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Background: Subjective cognitive decline plus could be an extremely early phase of Alzheimer’s disease;
however, changes of N-acetylaspartate, myoinositol, and N-acetylaspartate/myoinositol is still unknown at
this stage. This study aimed to explore brain neurometabolic alterations in patients with subjective cognitive
decline plus using quantitative single-voxel and multi-voxel 'H-magnetic resonance spectroscopy.

Methods: A total of 91 participants were enrolled and underwent a GE 3.0-T magnetic resonance imaging,
including 33 elderly controls, 27 patients with subjective cognitive decline plus, and 31 patients with amnestic
mild cognitive impairment (MCI). Single-voxel and multi-voxel 'H-magnetic resonance spectroscopy were
used to investigate the differences in neurometabolite levels among the three groups.

Results: Compared with elderly controls, patients with subjective cognitive decline plus showed significant
decline in N-acetylaspartate and N-acetylaspartate/myoinositol values in multiple regions, and amnestic
MCI participants demonstrated more significant decreased N-acetylaspartate and N-acetylaspartate/
myoinositol levels in multiple regions. The combined concentrations of N-acetylaspartate with myoinositol
showed an excellent discrimination between those with subjective cognitive decline plus and elderly controls
as compared to that obtained using N-acetylaspartate/myoinositol ratios with the area under the receiver
operating characteristic curve of 0.895 and 0.860, respectively. Likewise, the combined area under the
curve for differentiating patients with subjective cognitive decline plus from amnestic MCI was obtained
using the combined levels of N-acetylaspartate with myoinositol was 0.892. This was also higher than the
combined area under the curve of 0.836 obtained using N-acetylaspartate/myoinositol ratios. Moreover,
N-acetylaspartate levels in the left hippocampus and left posterior cingulate cortex (PCC) was positively
related to the Auditory Verbal Learning Test delayed recall scores in patients with subjective cognitive
decline plus, whereas only the N-acetylaspartate/myoinositol ratio was positively related to this scale scores
in the left hippocampus.

Conclusions: Quantitative single-voxel and multi-voxel 'H-magnetic resonance spectroscopy can provide

valuable information to detect alterative brain neurometabolites characteristics in patients with subjective
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cognitive decline plus. N-acetylaspartate concentrations may be used as one of the earliest neuroimaging

markers at this stage, while N-acetylaspartate/myoinositol ratio could be more suitable for monitoring

Alzheimer’s disease progression.
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Introduction

Subjective cognitive decline (SCD), refers to a self-
experienced decline in cognitive capacity without measurable
cognitive impairment, is regarded as one of the earliest
manifestations of the Alzheimer’s disease (AD) continuum
and exhibits a higher risk of developing into AD (1).
It is well-known that SCD is pervasive in the elderly over
65 years of age and approximately 50% maintain cognitively
stable (2). Since the cognitive function in SCD individuals
maintain within normal range, it is hard to capture the subtle
cognitive decline that patients may undergo before the
onset of mild cognitive impairment (MCI) with the current
neuropsychological evaluations. Mitchell er al. reported
that SCD individuals were almost twice as likely to develop
into MCI compared to normal elderly people (3). Previous
studies also showed that patients with SCD present with
gray matter atrophy (4,5), white matter alterations (6), brain
metabolism decline (7), high B-amyloid accumulation (8),
and functional activity disruption (9). These findings
revealed that SCD, MCI, and AD appeared to be the same
spectrum of disease (10,11). Despite the prediction of
dementia by SCD, the proportion of progression of MCIl/
AD is low on account of its characteristics of heterogeneity.
SCD could be characterized as a memory decline and/or
multiple cognitive domain impairment. In addition to the
pathophysiological factors of AD, SCD could be caused by
many other factors (psychological and physiological factors,
drug effect, and other neurological or medical diseases), for
instance (12). If the SCD criteria are applied to this study,
the heterogeneity should be ruled out since AD-related
SCD should not be confused by the above-mentioned
situations that affect subjective cognitive ability. Compared
with SCD, SCD plus could be a higher risk of AD that
prior to amnesiac aMCI (aMCI). According to the SCD
Initiative, as an enrichment criterion, the SCD plus concept
in a population-based SCD increases the likelihood of SCD
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indicating pathological change due to AD (13). It has a set
of specific SCD features permitting addition and subtraction
of items on progression of research. The features of SCD
plus include subjective decline only confined to the area of
memory cognition, complaints in regard to SCD (within
the past 5 years), onset of SCD greater than or equal to
60 years, worry associated with SCD, the complainers feeling
worse than the same age stages (memory loss), cognitive
decline confirmed by an observer, and the existence of the
apolipoprotein E 4 (APOE &4) carriers and other biomarkers
evidence for a potentially risk progression to AD. Therefore,
with higher sensitivity and specificity for development into
aMCI/AD, SCD plus obviously increased the likelihood of
preclinical AD in individuals with SCD (14,15).

