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. The traditional classification of hypertensive retinopathy was based on the Keith-Wagener-Barker

. (KWB) grading, which is a subjective scaling system, and it is difficult to distinguish between the

. first and second grades. Retinal and choroidal vasculatures are affected by systemic hypertension,
although retinal vasculature changes with age, axial length, intraocular pressure, and retinal diseases.
It is necessary to establish a new objective method to assess hypertensive vascular changes. In the
present study, we have examined the vasculature of the macular choriocapillaris in order to establish
anew objective method to assess hypertensive vascular changes using optical coherence tomography
angiography (OCTA). Choriocapillaris vessel density (VD), vessel length, and vessel diameter index in
a3 X 3mm macular area were measured by OTCA in a total of 567 volunteers (361 healthy subjects
and 206 subjects with systemic hypertension) who attended a basic health check-up. Ocular factors,
systemic factors, and medications were evaluated. We detected significant differences in normative
choriocapillaris vasculature between the left and right eyes in 53 healthy subjects and revealed
correlations between age, intraocular pressure, axial length, and choriocapillaris vasculature in 308
healthy subjects. Normative foveal VD was correlated with age only and the efficiency was weak. The

. analysis of 206 right eyes (KWB grade 0, 159 eyes; grade 1, 35 eyes; and grade 2, 12 eyes) revealed that

. foveal VD was strongly correlated with KWB grade only (P < 0.001). This is the first report suggesting

. that OCTA for foveal choriocapillaris measurement by OCTA would might provide the advantage of

. evaluating be objective method for evaluating the progression of systemic hypertension.

. Hypertensive retinopathy refers to a spectrum of retinal microvascular signs that develop in response to elevated
. blood pressure (BP)"? and does not imply a sequential temporal relationship per se. The traditional classification
. of hypertensive retinopathy was based on the Keith-Wagener-Barker (KWB) grading system>*, which showed
© that the severity of retinopathy was an indicator of overall mortality in hypertensive patients and still used in
. worldwide>®. The KWB scale remains the most widely cited grading system, but it has some limitations, such as
: the subjective scaling among clinicians and the difficulty in distinguishing between first and second grades”®.
Therefore, a more simplified classification that is relevant to current clinical practice is needed’, even if it is based
on objective evaluation.
Retinal vasculature and choroidal vasculature are affected by systemic hypertension, and are also Retinal and
choroidal vasculature is expected to change with age!®!!, axial length (AL)'*'3, intraocular pressure (IOP)!4!>, and
© many diseases'®~>. Such as diabetic retinopathy, retinal vascular occlusion, and epiretinal membrane disorders,
- making the estimation of systemic hypertensive vascular changes difficult. It can be challenging to notice early
. stage of retinopathy due to the systematic hypertensive and the symptoms can be mistaken with other retinal
diseases. Therefore, further work to find more sensitive biomarkers of the systematic hypertensive in the eye is
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All Male Female P*
Number (eyes) 308 147 161
Mean age (years) 61.5+10.1 62.8+9.7 60.64+10.4 0.073
Mean visual acuity (logMAR) | —0.0340.10 —0.04+0.10 —0.024+0.10 0.059
Mean IOP (mmHg) 13.1+2.6 129425 13.3£2.6 0.16
Mean AL (mm) 23.99+1.27 24.18+1.14 23.83+1.34 0.0036
Mean VD (%) 429+1.1 428+1.1 429+1.1 0.36
Mean VL (mm/mm?) 226+1.1 22.7+1.1 22.6+1.1 0.26
Mean VDI (um) 19.04+0.7 18.9+0.6 19.04+0.7 0.22

Table 1. Subject characteristics in quantification of normative choriocapillaris vasculature and factors.

* Analyzed by Mann-Whitney U test between males and females. logMAR: logarithm of the minimum angle
resolution, IOP: intraocular pressure, AL: axial length, VD: vessel density, VL: vessel length, VDI: vessel
diameter index.

necessary. The choriocapillaris vasculature, which is small vessels with a lumen slightly larger than that of a typical
capillary layer contains several blood vessels and major biological function is to supply oxygen and metabolites
to the retinal pigment epithelium (RPE) and the outer neurosensory retina®, is decreased in the eyes of elderly
individuals and those with systemic hypertension?, and few diseases such as macular degeneration?. The chori-
ocapillaris®*?, pigments, and immune components®. It has and is arranged in a distinct layer limited to the inner
portion of the choroid. The level of the choriocapillaris is so tightly arranged in the posterior pole that distinct
capillary tubes are difficult to identify. A major biological function of the choriocapillaris is to supply oxygen
and metabolites to the RPE and the outer neurosensory retina®, which have the highest metabolic demand of all
biological tissues®!, and are the only routes for metabolic exchange in the retina within the foveal avascular zone®.

Indocyanine green angiography (ICGA) has long been considered the gold standard for imaging the choroidal
vasculature®. ICGA imaging is unable to individually evaluate blood flow or separate the choriocapillaris vas-
culature from the retinal and choroidal vasculature. Furthermore, ICGA is an invasive technique that requires
intravenous dye injections, and it may cause mild or severe adverse reactions occasionally***. Optical coherence
tomography angiography (OCTA) is a recently introduced state-of-the-art technique that can detect the move-
ment of erythrocytes in the vascular network and can provide non-invasive imaging of the microvascular network
without the use of dye injections®>?%%, so its application is not limited by contraindications to the dye. The ability
of OCTA to measure depth enables the selective analysis of choriocapillaris vascularization in the retinal capillary
plexus and choroidal vascularization. On the basis of the OCTA image produced by the analysis software, data
on vessel density (VD) or vessel length (VL) can be automatically generated®-*%, and the vessel diameter index
(VDI), showing the mean vessel diameter, can be calculated as

VDI (um) = VD (mm?/mm?) x 1000/VL (mm/mm).

We hypothesized that the choriocapillaris vasculature is affected by the severity of systemic hypertension and
can be objectively measured by OCTA. Therefore, in this study, we examined the choriocapillaris vasculature in
eyes with and without systemic hypertension and compared the outcomes with those that were based on the KWB
classification.

Results

Subjects’ characteristics. A total of 567 volunteers (361 healthy subjects and 206 subjects with systemic
hypertension, all Japanese) were enrolled in the study. Three-hundred and eight eyes of 308 healthy subjects (147
men and 161 women, Table 1) were examined to detect whether any ocular/systemic factor affects choriocapillaris
vasculature. Subsequently, 106 eyes from 53 healthy subjects (24 men and 29 women, Table 2) were examined
to evaluate the differences in each of macular areas between right and left eyes. Finally, 206 right eyes from 206
subjects (88 men and 118 women, Table 3) were examined to evaluate choriocapillaris vasculature changes caused
by systemic hypertension.

