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Abstract

Purpose

To assess the feasibility and reliability of Laser Speckle Flowgraphy (LSFG) to measure
ocular perfusion in a sample of healthy white subjects and to elucidate the age-dependence
of the parameters obtained.

Methods

This cross-sectional study included 80 eyes of 80 healthy, non-smoking white subjects of
Western European descent between 19 and 79 years of age. A commercial LSFG instru-
ment was applied to measure ocular blood flow at the optic nerve head (ONH) three succes-
sive times before and after pharmacological pupil dilation. The mean blur rate (MBR), a
measure of relative blood flow velocity, was obtained for different regions of the ONH. Eight
parameters of ocular perfusion derived from the pulse-waveform analysis of MBR including
blowout time (BOT) and falling rate (FR) were also recorded.

Results

Artifact-free LSFG images meeting the quality criteria for automated image analysis were
obtainable in 93.8% without pupil dilation and in 98.8% with pharmacological pupil dilation.
Measurements of MBR showed excellent repeatability with intraclass correlation coeffi-
cients > 0.937 and were barely affected by pupil dilation. The majority of pulse-waveform
derived variables exhibited equally high repeatability. MBR-related blood flow indices exhib-
ited significant age dependence (p<0.001). FR (r=0.747, p<0.001) and BOT (r=-0.714,
p<0.001) most strongly correlated with age.
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Conclusions

LSFG represents a reliable method for the quantitative assessment of ocular blood flow in
white subjects. Our data affirms that the LSFG-derived variables FR and BOT may be useful
biomarkers for age-related changes in ocular perfusion.

Introduction

Some of the most prevalent eye diseases including glaucoma, age-related macular degeneration
and diabetic retinopathy are associated with abnormalities in ocular perfusion.[1,2] As of today,
there is no gold-standard method for the measurement of ocular blood flow available. For reti-
nal circulation, absolute measurements of blood velocity have been realized by bidirectional
Laser Doppler Velocimetry (LDV), a technique that utilizes the optical Doppler effect (i.e. the
frequency shift of laser light backscattered by moving erythrocytes).[3,4] Absolute measure-
ments of blood flow can be obtained by combining LDV with measurements of the diameter of
the retinal vessel under study, as for example with the fundus-camera based Dynamic Vessel
Analyzer (DVA).[5] Doppler Fourier-domain Optical Coherence Tomography (D-OCT) repre-
sents a relatively novel approach that exploits the optical Doppler effect with high-resolution
spectral-domain OCT technology.[6-9] D-OCT overcomes some of the technical limitations
inherent to LDV, as it allows for precise depth resolution of flow and the 3-dimensional visuali-
zation of the perfused vessel of the posterior pole. As D-OCT can also precisely determine the
vessel lumen, only one instrument is required for the absolute measurement of both blood
velocity and flow. Both LDV and D-OCT, however require a high amount of examiner skill and
patient compliance and, hence, are not available for the use in clinical practice.

Measuring optic nerve head (ONH) blood flow is technically more challenging because of
the complex vascular supply of this anatomical region. Laser Doppler Flowmetry (LDF) has
been used for quantifying ONH perfusion [2,10], a method that also operates based on the
optical Doppler shift of light scattered by moving red blood cells. LDF gives relative readings
of blood velocity, blood volume and blood flow and is particularly suitable for the assessment
of temporal changes in ONH perfusion (e.g. during changes in ocular perfusion pressure,
OPP).[10] However, no instrument is commercially available.

In recent years, Laser Speckle Flowgraphy (LSFG) has rapidly arisen as a promising tech-
nique for the two-dimensional assessment of ocular blood flow in humans. LSFG enables non-
invasive, patient- and examiner-friendly quantitative estimation of perfusion at the ONH, ret-
ina and choroid, simultaneously, in less than 5 seconds. Validation of the technique for the
measurement of ONH perfusion has been established by means of direct comparison with the
hydrogen gas clearance method [11,12] and the microsphere method.[13] LSFG has helped
add to the understanding of perfusion status and its role in the pathophysiology of numerous
ocular diseases.[13-24] For example, LSFG has substantiated the hypothesis that ONH perfu-
sion continuously decreases with the progression of glaucomatous disease. [13,14] Further-
more, LSFG has ben employed in a study that correlated systemic oxidative stress with
decreased ONH perfusion suggesting that both factors may play a role in the pathogenesis of
normal tension glaucoma.[15] Moreover, it has revealed that early normal tension glaucoma
patients exhibit a significantly altered capillary ONH perfusion profile as compared with
healthy controls.[22] As a further example, LSFG has helped corroborate the hypothesis that
choroidal hyperperfusion may be involved in the development of central serous chorioretino-
pathy.[19,21]
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LSFG utilizes a laser probe with a relatively long wavelength of 830nm, thus enabling blood
flow recordings from choroidal tissue. The intensity of the LSFG signal originating from the
choroid is to a large degree determined by the level of pigment contained in the retinal pig-
ment epithelium. White subjects are known to exhibit lower levels of fundus pigmentation as
compared with people of Asian descent. Hence, the use of LSFG in Whites may be hampered
by a possible oversaturation of the LSFG image arising from the hyper-intense choroidal sig-
nal. As of today, LSFG has gained widespread use in Japan, however, no data on LSFG mea-
surements in white subjects exists.

In the present study, we set out to assess the feasibility and reliability of LSFG to measure
ocular perfusion in a sample of healthy white subjects. In addition, we aimed to elucidate the
necessity and influence of pharmacological pupil dilation in LSFG as well as the age-depen-
dence of the obtained parameters of ocular microcirculation. This study succeeded in achiev-
ing its predefined aims as feasibility, reliability and independency from pupil dilation of the
measurement modality could be demonstrated.

Methods
Subjects

This cross-sectional study included 80 healthy white subjects of European descent that were
selected by the Department of Clinical Pharmacology of the Medical University of Vienna. All
research adhered to the guidelines set forth in the Declaration of Helsinki and this specific
study was approved by the Ethics Committee of our institution (Ethikkommission der Medizi-
nischen Universitidt Wien; approval number EK1342/2015). After explanation of the nature
and possible consequences of the study, written informed consent was obtained from all
subjects.

Within the two weeks prior to the actual study day, all subjects underwent a comprehensive
screening examination that comprised medical history, physical examination, best-corrected
visual acuity testing using standard Early Treatment of Diabetic Retinopathy Study (ETDRS)
charts, slit-lamp examination including indirect funduscopy, measurement of intraocular
pressure (IOP) using Goldmann applanation tonometry, measurements of systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP) with automated oscillometry and a urine preg-
nancy test in women with childbearing potential. Exclusion criteria were smoking,
ametropia > 6 diopters, contact lens wear, any ocular surgery within 3 months prior to partici-
pation in the study, significant opacities of the optical media (e.g. corneal scars, LOCS-II
grading > 3, posterior capsule opacification or vitreous opacities), any other relevant ocular
disease or abnormality, any clinically relevant illness as judged by the investigators, uncon-
trolled hypertension with systolic blood pressure (SBP) >160mmHg and/or diastolic blood
pressure (DBP) > 100mmHg, current or planned pregnancy or lactation as well as a blood
donation in the three weeks prior to the study. If both eyes of a subject were eligible, the study
eye was randomly selected. Subjects were instructed to abstain from alcohol and stimulating
beverages containing xanthine derivatives (tea, coffee, cola-like drinks) in the 12 hours preced-
ing the study as it has been shown that these substances may alter ocular perfusion.[25,26]
Mean arterial blood pressure (MAP), pulse pressure amplitude (PPA) and ocular perfusion
pressure (OPP) for the seated position were calculated as follows: MAP = SBP + 1/3 (SBP-
DBP); PPA = SBP-DBP; OPP = 2/3 MAP-IOP.

