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Abstract

Purpose To evaluate the relationship between the parameters
of pulse waveform analysis in the optic nerve head using laser
speckle flowgraphy (LSFG) and intima-media thickness
(IMT) and severity of carotid arterial plaque.

Design Prospective and cross-sectional study.

Methods One hundred seventy-six subjects were studied.
Mean IMT and plaque score obtained from high-resolution
B-mode ultrasound were evaluated. If mean IMT was 1 mm
or greater, abnormal carotid artery thickening was diagnosed;
if the plaque score exceeded 10, severe atherosclerosis was
diagnosed. Blowout time and blowout score, which are pa-
rameters of pulse waveform analysis using LSFG, were eval-
uated. Logistic regression analyses determined the indepen-
dent factors for abnormal carotid artery thickening and severe
atherosclerosis. The cutoff levels for abnormal carotid artery
thickening and severe atherosclerosis were analyzed using a
conventional receiver operating characteristic (ROC) curve.
Results Logistic regression analysis showed that blowout
time and body mass index contributed independently to ab-
normal carotid artery thickening, and blowout score contrib-
uted independently to severe atherosclerosis. The ROC curve
showed that sensitivity and specificity of the blowout time and
blowout score were equivalent to or greater than those of other
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factors. The cutoff level of the blowout time for abnormal
carotid artery thickening was 46.4; the cutoff level of the
blowout score for severe atherosclerosis was 71.8.
Conclusions Measurement of blowout time and blowout
score in the optic nerve head by LSFG can be useful for
evaluating mean IMT and plaque score, which are parameters
of carotid atherosclerosis.
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Introduction

The development of atherosclerosis is significantly associated
with aging, and aging is a major risk factor for cardiovascular
disease and stroke [1, 2]. High-resolution B-mode ultrasound is a
useful method for examining the walls of the peripheral arteries,
and provides measurements of intima-media thickness (IMT)
and plaque that may be indicative of early presymptomatic dis-
ease. IMT and carotid plaque formation have been reported to
increase with age [3]. They have been proposed as quantitative
indexes of atherosclerosis, and have been shown to be positively
associated with coronary heart disease and stroke [4—10].

Laser speckle flowgraphy (LSFG), a method for determining
ocular blood flow, is based on changes in the speckle pattern of
laser light reflected from the ocular fundus [11, 12]. LSFG is
dependent on the movement of erythrocytes in the retina and
choroid [13], and the mean blur rate is a measure of the relative
velocity of the erythrocytes. Changes in the mean blur rate have
various pulse wave patterns that are synchronized with the car-
diac cycle. In previous studies, we focused on the relationship
between the pulse waveform in the optic nerve head and system-
ic arteriosclerosis, and reported that blowout time, a factor de-
rived from pulse wave analysis, was significantly correlated with
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age and IMT in healthy subjects [ 14, 15]. Nagaoka et al. reported
that retinal circulatory parameters measured using a laser Dopp-
ler velocimetry system were significantly associated with IMT in
patients with coronary artery disease [16]. To the best of our
knowledge, the relationship between the severity of carotid arte-
rial plaque and ocular microcirculation remains unknown.

The goals of the current study were to reevaluate the rela-
tionship between the parameters of pulse waveform analysis in
the optic nerve head using LSFG and the IMT in patients with
various background factors and determine if there is a signifi-
cant correlation with the severity of carotid arterial plaque.

Methods

The institutional review board of Toho University Sakura Med-
ical Center approved the current study, which was cross-
sectional in nature, and all patients provided informed consent
for participation, according to the tenets of the Declaration of
Helsinki. We studied 236 consecutive patients who visited the
Vascular Function Section of the Cardiovascular Department of
Toho University Sakura Medical Center between April 1, 2008,
and April 1, 2011. All evaluations were performed between
15:00 and 17:00 hours before a meal on the same day.

Exclusion criteria Patients were excluded from the study if
they had a history of arrhythmias, atrial fibrillation, glaucoma,
uveitis, optic neuropathy, vitreous or retinal disease, retinal or
choroidal vascular disease, or previous intraocular surgery. A
total of 176 patients met the study criteria.