Quantification of normative choriocapillaris vasculature and affecting factors. We examined
normative macula choriocapillaris VD, VL, and VDI in healthy right eyes to detect whether any ocular/systemic
factor affects choriocapillaris vasculature. There was a significant difference in AL between males and females
(P=0.0036), but no significant differences were detected between males and females in other parameters includ-
ing VD, VL, and VDI. Comparisons of VD, VL, and VDI between the nasal, temporal, superior, and inferior areas
are shown in Fig. 1 and Supplementary Material 1. VD, VL, and VDI were significantly greater in the temporal
than in the nasal area (all P < 0.001) and significantly greater in the inferior than in the superior area (P < 0.001,
P=0.011, P <0.001, respectively).

The correlations among VD, VL, VDI, and other parameters (age, IOP, and AL) are shown in Table 4. Age
showed negative correlations with VDs and VLs in the fovea, nasal, superior, temporal, and total areas, whereas
AL showed negative correlations with VL in the superior, temporal, inferior, and total areas and positive correla-
tions with VDIs in the nasal, superior, temporal, inferior, and total areas. Multiple linear regression analysis sus-
pected the correlations between VD, VL, VDI, and other parameters (Table 5). Age showed negative correlations
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Number (person) 53 24 29
Mean age (years old) 61.1+8.6 64.0+9.2 58.8+7.5 0.067
Mean visual acuity (logMAR)
Right eye 0.01£0.12 0.01£0.12 0.01£0.13 0.97
Left eye 0.00£0.12 —0.03+0.12 0.01+0.12 0.31
Mean intraocular pressure (mmHg)
Right eye 128426 122424 133427 0.14
Left eye 134429 12.8+2.8 14.0£3.0 0.22
Mean axial length (mm)
Right eye 24.11£1.25 24.50+£1.41 23.79+1.02 0.036
Left eye 24.00+1.12 24.30£1.09 23.72+£1.09 0.064

Table 2. Subject characteristics in asymmetric comparison. * Analyzed with Mann-Whitney U test between
males and females.

Number 159 35 12
Male/Female 68/91 16/19 4/8
Systemic condition
Mean age (years) 61.71+8.5 66.44+9.9 66.24+10.7 0.027
Mean BMI (kg/m?) 235434 23.2+3.6 23.9+3.6 0.46
Mean SBP (mmHg) 135+19 144+22 153+21 0.006
Mean DBP (mmHg) 80+12 83+14 89+19 0.028
Mean BP (mmHg) 99+14 104+ 16 110£19 0.004
Ocular condition
Mean visual acuity (logMAR) —0.04+0.10 0.00+0.10 0.02+0.11 0.14
Mean IOP (mmHg) 13.1£23 12.8+29 125+1.6 0.33
Mean AL (mm) 23.81+£0.91 23.68+1.00 23.96+1.46 0.34
Medication
Antihypertensive (number, %) 47 (29.6%) 20 (57.1%) 6 (50%)
Hypoglycemic (number, %) 5(3.1%) 1(2.9%) 1(8.3%)
Antihyperlipidemic (number, %) 44 (27.7%) 13 (37.1%) 3 (25%)

Table 3. Subjects characteristics in measurement of early hypertensive choriocapillaris vasculature change.
Statistically analyzed by non-repeated measures ANOVA. KWB: Keith-Wagener-Barker classification,
BMI: body mass index, SBP: systolic blood pressure, DBP: diastolic blood pressure, BP: blood pressure, IOP:
intraocular pressure, AL: axial length.

with VDs and VLs in all areas except the inferior area. IOP showed positive correlations with VLs and negative
correlations with VDIs in all areas. AL showed positive correlations with VDIs in all areas except the fovea area.
VD in the fovea area was affected by age only, but the effect was weak.

Asymmetry of normative right and left eyes. Ruiz-Medrano et al. reported an asymmetry in nor-
mative macular choroidal thickness with a trend for right eyes to having a thicker macular nasal choroid layer
than left eyes*, although no difference in choriocapillaris vasculature has been reported between the right and
left eyes. We hypothesized that there would be significant differences in normative macular choriocapillaris vas-
culature between right and left eyes. We assessed the normative choriocapillaris vasculature in the fovea, nasal,
superior, temporal, and inferior areas using OCTA and evaluated the differences detected in each of those areas
between right and left eyes (Fig. 2 and Supplementary Materials 2, 3 and 4). VD in the nasal area of right eyes
was significantly larger than in left eyes in all subjects (P < 0.001), male subjects (P =0.0066), and female sub-
jects (P=0.0053). VD in the temporal area of left eyes was significantly larger than in right eyes in all subjects
(P=0.0096), male subjects (P=0.045), and female subjects (P=0.046). VL in the nasal area of left eyes was
significantly longer than in right eyes in all subjects (P=0.0017) and female subjects (P=0.0017). VL in the total
area of left eyes was significantly longer than in right eyes in all subjects (P=0.031). VDI in the temporal area of
right eyes was significantly larger than in left eyes in all subjects (P=0.032), male subjects (P =0.022), and female
subjects (P=0.046). VDI in the total area of right eyes was significantly larger than in left eyes in all subjects
(P=0.004) and female subjects (P=0.003).

Subsequently, we detected whether any parameter (age, sex, IOP, and laterality) affects VD, VL, and VDI using
multiple linear regression analysis. The outcomes are shown in Table 6. Laterality had correlations with VD in the
nasal and temporal areas (P < 0.001 and P=0.009), VL in the nasal area (P=0.001), and VDI in the temporal area
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Figure 1. Outcomes of vessel density, vessel length, and vessel diameter index in both eyes. (A) The mean
vessel density in each sector of all, male, and female subjects. (B) The mean vessel length in each sector of all,
male, and female subjects. (C) The mean vessel diameter index in each sector of all, male, and female subjects.
*P<0.05, ¥*P<0.01.

Age
VD <0.001 -0.19 <0.001 —0.20 | 0.040 —0.10 | <0.001 —0.14 0.26 <0.001 —0.24
VL 0.004 —0.16 0.016 —0.13 | 0.002 —0.16 0.014 —0.18 0.18 0.004 —0.16
VDI 0.35 0.28 0.06 0.10 0.34 0.19

10P
VD 0.48 0.09 0.34 0.40 0.43 0.47
VL 0.33 0.13 0.37 0.38 0.28 0.40
VDI 0.06 0.13 0.10 0.05 0.17 0.05

AL
VD 0.06 0.42 0.08 0.34 0.05 0.07
VL 0.08 0.06 0.016 —-0.12 0.010 —0.13 | <0.001 —-0.23 0.002 —0.16
VDI 0.50 0.003 0.16 | 0.049 0.10 | <0.001 0.25 | <0.001 0.22 | <0.001 0.22

Table 4. Correlations of normative choriocapillaris vasculature with other parameters. IOP: intraocular
pressure, AL: axial length, VD: vessel density, VL: vessel length, VDI: vessel diameter index.

