Kim et al. Alzheimer's Research & Therapy (2024) 16:185 Alzheimer's Research &
https://doi.org/10.1186/513195-024-01536-2 Thera py

Check for
updates

Effects of strategic white matter
hyperintensities of cholinergic pathways
on basal forebrain volume in patients
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Abstract

Background The cholinergic neurotransmitter system is crucial to cognitive function, with the basal forebrain
(BF) being particularly susceptible to Alzheimer's disease (AD) pathology. However, the interaction of white matter
hyperintensities (WMH) in cholinergic pathways and BF atrophy without amyloid pathology remains poorly
understood.

Methods We enrolled patients who underwent neuropsychological tests, magnetic resonance imaging, and

'8F florbetaben positron emission tomography due to cognitive impairment at the teaching university hospital from
2015 to 2022. Among these, we selected patients with negative amyloid scans and additionally excluded those

with Parkinson’'s dementia that may be accompanied by BF atrophy. The WMH burden of cholinergic pathways was
quantified by the Cholinergic Pathways Hyperintensities Scale (CHIPS) score, and categorized into tertile groups
because the CHIPS score did not meet normal distribution. Segmentation of the BF on volumetric T1-weighted MRI
was performed using FreeSurfer, then was normalized for total intracranial volume. Multivariable regression analysis
was performed to investigate the association between BF volumes and CHIPS scores.

Results A total of 187 patients were enrolled. The median CHIPS score was 12 [IQR 5.0; 24.0]. The BF volume of the
highest CHIPS tertile group (mean+5SD, 3.51 +0.49, CHIPSt3) was significantly decreased than those of the lower
CHIPS tertile groups (3.75+0.53, CHIPSt2; 3.83+0.53, CHIPSt1; P=0.02). In the univariable regression analysis, factors
showing significant associations with the BF volume were the CHIPSt3 group, age, female, education, diabetes
mellitus, smoking, previous stroke history, periventricular WMH, and cerebral microbleeds. In multivariable regression
analysis, the CHIPSt3 group (standardized beta [B,4] = -0.25, P=0.01), female (8,4 = 0.20, P=0.04), and diabetes
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mellitus (8,4 = -0.22, P<0.01) showed a significant association with the BF volume. Sensitivity analyses showed a
negative correlation between CHIPS score and normalized BF volume, regardless of WMH severity.

Conclusions We identified a significant correlation between strategic WMH burden in the cholinergic pathway and
BF atrophy independently of amyloid positivity and WMH severity. These results suggest a mechanism of cholinergic
neuronal loss through the dying-back phenomenon and provide a rationale that strategic WMH assessment may help
identify target groups that may benefit from acetylcholinesterase inhibitor treatment.

Keywords White matter hyperintensities, Basal forebrain, Neurodegeneration, Cholinergic pathway, Amyloid-

negative, vascular cognitive impairment

Background

The cholinergic neurotransmitter system plays a piv-
otal role in maintaining normal cognitive function, and
acetylcholinesterase inhibitors are widely used to miti-
gate the progression of memory loss [1-3]. White mat-
ter integrities in the cholinergic pathways were already
reduced in patients with subjective cognitive decline,
with more widespread changes in mild cognitive impair-
ment and Alzheimer’s disease (AD) dementia [4]. The
primary substrate of cholinergic pathways in the central
nervous system is the basal forebrain (BF) complex [1,
2, 5]. Cholinergic neuronal loss in the BF was associated
with cognitive decline in degenerative dementias such
as AD and Parkinson’s disease dementia [5]. The cho-
linergic neurons of the BF were particularly vulnerable
to AD pathology, and BF degeneration has been recog-
nized to precede and predict both entorhinal pathology
and memory impairment [6-9]. In patients with vascu-
lar cognitive impairment (VCI), an association between
the cholinergic system and cognitive dysfunction has also
been reported [10, 11]. In patients with subcortical VCI,
cognitive dysfunction was correlated with the burden of
white matter hyperintensity (WMH), corresponding to
cholinergic pathway disruption, whereas the association
with atrophy of the nucleus basalis of Meynert (nbM)
within the BF was not significant, unlike in AD [10, 11].
However, previous studies had small participant numbers
and did not identify the impact of strategic WMH alone,
independent of amyloid pathology.

This study aimed to investigate the impact of WMH
burden in cholinergic pathways on neurodegenera-
tion in the BF independently of amyloid deposition. We
hypothesize that a substantial WMH burden on cholin-
ergic pathways would cause cholinergic neuronal loss via
a dying-back phenomenon, leading to BF atrophy. We
limited our study to patients with negative amyloid posi-
tron emission tomography (PET) to exclude any potential
confounding effects of f-amyloid pathology on BF neuro-
nal loss [12-14].

