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Abstract

Purpose We investigated the volumetric changes in the components of the cholinergic pathway for patients with early mild
cognitive impairment (EMCI) and those with late mild cognitive impairment (LMCI). The effect of patients’ apolipoprotein
4 (APOE-¢4) allele status on the structural changes were analyzed.

Methods Structural magnetic resonance imaging data were collected. Patients’ demographic information, plasma data, and
validated global cognitive composite scores were included. Relevant features were extracted for constructing machine learn-
ing models to differentiate between EMCI (n=312) and LMCI (n=541) and predict patients’ neurocognitive function. The
data were analyzed primarily through one-way analysis of variance and two-way analysis of covariance.

Results Considerable differences were observed in cholinergic structural changes between patients with EMCI and LMCI.
Cholinergic atrophy was more prominent in the LMCI cohort than in the EMCI cohort (P < 0.05 family-wise error corrected).
APOE-¢4 differentially affected cholinergic atrophy in the LMCI and EMCI cohorts. For LMCI cohort, APOE-¢4 carriers
exhibited increased brain atrophy (left amygdala: P=0.001; right amygdala: P=0.006, and right Ch123, P=0.032). EMCI
and LCMI patients showed distinctive associations of gray matter volumes in cholinergic regions with executive (R*=0.063
and 0.030 for EMCI and LMCI, respectively) and language (R?>=0.095 and 0.042 for EMCI and LMCI, respectively) function.
Conclusions Our data confirmed significant cholinergic atrophy differences between early and late stages of mild cognitive
impairment. The impact of the APOE-¢e4 allele on cholinergic atrophy varied between the LMCI and EMCI groups.

Keywords Early mild cognitive impairment (EMCI) - mild cognitive impairment (MCI) - cholinergic pathway - nucleus
basalis of Meynert - APOE-¢4 allele

Introduction

Alzheimer’s disease (AD), a progressive neurodegenerative
disease, has a long preclinical phase involving the progres-
sive accumulation of pathological changes in the brain [1].
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Mild cognitive impairment (MCI), which is a potential sign
of severe cognitive decline, is regarded as a transitional stage
between normal cognitive aging and AD. MCI is defined
as a decline in cognitive ability, leading to objective cog-
nitive impairments and subjective complaints, with main-
tenance of the ability to perform daily activities [2]. The
Alzheimer’s Disease Neuroimaging Initiative (ADNI) is a
large-scale observational study of normal aging, MCI, and
AD. According to Wechsler Memory Scale-Revised Logical
Memory II scores, MCI can be classified into 2 subtypes,
early MCI (EMCI) and late MCI (LMCI) [3-5]. Compared
with LMCI, EMCI is associated with a reduced risk of pro-
gression to dementia or AD [6, 7]. Furthermore, EMCI has
more heterogeneous characteristics than LMCI [8]. Earlier
findings indicated higher proportions of EMCI patients who
exhibited levels of cerebrospinal fluid (CSF) and cortical
thickness similar to those observed in cognitively normal
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subjects [8]. EMCI potentially indicates an early point in
the clinical spectrum, whereas LMCI likely indicates a later
point (progression to AD) [9]. Early interventions against
EMCI may ensure timely treatment and delay progression to
AD, which involves irreversible brain damage [10]. There-
fore, sensitive biomarkers for distinguishing between EMCI
and LMCI characteristics are urgently needed.

The cholinergic pathway in the basal forebrain (BF),
which is essential for utilizing the neurotransmitter ace-
tylcholine, comprises dense cholinergic neuron clusters,
particularly in cholinergic nuclei 1, 2, and 3 (Ch123), and
the nucleus basalis of Meynert (NBM, i.e., Ch4) [11]. Chl/
Ch2 predominantly project their axons to the hippocampus,
playing a crucial role in modulating hippocampal functions
related to memory formation and retrieval [8]. Ch3 primar-
ily provides innervation to the olfactory bulb, potentially
influencing olfactory memory and sensory processing [6,
8]. Ch4 projects to the neocortex and sends cholinergic fib-
ers to the amygdala, thereby influencing both cognitive and
emotional processes. The selective vulnerability of the cho-
linergic pathway to AD has been reported. Cholinergic defi-
ciency is associated with the formation of amyloid-beta (AP)
plaques, development of taupathy, and severity of AD [12].
MCI leads to a reduction in the number of cholinergic basal
forebrain (BF) neurons; this condition is characterized by
the hyperphosphorylation of Tau and the formation of neu-
rofibrillary tangles within BF neurons [11, 13—15]. Neuro-
imaging findings have revealed that normal older adults with
abnormal CSF levels have higher longitudinal cholinergic
degeneration than their healthy counterparts [16]. Choliner-
gic volume atrophy can predict the long-term degeneration
of the entorhinal cortex, which is a major target of choliner-
gic innervation and neurocognitive decline [17, 18].