Measurement of carotid atherosclerosis High-resolution ul-
trasonographic imaging of the carotid artery in B-scan mode
was performed using the EUB-8500 ultrasound system (Hitachi
Co., Ltd., Tokyo, Japan), with probe frequency set to 7.5 MHz.
Imaging was performed with patients in the supine position
with their heads turned slightly away from the sonographer.
The procedure involved scanning the near and far walls of the
carotid artery every 1 cm proximal to the carotid bulb in the
longitudinal view. Mean IMT was defined as the average of the
maximum IMT 1 em proximal and 1 cm distal to the carotid
bulb [4, 17]. The mean IMT of the thickened side of the carotid
artery was used for data analyses. If the mean IMT was > 1 mm,
abnormal carotid artery thickening was diagnosed. The mean
IMT of the right carotid artery was used for data analyses.

The severity of the carotid arterial plaque was calculated
using a plaque score [10, 17]. Briefly, carotid arterial plaques,
defined as localized increases in IMT > 1.1 mm, were detected
by cross-sectional and longitudinal scanning of the bilateral
common and internal carotid arteries. The plaque score was
computed by adding the maximum thickness of each plaque in
the bilateral carotid arteries. If the plaque score exceeded 10,
severe atherosclerosis was diagnosed [9].
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Determination of optic nerve head circulation by pulse
waveform analysis of LSFG The determination of the
LSFG-NAVI (Softcare Co., Ltd., Fukutsu, Japan) from these
images has been described in detail [12, 13, 18]. Briefly, the
LSFG is obtained from a 21° section centered on the optic
disc. This observation field comprises 750 (width) x 360
(height) pixels. LSFG uses the mean blur rate as an indicator
of the relative velocity of the erythrocytes, which is deter-
mined by the formula: 2 x (normalized blur rate) .

The normalized blur rate is calculated from the speckle
pattern generated by the light reflected from the moving eryth-
rocytes illuminated by an 830-nm wavelength diode laser
beam [11, 13]. Initially, 118 mean blur rate images (118
frames) were recorded from the optic nerve head area over a
period of 4 seconds. A grayscale map of the still images was
then created by averaging the mean blur rate images (Fig. 1,
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Fig. 1 Method for analyzing the pulse wave in the optic nerve head
circulation using laser speckle flowgraphy. (7op) Grayscale map of the
total measurement area. The circle designates the area of the optic disc
measured. (Middle) Pulse waves show changes in the mean blur rate,
which is tuned to the cardiac cycle for 4 s. Total number of frames is
118. (Bottom) Normalization of one pulse. 4 = maximum mean blur rate —
minimum mean blur rate; B = number of frames spent at one-half the
value of 4; C = number of frames spent at one normalized pulse; D =
average mean blur rate; 7 temporal, N nasal, S superior, / inferior
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top panel). On the analysis screen, the pulse wave of the
changing mean blur rate corresponding to each cardiac cycle
was obtained (Fig. 1, middle panel). Lastly, analysis of the
screen normalized to one pulse was displayed (Fig. 1, bottom
panel), and analysis of the pulse wave in the optic nerve head
circulation was made on this screen. The maximum mean blur
rate minus the minimum mean blur rate waves is labeled A
(Fig. 1, bottom). The number of frames showing one-half the
value of A is designated B, and the number of frames showing
one cardiac cycle is labeled C. Finally, the average mean blur
rate is labeled D.

Analysis of the pulse wave in the optic nerve head circula-
tion was determined by the following formulas: blowout
time=100x(B)/(C) [14, 15] and blowout score=(2 — (A)/
(D))/2x100 [19].

We measured blowout time and blowout score of the optic
nerve head area three times and used the average for statistical
analyses. Only the data from the right eye were used for analy-
sis. Blowout time and blowout score were calculated using
LSFG software (LSFG Analyzer, version 3.1.45; Softcare Co.,
Ltd.). LSFG was performed after patients had rested for 10 min
in a quiet room maintained at 24 °C. All subjects abstained from
smoking, alcohol, and caffeine for at least 24 h before the mea-
surements. All patients were measured in seated position, and
pupils were dilated with 0.5 % tropicamide eye drops.

