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Abstract. We determine the impact of artificial light scatter on quan-
titative, noninvasive assessment of retinal arteriolar hemodynamics.
One eye from each of 10 healthy young subjects between the ages of
18 and 30 �23.6±3.4� is randomly selected. To simulate light scatter,
cells comprising a plastic collar and two plano lenses are filled with
solutions of differing concentration of polystyrene microspheres �Poly-
sciences Inc., USA�. We prepare 0.002, 0.004, 0.006, and 0.008%
microsphere concentrations as well as distilled water only. The Canon
laser blood flowmeter �CLBF� is used to noninvasively assess retinal
arteriolar blood flow. After a preliminary screening to confirm subject
eligibility, seven arteriolar blood flow measurements are taken by ran-
domly placing the cells between the instrument objective lens and the
subjects’ cornea. To achieve a baseline, subjects are first imaged with
no cell in place. Both low- and high-intensity CLBF laser settings are
assessed. Our light scatter model results in an artifactual increase of
retinal arteriolar diameter �p�0.0001� and thereby increased retinal
blood flow �p�0.0001�. The 0.006 and 0.008% microsphere con-
centrations produce significantly higher diameter and flow values
than baseline. Centerline blood velocity, however, is not affected by
light scatter. Retinal arteriolar diameter values are significantly less
with the high-intensity laser than with the low-intensity laser �p
=0.0007�. Densitometry assessment of vessel diameter is increasingly
impacted as the magnitude of artificial light scatter increases; this ef-
fect can be partially negated by increasing laser intensity. A cataract is
an inevitable consequence of aging and, therefore, care must be ex-
ercised in the interpretation of studies of retinal vessel diameter that
use similar densitometry techniques. © 2007 Society of Photo-Optical Instrumen-
tation Engineers. �DOI: 10.1117/1.2750292�
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Introduction
he potential of noninvasive retinal imaging techniques to

nvestigate the physiological mechanisms regulating blood he-
odynamics in the human retina have long been recognized.
owever, techniques are now available that enable the nonin-
asive quantification of volumetric retinal blood flow in abso-
ute units by simultaneously measuring vessel diameter �in

icrometers� and centerline blood velocity �in millimeters per
econd� to derive flow in real units1–3 �microliters per minute�.
lood flow assessment using the Canon laser blood flowmeter

CLBF� is repeatable and reproducible with low variability.4–6

Disturbance of retinal blood flow is a feature of many ocu-
ar diseases,7,8 including diabetic retinopathy,6–10 age-related

aculopathy,11 and a subset of patients with glaucoma.4,12 In
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the future, the assessment of retinal blood flow may play a
diagnostic role in the early detection of some of these ocular
diseases.10 Retinal hemodynamic assessment techniques may
also be used to monitor aspects of disease progression and to
evaluate the retinal vascular response to surgical and drug
treatments.4

Lens opacity, or cataract, frequently occurs concomitantly
with other eye diseases, including diabetic retinopathy, age-
related maculopathy, and glaucoma. The impact of lens opac-
ity on the assessment of retinal blood flow is unknown, de-
spite the fact that the technique has been used widely in
elderly subjects. The clarity of fundus visualization using any
fundus camera-based imaging device is limited in the pres-
ence of lens opacity due to intraocular light scatter that results
in reduced image contrast. Recent studies from our group
have quantified the influence of artificial light scatter on vari-
1083-3668/2007/12�3�/034021/6/$25.00 © 2007 SPIE
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us retinal imaging instruments.13–15 This study was designed
o determine the impact of artificial light scatter on quantita-
ive measurements of retinal arteriolar hemodynamics.

Methods
ne eye from each of 10 healthy young subjects between the

ges of 18 and 30 �mean age 23.6 years, standard deviation
SD� 3.4� was randomly selected. All volunteers were in-
ormed about the details of the study and gave their consent to
articipate. The research followed the tenets of the Declara-
ion of Helsinki and was approved by the Research Ethics
oard of the University Health Network and also by the Of-
ce of Research Ethics of the University of Waterloo. All
ubjects were drug free with no systemic disease, no ocular
bnormalities, and no history of any ocular surgery. Subjects
ad no lens opacity, exhibited intraocular pressures less than
1 mm Hg, a logMAR �logarithm of the minimum angle of
esolution� visual acuity of 0.0, or better, and a refractive error

±6.00 DS and �±2.50 DC.

