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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: To investigate small vessel abnormalities in patients with cognitive impairment, we
Retinal vessels compared retinal microvascular alterations between patients with cognitive impairment related to Alzheimer's
Alzheimer's disease disease (ADCI) and those with subcortical vascular cognitive impairment (SVCI).

Vascular dementia
Amyloid
Cerebral small vessel diseases

Methods: We prospectively recruited 29 amyloid-positive ADCI patients, 28 amyloid-negative SVCI patients that
were confirmed by 'C-PiB-PET scan and 34 individuals with normal cognition (NC). The three groups were
compared in terms of retinal vascular variables (retinal fractal dimension, vascular caliber, tortuosity and
branching angle) by using a semi-automated, computer-assisted analysis of digital fundus photographs. We also
investigated the relationship between retinal variables and white matter hyperintensities (WMH) on MRI.
Results: Compared to NC individuals, the SVCI patients had smaller total and arteriolar fractal dimensions,
whereas there was no significant difference of fractal dimension between ADCI and NC. Other retinal variables
did not differ among the three groups. A significant correlation existed between fractal dimension and WMH
volume.

Conclusions: Retinal microvascular alterations, especially retinal fractal dimension, may be useful markers that
reflect cerebral microvascular changes in patients with SVCI as opposed to ADCI, who had no definite difference
in retinal variables compared to the NC group.

1. Introduction dementia etiologies [1]. Therefore, the causes of dementia are often
dichotomized into Alzheimer dementia and vascular dementia (VaD).

Alzheimer's disease (AD) and cerebrovascular disease (CVD) are the However, these two disorders, especially AD and subcortical VaD
most common causes of dementia, accounting for as many as 70% of all (SvaD), largely overlap. CVD is present in 30-60% of AD brains in
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autopsy studies [2-5]. Conversely, as many as 88% of patients clinically
diagnosed with VaD have an Alzheimer pathology (40% have pure AD,
40% have small vessel disease with AD and 8% have large vessel disease
with AD) as assessed by autopsy [6].

Small vessel changes are considered a hallmark of what is referred
to as subcortical vascular cognitive impairment (SVCI), a term that
combines SVaD and its prodromal stage (subcortical vascular mild
cognitive impairment). Cardiovascular risk factors contribute to ob-
literate small and medium sized cerebral arteries, resulting in lacunes,
white matter hyperintensities (WMH) or microbleeds that are com-
monly observed on brain MRI in patients with SVCI [7]. However,
microvascular abnormalities have also been reported to occur in pa-
tients with cognitive impairment related to Alzheimer's disease (ADCI),
a combined condition of Alzheimer disease dementia and its prodromal
stage, the amnestic type of mild cognitive impairment. That is, as Ap
accumulates in an Alzheimer brain, amyloid angiopathy involving small
and medium sized arteries occurs [8], or elevated brain A levels
contribute to disrupt vascular components [9,10] leading to micro-
vascular obstruction in ADCI patients.

Conventional MRI is useful in demonstrating small vessel disease
markers such as lacunar infarction, WMH and microbleeds, as already
discussed. DTI scans may show microstructural changes even before
WMH become apparent. However, these changes would appear on MRI
after small cerebral vessels have been obliterated or small vessels have
had longstanding hypoperfusion. Thus, these changes only represent a
relatively late stage of small vessel disease. Therefore, cerebral small
vessels need to be visualized directly before overt change on MRI. As
people age, they are more likely to have concomitant cerebrovascular
pathology. The importance of detecting microvascular changes early
cannot be stressed enough because CVD can be prevented with appro-
priate measures.

Recently retinal vessels were identified as a proxy of small brain
vessels. Retinal vessels are anatomically similar and have the same
developmental origin as small cerebral vessels [11,12]. Additionally,
the morphology of retinal vascular structure can be identified in vivo
with funduscopy. In patients with vascular cognitive impairment, such
as subcortical vascular dementia and post-stroke dementia, several
studies have shown an association between retinal vessel changes and
lacunes or stroke [13,14]. However, as described already, AD pathology
and small vessel disease often go hand in hand. About 30% of patients
clinically diagnosed with SVaD have been reported to be positive for
amyloid positron emission tomography (PET) [15], and this result has
been replicated in other studies [16-18]. Because amyloid deposition
may cause CVD through inflammatory pathways or by disrupting blood
vessels [8], patients with mixed AD and CVD pathology must be ex-
cluded to identify the effects of CVD on retinal vasculature. More recent
studies have also shown that retinal vessel variables are altered in pa-
tients clinically diagnosed with Alzheimer's disease [19,20]. However,
as many as 12% of patients with clinically diagnosed AD can be amyloid
negative in amyloid PET scans [18]; thus, the possibility of recruiting
patients with non-AD dementia cannot be eliminated.

