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Abstract Increased age and cognitive impairment
is associated with an increase in cerebrovascular
pathology often measured as white matter hyperin-
tensities (WMHs) on MRI. Whether WMH burden
differs between cognitively unimpaired older adults
with subjective cognitive decline (SCD+) and with-
out subjective cognitive decline (SCD—) remains
conflicting, and could be related to the methods
used to identify SCD. Our goal was to examine if
four common SCD classification methods are asso-
ciated with different WMH accumulation patterns
between SCD+ and SCD-—. A total of 535 cog-
nitively unimpaired older adults with 1353 time
points from the Alzheimer’s Disease Neuroimaging
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Initiative were included in this study. SCD was
operationalized using four different methods: Cogni-
tive Change Index (CCI), Everyday Cognition Scale
(ECog), ECog+ Worry, and Worry. Linear mixed-
effects models were used to investigate the associa-
tions between SCD and overall and regional WMH
burden. Overall temporal WMH burden differences
were only observed with the Worry questionnaire.
Higher WMH burden change over time was observed
in SCD+ compared to SCD— in the temporal and
parietal regions using the CCI (temporal, p=.01;
parietal p=.02) and ECog (temporal, p=.02; pari-
etal p=.01). For both the ECog+ Worry and Worry
questionnaire, change in WMH burden over time was
increased in SCD+ compared to SCD —for overall,
frontal, temporal, and parietal WMH burden (p <.05).
These results show that WMH burden differs between
SCD+ and SCD —depending on the questionnaire
and the approach (regional/global) used to measure
WMHs. The various methods used to define SCD
may reflect different types of underlying pathologies.
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Introduction

Subjective cognitive decline (SCD) is defined as
self-reported deficits in cognitive functioning in the
absence of objective cognitive decline [1]. People
with SCD have increased risk of showing Alzheimer’s
Disease (AD) related neurodegeneration and for being
diagnosed with clinically probable AD [1-3]. The
heightened risk for AD and increased neurodegen-
eration in cognitively unimpaired older adults with
SCD (SCD +) compared to healthy older adults with-
out SCD (SCD —) has led to the understanding that a
subset of those who experience SCD are in the “pre-
clinical AD” phase [1, 2]. Nevertheless, many people
who report SCD do not develop progressive cognitive
decline. A meta-analysis found that in SCD+, only
27% progressed to mild cognitive impairment (MCI)
and 14% progressed to dementia in follow-ups over
4 years, with an annual progression rate to MCI and
dementia ranging from 2.3 to 6.6% [4]. In addition to
the varying progression rates, whether people with
SCD have more neurodegeneration than healthy older
adults remains relatively conflicting [5].

Varying conversion rates and neurodegeneration
differences could be related to the numerous method-
ologies used to operationalize SCD. Previously, we
observed that four commonly used methods to define
SCD yielded distinct patterns of future cognitive
decline and brain atrophy in cognitively unimpaired
older adults [6]. While the cognitive change index
(CCI) was associated with future cognitive decline
as measured by the Alzheimer’s Disease Assessment
Scale-13, the Everyday Cognition Scale (ECog) was
associated with cognitive decline as measured by
the Montreal Cognitive Assessment. When examin-
ing atrophy differences, a relationship between hip-
pocampal change and SCD was observed using the
CCI and a Worry question. The ECog was not associ-
ated with hippocampal change but instead related to
atrophy in superior temporal regions. These findings
suggest that different SCD classification methods may
measure different underlying pathologies leading to
different types of cognitive decline.

A common pathological change in aging and cogni-
tive decline results from cerberal small vessel disease
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that appears as white matter hyperintensities (WMHs)
in T2w and FLAIR MRI. WMHs often occur as a result
of vascular risk factors such as obesity and high blood
pressure [7]. Elevated WMH burden is associated with
cognitive deterioration in healthy aging [8, 9] and MCI
and AD [10] as well as the risk of conversion to MCI and
AD in healthy older adults [11-13]. Few studies have
observed WMH differences between SCD+ and SCD—.
When asking cognitively unimpaired older adults if
they have changes in memory or thinking (regardless of
worry), researchers observed no difference in WMHs
in SCD+ vs. SCD— [14]. However, being concerned
about changes in ones’ memory and thinking is a factor
that, when endorsed, increases the risk of progression to
dementia [1]. While one study of cognitively unimpaired
older adults with worries regarding their memory com-
plaints observed that SCD+ had more WMH load than
SCD—[15], another study found no WMH load differ-
ences between SCD+ vs. SCD— [16]. The use of small
sample sizes combined with different SCD question-
naires makes it difficult to compare WMH group differ-
ences between studies.

We hypothesize that subtle differences in patho-
logical processes, impacting different areas of the
brain, can lead to slightly different clinical symptoms
that are captured by different SCD measures. The
current study will provide insight into which SCD
definition(s) is/are most associated with or most sen-
sitive to vascular neuropathology, and if the four SCD
definitions are associated with different pathological
subtypes in WMH burden and WMH change over
time. The goal of this study was to evaluate total and
regional WMH burden to examine how they differ
between the four SCD questionnaires.

Methods
Alzheimer’s Disease Neuroimaging Initiative

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) database (adni.loni.usc.edu).
The ADNI was launched in 2003 as a public—private
partnership, led by Principal Investigator Michael
W. Weiner, MD. The primary goal of ADNI has
been to test whether serial MRI, positron emission
tomography (PET), other biological markers, and
clinical and neuropsychological assessment can be
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combined to measure the progression of mild cogni-
tive impairment and early AD. The study received
ethical approval from the review boards of all par-
ticipating institutions. Written informed consent
was obtained from participants or their study part-
ner. Participants were selected only from ADNI-2
and ADNI-3 because those are the only two cohorts
to complete questionnaires designed to measure
subjective cognitive decline.