.1 Artificial Light Scatter Model
he details of the artificial light scatter model have been pub-

ished elsewhere.13–15 In brief, cells comprising a plastic collar
nd two plano lenses were filled with solutions of differing
oncentrations of polystyrene microspheres14 �Polybead©

olysciences Inc., USA�. The diameter of the microspheres
as chosen to be similar to the mean diameter of aggregated

ens proteins �500 nm� that are thought to produce intraocular
ight scatter in the normal aging lens. Microsphere concentra-
ions of 0.002, 0.004, 0.006, and 0.008% were made up from
0.16% stock solution and a distilled water only cell was also
tilized to act as a further control, i.e., anticipated to not be
ifferent from baseline. The microsphere concentrations were
etermined empirically prior to commencing the study by im-
ging subjects using the CLBF and determining the point at
hich the instrument could no longer reliably stabilize a
iven measurement site. Solutions were made up and the cells
ere emptied, cleaned, and refilled every week. Cells were

lso checked regularly with a spectrophotometer to ensure
onsistency of the optical transmission and absorption charac-
eristics throughout the course of the study.

.2 Quantitative Assessment of Retinal Arteriolar
Blood Flow

uantitative assessments of retinal arteriolar blood flow were
cquired using the CLBF, model 100. The CLBF utilizes bi-
irectional laser Doppler velocimetry �LDV� to quantify the
enterline blood velocity in the large retinal vessels, densito-
etry to measure vessel diameter, and an image stabilization

ystem to minimize the impact of eye movement.4,16 A red
iode laser �675 nm, 80�50 �m oval� is used to acquire
idirectional LDV measurements. The frequency shift of the
ight scattered by the moving blood cells at the illuminated
ite is simultaneously focused by two distinct photodetectors
eparated from each other by a fixed, known angle.17 The
aximum frequency shift detected by each photodetector is

ubtracted to enable the absolute quantification of centerline
lood velocity, irrespective of the angle between the moving
article and reflected beam.18,19 The resulting Doppler signal

18
s analyzed using a previously described algorithm. The fre-
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quency shift is determined as the frequency at which there is
an abrupt reduction in the amplitude of the fluctuations in the
Doppler shift power spectrum. This determination does not
depend on any presumed shape of the average power spectral
density curve. Velocity measurements are acquired automati-
cally every 0.02 s throughout the 2-s measurement window,
resulting in a velocity-time trace that depicts the systolic-
diastolic variation of blood velocity.

Retinal vessel diameter is determined by projecting a rect-
angular �1500�150 �m� green �543 nm� HeNe diode laser
perpendicular to the vessel segment measurement site. Densi-
tometry analysis of the cross-sectional vessel image on the
CLBF array sensor is used to calculate vessel diameter �Fig.
1�. The minimum point �Min1� in the central portion of the
image is designated as the nominal vessel center with D1
being its signal level from the background level. When mirror
reflection occurs from the vessel wall, the second minimum
point is observed in the neighborhood of Min1 with signal
level D2. The maximum points on either side are detected as
the vessel edges with D3 and D4 signal levels. The half-height
points �X1 and X2� are points on the image whose signal levels
are �D1+D3� /2 and �D2+D4� /2, respectively. The width be-
tween X1 and X2 is taken to represent the uncorrected vessel
diameter and is converted into micron units after correction
for axial and refractive magnification effects.16,20 Diameter
measurements are acquired every 4 ms during the first and
last 60 ms of the 2-s velocity acquisition window.

An integral “eye tracking” mechanism stabilizes the laser
system on the selected measurement site. Light from the red
laser is projected into the center of the green rectangle.17 The
green laser is manually adjusted perpendicular to the vessel
segment. The resulting cross-sectional image of the vessel is
focused on the CLBF array sensor. The array sensor detects
any lateral motion of the vessel and, via a negative feedback
loop, controls the galvanometer steering system to stabilize
the green tracking laser on the selected measurement site.
This system also enables identification and postacquisition re-
jection of velocity measurements impacted by significant sac-
cades.