Proton magnetic resonance spectroscopy (' H-MRS) is a
valuable non-invasive tool that can be used for the detection of
several neurometabolites, and understanding the underlying
pathophysiological processes in brain disorders (16). Many
brain metabolites, such as N-acetylaspartate (NAA), choline-
containing compounds (Cho), total creatine (tCr), myoinositol
(ml), and glutamine and glutamate (Glx) can be investigated.
As the most abundant amino acids, NAA is synthesized in
the mitochondria and located primarily in neural cells, axons,
and dendrites. It usually has been interpreted as a marker
of neuronal integrity and function based on the energy
metabolism in neuronal mitochondria (17). As a maker of
neuroglial cells, ml is mainly located in the glial cells and
plays an important role as the brain osmoregulator (18).
Cho represents a component of cell membranes, which
plays an important role in maintaining their integrity and
function. As part of the high-energy phosphate buffering
system, tCr (the sum of creatine and phosphocreatine) is
considered relatively constant in the neurons and glia of the
brain. Hence, its concentration is used as a reference value
(19,20). Reduced NAA/Cr may reflect decreased neuronal
integrity and raised mI/Cr may reflect glial activation related
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to neuronal degeneration, while decreased NAA/mlI could be
more suitable for monitoring AD progression (21,22). They
use metabolite ratios rather than absolute concentrations,
which has been challenged since tCr could have abnormal
levels (23,24) and thus, it is hard to draw definite conclusions
on which of the two metabolites in the ratio was responsible
for the distinction. There are some reports of tCr values
changing across the MCI-AD spectrum (25,26). Thus,
using the absolute metabolite concentrations is as an
accepted method since the true metabolites’ levels could be
determined (27). As an established and practical technology,
MRS may supply brain neurometabolic information for
the early phase of AD (28,29). In addition, the underlying
mechanism with respect to which neurometabolites altered
first in SCD plus should be precisely elucidated. Most studies
consistently showed that decreased NAA, Glx, NAA/tCr and
Glx/tCr, along with increased ml and mI/tCr were observed
in different areas of the brain in MCI and/or AD (19,30-32).
However, the findings with respect to Cho were less
consistent (21,26,30). These results indicated that MCI and/
or AD are not only caused by damage to a single brain region,
but also result from alterations in several brain regions.
Multi-voxel 'H-magnetic resonance spectroscopy (' H-MVS)
is also named chemical shift imaging (CSI), which contains
two-dimensional, three-dimensional CSI. In our previous
studies (30,33-35), we documented absolute quantification in
'H-MVS performed in a series of different diseases, including
studies with MCI/aMCI. However, as far as we know, no
study has reported the changes in metabolites in patients with
SCD plus, especially using a combination of single-voxel
and multi-voxel MRS ('H-SVS and '"H-MVS). Therefore,
identification of neuroimaging markers of SCD plus is crucial
for early detection, early diagnosis, early intervention, and
reducing the burden of AD-prone populations.

We hypothesized that "H-SVS and '"H-MVS could be
useful in the diagnosis of SCD plus in clinical practice.
Moreover, we speculated that the alterations of metabolites
of '"H-SVS and 'H-MVS in vulnerable areas of AD, which
may reflect early neurochemical alterations, precede the
clinical onset, and predict preclinical AD. In order to
enhance our knowledge of the underlying course of AD,
promote early diagnosis and screening, provide guidance
for clinical treatment, and understand the underlying
pathophysiology of individuals at different stages of the
disease, we aimed to explore and evaluate the absolute
metabolite alterations in patients with SCD plus compared
to those in aMCI and elderly controls using 'H-SVS and
'H-MVS by multiple brain region positioning. In addition,
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we also evaluated the changes in MRS-detected metabolites
in correlation with key neuropsychological test scores.