To exclude mixed dementia and non-AD pathology, we therefore
recruited amyloid-positive ADCI patients, amyloid-negative SVCI pa-
tients and individuals with normal cognition (NC) and compared retinal
microvascular alterations among the three groups.

2. Methods
2.1. Participants

ADCI in our sample consisted of amnestic mild cognitive impair-
ment (aMCI) and probable AD dementia. SVCI consisted of subcortical
vascular MCI (svMCI) and SVaD. Probable AD dementia patients ful-
filled criteria proposed by the National Institute of Neurological and
Communicative Disorders and Stroke and the AD and Related Disorders
Association (NINCDS-ADRDA) [21]. Patients with SVaD met the
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diagnostic criteria for vascular dementia as determined by the Diag-
nostic and Statistical Manual of Mental Disorders—-Fourth Edition (DSM-
IV) and fulfilled imaging criteria for SVaD proposed by Erkinjuntti et al.
[22]. aMCI and svMCI patients met Petersen's criteria for MCI with
modifications as previously described [23]. All svMCI and SVaD pa-
tients had severe WMH on MRI scans, which was defined as a cap or
band (periventricular WMH) = 10 mm and deep white matter lesions
(deep WMH) = 25 mm, as modified from the Fazekas ischemia criteria
[24].

Our initial sample consisted of 114 patients with clinically-defined
ADCI and 137 patients with clinically-defined SVCI who had undergone
detailed neuropsychological testing [25], MRI and [*'C] PiB-PET scan
at Samsung Medical Center between September 2008 and May 2011. Of
the 45 patients with aMCI and 69 patients with probable AD dementia,
28 (62.2%) and 61 (88.4%) patients, respectively (total ADCI = 89),
tested amyloid positive by PiB-PET scan. Of the 67 patients with svMCI
and 70 patients with SVaD, 47 (70.1%) and 45 (64.3%) patients, re-
spectively (total SVCI = 92), were shown to be amyloid negative.

Of this initial sample, we contacted patients who visited our clinic
between September 2014 and November 2015 when we performed
fundus photography. Two PiB(—) svMCI patients were excluded from
the study because of histories of optical conditions including branch
retinal artery occlusion and macular degeneration. A total of 59 pa-
tients completed digital fundus photography, and consisted of 6 PiB(+)
aMCI, 23 PiB(+) AD dementia, 19 PiB(—) svMCI, and 11 PiB(—) SVaD
patients. Two PiB(—) svMCI patients were excluded from the final
analysis because of poor retinal image quality (Fig. 1). Therefore, data
from 57 patients was used in the final analysis.

Of the 89 amyloid-positive ADCI patients, those included (29/89)
and excluded (60/89) did not differ in terms of age, sex, hypertension,
diabetes mellitus, ischemic heart disease, stroke or hyperlipidemia.
Only history of alcohol use and smoking were more frequent in ex-
cluded than included ADCI patients. Of the 92 amyloid-negative SVCI
patients, those included (28/92) and excluded (64/92) did not differ in
terms of age, sex, hypertension, diabetes mellitus, hyperlipidemia or
smoking history. However, ischemic heart disease, stroke and history of
alcohol use were more common in excluded than included SVCI pa-
tients (Supplementary Table 1).

For the control group, we recruited 34 individuals with subjective
memory impairment (SMI) who underwent detailed neuropsychological
testing and brain MRI at the Memory Clinic at Samsung Medical Center
from January 2012 to June 2015. Inclusion criteria were: (i) subjective
memory complaints by patients or caregivers; (ii) no objective cognitive
dysfunction as evidenced by evaluation scores on any cognitive do-
mains; and (iii) not suffering dementia. Exclusion criteria included
history of traumatic brain injury, cortical stroke, seizure, brain surgery,
current systemic medical disease that could affect cognition and severe
WMH, defined as deep WMH = 25mm and periventricular
WMH = 10 mm. We also excluded individuals who met the Diagnostic
and Statistical Manual of Mental Disorders (Fourth Edition) criteria for
psychotic or mood disorders, such as schizophrenia or major depressive
disorder [26].

We obtained written consent from each participant and the
Institutional Review Board of Samsung Medical Center approved the
study protocol (IRB No. 2014-07-030-008).