Two sequential measurements �path 1 and path 2� both of

Fig. 1 Densitometry signal of a cross-sectional image acquired from a
retinal arteriole: Min1, minimum point in the central portion of the
image designated as the nominal vessel center; D1, signal level of
Min1 from the background level; D2, signal level of the second mini-
mum point in the neighborhood of Min1; D3 and D4, signal levels of
the maximum points on either side designated as the vessel edges; X1
and X2, the half-height points whose signal levels are �D1+D3� /2 and
�D2+D4� /2, respectively. The width between X1 and X2 is taken to
represent the uncorrected vessel diameter.
blood velocity and of vessel diameter are taken to ensure con-
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istency of each parameter and are then averaged to give one
eading. The time average of the centerline blood velocity

mean is used along with the diameter D to calculate retinal
lood flow F assuming that the vessel has a circular cross
ection and that the flow characteristics obey Poiseuille’s law.
etinal blood flow is derived using the formula: F
1
2���D2 /4���Vmean�60�, where flow is in microliters per
inute, diameter is in micrometers, and Vmean is in millime-

ers per second. Magnification effects associated with refrac-
ive and axial components of ametropia are corrected to pro-
ide absolute measurements of diameter �in micrometers�,
elocity �in millimeters per second�, and flow �in microliters
er minute�.

.3 Procedures
ach subject underwent screening that included the assess-
ent of general and ocular health, best corrected logMAR

isual acuity, anterior segment examination, assessment of
rystalline lens status �using the lens opacity classification
ystem, LOCS, III� and fundus examination. The randomly
elected study eye was dilated using Mydriacyl 1% �Alcon
anada Inc., Mississauga, Canada�. Retinal arteriolar hemo-
ynamics were then measured in a superior temporal arteriole.
he measurement site was selected in a relatively straight
essel segment, distant from any bifurcations and within 1
isk diameter of the optic nerve head. Initial measurements
ere acquired with no cell in place as a baseline to optimize

nd set the instrument focus and positioning. Retinal hemo-
ynamic measurements were then acquired at the same mea-
urement site �using the fixation target memory feature of the
LBF� while placing cells of various microsphere concentra-

ions in front of the subjects’ eye in random order. The ran-
omization was implemented to negate the impact of any po-
ential drift of CLBF values or systematic change of
emodynamic parameters. The cells were mounted to the ob-
ective of the CLBF using a custom-made adaptor that incor-
orated a 20-deg tilt to minimize surface reflections. Seven
eparate measurements were acquired with the CLBF for each
ight scatter condition, including the no-cell situation. Back-
round fundus illumination and room lighting were kept con-
tant. Subjects were encouraged to blink before each measure-
ent and, if necessary, artificial tears were used to avoid

mage degradation due to corneal tear film breakup. Laser
ntensity was maintained on low for all measurements. Axial
ength was measured using A-scan ultrasound �I3 Innovative
maging Inc, Sacramento, California� to correct for magnifi-
ation effects due to ametropia. These values were entered
nto the CLBF database prior to calculation of hemodynamic
arameters.

The CLBF enables the operator to use either low �stan-
ard� or high laser intensity. To investigate the impact of laser
ntensity on hemodynamic measurements, we also acquired
etinal arteriolar hemodynamics both at low- and at high-
ntensity laser settings on four of the original 10 subjects us-
ng the no-cell condition �baseline� and the 0.006 and 0.008%

icrosphere concentration cells.

.4 Statistical Analysis
epeated measures analysis of variance �reANOVA� was used
o determine the relationship, if any, between microsphere

ournal of Biomedical Optics 034021-
concentration and each of the hemodynamic parameters, i.e.,
retinal arteriolar diameter, centerline blood velocity and blood
flow. For those situations in which a significant effect was
detected by the reANOVA, a least-squares difference �LSD�
post hoc comparison test was used to determine the magni-
tude of artificial light scatter concentration, relative to the no
cell condition, that significantly impacted hemodynamic mea-
surements. The high-laser-intensity results were compared to
the standard laser intensity results for the baseline �i.e., no
cell� and 0.006 and 0.008% microsphere concentration cell
conditions for the same four subjects using repeated measures
ANOVA and tukey HSD post hoc analysis.

3 Results
Group mean �± SD� retinal arteriolar diameter, centerline
blood velocity and blood flow as a function of artificial light
scatter condition are summarized in Table 1. The change of
each of the retinal hemodynamic parameters relative to the
baseline is shown in Fig. 2.