Laboratory measurements and systemic parameters The
following values were measured: fasting blood sugar (FBS:
mg/dl), glycosylated hemoglobin (HbAlc: %), total cholester-
ol (mg/dl), triglycerides (mg/dl), low-density lipoprotein cho-
lesterol (LDL-C: mg/dl), high-density lipoprotein cholesterol
(HDL-C: mg/dl), high-sensitivity C-reactive protein (mg/l),
cystatin C (mg/l) obtained from fasting morning blood
samples, and urinary albumin excretion (mg/l). HbAlc
measurements were expressed based on the National
Glycohemoglobin Standardization Program scale.

Body mass index (BMI: kg/m?), pulse pressure (mmHg),
and mean arterial blood pressure (MABP: mmHg) were evalu-
ated. MABP was determined by the formula: diastolic blood
pressure + (systolic blood pressure - diastolic blood pressure)/3.

Ocular parameters Ocular perfusion pressure (mmHg) was
measured by applanation tonometry and defined as (2/3
MABP) — intraocular pressure.

Statistical analyses Data are presented as means+standard
deviations of the continuous variables. Pearson correlation
coefficients were used to determine the relationships between
mean IMT, plaque score, blowout time, blowout score, and
other parameters. Logistic regression analyses were used to
determine independent factors for mean IMT > 1 mm and
plaque score > 10. Sensitivity and specificity with respect to
the presence of mean IMT > 1 mm and plaque score > 10 were

analyzed using a conventional receiver operating characteris-
tic (ROC) curve. A value of P<0.05 was considered statisti-
cally significant. Statistical analyses were performed using the
SPSS for Windows statistical software program, version
11.01.1 (SPSS Inc., Chicago, IL, USA).

Results

Table 1 shows patient characteristics (mean age, 61+11 years)
and the results for optic nerve head pulse waveform parameters,
blowout time and blowout score, mean IMT, and plaque score.
Mean IMT and plaque score were 0.89+0.21 (mm) and 4.8+
4.7, respectively. Thirty-one percent of patients had mean IMT
of > 1 mm, and 13 % had a plaque score > 10. Blowout time
and blowout score were 48.2+3.9 and 75.2+6.7, respectively.

Table 1  Characteristics of patients (n = 176) and results of optic nerve
head pulse wave parameters, blowout time and blowout score, mean
intima-media thickness, and plaque score

Parameter Mean+standard deviation
Age (years) 61+11
Ratio of men to women 130:46
Body mass index (kg/m?) 254+4.2
Pulse pressure (mmHg) 56.3+13.6
Mean arterial blood pressure (mmHg) 90.7+11.4
Ocular perfusion pressure (mmHg) 47.6+7.7
Fasting blood sugar (mg/dl) 104.8+22.4
HbAlc (%) 6.1£0.9
Cystatin C (mg/l) 0.81+0.13
Urinary albumin excretion (mg/l) 29.9+101.0
Total cholesterol (mg/dl) 190.9+30.2
Triglycerides (mg/dl) 149.0+83.5
LDL-C (mg/dl) 112.2426.2
HDL-C(mg/dl) 51.0+14.7
High-sensitivity C-reactive protein (mg/l) 0.18+0.62
Hypertension (%) 100/176 (57)
Diabetes mellitus (%) 44/176 (25)
Coronary artery disease (%) 30/176 (17)
Mean intima-media thickness (mm) 0.89+0.21
Range 0.5t0 1.76
Mean intima-media thickness >1 mm (%) 55/176 (31)
Plaque score 4.844.7
Range 0to19.3
Plaque score >10 (%) 23/176 (13)
Blowout time 48.2+3.9
Range 40.8 to 59.8
Blowout score 752+6.7
Range 55.8 to 87.8

