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Abstract

The use of adaptive optics (AO) in a confocal scanning laser ophthalmoscope (AOSLO) allows for
long-term imaging of parafoveal capillary leukocyte movement and measurement of leukocyte
velocity without contrast dyes. We applied the AOSLO to investigate the possible role of the cardiac
cycle on capillary leukocyte velocity by directly measuring capillary leukocyte pulsatility. The
parafoveal regions of 8 eight normal healthy subjects with clear ocular media were imaged with an
AOSLO. All subjects were dilated and cyclopleged. The AOSLO field of view was either 1.4 x 1.5
degrees or 2.35 x 2.5 degrees, the imaging wavelength was 532 nm and the frame rate was 30 fps.
A photoplethysmograph was used to record the subject’s pulse synchronously with each AOSLO
video. Parafoveal capillary leukocyte velocities and pulsatility were determined for two or three
capillaries per subject. Leukocyte velocity and pulsatility were determined for all eight subjects. The
mean parafoveal capillary leukocyte velocity for all subjects was Vipean = 1.30 mm/sec (SD = +/—
0.40 mm/sec). There was a statistically significant difference between leukocyte velocities, Viax and
Vmin, Over the pulse cycle for each subject (p<0.05). The mean pulsatility was Ppean=0.45 (+/—0.09).
Parafoveal capillary leukocyte pulsatility can be directly and non-invasively measured without the
use of contrast dyes using an AOSLO. A substantial amount of the variation found in leukocyte
velocity is due to the pulsatility that is induced by the cardiac cycle. By controlling for the variation
in leukocyte velocity caused by the cardiac cycle, we can better detect other changes in retinal
leukocyte velocity induced by disease or pharmaceutical agents.
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Introduction

Evidence suggests that leukocyte adhesion and leukostasis play an important role in the
pathogenesis of diabetic retinopathy (Lutty et al., 1997; Barouch et al., 2000; McLeod et al.,
1995; Schroder et al., 1991). Leukostasis results not only in capillary nonperfusion, but also
leads to endothelial damage and corresponding abnormal autoregulation of blood flow, as well
as breakdown of the blood retinal barrier, leading to macular edema in diabetes (Antcliff &
Marshall, 1999) and other diseases (Miyamoto et al., 1996; Hatchell et al., 1994). Although
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confocal microscopes have been used to visualize rolling and sticking leukocytes in the
conjuctiva (Kirveskari et al., 2001), no objective, non-invasive method to measure long-term
hemodynamics in human retina have been demonstrated.

The purpose of this study was to develop and demonstrate effective non-invasive ways to
determine the effect of the cardiac cycle on parafoveal capillary leukocyte velocity. Better
control for changes in blood flow due to pulse would improve the ability to study alterations
in leukocyte transport caused by disease and also to evaluate the benefits of pharmaceutical
agents used to treat these diseases.

The scanning laser ophthalmoscope (SLO) has established itself as a useful imaging modality
for measuring real-time hemodynamics in human retina. However, all reported direct
visualizations of blood flow have employed fluorescent contrast agents to improve signal to
noise in the images. Real-time SLO imaging combined with traditional fluorescein injections
have been used to visualize and quantify blood flow in human retina (Ohnishi et al., 1994;
Wolfetal., 1991; Yangetal., 1997). Another method employed fluorescein-labeled autologous
leukocytes that were reinjected into the blood stream (Paques et al., 2000) and visualized with
an SLO. Although the fluorescence-based measures are accurate, they are invasive, and the
time span for visualization of the leukocytes is limited.

Contrast agents have typically been required to visualize human retinal hemodynamics in the
SLO because of limited signal-to-noise in the retinal images, making the smallest features
difficult to see. Signal to noise is reduced for two reasons. First, the retinal vasculature is
embedded in the retina’s thick, multilayered structure. As such, contrast of the images is
reduced because light returning from the retina is comprised of scattered light from multiple
structures, not just the vasculature. Second, ocular aberrations of the cornea and lens limit the
sharpness (hence contrast) of the retinal images that are recorded.

Adaptive optics (AO) is a technique used in ophthalmoscopy to obtain microscopic access to
the living human retina (Liang et al., 1997). By integrating AQ into the SLO imaging modality,
video-rate ophthalmoscopy on a microscopic scale is possible in living human eyes (Roorda
etal., 2002; Zhang et al., 2006). Correcting the aberrations with the AOSLO helps to overcome
signal-to-noise limits of retinal images in two ways. First, the AO-corrected image is sharper
because of its improved resolution and higher contrast. Second, the AO-corrected confocal
optical section becomes narrower and the detected light is limited to the plane containing the
vessels of interest (Romero-Borja et al., 2005). If the subject has normal and otherwise clear
optical media, AO makes it possible to image the retina near the diffraction-limit (Zhang &
Roorda, 2006). Although the AOSLO system is conducive to fluorescence imaging (Gray et
al., 2008) and has shown superb dynamic recordings of flow in the terminal ring of capillaries
around the fovea of monkeys (Gray et al., 2006), it also facilitates direct visualization of
parafoveal capillary leukocyte dynamics without fluorescent contrast agents (Martin & Roorda,
2005). Obviating the need for extrinsic contrast agents makes long term and repeated measures
of capillary blood flow possible with AOSLO, and that may be advantageous for tracking
response to therapies, for example.