The APOE gene, with its three main isoforms €2, €3, and
€4, plays a crucial role in Alzheimer's disease by influencing
the aggregation and clearance of amyloid-beta (Ap) in the
brain [19, 20]. The €2 isoforms generally exhibit protec-
tive effects against AD, enhancing A clearance due to their
higher affinity for lipid particles and effective binding with
AP [20]. The €3 isoform is considered neutral in AD risk,
providing a balanced A binding and clearance capability.
In contrast, the €4 isoforms are less effective at binding A,
resulting in decreased clearance and increased AP aggrega-
tion in the brain [20]. A proposed mechanism suggests that
APOE-¢€4 augments the interaction between Af and specific
neuronal receptors, such as a7 nicotinic acetylcholine recep-
tors. This can facilitate the uptake of the Ap-a7 receptor
complex into neurons, potentially leading to AP} aggregation,
believed to be precursors of amyloid plaques in the cerebral
cortex [21-24]. Although it has been shown that APOE-e4
is associated with cholinergic compensatory mechanisms
[25], few studies have focused on the effect of APOE-€4 on
the cholinergic pathway in patients with EMCI and LMCI.
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This study analyzed the volumetric changes in the cho-
linergic regions for EMCI and LMCI patients. We hypoth-
esized that the effect of APOE-e4 would make these changes
distinct between the two groups. By integrating cholinergic
structural data, composite neurocognitive scores, and plasma
biomarkers, we employed a machine learning (ML) model to
differentiate between EMCI and LMCI patients and predict
their neurocognitive function.

Materials and Methods
Subjects

Data used in this study were obtained from the ADNI
database (https://adni.loni.usc.edu) [26]. The ADNI was
launched in 2003, representing a partnership between public
and private entities. This initiative was led by Michael W.
Weiner (MD:; principal investigator). The primary goal of
the ADNI study was to investigate whether serial magnetic
resonance imaging (MRI), positron emission tomography,
other biological markers, and clinical and neuropsychologi-
cal assessment can be combined to assess the progression
of MCI and early AD. For the present study, MRI data were
downloaded from the ADNI-1, ADNI1/Go, ADNI-2, and
ADNI-3 databases; in addition, patients’ demographic infor-
mation, neurocognitive data, and validated composite scores
derived from baseline global cognitive composite scores
were collected. This study was approved by the ethics com-
mittees of all participating institutions. Written informed
consent was obtained from all participants. ADNI global
cognitive composite scores, including memory (MEM),
executive functioning (EF), language (LAN), and visuos-
patial functioning (VS), along with A 1 to 42 (Ap42), total
tau (Tau), and Tau phosphorylated at threonine 181 (pTau)
at baseline have been described in detail in previous stud-
ies [27, 28]. This study included patients whose imaging
data passed our image quality control assessment. Thus,
312 patients with EMCI and 541 patients with LMCI were
included in this study. Subsequently, the included patients
were classified according to their APOE-€4 allele carrier
status. The steps of APOE-4 genotyping are detailed here:
http://www.adni-info.org.

MRI Data

High-resolution T1 structural MRI data, obtained using
1.5 T and 3 T MRI scanners, were downloaded, and sum-
mary are presented in Supplementary Table S1 (Summary
of 3D T1-weighted MRI protocols in ADNI-1, ADNI-Go,
ADNI-2, and ADNI-3). The detailed MRI protocols are
available on the ADNI website (http://adni.loni.usc.edu/
methods/documents/mri-protocols/).
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Data Analyses

Region-of-interest (ROI) masks were created using the
SPM Anatomy Toolbox [29] and cytoarchitectonic prob-
ability anatomical maps [30, 31]. The bilateral Ch123;
NBM; and amygdala were included in the ROI masks, as
depicted in Fig. 1a. The CAT12 toolbox was used to per-
form voxel-based morphometry (VBM) analyses [32, 33].
Preprocessing included complete and iterative bias correc-
tion in statistical parametric mapping; normalization to the
standard template of Montreal Neurological Institute by
using a diffeomorphic anatomical registration algorithm;
and segmentation into gray matter (GM), white matter
(WM), and CSF. A Gaussian filter was used to smooth the
normalized GM images (4-mm full-width half-maximum).
Quality control was performed to eliminate potential outli-
ers. Before analyses, image quality was evaluated by using
the toolbox of Check Sample Homogeneity from CAT12

a Regions of Interest

Amygdala

for VBM data [34]. All data were quality-controlled in
accordance with the CAT12 procedures. Data with inho-
mogeneity, images with low signal intensity, and data
with warping errors were excluded. After the correlations
between all volumes were calculated, data with correlation
coefficient values of less than two standard deviations were
omitted from the analysis [34].