Participants

Full inclusion and exclusion criteria are available at
www.adni-info.org. Briefly, cognitively unimpaired
older adults were between 55 and 90 at the time of
recruitment, exhibiting no evidence of depression,
no evidence of memory impairment as measured
by the Wechsler Memory Scale, and no evidence
of impaired global cognition as measured by the
Mini-Mental Status Examination (MMSE) or Clini-
cal Dementia Rating (CDR). We used the same four
SCD definitions as Morrison et al. [6] to classify
SCD — and SCD +. The four groups were defined
as:

e CCI: Participants were considered SCD +if they
had self-reported significant memory concern as
quantified by a score of > 16 on the first 12 items
(representing memory changes) on the CCI. This
score was selected based on previous research
by Saykin et al. (2006) and because it is used by
ADNI as a criterion to identify participants with
significant memory concern [17].

e ECog: Participants were considered SCD +if they
endorsed any item on the ECog with a score >3.
A score of >3 was used as it represents consistent
SCD which has been shown to improve prognostic
value of SCD for incident MCI [18].

e ECog+Worry: Participants were considered
SCD+ if they had self-reported consistent SCD +
on any item from the ECog (again>3) as well
as indicated worry/concern about their memory/
thinking abilities.

e Worry: Participants were considered SCD+ if
they indicated worry/concern about their mem-
ory/thinking abilities, irrespective of their CCI or
ECog scores.

A total of 619 cognitively normal older adults
took part in ADNI-2 and ADNI-3. Of those, 542 had
MRIs which WMH measurements could be extracted;
however, only 535 passed quality control (described
below) resulting in a total of 1353 MRI scans from
at least one timepoint and were used in the CCI and
ECog analyses. Thirty people did not complete the
question regarding worry about cognition therefore
only 505 people with 1296 follow-ups were included
in the ECog+ Worry and Worry analyses. Follow-up
periods ranged from 12 to 60 months.

Body mass index (BMI), systolic blood pressure,
and diastolic blood pressure were downloaded from
the ADNI public website and included as vascular
risk factors for this study. BMI was calculated from
height and weight information for the matching visit
to the MRI scan.

Structural MRI acquisition and processing

All participants were imaged using a 3 T scanner with
T1-weighted imaging parameters (see http://adni.
loni.usc.edu/methods/mri-tool/mri-analysis/ for the
detailed MRI acquisition protocol). All longitudinal
scans were downloaded from the ADNI website. T1w
scans for each participant were pre-processed through
our standard pipeline including noise reduction [19],
intensity inhomogeneity correction [20], and intensity
normalization into range [0—100]. The pre-processed
images were then linearly (9 parameters: 3 transla-
tion, 3 rotation, and 3 scaling) [21] registered to the
MNI-ICBM152-2009c average [22].

WMH measurements

A previously validated WMH segmentation tech-
nique was employed to generate participant WMH
measurements. This segmentation technique has been
validated in multi-center studies such as the Parkin-
son’s Markers Initiative [23] and National Alzhei-
mer’s Coordinating Center [24], and importantly, has
also been validated in ADNI [10] where a library of
manual segmentations based on 50 ADNI partici-
pants (independent of those studied here) was created.
WMHs were automatically segmented at baseline
using the T1w contrasts, along with a set of location
and intensity features obtained from a library of man-
ually segmented scans in combination with a random
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forest classifier to detect the WMHs in new images
[25, 26]. WMH load was defined as the volume of all
voxels as WMH in the standard space (in mm?) and
are thus normalized for head size. The volumes of
the WMHs for frontal, parietal, temporal, and occipi-
tal lobes as well as the entire brain were calculated
based on regional masks from the Hammers atlas [25,
27]. WMH volumes were log-transformed to achieve
a more normal distribution. The quality of the regis-
trations and WMH segmentations was visually veri-
fied by an experienced rater (author M.D.), blinded to
the diagnostic group. Only seven subjects did not pass
this quality control step and were discarded, resulting
in 535 people with 1353 follow-ups included in the
analysis.

Statistical analysis

Analyses were performed using MATLAB R2019b.
Independent sample t-tests and chi-square analysis
were completed on demographic and clinical infor-
mation. Baseline WMH load differences between
SCD— and SCD+ were investigated using linear
regressions and longitudinal data was investigated
using linear mixed effects models to examine the
association between WMH load (frontal, temporal,
parietal, occipital, and total) and each SCD ques-
tionnaire. All results were corrected for multiple

comparisons using false discovery rate (FDR), p-val-
ues are reported as raw values with significance then
determined by FDR correction [28]. All continuous
values were z-scored within the population prior to
the regression analyses.

For baseline data, the categorical variable of inter-
est was SCD group (i.e., SCD— vs SCD+) based on
each questionnaire. The models also included sex,
years of education, age at baseline (Age_bl), APOE4
status, body mass index (BMI), diastolic and systolic
blood pressure (BP_Diastolic and BP_Systolic) as
covariates.