Protocol

On the study day, subjects were scheduled to arrive at the study site between 7:30 a.m. and
4.00 p.m. After a 10-minute sitting period in a quiet and air-conditioned room with the
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temperature maintained at 22-23°C, measurements of ocular blood flow were performed
using Laser Speckle Flowgraphy (LSFG). At first, three consecutive LSFG scans were acquired
with a natural scotopic pupil. Thereafter, pharmacological dilation of the pupil was achieved
by topical instillation of 0.5% tropicamide eye drops (Mydriaticum Agepha Augentropfen;
Agepha Ges.m.b.H., Vienna, Austria). After a further 20-minute resting period, a second set of
three consecutive LSFG measurements was acquired. All scans were acquired in near darkness
under identical ambient conditions by one of two experienced examiners (N.L. and P.A.W.).
To capture a LSFG scan, the subject was seated comfortably and the head was positioned
against the forehead bar and chin rest. Before each measurement, the subject was encouraged
to blink, then, to hold his or her eyes open and refrain from blinking during scanning. The
subject was asked to lean back and the chinrest was readjusted between scans. Finally, mea-
surements of intraocular pressure (IOP) and systemic hemodynamics (SBP, DBP) were
performed.

Laser Speckle Flowgraphy

In the present study, a commercially available LSFG system (LSFG-NAVT; Softcare Co., Ltd.,
Fukuoka, Japan) was used to measure ocular blood flow at the ONH. The principles of LSFG
have been previously described in detail.[27-31] In short, when a rough surface is illuminated
with a coherent light source (e.g. a laser) the backscattered light gives the appearance of a con-
sistent scatter pattern (i.e. the speckle pattern). Moving particles (e.g. corpuscular blood com-
ponents) within the field of view cause a distinct variation in the speckle pattern in the form of
a decrease in the speckle contrast and the speckle variation. After acquisition of the speckle
pattern with a digital camera, these fluctuations in the speckle pattern can be analyzed in order
to generate flow information. The LSFG device used in the present study consists of a fundus
camera equipped with a diode laser with a wavelength of 830 nm and a digital charge-coupled
device camera (750 x 360 pixels). The primary output parameter of LSFG, mean blur rate
(MBR), constitutes a measure of relative blood flow velocity and is expressed in arbitrary units
(AU). A total of 118 images are continuously acquired at a rate of 30 frames per second with
an exposure time of 1/500 seconds over a time period of approximately 4 seconds. Accompa-
nying analysis software (LSFG Analyzer, Version 3.1.58; Softcare Co., Ltd.) automatically
detected the beginning and the end of the cardiac cycles recorded within the 4 seconds acquisi-
tion time. Images corresponding to the identical phases of the cardiac cycle were normalized
to one image sequence depicting a complete cardiac cycle. The average signal intensity within
each of the 750 x 360 pixels over the entire cardiac cycle was calculated in order to render the
so called “composite map” depicting the distribution of mean blood flow during one cardiac
cycle in the ocular fundus (Fig 1a). In this color-coded map, the ONH area is to be manually
delineated by positioning an ellipsoid region of interest at the ONH margin using the image
analysis software. In the present study, identical position and size of the band was maintained
in all subsequent scans of the same subject using the “follow up scan” function of the software.
After image acquisition, vessel and tissue areas within the ONH area were automatically
detected by the software using the so-called “vessel extraction” function (Fig 1b and 1c).
Thereby, a threshold for MBR signal intensity is automatically calculated by using digital
cross-section analysis in order to discriminate between visible surface vessels and ONH tissue
areas. Thus, MBR can be either determined for the total ONH area (referred to as MA, “mean
MBR of all area”) or, separately, for vessel (MV, “mean MBR of vascular area”) and tissue areas
(MT, “mean MBR of tissue area”).

In addition, the LSFG Analyzer software provides numerous parameters characterizing the
shape of the MBR waveform during one cardiac cycle (“pulse-waveform analysis”) for
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Fig 1. Laser Speckle Flowgraphy (LSFG) scan of the optic nerve head (ONH) area. (a) The ONH margin is to be delineated using an ellipsoid
region of interest with variable size and radii. (b) The selected area representing the entire optic disc is taken into account for further analysis using the
“vessel extraction” function. (c) The “vessel extraction” function distinguishes between areas of visible surface vessels (white) and ONH tissue areas
(black). (d) Typical pulse-waveform curve (green) with a steep incline during the systolic phase and a flatter decline during the diastolic phase. The red
line indicates the mean level of mean blur rate (MBR).

doi:10.1371/journal.pone.0168190.9001

assessment of the dynamics of ocular blood flow.[32-34] These additional parameters can be
separately calculated for MV (corresponding to the large vessels within the ONH area) or for
MT (corresponding to the ONH microvasculature). Definitions and equations for the calcula-
tion of these pulse-waveform parameters is provided in detail in Fig 2. In the present study, all
pulse-waveform analyses were based on the pulse waveform obtained for the ONH microcir-
culation (MT).

Statistical analysis

Descriptive data are presented as mean and standard deviation. A p-value of <0.05 was used
as an indicator of statistical significance. All statistical analysis was done with SPSS Statistics
(Version 22.0.0.1 for Mac; IBM).

At first, histogram frequency analysis and the Shapiro-Wilk test was performed to confirm
the normal distribution of data. The Chi square test was applied to test the null hypothesis that
there is no difference in the success rate of LSFG scans (calculated as the ratio of the number
of successful scans and the number of all scans) before and after pharmacological pupil dila-
tion. An LSFG scan was classified as successful if the scan could be obtained without any arti-
facts (e.g. due to the pupil margin constraining the field of view) and the captured image
passed the quality check performed automatically by the analysis software. Measurement
repeatability was calculated based on the coefficient of variation (COV; in %) defined as the
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Fig 2. Calculation of the pulse-waveform parameters. (a) Blowout time (BOT) is defined as the ratio of the half width (i.e. the time that the
waveform is higher than half of the mean of the minimum and maximum signal) to the duration of one complete cardiac cycle. High BOT is an
indicator of well-maintained perfusion in between two heartbeats. (b) Similarly, blowout score (BOS) is considered as an index of the blood flow
that is maintained between heartbeats and is calculated from the difference of the maximum and the minimum MBR as well as the average
MBR. High BOS indicates a high constancy of blood flow during the cardiac cycle. (c) Skew serves as a measure of the asymmetry of the
waveform distribution. It was developed as an indicator of the condition of the systemic circulatory system. A skew value of 0 describes a
perfectly symmetrical waveform shape. Skew is positive if the distribution is leftward and negative if the distribution is rightward. As the blood
flow in arteries rises more quickly than in veins, arterial skew is greater than venous skew. Skew also increases with a steeper decline of the
waveform curve after the peak indicating a more rapid drop-off in blood flow after the peak. (d) Acceleration time index (ATI) is defined as the
ratio of time before the pulse-wave peak value is reached to the duration of the entire heartbeat. (e) The indices rising rate (RR) and (f) falling
rate (FR) characterize the steepness of the ascending and, respectively, descending portion of the waveform curve. Higher values indicate a
more sudden increase, or decrease, of MBR. (g) The flow acceleration index (FAI) represents the highest increment in MBR between two
frames. (h) The resistivity index (RI) is the ratio of the difference between maximum and minimum MBR to the maximum MBR.