Statistical Analyses

Between-group differences in demographic characteristics
were assessed using one-way analysis of variance and chi-
square tests for categorical variables. After adjustment for age,
sex, educational level, and total intracranial volume (TIV; this
comprises GM, WM, and CSF), two-way analysis of covari-
ance (ANCOVA) was performed to examine the main effects
of group (EMCI vs LMCI) and APOE-e4 and the interaction
effect of group X APOE-g4 on the global composite scores.

Cholinergic Pathway Atrophy

Early Mild Cognitive Impairment

Xl

Fig. 1 a Masks for regions of interest (ROIs) of the bilateral CH123;
CH4; and amygdala. b Main effect of group differences on amygdala
and basal forebrain subregion volume through voxel-based morphom-
etry 2x2 ANCOVA (two groups X APOE-¢4 carrier status) analysis.
Significant atrophy of gray matter volume is presented on the inflated
cortical surfaces (P <0.05 family-wise error corrected). ¢ A compari-
son of cholinergic atrophy between representative subjects from the
EMCI and LMCI groups. For EMCI, a 79.5-year-old female non-
APOE-€4 carrier exhibited volumes of the left amygdala=1662.5
mm?, right amygdala=1439.9 mm?, left NBM=67.8 mm>, right
NBM=48.5 mm?, left CHI23=94.1 mm?, and right CH123=79.5
mm?, as indicated by yellow, red, and green arrows for amyg-

Late Mild Cognitive Impairment

dala, NBM, and CH123, respectively. For LMCI, a 79.3-year-old
female APOE-e4 carrier subject showed volumes of the left amyg-
dala=1218.1 mm?®, right amygdala=1065.2 mm?>, left NBM =534
mm?, right NBM=38.2 mm?, left CH123=70.1 mm? and right
CH123=65.0 mm?, as indicated by yellow, red, and green arrows
for amygdala, NBM, and CH123, respectively. d Significant atrophy
in both basal forebrain and amygdala volume (in cubic millimeters)
for EMCI and LMCI. *P<0.05. EMCI: early cognitive impairment,
LMCI: late cognitive impairment, CH123: cholinergic nuclei 1, 2,
and 3, CH4: nucleus basalis of Meynert, Amy: amygdala, R: right
side, L: left side, ANCOVA: analysis of covariance
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Fig. 1 (continued)

SPSS (version 27.0) was used for statistical analyses. The sig-
nificance level was set at P <0.05.

Between-Group Comparison of Volumetric
Measurements

The data were modeled through 2x2 ANCOVA to com-
pare volumetric measurements between the groups and to
evaluate the APOE-¢4 effect; thus, the following design cells
were created: EMCI (+), EMCI (—), LMCI (+), and LMCI
(—); the (+) sign denotes APOE-¢4 carriers, and the (—)
sign denotes noncarriers. Age, sex, educational level, and
TIV were all included as nuisance covariates. We analyzed
the main effects of group (EMCI vs LMCI) and APOE-¢4
(carriers vs noncarriers) and the interaction effect of
group X APOE-¢g4. To correct for multiple comparisons, the
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nonparametric threshold-free cluster enhancement method
was used with 10 000 permutations [35, 36]. Statistical sig-
nificance was set at P <0.05 when using the family-wise
error method. SPM software was used for analysis. The
MarsBaR toolbox (http://marsbar.sourceforge.net) was used
to extract mean values for the significant clusters identified
in ANCOVA.

Associations between Volumetric Changes
in the Cholinergic Regions and Neurocognitive
Performance

To investigate the effect of different group on the relationship
between the cholinergic volume atrophy and cognitive per-
formance, we compared the correlation coefficients between
EMCI and LMCI by analyzing the interaction effects (i.e.,


http://marsbar.sourceforge.net
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Table 1 Demographic 2
characteristics z‘éf tlz)vo different EMCI Lmct Forx
. (n=312) (n=541) (P value)

subject groups
Age Mean+SD 71.04+7.35 73.83+7.59 0.001*
Sex M/F 171/141 3297212 0.09
Education (years) Mean=+SD 16.11+2.67 15.92+2.83 0.34
TIV Mean+SD 1469.02 +152.09 1478.67+155.38 0.38

EMCI: early mild cognitive impairment, LMCI: late mild cognitive impairment. *P < 0.05

group X NBM_L, group x NBM_R, group x amygdala_L and
group X amygdala_R) of the following linear regression:

neurocognitive scores=NBM_L + NBM_R + amyg
dala_L + amygdala_R + group + (group X NBM_L) + (gr
oup X NBM_R) + (group x amygdala_L) 4 (group X amygda
la_R)+age +sex +edu+ TIV.