WMHScore ~ Group + Age_bl + Sex

+ APOE4 + Education + BMI €h)
+ BP_Diastolic + BP_Systolic

For longitudinal data, the categorical variable of inter-
est was SCD group (i.e., SCD—vs SCD+) based on
each questionnaire. The models also included time from
baseline, sex, years of education, Age_bl, APOEA4 status,
BMI, BP_Diastolic, and BP_Systolic as covariates. Par-
ticipant ID was included as a categorical random effect.

WMHScore ~ Group + Age_bl + Sex + APOE4
+Education + BMI + BP_Diastolic
+BP_Systolic + TimeFromBaseline

+Group . TimeFromBaseline + (1|ID)

Table 1 Demographic and clinical characteristics for cognitively unimpaired older adults with and without subjective cognitive

decline for the four questionnaires

Demographic CCI ECOG Ecog + Worry Worry
Information
SCD - SCD + SCD - SCD+ SCD - SCD+ SCD - SCD +
n=270 n=265 n=288 n=247 n=337 n=168 n=264 n=241
Age 72.9+6.6 72.1+6.4 722+6.4 734+65% 722+6.5 73.3+6.2 72.3+6.6 72.7+6.3
Education 16.7+2.4 16.8+2.4 16.8+£2.5 16.6+2.3 169+2.4 164+24* 17.01£164 164+25%*
AV-45 1.16+0.3 1.12+£0.2 1.13+£0.2 1.14+0.2 1.13+£0.2 1.15+£0.2 1.12+0.2 1.16+£0.2
APOE e4+* 77 (29%) 91 (36%) 74 (26%) 74 (34%) 105 32%) 54 (33%) 72 (28%) 87 (37%) *
Male sex 122 (45%) 103 (39%) 119 (41%) 106 (43%) 151 45%) 64 (38%) 120 (45%) 95 (36%)
Diastolic BP 74.3+£10.5 75.2+8.3 74.9+9.2 74.7+£9.8 75.1£9.0 74.6+10.1  75.2+9.1 74.7+£9.6
Systolic BP 134.1+18.9 1352+158 134.1+17.3 1352+17.6 1343+16.7 1351+18.8 133.4+164 1358184
BMI 27.3+£52 27.7+£5.2 272453 27.8+5.1 273+£52 27.8+5.3 275+£5.4 27.5+£5.0

Values are expressed as mean =+ standard deviation or number of participants (percentage %). * = statistically significant differences
between SCD —and SCD + (at the p <0.05 level, uncorrected); however, none of these differences remain significant after correction
for multiple comparisons. APOE €4 +, number and percentage of people with at least one &4 allele; ?, APOE &4 + status was missing
for 15 participants. CCI, Cognitive Change Index; ECog, Everyday Cognition Scale; SCD —, cognitively normal older adults without
subjective cognitive decline; SCD +, cognitively normal older adults with subjective cognitive decline; BMI, body mass index; BP,

blood pressure
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Results
Demographics

Table 1 presents the demographic and clinical charac-
teristics of the study participants. For each of the four
questionnaires, there were no significant SCD+ and
SCD — group differences in any of the demographic
or clinical features.

WMH baseline analyses

Table 2 summarizes the results of the linear regres-
sion models for all WMH regions and each ques-
tionnaire. For all questionnaires, increased age (¢
belongs to [2.52-8.76], p<0.05) was associated with
increased WMH burden in all regions. There were
no SCD+ vs. SCD—- WMH differences using either
the CCI or ECog questionnaires. SCD classification
was associated with increased baseline WMH using
the ECog+ Worry questionnaire for total (r=2.87,
p=0.004), frontal (¢=2.85, p=0.004), temporal
(t=2.34, p=0.019), and parietal (t=2.68, p=0.007)
regions compared to SCD—. SCD+ as classified
using the Worry questionnaire was associated with
increased WMH burden compared to SCD — for total
(t=2.82, p=0.023), temporal (r=2.68, p=0.007),
and occipital (1=2.39 p=0.017) regions.

WMH longitudinal analyses

Table 3 summarizes the linear mixed effects model
results for all WMH regions by questionnaire. Fig. 1
presents the longitudinal change in WMH by fol-
low-up duration for each group and region. For all
questionnaires, baseline age and time from baseline
had significant associations with frontal, tempo-
ral, parietal, occipital, and total WMH load. That is,
with increased age at baseline and time from base-
line, WMH load was higher for all regions and all
questionnaires.

For vascular risk factors, increased systolic blood
pressure was associated with increased total WMH
load only for CCI and ECog questionnaires. This
association was also found in the frontal lobes for all
four SCD questionnaires (p<0.01). No associations
were found for BMI or diastolic BP that survived cor-
rections for multiple comparisons.

For the CCI questionnaire, there were no main
effects of SCD diagnosis on total or regional WMH
volume. The interaction between SCD classification
and time from baseline on WMH load was signifi-
cant in the temporal (r=2.58, p=0.01) and parietal
(t=2.25, p=0.02) regions. Using the ECog, no main
effect of SCD diagnosis on total or regional WMH
volume. Significant interactions between SCD diag-
nosis and time from baseline were observed at the
temporal (r=2.25, p=0.02) and parietal (r=2.50,
p=0.01) regions. These findings indicate that for the
CCI and ECog questionnaires, that rate of change in
WMH load over time was increased for SCD+ vs.
SCD — in both temporal and parietal regions.