Methods

Study design and participants

We conducted a retrospective cross-sectional study of
patients who presented to Asan Medical Center in Seoul
between January 2015 and February 2022 with cognitive
impairment and underwent comprehensive neuropsy-
chological tests (Seoul Neuropsychological Screening
Battery [SNSB]), structural brain magnetic resonance
imaging (MRI), and '®F-florbetaben amyloid PET for dif-
ferential diagnosis (Fig. 1). The SNSB assesses five cogni-
tive domains—attention, language and related functions,
visuospatial functions, memory, and frontal/executive
functions—through a total of 29 subtests, 15 of which
provide quantitative evaluations [15]. This battery was
standardized on 1,067 cognitively normal individuals
aged 45 to 90 years, with normative data considering age
and education. The cutoff for cognitive decline was set
at a score below —1.5 standard deviations in at least one
cognitive domain, based on these norms. Patients with
objective cognitive impairment confirmed by compre-
hensive neuropsychological testing (SNSB) and a nega-
tive amyloid PET scan were selected to determine the
effect of WMH on BF degeneration. Amyloid PET scans
were performed in accordance with the recommenda-
tions outlined in the “Appropriate use criteria for amyloid
PET! [16] These criteria were summarized as follows: (1)
patients with persistent or progressive unexplained mild
cognitive impairment (MCI), (2) patients suspected of
having AD but presenting atypical clinical course or hav-
ing mixed etiologies, and (3) patients with early onset
dementia. The brain amyloid plaque load (BAPL) score
was utilized to assess amyloid positivity, with a score
of 1 indicating the absence of amyloid deposits [17]. In
addition to the visual grade, we also used a quantitative
method to verify the standardized uptake value ratio
(SUVR) values. The acquired amyloid PET images were
registered with 3D T1-weighted MR images. The voxels
in the amyloid PET images were scaled using the mean
uptake value in the cerebellar gray matter to compute the
mean cortical SUVR using Neurophet SCALE PET (ver-
sion 1.2, Neurophet, Seoul, South Korea [18]. The cutoff
for this SUVR method with cerebellar gray matter as the
reference region was 1.43 [19]. Patients diagnosed with
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Patients with objective cognitive decline
confirmed by neuropsychological tests and

PET from January 2015 to February 2022
(N=465)

underwent structural brain MRI, 18F-Florbetaben

> Amyloid positive on '$F-Florbetaben PET (N=261)
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Amyloid-negative (N=204)

Y

Parkinson’s disease dementia, Dementia with Lewy
bodies, Progressive Supranuclear Palsy (N=7)

Cognitive decline due to reasons other than

Not suitable for FreeSurfer volumetric analysis (N=3)

neurodegenerative diseases (N=7)

A4

Study population (N=187)

Fig. 1 Enrollment and flow chart of the study participants

Parkinson’s disease dementia or dementia with Lewy
bodies were excluded from the study as they may have
atrophy of the basal forebrain independent of WMH [5].
We also excluded patients with other causes of cogni-
tive impairment, including encephalitis, traumatic brain
injury, territorial infarct, and metabolic encephalopathy.
We collected data on age at the time of MRI, vascular risk
factors including hypertension, diabetes mellitus, hyper-
lipidemia, coronary artery disease, smoking, as well as
stroke history, apolipoprotein E (APOE) &4 status, base-
line Mini-Mental State Examination (MMSE) scores,
and detailed neuropsychological test results through
electronic medical records. Vascular risk factors, such
as hypertension and diabetes mellitus, were defined as

taking medication for these conditions, including anti-
hypertensive and antidiabetic drugs, or having a medi-
cal record of a diagnosis of these conditions. Due to the
study’s retrospective nature and the low risk to partici-
pants, the local institutional review board approved the
protocol and waived patient consent. All methods were
performed in accordance with the relevant guidelines
and regulations of the Asan Medical Center Ethics Com-
mittee and the Declaration of Helsinki.

Acquisition of MRI

MRI images acquired for the differential diagnosis of
cognitive impairment in an outpatient setting were col-
lected through a picture archiving and communication
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system (PACS). The high-resolution volumetric images
were obtained in the sagittal plane with a 3D gradient-
echo T1-weighted sequence using a 3-T MRI unit (Inge-
nia, Philips Healthcare). The detailed parameters were as
follows: a TR of 9.6 ms, TE of 4.6 ms, a flip angle of 8°, a
FOV of 224x224 mm, a section thickness of 1 mm with
no gap, and a matrix size of 224 x224. Fluid-attenuated
inversion recovery (FLAIR) imaging was obtained using
a turbo-spin echo sequence. Acquisition parameters for
FLAIR images were set as follows: repetition time, 9,000
ms; echo time, 125 ms; slice thickness, 4 mm; intersec-
tion gap, 4 mm; matrix, 256 x256; flip angle, 90 degrees.
Susceptibility-weighted imaging acquisition was con-
ducted using a turbo 3D gradient echo sequence with a
TR=31 ms, TE=7.2, 13.4, 19.6, 25.8 ms, flip angle=17°,
field of view=100x100 mm? voxel size=0.39x0.39x2
mm?, and matrix size=512x512X65.