VD
Sex 0.07 0.86 0.15 0.99 0.79 0.59
Age —0.060 0.002 —0.036 0.015 —0.02 |0.012 —0.034 0.018 0.79 —0.027 <0.001
10P 0.93 0.16 0.99 0.77 0.84 0.52
AL 0.06 0.13 0.08 0.77 —-0.17 0.043 0.10
VL
Sex 0.34 0.07 0.08 0.62 0.29 0.11
Age —0.30 0.002 —0.18 0.046 —0.24 | 0.005 —0.30 <0.001 0.73 —0.19 0.007
0P 0.70 0.045 0.89 0.010 0.42 |0.016 0.44 0.015 0.59 0.048 0.60 0.016
AL 0.035 —2.35 0.002 —1.88 | 0.004 —2.41 <0.001 —2.77 | <0.001 —2.27 <0.001
VDI
Sex 0.07 0.12 0.99 0.46 0.26 0.06
Age 0.92 0.73 0.050 0.074 0.40 0.48
0P —0.63 0.013 —0.40 0.043 —0.34 |0.048 —0.42 0.023 —0.45 0.031 —0.42 0.006
AL 0.82 1.17 0.006 0.85 |0.034 2.14 <0.001 1.48 <0.001 1.30 <0.001

Table 5. Relating factors of normative choriocapillaris vasculature. IOP: intraocular pressure, AL: axial length,
VD: vessel density, VL: vessel length, VDI: vessel diameter index.
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Figure 2. Vessel density, vessel length, and vessel diameter index in the choriocapillaris layer. (A) The mean
vessel density in each sector. (B) The mean vessel length in each sector. (C) The mean vessel diameter index in
each sector. *P < 0.05, ***P < 0.001.

(P=0.03). As for the significant differences in normative choriocapillaris vasculature between right and left eyes,
only data pertaining to right eyes were used in the subsequent analysis.

Measurement of early changes in hypertensive choriocapillaris vasculature.  Retinal vasculature
and choroidal vasculature are also affected by systemic hypertension, although OCTA cannot distinguish between
the small-vessel and large-vessel layers of the retinal and choroidal vasculatures and might generate an overlapped
microvascular image. In addition, retinal vasculature can be changed by several retinal diseases, that is, diabetic
retinopathy?!~%, retinal vascular occlusion?!, and epiretinal membrane disorders'®; therefore, the retinal vascu-
lature is expected to suffer changes that make the estimation of systemic hypertensive vascular changes difficult.
In addition, the choriocapillaris layer contains several capillary vessels®, and it is tightly arranged in the poste-
rior pole. On the basis of these features, we hypothesized that choriocapillaris vasculature would be affected by
systemic hypertensive vascular changes. Later on, we chose to measure the choriocapillaris vasculature in eyes
with and without systemic hypertension and compared the outcomes with those that were based on the KWB
classification. In a total of 206 eyes from 206 subjects (88 men and 118 women), 159 eyes were classified as grade
0 (GO); 35 eyes as grade 1 (G1); and 12 eyes as grade 2 (G2). Of all the parameters, only the mean values of age
(P=0.027), systolic blood pressure (SBP) (P=0.006), diastolic blood pressure (DBP) (P=0.028), and mean BP
(P=0.004) differed significantly among the groups. Representative cases showing a remarkable diminishment
of the choriocapillaris vasculature according to the KWB grading and their outcomes are shown in Figs 3 and 4
and Supplementary Material 5. The Student-Newman-Keulis (SNK) test detected significant differences in VD
of the fovea and overall areas (fovea: GO/G1 P < 0.01, GO/G2 P < 0.01, G1/G2 P < 0.05; total: GO/G1 P < 0.01,
G0/G2 P<0.01, G1/G2 P<0.01) and in VL of the fovea area among the three groups (G0/G1, P < 0.05, GO/
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‘ Age ‘ Sex ‘ 10P ‘ Laterality
Vessel density
Fovea 0.79 0.11 0.37 0.65
Nasal 0.81 0.37 0.52 <0.001
Superior 0.91 0.91 0.07 0.12
Temporal 0.19 0.67 0.28 0.009
Inferior 0.93 0.58 0.22 0.65
Total 0.56 0.85 0.40 0.05
Vessel length
Fovea 0.74 0.68 0.07 0.25
Nasal 0.65 0.60 0.28 <0.001
Superior 0.78 0.67 0.96 0.06
Temporal 0.83 0.62 0.32 0.95
Inferior 0.03 0.29 0.22 0.28
Total 0.51 0.66 0.26 0.06
Vessel diameter index
Fovea 0.56 0.17 0.38 0.52
Nasal 0.32 0.92 0.42 0.99
Superior 0.84 0.73 0.10 0.27
Temporal 0.09 0.29 0.67 0.03
Inferior 0.01 0.52 0.76 0.42
Total 0.17 0.71 0.28 0.20

Table 6. Correlations between choriocapillaris vasculature and other factors.

Color ! Choriocapillaris ! Vessel density ! Vessel length

Grade 0

Grade 1

Grade 2

Figure 3. Representative cases of grades 0, 1, and 2 choriocapillaris vasculature. Color photos, choriocapillaris
images, vessel density images, and vessel length images of grades 0 (A), 1 (B), and 2 (C). White dashes imply
a3 x 3mm? area, and these measurements are performed for each Early Treatment Diabetic Retinopathy
Study sector (yellow dashes). E, N, S, T, and I indicate the fovea, nasal, superior, temporal, and inferior areas,
respectively. Vessel density and vessel length were changed according to the hypertensive progression.

SCIENTIFICREPORTS| (2018) 8:15163 | DOI:10.1038/s41598-018-33580-y 6



www.nature.com/scientificreports/

wk *x * *x

A e e
- 48 o e ke * Grade 0
E - * Grade 1
2 44 % % }} } * é% « Grade 2
=
9]
o°
© 40 % %
172
(%]
o
>
§ 36
(]
=

32

Fovea Nasal Superior Temporal Inferior Total
27 e ok * *x il ® Grade 0

Grade 1

: H_ H% ‘H} H} ‘H{ ‘H{ e

O  Mean vessel length(mm/mm? T

15
Fovea Nasal Superior Temporal Inferior Total
24
* * i * Grade 0
— © Grade 1
« Grade 2

AN ol ol T

Fovea Nasal Superior Temporal Inferior Total

Mean vessel diameter index (um)

Figure 4. Outcomes of choriocapillaris vasculature comparison among the three groups. (A) There were
significant differences in the foveal, nasal, temporal, and total area vessel density among the three groups and
significant differences in the foveal and total areas among the three grades. (B) There were significant differences
in vessel length among the three groups in the foveal, nasal, superior, temporal, inferior, and total areas and
significant differences in the foveal area among the three groups. (C) There were significant differences in vessel
diameter index among the three groups in the foveal, superior, and temporal areas. SNK did not detect any
significant difference in all areas among the three groups. *P < 0.05, **P < 0.01.