Using the ECog+ Worry questionnaire, a main
effect of SCD diagnosis was observed on total
(t=2.52, p=0.012), frontal (r=2.56, p=0.011),
and parietal (r=2.28, p=0.023) WMH volume.
The interaction between SCD diagnosis and time
from baseline was significant for frontal (r=3.43,
p<0.001), temporal (r=3.26, p=0.001), parietal
(t=2.91, p=0.004), and total (t=3.76, p<0.001),
but not occipital (t=1.41, p=0.16) WMH load. The
Worry question showed a significant main effect for
SCD diagnosis for total (r=2.20, p=0.028), tem-
poral (t=2.57, p=0.010), and occipital (r=2.33,
p=0.019) WMH load. Interactions between SCD
diagnosis and time from baseline and WMH load
were significant for frontal (¢1=4.08, p<0.001),
temporal (r=3.03, p=0.002), parietal (r=2.43,
p=0.01), and total (r=3.81, p<0.001). These find-
ings indicated that for ECog+ Worry and Worry
SCD questionnaires, the rate of change in WMH load
over time was increased for SCD + vs. SCD — for all
regions except occipital.

Discussion

Previous research has observed that increased
WMH burden is associated with cognitive decline
and conversion to dementia [8, 10, 12]. SCD has
also been associated with future cognitive decline,
increased conversion to dementia [1, 3], and
increased atrophy compared to healthy older adults
[6]. However, these associations depend on the
questionnaires used to classify SCD. Furthermore,
the relationship between SCD and WMHs remains rel-
atively unexplored. The current study compared WMH

@ Springer



22

GeroScience (2023) 45:17-28

Table 2 Linear regression model outputs showing baseline differences between cognitively unimpaired older adults with (SCD+)
and without subjective cognitive decline (SCD —)

CCI

ECog

ECog+ Worry

Worry

Total
Age_bl

BMI

Systolic BP
Diastolic BP

SCD C(lassification

Frontal
Age_bl

BMI

Systolic BP
Diastolic BP

SCD Classification

Temporal
Age_bl

BMI

Systolic BP
Diastolic BP

SCD Classification

Parietal
Age_bl

BMI

Systolic BP
Diastolic BP

SCD Classification

Occipital
Age_bl

BMI

$=0.40, SE =0.05,
t=8.76, p <0.001
B<0.01, SE=0.04,
1=0.20, p=0.98
$=0.01, SE=0.05,
=027, p=0.79
$=0.05, SE=0.05,
t=0.90, p=0.37
p=—0.17, SE=0.08,
t=—1.39, p=0.17

$=0.36, SE=0.05,
t=8.16, p <0.001
B< —0.01, SE=0.04,
t=—0.24, p=0.81
$=0.05, SE=0.05,
t=1.10, p=0.27
$=0.01, SE=0.05,
t=0.39, p=0.70
B=—0.07, SE=0.08,
t=—1.62, p=0.10

$=0.35, SE=0.05,
t=17.69, p <0.001
B=—0.01, SE=0.01,
t=—-0235,p=0.73
B< —0.01, SE=0.05,
1<0.01, p=0.99
$=0.04, SE=0.05,
1=0.68, p=0.50
B=—0.10, SE=0.09,
t=—126,p=0.21

$=0.40, SE=0.05,
t=8.76 p <0.001
$<0.01, SE=0.05,
t=0.06, p=0.95
B=—0.02, SE=0.05,
t=—0.35,p=0.73
$=0.06, SE=0.05,
=122, p=0.22
p=—0.18, SE=0.08,
t=—2.11, p=0.035*

$=0.14, SE=0.05,
t=2.87,p=0.004
B=0.04, SE=0.04,
1=0.86, p=0.39

$=0.40, SE=0.05,
t=8.56, p <0.001
B< —0.01, SE=0.04,
t=—0.14, p=0.89
$<0.01, SE=0.05,
1=0.14, p=0.89
$=0.05, SE=0.05,
1=0.86, p=0.39
$=0.14, SE=0.08,
t=1.61,p=0.11

$=0.36, SE=0.05,
t=1.97, p <0.001
B=—0.01, SE=0.04,
t=—0.36,p=0.72
$=0.05, SE=0.05,
t=1.01,p=0.31
$=0.01, SE=0.05,
t=0.36, p=0.72
$=0.12, SE=0.09,
=139 p=0.17

$=0.35,SE=0.05,
t=17.52, p <0.001
B=—0.02, SE=0.04,
t=—047,p=0.64
B< —0.01, SE=0.05,
t=-0.11, p=091
B=0.04, SE=0.05,
1=0.64, p=0.52
B=0.11, SE=0.08,
=123, p=0.22

$=0.39, SE=0.05,
t=8.53, p <0.001
B< —0.01, SE=0.04,
t=—0.15, p=0.88
B=—0.03, SE=0.05,
t=—0.53, p=0.59
$=0.06, SE=0.05,
t=1.17, p=0.24
B=0.17, SE=0.09,
1=2.00, p=0.046*

$=0.13, SE =0.05,
t=2.79, p =0.005
$=0.03, SE=0.04,
1=0.78, p=0.43

$=0.40, SE =0.05,
t=8.26, p <0.001
B< —0.01, SE=0.04,
t=—0.18, p=0.86
$<0.01, SE=0.05,
1=0.14, p=0.88
$=0.05, SE=0.05,
1=0.90, p=0.37
$=0.27, SE=0.09,
t=2.87,p=0.004

$=0.36, SE=0.05,
t=1.70, p <0.001
B=—0.01, SE=0.04,
t=—0.38, p=0.70
$=0.05, SE=0.05,
t=1.05,p=0.29
$=0.02, SE=0.05,
1=0.41, p=0.69
=027, SE=0.09,
t=2.85, p=0.004