doi:10.1371/journal.pone.0168190.g002

ratio of the mean standard deviation of repeated measurements to the overall mean. In addi-
tion, the intraclass correlation coefficient (ICC) for the three consecutive measurements was
calculated using a repeated-measures ANOV A model. Pearson coefficients were calculated for
the correlations of subject age and PPA with LSFG-derived perfusion indices. Linear
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regression analysis was applied to test the null hypothesis that LSFG-derived parameters do
not exhibit a linear correlation with age and, furthermore, with PPA. Paired samples t-test was
used to test the null hypothesis that LSFG-derived parameters obtained before and after pupil
dilation are comparable. Independent samples t-tests were applied to test the null hypothesis
that no differences exist in the ocular, systemic and LSFG-derived parameters between male
and female participants. For the analysis of age- and sex-related differences, we used the mean
value of three successive LSFG measurements performed in mydriasis.

Results
Subjects

A total of 40 male and 40 female white subjects were included equally distributed among four
age groups (group 1: 18-34 years, group 2: 35-49 years, group 3: 50-64 years, group 4: 65-80
years). Each group consisted of 10 male and 10 female subjects. A summary of participants’
baseline characteristics is provided in Table 1. Histogram frequency analysis and the Shapiro-
Wilk test confirmed the normal distribution of the analyzed LSFG-derived parameters irre-
spective of age group, sex and pupil dilation (data not shown).

Measurement success rate

Without pupil dilation, a total of 11 LSFG scans of four subjects were not possible due to small
pupil size. A further four scans of three subjects with reduced fixation compliance were
excluded because the captured images did not meet the quality criteria for automated image
analysis. In mydriasis, all 240 scans of the 80 subjects were successfully obtained. However, in
three subjects, one scan had to be excluded for insufficient image quality. Hence, pupil dilation

Table 1. Demographic and baseline characteristics of subjects.

Parameter

Age (years)
BMI (kg/m2)

MRSE
(diopters)

LOCS (grade)
SBP (mmHg)
DBP (mmHg)
HR (bpm)
MAP (mmHg)
IOP (mmHg)
OPP (mmHg)
PPA (mmHg)

Total
> =80

48.9+17.4
25.8+4.2
-0.3+1.6

0.6+0.7
128 +13
819
70+10
969
12.8+24
51+6
47 +10

Age Group 1 Age Group 2 Age Group 3 Age Group 4 Male Female t-Test
(18-34 years; (35-49 years; (50-64 years; (65-80 years; n=40 n=40 (p-value)
n =20) n =20) n =20) n =20)
25.6+4.6 43.4+3.9 55.3+4.5 71445 48.8+16.9 | 49.0+18.1 0.95
23.0+3.6 27.3x3.7 26.2+4.6 26.9+3.6 26.4+4.0 25.3+4.4 0.22
-0.9+1.3 -0.6+1.3 -0.6+1.7 09+1.3 -0.3+1.7 -0.2+1.5 0.72
0+0 0.3+0.5 1.0+£0.47* 1.3+0.7% 0.7+0.8* | 0.6+0.6* 0.53
124 +£10 125+ 11 127+ 15 136+ 12 132.2+10.9|123.5+13.6| 0.002
77+8 81+9 82+ 10 83+8 82.6+8.2 78.5+9.1 0.04
74+£10 73+10 68+ 11 676 68.3+9.0 | 72.4+10.5 0.06
92+8 95+9 97 + 11 1018 99.1+8.0 | 93.5+9.7 0.006
12.7+2.2 13.2+2.8 121+1.9 13.3+2.7 13.1+24 | 125+2.4 0.31
49+5 507 53+7 54+5 53.0+56 | 49.8+6.7 0.02
47+8 45+8 45+10 52+12 50+ 10 45+10 0.04

All data are presented as mean +* standard deviation. The independent samples t-test (p-values provided in last column) was performed to test the
hypothesis that no differences exist in the respective demographic/baseline parameters provided in the first column between the male (n = 40) and the
female (n = 40) subgroup. SD, Standard Deviation; BMI, Body Mass Index; MRSE, Manifest Refraction Spherical Equivalent; LOCS, Lens Opacities
Classification System; SBP, Systolic Blood Bressure; DBP, Diastolic Blood Pressure; HR, Heart Rate; bmp, Bearts Per Minute; MAP, Mean Arterial
Pressure; IOP, Intraocular Pressure; OPP, Ocular Perfusion Pressure; PPA, Pulse Pressure Amplitude;

* One (n = 1) pseudophakic eye excluded.

doi:10.1371/journal.pone.0168190.t001
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Table 2. Repeatability Indices for LSFG-derived parameters.

LSFG Parameter Before Pupil Dilation After Pupil Dilation

COV (%) ICC COV (%) ICC

MA 4.77 0.984 4.70 0.981
Mv 6.81 0.937 6.44 0.942
MT 6.11 0.974 5.72 0.976
BOT 5.30 0.914 5.62 0.907
BOS 1.86 0.970 2.62 0.953
Skew 9.23 0.888 9.90 0.876
ATI 7.00 0.886 7.88 0.853
RR 5.57 0.748 5.57 0.730
FR 4.52 0.873 4.18 0.901
FAI 11.19 0.945 9.62 0.966
RI 4.96 0.966 6.33 0.943

LSFG (Laser Speckle Flowgraphy), COV (Coefficient of Variation), ICC (Intraclass Correlation Coefficient),
MA (Mean Blur Rate of All Optic Nerve Head Area), MV (Mean Blur Rate of Vascular Area), MT (Mean Blur
Rate of Tissue Area), BOT (Blowout Time), BOS (Blowout Score), ATI (Acceleration Time Index), RR
(Rising Rate), FR (Falling Rate), FAI (Flow Acceleration Index), RI (Resistivity Index)

doi:10.1371/journal.pone.0168190.t002

increased the success rate of LSFG measurements from 93.8% (225/240) to 98.8% (237/240)
with p = 0.004.

Repeatability

Table 2 summarizes the calculated repeatability indices, COV and ICC, for all LSFG-derived
parameters obtained with and without pupil dilation, respectively. Favorable indices of repeat-
ability were observed for all MBR-related parameters (MA, MV and MT) with COVs of 6.81%
or lower and ICCs of 0.937 or higher. For the majority of pulse-waveform parameters, a com-
parably high level of repeatability was detected. BOT, BOS, FR, FAI and RI showed ICCs of
>0.9 and skew and ATI showed ICCs of >0.85. RR was the only parameter with an ICC lower
than 0.85. Pharmacological pupil dilation did not change the accuracy of LSFG measurements
(Table 2).

