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Abstract

Purpose: To assess the three-dimensional outer retina thickness and choroid in eyes
with white matter lesions (WMLs) using swept-source optical coherence tomography
(SS-OCT).

Methods: Participants without dementia and stroke with cerebral WMLs were
enrolled in our study. Optical coherence tomography (OCT) and OCT angiography
(OCTA) were used to image and evaluate the outer retinal layer, choroidal structure,
and perfusion of the choriocapillaris, microvessels of the choroid, respectively. Mea-
surement of the outer retinal thickness, choroidal thickness and perfusion of the chori-
ocapillaris was done by the SS-OCT tool.

Results: Thirty-one eyes from 16 WMLs and 40 eyes from 20 healthy controls were
included in the data analyses. Outer retinal thickness was significantly reduced (P
< .001) in WMLs participants when compared to healthy controls. Choroidal thick-
ness was also significantly reduced (P < .001) in WMLs participants when compared
to healthy controls. Choriocapillaris perfusion was significantly reduced (P = .002) in
WMLs when compared to healthy controls. A significant correlation (Rho = .392, P =
.032) was seen between the outer retinal thickness and choriocapillaris perfusion in
WNMLs participants.

Conclusions: Assessing retinal thickness and choroidal changes with the SS-OCTA as
a proxy for WML could prove to be a potentially valuable tool for early detection of

cognitive decline and other neurodegenerative diseases.
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1 | INTRODUCTION

Recent years have seen alarge increase in life expectancy due in part to
a substantial decline in death rates in aging individuals. With increased
long life comes an augmented peril of experiencing maladies, which
increase in prevalence with increasing age such as Alzheimer’s disease,
the commonest cause of dementia (Prince et al., 2015). The projected
rise in the number of the aging population has fueled clinical practi-
tioners and researchers to plan for the care of the rising number with
dementia and develop biomarkers to help in the early detection of
these aging disorders; early detection will be pivotal in its prevention
and facilitate therapeutic measures as well.

White matter lesions (WMLs), a common radiologic finding in the
aging population, have been reported to be the predictable substrate
for dementia and other cerebral small vessel diseases such as ischemic
stroke (Peng et al., 2020). WMLs have been reported to be a product of
ischemicimpediments associated with the microcirculation of the brain
and appear hyperintense on magnetic resonance imaging (MRI) scans
(Wong, 2002). The presence of WMLs on radiologic scans increases
the risk of cognitive decline and dementia (Miyao et al., 1992). Besides,
recent reports (Levit et al., 2020; Sorond et al., 2020) have shown the
importance of white matter integrity in the development of age-related
cognitive decline, and that neurovascular unit dysregulation and exec-
utive dysfunction often appear together WMLs. Thus, timely and effec-
tive approaches become critical as therapies are more likely to be suc-
cessful in the early phase of the disease rather than the late phase.

Ophthalmological impairment has been reported to occur before
the apparent clinical manifestation of most cerebral neurodegenera-
tive disease (Colligris et al., 2018); these ophthalmological abnormali-
ties have been reported to be associated with the visual cortex of the
brain indicating the association between the eye and the brain (Ong
et al., 2015). Moreover, reports have shown that similar mechanisms
of cortical degeneration also occur in the retina and optic nerve (Ong
et al.,, 2015). Recent imaging reports have suggested that dysfunction
of the cerebral microcirculation may contribute to the WMLs disease
cascade (Ong et al., 2015); it has been suggested that decreased blood
flow occurs in WML which leads to neurotoxicity (Wang et al., 2016).
In vivo reports using the optical coherence tomography (OCT) have
shown significant thinning of the choroid in patients with dementia and
WMLs (lyigundogdu et al., 2017; Tak et al., 2017); as such, the choroid
has been suggested to be a novel early and non-invasive microvascu-
lar indicator in the eye for neuro-axonal death in the brain. Nonethe-
less, very little is known about the retinal choroid; thus, the clinical
use of the choroid as an indicator for neurodegeneration remains ques-
tionable given the inconsistent OCT reports. Besides, previous reports
focused on the choroidal thickness with less attention on the chorio-
capillaris (microvasculature of the choroid).