$=0.34, SE=0.05,
t=17.13,p <0.001
B=—0.02, SE=0.04,
t=—-059, p=0.55
B=—0.01, SE=0.05,
t=-031,p=0.75
B=0.05, SE=0.05,
=091, p=0.36
=022 SE=0.09,
t=2.34, p=0.019

$=0.39, SE=0.05,
t=8.33, p <0.001
B< —0.01, SE=0.04,
t=-021,p=0.84
B=—0.03, SE=0.05,
t=—049, p=0.62
$=0.06, SE=0.05,
t=1.16, p=0.25
$=0.25, SE=0.09,
t=2.68, p=0.007

$=0.12, SE=0.05,
t=2.52,p=0.012
$=0.03, SE=0.04,
1=0.69, p=0.49

$=0.40, SE =0.05,
t=8.46, p <0.001
B< —0.01, SE=0.04,
t=—-0.05, p=0.96
$<0.01, SE=0.05,
1=0.04, p=0.97
$=0.05, SE=0.05,
1=1.02, p=0.31
$=0.20, SE =0.09,
t=2.27,p=0.023

=037, SE=0.05,
=189, p <0.001
B=—0.01, SE=0.04,
t=—0.24, p=0.81
B=0.05, SE=0.05,
1=0.98, p=0.33
B=0.02, SE=0.05,
t=0.51, p=0.61
$=0.16, SE=0.09,
1=1.86, p=0.064

$=0.35,SE=0.05,
=731, p <0.001
B=—0.02, SE=0.04,
1=—-0.51, p=0.61
B=—0.02, SE=0.05,
t=—0.47, p=0.64
$=0.06, SE=0.05,
1=1.06, p=0.29
$=0.24 SE=0.09,
t=2.68, p=0.007

$=0.40, SE =0.05,
t=8.52, p <0.001
B< —0.01, SE=0.04,
t=—0.08, p=0.94
B=—0.03, SE=0.05,
1=—-0.58, p=0.56
B=0.06, SE=0.05,
1=127, p=021
B=0.18, SE=0.09,
1=2.00, p=0.046*

$=0.13, SE=0.05,
t=2.61, p=0.009
$=0.03, SE=0.04,
1=0.72, p=0.47
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Table 2 (continued)

ECog + Worry Worry

CCI ECog
Systolic BP $=0.01, SE=0.05, $<0.01, SE=0.05,
t=0.20, p=0.84 t=0.13, p=0.90
Diastolic BP p=-0.01, SE=0.05, p=-0.01, SE=0.05,
t=-0.20, p=0.84 t=-0.22, p=0.83
SCD Classification p=—0.07, SE=0.09, p=0.07, SE=0.08,

t=-0.75,p=045  1=0.75,p=045

$<0.01, SE=0.05,
1=0.14, p=0.89
B=—0.01, SE=0.05,
t=—0.14, p=0.89
$=0.13, SE=0.10,
t=133,p=0.18

$<0.01, SE=0.05,
t=—0.03, p=0.98
B< —0.01, SE=0.05,
t=—-0.02, p=0.99
=022, SE=0.09,
t=2.39,p=0.017

CClI, Cognitive Change Index; ECog, Everyday Cognition Scale; BMI, body mass index; BP, blood pressure.

Bolded values represent those that remained significant after correction for multiple comparisons using FDR.

load in SCD+ vs SCD — using four commonly
used methods of classifying SCD, with the goal
of examining if the four methods were associated
with different patterns of vascular pathology. Our
findings indicate that the four SCD questionnaires
are associated with different patterns of WMH
accumulation.

Similar results were obtained for both the CCI and
ECog definitions of SCD. The increase of WMH load
over time in the SCD + participants was greater com-
pared to the SCD — participants in the temporal and
parietal regions. Previous research examining WMH
differences in people with amnestic MCI, who are
likely to develop AD, have shown increases in WMHs
in temporal and occipital regions [29]. Increased
WMH volume in the parietal lobe has also been
shown to predict incident AD in healthy older adults
[30] and is the biggest region to discriminate between
NC and AD [31]. In a post-mortem studying exam-
ining white matter lesions (WMLs), parietal WMLs
appear to be most associated with AD-associated
degenerative mechanisms, whereas frontal WMLs
are associated with both AD-associated degenerative
pathology and small vessel disease-associated mecha-
nisms [32]. Taken together with past research, our
findings suggest that both the CCI and ECog ques-
tionnaire may be associated with WMH burden that
is observed in people with AD. Our previous study
found that using ECog to define SCD+ was associ-
ated with atrophy in the superior temporal region.
On the other hand, using CCI to define SCD + was
associated with hippocampal change [6], an area
known to be associated with early AD pathology.
Taken together, the CCI definition of SCD + is asso-
ciated with both WMH burden in the temporal and
parietal regions and hippocampal change, suggesting
that this definition may be more sensitive to a future

AD diagnosis than the ECog definition of SCD+. Of
course, when applied in clinical settings an AD bio-
marker positivity is needed to confirm the diagnosis.