The group mean retinal arteriolar diameter and blood flow
significantly increased �reANOVA, p�0.0001� with increase
in microsphere concentration; however, centerline blood ve-
locity was unaffected by artificial light scatter �reANOVA, p
=0.4740�. The LSD post hoc test revealed that the 0.006 and
0.008% microsphere concentrations produced significantly
higher diameter and flow values than the baseline condition
�i.e., the no-cell condition� �Fig. 2�. Importantly, the water-
only cell condition produced almost identical values as the
baseline for each of the three hemodynamic parameters �Table
1�. The laser tracking system of the CLBF had difficulty sta-
bilizing the laser on the measurement site for the highest mi-
crosphere concentration; for this reason, it was impossible to
acquire any measurements on three subjects using the 0.008%
cell.

Table 2 and Fig. 3 depict the hemodynamic assessment of
4 of the original 10 subjects using both high and low laser
intensities. Diameter values attained using the high-intensity
laser were closer to the baseline; only the 0.008% concentra-
tion cell resulted in significantly greater diameter values than
the baseline �p=0.0008�. Diameter values were significantly
less with the high-intensity laser setting than the equivalent
measurement with the low-intensity laser �p=0.0007�. Diam-
eter values measured with the 0.006% concentration cell were
also significantly smaller when the high-intensity laser was

Table 1 Group mean �± SD� retinal arteriolar diameter, centerline
blood velocity, and flow as a function of artificial light scatter condi-
tion.

No Cell
�N=10�

Water
�N=10�

0.002%
�N=10�

0.004%
�N=10�

0.006%
�N=10�

0.008%
�N=7�

Diameter
��m�

105.88
�13.47�

105.66
�13.20�

107.67
�13.74�

111.79
�11.14�

120.29
�14.25�

133.18
�14.16�

Velocity
�mm/s�

31.61
�8.70�

31.49
�8.53�

32.34
�9.93�

32.02
�8.74�

33.95
�8.79�

33.92
�7.30�

Flow
��l/min�

8.73
�3.72�

8.58
�3.58�

9.21
�4.23�

9.73
�3.92�

11.78
�4.45�

14.54
�4.75�
utilized �p=0.0306�. Centerline blood velocity was unaf-
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ected by laser intensity �p=0.2817�. Similarly, blood flow
alues attained using high-intensity laser were closer to the
aseline with only the highest light scatter condition being
ignificantly greater than the baseline �p=0.0313� and were
ignificantly less than the equivalent measurement with the

ig. 2 Change in retinal arteriolar diameter �upper�, centerline blood
elocity �middle�, and blood flow �lower� relative to baseline for all
ell conditions. The error bars represent ±1 standard error of the mean
* denotes significant difference from baseline, i.e., the no-cell
ondition�.
ow-intensity laser �p=0.0221�.

ournal of Biomedical Optics 034021-
4 Discussion
Our light scatter model resulted in an artifactual increase of
retinal arteriolar diameter �p�0.0001�, which in turn led to
increased retinal blood flow values �p�0.0001�. The increase
in blood flow was secondary to the induced change in arteri-
olar diameter since flow is directly proportional to the second
power of diameter, according to the formula used by the
CLBF. Centerline blood velocity, however, was not affected
by light scatter.

The densitometry technique that is used by the CLBF to
measure vessel diameter is increasingly impacted as the mag-
nitude of artificial light scatter increases �Fig. 2�. We hypoth-
esize that as the light scatter increases, the densitometry im-
age of the vessel loses contrast and the slopes of the
densitometry profile broaden �Fig. 4�. This results in a greater
separation of the half-height points causing an artifactual in-
crease in the diameter of the vessel. Ultimately, light scatter
will result in breakdown of the CLBF laser tracking system
but artifactually increased vessel diameter values can be ac-
quired prior to this point. On the other hand, it is clear that the
bidirectional LDV technique used to measure centerline blood
velocity is robust to the optical effects of artificial light scat-
ter.