The choroid has been reported to be affected in many retinal dis-
eases (Mcleod et al., 2009) and neurodegenerative diseases such as
dementia (Gharbiya et al., 2014). Alterations in choroidal homeosta-
sis have been reported to occur in the aging population (Jirarattana-
sopa et al.,, 2012), even though it has not been reported comprehen-

sively. Animal models of AD have shown significant alterations in the
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choriocapillaris (Asanad et al., 2019; Podoleanu & Rosen, 2008); more-
over, atrophy of the choriocapillaris has been reported to occur in nor-
mal aging (Podoleanu & Rosen, 2008; Spaide, 2009). Since WMLs are
substrates for both dementia and stroke (the most common neurode-
generative disease in the aging population), in vivo assessment of the
choroidal structure and choriocapillaris may provide useful informa-
tion on the possible pathological changes that occur in WML and give
clues to changes that occur before the obvious neurodegenerative dis-
eases.

Our current study aimed to quantitatively analyze the choroidal
structure, choriocapillaris, and outer retina using the swept-source
optical coherence tomography (SS-OCT) in subjects with WMLs. We
also aimed to provide a more comprehensive understanding of the reti-

nal choroid as a potential indicator for neurodegeneration in the brain.

2 | METHODS

This observational cross-sectional study was approved by the Ethics
Board of West China Hospital and followed the Declaration of Helsinki.
All participants enrolled in this study provided informed written con-
sent before participating in this study.

Twenty participants who were free from dementia and stroke were
enrolled from the Neurology Outpatient Department from West China
Hospital, Sichuan Province, China. The inclusion criteria of our WMH
participants were as follows: (1) participants aged 55 or more; (2) Chi-
nese speaking; (3) adequate sensorimotor and language competency
for cognitive assessment examination; (4) Fazekas score < 3; (5) pro-
vided a signed written informed consent. Exclusion criteria were as fol-
lows: (1) history of neurodegenerative diseases or psychological dis-
ease which affects cognitive function; (2) indication of dementia from
medical records; (3) presence of brain tumors, cerebromalacia on mag-

netic resonance imaging (MRI).

2.1 | Retinal and choroidal image acquisition

A commercial SS-OCT tool (VG200; SVision Imaging, Limited, Luoyang,
China) (Daruich et al., 2017; Liegl & Ulbig, 2014) which contained
a stainless steel laser was used to image the retina and choroid of
each participant. With a scan rate of 200,000 A-scans per second,
the SS-OCT tool had a central wavelength of 1050 nm (full width
of 990-1100 nm). The OCT tool had an axial resolution of 5 um in
tissue and a lateral resolution of 15 um at the retinal surface. Retinal
thickness and choroidal thickness using the OCT and perfusion of the
choriocapillaris using OCT angiography (OCTA); images were acquired
with a high-resolution raster scan protocol of 384 x 384 B scans which
covered a 3 x 3 mm area centered on the fovea (Figure 1a). The retinal
and choroidal parameters were automatically segmented by the OCT
tool. The outer retina was defined as the thickness from the base of the
outer plexiform layer (OPL) to the base of the retinal pigment epithe-
lium (RPE) as shown in Figure 1b. Choroidal thickness was measured

from the base of the RPE - Bruch membrane to the choroidoscleral
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FIGURE 1 Representation of the face image of a
the outer retina, choroidal thickness, and

choriocapillaris. (a) Imaging of the 3 x 3 mm area
centered on the fovea. (b) The outer retinal

thickness was from the base of the outer plexiform

layer to the base of the retinal pigment epithelium

(the layer between the blue lines). The choroidal
thickness was defined as the base of the RPE -

Bruch membrane to the choroidoscleral junction b
(the lower blue line to the red line). (c) The central
cross-section with focal flows in an SS-OCT

sample image. The choriocapillaris was defined as b
the microvessels within the Bruch’s membrane

and the upper boundary of the stroma (between

the two blue lines)

junction (Figure 1b). The choroidal microvessels, choriocapillaris, were
defined as the microvessels within the Bruch’s membrane and the
upper boundary of the stroma as shown in Figure 1c. Images with sig-
nal quality less than 6 were excluded (Lim et al., 2018). Other exclusion
criteria were participants with ophthalmological diseases which could
affect the retinal and choroidal structure such as diabetic retinopathy,
age macular degenerative disease, central serous chorioretinopa-
thy, glaucoma, cataracts, retinal pigment epithelial detachment, and
participants with refractive errors more than +5.0 or —5 diopters.