As shown above, the neurocognitive scores (MEM,
EF, LAN or VS) were considered as the dependent vari-
able, whereas the volume measurements in bilateral NBMs
and amygdalae, group (EMCI vs. LMCI), interaction terms
between the group effect and volume measurements in each
ROI were treated as the independent variables. Age, sex,
edu, and TIV were added as the independent variables. The
interaction term between group and VBM measurements
was used to test the hypothesis that the relationship between
neurocognitive performance and volumetric changes in the
NBM and the amygdala is different between the EMCI and
LMCI groups. All the statistical results are reported at the
P <0.05 significance level.

ML Analysis
Support Vector Machine Analysis

To classify patients with LMCI and those with EMCI,
we used the ML algorithm of a nonlinear support vector
machine (SVM) with a radial basis function kernel to ana-
lyze brain atrophy and neurocognitive features [37, 38]. By
constructing a hyperplane with the highest between-class
margin, SVM divides a data set into two classes [39]. The
most accurate gamma and overfitting constant C parameters
were obtained using the tenfold cross-validation method
[40-42]. The data were randomly divided into training and
test data sets (ratio: 7:3 [training:test]). The accuracy, sen-
sitivity, and specificity values were calculated. Classifica-
tion was conducted based on the following features: bilateral
volumes of Ch123, Ch4, and the amygdala; TIV; APOE-e4
status; demographic data, such as age, sex, and educational
level; memory; EF; language; VS; and Ap42 level; Tau level,
and pTau level. The data were converted into z-scores. The
area under the receiver-operating characteristic curve (AUC)
values of the classification models were calculated to evalu-
ate classifier performance. DeLong test was used to evaluate

the difference of AUC between classification models using
different sets of combined features [43].

Support Vector Regression

Support vector regression (SVR) analysis was performed to
identify the best predictors of memory and EF. The tenfold
cross-validation method was used. We compared the predic-
tive performance of the SVR model with different predictors
of volumetric measurement and plasma biomarker features.
Root mean squared error (RMSE) values were determined
to compare the results obtained using different feature
combinations.

Table 2 Comparison between APOE-¢4 allele carriers and non-carri-
ers in cognitive performance for each subject group

Group Cognitive APOE ¢4 status  Mean (std) P-value
perfor-
mances
EMCI MEM APOE €4 (-) 0.666 (0.591)  0.016*
APOE €4 (+) 0.506 (0.554)
EF APOE €4 (-) 0.652(0.782)  0.032*
APOE €4 (+) 0.450 (0.864)
LAN APOE €4 (-) 0.531(0.718)  0.476
APOE &4 (+) 0.471 (0.748)
VS APOE €4 (-) 0.140 (0.693)  0.320
APOE €4 (+) 0.063 (0.640)
LMCI MEM APOE €4 (-) 0.078 (0.589)  0.001*
APOE €4 (+) -0.174 (0556)
EF APOE €4 (-) 0.119 (0.865)  0.193
APOE €4 (+) 0.024 (0.827)
LAN APOE €4 (-) 0.073(0.739)  0.242
APOE €4 (+) -0.004 (0.797)
VS APOE €4 (-) -0.089 (0.769)  0.220
APOE €4 (+) -0.171 (0.777)

APOE-¢4 (+): APOE-¢4 carriers, APOE-e4 (-): non-APOE-¢4 car-
riers, EMCI: early mild cognitive impairment, LMCI: late mild cog-
nitive impairment, MEM: memory function, EF: executive function,
LAN: language function, VS: visuospatial function

“P<0.05
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Results
Demographics and Neurocognitive Data

The demographic and statistical characteristics of the EMCI
and LMCI groups are summarized in Table 1. No signifi-
cant between-group difference was found in sex, educa-
tional level, or TIV. The patients in the EMCI group was
significantly younger than the patients in the LMCI group.
Hence, all subsequent analyses were performed using age
as a covariate. Two-way analysis of variance analysis of
the patients’ neurocognitive scores revealed the significant
main effects of group on MEM (F=207.30; P < 0.0005), EF
(F=43.02; P<0.0005), LAN (F=54.77; P<0.0005), and
VS (F=15.99; P<0.0005). MEM, EF, LAN, and VS were
significantly lower in patients with LMCI than in those with
EMCI. Furthermore, significant main effects of APOE-g4
were observed on MEM (F=34.31; P<0.0005) and EF
(F=12.83; P<0.0005), but not on LAN or VS. Table 2
presents the neurocognitive data of APOE-g4 carriers and
noncarriers in the EMCI and LMCI groups. Among patients
with EMCI, the APOE-e4 allele carrier status affected MEM
and EF. Among patients with LMCI, the APOE-¢e4 allele
carrier status affected MEM. However, no interaction effect
of group X APOE-e4 was observed on any of the neurocogni-
tive parameters.