It is apparent that the impact of light scatter on the densi-
tometric estimation of retinal vessel diameter can, in part, be
negated by increasing the intensity of the HeNe laser �Fig. 3�.
Future instrumentation could incorporate a negative feedback
loop that automatically increases HeNe laser intensity in situ-
ations where the slope of the densitometry profile becomes
shallow. In addition, when assessing retinal blood flow in pa-
tients with concomitant cataract, we recommend using the
high-intensity laser setting of the CLBF. CLBF parameters
that do not rely on diameter estimation but still provide useful
hemodynamic information, such as centerline blood velocity
and maximum to minimum velocity ratio, should be given
greater attention when assessing retinal blood flow in patients
with concomitant cataract.

The data preclude the possibility that a real change in di-
ameter occurred. To explain, if the apparent increase in arte-
riolar diameter was real then this would be reflected by an
increase in blood velocity �since vascular resistance would
decrease�. The magnitude of apparent increase in arteriolar

Table 2 Group mean �± SD� retinal arteriolar diameter, centerline
blood velocity, and flow as a function of artificial light scatter condi-
tion and laser intesity.

Low �Standard� Laser Intensity High Laser Intensity

No Cell
�N=4�

0.006%
�N=4�

0.008%
�N=4�

No Cell
�N=4�

0.006%
�N=4�

0.008%
�N=4�

Diameter
��m�

117.76
�9.84�

126.68
�13.02�

141.10
�6.79�

117.68
�10.62�

121.12
�12.74�

129.15
�9.70�

Velocity
�mm/s�

39.52
�7.59�

37.10
�7.28�

38.72
�10.15�

34.37
�9.76�

37.11
�10.68�

36.47
�9.67�

Flow
��l/min�

13.14
�3.97�

14.51
�5.52�

18.30
�5.33�

11.41
�4.13�

13.24
�5.50�

14.73
�5.36�
diameter, if real, would be predicted to result in an increase of
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lood velocity. An increase in retinal arteriolar diameter of
.2±1.4% following hypercapnic provocation resulted21 in an
ncrease of blood velocity of 26.4±7.0%. In effect, the find-
ng of an increase in arteriolar diameter in the absence of an
ncrease in blood velocity is contradictory and can be ex-

ig. 3 Retinal arteriolar diameter �upper�, centerline blood velocity
middle�, and blood flow �lower� attained at the low �left� and high
right� intensity laser settings for the no-cell, 0.006 and 0.008% mi-
rosphere concentrations. The error bars represent ±1 standard error
f the mean �* denotes significant difference from the baseline�. The
ashed line denotes a significant difference between identical cell
onditions for the low and high laser settings.
lained only as an artifact of the light scatter cells on the

ournal of Biomedical Optics 034021-
densitometric estimation of vessel diameter. Furthermore, the
magnitude of apparent increase in diameter for the 0.008%
light scatter cell is outside the physiological range of diameter
change produced by extreme hypercapnic and hyperoxic
provocations.21,22

Are the results of this study relevant to only the limited
number of CLBF users worldwide and to those individuals
with a specific interest in retinal hemodynamic assessment? A
number of techniques designed to assess retinal vessel diam-
eter, including the retinal vessel analyzer23 and the assessment
of retinal photographs used in the Atherosclerosis Risk in
Communities Study,24 have been introduced. In particular, re-
cent results from the Atherosclerosis Risk in Communities
Study found that retinal vascular abnormalities are predictive
of cardiovascular disease.25 However, both of these
techniques23,24 use algorithms to assess retinal vessel diameter
that are very similar to that used in the CLBF and therefore
may be susceptible to an artifact resulting from light scatter.
Cataract is an inevitable consequence of aging and, therefore,
care must be exercised in the interpretation of studies of reti-
nal vessel diameter that utilize cohorts with age as a covari-
able.

The results derived from any model, however, must be
interpreted with caution since the model may not accurately
simulate the impact of true cataract. From a clinical perspec-
tive, we previously demonstrated the impact of each artificial
light scatter condition on fundus visualization achieved with a
digital fundus camera that utilizes a polychromatic light
source.14,15 Direct comparison of our artificial light scatter
model with a subjective, slit-lamp-based cataract grading
scale is difficult; however, the magnitude of light scattering
medium used in this study is far less than that used to assess
confocal optics based instrumentation.15 Unpublished data
from our lab demonstrates that the artificial light scatter
model impacts visual acuity and letter contrast sensitivity in a
very similar manner to that of nuclear sclerotic cataract. Fu-
ture work will investigate the impact of light scatter induced
by cataract on retinal blood flow assessment.
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