Effect of pupil dilation

Paired t-test revealed no effect of pharmacological pupil dilation on the MBR-related values
MA, MV and MT (Table 3). In contrast, pupil dilation appeared to affect all pulse-waveform
analysis-derived parameters (all with p<0.01). BOT, BOS and ATI decreased and skew, RR,
FR, FAI and RI (Table 3) showed an increase after pupil dilation.

Age dependence

As depicted in Fig 3, all three MBR-related indices (MA, r = -0.479, p<0.001; MV, r = -0.485,
p<0.001; MT, r = -0.335; p<0.01) significantly decreased with age. Moreover, all pulse-wave-
form parameters with the exception of RR (p = 0.45) showed significant age dependence and
most were correlated with PPA (Table 4). The indices FR (r = 0.747, p<0.001) and BOT (r =
-0.714, p<0.001) most strongly correlated with age. Generally, the correlations between LSFG-
derived indices and PPA were weaker than the respective correlations with age.
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Table 3. LSFG parameters obtained before and after pupil dilation.

LSFG Parameter

MA
Mv
MT
BOT
BOS
Skew
ATI
RR
FR
FAI
RI

Before Pupil Dilation After Pupil Dilation t-Test
(mean * SD) (mean * SD) (p-value)

245+5.3 24.3+5.0 0.32
43.0+6.9 42.6 £6.6 0.24
12.8+2.8 12.8+2.8 0.63
49.9+52 49.0+5.0 <0.01
75.7+5.0 741+53 <0.01
124+1.9 13.0+1.9 <0.01
29.3+3.6 28.6+3.4 <0.01
12.2+0.8 12.4+0.8 <0.01
13.2+1.0 13.4+1.0 <0.01
1.75+0.47 1.82+£0.55 0.01
0.37 £0.06 0.39 £0.06 <0.01

LSFG (Laser Speckle Flowgraphy), SD (Standard Deviation), MA (Mean Blur Rate of All Optic Nerve Head Area), MV (Mean Blur Rate of Vascular Area),
MT (Mean Blur Rate of Tissue Area), BOT (Blowout Time), BOS (Blowout Score), ATI (Acceleration Time Index), RR (Rising Rate), FR (Falling Rate), FAI
(Flow Acceleration Index), RI (Resistivity Index)

doi:10.1371/journal.pone.0168190.t003

Sex dependence

As given in Table 1, statistically significant differences in the ocular and systemic parameters
were observed for SBP, DBP, MAP, OPP and PPA, which were higher in the male than in the
female subgroup. Fig 4 shows the boxplots created for LSFG-derived parameters obtained for
male and female subjects. A sex-related difference was only detected for the pulse-waveform
analysis-derived parameters ATI (29.9 £2.9 versus 27.3 £3.4; p<0.001) and RR (12.6 £0.7 ver-
sus 12.3 £0.8; p = 0.04), which were both higher in females than in males.

Discussion

The primary purpose of this study was to assess the feasibility and reproducibility of Laser
Speckle Flowgraphy (LSFG) as a method for quantification of ocular blood flow in white sub-
jects. To our knowledge, the present work is the first to apply this non-invasive technique in a
sample representative of a healthy white population.

Herein, we demonstrated the feasibility of LSFG to quantify ocular blood flow in the ONH
area in white subjects. The values obtained for the MBR-related parameters MA, MV and MT
[32-40] as well as the readings of pulse-waveform analysis derived parameters (e.g. BOT,
Skew, FR) [22,32,34,40,41] were in concordance with data previously published for healthy
Japanese populations. The success rate of LSFG scans was satisfactory (93.8%) with natural
(scotopic) pupils, however, pharmacological dilation of the pupil expanded the success rate,
which allowed for at least one successful measurement in all subjects. The primary output
parameter of LSFG is mean blur rate (MBR), which can be calculated separately for the entire
ONH area (MA), the vascular (MV) and the tissue area of the ONH (MT). In the present
study, we demonstrated excellent repeatability for readings of MA, MV and MT at the ONH
with ICCs ranging between 0.94 and 0.98. Values for ICC can range from 0 to 1, the latter rep-
resenting perfect repeatability. A value above 0.9 indicates acceptable clinical repeatability.
[42,43] Our findings are in accordance with previous studies exclusively including Japanese
subjects.[39,44] In addition, we demonstrated that MBR-related variables could be obtained
with the same favorable level of repeatability irrespective of pharmacological pupil dilation.
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Fig 3. Age dependence of LSFG-derived parameters. Correlations between Laser Speckle Flowgraphy (LSFG)-derived parameters
and age. Dashed lines indicate the 95% confidence intervals of the linear regression line (solid). Pearson’s r as well as the computed p-
value is given for each correlation.
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Table 4. Age dependence of LSFG-derived parameters and their association with pulse pressure amplitude.

LSFG Parameter Correlation with Age Correlation with PPA
Pearson’s r p-value Pearson’sr p-value
MA -0.479 <0.001 -0.302 0.01
MV -0.485 <0.001 -0.150 0.19
MT -0.335 0.002 -0.212 0.06
BOT -0.714 <0.001 -0.256 0.02
BOS -0.446 <0.001 -0.421 <0.001
Skew 0.485 <0.001 0.252 0.02
ATI 0.530 <0.001 -0.206 0.07
RR -0.087 0.45 -0.151 0.18
FR 0.747 <0.001 0.222 0.048
FAI -0.316 <0.001 -0.007 0.95
RI 0.397 <0.001 0.393 <0.001

LSFG (Laser Speckle Flowgraphy), PPA (Pulse Pressure Amplitude), MA (Mean Blur Rate of All Optic Nerve Head Area), MV (Mean Blur Rate of Vascular
Area), MT (Mean Blur Rate of Tissue Area), BOT (Blowout Time), BOS (Blowout Score), ATI (Acceleration Time Index), RR (Rising Rate), FR (Falling
Rate), FAI (Flow Acceleration Index), RI (Resistivity Index)

doi:10.1371/journal.pone.0168190.t004

Furthermore, in this work we analyzed the repeatability of a plethora of pulse-waveform
parameters. ICC values above 0.9 were detected for the majority of the parameters analyzed
regardless of pupil dilation. As the only index found with an ICC of <0.85, rising rate (RR)
exhibited lowest repeatability. Previously, only Shiga et al.[22] had assessed the repeatability of
blowout time (BOT), skew and acceleration time index (ATI) in a mixed sample of Japanese
subjects with normal tension glaucoma and healthy controls. In their study, a “good” level of
repeatability was reported for these variables with coefficients of variation (COVs) ranging
from 5.4% to 8.7%. Unfortunately, no other indices of repeatability, which are adjusted for the
effects of the scale of measurements (e.g. ICCs), were provided.