VBM Group Comparison Through ANCOVA

Significant main effects of group were observed in the bilat-
eral amygdala (left: P=0.001; right: P=0 0.001) and BF

Fig.2 Main effect of APOE-¢4
on amygdala and basal
forebrain subregion volume
through voxel-based morpho-
metry 2X2 ANCOVA (two
groups X APOE-¢e4 carrier
status) analysis. Significant atro-
phy of gray matter volume is
presented on the inflated corti-
cal surfaces (P <0.05 family-
wise error corrected). CH123:
cholinergic nuclei 1, 2, and 3,
CH4: nucleus basalis of Mey-
nert, Amy: amygdala, R: right
side, L: left side, ANCOVA:
analysis of covariance
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subregion (left Ch123: P=0.001; right Ch123: P=0.001;
left NBM: P=0.001; right NBM: P=0 0.001, Fig. 1b; Sup-
plementary Table S2). Figure 1c depicts the comparison of
cholinergic atrophy between representative subjects from
the EMCI and LMCI groups. Post hoc tests revealed that
the LMCI group had significantly more brain atrophy in
the Ch123 and NBM/amygdala pathway than did the EMCI
group (Fig. 1d).

Significant main effects of APOE-e4 were observed in
the bilateral amygdala (left: P=0.001; right: P=0.001)
and BF subregion (left Ch123: P=0.0044; right Ch123:
P=0.034; left NBM: P=0.001; right NBM: P=0.001;
Fig. 2; Supplementary Table S3). Table 3 presents a com-
parison of APOE-g4 carriers and noncarriers in each group.
In the LMCI group, the volumetric reductions in the bilateral
NBM and amygdala were significantly larger in APOE-¢4
carriers than in noncarriers. Significant interaction effects
of group X APOE-¢4 were observed in the bilateral amyg-
dala (left: P=0.001; right: P=0.006) and right BF Ch123
subregion (P=0.032). In the LMCI group, APOE-€4 carri-
ers had significantly more brain atrophy than did noncarri-
ers. However, there is no difference of volumetric changes
between APOE-¢4 carriers and noncarriers in the EMCI
group (Fig. 3; Supplementary Table S4). Our findings
revealed significant between-group differences in the effect
of APOE-¢g4 on the volumetric loss of the amygdala and BF
subregion in the cholinergic system.

The ANCOVA results of between-group comparisons of
the number of APOE-€4 alleles are presented in Supplemen-
tary Tables S5. We found significant group effects of the
number of APOE-¢e4 alleles on memory, EF, and bilateral
NBM volumetric measurements in the EMCI group. In the

Amygdala
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Table 3 Volumetric comparison between APOE-g4 allele carriers
(+) and non-carriers (-)

EMCI LMCI
CHI123_L APOE-g4 + 95.94 88.45
+12.23 +12.53
APOE-g4- 94.57 88.63
+1391 +12.57
P-value 0.367 0.863
CHI123_R APOE-g4 + 82.26 74.63
+10.12 +10.52
APOE-¢4- 80.86 75.22
+11.23 +10.06
P-value 0.257 0.508
NBM_L APOE-¢4 + 64.12 58.96
+9.20 +10.01
APOE-¢4- 65.04 62.35
+9.30 +9.81
P-value 0.388 0.001*
NBM_R APOE-¢4 + 49.79 46.05
+7.54 +7.90
APOE-g4- 50.59 48.64
+7.21 +8.24
P-value 0.351 0.001*
Amy_L APOE-g4 + 1647.65 1407.64
+223.31 +256.69
APOE-¢4- 1637.19 1509.90
+243.42 +269.61
P-value 0.699 0.001*
Amy_R APOE-g4 + 1504.31 1282.64
+204.25 +223.86
APOE-¢4- 1499.94 1371.79
+202.67 +246.66
P-value 0.852 0.001*

Data are presented in unit of cubic millimeter of mean vol-
ume + standard deviation adjusted for age, sex, edu, and total intrac-
ranial volume. NBM: nucleus basalis of Meynert, Amy: amygdala,
EMCI: early mild cognitive impairment, LMCI: late mild cognitive
impairment, R: right side, L: left side. *P <0.05

LMCI group, we found significant group effects of the num-
ber of APOE-¢4 alleles on memory and bilateral NBM and
amygdala volumetric measurements. Post hoc tests revealed
significant differences of the left NBM and bilateral amyg-
dala volumetric measurements between the homozygous
(e4-e4) and heterozygous (g3-e4) carriers of APOE-¢4 in
the LMCI group (Supplementary Table S5c¢), but not in the
EMCI group (Supplementary Table S5d).