Measurement of WMH of cholinergic pathways

Immunohistochemistry research reveals that the cho-
linergic pathways in the human brain have origins in the
BF and extend to various cortical locations through the
medial and lateral cholinergic pathways [20]. The lateral
cholinergic pathways traverse the external capsules and
claustrum, transmitting signals to the centrum semi-
ovale, ultimately providing supplies to the neocortical
regions. Medial cholinergic pathways traverse the cin-
gulum and supply the cingulate and retrosplenial corti-
ces with cholinergic neurotransmitters. Based on these
findings, a visual rating scale named the Cholinergic
Pathways Hyperintensities Scale (CHIPS) score was pro-
posed to quantify the WMH burden of the cholinergic
pathways using conventional MRI [21]. This scale has
been recognized as a reliable indicator that better reflects
the pathogenesis of cognitive decline by more selectively
quantifying WMH in strategic locations rather than only
reflecting the volume of WMH [21, 22]. We used an axial
T2 FLAIR image to measure the CHIPS score.

The CHIPS were evaluated in four index axial MRI
images: the low external capsule, high external capsule,
corona radiata, and centrum semiovale (from left to right
in Fig. 2, see Additional file 1). The cholinergic pathways
were visualized on those reference images with refer-
ence to surrounding anatomic landmarks. External cap-
sule, corona radiata, and centrum semiovale were further
divided into anterior and posterior portions based on
the central point of the corresponding region of inter-
est (red-colored lines in Fig. 2). The severity of WMH
was assessed using a visual rating scale with three levels
for each region: 0 for normal, 1 for mild (involving less
than 50% of the region of interest), and 3 for moderate
to severe (involving 50% or more of the region of inter-
est). A weighted number of 4 was assigned to the most
densely packed fibers in the low external capsule, while
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a weighted number of 1 was assigned to the more dis-
persed fibers in the centrum semiovale (see Additional
file 1). Consequently, the maximum CHIPS total score
for one cerebral hemisphere is 50 points, and the maxi-
mum for both cerebral hemispheres is 100. All scans were
assessed with group assignment and clinical informa-
tion concealed. Two investigators, both board-certified
neurologists with four years (YE Kim) and 17 years (J-S
Lim) of experience in neuroimaging research, respec-
tively, independently assessed the data, and disagree-
ments between raters were resolved by consensus. The
intraclass correlation coefficient (ICC) between the two
investigators was 0.942.

Measurement of small vessel disease markers

We evaluated additional small vessel disease (SVD) mark-
ers alongside WMH, including lacunes, cerebral micro-
bleeds (CMB), and enlarged perivascular spaces (EPVS).
CMBs were assessed on the Microbleed Anatomical
Rating Scale for each of the deep, lobar, and infratento-
rial locations using susceptibility-weighted imaging [23].
EPVS were evaluated in the basal ganglia (BG) and cen-
trum semiovale (CS) regions. Following criteria from
previous studies, EPVS were scored as follows: 1 point
for 1-10 spaces, 2 points for 11-20 spaces, 3 points for
21-40 spaces, and 4 points for more than 40 spaces [24].
The total SVD score was calculated by assigning 1 point
for each of the following: the presence of lacunes, the
presence of CMB, deep WMH graded as Fazekas grades
2 or 3 and/or periventricular WMH graded as Fazekas
grade 3, and BG PVS with a score of 2 or higher. The
points were then summed to derive the total SVD score
[25].

Measurement of BF volume

We used the degree of BF atrophy as an indicator for the
progression of neurodegeneration caused by cholinergic
neuronal loss in patients with cognitive impairment. We
performed segmentation of the limbic structure, includ-
ing BF on 3D T1-weighted MRI, using FreeSurfer tool-
box, ScLimbic (v.7.2.0, FMRIB, Oxford, UK) (https://
surfernmr.mgh harvard.edu/fswiki/ScLimbic) and
obtained the total BF volume as the sum of left and right
BF volumes (Fig. 3). After running the scLimbic pipeline,
we visually inspected the segmented images, as shown
in Fig. 3, to check for any significant errors in structure
labelling. We also used the -write_qa_stats function in
Freesurfer’s scLimbic pipeline to check detailed quality
assurance statistics. We then normalized the BF volume
by dividing it by the total intracranial volume for subse-
quent analysis. The MRI sequence used to measure BF
volume was acquired simultaneously with the MRI pro-
tocol used to measure the CHIPS scores.
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A CHIPS tertile 1, CHIPS score 7

Low external capsule High external capsule Corona radiata Centrum Semiovale

Fig. 2 Representative fluid-attenuated inversion recovery (FLAIR) images of patients in each CHIPS tertile group. In Panels A through C, the top row of
each panel is the original MRI image, and the bottom row is the image with the region of interest added. Colored lines represent the medial (blue) and
lateral (red) cholinergic pathways. The Montreal Neurological Institute (MNI) z-coordinates of the associated index images are about — 1, 10, 25, and 37.
Panels A through C shows representative FLAIR images of each CHIPS tertile group at the low external capsule, high external capsule, corona radiata, and
centrum semiovale levels, from left to right. A represents CHIPSt1 with a CHIPS score of 7, C represents CHIPSt2 with a CHIPS score of 17, and D represents