Retinal and choroidal thickness with choriocapillaris perfusion were
evaluated according to the Early Treatment Diabetic Retinopathy
Study (ETDRS) map. Perfusion of the choriocapillaris was defined as the
total length of perfused choriocapillaris per unit area in square millime-
ters (mm?2). The global outer retina thickness, global choroidal thick-
ness, and perfusion of choriocapillaris reflect the mean value of these
three parameters within a scanning area of 3 x 3 mm which were used
for our data analyses.

2.2 | Statistical analyses

Datawere expressed as mean values (standard deviations) for normally
distributed parameters. Shapiro-Wilk test was used to test the nor-
mality of our data. The parameters from the SS-OCT tool were com-
pared using generalized estimating equation (GEE) models to account
for inter-eye dependencies while adjusting for risk factors. Pearson
correlation was used to evaluate the correlation between clinical vari-
ables and SS-OCT parameters. P values less than .05 were considered
statistically significant. Our data analyses were done with IBM Statisti-
cal Package for Social Sciences Statistics (SPSS version 24).

3 | RESULTS

Thirty-one eyes from 16 WMLs and 40 eyes from 20 healthy con-

trols were included in our data analyses. Four WMLs participants were

—— Outer retina thickness

> Choroidal thickness

» Choroidal microvessels

Average ;4JA
Index: 280/512
N E i

excluded because they could not cooperate with the SS-OCT imag-
ing while one eye of a WML participant was excluded due to low sig-
nal quality (SQ < 6). Demographics and clinical information are dis-
played in Table 1. The graphical representation of the outer retinal
thickness and choroidal structure is shown in Figure 2. WML partici-
pants showed colder colors in the outer retina thickness and choroidal

structure when compared with healthy controls as seen in Figure 2.

3.1 | Comparison of macula and choroid between
the two groups

Outer retinal thickness was significantly reduced (P < .001, Table 2)
in WMLs participants (166.80 + 6.52 um) when compared to healthy
controls (181.07 + 11.96 um). Choroidal thickness was also signif-
icantly reduced (P < .001, Table 2) in WMLs participants (282.19 +
92.16 um) when compared to healthy controls (383.44 + 73.20 um).

Perfusion of the choriocapillaris was significantly reduced (P =
.008, Table 2) in WMLs (.84 + .08) when compared to healthy controls
(.90 +.03).

A significant correlation (Rho = .392, P = .032) was seen between
the outer retinal thickness and perfusion of the choriocapillaris in
WNMLs participants.

4 | DISCUSSION

The retinal choroid is a highly vascularized structure of the posterior
eye, and similar to any microvessels in the body, it is likely to undergo
structural and functional changes with increasing age. This may involve
a reduction of its microvascular perfusion leading to the reduction of
perfusion to the outer retinal thickness which may ultimately affect the
visual function of an individual.

The primary function of the choroid (choriocapillaris) is to oxy-

genate the choroid, outer retina, some portions of the inner retina
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FIGURE 2 Graphical depiction of the outer retinal thickness and choroidal structure (thickness and choriocapillaris). Bright colors represent
areas with significant thickness while dull colors represent significant thinning of the layer. (a) The outer retinal thickness of WML participants. (b)
The outer retinal thickness of HC. (c) The thickness of the choroidal structure in WML patients. (d) The thickness of the choroidal structure in HC

(inner and outer nuclear layers) and has a significant effect on the optic
nerve; thus the choroid supplies oxygen to a part of the inner retina
(neurosensory portion) and foveal avascular zone (Laviers & Zam-
barakji, 2014). Consequently, microvascular changes in the choroid can
therefore affect the structural and microvascular changes in the inner
retina as previously reported on individuals with WMLs (Peng et al.,
2020).