2.2. [11C] PiB PET

All ADCI and SVCI patients completed a [*1C] PiB PET scan at
Samsung Medical Center or Asan Medical Center using a Discovery STe
PET/CT scanner (GE Medical Systems, Milwaukee, WI, USA) in 3-di-
mensional scanning mode that examined 35 slices of 4.25-mm thickness
spanning the entire brain. [''C] PiB was injected into the antecubital
vein as a bolus injection with a mean dose of 420 MBq (i.e., range
259-550 MBq). Sixty minutes after injection, a CT scan was performed
to correct for attenuation. A 30-minute emission static PET scan was
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Fig. 1. Participant flow diagram.

then initiated. The specific radioactivity of [*'C] PiB at the time of
administration was higher than 33.3 GBq/umol. In all PET studies, the
radiochemical purity of the radiotracer was higher than 95%.

PiB-PET images were co-registered to individual MRIs, which were
normalized to a T1-weighted MRI template. Using these parameters,
MRI co-registered PiB-PET images were normalized to the MRI tem-
plate. Regional PiB retention values were quantified on spatially nor-
malized PiB images by an automated VOI analysis using the automated
anatomical labeling (AAL) atlas. Data were processed with SPM Version
5 (SPM5) in Matlab 6.5 (MathWorks, Natick, MA, USA).

To measure PiB retention, the cerebral cortical region was used to
determine the cerebellum uptake ratio. The cerebellar gray matter was
used as a reference region. Twenty-eight cortical VOIs from the left and
right hemispheres were selected with the AAL atlas. The cerebral cor-
tical VOIs chosen for this study consisted of the bilateral frontal, pos-
terior cingulate gyri, parietal, lateral temporal and occipital regions.
Regional cerebral cortical uptake ratios were calculated by dividing
each cortical VOI uptake ratio by the mean uptake of the cerebellar
cortex (cerebellum crusl and crus2). Global PiB standardized uptake
value ratio (SUVR) was calculated from the volume-weighted average
uptake ratio of 28 bilateral cerebral cortical VOIs. Amyloid positive was
defined if global SUVR was > 2 standard deviations (PiB SUVR above
1.5) from the mean of the normal controls [15,27].

2.3. Retinal photography and quantitative measurements of retinal
microvasculature

Digital fundus photographs were collected with a 45° digital retinal
camera (TRC-50DX; Topcon Medical Systems, Inc., USA) after pupil
dilation with 1% tropicamide and 2.5% phenylephrine hydrochloride.
A retinal image centered on the optic disc of each eye was obtained.
Fundus images obtained at Samsung Medical Center Seoul Korea were
sent to ocular research experts in Singapore who were blinded to the
clinical information. The retinal image of the right eye was analyzed. If
the right image was not suitable, the retinal image of the left eye was
analyzed. Retinal vascular variables from photographs were quantified
by a semi-automated, computer-assisted program (Singapore I Vessel
Assessment [SIVA], software version 3.0). SIVA automatically
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recognizes the optic disc, arranges a grid with reference to the center of
the optic disc, distinguishes vessel type, and calculates retinal vascular
variables. Trained graders, masked to participant characteristics, vi-
sually evaluated the automated results and intervened manually if ne-
cessary according to a standardized protocol [28]. The graders de-
termined the radius of the optic disk by marking 2 points corresponding
to the center of the optic disk and the maximum vertical distance from
the center of the optic disk to the margin of the optic disk edge. The
measured area was defined within the region between 0.5 and 2.0 disc
diameters away from the disc margin. The intra- and inter-grader re-
liability for the measurement have been reported previously [28].

2.3.1. Retinal vascular fractal dimension

Total, arteriolar, and venular fractal dimensions were computed
from a skeletonized line tracing by using the box-counting method.
With the box counting method, the retinal image was divided into a lot
of equally sized square boxes, and the number of boxes containing a
section of the line tracing was counted. The process was repeated with a
different sized box. Fractal dimension is the slope of the line obtained
via plotting the logarithm of the number of boxes through which the
tracing passes against the logarithm of the size of the boxes. Fractal
dimension was used to estimate the whole branching pattern of the
retinal vascular tree [19]. Larger values indicate a more complex
branching pattern.

2.3.2. Retinal vascular caliber

Retinal arteriolar and venular calibers were calculated and sum-
marized as central retinal artery and central retinal vein equivalents,
respectively [19]. The width of first branch of the largest six arterioles
and venules were used in the calculation of average vessel width for
computation of retinal vascular caliber. The retinal vascular caliber
reflects the width of the red blood cell column.

2.3.3. Retinal vascular tortuosity

Retinal vascular tortuosity was measured as the integral of the
curvature square along the vessel path normalized to the total path
length; this represents a ratio measure [29]. The estimates were sum-
marized as arteriolar and venular tortuosity, representing the average
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tortuosity of arterioles and venules, respectively. Retinal vascular tor-
tuosity shows the curliness of the vessels; a smaller tortuosity value
indicates a straighter vessel [19].