G2 P<0.01, G1/G2 P <0.01), although the SNK test did not detect any significant difference in VDI of all areas
among the groups. Multiple linear regression analysis suspected the correlations between VD, VL, VDI, and sys-
temic factors (sex, age, body mass index [BMI], SBP, and DBP) and ocular factors (best-corrected visual acuity
[BCVA], IOP, KWB grade, and AL). The outcomes are shown in Table 7 (VD), Table 8 (VL), and Table 9 (VDI).
Significant correlations were only detected between KWB grade and VD of the foveal VD (P <0.001, 3= —1.62),
nasal (P<0.001, 3= —1.24), temporal (P=0.004, 3 = —0.82), and total areas (P < 0.001, 3= —0.75), and VL of
the foveal area (P < 0.001, 3 = —0.79). VLs in other areas and VDI were significantly correlated with other factors
or multiple factors including KWB grade. VD and VL in the fovea area showed negative correlation with KWB
grade only. The findings suggested that foveal VD was correlated with chronic systemic hypertensive changes and
not only with BP measured at the health check-up. We have concluded that OCTA measurement of the foveal
choriocapillaris vasculature might be a preferable method for detecting systemic hypertensive changes because of
its objective evaluation and automatic use during health check-ups.

Discussion

In the present study, we measured choriocapillaris vasculature in healthy subjects and systemic hypertensive
subjects using OCTA, and the results indicated three points. Firstly, there were significant differences in norma-
tive choriocapillaris vascular profile between right and left eyes. Studying choriocapillaris vasculature in both
eyes may be problematic in terms of accuracy. Secondly, many factors such as age, IOP, and AL affect normative
choriocapillaris vascular profile. Foveal VD was correlated with age only, and the effect was small. Thirdly, foveal
VD was strongly correlated with KWB grade, but not with other systemic and ocular factors, that is, age, sex,
BP measured at the check-up, or medication. OCTA measurement for foveal choriocapillaris vasculature might
provide the advantage of evaluating the progression of systemic hypertension.

Previous studies have reported differences between right and left eyes in normative choroidal thickness based
on OCT (optical coherence tomography) findings and the assessment of choriocapillaris vasculature in the total
3 x 3mm? area with OCTA***!. Ruiz-Medrano et al. reported an asymmetry in normative macular choroidal
thickness with a trend for right eyes to having a thicker macular nasal choroid layer than left eyes*’, although no
difference in choriocapillaris vasculature has been reported between the right and left eyes. The present study
is the first to compare normative choriocapillaris vasculature between right and left eyes using OCTA. VD and
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Systemic condition
Sex 0.874 0.149 0.265 0.146 0.581 0.874
Age 0.232 0.102 0.081 0.078 0.070 0.059
BMI 0.062 0.390 0.909 0.733 0.936 0.782
SBP 0.090 0.360 0.405 0.568 0.986 0.994
DBP 0.067 0.160 0.281 0.512 0.883 0.849
Ocular condition
Visual acuity 0.976 0.074 0.452 0.369 0.900 0.492
10P 0.719 0.185 0.796 0.828 0.685 0.475
KWB grading @03211 ) (?30;0311_2 b |0682 ?50247 0s2) | 009 g’jﬂlm )
AL 0.487 0.189 0.229 0.440 0.186 0.873
Medication
Antihypertensive 0.298 0.155 0.554 0.677 0.923 0.996
Hypoglycemic 0.070 0.490 0.544 0.213 0.309 0.288
Antihyperlipidemic | 0.073 0.486 0.479 0.627 0.889 0.457

Table 7. Factors affecting choriocapillaris vessel density. BMI: body mass index, SBP: systolic blood pressure,
DBP: diastolic blood pressure, IOP: intraocular pressure, KWB: Keith—-Wagener-Barker classification, AL: axial
length.

Systemic condition
0.026
Sex 0.122 (B=—0.48) 0.223 0.514 0.525 0.228
0.022 0.028 0.040
Age 0.134 0.055 B 0.03) B 0.03) 0.942 B —0.02)
BMI 0.467 0.280 0.185 0.572 0.265 0.309
SBP 0.755 0.380 0.196 0.949 0.912 0.584
DBP 0.912 0.694 0.192 0.389 0.824 0.453
Ocular condition
Visual acuity 0.916 0.314 0.499 0.798 0.195 0.363
10pP 0.084 0.049 (3=0.08) | 0.566 0.645 0.362 0.169
. <0.001 0.040 <0.001 0.001
KWB grading (B=-079) (3=—039) 0.106 (B=—0.69) 0.060 (B=—0.46)
0.030 0.043 0.009 0.027
AL 0.230 0.522 (B=—022) (B=—-022) (B=—026) (B=—0.18)
Medication
Antihypertensive 0.707 0.693 0.929 0.789 0.721 0.894
Hypoglycemic 0.339 0.622 0.937 0.591 0.602 0.755
Antihyperlipidemic 0.265 0.695 0.476 0.649 0.960 0.720

Table 8. Factors affecting choriocapillaris vessel length. BMI: body mass index, SBP: systolic blood pressure,
DBP: diastolic blood pressure, IOP: intraocular pressure, KWB: Keith—-Wagener-Barker classification, AL: axial
length.

VL in the nasal area were larger and longer in left eyes than in right eyes, and these differences were affected by
laterality. The differences had adverse tendencies, as previously described for choroidal thickness*. The asymme-
try of the macular choroidal thickness is considered to originate in the right common carotid artery lying in the
brachiocephalic trunk instead of emerging directly from the aorta and thereby presumably being responsible for a
more proximal and direct blood flow to the right carotid*>*?, although the cause of the differences in choriocapil-
laris vasculature is unclear. Further studies on choriocapillaris vasculature and circulation are needed to elucidate
the cause of these differences.

McLeod et al.** showed that VD in the choriocapillaris changes depending on the fundus location, forming a
densely packed honeycomb structure at the central fovea, whereas in the temporal area, a more lobular and less
dense capillary structure can be identified, and in the nasal area, the capillary structure becomes even less dense
with larger lobules. The authors indicated that choriocapillaris vasculature in the temporal area has more vessels
and larger VD and VL than in the nasal area. The indication was almost the same as in the present study, and the
results proved the reliability of OCTA for measuring choriocapillaris vasculature. Choriocapillaris vasculature in
the inferior area was also longer and larger in diameter than in the superior area, and VD in the inferior area was
greater than that in the superior area. Similarly to a previous choroidal study**, a comparison of VD, VL, and VDI
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‘ Fovea ‘ Nasal Superior | Temporal | Inferior | Total
Systemic condition
0.033
Sex (3=0.36) 0.125 0.600 0.398 0.292 0.110
Age 0.679 0.489 0.243 0.378 0.223 0.204
BMI 0.239 0.608 0.111 0.218 0.281 0.129
SBP 0.103 0.841 0.358 0.370 0.993 0.393
0.038 0.033
DBP (B=—0.02) 0.301 0.490 (B=—0.02) 0.682 0.323
Ocular condition
Visual acuity 0.990 0.467 0.970 0.143 0.221 0.529
10P 0.088 0.243 0.315 0.367 0.588 0.171
. 0.035 0.031
KWB grading 0.776 (B=—0.24) 0.083 (3=022) 0.640 0.521
0.021 <0.001 0.004
AL 0.581 (=015 |0120 0.067 ($=029) | (3=015)
Medication
Antihypertensive 0.541 0.248 0.626 0.923 0.693 0.832
Hypoglycemic 0.420 0.853 0.590 0.450 0.794 0.732
Antihyperlipidemic | 0.493 0.785 0.787 0.984 0.877 0.978

Table 9. Factors affecting choriocapillaris vessel diameter index. BMI: body mass index, SBP: systolic blood
pressure, DBP: diastolic blood pressure, IOP: intraocular pressure, KWB: Keith—-Wagener-Barker classification,
AL: axial length.

in the inferior area with other areas showed that these parameters in the inferior area were not significantly worse
than in other areas, contrary to the results of the previous study.