Differences in total and frontal WMH burden change
over time were observed using the ECog+ Worry ques-
tionnaire. These differences were likely driven by the
Worry definition, as observed by ECog having no asso-
ciation SCD classification in WMH total or the frontal
region, whereas Worry was associated with group differ-
ences for both total and frontal as well as the temporal
region WMH burden. These findings suggest that SCD +
as classified by Worry is associated with a more wide-
spread regional vascular pathology than SCD+ as clas-
sified by either the ECog or CCI. Previous research has
observed that non-amnestic MCI is associated with a
widespread WMH accumulation (frontal, parietal, tem-
poral, and occipital), whereas amnestic MCl is associated
with elevated WMH burden in the temporal and occipi-
tal areas relative to normal controls [29]. It is thus possi-
ble that the Worry questionnaire is detecting individuals
who may develop non-amnestic MCI. Future research is
needed to examine conversion rates in these individuals
and confirm this hypothesis.

Depending on SCD classification method and
whether regional or total WMH burden was meas-
ured, our results here replicate both the findings that
observe SCD+ vs. SCD— WMH group differences
[15, 33] and those that do not [14, 16]. The limita-
tion in these past studies is that they examined only
baseline WMH volume as opposed to longitudinal
change, which could explain the lack of group dif-
ferences observed in several of these papers. In
our study, only SCD+ defined using Worry and
ECog+ Worry was associated with increased base-
line WMHSs. However, all definitions were associated
with increased change in WMH burden over time
in SCD+. This finding follows previous research
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Table 3 Linear mixed effects model outputs showing longitudinal differences between cognitively unimpaired older adults with
(SCD +) and without subjective cognitive decline (SCD —)

CCI

ECog

ECog+ Worry

Worry

Total
Age_bl

TimeFromBaseline

BMI

Systolic BP

Diastolic BP

SCD Classification
SCD:TimeFromBaseline

Frontal
Age_bl

TimeFromBaseline

BMI

Systolic BP

Diastolic BP

SCD Classification
SCD:TimeFromBaseline

Temporal
Age_bl

TimeFromBaseline

BMI

Systolic BP

Diastolic BP

SCD Classification
SCD:TimeFromBaseline

Parietal
Age_bl

=035, SE=0.04,
t=8.54, p <0.001
p=0.11, SE<0.01,
t=18.34, p <0.001
$=0.01, SE=0.02,
1=0.65, p=0.51
$=0.01, SE<0.01,
t=2.26,p=0.023
$<0.01, SE<0.01,
1=0.15, p=0.87
f=—0.03, SE=0.08,
t=—041, p=0.68
$=0.01, SE=0.01,
1=1.04, p=0.29

$=0.33, SE=0.04,
t=8.28, p <0.001
=0.11, SE <0.01,
t=16.81, p <0.001
$=0.03, SE=0.02,
=132, p=0.19
$=0.02, SE <0.01,
t=2.77, p =0.005
< —0.01, SE<0.01,
t=—0.50, p=0.61
$<0.01, SE=0.08,
t=0.11, p=0.91
$<0.01, SE=0.01,
1=0.35, p=0.72

$=0.30, SE=0.04,
t=17.34, p <0.001
$=0.10, SE <0.01,
t=12.71, p <0.001
p=—0.01, SE=0.03,
t=—047, p=0.63
$<0.01, SE=0.01,
1=0.54, p=0.58
$=0.01, SE=0.01,
1=1.10, p=0.27
p=—0.02, SE=0.08,
t=—-031, p=0.75
$=0.03, SE=0.01,
t=2.58, p=0.01

=034, SE=0.04,
t=8.43, p <0.001

=034, SE=0.04,
t=8.38, p <0.001
B=0.11,SE <0.01,
t=14.38, p <0.001
B=0.01, SE=0.02,
1=0.64, p=0.52
$=0.02, SE<0.01,
t=2.25,p=0.024
<001, SE<0.01,
1=0.06, p=0.94
$=0.09, SE=0.08,
t=1.11, p=0.26
B=0.01, SE=0.01,
t=1.63, p=0.10

$=0.33, SE=0.04,
t=8.10, p <0.001
p=0.11, SE <0.01,
t=13.47, p <0.001
$=0.03, SE=0.02,
=130, p=0.19
$=0.02, SE<0.01,
t=2.77,p =0.005
< —0.01, SE<0.01,
t=—0.55, p=0.58
B=0.08, SE=0.08,
1=0.98, p=0.32
$<0.01, SE=0.01,
1=0.68, p=0.49

$=0.30, SE=0.04,
t=17.24, p <0.001
$=0.10, SE <0.01,
t=10.00, p <0.001
B=—0.01, SE=0.03,
t=—0.40, p=0.69
£<0.01, SE=0.01,
1=0.50, p=0.61
$=0.01, SE=0.01,
1=0.98, p=0.32
$=0.06, SE=0.08,
1=0.73, p=0.46
$=0.03, SE=0.01,
t=2.25,p=0.02

=034, SE=0.04,
t=8.26, p <0.001

=034, SE=0.04,
t=8.00, p <0.001
p=0.11, SE<0.01,
t=15.74, p <0.001
$=0.01, SE=0.02,
1=0.47, p=0.64
$=0.02, SE<0.01,
t=2.18,p=0.03
B<0.01, SE<0.01,
1=0.03, p=0.97
=022, SE=0.09,
t=2.52, p=0.012
$=0.04, SE=0.01,
t=3.76, p <0.001

=033, SE=0.04,
t="1.78, p <0.001
$=0.10, SE <0.01,
t=13.96, p <0.001
B=0.03, SE=0.02,
t=1.12, p=0.26
$=0.02, SE <0.01,
t=2.63, p=0.009
< —0.01, SE<0.01,
t=—0.44, p=0.66
$=0.22, SE=0.09,
t=2.56, p=0.011
$=0.04, SE=0.01,
t=3.43, p <0.001