Perfusion of the choriocapillaris reflects the total length of perfused
microvasculature in the analyzed region. With the improvement in the
imaging software of retinal imaging tools, the posterior segment of the
eye (specifically the choroidal structure and microvessels) can now be
visualized non-invasively. It has been reported that the perfusion of
the choriocapillaris is a reliable benchmark for the quantification of
microvessels in the choroid (Agrawal et al., 2016); nonetheless, reports
on the choroidal microvasculature on WMLs are currently scant. Pre-
vious reports (De Jong et al., 2008; Hilal et al., 2014; Ikram et al,,
2006) using fundus camera imaging have shown that participants with
WMLs have significantly altered microvascular network in the retina
(narrower retinal venules and sparser and more tortuous retinal ves-
sels) when compared with age- and sex-matched controls. A previous
report using the OCTA showed that WMLs have significantly reduced
capillary density around the optic nerve head and deep capillary den-
sity when compared with healthy controls (Peng et al., 2020). Our cur-
rent report used the SS-OCT to evaluate the three-dimensional map of
the choroid to demonstrate the alterations that occur in the choroid of
white matter lesions. White matter microstructural damage and mito-
chondrial dysfunction have been suggested to cause impairment of
neurons and glial cells which may lead to vascular alterations (Man-

cuso et al., 2006; Reeve et al., 2018). Moreover, inflammatory cascades

have been suggested as the cause of neuroaxonal damage and vascu-
lar dysfunction of the neurovascular choroid (Marchesi, 2011; Wher-
rett, 2003). Since the retinal choroid has been suggested to reflect
the choroidal plexus with the cerebral microcirculation, we suggest
that these microvascular changes in the choroid may reflect the cere-
bral changes (microstructural changes, neurodegeneration, and cere-
bral microvascular changes) that occur during the disease cascade. Fur-
thermore, irregularities in the choroidal blood flow may cause ischemia
in the optic nerve head and retinal ganglion cells blood circulation and
may explain the damage to the structures in WMLs in our previous
report (Peng et al., 2020). To the best of our knowledge, this is the first
report on the microvascular choroidal changes in WMLs; nonetheless,
future studies may be needed.

lyigundogdu et al. (2017) found a significant reduction in the
choroidal thickness of WML subjects with migraine when compared
with healthy controls. However, Tak et al. (2017) did not report a signif-
icant difference in the choroidal thickness between WMLs participants
and healthy controls. Our current report showed a significant reduc-
tion in the choroidal thickness of WML participants when compared to
healthy controls. Aging, one of the most important risk factors associ-
ated with WML (De Leeuw, 2001; Jin et al., 2020), has been reported
to cause accumulation of lipids and atherosclerosis (Head et al., 2017;
Wang & Bennett, 2012) which creates an ischemic setting alarming the
structure of the choroid resulting in its thinning as seen in our report.
Choroidal thinning in WMLs may be associated with hypoperfusion
due to the irregularities in the choriocapillaris as seen in our results or
the atrophic changes in the choroid as aforementioned (lyigundogdu
et al,, 2017; Tak et al., 2017). On the other hand, choroidal thinning
may be the result of the decreased metabolic activity associated with



Brain and Behavior

WILEY->*

KWAPONG ET AL.
TABLE 1 Demographics and clinical information
WML HC P value
Number 16 20
Number of eyes 31 40
Age, years 59.31+590 55.84+372 .053
Gender (F) 5 10 437

Body mass index, BMI 23.83+2.04 23.65+3.19 .872

Educational background

llliteracy 1 1
Elementary education 6 5
Middle school or higher 9 14
Hypertension, number (%) 4(25) 0
Diabetes mellitus, number (%) 1 (6.25) 0
Hyperlipidemia 2 0
Smoking 3 2
Alcohol 5 4
Radiological findings

Presence of lacunes (%) 2(12.5)
Presence of microbleeds 1(6.25)

Mean Fazekas score

Periventricular 1.5(0.71)

Deep 1.4(0.70)

Ophthalmological
examination

Axial length, mm 23.05+126 2289+123 .624

IOP, mmHg 13.72+1.05 14.01+2.11 .583
Visual acuity, Snellen chart 0.84+0.23 0.99+0.24 .002
Visual acuity, LogMAR 0.09+0.13 -0.01+0.12 .004

TABLE 2 Comparison of SS-OCT parameters between WMLs and
healthy controls

WML HC

Outer retina, um 166.80 + 6.52 181.07 + 11.96 <.001

Choroidal thickness,um 282.19 + 92.16 383.44 + 73.20 <.001

CC, mm?