Methods
Human participants and neuropsychological testing

A total of 96 participants from September 2017 to July 2019
were recruited in this study. Participants with SCD plus
and aMCI were enrolled from the outpatient department
of neurology and age- and sex-matched elderly controls
(ECs) were recruited from the medical examination center.
Five subjects were excluded due to MR contraindications
(pacemaker claustrophobia and intracranial metallic foreign
body) and insufficient image quality. The final sample
consisted of 33 ECs participants, 27 SCD plus participants,
and 31 aMCI participants. The study was conducted in
accordance with the Declaration of Helsinki (as revised
in 2013) and approved by the Ethics Committee of the
second Affiliated Hospital of Shantou University Medical
College. Written informed consent was obtained from all
participants or his/her legal guardians before enrolment.
The study was reviewed and approved by the Institutional
Review Board of the Second Affiliated Hospital of Shantou
University Medical College (Protocol ID: 2017-10), and
all procedures were conducted following the 1964 Helsinki
declaration and its later amendments. Each participant
provided demographic and clinical data and underwent
neuropsychological assessments by two experienced
neurologists. All participants underwent a battery of
standardized neuropsychological assessments (including
cognitive functioning in the area of memory, attention,
executive functioning, and language). Psychological tests
were carried out the day before MRI acquisition. These
psychological tests included the Mini-Mental State
Examination Scale (MMSE) (36), the Montreal Cognitive
Assessment Scale (MoCA, Beijing version) (37), assessment
on the Clinical Dementia Rating Scale (CDR) (38),
global deterioration scale (GDS) (39), the Auditory Verbal
Learning Test [AVLI, Chinese Huashan version, including
three subtests: AVLT-immediate recall scores, AVLT-
delayed recall scores, and AVLT-recognition scores] (40),
an activities of daily living assessment (ADL) (41), the
Hachinski Ischemic Scale (HIS) (42), and the Hamilton
Depression Rating Scale (HAMD) (43).

SCD plus participants were enrolled according to the
criteria proposed by SCD-I (13). Psychological tests that
needed to be met were performance within normal range
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Figure 1 Representative location of the volume of interests set on bilateral hippocampus (A and B).

of the MoCA, MMSE, and ADL score after sex-, age-,
and education adjustment, CDR score =0, GDS score =2,
HIS score <4, and HAMD score <7. aMCI participants
met the following criteria by Petersen et /. (44), including
(I) memory decline confirmed by an informant or clinical
judgment, (II) objective memory decline that must belong
to the type of episodic memory, decided by neurologists’
judgment on the basis of neuropsychological assessments,
(ITT) CDR score =0.5, GDS score =3, HIS score <4,
HAMD score <7, and ADL score <22, and (IV) did not
meet the criteria by National Institute of Neurological
and Communicative Diseases and Stroke-Alzheimer’s
Disease and Related Disorders Association. Inclusion
criteria of ECs were as follows: no subjective cognitive
complaints, no physical/psychiatric/neurological disorders,
no abnormalities in routine brain MR imaging (including
physiological brain atrophy), and no abnormalities on the
neuropsychological measurement. The exclusion criteria
were: (I) HIS score >4, (I) HAMD score >24, (III) white
matter injury (multiple sclerosis, tuberous sclerosis,
encephalitis, cranial arteritis, epilepsy, trauma, and tumor)
(IV) dementia (AD, vascular dementia, frontotemporal
dementia, Lewy body dementia), (V) Moyamoya disease,
Parkinson’s disease, aphasia, hepatic encephalopathy,
intracranial hemorrhage, and systemic diseases, and (VI)
history of alcohol dependence and other drug abuse, serious
medical disease (liver and kidney dysfunction, heart and
respiratory failure, chronic electrolyte disturbance, heavy
metal poisoning), mental illness (depression, anxiety, bipolar
disorder, schizophrenia); (VII) contraindications for MRI
examination.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Conventional magnetic vesonance imaging (MRI), MRS
data acquisition and post-processing for metabolite
quantification