2.3.4. Retinal vascular branching angle

Retinal vascular branching angle was determined as the first angle
subtended between two daughter vessels at each vascular bifurcation
[30]. Retinal arteriolar branching angle and retinal venular branching
angle represent the average branching angle of arterioles and venules,
respectively.

2.4. Blood pressure measurement

Blood pressure (BP) was measured concurrently before retinal
photography on the same day with an automatic sphygmomanometer
(Medical Electronics Sphygmomanometer TM-2655P; A&D Co. Ltd.,
Tokyo, Japan).

2.5. Neuropsychological tests

All patients underwent neuropsychological testing with a standar-
dized battery called the Seoul Neuropsychological Screening Battery
[25] at initial and follow-up assessment. However, neuropsychological
data except for MMSE (Mini Mental State Examination) from only 50
(18 NC, 12 ADCI and 20 SVCI patients) of 91 patients was used in this
study because the time gap between the neuropsychological tests and
fundus photography was over one year in the other patients. The bat-
tery comprised tests for attention, language, calculation, praxis, vi-
suospatial/constructive function, verbal/visual memory, and frontal/
executive function as previously described [31]. Composite scores for
attention, language and related functions, visuospatial, memory and
frontal functions were calculated [32-34]. The attention score was
calculated by summing the scores for the digit-span forward and digit-
span backward tests (range: 0-17). The language and related function
score was calculated by summing the scores from the Korean version of
the Boston naming test (BNT) short form and calculation (range: 0-27).
The visuospatial score was based on the Rey Complex Figure Test
(RCFT) (range: 0-36). The memory score was calculated by summing
scores from the verbal memory tests (SVLT immediate recall, delayed
recall and recognition score) and visual memory tests (RCFT immediate
recall, delayed recall and recognition score) (range: 0-144). The frontal
score was calculated by summing scores from the category word gen-
eration (semantic Controlled Oral Word Association Test for animal),
phonemic word generation and correct number in Stroop color-reading
tests (range: 0-55).

2.6. Assessment of WMH volume

For WMH volume measurement, fist we obtained fluid attenuated
inversion recovery (FLAIR) images as follows: axial slice thickness of
2 mm; no gap; repetition time of 11,000 ms; echo time of 125 ms; flip
angle of 90°; and matrix size of 512 x 512 pixels. We then quantified
WMH volume (in milliliters) on FLAIR images using Inbrain®, a Korea
Food and Drug Administration (KFDA)-cleared software and a regis-
tered trademark of MIDAS Information Technology Co., Ltd. The au-
tomated WMH quantification process has been described in one of our
previous studies [35]. All T1 weighted images were analyzed using
FreeSurfer V6.0 with default parameters and the results were used in
the process of creating a WMH region mask. FLAIR images were un-
dergone nonuniformity correction, intensity normalization, and co-re-
gistration of FLAIR and T1 images of each subject. WMH was seg-
mented using the FMRIB Automatic Segmentation Tool (FAST)
algorithm with WMH candidate region mask on FLAIR images. By using
intensity-substitution method, T1 images were classified into white
matter and gray matter and localized into lobes properly. Periven-
tricular WMH was defined in each slice via 10 mm dilation of the lateral
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ventricle mask and another region was defined as deep WMH region.
Regionally localized atlases of the four lobes, and periventricular WMH
and deep WMH were transformed into FLAIR native space and the
WMH volume was quantified.

2.7. Statistical analyses

For descriptive statistics, we used the x2 test or Fisher's exact test to
compare dichotomous variables and analysis of variance followed by
Bonferroni's post hoc analysis or Tukey's test using rank to compare
continuous variables including retinal variables and WMH volume.
Because total fractal dimension, arteriole fractal dimension, venular
calibers, arteriolar tortuosity, and WMH volume were not normally
distributed, we used Tukey's test using ranks to compare these vari-
ables. To control for covariates in the comparison of retinal variables,
analysis of covariance (ANCOVA) was applied.

We used Spearman's correlation and multivariate linear regression
to investigate correlation between retinal variables and WMH volume
with adjustment for covariates that differed among the groups, in-
cluding age, sex, hypertension, anti-platelet agent, body mass index
(BMI) and APOE 4 carrier. We transformed total fractal dimension,
arteriole fractal dimension, venular calibers, arteriolar tortuosity, and
WMH volume using square root transformation for continuous analysis.

