trigger signal.

Parameter Theoretical Measured
Axial 6.38 um/ 7.5 um/
resolution 4.56 um 5.36 um
SNR (7= 110 dB 107 dB at
100 us) 200 um
Zimax 2.25 mm 2.2 mm
Z3 4B 1.3 mm 1.0 mm
£ N/A 51 Hz
£ 5 kHz N/A
Doppler 40 dB N/A
dynamic

range
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Fig. 4 Top: wide-angle 2.2 (axial) X 15 mm (lateral) SDOCT B-scan
comprising 512 (axial) X 1000 (lateral) pixels along the papillomacu-
lar axis in a normal human retina acquired, processed, and displayed
at a real-time rate of 17 frames/sec. Bottom: overlaid color Doppler
signal from OD retinal vessels in the same subject. Scan location is
nasal and superior to optic disk. 512 X 500 Doppler frequency images
of 22mm (axial)X6 mm  (lateral) were acquired at
5.8 frames per sec with six lines acquired at each lateral position for
Doppler processing.

21%. These trends are consistent with those reported previ-
ously in that the effect of increased partial pressure of oxygen
prompts vasoconstriction and the autoregulatory mechanism
causes a vasodilation after a rest period with normal room air
inhalation. The standard deviations, though, are high, with
+26% at vasoconstriction and +54% at vasodilation for the
vessel diameter and +20 and +28% for the flow at vasocon-
striction and dilation, respectively. Repeatability data indi-
cated in Tables 2 and 3 shed some light on this problem.
Repeatability, defined as the standard deviation of the mea-
surement for all four trials divided by the mean for all four
trials, indicates the tolerances for the Doppler autoregulation
measurements. The major axis diameter repeatability was
12.4%, the minor axis repeatability was 10.1%, and the peak
flow repeatability was 30.8%, indicating that at least that
much variability can be expected in Doppler measurements. It
should be noted, however, that while the repeatability values
are on the order of the changes expected due to oxygen inha-
lation (9 to 16% decrease in vessel diameter and 30% de-
crease in flow), the group response from all four subjects still
indicates the ability to distinguish the gross effects of oxygen
inhalation.

Repeatability data were collected on one subject across
four time periods with no physiological change induced be-
tween measurements. Fixation was held constant and the only
change was the position and angle of the subject’s head rela-
tive to the scanning beam. This indicates that patient head
positioning can have an affect on Doppler and structural mea-
surements, and it calls into question the ability to accurately
acquire Doppler data as part of a longitudinal study. A more
thorough analysis of imaging angle and its effect on measured
values, however, is beyond the scope of this study.

Doppler SDOCT may have significant advantages over
commercially available laser Doppler flowmeters. The Heidel-
berg Retina Flowmeter (HRF, Heidelberg Engineering, Inc.,
Vista, California) has been extensively used in clinical retinal
research.””’ Specifications for the HRF include a 10-um
transverse and 300-um longitudinal resolution. 256 X 64
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Fig. 5 Processing steps to measure the diameter and peak flow from
Doppler data. (a) Representative OCT fundus image showing the rela-
tive location of vessel data in the inferior arcades. (b) Plethysmograph
data are used to correlate the acquired Doppler data with the cardiac
cycle, and a frame of SDOCT data, corresponding to either a peak or
trough in the plethysmograph plot, is used for all three study time
periods. The time stamp is given in hmmss, where h is hours (on a
12-hour clock), m is minutes, and s is seconds. A subset of the image
[yellow box in (c)] is extracted for analysis. 3 X 3 median filtering and
Canny edge detection (d) are used to create an edge map of the vessel
borders. An ellipse is fit to the edges (e) and the diameter is calculated
from the lengths of the major and minor axes and scaled by the lateral
and axial resolutions. Peak flow is found as the maximum of a para-
bolic fit to profiles along the major and minor axes.

blood flow maps are acquired in 2 sec with additional time
needed for processing. Doppler SDOCT processing is per-
formed in real time, which provides the operator with Doppler
B scans of vessels quickly enough to observe pulsatile flow as
it occurs. With further development, Doppler SDOCT could
play an important role in performing real-time flow measure-
ments of the retinal vasculature.