According to histological evaluation, choriocapillaris thickness decreases with age*S. However, previous OCT
examinations detected that the density of the retinal and choriocapillaris network in the central and pericentral
region is significantly associated with sex*, but not age or AL'>*_ According to swept-source OCT, which
enables a precise qualitative and quantitative characterization of the choriocapillaris vasculature, detected that
only choriocapillaris thickness is thinner in older eyes*™. In the present study, VD and VL in the fovea, nasal,
superior, temporal, and total areas had a tendency to decrease age dependently, as reported in previous studies. In
particular, normative foveal VD was correlated with age only, but the efficiency was small (Table 5). In eyes with
or without systemic hypertension, foveal VD was negatively correlated with KWB grade only, ant the efficiency
was larger than that of age (Table 7). Spaide et al.?® reported that blood flow in the macular choriocapillaris vas-
culature was decreased in the eyes of elderly individuals and those with systemic hypertension, and the indication
was almost the same as in the present study. In addition, it was not correlated with SBP and DBP. It is possible that
BP measured at the health check-up was affected by environmental and mental factors such as room temperature,
circadian variation, or white-coat hypertension, whereas OCTA detects foveal choriocapillaris changes caused by
chronic systemic hypertension.

In the present study, VD in the fovea, nasal, superior, temporal, and total areas had tendencies to decrease age
dependently, although VD in the inferior area were not correlated with age, but with AL dependently (Table 5).
There was no significant correlation with sex, and VD and VL in the inferior area were not correlated with age, but
with AL. Magnetic resonance imaging analysis of ocular shape in myopic eyes showed that the most protruding
part of the globe was along the central sagittal axis and slightly inferior to the central axis®'. It was concluded that
ocular shape in the inferior area is affected by AL more than that in other areas, although the correlation between
VD in the inferior area and AL was unknown. Thus, further studies are needed to elucidate these correlations.
VDI in the inferior area was negatively correlated with IOP and positively correlated with AL. It was concluded
that the IOP presses on the choriocapillaris layer, which includes the vasculature, and the increased choriocap-
illaris pressure decreases the width of the vessels. In contrast, eye shapes with long AL change the macular area
widely®?; therefore, a longer AL would change the choriocapillaris vasculature widely. Borrelli reported a corre-
lation between choriocapillaris vasculature and sex by comparing healthy pediatric patients (23 males and 29
females)*”. The present study compared 147 healthy males and 161 females over 39 years and did not detect any
correlation between sex and choriocapillaris vasculature. It is possible that choriocapillaris vasculature growth
differs by sex, although the differences between adult male and females are not significant.

We measured the choriocapillaris vasculature in eyes with and without systemic hypertension using OCTA
and detected differences in the vasculature according to the KWB classification. To our best knowledge, this was
the first report suggesting a correlation between choriocapillaris vasculature in the fovea area and systemic hyper-
tensive changes. Spaide et al.?® reported that blood flow in the macular choriocapillaris vasculature was decreased
in the eyes of elderly individuals and those with systemic hypertension. In their study, blood flow was measured
in the entire macular area, not in the foveal area alone. In the present study, we measured vasculature according
to the Early Treatment Diabetic Retinopathy Study sectors and found that VD and VL in the fovea area were
negatively correlated with KWB grade only, but not correlated with SBP and DBP. It is possible that BP measured
at the health check-up was affected by environmental and mental factors such as room temperature, circadian
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variation, or white-coat hypertension, whereas OCTA detects foveal choriocapillaris changes caused by chronic
systemic hypertension.

KWB classification was first described in 1939>3 and implied that the severity of retinopathy was an indicator
of overall mortality in hypertensive patients®***. However, the KWB scale has major limitations. Firstly, it is dif-
ficult to distinguish between first and second grades. Secondly, it cannot measure hypertensive changes in eyes
with retinal disease, and thirdly and most importantly, this classification is based on subjective scaling among
clinicians. To resolve these problems, simplified grading scales were developed; however, these grades were also
subjective and not automatically calculated*. In the present study, we measured systemic hypertensive changes by
OCTA that might eliminate these limitations.

As for the first limitation, the present study showed that the differences in foveal VD and VL between GO0, G1,
and G2, which are the early stages of systemic hypertensive changes, were difficult to distinguish from each other.
OCTA was considered capable of detecting microvascular changes caused by early stages of systemic hyperten-
sion (Figs 3 and 4).

Regarding the second limitation, retinal vasculature and choroidal vasculature are also affected by systemic
hypertension. In eyes with retinal diseases'®', such as diabetic retinopathy?'-%, retinal vascular occlusion®, and
epiretinal membrane disorders'®, the retinal vasculature is expected to show changes that make the estimation
of systemic hypertensive vascular changes difficult. OCTA cannot distinguish between the small-vessel and
large-vessel layers of the choroidal vasculature and might generate an overlapped microvascular image. On the
basis of these features, we chose to measure the choriocapillaris vasculature in this present study and were able to
detect systemic hypertensive changes.

To address the third limitation, we measured the microvasculature using a Cirrus HD-5000™ OCTA machine,
which can distinguish between the choriocapillaris vasculature images in the retina and the choroid. The bundled
Angioplex™ software can automatically calculate VD and VLY. OCTA is a non-invasive, objective measurement
that describes vascular changes as numbers. The machine and the analysis methods have been used in many
studies?®*®%, and other OCTA machines are capable of visualizing and analyzing choriocapillaris vasculature.
Foveal choriocapillaris vasculature could be measured and analyzed by OCTA machines?®*$, and a new objective
classification could be implemented using any OCTA machine.

In conclusion, we measured normative VD, VL, and VDI of the choriocapillaris vasculature and the differ-
ences in vasculature between the right and left eyes by OCTA. In addition, OCTA for foveal choriocapillaris
measurement might provide the advantage of evaluating the progression of systemic hypertension. OCTA might
be a novel objective method to evaluate the progression of systemic hypertension from an early stage. Because of
the advantages of being an objective and automatic calculation method, OCTA might take the place of the KWB
classification in the evaluation of systemic hypertension during health check-ups.