CHIPSt3 with a CHIPS score 72
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Fig. 3 Segmentation of the basal forebrain using FreeSurfer ScLimbic toolbox. Segmentation of limbic structures including BF was performed using
the ScLimbic toolbox from the FreeSurfer toolbox (v.7.2.0, FMRIB, Oxford, UK) (https://surfernmr.mgh.harvard.edu/fswiki/ScLimbic). The basal forebrain is
marked in brown color in the axial, sagittal, and coronal images of the 3D T1-weighted MRI (A-C) and the 3-dimensional reconstruction image (D). Total
basal forebrain volume was calculated by adding the volumes of left and right basal forebrains. For subsequent analyses, basal forebrain volume was

normalized to head size by dividing it by total intracranial volume

Statistical analyses

We conducted the univariable and multivariable regres-
sion to investigate the association between normalized BF
volumes and CHIPS scores. All variables were tested for
normality (Shapiro-Wilk normality test) and homosce-
dasticity of variance (Bartlett test), and the CHIPS ter-
tile (CHIPSt) group was included as a categorial variable
because CHIPS scores did not satisfy the normal dis-
tribution (i.e. CHIPStl, CHIPSt2, and CHIPSt3 group;
with CHIPSt3 had the highest CHIPS score). Pearson’s
correlation test was conducted between normalized BF
volumes and CHIPS scores. In univariable analysis, age
at MRI scan, vascular risk factors (e.g., hypertension,
diabetes mellitus, hyperlipidemia, coronary artery dis-
ease, smoking history), history of stroke, apolipoprotein
E (APOE) &4 status, baseline MMSE, deep and periven-
tricular WMH, lacunes, CMB, EPVS, and total SVD
scores were explored [26]. The multivariable regression
analysis included all covariates that were significant in
the univariable analyses. We assessed multicollinearity
using the variance inflation factor (VIF) function from
the R (version 4.3.0) car library. A VIF value exceeding
2.5 was considered indicative of potential multicollinear-
ity issues, while a value over 10 was regarded as severe.
We also conducted sensitivity analyses to confirm the
independent association between normalized BF volume
and CHIPS score in the subgroups according to WMH

severity (deep WMH graded as Fazekas grades 2 or 3
and/or periventricular WMH graded as Fazekas grade 3).
All data analyses were performed using R (version 4.3.0),
and a P value<0.05 was considered significant.

Results

From 465 patients with objective cognitive decline who
underwent structural brain MRI, '®F-Florbetaben PET,
we excluded 261 patients who were confirmed as amy-
loid positive on '®F-florbetaben PET, 7 patients who had
Parkinson’s disease dementia, Dementia with Lewy bod-
ies, Progressive Supranuclear Palsy, 7 patients who had
brain lesions other than neurodegenerative diseases such
as traumatic brain injury or encephalitis, and 3 patients
who underwent T1-weighted MRI with a 3 mm slice
thickness. Finally, a total of 187 patients were enrolled.
The mean age (+standard deviations) was 75.2%5.4
years, and 105 (56.2%) were women. Hypertension was
present in 102 (54.5%), a history of stroke in 19 (10.2%),
and APOE &4 carriers in 29 (17.7%). The median scores
of the MMSE and education levels were 25 points [IQR
22.0; 27.5] and 12 years [IQR 6.0; 14.0], respectively, and
154 (82.4%), had mild cognitive impairment with a CDR
of 0.5. Among the patients with MCI, 80 (42.8% of the
total 187 patients) had moderate-to-severe WMH, con-
sidered subcortical vascular MCI (Supplemental Table 2).
The remaining 74 non-vascular MCI patients included 27
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with amnestic MCI (14.4% of the total) and 47 with non-
amnestic MCI (25.1% of the total). Among the dementia
patients, 21 (11.2% of the total) had moderate-to-severe
WMH, deemed as having subcortical vascular demen-
tia. For the remaining 12 dementia patients (6.4% of the
total) without or with only mild WMH, diagnoses were
as follows: 3 had frontotemporal dementia, 2 had nor-
mal pressure hydrocephalus, 1 had posterior cortical
atrophy, and 6 were considered other neurodegenera-
tive diseases including limbic-predominant age-related
TDP-43 encephalopathy, and argyrophilic grain disease.
Using cerebellar gray matter as a reference region, we cal-
culated total cerebral cortical SUVR values, resulting in
a median value of 1.17 with an IQR of 1.13 to 1.22. No
patients exceeded the cutoff of 1.43.