Correlation between VBM and neurocognitive
measurements

For the association between cholinergic volumetric changes
and cognitive performance, we observed significant inter-
action effects of group X left amygdala measurements in

modulating the neurocognitive performance of EF and LAN
(Fig. 4 and Supplement Table S6). For both EF and LAN,
EMCI (R*=0.063 and 0.095 for EF and LAN, respectively)
group exhibited significantly stronger correlations between
left amygdala and neurocognitive performance than LMCI
(R?=0.030 and 0.042 for EF and LAN, respectively) sub-
jects (P=0.035 and P=0.043 for EF and LAN, respectively).

ML Analysis Results
SVM Results

The results of ML-based classification were presented in
the Fig. 5 and Table 4. The incorporation of only plasma
biomarkers (AB42 + Tau + pTau) showed the lowest accuracy
(accuracy =0.68; AUC=0.67, respectively). The combina-
tion of the plasma biomarkers with neurocognitive function
(MEM and EF) and the VBM features of Ch4 4+ amygdala
provided the highest accuracy (0.81) and AUC (0.83), fol-
lowed by the combination of classifiers with VBM and neu-
rocognitive features (i.e., NBM + Amy + MEM + EF, accu-
racy =0.79 and AUC=0.80).

Supplementary Table S7 presents the classification results
for all features (All) and feature subsets excluding APOE-e4
status (All-APOE-€4). A feature was considered to be impor-
tant if the resultant accuracy score decreased when the fea-
ture was removed from the classification process[44]. The
removal of APOE-e4 improved the classification accuracy.
Therefore, APOE-e4 status was not included in the final ML
classification model.

SVR Results

SVR results are presented in Table 5. The best predictive per-
formance for global composite memory scores was exhibited
by a model constructed by combining VBM (NBM + amyg-
dala) parameters and the plasma biomarkers of Ap42, Tau, and
pTau (RMSE =0.54). Similar to memory function, the best
predictive performance for global EF scores was exhibited by
a model constructed by combining VBM (NBM + amygdala)
parameters with the plasma biomarkers of Ap42, Tau, and
pTau (RMSE=0.78). The results of predicted values gener-
ated by SVR was shown in Fig. 6.

Discussion

Major Findings

Significant differences in atrophy of regions within the
cholinergic pathway were observed between EMCI and

LMCI patients. The LMCI group exhibited significantly
more cholinergic atrophy than did the EMCI group. Our

@ Springer
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Fig. 3 a Interaction effect of
group X APOE-g4 on amygdala
and basal forebrain subregion
volume through voxel-based
morphometry 2x2 ANCOVA
(two groups X APOE-g4 carrier
status) analysis. Significant
atrophy of gray matter volume
is presented on the inflated
cortical surfaces (P <0.05
family-wise error corrected).

b The significant interaction
effect of group x APOE-¢4 on
bilateral amygdala and right
CH123 subregion mean volume
(in cubic millimeter) for patients
with LMCI as compared with
EMCI subjects. APOE-¢4 car-
riers exhibited more volume
reduction than non-carriers in
the LMCI group. EMCI: early
cognitive impairment, LMCI:
late cognitive impairment,
CH123: cholinergic nuclei 1, 2,
and 3, Amy: amygdala, R: right
side, L: left side, ANCOVA:
analysis of covariance
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Fig.4 Plots of the associations between volumetric and neurocog-
nitive measurements using the regression model: neurocognitive
scores=NBM_L + NBM_R +amygdala_L + amygdala_R + group
+ (group x NBM_L) + (group X NBM_R) + (group x amygdala_L
)+ (group x amygdala_R) +age +sex +edu+ TIV. Different slopes of
the regression lines indicated the interaction effect of group by cho-
linergic volume in neurocognitive performance. EMCI group showed

findings also indicated that the APOE-e4 allele differen-
tially affected cholinergic atrophy between the LMCI and
EMCI groups. In the LMCI group, APOE-¢4 carriers had
more GM atrophy than did noncarriers; by contrast, in
the EMCI group, no difference in volumetric changes was
noted between APOE-g4 carriers and noncarriers (Fig. 3
and Table 3). Our results further demonstrated the dif-
ferent associations of the cholinergic volume and neuro-
cognitive performance between EMCI and LMCI. EMCI
group showed a stronger correlation between the cholin-
ergic volume and neurocognitive performance than LMCI
group. We then constructed an ML model by incorporating

Fig.5 Receiver operating 1r
characteristic (ROC) curves
obtained from classification 08¢
of LMCI and EMCI. EMCI: 08t
early cognitive impairment,
LMCI: late cognitive impair- 0.7

ment, NBM: nucleus basalis of
Meynert, Amy: amygdala, R:
right side, L: left side, Abeta42:

I
=
-

True Positive Rate
o
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tau, pTau: Tau phosphorylated 04r flf /!
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stronger correlations between cholinergic volume in the left amygdala
and neurocognitive performance of EF and LAN than LMCI subjects.
Amy_L: left amygdala, EF: executive function, LAN: language func-
tion, EMCI: early mild cognitive impairment, LMCI: late mild cogni-
tive impairment. Data are presented in normalized volume. R?: square
of the correlation

features related to the cholinergic structure, plasma bio-
markers, and neurocognitive parameters. For SVM clas-
sification, the combination of the features of NBM, amyg-
dala, memory, AP42 level, Tau and pTau levels exhibited
the highest accuracy (81%) and AUC (0.83), as shown in
Table 4. By employing the combined features of cholin-
ergic volume and plasma biomarkers, the ML-based pre-
dictive model for SVR further exhibited a high predictive
power for the global composite memory and EF scores,
confirming that these biomarkers can facilitate the predic-
tion of neurocognitive function in these patients (Fig. 6).
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Table 4 Machine learning classification outcomes for classifying
LMCI and EMCI groups

AUC ACC Sen Spec P-value
Abetad2 + Tau +pTau 067 068 082 036 <1076*
NBM + Amy 075 073 079 0.65 0.002*
MEM +EF 078 075 075 0.72  0.04*
NBM+Amy+MEM+EF 0.80 0.79 0.77 0.75 0.21
NBM+Amy+MEM+EF 083 081 085 0.78 -
+ Abeta42 + Tau +pTau

AUC: area under the curve of ROC, Acc: accuracy, Sens: sensitivity,
Spec: specificity, EMCI: early mild cognitive impairment, LMC: late
mild cognitive impairment, NBM: nucleus basalis of Meynert, Amy:
amygdala, Abeta42: amyloid-beta 1-42, Tau: total tau, pTau: Tau
phosphorylated at threonine 181. P-value represents the comparison
of performance with results generated by the features of NBM + Amy
+MEM + EF + Abeta42 + Tau + pTau. *P <0.05

Table 5 Root mean square error (RMSE) values for the support-vec-
tor regression model in predicting memory (MEM) and effective (EF)
function across all subject groups using different sets of combined
features

RMSE

MEM EF
Abeta42 + Tau + pTau 0.65 0.87
NBM + Amy 0.60 0.81
NBM + Amy + Abeta42 + Tau+pTau  0.54 0.78

2 -
///
15 R=0.47 7
' P=1.22x10% °

Predicted MEM

True MEM

Fig.6 Scatter plots of the predicted MEM (R=0.47, P=1.22x107")
and EF (R=0.73, P=0) scores generated by the support vec-
tor regression using the combined features of NBM +amyg-
dala+ Ap42+Tau+pTau for MEM and EF. NBM: nucleus basalis
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VBM
Main Effect of Group

The observation of greater GM atrophy in regions of the
cholinergic pathway among patients with LMCI than EMCI
suggests that structural changes in the cholinergic pathway
could potentially serve as reliable biomarkers for distin-
guishing between EMCI and LMCI. The differences in these
structural changes between EMCI and LMCI corroborate
those in a study reporting that the proportion of patients
with false-positivity was higher in the EMCI group than in
the LCMI group[27]. Patients with EMCI still have rela-
tively normal neurocognitive performance, and the changes
in brain MRI images are subtle[27]. Their brains resemble
those of the general healthy population.

Main Effect of APOE-€4

The effect of APOE-€4 on the brain atrophy in the choliner-
gic pathway may involve higher AP accumulation, leading to
a higher degree of neurodegeneration [45, 46]. In an animal
study, AP42 was injected into the brains of rats; this led to a
considerable reduction in cholinergic function, resulting in
abnormal changes in mitochondrial function and integrity
[24]. APOE-e4-mediated accelerated neurocognitive decline
was also observed in AB-positive normal individuals, but not
in Ap-negative individuals [47]. Excessive AP accumula-
tion can damage the mitochondria in the brain, resulting in

Predicted EF

True EF

of Meynert, Abeta42: amyloid-beta 1-42, Tau: total tau, pTau: Tau
phosphorylated at threonine 181. MEM: memory function. EF: exec-
utive function
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cognitive dysfunction [23]. Acetylcholine is an excitatory
neurotransmitter that is involved in memory performance
and other higher-order EFs. By regulating acetylcholine syn-
thesis and release, the central cholinergic nervous system
controls acetylcholine levels[48]. In the case of the early loss
of BF neurons, the cholinergic control balance in microglia
may be disrupted, resulting in the overabundance of proin-
flammatory activated microglia. This may lead to neuroin-
flammation because of the reduced cholinergic input to the
hippocampus [49].