Methods

Setting and participants. The subjects were healthy volunteers who attended a basic health check-up sup-
ported by the local government in 2016. This check-up (the Yakumo study) was conducted in the town of Yakumo
in a rural area of southern Hokkaido, Japan. Subjects were excluded eligible if they met any of the following cri-
teria: (1) BVCA > 20/30, (2) AL >23 or <27 mm, (3) no history of corneal disease, (4) no history of intraocular
disease, (5) no history of diabetes mellitus, (6) no history of systemic diseases that might affect microvascular
circulation, and (7) agreed to undergo OCTA measurement in the Yakumo health check-up. The absence of mac-
ular disease was verified by OCT (RS-3000, Nidek, Gamagori, Aichi, Japan) and color fundus photos (Topcon
TRC-NWS8, Tokyo, Japan). Eyes with a signal strength of OCTA > 6/10 were included, whereas those with a signal
strength of <6/10 and with poor quality images on OCTA or OCT because of eye movement or media opacities
were excluded.

All subjects aged 39 years or older underwent assessment of BMI (weight in kg/height in m?), SBP, DBP, and
mean BP. BP was measured using an automated oscillometric monitor (Omron HBP-9021, Omron Healthcare,
Kyoto, Japan). Omron RS6 (HEM-6221-E) is an automatic device for the self-measurement of BP at the wrist level
using the oscillometric method. The wrist cuff circumference is suitable for wrist circumferences of 13.5-21.5cm.
The device has a digital liquid crystal display screen that displays the measured BP and pulse rate. The unit meas-
ures pressures from 0 to 299 mmHg and pulses from 40 to 180 beats/min. We measured in triplicate, and the aver-
age was used. Intake of antihypertensive, hypoglycemic, and/or antihyperlipidemic drugs was noted, and those
without any history of intraocular or systemic circulatory disease were included in the study. This cross-sectional,
non-interventional study was approved by the institutional review board of Nagoya University Hospital and was
conducted in accordance with the principles of the Declaration of Helsinki. Informed consent was obtained from
all study subjects before any procedures were carried out.

Best-corrected visual acuity and axial length. BCVA was measured by a standard Japanese visual acu-
ity chart. The decimal BCVA was converted to the logarithm of the minimum angle of resolution (logMAR) for
statistical analysis®*®°. AL was measured with an IOL master model 500 (Carl Zeiss, Germany). AL was calculated
10 times, and the average reading was used.

Optical coherence tomography angiography. OCTA (Cirrus Angiography ZEISS Angioplex™, Carl
Zeiss Meditec, Inc., Dublin, USA) generates high-resolution, three-dimensional maps of the retinal and choroidal
microvasculature while retaining all the capabilities of the CIRRUS™ HD-OCT Model 5000 instrument. In this
system, OCTA measurement was made possible by increasing the scanning rate to 68,000 A scans per second and
by introducing an improved retinal tracking software technology (FastTrac™)®!. The generation of en face micro-
vascular flow images with the Angioplex™ OCT with projection artifact removal function involved the use of an
algorithm known as the OCT microangiographic complex, which accounted for differences in both phase and
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intensity information contained within sequential B scans performed at the same position. The current scanning
patterns for en face angiographic visualization included a 3 x 3 mm scan pattern on the choriocapillaris.

Measurement of the choriocapillaris vasculature. From the obtained OCTA images, the chorio-
capillaris layer was imaged starting from the inferior area 29 um below RPE to 49 um below RPE, as previous
described®. The image segmentation and analysis were performed automatically by the machine-bundled soft-
ware and then checked by three independent and well-trained observers (K. T., Y. L, and T. A.) who were blinded
to the clinical data. Motion correction was performed by the registration of two orthogonally captured imaging
volumes. Macular area in a 3 x 3 mm? circle was automatically classified at the fovea and at each of the other four
sites (nasal, superior, temporal, and inferior) as defined by the ETDRS grid, as previously described®’. VD and VL
in each sector were automatically measured by the machine-bundled software. VD was shown as percent units, as
previously described, and VL was shown as mm/mm? units. VDI was shown as pm units.

Keith-Wagener-Barker classification.  The right eye of each subject was photographed using a 45° dig-
ital non-mydriatic retinal camera after adaptation in the dark room; retinal images centered on the fovea were
obtained. Subsequently, these photographs were randomly graded using the KWB classification system® by three
independent and well-trained observers (K. T., Y. I., and K. K.) who were blinded to the clinical data. The intra-
observer level of agreement for both hypertensive grading systems was determined through a second grading by
one of the three clinicians (Y. I1.).

Statistical analyses. Data are shown as means = standard deviation. The Mann-Whitney U test was used to
analyze differences between data pertaining to nasal, superior, temporal, and inferior areas in right and left eyes
in all subjects, male subjects, and female subjects and differences between data from male and female subjects,
temporal and nasal areas, and superior and inferior areas from right eyes in normative subjects. Spearman’s cor-
relation was used to analyze the statistical correlation between the two groups. Non-repeated measure of analysis
of variance was used to test for differences in outcomes among the three grades. The SNK test was used to analyze
further the differences among the three KWB grades. Multiple linear regression analysis was performed to eval-
uate the relationships between VD, VL, and VDI and ocular factors such as sex, IOP, AL, and KWB classification.
P values < 0.05 were considered to indicate statistical significance.