In the vast majority of clinical studies using LSFG, all measurements were performed after
pharmacological pupil dilation.[32,36,38,40,44-48] While our data showed that MBR-related
parameters (MA, MV and MT) were not influenced by pupil dilation, we detected statistically
significant changes for all variables derived from the pulse-waveform analysis. Pupil size is a
major determinant of the image quality obtained with the LSFG instrument.[28] As the rela-
tionship between pupil size and MBR or the pulse-waveform analysis is as yet unexplored,
pupil size cannot be ruled out as a causative factor. As a further factor worth discussing, a mus-
carinic antagonist (tropicamide) rather than an alpha-adrenergic agonist (e.g. phenylephrine)
was used for pupil dilation as the latter has been reported to alter ocular perfusion in some
studies.[49] Nevertheless, the possibility that topical tropicamide may in like manner influence
ocular circulation cannot be excluded. After all, it should be considered that the differences
observed between measurements with and without pupil dilation were marginal in absolute
terms (Table 3).

In recent years, various LSFG-derived parameters have been purported to hold the potential
of serving as biomarkers for age-related changes in ocular perfusion.[32-34,36,40] The present
study demonstrated statistically significant relationships between the vast majority of LSFG-
derived parameters and age. Parameters that statistically significantly decreased with age were
MA, MV, MT, blowout time (BOT), blowout score (BOS) and flow acceleration index (FAI).
In contrast, skew, acceleration time index (ATI), falling rate (FR) and resistivity index (RI)
showed a statistically significant positive correlation with age. The pulse-waveform variables
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FR (r = 0.747) and BOT (r = -0.714) were most strongly correlated with age. The buffering
capacity of the large arteries (i.e. the Windkessel effect) diminishes with age causing an
increased systolic pulse pressure as well as a more pulsatile blood flow pattern with lower dia-
stolic flow rates.[50] In the present study, these effects were reflected by the observed age-
related increase in FR, indicating a more sudden drop-off in blood flow after the peak, as well
as the decrease in BOT with age, expressing diminished peripheral perfusion during the dias-
tole. Our findings are in accordance with previous studies of Japanese populations that
reported a similar age-dependency of BOT [32-34,40] and FR.[34,40]

In the present study, we extracted pulse-waveform variables from the ONH microvascula-
ture only. It must be noted that ONH microvasculature was defined as the ONH area free
from visible vessels on the LSFG image as determined by a predefined threshold. Hence, it can-
not be excluded that the analyzed area not only comprised ONH capillaries but also larger sub-
surface vessels. Moreover, due to the two-dimensional principle of LSFG, the technique does
not permit depth-resolved measurements of perfusion. Thus, the relative attribution of the dif-
ferent ONH depth layers to the obtained absolute LSFG signal is unclear.

In addition, the question remains as to whether the age-related perfusion alterations
detected with LSFG in the ONH microvasculature are attributable to local (ocular) or systemic
(cardiovascular) changes or both. We believe that this question cannot be addressed without
simultaneous measurements of the actual arterial pulse waveform, which are difficult to per-
form non-invasively. As a surrogate, we used pulse pressure amplitude (PPA) in this study and
generally detected weaker correlations of the pulse-waveform analysis derived parameters with
PPA than with age. These findings are in agreement with Tsuda et al.[34], who found weaker
correlations of BOT with PPA (r = -0.44, p<0.01) than with age (r = -0.68, p<0.0001). The
same held for the index FR, which was reported to be in stronger correlation with age
(r=0.61, p<0.0001) than with PPA (r = 0.38, p<0.01). To conclude, we acknowledge the fact
that the LSFG-based pulse-waveform analysis of the ONH microvasculature requires further
validation (e.g. by direct comparison with invasive measurements of the arterial pulse wave-
form). Even though we found a strong age-dependence of several LSFG parameters, however,
the contribution of ocular and/or systemic age-related vascular changes cannot be clearly
distinguished.

To date, the body of evidence on gender differences in ocular blood flow is markedly lim-
ited.[51] One recent report by Yanagida et al. was the first to explore sex-related differences in
the ONH blood flow in a sample of 103 healthy Japanese subjects.[40] Using LSFG, they
reported significantly higher MA, RR, FAI, ATI and RI in female subjects and significantly
higher BOS in the male subgroup. In our study, however, of all investigated LSFG-derived
parameters, only ATT and RR demonstrated a sex-related difference with statistically signifi-
cantly higher mean values in females. Nevertheless, it needs to be stated that the current study
was not primarily designed to detect gender differences. Furthermore, our data showed only a
moderate level of repeatability for RR and, hence, this parameter must be interpreted with
care.

Limitation to this work may be found. First and foremost, this study only included subjects
without significant lens opacities (LOCS-II grade < 2), nevertheless, it cannot be excluded that
minor opacifications of the crystalline lens inherent to aging might have caused an underesti-
mation of MBR in older subjects.[36] Furthermore, the framework of this study did not
include genotyping of the cohort. Moreover, with respect to the evaluation of measurement
repeatability, only three consecutive measurements before and after pupil dilation were ana-
lyzed. In addition, it is not denied that the study might have been underpowered to detect sub-
tle sex-related differences in ONH perfusion as the sample size calculation was performed
based on a single linear correlation analysis between MA and age.

PLOS ONE | DOI:10.1371/journal.pone.0168190 December 13, 2016 13/17



@° PLOS | ONE

LSFG in Healthy White Subjects

To conclude, the present study demonstrated the feasibility of LSFG to quantify ocular
blood flow in white subjects. We reported excellent repeatability for the majority of LSFG-
based parameters of perfusion at the ONH. Pupil dilation significantly improved the measure-
ment success rate but had no effect on repeatability or absolute MBR values. In addition, our
data indicated that especially the pulse-waveform variables FR and BOT may hold the potential
of serving as biomarkers for age-related changes in the ocular perfusion profile. Due to its
non-invasiveness, examiner and patient friendliness and its real-time nature, LSFG represents
a promising method to expand the body of evidence on sex-related differences in ocular blood
flow in future studies with appropriate sample size.
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Author Contributions
Conceptualization: LS DS GG NL.

Formal analysis: LS PAW GCA NL RMW.
Funding acquisition: LS.

Investigation: NL PAW GCA KF AMB DS KJW.
Methodology: LS DS GG NL RMW.

Project administration: LS GG DS MB NL.
Resources: LS GG MB RMW.

Supervision: GG MB LS DS.

Validation: LS NL PAW GCA RMW.
Visualization: NL LS.

Writing - original draft: NL LS.

Writing - review & editing: NL PAW GCA KF AMB RMW DS KJW MB GG LS.