HbAIc glycated hemoglobin Alc, LDL-C low-density lipoprotein cho-
lesterol, HDL-C high-density lipoprotein cholesterol
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The results of Pearson correlation analysis of factors con-
tributing to values of mean IMT and plaque score are shown in
Table 2. Mean IMT was significantly correlated with BMI (=
0.15, P=0.04), pulse pressure (r=0.43, P<0.0001), MABP
(r=0.15, P=0.04), cystatin C (r=0.23, P=0.002), blowout
time (r=—0.42, P<0.0001), and blowout score (r=—0.34,
P<0.0001). Plaque score was significantly correlated with
pulse pressure (r=0.36, P<0.0001), FBS (»=0.17, P=0.03),
blowout time (r=—0.34, P<0.0001), and blowout score (»=
—0.39, P<0.0001).

The results of logistic regression analyses of factors inde-
pendently contributing to mean IMT of > 1 mm are shown in
Table 3. Explanatory variables were blowout time, BMI, pulse
pressure, FBS, MABP, and cystatin C, which were significant-
ly correlated with or tended to correlate with mean IMT.
Blowout time (odds ratio [OR] 0.78, 95 % confidence
interval [CI] 0.69-0.89; P=0.0001) and BMI (OR 1.13,
95 % CI 1.03-1.25; P=0.01) independently contributed
to mean IMT of > 1 mm.

The results of logistic regression analyses of factors inde-
pendently contributing to a plaque scores > 10 are also shown
in Table 3. The explanatory variables were the blowout score,
HbA Ic, FBS, pulse pressure, urinary albumin excretion, and
cystatin C which were correlated significantly with or tended
to be correlated with the plaque score. The blowout score
independently contributed to a plaque score > 10 (OR 0.86,
95 % CI 0.79-0.94; P=0.0009).

ROC curves of the various factors were examined to deter-
mine the probability of patients having mean IMT of > 1 mm
based on blowout time x —1, pulse pressure, cystatin C, BMI,

Table3  Results of logistic regression analysis investigating risk factors for
mean intima-media thickness > 1 mm and plaque score > 10 (176 patients)

Explanatory variable Odds ratio 95 % CI P value
Blowout time 0.78 0.69-0.89 0.0001
Body mass index 1.13 1.03-1.25 0.01
Pulse pressure 1.01 0.99-1.05 0.35
Fasting blood sugar 1.01 0.99-1.02 0.53
Mean arterial blood pressure 1.01 0.98-1.04 0.63
Cystatin C 1.94 0.13-29.95  0.64
Objective variables: 1 = intima-media thickness >1 mm; 0 = <1 mm
Blowout score 0.86 0.79-0.94 0.0009
HbAlc 0.51 0.24-1.11 0.09
Fasting blood sugar 0.11 0.99-1.06 0.11
Pulse pressure 1.02 0.99-1.06 0.22
Urinary albumin excretion 1.00 0.99-1.01 031
Cystatin C 1.11 0.03-4741  0.96

Objective variables: 1 = plaque score >10, 0 = <10

HbAIc glycated hemoglobin Alc, CI confidence interval

FBS, and MABP, and for determining the probability of pa-
tients having a plaque score > 10 based on a blowout score x
—1, pulse pressure, cystatin C, urinary albumin excretion,
FBS, and HbAlc (Fig. 2). The ROC curves show the fraction
of true-positive results (sensitivity) and false-positive results
(1-sensitivity) for various cutoff levels of each parameter. The
cutoff level for the blowout time providing maximum sensi-
tivity and specificity for a mean IMT >1 mm was 46.4. At the
cutoff level, the sensitivity of the blowout time was 62 % and

Table 2 Results of Pearson
correlation analysis of factors
contributing to intima-media