The median CHIPS score was 12.0 [IQR 5.0; 24.5], with
scores in each CHIPS tertile group of 4.0 [2.0; 5.0], 12.0
[9.0; 14.0], and 34.5 [25.0; 42.0] (Table 1). The CHIPSt3
group, which consisted of patients with the highest
CHIPS tertile scores, was significantly older (P=0.02)
and more likely to have hypertension (P<0.01) and a
history of stroke (P<0.01) than the other groups with
lower CHIPS scores. Lacune, CMB, and EPVS were all
significantly more prevalent in the highest CHIPS ter-
tile group, with 53 (85.5%) having a total SVD score of 2
or more. Figure 2 displays representative FLAIR images
of patients in each CHIPS tertile group. Comparing
cognitive domain scores across CHIPS tertile groups
revealed significant differences in attention, memory,
and frontal domain z-scores, with the highest CHIPS
tertile group exhibiting decreased cognitive functions in
these domains (Table 1, Supplemental Fig. 1). Regarding
normalized BF volume, correlations with age- and edu-
cation-adjusted cognitive domain z-scores indicated sig-
nificant relationships in all cognitive domains except for
attention (Supplemental Fig. 2).

The normalized BF volume of the CHIPSt3 group (% of
brain parenchymal volume, mean®SD, 3.52+0.50) was
significantly decreased than those of the lower CHIPSt
groups (3.71£0.54, CHIPSt2; 3.81+0.55, CHIPStI;
P<0.01). In post hoc analysis, the difference in normal-
ized BF volume was significant between the CHIPSt1-
CHIPSt3 groups (P<0.01) and the CHIPSt2-CHIPSt3
groups (P<0.01), but not between the CHIPSt1-CHIPSt2
groups (P=0.99) by Tukey honest significant difference
test (Fig. 4).

In the univariable regression analysis, factors show-
ing significant associations with the normalized BF
volume were the CHIPSt3 group, age, female, educa-
tion, diabetes mellitus, smoking, previous stroke his-
tory, periventricular WMH, and CMB (Table 2). In
multivariable regression analysis, the CHIPSt3 group
(standardized beta [B4] = -0.25, P<0.01), female (B4
= 0.20, P=0.04), and diabetes mellitus (S,q = -0.22,
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P<0.01) showed a significant association with the
normalized BF volume (Table 2). Regarding multicol-
linearity, no variables exceeded a VIF of 2.5.

In sensitivity analyses with subgroups according
to WMH severity, a significant negative correlation
between CHIPS scores and normalized BF volume in
both subgroups with none to mild WMH, (r = -0.28,
»<0.01) and with moderate to severe WMH (r = -0.42,
p<0.01) (Fig. 5).

Discussion

We examined the relationship between cholinergic
pathway disruption due to strategic WMH and BF vol-
ume in a cohort of 187 amyloid-negative neurocogni-
tive disorders. We found a significant decrease in BF
volume as a function of higher CHIPS scores after
adjusting for potential confounders, including age,
hypertension, stroke history, and other SVD mark-
ers. These findings imply that WMH in the choliner-
gic pathway independently contributes to BF atrophy
without amyloid pathology.

We hypothesized that the observed results could
be attributed to a ‘dying-back’ phenomenon, in which
cortical atrophy is induced by the connecting white
matter tract lesion. This mechanism has been sug-
gested in previous studies on multiple sclerosis, having
both inflammatory and neurodegenerative aspects [27,
28]. In this cohort of patients, it has been suggested
that retrograde neuronal degeneration due to axonal
damage within white matter lesions causes cortical
atrophy [28]. Studies on stroke patients also indicated
a connection between subcortical infarcts and corti-
cal thinning in associated regions, implying secondary
neurodegeneration precipitated by axonal disruption
[29]. Furthermore, in cerebral small vessel diseases, the
progression rate of WMH has been linked to regional
cortical atrophy, likely due to secondary downstream
denervation [30]. Given the anatomical connectivity
between cholinergic neurons in the BF and their pro-
jection fibers in the subcortical white matter, white
matter lesions, as quantified by CHIPS scoring, would
likely contribute to BF volume loss via the ‘dying-back’
phenomenon.