References

1. Cherecheanu AP, Garhofer G, Schmidl D, Werkmeister R, Schmetterer L. Ocular perfusion pressure
and ocular blood flow in glaucoma. Curr Opin Pharmacol. 2013; 13: 36—42. doi: 10.1016/j.coph.2012.
09.003 PMID: 23009741

2. Pemp B, Schmetterer L. Ocular blood flow in diabetes and age-related macular degeneration. Can J
Ophthalmol. 2008; 43: 295-301. doi: 10.3129/i08-049 PMID: 18443612

3. Garhofer G, Werkmeister R, Dragostinoff N, Schmetterer L. Retinal blood flow in healthy young sub-
jects. Invest Ophthalmol Vis Sci. 2012; 53: 698—703. doi: 10.1167/iovs.11-8624 PMID: 22247463

4. Riva CE, Grunwald JE, Sinclair SH, Petrig BL. Blood velocity and volumetric flow rate in human retinal
vessels. Invest Ophthalmol Vis Sci. 1985; 26: 1124—1132. PMID: 4019103

5. Garhofer G, Kopf A, Polska E, Malec M, Dorner GT, Wolzt M et al. Influence of exercise induced hyper-
lactatemia on retinal blood flow during normo- and hyperglycemia. Curr Eye Res. 2004; 28: 351-358.
PMID: 15287372

6. Baumann B, Potsaid B, Kraus MF, Liu JJ, Huang D, Hornegger J, et al. Total retinal blood flow measure-
ment with ultrahigh speed swept source/Fourier domain OCT. Biomed Opt Express. 2011; 2: 1539—
1552. doi: 10.1364/BOE.2.001539 PMID: 21698017

PLOS ONE | DOI:10.1371/journal.pone.0168190 December 13, 2016 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168190.s001
http://dx.doi.org/10.1016/j.coph.2012.09.003
http://dx.doi.org/10.1016/j.coph.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23009741
http://dx.doi.org/10.3129/i08-049
http://www.ncbi.nlm.nih.gov/pubmed/18443612
http://dx.doi.org/10.1167/iovs.11-8624
http://www.ncbi.nlm.nih.gov/pubmed/22247463
http://www.ncbi.nlm.nih.gov/pubmed/4019103
http://www.ncbi.nlm.nih.gov/pubmed/15287372
http://dx.doi.org/10.1364/BOE.2.001539
http://www.ncbi.nlm.nih.gov/pubmed/21698017

@° PLOS | ONE

LSFG in Healthy White Subjects

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Doblhoff-Dier V, Schmetterer L, Vilser W, Garhofer G, Groschl M, Leitgeb RA, et al. Measurement of
the total retinal blood flow using dual beam Fourier-domain Doppler optical coherence tomography with
orthogonal detection planes. Biomed Opt Express. 2014; 5: 630-642. doi: 10.1364/BOE.5.000630
PMID: 24575355

Wang Y, Bower BA, Izatt JA, Tan O, Huang D. In vivo total retinal blood flow measurement by Fourier
domain Doppler optical coherence tomography. J Biomed Opt. 2007; 12: 041215. doi: 10.1117/1.
2772871 PMID: 17867804

Werkmeister RM, Dragostinoff N, Palkovits S, Told R, Boltz A, Leitgeb RA, et al. Measurement of abso-
lute blood flow velocity and blood flow in the human retina by dual-beam bidirectional Doppler fourier-
domain optical coherence tomography. Invest Ophthalmol Vis Sci. 2012; 53: 6062—-6071. doi: 10.1167/
iovs.12-9514 PMID: 22893675

Riva CE, Geiser M, Petrig BL. Ocular blood flow assessment using continuous laser Doppler flowmetry.
Acta Ophthalmol. 2010; 88: 622—629. doi: 10.1111/j.1755-3768.2009.01621.x PMID: 19860779

Aizawa N, Nitta F, Kunikata H, Sugiyama T, lkeda T, Araie M, et al. Laser speckle and hydrogen gas
clearance measurements of optic nerve circulation in albino and pigmented rabbits with or without optic
disc atrophy. Invest Ophthalmol Vis Sci. 2014; 55: 7991-7996. doi: 10.1167/iovs.14-15373 PMID:
25377226

Takahashi H, Sugiyama T, Tokushige H, Maeno T, Nakazawa T, lkeda T, et al. Comparison of CCD-
equipped laser speckle flowgraphy with hydrogen gas clearance method in the measurement of optic
nerve head microcirculation in rabbits. Exp Eye Res. 2013; 108: 10—15. doi: 10.1016/j.exer.2012.12.

003 PMID: 23262066

Wang L, Cull GA, Piper C, Burgoyne CF, Fortune B. Anterior and posterior optic nerve head blood flow
in nonhuman primate experimental glaucoma model measured by laser speckle imaging technique and
microsphere method. Invest Ophthalmol Vis Sci. 2012; 53: 8303—8309. doi: 10.1167/iovs.12-10911
PMID: 23169886

Cull G, Burgoyne CF, Fortune B, Wang L. Longitudinal hemodynamic changes within the optic nerve
head in experimental glaucoma. Invest Ophthalmol Vis Sci. 2013; 54: 4271-4277. doi: 10.1167/iovs.13-
12013 PMID: 23737471

Himori N, Kunikata H, Shiga Y, Omodaka K, Maruyama K, Takahashi H, et al. The association between
systemic oxidative stress and ocular blood flow in patients with normal-tension glaucoma. Graefes Arch
Clin Exp Ophthalmol. 2016; 254: 333—341. doi: 10.1007/s00417-015-3203-z PMID: 26514963

Hirose S, Saito W, Yoshida K, Saito M, Dong Z, Namba K, et al. Elevated choroidal blood flow velocity
during systemic corticosteroid therapy in Vogt-Koyanagi-Harada disease. Acta Ophthalmol. 2008; 86:
902-907. doi: 10.1111/}.1755-3768.2008.01384.x PMID: 19016661

Murakami Y, lkeda Y, Akiyama M, Fujiwara K, Yoshida N, Nakatake S, et al. Correlation between macu-
lar blood flow and central visual sensitivity in retinitis pigmentosa. Acta Ophthalmol. 2015; 93: e644—
648. doi: 10.1111/a0s.12693 PMID: 25688697

Okamoto M, Matsuura T, Ogata N. Effects of panretinal photocoagulation on choroidal thickness and
choroidal blood flow in patients with severe nonproliferative diabetic retinopathy. Retina. 2016; 36: 805—
811 doi: 10.1097/IAE.0000000000000800 PMID: 26447396

Saito M, Saito W, Hashimoto Y, Yoshizawa C, Fujiya A, Noda K, et al. Macular choroidal blood flow
velocity decreases with regression of acute central serous chorioretinopathy. Br J Ophthalmol. 2013;
97: 775-780. doi: 10.1136/bjophthalmol-2012-302349 PMID: 23532615

Saito M, Saito W, Hashimoto Y, Yoshizawa C, Shinmei Y, Noda K, et al. Correlation between decreased
choroidal blood flow velocity and the pathogenesis of acute zonal occult outer retinopathy. Clin Experi-
ment Ophthalmol. 2014; 42: 139-150. doi: 10.1111/ceo0.12143 PMID: 23777505

Saito M, Saito W, Hirooka K, Hashimoto Y, Mori S, Noda K, et al. Pulse Waveform Changes in Macular
Choroidal Hemodynamics With Regression of Acute Central Serous Chorioretinopathy. Invest Ophthal-
mol Vis Sci. 2015; 56: 6515-6522. doi: 10.1167/iovs.15-17246 PMID: 26447987

Shiga Y, Omodaka K, Kunikata H, Ryu M, Yokoyama Y, Tsuda S, et al. Waveform analysis of ocular
blood flow and the early detection of normal tension glaucoma. Invest Ophthalmol Vis Sci. 2013; 54:
7699-7706. doi: 10.1167/iovs.13-12930 PMID: 24130177