Explanatory variable

Mean intima-media thickness Plaque score

thickness and plaque score r P value r P value
(objective variables) using high-
resolution B-mode Body mass index (kg/mz) 0.15 0.0 4-0.01 0.94
ultrasonography (176 patients) Pulse pressure (mmHg) 0.43 <0.0001 0.36 <0.0001
Mean arterial blood pressure (mmHg) 0.15 0.04 0.04 0.64
Ocular perfusion pressure (mmHg) 0.12 0.11 0.02 0.84
Fasting blood sugar (mg/dl) 0.15 0.05 0.17 0.03
HbAlc (%) 0.05 0.53 0.14 0.07
Cystatin C (mg/1) 0.23 0.002 0.14 0.06
Urinary albumin excretion (mg/l) —-0.01 0.87 0.15 0.05
Total cholesterol (mg/dl) 0.05 0.50 —0.09 0.26
Triglycerides (mg/dl) —0.05 0.49 —0.09 0.26
LDL-C (mg/dl) 0.11 0.15 —0.07 0.34
HDL-C (mg/dl) —0.07 0.38 0.01 0.86
High-sensitivity C-reactive protein (mg/1) 0.002 0.98 0.05 0.54
Blowout time —0.42 <0.0001 —0.34 <0.0001
Blowout score —0.34 <0.0001 -0.39 <0.0001

HbAlc glycated hemoglobin Alc, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein

cholesterol
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Fig. 2 (Left) Receiver operating characteristic (ROC) curve for
discriminating the probability of abnormal carotid artery thickening with
a mean intima-media thickness > 1 mm based on blowout time, pulse
pressure, cystatin C, body mass index, fasting blood glucose, or mean
arterial blood pressure. (Right) ROC curve for discriminating the

specificity was 74 %. The cutoff level of the blowout score
providing maximum sensitivity and specificity for a plaque
score > 10 was 71.8. At the cutoff level, the sensitivity of
the blowout score was 78 % and specificity was 76 %
(Table 4).

Discussion

Evaluation of the carotid artery using high-resolution B-mode
ultrasound is effective in detecting carotid atherosclerosis and
the presence of other atherosclerotic locations [20-22], and an
increase in mean IMT is associated with primary cardiovascu-
lar risk factors [23—31]. The Atherosclerosis Risk in Commu-
nities (ARIC) study reported hazard rate ratios for stroke of
8.5 for women and 3.6 for men when comparing extreme
intima-media thickness values (=1 mm) to values less than
0.6 mm [7]. In addition, the incidence of stroke was 19 % in
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probability of severe atherosclerosis with a plaque score > 10 based on
blowout score, pulse pressure, cystatin C, urinary albumin excretion,
fasting blood glucose, or glycated hemoglobin Alc (HbAlc). Curves
show the fraction of true-positive results (sensitivity) and false-positive
results (1-specificity) for various cutoff levels of each parameter

patients with severe atherosclerosis with plaque scores > 10
after an average 16 months of follow-up [9].

In our previous work, which focused on the relationship
between pulse waveform analysis of the optic nerve head cir-
culation using LSFG and risk factors for coronary artery dis-
ease and stroke, we found that blowout time may correlate
with mean IMT, large-artery stiffness, chronic kidney disease,
and age [14, 15, 32]. Thus we hypothesized that pulse wave-
form analysis of optic nerve head circulation would be effec-
tive for the detection of risk factors for coronary artery disease
and stroke. The goals of the current study were to reevaluate
the relationship between pulse waveform analysis of the optic
nerve head and IMT in patients with various background fac-
tors by increasing the number of factors evaluated in a larger
patient sample in order to determine whether there were sig-
nificant correlations among blowout time, blowout score, and
plaque score. Using the ROC curve, we also investigated the
cutoff level for abnormal carotid artery thickening and severe

Table 4 Area under the receiver
operating characteristic curve

analysis investigating cutoff
levels for mean intima-media
thickness > 1 mm and plaque
score > 10

Variables Cutoff Sensitivity Specificity AUC %

Mean intima-media thickness > 1 mm
Blowout time 46.4 0.62 0.74 0.73
Pulse pressure 56.0 0.62 0.60 0.65
Cystatin C 0.8 0.62 0.55 0.59
Body mass index 25.0 0.60 0.56 0.61
Fasting blood sugar 104.0 0.51 0.65 0.55
Mean arterial blood pressure 93.3 0.49 0.66 0.58