WMH burden may contribute to cognitive decline
and brain atrophy regardless of AD pathology [31, 32].
Studies show that cholinergic deficiency is implicated
in VCI [33], but the degree of involvement and under-
lying mechanisms are still unclear. There are reports
that BF atrophy was not observed in VCI; however,
these studies did not differentiate between the groups
with biomarkers to support the clinical diagnosis [10,
11]. In our study, we limited the study population to
patients with negative amyloid PET to eliminate the
influence of AD pathology when interpreting the effect
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Table 1 Demographic characteristics of study population
Characteristic Total CHIPSt1 CHIPSt2 CHIPSt3 P
(N=187) (N=63) (N=62) (N=62)
CHIPS score, median (IQR) 12 (5.0;24.5) 4.0 (2.0,5.0) 12.0 (9.0,14.0) 34.5 (25.042.0) <0.01
Age, years 7524+ 54 738450 753456 764452 0.02
Female, No. (%) 105 (56.2) 32(50.8) 38(61.3) 35(56.5) 0.50
Education, years 12.0(6.0; 14.0) 12.0 (6.0;14.0) 10.5 (6.0;,16.0) 11.5(6.0,14.0) 0.89
Medical history, No. (%)
Hypertension 102 (54.5) 4(38.1) 35(56.5) 43 (69.4) <0.01
Diabetes mellitus 1(27.3) 5(23.8) 17 (27.4) 19 (30.6) 0.69
Hyperlipidemia (39 0) 3(36.5) 23 (37.1) 27 (43.5) 0.67
Smoking 8(31.0) 25(39.7) 18(29.0) 15(24.2) 0.16
Previous history of stroke ( 2) 3(4.8) 4 (6.5) 12(194) 0.01
Previous history of CAD 42 (22.5) 15(23.8) 13(21.0) 14 (22.6) 0.93
APOE e4 carriers 29(17.7) 11(21.6) 11(19.3) 7 (12.5) 044
Baseline MMSE 25.0(22.0;27.5) 27.0(25.0;28.0) 25.0(21.0;27.0) 24.0 (20.0; 27.0) <0.01
Cognitive domain functions
Attention z-score -0.2841.19 005+ 1.14 -0.09+ 1.29 -0.7241.00 <001
Language z-score -1.014£ 205 -0.8941.80 -1.214£1.89 -1.234£ 241 0.58
Visuospatial z-score -1.2542.16 -0.904 2.04 -14042.15 -1434-226 0.30
Memory z-score -1.524£1.18 -1.784+£1.13 -1.63+£1.21 -1.76 £ 1.14 0.02
Frontal z-score -1484 1.81 -0.984 1.89 -1.604 1.69 -1.994 1.68 <0.01
Deep WMH, Fazekas grade 2 or more, median (IQR) 44 (23.5) 0(0) 9(14.5) 35(56.5) <0.01
Periventricular WMH, Fazekas grade 3, median (IQR) 38(20.3) 2(3.2) 4(6.5) 32(516) <0.01
Lacunes 50(26.7) 8(12.7) 16 (25.8) 26 (41.9) <0.01
Cerebral microbleeds 81 (43.3) 19 (30.2) 25 (40.3) 37 (59.7) <0.01
Deep 46 (24.6) 8(127) 2(19.4) 26 (41.9) <0.01
Lobar 47 (25.1) 1(17.5) 3(21.0) 23(37.1) 0.03
Infratentorial 27 (144) 5(7.9) 7 (1 1.3) 15(24.2) 0.02
Enlarged perivascular spaces
Basal Ganglia <0.01
0 4(2.1) 1(1.6) 3(4.8) 0(0)
1-10 65 (34.8) 30 (47.6) 16 (25.8) 19 (30.7)
11-20 85 (45.5) 28 (44.4) 33(53.2) 24 (38.7)
20-40 23(12.3) 3(4.8) 9(14.5) 1107.7)
41 or more 10 (54) 1(1.6) 1(1.6) 8(12.9)
Centrum Semiovale 0.03
0 6(3.2) 1(1.6) 1(1.6) 4(6.5)
1-10 56 (30.0) 23 (36.5) 10 (16.1) 23 (37.1)
11-20 65 (34.8) 22 (34.9) 22 (35.5) 21(33.9)
20-40 45 (24.1) 15(23.8) 21(33.9) 9(14.5)
41 or more 5(8.0) 2(3.2) 8(12.9) 5(8.1)
Total SVD score 0.18
0 2(11) 0(0) 1(1.6) 1(1.6)
1 30(16.0) 13(20.6) 9(14.5) 8(12.9)
2 85 (45.5) 1(49.2) 28 (45.2) 26 (41.9)
3 61(326) 8(28.6) 23(37.1) 20(32.3)
4 9(4.8) 1(1.6) 1(1.6) 7(11.3)
BF volume (x 10%) 3714054 3814055 3784052 3524 0.50 <0.01

Numbers denote mean+standard deviations or median (IQR) for continuous variables or frequencies (proportions) for categorical variables

Abbreviations: CHIPSt, Cholinergic Pathways Hyperintensities Scale tertile; IQR, interquartile range; CAD, Coronary artery disease; BF, basal forebrain; SVD, small

vessel disease
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Fig. 4 Differences in BF volume between tertile groups. Box plots show a significant difference in BF volume between tertile groups. The difference in BF
volume was significant between the CHIPSt1 and CHIPSt3 groups (P<0.01) and the CHIPSt2 and CHIPSt3 groups (P < 0.01), but not between the CHIPSt1
and CHIPSt2 groups (P=0.99). The top and bottom of each box indicate the 75th and 25th percentiles, and the horizontal line inside each box indicates
the 50th percentile. P values were obtained using a Tukey test, with an asterisk indicating P <0.05. Abbreviations: BF, basal forebrain; CHIPS, Cholinergic