Conventional MRI scans were obtained by a standard
8-channel head coil using a 3.0 T'GE MRI Systems (Signa
HDx Twin speed; GE Medical, Milwaukee, Wisconsin,
USA). Host scanning was then changed from the clinical
mode to research mode. Under this mode, axial T2 fluid
attenuated inversion recovery images were used for
performing spectroscopic acquisition. To ensure the same
locations for each participant, the volume of interests
(VOIs) for the 'H-MRS spectra were assigned to a total
of 16 brain regions, as shown in Figure 14,B and Figure 2
including the bilateral hippocampus (Hip), precuneus (Pr),
posterior cingulate cortex (PCC), white matter of occipital
lobe (OLWM), dorsal thalamus (DT), lenticular nucleus
(LN), caput nuclei caudati (CNC), and white matter of
frontal lobe (FLWM) for further metabolite quantification.
Since each participant’s head size differs, the brain structure
is also slightly different. To minimize the impact of
cerebrospinal fluid (CSF) contamination, skull bone and air
on the metabolite concentration, the VOI acquisitions were
determined based on the anatomical landmarks of each
participant. Owing to poor shimming on the basicranial
level due to the tissue-air interface near the petrous bone,
a fully automated point-resolved spectroscopy (PRESS,
Probe-P) pulse sequence was used to obtain single-voxel
proton MRS data (‘"H-SVS, TE/TR =35/1,500 ms, NEX:
4, phase x frequency: 1x1) for the bilateral Hip. The SVS
VOIs were average in size 3.00 cm’ [1.0 cm (width) x 2.0 cm
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Figure 2 Representative location of the volume of interests set
on axial view of basal ganglia slice for multivoxel 1H-magnetic
resonance spectroscopy. L-Pr, left precuneus; R-Pr, right
precuneus; L-OLWM, left white matter of occipital lobe;
R-OLWM, right white matter of occipital lobe; L-PCC, left
posterior cingulate cortex; R-PCC, right posterior cingulate cortex;
L-DT, left dorsal thalamus; R-DT, right dorsal thalamus; L-LN,
left lenticular nucleus; R-LN, right lenticular nucleus; L-CNC, left
caput nuclei caudati; R-CNGC, right caput nuclei caudati; L-FLWM,
left white matter of frontal lobe; R-FLWM, right white matter of
frontal lobe.

(length) x 1.5 cm (thickness)]. Two-dimensional multi-
voxel proton MRS with PRESS pulse sequence (FOV:
16.0 cm x 16.0 cm; TE/TR =35/1,500 ms, NEX: 1, phase
x frequency: 18x18) was performed at the basal ganglia
level to acquire the multi-voxel MRS data. The VOIs of
the multi-voxel section was about 8.0 cm (left to right) x
10.0 cm (anterior to posterior) x1.5 cm (thickness). Thus,
every single average VOI was 1.19 cm’ [(FOV: 16.0 cm x
16.0 cm/phase, frequency: 18x18) x1.5 cm]. The VOI size
and signal-to-noise ratio (S/N) in the left and right brain
hemispheres of the three groups are shown in Table S1 and
Table S2. Automatic prescan procedures such as calibration,
shimming, and chemical shift selective water suppression
were optimized as a concentration reference for the VOIs.
The acquisition time of the 'H-SVS on each side of Hip
were 3 minutes 42 seconds and the acquisition time of the
'H-MVS on basal ganglia slice were 8 minutes 12 seconds.
The raw data (P files, Supplementary file 1) were

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Yang et al. Neurometabolites in individuals with SCD plus