Sugiyama T, Kojima S, Ishida O, Ikeda T. Changes in optic nerve head blood flow induced by the com-
bined therapy of latanoprost and beta blockers. Acta Ophthalmol. 2009; 87: 797-800. doi: 10.1111/j.
1755-3768.2008.01460.x PMID: 19053956

Wang L, Burgoyne CF, Cull G, Thompson S, Fortune B. Static blood flow autoregulation in the optic
nerve head in normal and experimental glaucoma. Invest Ophthalmol Vis Sci. 2014; 55: 873-880. doi:
10.1167/iovs.13-13716 PMID: 24436190

Okuno T, Sugiyama T, Tominaga M, Kojima S, Ikeda T. Effects of caffeine on microcirculation of the
human ocular fundus. Jpn J Ophthalmol. 2002; 46: 170—176. PMID: 12062222

PLOS ONE | DOI:10.1371/journal.pone.0168190 December 13, 2016 15/17


http://dx.doi.org/10.1364/BOE.5.000630
http://www.ncbi.nlm.nih.gov/pubmed/24575355
http://dx.doi.org/10.1117/1.2772871
http://dx.doi.org/10.1117/1.2772871
http://www.ncbi.nlm.nih.gov/pubmed/17867804
http://dx.doi.org/10.1167/iovs.12-9514
http://dx.doi.org/10.1167/iovs.12-9514
http://www.ncbi.nlm.nih.gov/pubmed/22893675
http://dx.doi.org/10.1111/j.1755-3768.2009.01621.x
http://www.ncbi.nlm.nih.gov/pubmed/19860779
http://dx.doi.org/10.1167/iovs.14-15373
http://www.ncbi.nlm.nih.gov/pubmed/25377226
http://dx.doi.org/10.1016/j.exer.2012.12.003
http://dx.doi.org/10.1016/j.exer.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23262066
http://dx.doi.org/10.1167/iovs.12-10911
http://www.ncbi.nlm.nih.gov/pubmed/23169886
http://dx.doi.org/10.1167/iovs.13-12013
http://dx.doi.org/10.1167/iovs.13-12013
http://www.ncbi.nlm.nih.gov/pubmed/23737471
http://dx.doi.org/10.1007/s00417-015-3203-z
http://www.ncbi.nlm.nih.gov/pubmed/26514963
http://dx.doi.org/10.1111/j.1755-3768.2008.01384.x
http://www.ncbi.nlm.nih.gov/pubmed/19016661
http://dx.doi.org/10.1111/aos.12693
http://www.ncbi.nlm.nih.gov/pubmed/25688697
http://dx.doi.org/10.1097/IAE.0000000000000800
http://www.ncbi.nlm.nih.gov/pubmed/26447396
http://dx.doi.org/10.1136/bjophthalmol-2012-302349
http://www.ncbi.nlm.nih.gov/pubmed/23532615
http://dx.doi.org/10.1111/ceo.12143
http://www.ncbi.nlm.nih.gov/pubmed/23777505
http://dx.doi.org/10.1167/iovs.15-17246
http://www.ncbi.nlm.nih.gov/pubmed/26447987
http://dx.doi.org/10.1167/iovs.13-12930
http://www.ncbi.nlm.nih.gov/pubmed/24130177
http://dx.doi.org/10.1111/j.1755-3768.2008.01460.x
http://dx.doi.org/10.1111/j.1755-3768.2008.01460.x
http://www.ncbi.nlm.nih.gov/pubmed/19053956
http://dx.doi.org/10.1167/iovs.13-13716
http://www.ncbi.nlm.nih.gov/pubmed/24436190
http://www.ncbi.nlm.nih.gov/pubmed/12062222

@° PLOS | ONE

LSFG in Healthy White Subjects

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Terai N, Spoerl E, Pillunat LE, Stodtmeister R. The effect of caffeine on retinal vessel diameter in young
healthy subjects. Acta Ophthalmol. 2012; 90: €524-528. doi: 10.1111/j.1755-3768.2012.02486.x
PMID: 22863322

Briers JD, Fercher AF. Retinal blood-flow visualization by means of laser speckle photography. Invest
Ophthalmol Vis Sci. 1982; 22: 255-259. PMID: 7056639

Sugiyama T, Araie M, Riva CE, Schmetterer L, Orgul S. Use of laser speckle flowgraphy in ocular blood
flow research. Acta Ophthalmol. 2010; 88: 723—729. doi: 10.1111/j.1755-3768.2009.01586.x PMID:
19725814

Sugiyama T, Utsumi T, Azuma I, Fujii H. Measurement of optic nerve head circulation: comparison of
laser speckle and hydrogen clearance methods. Jpn J Ophthalmol. 1996; 40: 339—-343. PMID: 8988423

Tamaki Y, Araie M, Kawamoto E, Eguchi S, Fujii H. Noncontact, two-dimensional measurement of reti-
nal microcirculation using laser speckle phenomenon. Invest Ophthalmol Vis Sci. 1994; 35: 3825-3834.
PMID: 7928179

Tamaki Y, Araie M, Tomita K, Nagahara M, Tomidokoro A, Fuijii H. Real-time measurement of human
optic nerve head and choroid circulation, using the laser speckle phenomenon. Jpn J Ophthalmol.
1997; 41: 49-54. PMID: 9147189

Shiba T, Takahashi M, Hori Y, Maeno T. Pulse-wave analysis of optic nerve head circulation is signifi-
cantly correlated with brachial-ankle pulse-wave velocity, carotid intima-media thickness, and age.
Graefes Arch Clin Exp Ophthalmol. 2012; 250: 1275-1281. doi: 10.1007/s00417-012-1952-5 PMID:
22350058

Shiba T, Takahashi M, Hori Y, Maeno T, Shirai K. Optic nerve head circulation determined by pulse
wave analysis is significantly correlated with cardio ankle vascular index, left ventricular diastolic func-
tion, and age. J Atheroscler Thromb. 2012; 19: 999—-1005. PMID: 22786445

Tsuda S, Kunikata H, Shimura M, Aizawa N, Omodaka K, Shiga Y, et al. Pulse-waveform analysis of
normal population using laser speckle flowgraphy. Curr Eye Res. 2014; 39: 1207—-1215. doi: 10.3109/
02713683.2014.905608 PMID: 24749668

lwase T, Yamamoto K, Ra E, Murotani K, Matsui S, Terasaki H. Diurnal variations in blood flow at optic
nerve head and choroid in healthy eyes: diurnal variations in blood flow. Medicine (Baltimore). 2015; 94:
e519.