Pathways Hyperintensities Scale; ns, not significant

of cholinergic tract disruption on BF volume. We fur-
ther excluded patients with Parkinson’s disease demen-
tia, Lewy body dementia, and progressive supranuclear
palsy, which is known to be accompanied by degen-
eration of BF neurons and their associated depletion
of cortical cholinergic projections as in AD [34, 35].
Thus, our findings suggest that a high WMH burden of
cholinergic pathways significantly impacts BF atrophy,
even if not caused by amyloid or Lewy body patholo-
gies, which are already known to affect BF volumes.
The pattern of cognitive impairment in our study
participants aligns with existing research findings.
Previous studies have reported that the cognitive
domains most affected in VCI patients are the atten-
tion, processing speed, frontal-executive function,
and memory domains [36, 37]. Similarly, our analysis

found a significant reduction in these domains in the
highest tertile CHIPS group (Table 1, Supplemental
Fig. 1). The relationship between the BF and cogni-
tive function also showed significant correlations with
most cognitive domains, including memory and fron-
tal-executive functions, as reported in the literature
(Supplemental Table 2, Supplemental Fig. 2) [2]. These
results are expected to broaden our understanding of
the interrelationship between WMH in strategic loca-
tions, BF volume, and cognitive impairment.

We segmented the BF, but it’s crucial to note that
this region contains multiple structures. The nbM,
which primarily projects to cortical regions, occupies
only a small part of the BE. Thus, atrophy measure-
ments of the BF may not accurately reflect cholinergic
pathway changes. Research on the nbM is challenging
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Table 2 Univariable and multivariable regression analysis for BF volume

Univariable analysis

Multivariable analysis

Variable Estimate (SE)" Pvalue Estimate (SE)"* Pvalue
CHIPSt group
CHIPSt1 Reference NA Reference NA
CHIPSt2 -0.03 (0.09) 0.72 -2.86 (0.09) 0.71
CHIPSt3 -0.29 (0.09) <0.01 -24.51 (0.10) 0.01
Age, years -0.02 (0.01) 0.03 -10.43 (0.01) 0.13
Female 0.31 (0.08) <0.01 2042 (0.11) 0.04
Education, years -0.02 (0.01) <0.01 -13.59(0.01) 0.08
Hypertension -0.05 (0.08) 049 NA NA
Diabetes mellitus -0.29 (0.09) <0.01 -21.74(0.08) <0.01
Hyperlipidemia 0.01 (0.08) 0.92 NA NA
Smoking -0.22 (0.08) 0.01 -4.88 (0.10) 0.59
Previous history of stroke -0.28 (0.13) 0.03 -4.21(0.12) 0.54
Previous history of CAD 0.04 (0.09) 0.66 NA NA
APOE &4 carrier 0.02 (0.11) 0.87 NA NA
Baseline MMSE 0.01 (0.01) 044 NA NA
Deep WMH, Fazekas grade 2 or more -0.11 (0.09) 0.23 NA NA
Periventricular WMH, Fazekas grade 3 -0.20 (0.70) 0.04 8.62(0.11) 0.29
Lacunes -0.09 (0.09) 033 NA NA
Cerebral microbleeds -0.20 (0.08) 0.01 -12.80 (0.08) 0.07
Deep -0.02 (0.02) 0.25 NA NA
Lobar -0.01(0.02) 036 NA NA
EPVS-BG -0.04 (0.05) 033 NA NA
EPVS-CS 0.07 (0.04) 0.09 NA NA
Total SVD scores 0.05 (0.05) 027 NA NA

Estimates and standard error values were expressed by multiplying by 10

The multivariable regression analysis included all covariates that were significant in the univariable analyses: CHIPSt, age, female, education, diabetes mellitus,

smoking, previous history of stroke, periventricular WMH, cerebral microbleeds
* Standardized beta estimates

Abbreviations: CHIPSt, Cholinergic Pathways Hyperintensities Scale tertile; CAD, Coronary artery disease; MMSE, mini-mental state examination; WMH, white matter
hyperintensities; EPVS, enlarged perivascular space; BG, basal ganglia; CS, centrum semiovale; SVD, small vessel disease; SE, Standard error; BF, basal forebrain; NA,

not applicable

due to patient-specific variations and the difficulty of
accurate segmentation. Manual segmentation, while
addressing individual differences, is limited by the
nbM’s poor visibility on standard 3T T1-weighted
MRI. High-resolution 7T MRI offers better accuracy
but is not widely available. To mitigate these issues,
researchers have developed a probabilistic atlas of
the nbM from postmortem histological staining of
healthy brains [38]. While this atlas is widely used
for its accuracy, it does not capture patient-specific
anatomical variability, which is significant given indi-
vidual differences and disease progression. Recent
studies highlight that the probabilistic atlas falls short
in accounting for these differences, underscoring the
need for better atlas technology. Additionally, deep
learning techniques are being investigated to improve
segmentation accuracy and address anatomical vari-
ability [39]. These methods show promise in improv-
ing our understanding of the nbM’s role in cognitive
impairment, warranting further studies utilizing these
advanced techniques.