created by the host and were acquired from the dedicated
workstation for Windows 4.6 (ADW 4.6, GE Medical,
Rue de la Miniére, France). All P files were subsequently
imported to UNIX system (Red Hat Enterprise of Linux
8.1 version) to process the MR spectroscopic data. The data
was voxel-shifted to align the CSI grid using the NAA VOI.
As reported in our previous work (30,33-35), the data first
underwent Fourier transformation and was subsequently
processed using the software Spectroscopy Analysis by
General Electric (SAGE version 7.0), which included
automatic phase and frequency correction, line broadening,
and zero-filling. The data were then entered into the Linear
Combination of Model (LCModel version 6.3.1L, Stephen
Provencher, Inc., Oakville, ON, Canada) for metabolite
quantification. We used a standard detectable phantom
concentration (12.5 mmol/LL NAA, 3.0 mmol/L choline
chloride, 10.0 mmol/L creatine hydrate, 5 mmol/L lactate,
plus 0.1% sodium azide, 0.1% magnavis, and 50 mmol/L
sodium hydroxide) as an outer reference to calibrate
the concentrations of metabolite as well. The absolute
concentrations of these metabolites (NAA, tCr, Cho, and
ml; mmol/L) were then calculated from the VOI regions
(See Supplementary file 2). The MVS of the metabolic
profile were post-processed using the ReadyView software
in the ADW 4.6 environment. SVS with full width at half
maximum (FWHM) <7 Hz and MVS with FWHM <15 Hz
were used for quality control. The quantifications of the
metabolite concentrations were assessed using Cramér-Rao
lower bounds (CRLBs). Metabolites quantified with CRLBs
>50% were classified as detected, and metabolites quantified
with standard deviations CRLBs that did not exceed a
threshold of 20% were considered for further analysis.

Statistical analyses

Statistical analyses were conducted by the SPSS statistics
version 25.0 (SPSS Inc., Chicago, III, USA) and GraphPad
Prism (Inc. Prism Version 8.3.0, USA). All comparisons
of the means from the demographic data (such as age, sex)
were performed using the Mann-Whitney U test. One-
way analyses of variance (ANOVA) with Bonferroni’s
correction for post hoc (Bonferroni test) comparisons were
used to assess neuropsychological tests among the three
groups. As for metabolite concentrations, group differences
were analyzed among the three groups by multivariate
ANOVA using VOIs (x16) and metabolites (x4) as within
and between factors. Bonferroni correction was used to
perform post-hoc multiple pairwise comparisons among
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Characteristics

ECs (n=33)

SCD plus (n=27)

Age (years) [age range]

Sex (M/F)

Education (years)
AVLT-immediate recall (scores)
AVLT-delayed recall (scores)

AVLT-recognition (scores)

MMSE (scores)
MoCA (scores)

67.061+6.067
[60-78]

13/20
10.061+1.619
8.727+1.292
8.970+1.185
10.061+1.166
27.379+1.783
26.324+2.205

68.074+8.014
[60-77]

12/15
9.852+1.747
8.111+1.281
7.556+0.934
9.370+1.214

27.156+1.515
25.863+2.573

P values
aMCl (n=31)
SCD plus vs. ECs aMCl vs. ECs aMCIl vs SCD plus
68.645+5.879 0.929 0.642 0.986
[60-79]

12/19 - - -
9.907+1.578 0.951 0.055 0.248
7.335+1.119 0.069 <0.01 0.053
5.387+1.066 <0.05 <0.001 <0.01
8.419+1.317 0.081 <0.01 <0.05
24.286+2.517 0.768 <0.05 0.056
22.365+3.216 0.269 <0.01 0.052

ECs, elderly controls; SCD plus, subjective cognitive decline plus; aMCI, amnestic mild cognitive impairment; M, male; F, female; AVLT,
Auditory Verbal Learning Test; MMSE, Mini-Mental State Exam; MoCA, Montreal cognitive assessment.

the three groups. Nonparametric tests were used when the
data was non-normal distribution. Pearson’s correlation
analysis controlling for sex, age, and length of education
as covariates was performed to assess the relationship
between the concentration of metabolites and the key
neuropsychological scores for SCD plus participants. Heat
maps were generated for the metabolites of interest by
the R software (version 4.0.3) to a get an overview of the
differences among the three groups. Furthermore, receiver
operating characteristic (ROC) curve analysis was conducted
to assess diagnostic accuracy of various neurometabolites.
The area under the ROC curve (AUROC) was conducted
to determine the predictive accuracy of the image metrics in
distinguishing SCD plus from ECs or aMCI participants. In
order to better distinguish the different groups and supply
useful information to clinicians, combined AUC values were
further acquired using binary logistic regression. Random
forest (RF) was used to determine whether predictors
load for the ROC curves and the model had problem of
overfitting. All data are expressed as mean+SD, and the
significance threshold was set at P<0.05.