Plaque score >10
Blowout score 71.8 0.78 0.76 0.78
Pulse pressure 56.0 0.70 0.57 0.67
Cystatin C 0.8 0.65 0.44 0.55
Urinary albumin excretion 9.7 0.70 0.58 0.65
Fasting blood sugar 103.0 0.65 0.63 0.59
HbAlc 5.8 0.61 0.41 0.53

AUC area under the receiver operating characteristic curve, HbAIc glycated hemoglobin Alc
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atherosclerosis, which increase the risk for coronary artery
disease and stroke.

Pearson correlation analysis showed that mean IMT was
significantly correlated with BMI, pulse pressure, MABP,
cystatin C, blowout time, and blowout score. The results of
logistic regression analysis revealed that blowout time and
BMI were independent risk factors for abnormal carotid artery
thickening. Although obesity is recognized as a major risk
factor for carotid artery thickening [33], blowout time was
found to be the strongest contributor to abnormal carotid ar-
tery thickening (Tables 2 and 3). Pearson correlation analysis
showed that plaque score was significantly correlated with
pulse pressure, FBS, blowout time, and blowout score. Logis-
tic regression analysis demonstrated that blowout score was
the only independent factor contributing to severe atheroscle-
rosis (Tables 2 and 3). Our results confirm that blowout time
and blowout score, which are parameters of pulse waveform
analysis of the optic nerve head, may reflect the status of
carotid atherosclerosis and can detect abnormalities.

ROC analysis of abnormal carotid artery thickening re-
vealed that the area under the ROC of the blowout time was
equivalent to or greater than other contributing factors associ-
ated with mean IMT. A cutoff level of 46.4 for blowout time
yielded maximum sensitivity and specificity for abnormal ca-
rotid artery thickening. Similarly, ROC analysis of severe ath-
erosclerosis showed that the area under the ROC of the blow-
out score was equivalent to or greater than other factors con-
tributing to the plaque score. The cutoff level of the blowout
score was 71.8 (Fig. 2, Table 4). These results suggest that
blowout time and blowout score obtained from LSFG could
be additional tools for discriminating patients with a high risk
of coronary artery disease and stroke.

LSFG is a simpler method than high-resolution B-mode
ultrasound for measuring carotid artery atherosclerosis, as it
is non-invasive, with a measurement time of only 4 s [11, 12,
18]. In addition, previous research found that the coefficient of
variation of measurement in the optic nerve head area using
LSFG was less than 3 % [34], and thus measurement of optic
nerve head circulation using LSFG has shown favorable re-
producibility. These observations suggest that measurement of
ocular circulation with LSFG enables early detection of risk
factors for coronary artery disease and stroke.

The current study had certain limitations. First, the entire
optic nerve head area was measured, as it had the highest
correlation with carotid atherosclerotic parameters in prelimi-
nary investigations (data not shown). However, as it has been
suggested that blowout time and blowout score of the optic
nerve head reflect arterial blood flow and venous blood flow, a
more in-depth study is needed to separately evaluate arterial
and venous blood flow. Second, atorvastatin calcium (Lipitor;
Pfizer Inc., New York, NY, USA), the mainstay treatment for
hyperlipidemia, decreased the IMT compared with baseline
[35]. Because the design of the current study was cross-
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sectional, we did not investigate whether blowout time and
blowout score changed simultaneously with the changes in
mean IMT and plaque score. A prospective study should eval-
uate whether blowout time and blowout score can detect
changes in mean IMT and plaque score. Finally, the current
study included a small number of patients. A multi-center
study is needed for evaluation of a larger number of patients
of various backgrounds.

In conclusion, our results show that measurement of blow-
out time and blowout score in the optic nerve head by LSFG
can be useful for evaluating risk factors for coronary artery
disease and stroke, including mean IMT and plaque score,
which are parameters of carotid atherosclerosis.
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