Interaction Effect of Group x APOE-¢4

APOE-¢4 carriers in the LMCI group had more brain atro-
phy in the cholinergic pathway than did those in the EMCI
group (Fig. 3). This finding is consistent with those of stud-
ies reporting that the effect of APOE-¢e4 on the progression
of neurocognitive decline varies across AD stages [50, 51].
APOE-4 carriers with MCI exhibit a slower decline in cogni-
tive ability than those with AD[51]. Our findings revealed
that the APOE-e4-mediated decline in brain function was
more prominent in patients with LCMI than in those with
EMCI. This finding may be attributed to pTau and Tau lev-
els, which were significantly higher in APOE-g4 carriers
than in noncarriers in the LMCI group [50].

We further evaluated the dose effect of the number of
APOE-¢4 alleles on global cognitive composite scores and
volumetric changes in the cholinergic pathway in both the
EMCI and LMCI groups (Supplementary Table S5). Signifi-
cant differences in atrophy were observed in the left NBM
and bilateral amygdala between homozygous (e4-e¢4) and
heterozygous (e3-e¢4) APOE-¢4 carriers in the LMCI group.
However, no dose effect of the number of APOE-¢g4 alleles
was found in the EMCI group; this finding may be attrib-
uted to the smaller number of homozygous patients in our
EMCI group. The finding in the LMCI group is consistent
with that of a study indicating a dose-dependent relation-
ship between APOE-e4 and AD risk; the risk is higher and
the age of onset is younger among homozygous APOE-e4
carriers than among heterozygotes APOE-g4 carriers [52].
Approximately 50% of all homozygous APOE-¢4 carriers
are likely to develop AD by the age of 85 years; by contrast,
this proportion is only 10% among noncarriers [52].

Association between Cholinergic Atrophy
and Neurocognitive Performance

EMCI subjects exhibited a stronger correlation between
the left amygdala and neurocognitive performance of EF
and LAN than the LMCI subjects (Fig. 4). The correlation
between the cholinergic region and neurocognitive perfor-
mance remarkably distinguished EMCI from LMCI. The

weaker correlation between the cholinergic volume and
neurocognitive performance in LMCI may be related to a
disrupted brain network efficiency in the cholinergic path-
way caused by the greater brain atrophy and the impaired
cognitive function in this subject group.

ML Analysis
SVM

Machine learning results align with the statistical findings,
highlighting significant differences in cholinergic atrophy
between the EMCI and LMCI groups. The combined fea-
tures of cholinergic structural data, plasma biomarkers, and
neurocognitive parameters enhances the potential of ML-
based classification models for the clinical diagnosis of
EMCI and LMCI. In terms of the significance of the given
features for the prediction results (Supplementary Table S7),
it appears that APOE-e4 may not have a significant effect
on classification outcomes. This assumption is grounded in
the observation that the resulting accuracy score does not
significantly decrease after excluding the APOE-¢4 feature
from the analysis.

SVR

The best predictive performance for global composite
memory and EF scores was achieved by combining VBM
(NBM + amygdala) parameters with Ap42, Tau, and pTau
levels. Similar to the SVM classification results, our find-
ings revealed that the combined features of cholinergic
structural data and plasma biomarkers provided high pre-
dictive potential for the decline in neurocognitive function
in patients with MCI.

Limitations

Our study has some limitations. Cytoarchitectonic prob-
ability anatomical maps [30, 31] were used to define the
anatomical ROI for the EMCI and LMCI groups. These
MRI volumetric measurements that were used to assess
cholinergic pathway degeneration are indirect in nature.
Thus, further histopathological analyses are needed to
validate our findings. Monitoring individuals from health
to the disease state and investigating the structure—func-
tion interactions of individual patients may be an effective
strategy for predicting neurodegeneration from structural
MRI data. Such longitudinal analyses should be performed
in future collaborative studies for predicting the early stage
of AD. Although the ADNI MRI core facility has estab-
lished standard protocols (www.adni-info.org), differences
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may be present in how MRI imaging data are analyzed
because different medical centers use different MRI scan-
ners. Because the ADNI-3 database is still under devel-
opment, only limited data are available for patients with
EMCI and those with LMCI. Despite these limitations, we
discovered that models constructed by combining neuro-
cognitive and volumetric measurements and plasma bio-
markers can accurately differentiate EMCI from LMCI.

Conclusions

EMCI and LMCI exhibited different morphometric changes
in the cholinergic system of the brain. An increased loss
of cholinergic neurons in APOE-e4 carriers can serve as
a biomarker for the differential diagnosis of EMCI from
LMCI. Through VBM, we extracted features associated
with EMCI/LMClI-related changes in the cholinergic struc-
ture. Combined with global composite memory scores,
and plasma biomarkers, these features can be successfully
incorporated into ML models to differentiate between
EMCTI and LMCI and predict the neurocognitive functions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00234-024-03290-6.
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