References
1. Walsh, J. B. Hypertensive retinopathy. Description, classification, and prognosis. Ophthalmology 89, 1127-1131 (1982).
2. Fraser-Bell, S., Symes, R. & Vaze, A. Hypertensive eye disease: a review. Clin Exp Ophthalmol 45, 45-53 (2017).
3. Keith, N. M., Wagener, H. P. & Barker, N. W. Some different types of essential hypertension: their course and prognosis. Am ] Med
Sci 268, 336-345 (1974).
4. Aissopou, E. K. et al. The Keith-Wagener-Barker and Mitchell-Wong grading systems for hypertensive retinopathy: association with
target organ damage in individuals below 55 years. ] Hypertens 33, 2303-2309 (2015).
5. Wong, T. Y. et al. The prevalence and risk factors of retinal microvascular abnormalities in older persons: The Cardiovascular Health
Study. Ophthalmology 110, 658-666 (2003).
6. McGeechan, K. et al. Prediction of incident stroke events based on retinal vessel caliber: a systematic review and individual-
participant meta-analysis. Am ] Epidemiol 170, 1323-1332 (2009).
7. Dodson, P. M,, Lip, G. Y., Eames, S. M., Gibson, J. M. & Beevers, D. G. Hypertensive retinopathy: a review of existing classification
systems and a suggestion for a simplified grading system. ] Hum Hypertens 10, 93-98 (1996).
8. Hyman, B. N. The eye as a target organ: an updated classification of hypertensive retinopathy. Clin Hypertens (Greenwich) 2, 194-197
(2000).
9. Wong, T. Y. & Mitchell, P. The eye in hypertension. Lancet 369, 425-435 (2007).
10. Jiang, X. et al. The effect of age on the response of retinal capillary filling to changes in intraocular pressure measured by optical
coherence tomography angiography. Microvasc Res 115, 12-19 (2018).
11. Wakatsuki, Y., Shinojima, A., Kawamura, A. & Yuzawa, M. Correlation of aging and segmental choroidal thickness measurement
sing swept source optical coherence tomography in healthy eyes. PloS one 10, 0144156 (2015).
12. Sampson, D. M. et al. Axial length variation impacts on superficial retinal vessel density and foveal avascular zone area
measurements using optical coherence tomography angiography. Invest Ophthalmol Vis Sci 58, 3065-3072 (2017).
13. Sogawa, K. et al. Relationship between choroidal thickness and choroidal circulation in healthy young subjects. Am ] Ophthalmol
153, 1129-1132.e1121 (2012).
14. Zhang, Q. et al. Optical coherence tomography angiography vessel density changes after acute intraocular pressure elevation. Sci Rep
8, 6024 (2018).
15. Akahori, T., Iwase, T., Yamamoto, K., Ra, E. & Terasaki, H. Changes in choroidal blood flow and morphology in response to icrease
in intraocular pressure. Invest Ophthalmol Vis Sci 58, 5076-5085bo (2017).
16. Borgman, C. J. Concomitant multiple myeloma spectrum diagnosis in a central retinal vein occlusion: a case report and review. Clin
Exp Optom 99, 309-312 (2016).
17. de Andrade, E. A. et al. The autoimmune diseases of the eyes. Autoimmun Rev 15, 258-271 (2016).
18. Liu, H. Y., Hsieh, Y. T. & Yang, C. M. Paravascular abnormalities in eyes with idiopathic epiretinal membrane. Graefes Arch Clin Exp
Ophthalmol 254, 1723-1729 (2016).
19. Hashimoto, Y. et al. Decreased choroidal blood flow velocity in the pathogenesis of multiple evanescent white dot syndrome. Graefes
Arch Clin Exp Ophthalmol 253, 1457-1464 (2015).
20. Koh, L. H. L., Agrawal, R., Khandelwal, N., Sai Charan, L. & Chhablani, J. Choroidal vascular changes in age-related macular
degeneration. Acta Ophthalmol 95, 597-e601 (2017).
21. Subudhi, A., Pattnaik, S. & Sabut, S. Blood vessel extraction of diabetic retinopathy using optimized enhanced images and matched
filter. ] Med Imaging (Bellingham) 3, 044003 (2016).
22. Tavares Ferreira, J. et al. Retina and choroid of diabetic patients without observed retinal vascular changes: a Longitudinal Study. Am
] Ophthalmol 176, 15-25 (2017).
23. Ting, D. S. et al. Optical coherence tomographic angiography in type 2 diabetes and diabetic retinopathy. JAMA Ophthalmol 135,
306-312 (2017).
24. Olson, E. A. & Lentz, K. Central retinal artery occlusion: a literature review and the rationale for hyperbaric oxygen therapy. Mo Med
113, 53-57 (2016).

SCIENTIFICREPORTS| (2018) 8:15163 | DOI:10.1038/s41598-018-33580-y 11



www.nature.com/scientificreports/

25.

26.

27.

28.

29.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

Ye, E et al. Malondialdehyde induces autophagy dysfunction and VEGF secretion in the retinal pigment epithelium in age-related
macular degeneration. Free Radic Biol Med 94, 121-134 (2016).

Spaide, R. E. Choriocapillaris flow features follow a power law distribution: implications for characterization and mechanisms of
disease progression. Am ] Ophthalmol 170, 58-67 (2016).

Borrelli, E., Uji, A., Sarraf, D. & Sadda, S. R. Alterations in the choriocapillaris in intermediate age-related macular degeneration.
Invest Ophthalmol Vis Sci 58, 4792-4798 (2017).

Ferrara, D., Waheed, N. K. & Duker, J. S. Investigating the choriocapillaris and choroidal vasculature with new optical coherence
tomography technologies. Prog Retin Eye Res 52, 130-155 (2016).

Rutkowski, P. & May, C. A. Nutrition and vascular supply of retinal ganglion cells during human development. Front Neurol 7, 49
(2016).

. Lutty, G. A. et al. Development of the human choriocapillaris. Eye (Lond) 24, 408-415 (2010).
. Wangsa-Wirawan, N. D. & Linsenmeier, R. A. Retinal oxygen: fundamental and clinical aspects. Arch Ophthalmol 121, 547-557

(2003).

. Mrejen, S. & Spaide, R. F. Optical coherence tomography: imaging of the choroid and beyond. Surv Ophthalmol 58, 387-429 (2013).
. Yannuzzi, L. A. et al. Indocyanine green videoangiography: current status. Eur ] Ophthalmol 4, 69-81 (1994).

. Herbort, C. P,, Mantovani, A. & Papadia, M. Use of indocyanine green angiography in uveitis. Int Ophthalmol Clin 52, 13-31 (2012).
. Simal-Julian, J. A. et al. Indocyanine green videoangiography methodological variations: review. Neurosurg Rev 38(discussion 57),

49-57 (2015).

. Takayama, K. et al. Comparison of indocyanine green angiography and optical coherence tomographic angiography in polypoidal

choroidal vasculopathy. Eye (Lond) 31, 45-52 (2017).

Rosenfeld, P. J. et al. ZEISS angioplex spectral domain optical coherence tomography angiography: technical aspects. Dev
Ophthalmol 56, 18-29 (2016).

Guo, J., She, X., Liu, X. & Sun, X. Repeatability and reproducibility of foveal avascular zone area measurements using angiPlex
spectral domain optical coherence tomography angiography in healthy subjects. Ophthalmologica 237, 21-28 (2017).
Torrecillas-Picazo, R. et al. Analysis and follow-up of type 1 choroidal neovascularisation with optical coherence tomography-
angiography after antiangiogenic treatment. Arch Soc Esp Oftalmol 92, 265-272 (2017).

Ruiz-Medrano, J. et al. Asymmetry in macular choroidal thickness profile between both eyes in a healthy population measured by
swept-source optical coherence tomography. Retina 35, 2067-2073 (2015).

Fujiwara, A. et al. Factors affecting choroidal vascular density in normal eyes: Quantification using en face swept-source optical
coherence tomography. Am ] Ophthalmol 170, 1-9 (2016).

Chen, E K. et al. Topographic variation and interocular symmetry of macular choroidal thickness using enhanced depth imaging
optical coherence tomography. Invest Ophthalmol Vis Sci 53, 975-985 (2012).

Greenwald, M. J., Wohl, L. G. & Sell, C. H. Metastatic bacterial endophthalmitis: a contemporary reappraisal. Surv Ophthalmol 31,
81-101 (1986).

McLeod, D. S. & Lutty, G. A. High-resolution histologic analysis of the human choroidal vasculature. Invest Ophthalmol Vis Sci 35,
3799-3811 (1994).