Grunwald et al.'” demonstrated the use of laser Doppler
flowmetry in the study of retinal vascular disease, specifically
detailing impaired changes in blood flow due to a decreased
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Table 2 Repeatability data. A vessel in the inferior arcade was lo-
cated by adjusting the patient fixation while acquiring Doppler data.
The fixation position was then fixed and the subject was asked to sit
back from the slit lamp between Doppler measurements. MDiam (m)
is the diameter in meters as measured along the major axis of an
elliptical fit to the vessel in question. mDiam is the diameter in meters
along the major axis. Peak flow is the maximum value from a para-
bolic fit to the flow profiles along the major and minor axes. If the two
profiles had different peak flow values, the maximum value was used.

Align MDiam (m) mDiam (m) Peak flow

1 9.85E-05 1.40E-04 3.13E+04

2 8.34E-05 1.80E-04 3.11E+04

3 7.65E-05 1.60E-04 3.28E+04

4 7.65E-05 1.60E-04 1.49E+04

Mean 8.3725E-05 0.00016008 2.75E+04

Standard 1.0373E-05 1.6208E-05 8.46E+03
deviation

autoregulatory response in subjects with diabetic retinopathy.
Given the marked improvements exhibited by Doppler
SDOCT over conventional laser Doppler flowmetry and the
recent commercial availability of a Doppler SDOCT imaging
system (Bioptigen, Inc.), Doppler SDOCT may have in-
creased utility for studying diseases of the retinal vasculature.

Future studies would benefit greatly from three improve-
ments: bulk motion frequency correction, eye tracking, and
improved angular alignment. Gross patient motion induces
subtle low-frequency shifts across the data, and while data for
this study were selected based on the absence of bulk motion
artifacts, the presence of a bulk motion frequency correction
algorithm such as that proposed by White et al.” would allow
for imaging subjects who are not good fixaters or are unable
to remain stationary over the course of the acquisition. An eye
tracking system38 would greatly aid in repeatable vessel land-
mark location and B-scan alignment. It is postulated that the
repeatability data indicate the need for more accurate angular
alignment of the probe beam relative to the retina, as subtle
shifts in the angle may distort both the diameter and flow
measurements.

This study illustrates that real-time Doppler SDOCT, using
an internal fixation target for vessel identification and posi-
tioning, is sufficient for single-vessel flow analysis. Repeat-

Table 3 Repeatability data results. Repeatability error is defined as
the standard deviation across all four trials listed in Table 2, divided
by the mean value from all trials. These values indicate the tolerances
expected for any Doppler SDOCT measurements.

Repeatability
Value error
Maijor diameter 12.39%
Minor diameter 10.13%
Peak flow 30.76%

July/August 2007 = Vol. 12(4)
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Table 4 Study data. Property indicates the measurand while time
refers to the time period in question. 1—>2 indicates the change
between no oxygen and breathing oxygen for 5 min 2— > 3 relates the
change between having inhaled oxygen for 5 min and breathing room
air for another 5 min. The diameter data are the average of the major
and minor axis diameter data.

Property Time Change
Mean Diameter change 1->2 -15.57%
2->3 36.47%
Std Diameter change 1->2 26.23%
2->3 53.81%
Mean Peak Flow change 1->2 -6.19%
2->3 20.60%
Std Peak Flow change 1->2 20.00%
2->3 27.58%

ability errors in Doppler measurements raise questions as to
the use of Doppler SDOCT in longitudinal studies, but as has
been demonstrated, Doppler SDOCT is capable of measuring
trends in flow and diameter changes and can be used to track
physiological changes initiated by the autoregulatory mecha-
nism.
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