Kuroda Y, Uji A, Yoshimura N. Factors associated with optic nerve head blood flow and color tone: a ret-
rospective observational study. Graefes Arch Clin Exp Ophthalmol. 2016; 254: 963-970. doi: 10.1007/
s00417-015-3247-0 PMID: 26728756

Shiba T, Sugiyama T, Hori Y, Matsumoto T, Maeno T, Takahashi M. Relationship between plasma lev-
els of vasoactive mediators and optic nerve head circulation shown by laser speckle flowgraphy.
Graefes Arch Clin Exp Ophthalmol. 2015; 254: 1033—1039 doi: 10.1007/s00417-015-3145-5 PMID:
26330188

Shiga Y, Sato M, Maruyama K, Takayama S, Omodaka K, Himori N, et al. Assessment of Short-Term
Changes in Optic Nerve Head Hemodynamics in Hyperoxic Conditions with Laser Speckle Flowgraphy.
Curr Eye Res. 2015; 40: 1055—-1062. doi: 10.3109/02713683.2014.971934 PMID: 25379947

Shiga Y, Shimura M, Asano T, Tsuda S, Yokoyama Y, Aizawa N, et al. The influence of posture change
on ocular blood flow in normal subjects, measured by laser speckle flowgraphy. Curr Eye Res. 2013;
38: 691-698. doi: 10.3109/02713683.2012.758292 PMID: 23654357

Yanagida K, Iwase T, Yamamoto K, Ra E, Kaneko H, Murotani K, et al. Sex-Related Differences in Ocu-
lar Blood Flow of Healthy Subjects Using Laser Speckle Flowgraphy. Invest Ophthalmol Vis Sci. 2015;
56: 4880—-4890. doi: 10.1167/iovs.15-16567 PMID: 26225627

Shiba T, Takahashi M, Maeno T. Pulse-Wave Analysis of Optic Nerve Head Circulation Is Significantly
Correlated with Kidney Function in Patients with and without Chronic Kidney Disease. J Ophthalmol.
2014:291687. doi: 10.1155/2014/291687 PMID: 24678413

Kramer MS, Feinstein AR. Clinical biostatistics. LIV. The biostatistics of concordance. Clin Pharmacol
Ther. 1981; 29: 111-123. PMID: 7460469

Muller R, Buttner P. A critical discussion of intraclass correlation coefficients. Stat Med. 1994; 13:
2465-2476. PMID: 7701147

Aizawa N, Yokoyama Y, Chiba N, Omodaka K, Yasuda M, Otomo T, et al. Reproducibility of retinal cir-
culation measurements obtained using laser speckle flowgraphy-NAVI in patients with glaucoma. Clin
Ophthalmol. 2011; 5: 1171-1176. doi: 10.2147/OPTH.S22093 PMID: 21887100

Iwase T, Ra E, Yamamoto K, Kaneko H, Ito Y, Terasaki H. Differences of Retinal Blood Flow Between
Arteries and Veins Determined by Laser Speckle Flowgraphy in Healthy Subjects. Medicine (Baltimore).
2015; 94: e1256.

PLOS ONE | DOI:10.1371/journal.pone.0168190 December 13, 2016 16/17


http://dx.doi.org/10.1111/j.1755-3768.2012.02486.x
http://www.ncbi.nlm.nih.gov/pubmed/22863322
http://www.ncbi.nlm.nih.gov/pubmed/7056639
http://dx.doi.org/10.1111/j.1755-3768.2009.01586.x
http://www.ncbi.nlm.nih.gov/pubmed/19725814
http://www.ncbi.nlm.nih.gov/pubmed/8988423
http://www.ncbi.nlm.nih.gov/pubmed/7928179
http://www.ncbi.nlm.nih.gov/pubmed/9147189
http://dx.doi.org/10.1007/s00417-012-1952-5
http://www.ncbi.nlm.nih.gov/pubmed/22350058
http://www.ncbi.nlm.nih.gov/pubmed/22786445
http://dx.doi.org/10.3109/02713683.2014.905608
http://dx.doi.org/10.3109/02713683.2014.905608
http://www.ncbi.nlm.nih.gov/pubmed/24749668
http://dx.doi.org/10.1007/s00417-015-3247-0
http://dx.doi.org/10.1007/s00417-015-3247-0
http://www.ncbi.nlm.nih.gov/pubmed/26728756
http://dx.doi.org/10.1007/s00417-015-3145-5
http://www.ncbi.nlm.nih.gov/pubmed/26330188
http://dx.doi.org/10.3109/02713683.2014.971934
http://www.ncbi.nlm.nih.gov/pubmed/25379947
http://dx.doi.org/10.3109/02713683.2012.758292
http://www.ncbi.nlm.nih.gov/pubmed/23654357
http://dx.doi.org/10.1167/iovs.15-16567
http://www.ncbi.nlm.nih.gov/pubmed/26225627
http://dx.doi.org/10.1155/2014/291687
http://www.ncbi.nlm.nih.gov/pubmed/24678413
http://www.ncbi.nlm.nih.gov/pubmed/7460469
http://www.ncbi.nlm.nih.gov/pubmed/7701147
http://dx.doi.org/10.2147/OPTH.S22093
http://www.ncbi.nlm.nih.gov/pubmed/21887100

@° PLOS | ONE

LSFG in Healthy White Subjects

46.

47.

48.

49.

50.

51.

Matsumoto T, ltokawa T, Shiba T, Katayama Y, Arimura T, Mizukaki N, et al. Reproducibility of Neonate
Ocular Circulation Measurements Using Laser Speckle Flowgraphy. Biomed Res Int. 2015; 2015:
693056. doi: 10.1155/2015/693056 PMID: 26557689

Rina M, Shiba T, Takahashi M, Hori Y, Maeno T. Pulse waveform analysis of optic nerve head circula-
tion for predicting carotid atherosclerotic changes. Graefes Arch Clin Exp Ophthalmol. 2015; 253:
2285-2291. doi: 10.1007/s00417-015-3123-y PMID: 26239310

Shiga Y, Asano T, Kunikata H, Nitta F, Sato H, Nakazawa T, et al. Relative flow volume, a novel blood
flow index in the human retina derived from laser speckle flowgraphy. Invest Ophthalmol Vis Sci. 2014;
55: 3899—-3904. doi: 10.1167/iovs.14-14116 PMID: 24876283

Takayama J, Mayama C, Mishima A, Nagahara M, Tomidokoro A, Araie M. Topical phenylephrine
decreases blood velocity in the optic nerve head and increases resistive index in the retinal arteries.
Eye (Lond). 2009; 23: 827-834.

Frank O. The basic shape of the arterial pulse. First treatise: mathematical analysis. 1899. J Mol Cell
Cardiol. 1990; 22: 255-277. PMID: 21438422

Schmidl D, Schmetterer L, Garhéfer G, Popa-Cherecheanu A. Gender Differences in Ocular Blood
Flow. Curr Eye Res. 2015; 40: 201-212. doi: 10.3109/02713683.2014.906625 PMID: 24892919

PLOS ONE | DOI:10.1371/journal.pone.0168190 December 13, 2016 17/17


http://dx.doi.org/10.1155/2015/693056
http://www.ncbi.nlm.nih.gov/pubmed/26557689
http://dx.doi.org/10.1007/s00417-015-3123-y
http://www.ncbi.nlm.nih.gov/pubmed/26239310
http://dx.doi.org/10.1167/iovs.14-14116
http://www.ncbi.nlm.nih.gov/pubmed/24876283
http://www.ncbi.nlm.nih.gov/pubmed/21438422
http://dx.doi.org/10.3109/02713683.2014.906625
http://www.ncbi.nlm.nih.gov/pubmed/24892919