In our study, diabetes mellitus was the other signifi-
cant factor affecting BF volume, consistent with pre-
vious findings. Diabetes mellitus decreases total and
regional brain volume, and longer duration of diabetes
mellitus was reported to decrease the volume of the
ventral diencephalon, including the BF [40]. A sensi-
tivity analysis of the correlation between CHIPS score
and BF volume for diabetes mellitus revealed a sig-
nificant negative correlation, which can be interpreted
as an adverse effect of cholinergic fibers damage on
BF volume when there is a disruption of cholinergic
pathways due to WMH, independent of the previ-
ously known effects of diabetes mellitus. On the other
hand, hypertension is also an important determinant
in WMH, with high systolic blood pressure contribut-
ing to global brain atrophy [41, 42] and low diastolic
blood pressure also contributing to brain atrophy [43].
However, it remains to be seen whether hypertension
causes BF atrophy, and our results show that the cor-
relation between the two was insignificant.
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Fig. 5 Sensitivity analysis for the correlations between CHIPS scores and BF volume. The sensitivity analyses examined the relationship between the
CHIPS score and the BF volume in subgroups based on WMH severity. The results showed a negative correlation between CHIPS score and normalized BF
volume in the subgroup with none to mild WMH (A) and with moderate to severe WMH (B)

Female sex was the only variable to show a positive
correlation with normalized BF volume in the multi-
variable analysis. There is ongoing debate about the
differences in structural brain changes between sexes.
Some studies report that female may have structural
and functional advantages over male [44], although
this is typically confined to periods of healthy aging
or MCI Conversely, when transitioning to demen-
tia, female may experience a faster rate of atrophy

[45]. Additionally, during the MCI stage of the AD
continuum, previous study suggested that brain atro-
phy progresses more rapidly in female than in male
[46]. Regarding BF volume, it has been observed that
female, but not male, show a decrease in BF volume
in MCI and AD patients compared to healthy controls
[47]. However, these studies did not focus on amyloid-
negative patients, making it hard to extrapolate to
our study. The sex differences in neurodegenerative
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changes remain an actively researched topic, and our
findings may serve as valuable reference data for future
studies in this area.

In terms of clinical implications, vascular contribu-
tions to cognitive impairment and dementia are gain-
ing increasing attention, but no proven treatment
exists [48, 49]. In South Korea, the indication for done-
pezil in vascular dementia was removed in 2019 due
to insufficient clinical evidence, leaving patients with
very limited pharmacological options. Therefore, elu-
cidating the impact of strategic WMH on BF volume
independent of amyloid deposition is essential to guide
future therapeutic advancements. Given the findings
of cholinergic denervation and reduced choline acetyl-
transferase activity in patients with VCI, [50, 51] along
with clinical observations of treatment responses, it is
plausible that a subset of these patients might benefit
from acetylcholinesterase inhibitors. Identifying these
patients based on the strategic location of WMH could
inform target population selection in clinical trials and
aid in developing tailored therapeutic strategies.

This study has several limitations and strengths. This
is a cross-sectional study, so we cannot assess changes
over time, and more research is needed to determine
if the observed associations persist prospectively and
represent a causal relationship. Longitudinal data may
elucidate the additive effects of vascular lesions and
neurodegeneration on the progression of cognitive
impairment. Additionally, as this study is a single-cen-
ter, retrospective analysis focusing solely on patients
who underwent amyloid PET scans, the study popu-
lation may be uneven and potentially biased. Conse-
quently, caution is warranted when generalizing these
findings to a broader population. Furthermore, the lack
of a healthy control group makes it unclear whether
the associations reported in this study are specific to
cognitive impairment or normal aging. In addition, the
potential impact of unmeasured biases not accounted
for by the total intracranial volume should also be con-
sidered when interpreting our results, even though
the BF volume was normalized to total intracranial
volume. Finally, this study was not based on accurate
quantification of WMH volume within cholinergic
pathways using advanced imaging tools, but rather on
visual assessment methods, which has inherent limita-
tions on the accuracy of quantification. However, the
visual rating method has advantages in terms of apply-
ing research findings to actual clinical practice. In
hospitals where quantification software is not readily
available, the CHIPS visual rating method can be eas-
ily utilized, much like the Fazekas scale for WMH or
Scheltens’ visual grades for medial temporal atrophy
[26, 52]. Despite these limitations, the strengths of our
study include a well-characterized study population
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with amyloid PET imaging and a standardized method
of measuring BF volume. To our knowledge, this is the
first study of the relationship between WMH in cho-
linergic pathways and BF atrophy in amyloid-negative
patients. Our findings may provide a rationale for
using acetylcholinesterase inhibitors in amyloid-neg-
ative patients with cholinergic pathway involvement
and could potentially contribute to developing a tai-
lored therapeutic strategy.

Conclusions

We identified that strategic WMH in the cholinergic
pathways, represented by CHIPS scores, was associ-
ated with reduced BF volume in cognitively impaired
patients with negative amyloid PET scans. Loss of cho-
linergic neurons in the BF is a cardinal feature of AD,
but this study shows that strategic white matter lesions
alone contribute to neurodegeneration involving the
BF cholinergic neurons.

Abbreviations
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