Multivariate linear regression models were performed for associa-
tions between retinal variables and group with adjustment for age, sex,
hypertension, anti-platelet agent, body mass index (BMI) and APOE 4
carrier. Receiver operating characteristic (ROC) curves were used to
determine the sensitivity, specificity, and area under the curve (AUC) of
retinal variables for the discrimination of SVCI from ADCI, SVCI from
NC, and ADCI from NC [36]. We used the Youden index [37] to identify
an ideal cut-off for retina variables to discriminate each other. To find
retinal variables that were significantly associated with cognitive
function, Pearson correlations and multivariate linear regression ana-
lyses were performed after adjusting for age, sex and education for each
retinal variable. Statistical analyses were conducted with SPSS version
21 (IBM Corp. Armonk, NY, USA). Statistical significance was defined
asp < .05.

3. Results
3.1. Demographic and clinical characteristics

Demographic and clinical characteristics are shown in Table 1. Pa-
tients with SVCI were older and had higher prevalence of hypertension
than did NC individuals. The three groups did not differ in systolic or
diastolic BP at the time of fundus evaluation. The prevalence of diabetes
among the three groups was not different, and diabetic retinopathy was
not found in all individuals. The ADCI group had significantly more
APOE 4 carriers than did the other groups. BMI was higher in the SVCI
group than in the NC group. The three groups did not differ in sex, other
vascular risk factors, alcohol history or smoking history. Patients with
ADCI and SVCI had lower scores than did NC individuals on the MMSE
and all cognitive domains of neuropsychological tests. The ADCI and
SVCI groups did not differ in MMSE scores or any composite score of
each cognitive domain, except for the memory domain. The SVCI group
had larger WMH volume than the NC and ADCI groups, whereas WMH
volume did not differ between the NC and ADCI groups.

3.2. Comparison of retinal variables between the normal cognition, ADCI
and SVCI groups

Compared with the NC group, the SVCI group had smaller total and
arteriolar fractal dimensions. Fractal dimensions did not differ sig-
nificantly between the ADCI and NC groups. Other variables, such as
retinal vascular caliber, tortuosity and branching angle did not differ
among groups (Table 2, Fig. 2).
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Table 1
Demographic and clinical characteristics of the study population.
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NC ADCI SVCI P value NC vs. ADCI P value NC vs. SVCI P value ADCI vs SVCI
N 34 29 28
Age, years 69.8 = 6.1 73.8 = 8.0 75.4 = 8.0 0.109 0.011 1
Sex, female, n (%) 27 (79.4) 16 (55.2) 20 (71.4) 0.058 0.557 0.274
Vascular risk factors, n (%)
Hypertension 13 (38.2) 11 (37.9) 25 (89.3) 1 < 0.001 < 0.001
Diabetes 2(5.9) 1(3.4) 5(17.9) 1 0.228 0.102
Hyperlipidemia 17 (50.0) 9 (31.0) 10 (35.7) 0.199 0.309 0.783
Ischemic heart disease 4 (11.8) 1349 0 (0) 0.363 0.120 1
Stroke 1(2.9 0 (0) 1(3.6) 1 1 0.491
Alcohol (drinking) 9 (26.50) 7 (24.1) 9 (32.1) 1 0.780 0.565
Smoking (smoker) 6 (17.6) 4 (13.8) 6 (21.4) 0.741 0.755 0.504
Antiplatelet drug use, n (%) 14(41.2) 7 (24.1) 20 (71.4) 0.187 0.022 0.001
APOE E4 carrier, n (%) (n =89) 11 (34.4) 23 (79.3) 6 (21.4) 0.001 0.390 < 0.001
Height, cm 156.6 = 7.9 158.4 + 10.3 153.0 = 9.1 1 0.382 0.083
Weight, kg 57.2 * 10.6 62.2 = 11.1 589 + 94 0.178 1 0.695
BMI, kg/m? 232 = 3.1 24.6 = 2.3 25.1 = 3.2 0.155 0.032 1
Systolic BP, mmHg 125.0 = 16.2 128.0 = 17.6 129.6 + 15.8 1 0.815 1
Diastolic BP, mmHg 74.3 = 9.6 75.0 = 10.3 75.3 = 11.0 1 1 1
MMSE 28.1 = 2.0 18.0 = 11.3 22.1 + 5.6 < 0.001 0.005 0.108
Neuropsychological testing
Attention(n = 50) 10.6 = 2.8 7.9 + 22 80 = 1.7 0.007 0.002 1
Language(n = 43) 240 = 1.9 18.6 = 5.6 18.3 = 6.0 0.015 0.003 1
Visuospatial(n = 49) 335 = 1.5 26.0 = 8.8 23.3 = 10.1 0.043 0.001 1
Memory(n = 46) 83.8 £ 9.9 25.6 = 15.3 55.0 = 25.6 < 0.001 < 0.001 0.001
Frontal(n = 28) 42.5 = 6.0 22.0 = 155 22,5 + 11.6 0.004 0.001 1
WMH volume (mm?)
Total 4710 (1730, 6820) 4684 (3362, 6715) 37,147 (29,155, 59,698)  0.378 < 0.001 < 0.001
Periventricular 3832 (1320, 6115) 3879 (3027, 6082) 30,297 (20,474, 47,585)  0.329 < 0.001 < 0.001
Deep 347 (218, 1015) 396 (172, 759) 5162 (3615, 8472) 0.933 < 0.001 < 0.001