Prior measurements with AOSLO demonstrated that parafoveal capillary leukocyte velocity
is variable in normal subjects and we posited that the variability is likely due to pulsatile
changes in velocity (Martin & Roorda, 2005). Observations of pulsatile blood flow in the retina
are not new and many techniques have been used to observe or quantify pulsatility. Objective
methods include the use of scanning laser Doppler flowmetry and velocimetry (Sullivan et
al., 1999; Grunwald et al., 1986; Riva et al., 1992), color Doppler OCT (Yazdanfar et al.,
2003), spectral domain Doppler OCT (Wehbe et al., 2007), and direct imaging for brief periods
(Nelson et al., 2006). These techniques, however, have to date been unable to record pulsatility
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in the smallest retinal microvessels and have instead focused on small arteries and veins or
optic nerve vasculature. The only demonstrated method that estimates microvascular pulsatility
in the parafoveal region employs the blue field entoptic phenomenon (Riva & Petrig, 1980),
which is a subjective technique. In the blue-field entoptic phenomenon method, the subject
matches the velocity and pulsatility that they observe entoptically with a simulated flow pattern
on a computer screen. It should be mentioned that measurements of pulsatility using SLO with
fluorescent contrast agents should, in principle, be possible, but none have been reported to
date.

This research followed the tenets of the World Medical Association Declaration of Helsinki.
Informed consent was obtained from the subjects after we explained the nature and possible
complications of the study. This experiment was approved by the Committees for the Protection
of Human Subjects at the University of Houston and the University of California, Berkeley.

Eight normal healthy subjects with clear ocular media were imaged. Subject ages ranged from
21-38 years. All subjects were healthy and had no systemic or ocular disorders. All subjects
were dilated prior to imaging with one to two sets of tropicamide 1% and phenylephrine HCI
2.5%. The same clinician assessed resting blood pressure for all subjects prior to dilation to
rule out subjects with systemic hypertension. All subjects were imaged in the left eye only
using the AOSLO. Imaging sessions for multiple videos lasted approximately 30 minutes
excluding subject dilation time. Only one of the subjects reported here was part of the Martin
and Roorda 2005 study (subject H was reported as subject D in Martin and Roorda 2005).

AOSLO Imaging System

Before the adaptive optics correction was made, the subject’s refractive error was corrected to
the nearest 0.25 diopter with spherical and cylindrical trial lenses placed at the subject’s
spectacle plane. Then, the AOSLO system employed a Shack Hartmann wavefront sensor
(Liang & Williams, 1997) and a 37-channel deformable (Xinetics Inc, Andover MD) mirror
to measure and correct the subject’s residual ocular monochromatic aberrations in a closed-
loop feedback system. The AOSLO imaging system used in this study is described in greater
detail elsewhere (Roorda et al., 2002) A bite bar was used for each subject to aid in stabilization.
An imaging wavelength of 532 nm and a frame rate of 30 Hz were used. The AOSLO field of
view was either 1.4 x 1.5 degrees or 2.35 x 2.5 degrees sampled into 480 x 512 pixel frames.
To properly convert from angle to distance, the axial length of each subject was measured,
based on three repeated measurements with either a Sonomed A5500 A-Scan Ultrasound
(Latham and Phillips Ophthalmic Products, Inc., Grove City, OH), Carl Zeiss IOL Master (Carl
Zeiss Meditech, Inc., Dublin, CA), or Mentor Ophthasonic A-scan/pachometer I11 (Mentor
Corporation, Santa Barbara, CA). Conversion from retinal field angle to true retinal size was
performed based on the subject’s axial length as described by Bennett (Bennett et al., 1994).
Images were recorded using a maximum of 20 microwatts of 532 nm light (measured at the
cornea) which continuously scanned in a raster on the retina. With this exposure level, we were
about 20 times lower than the maximum permissible exposure suggested by ANSI (2000).
Figure 1 demonstrates the high-resolution images of the parafoveal capillaries and foveal
avascular zone that can be obtained with the AOSLO system. The two capillaries that were
selected for leukocyte pulsatility are shown for subject E.