P value

0.84 + 0.08 0.90 + 0.03 .002

Signal quality 7.97 + 0.66 9.55 +0.50 <.001

Generalized estimating equations (GEE) were used to compare the differ-
ences in the outer retina, choroidal thickness, and CVI between WML and
HC while adjusting for risk factors, signal quality of the angiograms, axial
length and inter eye dependencies.

Abbreviations: CVI, choroidal; HC, healthy controls; VI, vascular index;
WML, white matter lesions.

atrophying retinal ganglion cells as shown in the previous reports (Qu
et al, 2019; Tak et al., 2017). Unlike the previous reports, our study
enrolled WMLs participants without migraine but WMLs of vascular
origin. Our study suggests that choroidal structural thinning in WMLs
may be associated with aging and the microvascular dysfunction in the

disease cascade.

Our study assessed the thickness of the outer retina in WML partic-
ipants. A few reports have analyzed the outer retinal thickness of the
retina in some neurodegenerative diseases such as Parkinson’s disease
(Garcia-Martin et al., 2014; Roth et al., 2014; Spund et al., 2013) and
Alzheimer’s disease (Uchida et al., 2018); however, the results of these
reports have been inconsistent. These discrepancies in the reports
aforementioned may be due to different clinical phases of the disease,
different races, and the OCT tool or algorithm used in the study. The
segmentation algorithm across OCT systems varies and this must be
considered, especially if conventional segmentation algorithms are
used. Our reports defined the outer retina as the thickness from the
base of the outer plexiform layer (OPL) to the base of the retinal pig-
ment epithelium (RPE). Our result showed significantly reduced outer
retina in WMLs participants when compared with healthy controls.
The outer retina mainly contains photoreceptor cells, which play a
significant role in neurotransmission. The significant reduction in the
outer retinal thickness in WML may be ascribed to trans synaptic neu-
ronal loss of the ONL due to the decreased synaptic contribution from
the photoreceptor cells. Contrary to this, we also showed a significant
correlation between the perfusion of the choriocapillaris and outer
retina layer thickness. Because the outer retina layers mainly receive
their oxygen and metabolism from the choroid (Laviers & Zambarakji,
2014; Margolis & Spaide, 2009), the changes of the outer retinal layer
thickness may be a reflection of the reduced oxygenation from the
choroid. Conversely, since the outer retina contains photoreceptors
which help in vision, the thinning of these layers may affect the vision
of WML participants.

Our study should be interpreted with caution as we enrolled partic-
ipants that were quite young. For instance, the healthy controls were
quite younger than the WMLs. Another major limitation of our study is
the small sample size which lowers the eagerness and makes the find-
ings difficult to interpret in the aging population. The study started
with 20 WMLs participants and shrunk to 16 after the exclusion of un-
cooperated patients (2) and images that could not meet our imaging
criteria (2). Nonetheless, this study can be repeated with larger sam-
ple size. Also, our study consisted of only Chinese individuals; thus,
our data cannot be translated to other ethnic groups. Future studies
with WML participants from different ethnic groups can be conducted.
Another limitation of this study is the prospective nature of our study
and the lack of volumetric MRI data to further support clinical MRI
ratings.

Notwithstanding our limitations, our study showed that participants
with WMLs have significantly reduced outer retinal thickness, reduced
choroidal thickness, and significantly reduced choriocapillaris perfu-
sion when compared with healthy controls. We also showed that the
choriocapillaris perfusion is associated with the outer retinal changes
in WMLs. To our knowledge, this is the first study comparing the in vivo
anatomical changes of the choroid and outer retina in WMLs via the
SS-OCT. Assessing retinal thickness and choroidal changes with the SS-
OCTA as a proxy for WML could prove to be a potentially valuable tool
for early detection of cognitive decline and other neurodegenerative

diseases.
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