We used the 2 test or Fisher's exact test to compare dichotomous variables, and analysis of variance followed by Bonferroni's post hoc analysis to compare
continuous variables except for WMH volume. Tukey's test using ranks was used for comparison of WMH volume. Continuous variables except for WMH volume are

expressed as mean =

standard deviation. WMH volume is expressed as median (interquartile range).

Abbreviations: ADCI, cognitive impairment related to Alzheimer's disease; BMI, body mass index; BP, blood pressure; MMSE, Mini Mental State Examination; NC,

normal cognition; SVCI, subcortical vascular cognitive impairment; WMH, white matter hyperintensities.

Multiple linear regression analyses were performed on the fractal
dimension, showing that smaller fractal dimension correlated with SVCI
even after controlling for age, sex, hypertension, antiplatelet drug, BMI
and APOE genotype (Table 3). In the ADCI group, however, total fractal
dimension was only mildly associated, and the association disappeared
after controlling for APOE genotype.

Microvascular changes also occurred on the venous side. The SVCI
group had a significantly decreased venular fractal dimension even
after controlling for covariates including age, sex, hypertension, anti-
platelet drug, APOE 4 and BMI (Supplementary Table 2), which was not
the case for ADCI patients.

Table 2
Comparison of retinal variables among the groups.

3.3. Correlation between retinal variables and WMH volume

For all participants, Spearman correlation coefficients between ar-
teriolar fractal dimension and whole WMH volume was —0.345
(p = .001), while those between arteriolar fractal dimension and peri-
ventricular or deep WMH volume were —0.335 (p = .001) and —0.342
(p = .001), respectively. Total (arteriolar and venular combined) fractal
dimension showed weak correlation with WMH. Spearman correlation
coefficients for whole WMH volume, periventricular WMH volume, and
deep WMH volume were —0.274 (p = .01), —0.264 (p = .013), and
—0.278 (p = .009), respectively. In addition, Spearman correlation

NC ADCI SVCI P value NC vs. ADCI P value NC vs. SVCI P value ADCI vs SVCI
Fractals
Total fractal dimension 1.441 = 0.047 1.411 = 0.060 1.392 = 0.062 0.143 0.002 0.242
Arteriolar fractal dimension 1.227 = 0.050 1.199 = 0.061 1.165 = 0.070 0.214 < 0.001 0.057
Venular fractal dimension 1.214 = 0.050 1.189 *= 0.056 1.181 = 0.065 0.286 0.084 1
Caliber
Central retinal artery equivalent, um 149.64 + 11.93 150.71 + 10.97 151.52 + 16.01 1 1 1
Central retinal vein equivalent, um 212.68 * 15.65 214.10 = 13.68 218.91 + 24.48 1 0.142 0.168
Tortuosity
Arteriolar tortuosity (x 10%) 0.423 = 0.073 0.428 = 0.091 0.412 + 0.013 0.999 0.915 0.908
Venular tortuosity (><104) 0.532 = 0.096 0.533 = 0.011 0.558 = 0.011 1 1 1
Bifurcation
Arteriolar branching angle, ° 71.61 + 11.61 75.69 + 11.66 7217 + 11.03 0.485 1 0.745
Venular branching angle, ° 76.71 + 9.61 79.35 + 8.08 74.74 £ 12.04 0.894 1 0.255

Analysis of variance (ANOVA) followed by Bonferroni's post hoc analysis or Tukey's was performed to compare retinal variables.
Abbreviations: ADCI, cognitive impairment related to Alzheimer's disease; NC, normal cognition; SVCI, subcortical vascular cognitive impairment.
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Fig. 2. Examples retinal images from a 61-year-old male amyloid negative SVaD (a), 74-year-old female normal cognition (b) and 75-year-old female amyloid
positive AD (c). These examples show that fractal dimension of the SVaD patient (total fractal dimension, 1.391; arteriolar fractal dimension, 1.145) is smaller than
that of the normal cognition individual (total fractal dimension, 1.499; arteriolar fractal dimension, 1.307) and the AD patient (total fractal dimension, 1.425;
arteriolar fractal dimension, 1.240). Top images are original. Bottom images show the optic disc and vessel identified by the SIVA software. Arterioles are in red and
venules in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

Multivariate analysis of the relationship between fractal dimension and ADCI and SVCL

ADCI (with NC as reference group)

SVCI (with NC as reference group)

pB* p value B* p value

Model 1

Total fractal dimension (sqrt) —6.030 0.024 —13.851 0.002
Arteriolar fractal dimension (sqrt) —4.221 0.070 —10.537 0.004
Venular fractal dimension —-2.411 0.041 —4.998 0.009
Model 2

Total fractal dimension (sqrt) —2.959 0.258 —14.368 0.001
Arteriolar fractal dimension (sqrt) —-1.638 0.471 —10.524 0.005
Venular fractal dimension —1.169 0.309 —5.605 0.005

Multiple linear regression analyses were applied (p < .05).