Leukocyte Velocity as a Function of Cardiac Cycle

A photoplethysmograph (MED Associates Inc., St. Albans, Vermont) was used to record a
blood volume waveform synchronously with the AOSLO imaging session. The
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photoplethysmograph was attached to the subject’s earlobe. The output from the
photoplethysmograph signal was digitized and logged into a data file. Additionally, each peak
in the subject’s blood volume was identified from the volume trace and encoded onto the
corresponding AOSLO video frame as a white bar at the bottom of the frame. (Video 1) The
leukocyte position was measured manually for each frame (Martin & Roorda, 2005),
employing custom software written in Matlab (Mathworks, Natick, MA). The software allowed
the analyst to play short sequences (which helped to visualize the motion) and freeze frames
to manually select and record the leukocyte location. The measurement of each leukocyte’s
velocity was computed over an average of seven frames. The mean frame number in each
analyzed sequence relative to the frame numbers containing pulse peaks on either side of it
was used to compute the relative timing of each velocity measurement with the pulse cycle.
The measurements were divided into five equal bins, each corresponding to the segment of the
cardiac cycle in which they were observed (Fig. 2). The average leukocyte velocity and SEM
for each of these segments of the cardiac cycle were determined. Pulsatility was calculated as
the fraction of the change in velocity of the leukocytes over the mean leukocyte velocity, or

_ Vimax — Vimin

P

’

Vinean (1)

where Vimax and Vi are the maximum and minimum of the mean leukocyte velocities
calculated from the five equal segments of the cardiac cycle and Vpean is the mean of all
leukocyte velocities. We studied leukocyte pulsatility in two to three individual capillaries per
subject. In three of the subjects, we repeated a measurement from the same capillary but
recorded in a different video that was taken during the imaging session. We assessed leukocyte
velocities from the terminal capillary ring to capillaries 3.5° away from the center of the fovea.

Eighteen to thirty-eight leukocyte velocity measurements were made for each of the 19
capillaries, with 2-3 capillaries per subject, for a total of 533 measurements. Individual
leukocyte velocities measured from all subjects ranged from 0.34 — 3.28 mm/sec, mean values
ranged from 0.93 — 1.94 mm/sec, and the overall mean was 1.30 mm/sec. The difference
between the highest and lowest average leukocyte velocities found for the five bins, V55 and
Vmin respectively, was statistically significant for 15 out of 16 capillaries (ANOVA with
contrast, p<0.05) (Minitab Inc. State College, PA) (Fig 3). When four instead of five bins were
used, all capillaries were found to have a statistically significant difference between Va4 and
Vmin- The pulsatility ranged from 0.31-0.65 (Table 1). The mean pulsatility for all subjects
was 0.45.

The only factor we measured that was significantly correlated (linear regression, p<0.05) with
pulsatility was Vin, Which had a negative correlation (ie the lower the Vi the higher the
pulsatility). Pulsatility showed no correlation with blood pressure (systolic, diastolic and
systolic — diastolic), Vimean OF Vimax-

The repeated capillary measurements are denoted with * in Table 1. Subject E and F had
somewhat repeatable levels of pulsatility. However there was a large amount of variation in
the mean, minimum, and maximum leukocyte velocities in these capillaries. Subjects C and E
had significantly different velocities between repeated sessions (two-tailed t-Test, P<0.05).
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Discussion

Advantages

Limitations

This study demonstrates that the AOSLO can be used to measure leukocyte pulsatility in
parafoveal capillaries, including the smallest capillaries that line the foveal avascular zone.
The overall mean leukocyte pulsatility for all subjects of 0.45 is lower than a previous study
of 0.98, which employed the blue field entoptic phenomenon (Riva & Petrig, 1980). Both
techniques are thought to measure leukocyte motion and not erythrocytes so that cannot explain
the difference (Sinclair et al., 1989; Arend et al., 1995). Our pulsatility values will be lowered
by the binning method we adopted to estimate maximum and minimum velocities (see
‘Limitations’ below) but they may also be due to the different measurement methods used -
subjective versus objective - or the difference in the overall assessed retinal area which can be
much larger for the blue field entoptic phenomenon than the AOSLO. When retinal capillary
blood flow volume was assessed with scanning laser Doppler flowmetry it was found that the
blood flow did fluctuate in the capillaries located between large vessels as much as 50% and
the authors believed that this fluctuation was due mostly to the effect of the cardiac pulse
(Sullivan et al., 1999). Their finding of blood flow fluctuations of up to 50% is higher than our
average finding of 37%. However, their blood flow measurements were not taken in the
parafoveal region, which may confound a true comparison between pulsatility measurements.