$=0.30, SE=0.04,
t=6.69, p <0.001
$=0.10, SE <0.01,
t=11.73, p <0.001
p=—0.01, SE=0.03,
t=—0.49, p=0.62
$<0.01, SE=0.01,
1=0.46, p=0.64
B<0.01, SE=0.01,
1=0.82, p=0.41
$=0.18, SE=0.09,
=194, p=0.052
$=0.05,SE=0.01,
t=3.26, p=0.001

=0.34, SE=0.04,
t=17.99, p <0.001

$=0.03, SE=0.04,
t=8.12, p <0.001
$=0.10, SE <0.01,
t=13.81, p <0.001
=0.01, SE=0.02,
1=0.47, p=0.63
$=0.02, SE<0.01,
t=2.19, p=0.03
$<0.01, SE<0.01,
1=0.06, p=0.95
$=0.18, SE=0.08,
t=2.20, p=0.028
$=0.04, SE=0.01,
t=3.81,p <0.001

$=0.33,SE=0.04,
t=7.91, p <0.001
$=0.09, SE <0.01,
t=11.89, p <0.001
$=0.03, SE=0.02,
t=1.10, p=0.27
$=0.02, SE <0.01,
t=2.66, p =0.008
B< —0.01, SE<0.01,
t=—0.43, p=0.66
B=0.15, SE=0.08,
1=1.82, p=0.068
$=0.04, SE=0.01,
t=4.08, p <0.001

$=0.30,SE=0.01,
t=1.50, p <0.001
$=0.10, SE <0.01,
t=10.40, p <0.001
f=—0.01, SE=0.03,
t=—047, p=0.64
$<0.01, SE=0.01,
1=0.45, p=0.66
$<0.01, SE=0.01,
1=0.86, p=0.39
=022, SE=0.09,
t=2.57, p=0.010
$=0.04, SE=0.01,
t=3.03, p=0.002

$=0.35, SE=0.04,
t=8.11, p <0.001
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Table 3 (continued)

CCI

ECog

ECog + Worry

Worry

TimeFromBaseline

BMI

Systolic BP

Diastolic BP

SCD Classification
SCD:TimeFromBaseline

Occipital
Age_bl

TimeFromBaseline
BMI

Systolic BP
Diastolic BP

SCD Classification

SCD:TimeFromBaseline

B=0.11, SE <0.01,
t=17.06, p <0.001
B<0.01, SE=0.02,
t=0.11, p=0.91
B<0.01, SE<0.01,
1=0.67, p=0.50
B<0.01, SE<0.01,
1=0.69, p=0.49
B< —0.10, SE=0.08
t=-121,p=0.22
$=0.03, SE=0.01,
t=2.25,p=0.02

$=0.09, SE=0.04,
t=2.12, p=0.03
$=0.06, SE =0.04,
t=1.15, p <0.001
B< —0.02, SE=0.03,
t=—0.58, p=0.56
B=0.02, SE=0.01,
1=1.93, p=0.053
< —0.01, SE=0.01,
t=—0.14, p=0.89
B=—0.03, SE=0.09
t=—0.38, p=0.71
B=—0.01, SE=0.02
t=—0.66, p=0.50

p=0.11, SE <0.01,
t=13.26, p <0.001
<0.01, SE=0.02,
1=0.12, p=0.90
$<0.01, SE<0.01,
1=0.63, p=0.52
$<0.01, SE<0.01,
1=0.55, p=0.58
$=0.08, SE=0.07,
1=1.39, p=0.16
$=0.01, SE=0.01,
t=2.50, p=0.01

$=0.09, SE=0.04,
t=2.05, p=0.04
$=0.06, SE=0.01,
t=5.23, p <0.001
f=—0.02, SE=0.03,
t=—0.65,p=0.51
$=0.02, SE=0.01,
=195 p=0.051

B< —0.01, SE=0.01,
t=—0.17, p=0.86
$=0.05, SE=0.08,
1=0.58, p=55
B<0.01, SE<0.01
1=0.44, p=0.65

p=0.11, SE<0.01,
t=15.62, p <0.001
p< —0.01, SE=0.03,
t=—-0.04, p=0.97
$<0.01, SE<0.01,
1=0.68, p=0.49
B<0.01, SE<0.01,
1=0.63, p=0.53
$=0.20, SE =0.09,
t=2.28 p=0.023
$=0.03 SE=0.01,
t=2.91, p=0.004

$=0.08, SE=0.05,
t=1.71, p=0.09
$=0.06, SE=0.01,
t=5.72, p <0.001
p=—-0.02, SE=0.03,
t=—0.76, p=0.48
$=0.03, SE=0.01,
1=1.99 p=0.046*
B< —0.01, SE=0.01,
t=—0.50, p=61
B=0.11, SE=0.09,
t=1.15, p=025
$=0.02, SE=0.02
t=141,p=0.16

p=0.11, SE <0.01,
t=14.16, p <0.001
$<0.01, SE=0.03,
=0.02, p=0.98
$<0.01, SE<0.01,
t=0.67, p=0.50
$<0.01, SE<0.01,
1=0.67, p=0.50
$=0.16, SE=0.08,
1=1.88, p=0.061
$=0.03 SE=0.01,
t=2.43, p=0.01

$=0.08, SE=0.05,
t=1.72, p=0.09
$=0.06, SE=0.01,
t=4.86,p <0.001
B=—0.02, SE=0.03,
t=—0.77, p=0.44
$=0.03, SE=0.01,
t=1.97 p=0.049*
B< —0.01, SE<0.01,
t=—-0.48, p=0.63
$=0.21, SE=0.08,
t=2.33, p=0.019
$=0.03, SE=0.02
t=1.66, p=0.097

CCI, Cognitive Change Index; ECog, Everyday Cognition Scale; BMI, body mass index; BP, blood pressure.