Model 1: age, sex, hypertension, anti-platelet agent and BMI were entered as independent factors.

Model 2: APOE 4 carrier was entered as an independent factor to Model 1.

Adjusted P values were derived by multiple regression. B denotes the regression coefficient in the multivariate model. *indicates unstandardized coefficient.
Abbreviations: ADCI, cognitive impairment related to Alzheimer's disease; NC, normal cognition; SVCI, subcortical vascular cognitive impairment; sqrt, square rood

transformation.

coefficients between venular caliber and whole WMH volume and
periventricular WMH volume were 0.228 (p =.033) and 0.229
(p = .032), respectively. However, there was no correlation between
other retinal variables and WMH.

In multivariate linear regression, larger WMH volume was sig-
nificantly correlated with smaller total fractal dimension and arteriole
fractal dimension. Larger deep WHM volume was correlated with larger
venular tortuosity (Supplementary Table 3).

3.4. Differential accuracy for each group

ROC curves were built to determine, for each retinal variable, the
cut-off scores that best discriminated each group based on sensitivity
and specificity values. For discriminating SVCI from NC, arteriole
fractal dimension showed the best accuracy (AUC, 0.791; 95% con-
fidence interval, CI, 0.669-0.884; sensitivity, 79%; specificity, 82%) at
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the cut-off 1.198. For discriminating SVCI from ADCI, arteriole fractal
dimension showed the best accuracy (AUC, 0.654; 95% CI,
0.516-0.775; p = .04; sensitivity, 86%; specificity, 52%) at the cut-off
1.227. In terms of discriminating ADCI form NC, there was no sig-
nificant model using ROC curves.

3.5. Correlation between retinal variables and cognitive function

Multivariate linear regression controlled for age, sex and education
showed the combined group (NC, SVCI and ADCI) had a positive cor-
relation between the total (arteriolar and venular combined) fractal
dimension and language, total fractal dimension and visuospatial do-
mains, arteriolar fractal dimension and language, and arteriolar fractal
dimension and visuospatial domains (Table 4). However, when the
same analysis was performed in each group separately, no retinal
variables were associated with MMSE or any cognitive domain score. In
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Table 4
Multivariate analysis of the relationship between fractal dimension and cognitive function in all participants.
Attention (n = 50) Language (n = 43) Visuospatial (n = 49) Memory (n = 46) Frontal (n = 28) MMSE (n = 91)
B p value B p value B p value B p value B p value B p value
Total fractal dimension (sqrt) 1.4 0.928 56.8 0.035 131.6 0.015 —206.7 0.377 105.7 0.528 38.2 0.194
Arteriolar fractal dimension (sqrt) —2.4 0.835 44.8 0.026 123.6 0.002 —96.5 0.593 133.2 0.262 47.4 0.051
Venular fractal dimension -3.6 0.587 19.0 0.116 24.8 0.311 —160.1 0.096 —58.9 0.405 6.9 0.589

Multiple linear regression analyses were performed adjusting for age, sex and education. Adjusted P values were derived by multiple regression. 3 denotes the

regression coefficient in the multivariate model.

Abbreviations: MMSE, Mini Mental State Examination; sqrt, square rood transformation.

the SVCI group, the Pearson correlation coefficient between arteriolar
fractal dimension and visuospatial composite score was 0.475 at the
0.05 level.

4. Discussion

Herein, we compared retinal variables among NC, PiB(+) ADCI and
PiB(—) SVCI groups. We found that: (1) the fractal dimension of retinal
vasculature was smaller in the SVCI group compared to the NC group;
(2) arteriolar fractal dimension was inversely correlated with WMH
volumes in the whole group; (3) retinal variables including fractal di-
mension did not differ significantly between the ADCI and either NC or
SVCI group; and (4) fractal dimensions were associated with language
and visuospatial functions in the entire study population.