Barteselli, G. et al. Choroidal volume variations with age, axial length, and sex in healthy subjects: a three-dimensional nalysis.
Ophthalmology 119, 2572-2578 (2012).

Ramrattan, R. S. et al. Morphometric analysis of Bruch’s membrane, the choriocapillaris, and the choroid in aging. Invest Ophthalmol
Vis Sci 35, 2857-2864 (1994).

Borrelli, E. et al. Macular microvascular networks in healthy pediatrics subjects. Retina, https://doi.org/10.1097/
1ae.0000000000002123 (2018).

Wang, Q. et al. Vascular density in retina and choriocapillaris as measured by optical coherence tomography angiography. Am J
Ophthalmol 168, 95-109 (2016).

Linderman, R. et al. Assessing the accuracy of foveal avascular zone measurements using optical coherence tomography
angiography: segmentation and scaling. Transl Vis Sci Technol. 6,16 (2017).

Adhi, M. et al. Characterization of choroidal layers in normal aging eyes using enface swept-source optical coherence tomography.
PLoS One 10, €0133080 (2015).

Moriyama, M. et al. Topographic analyses of shape of eyes with pathologic myopia by high-resolution three-dimensional magnetic
resonance imaging. Ophthalmology 118, 1626-1637 (2011).

Ohno-Matsui, K. et al. Fearures of posterior staphylomas analyzed in wide-field fundus images in patients with unilateral and
bilateral pathologic myopia. Retina 37, 477-486 (2016).

Keith, N. M., Wagener, H. P. & Barker, N. W. Some different types of essential hypertension: their course and prognosis. Am | Med
Sci 197, 332-343 (1939).

Kim, G.-H., Youn, H.-J,, Kang, S., Choi, Y.-S. & Moon, J.-I. Relation between grade II hypertensive retinopathy and coronar artery
disease in treated essential hypertensives. Clin Exp Hypertens 32, 469-473 (2010).

Wong, T. Y. & Mitchell, P. Hypertensive retinopathy. N Engl ] Med 351, 2310-2317 (2004).

Ohno-Matsui, K., Jonas, J. B. & Spaide, R. F. Macular bruch membrane holes in choroidal neovascularization-related myopic
macular atrophy by swept-source optical coherence tomography. Am ] Ophthalmol 162, 133-139 e131 (2016).

Alasil, T. et al. En face imaging of the choroid in polypoidal choroidal vasculopathy using swept-source optical coherence
tomography. Am J Ophthalmol 159, 634-643 (2015).

Teng, Y. et al. OCT angiography quantifying choriocapillary circulation in idiopathic macular hole before and after surgery. Graefes
Arch Clin Exp Ophthalmol 255, 893-902 (2017).

Takayama, K. et al. Cross-sectional pupillographic evaluation of relative afferent pupillary defect in age-related macular
degeneration. Medicine (Baltimore) 95, €4978 (2016).

Takayama, K. et al. Short-term focal macular electroretinogram of eyes treated by aflibercept & photodynamic therapy for
polypoidal choroidal vasculopathy. Graefes Arch Clin Exp Ophthalmol 255, 449-455 (2016).

Zhang, Q. et al. Wide-field imaging of retinal vasculature using optical coherence tomography-based microangiography provided
by motion tracking. ] Biomed Opt 20, 066008 (2015).

Lauermann, J. L., Eter, N. & Alten, F Optical coherence tomography angiography offers new insights into choriocapillaris perfusion.
Ophthalmologica 239, 74-84 (2018).

Scheie, H. G. Evaluation of ophthalmoscopic changes of hypertension and arteriolar sclerosis. AMA Arch Ophthalmol 49, 117-138
(1953).

Acknowledgements

The authors thank all subjects who participated in this study and Chisato Ishizuka and Mai Azumaya for their
technical assistance. For technical support, we thank Dr. Gerd Klose of Carl Zeiss Meditec. This work was supported
by a Grant-in-Aid for Scientific Research B (H. K.; 15H04994); a Grant-in-Aid for Young Scientists B (K. K.;
16K20313); a Grant-in-Aid for Scientific Research C (Y. L; 16K11265); and a Grant-in-Aid for Young Scientists B
(K. T; 17K16964) from the Ministry of Education, Culture, Sports, Science and Technology (http://www.jsps.go.jp/);

SCIENTIFICREPORTS| (2018) 8:15163 | DOI:10.1038/s41598-018-33580-y 12


http://dx.doi.org/10.1097/iae.0000000000002123
http://dx.doi.org/10.1097/iae.0000000000002123
http://www.jsps.go.jp/

www.nature.com/scientificreports/

and the Chukyo Longevity Medical and Promotion Foundation (H. K.), the Takeda Medical Research (H. K.), the
Hori Science and Arts Foundation (H. K.), and the Japan Foundation for Applied Enzymology (K. T.). The sponsor
and funding organizations had no role in the design or conduct of this research.

Author Contributions

K.T. wrote the main manuscript and prepared the figures. K.T., H.K,, Y.I,, T.I, TM., T.T., H.S., A.S., E.R. and
T.A. acquired the data. K.T., HK,, Y.I, T.Y,, KK. and H.T. analyzed and interpreted the data and made critical
revisions. All authors have read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33580-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:15163 | DOI:10.1038/s41598-018-33580-y 13


http://dx.doi.org/10.1038/s41598-018-33580-y
http://creativecommons.org/licenses/by/4.0/

	Novel Classification of Early-stage Systemic Hypertensive Changes in Human Retina Based on OCTA Measurement of Choriocapill ...
	Results

	Subjects’ characteristics. 
	Quantification of normative choriocapillaris vasculature and affecting factors. 
	Asymmetry of normative right and left eyes. 
	Measurement of early changes in hypertensive choriocapillaris vasculature. 

	Discussion

	Methods

	Setting and participants. 
	Best-corrected visual acuity and axial length. 
	Optical coherence tomography angiography. 
	Measurement of the choriocapillaris vasculature. 
	Keith–Wagener–Barker classification. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Outcomes of vessel density, vessel length, and vessel diameter index in both eyes.
	Figure 2 Vessel density, vessel length, and vessel diameter index in the choriocapillaris layer.
	Figure 3 Representative cases of grades 0, 1, and 2 choriocapillaris vasculature.
	Figure 4 Outcomes of choriocapillaris vasculature comparison among the three groups.
	Table 1 Subject characteristics in quantification of normative choriocapillaris vasculature and factors.
	Table 2 Subject characteristics in asymmetric comparison.
	Table 3 Subjects characteristics in measurement of early hypertensive choriocapillaris vasculature change.
	Table 4 Correlations of normative choriocapillaris vasculature with other parameters.
	Table 5 Relating factors of normative choriocapillaris vasculature.
	Table 6 Correlations between choriocapillaris vasculature and other factors.
	Table 7 Factors affecting choriocapillaris vessel density.
	Table 8 Factors affecting choriocapillaris vessel length.
	Table 9 Factors affecting choriocapillaris vessel diameter index.