* Represents results that are significant (p <0.05, uncorrected), and bolded values represent those that remained significant after cor-
rection for multiple comparisons using FDR.

suggesting that increased WMHs may occur before
symptom onset [34]. The large sample size in this
study has sufficient power to conclude that subtle
WMH differences exist between SCD + and SCD —,
and that these differences are most prominent when
examining change over time.

Many studies examining WMH differences in SCD
measure overall WMH burden [14-16] as opposed to
regional WMHs [33]. The current findings suggest that
examining regional differences will influence whether
higher WMH burden is observed in SCD+ compared
to SCD—. When examining total WMH burden change
over time, both the CCI and ECog definitions show no
differences between SCD+ vs. SCD—. However, when
examining WMHs in a regional approach, group dif-
ferences are found in the temporal and parietal regions.
WMH change over time because of SCD+ diagnosis in

both the temporal and parietal region is subtle and thus
may be “washed out” when WMHs are examined in a
whole brain metric. Future research should use regional
approaches when examining WMH differences in cogni-
tively unimpaired older adults.

There are a few limitations of the current study that
should be noted. ADNI participants are highly educated
(median=17 years) and are mainly white (89% of the
sample identified being white with the other 11% belong-
ing to 5 other races), limiting generalizability to more rep-
resentative samples. Although we examined change over
time, additional research with longer follow-ups would
improve our understanding of how different topographi-
cal distributions of WMH burden are associated with con-
version to dementia. The Hachinski score is a tool used
to identify vascular dementia and vascular pathology with
higher scores representing higher vascular risk pathology
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CCI Questionnaire ECog Questionnaire

Total WMH Load
Total WMH Load

o 2 4 ] 8 10
Follow-up Duration

Frontal WMH Load

3 4 s
Follow-up Duration

Temporal WMH Load
Tomporal WNH Load

£a

4 s
Follow-up Duration

Parietal WMH Load
Parietal WMH Load

2 3 4 s & 7 8 93 1
Follow-up Duration

Occiptal WNH Load
Occiptal WMH Load

£o

4 s
Follow-up Duration

Fig.1 Linear mixed effects models showing longitudinal
WMH change over time for SCD+ and SCD —. Notes: SCD +,
cognitively unimpaired older adult with subjective cognitive
decline; SCD—, cognitively unimpaired older adult with-

[35]. All ADNI protocols excluded individuals with a
Hachinski score of greater than 4, essentially eliminating
individuals with extensive risk of cerebrovascular disease,
thus associations reported here (between WMHs and
SCD) may be underestimated. Furthermore, while BMI
and hypertension were chosen because of their strong
association with increased WMHs and are risk factors for
AD [7, 36, 37], other vascular risk factors such as diabe-
tes may also be associated with increased risk of WMHs
and AD [7]; however, studies examining the influence of
diabetes on WMHSs have been inconsistent [37]. Unfor-
tunately, in the current sample, less than 7% had diabe-
tes and therefore we were unable accurately examine the
influence of diabetes on WMHs in SCD. Future research
should examine the influence of various vascular risk
factors (e.g., diabetes, hyperlipidemia) on WMH burden
and cognitive decline in a racially diverse sample. Future
research may also want to examine how conversion from
SCD— to SCD+ relates to WMH change.

@ Springer

ECog+Worry Questionnaire Worry Questionnaire

Total WNH Load
Total WMH Load

0 2 4 6 8 10 0 2 4 6 8 10
Follow-up Duration Follow-up Duration

Frontal WMH Load

4 s 6 1 8 9 1 o 1 2 3 4 s 6
Follow-up Duration Follow-up Duration

Tomporal WMH Load

T "
4 s 7 8 9 1w o 1 2 3 4 5 &
Follow-up Duration Follow-up Duration

Pariotal WMH Load

5 s N . R 5 R R .
o 1 2z 3 4 5 6 71 8 9 10 o 1 2 3 4 5 & 7 8 9 1
Follow-up Duration Follow-up Duration

4 s &
Follow-up Duration

4 s 6
Follow-up Duration

out subjective cognitive decline; WMH, white matter hyper-
intesnity; CCI, Cognitive Change Index; ECog, Everyday
Cognition Scale. * represents figures for which WMH rate of
change over time differed between the groups

This study shows that change in WMH burden
observed in SCD+ depends on both the definition
used to define SCD and whether a regional or whole
brain approach is used to measure WMH burden.
Neuropathological changes in SCD may be too sub-
tle to observe in a whole brain approach. Therefore,
future research should examine WMH changes in
SCD + populations using a regional approach to accu-
rately examine pathological changes. While the CCI
and ECog questionnaires are associated with tempo-
ral and parietal WMH burden, the Worry definition
is associated with a more widespread WMH accumu-
lation in total, frontal, temporal, and parietal regions.
That is, cognitively unimpaired older adults who
endorse being worried about their memory function-
ing will have the most WMH pathology compared to
the other definitions. Based on these findings, the four
different SCD questionnaires are associated with dif-
ferent WMH accumulation patterns.
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