The smaller fractal dimension in the SVCI group compared to the NC
group suggests that arteriolar fractal dimension can be a biomarker of
small vessel disease (SVD) in patients with vascular cognitive impair-
ment. The accuracy of discriminating SVCI from NC in terms of arter-
iolar fractal dimension was fair (AUC 0.791) in our participants.
Previous studies involving lacunar stroke or SVD showed similar find-
ings [14,38,39], but to our knowledge, our study is the first to provide
evidence that the fractal dimension in retinal arterioles and venules is
decreased in patients with svMCI and SVaD. Fractal analysis is a mea-
sure of the branching complexity of structures and complex geometric
patterns [39]. Retinal vascular fractal dimension is a reflection of its
optimality and efficiency of blood distribution [40]. A reduction from
optimal architecture can result in impaired microcirculatory transport
and reduced blood flow efficiency with increased energy cost, which
may increase the risk of CVD [12].

In all participants, WMH volume was inversely correlated with ar-
teriole fractal dimension. WMH lesion is known to be caused by mi-
crovascular change due to arteriosclerosis or chronic ischemia due to
hypoperfusion and disturbances of cerebral blood flow [8]. Our results
suggested that retinal arteriole fractal dimension can reflect the state of
cerebral small vessels. This finding is partially in line with the previous
studies, which revealed that retinal arteriolar abnormalities correlated
with MRI signs of cerebral white matter lesions in healthy people and
patients with stroke or myocardial infarction [41-43]. However, those
studies investigated on retinal narrowing, arteriolar geometry, micro-
aneurysm, retinal hemorrhage, and presence of retinal exudates. There
were few studies that showed the correlation of retinal fractal dimen-
sion and WMH volume in patients with cognitive impairment.

On the other hand, retinal variables did not differ between the ADCI
and NC groups, although the ADCI and SVCI groups were at a com-
parable disease stage as assessed by detailed neuropsychological tests.
In fact, the ADCI group had worse memory performance than did the
SVCI group. The accuracy of discriminating ADCI from NC was not
effective, either. These findings were not compatible with previous
studies showing that there were smaller fractal dimensions, reduced
branching complexity and narrowed veins in AD patients [19,44].
These discrepancies remain to be resolved. However, differences in
inclusion criteria among studies can contribute, at least in part. Firstly,
we used detailed neuropsychological tests to diagnose patients, whereas
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the previous study enrolled the cognitive dysfunction group by using a
brief screening tool. Secondly, we selected ADCI patients with minimal
ischemia on MRI and, more importantly, amyloid deposits on a PIB-PET
scan, therefore excluding patients with non-AD pathology and vascular
cognitive impairment. Thirdly, our sample size was also relatively small
compared with previous studies. Another discrepancy between previous
studies and our study was that the previous studies showed a positive
association between cognition and fractal dimension [19,45] whereas
our study found no association between neuropsychological tests and
fractal dimension. Again, this discrepancy can be explained by the
different inclusion criteria and sample size.

We found microvascular abnormalities extended to the venous side
in our SVCI patients, showing that venular fractal dimension decreased,
even after controlling for covariates. The majority of previous studies
on vascular cognitive impairment have focused on arteriosclerotic
change and arteriopathies [8], whereas only a few studies have given
attention to venous or venular changes. Autopsy studies have shown
that leukoaraiosis or confluent white matter lesions are associated with
periventricular venous collagenosis, which is excessive collagen de-
position in the walls of veins and venules [46]. Periventricular venous
collagenosis used to be mistaken for hyalinized arterioles when routine
stains were used; however, specific stains showed the affected vessels to
be venules rather than arterioles [47]. Severe venous wall thickening in
leukoaraiosis lesions results in narrow lumina and occlusion, causing
venous insufficiency [48]. An animal study also revealed that arterial
hypertension affects the venous system of brain and venous collagenosis
[49].

Our study has limitations. First, as stated already, our sample size
was relatively small compared with previous studies. Second, our NC
group was composed of SMI individuals without PiB PET data.
Therefore, we cannot completely exclude the possibility that there had
been some preclinical AD in the NC group. Third, out of initial ADCI
group we recruited only 33% of the patients. Despite these limitations,
however, this study is the first to investigate retinal microvasculature in
individuals with SVCI and ADCI who had undergone amyloid PET
imaging, and the first study to reveal that patients with amyloid-ne-
gative SVCI had smaller fractal dimension on fundus photography.
Retinal fractal dimension can be a noninvasive, inexpensive and useful
way to detect SVCI. Our findings support the need for research on po-
tential tests to identify people with SVCI who can try to modify risk
factors at an early stage. The amyloid-positive ADCI group had no
difference in retinal variables compared to the NC group. Because in
vivo human studies to directly observe cerebral microvasculature are
extremely rare, our results provide more precise insights into the pa-
thomechanism of AD at the level of the neurovascular unit.
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