Although the velocity was periodic and a significant variation due to pulse was detected,
leukocytes did not appear to have the characteristic pulsatile velocity profiles that are observed
in larger vessels (Wehbe et al., 2007). Furthermore, they were different between capillaries
and between individuals. This is likely due to the physical impact of the small capillary diameter
on the flow, especially considering that leukocytes often must deform to pass through the
smallest capillaries (Gaehtgens et al., 1984).

Of all the measures, Vimax, Ymin: Vmean, pulsatility and ‘change from Va4, the pulsatility and
‘change from Vpax’ had the least intersubject variation. Variation in pulsatility correlated with
Vmin, but did not correlate with Vinax, Vimean, heart beat rate, blood pressure, or difference
between systolic and diastolic blood pressure. Other sources of inter-subject variability might
be due to capillary diameter (which was not measured in this study), dynamic changes in blood
pressure, or local regulatory changes in blood flow and perfusion pressure. The AOSLO may
prove to be an effective technology for examining these factors in the future.

A major advantage of assessing retinal capillary leukocyte pulsatility is that we can now control
for the normal amount of leukocyte velocity fluctuations induced by the cardiac cycle. This
will allow us to better isolate the effects of diseases such as diabetic retinopathy, age-related
macular degeneration, or glaucoma on retinal capillary hemodynamics. This work also
demonstrates the high level of sensitivity that is obtainable when using the AOSLO imaging
system to capture small alterations in retinal leukocyte velocity.

Since relatively clear ocular media is currently necessary for the adaptive optics to perform
well, this technique could not be used on some subjects with poorer ocular clarity. This might
include subjects with severe cataracts or cornea surface and tear film irregularities.
Nonetheless, the confocal SLO method is more immune to scatter than most imaging
modalities, and we have been able to visualize blood flow in most subjects to date.

In order to determine leukocyte velocity pulsatility a large number of leukocytes must be
observed to achieve statistical significance in the difference between Vimax and Vpin. Since
there are a relatively small number of leukocytes in blood versus erythrocytes one must usually
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measure all leukocyte velocities over a 20 second video in order to allow for the most accurate
assessment of pulsatility. In some patients, it was difficult to obtain a 20 second video of a high
enough resolution to assess pulsatility. The most common problems that occurred while
collecting a 20 second video were tear film degradation during the video collection, slightly
unstable subject fixation, or an excessive number of blinks. We currently use a bite bar to aid
in stabilizing the patient while imaging. Image degradation caused by subject head movements
and fixational instability on video collection may be reduced in future work by employing a
pupil tracker or image stabilization software/hardware in place of a bite bar. We have tried
using various artificial tear solutions with little improvement in image quality. However,
artificial tears sometimes aid in patient comfort, which may allow for more accurate fixation
and fewer blinks in some subjects.

The binning method used was necessary to confirm that the leukocyte velocity changes were
statistically significant. Furthermore, each velocity measure was computed over an average of
7 video frames. The downside of this method is that it will underestimate the maximum and
overestimate the minimum velocity values, with the combined effect of generating a lower
pulsatility than would be estimated using other methods. It should be noted here that any
method that employs averaging, either subjective or objective are subject to the same problem.
For one subject, we needed to reduce the number of bins from 5 to 4 in order to obtain a
statistically significant measure of pulsatility.

Conclusions

This paper demonstrates a new method for assessing the effects of the cardiac cycle on
parafoveal capillary leukocyte velocity. By directly and non-invasively measuring parafoveal
capillary leukocyte pulsatility using the AOSLO imaging system one can now control for the
fluctuations in retinal capillary velocity induced by the heartbeat when studying the effects of
retinal diseases known to affect retinal hemodynamics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Foveal montage of subject E. The image is comprised of a series of registered images from
AOSLO videos. The two capillaries used for leukocyte velocity and pulsatility calculations are
marked E1 and E2. The original data was sampled at 205 pixels per degree (1.43 micrometers
per pixel for this subject) Scale bar = 500pum.
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Figure 2.

Mean leukocyte velocity vs. relative cardiac cycle for subject B, observation 1. The points
represent the velocities of 31 different leukocytes observed in a single capillary in a single
video. A noticeable cyclic trend in the raw leukocyte velocity is shown. The five bars are the
bins with average and SEM error bars. Max and min bin values were used to compute the
pulsatility.
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Figure 3.

Mean leukocyte velocity plotted against relative cardiac cycle for all 8 subjects. The relative
cardiac cycle has been divided into five equal bins. The characteristics of the
photoplethysmograph traces varied between individuals and also between videos for the same
subject, so the phase between the pulse and the velocity measurements are not consistent
between the individuals. Error bars represent SEM. * Denotes capillaries in which pulsatility
of the same capillary was determined twice in the same imaging session. Divisions on the y-
axis are separated by 1 mm/sec and each trace is offset by one division.
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