Results
Demographic and key neuropsychological scores results

The demographic data of the subjects and key
neuropsychological scores are summarized in Table 1. Only
AVLT delayed recall (AVLT-De) scores between the ECs
and SCD plus participants were significant. SCD plus
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participants showed significantly decreased AVLT-De and
AVLT-recognition scores compared to aMCI participants.
aMCI group showed significantly lower in all subitems
of AVLT scores (AVLT-immediate recall scores, AVLT-
De scores, and AVLT-recognition scores) than ECs group.
In addition, only MoCA scores and MMSE scores were
observed lower in aMCI compared with ECs participants.
No significant differences were observed in terms of age,
sex, and education among the participants.

Differences in ' H-MRS neurometabolites in participants
with ECs, SCD plus, and aMCI

The results of VOIs and S/N showed relatively stable
performance (Tables S1,S2). Therefore, all measurements
were regarded as reliable, and metabolite concentrations
values were used for subsequent statistical analyses. NAA,
ml, Cho, tCr and NAA/mlI ratios were acquired in bilateral
regions of the Hip, PCC, Pr, OLWM, FLWM, DT, LN,
and CNC in three groups. Tables 2,3 show the differences in
brain metabolite values from the left VOIs among the three
groups. Tables 4,5 show the differences in brain metabolite
levels from the right VOIs among the three groups. Figure
SIA,B,C and Figure S2A,B,C show representative single-
voxel MRS in left and right Hip, respectively.

Compared with ECs group, SCD plus individuals were
observed to have significantly reduced NAA levels in the
left Hip, left PCC, left Pr and left CNC. ml value was
only found elevated in the right Hip. The NAA/mI ratio
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participants
VOls Metabolites (nES:n(sn:Sgl)D) S&Zg:}f;”;;; ) (:q’\::rl]s(n;?ég) F P values
L-Hip NAA 9.514+1.073 8.493+1.382*  7.997+1.285444 12.472 <0.001
Cho 1.340+0.243 1.472+0.199 1.526+0.224 44 9.663 <0.01
tCr 6.096+0.929 5.866+0.687 5.668+0.776 2.226 0.114
ml 5.218+0.905 5.890+0.807  6.126+0.913444* 9.06 <0.01
NAA/mI 1.751+0.247 1.510£0.310*  1.294+0.287 444 8.302 <0.001
L-PCC NAA 8.928+1.046 8.021+1.130"  7.613+0.965444 11.031 <0.001
Cho 1.486+0.272 1.659+0.269 1.564+0.264* 3.894 <0.05
tCr 5.796+0.842 5.532+0.461 5.362+0.839 2.677 0.075
ml 4.949+0.715 5.145+0.716 5.399+0.783 2.975 0.056
NAA/mI 1.772+0.243 1.591£0.239"  1.465x0.311444 10.584 <0.01
L-Pr NAA 8.907+1.911 8.578+1.019* 7.974+0.087 44* 4.485 <0.01
Cho 1.545+0.207 1.691+0.345 1.532+0.262 2.963 0.057
tCr 5.691+0.870 5.402+0.582 5.129+0.628 2.689 0.074
ml 4.539+0.729 4.885+0.795 5.314£0.902 444 7.309 <0.001
NAA/mI 1.958+0.224 1.802+0.345*  1.576£0.245444** 12.858 <0.001
L-OLWM NAA 8.239+0.663 7.857+0.903 7.647+1.02244 3.598 <0.05
Cho 1.584+0.319 1.645+0.306 1.625+0.346 2.826 0.065
tCr 5.903+0.820 5.439+0.559 5.290+0.628 1.246 0.299
ml 4.574+0.621 4.686+0.644 5.022+0.659 44 4.96 <0.01
NAA/mI 1.886+0.285 1.700+0.296* 1.581£0.226 444 10.239 <0.001
L-DT NAA 7.866+1.101 7.493+1.066 7.879+0.991 1.233 0.297
Cho 1.506+0.254 1.649+0.234 1.651+0.330 2.843 0.063
tCr 5.792+0.935 5.421+0.794 5.246+0.656 44 3.84 <0.05
ml 4.519+0.582 4.955+0.566 5.016+0.827 1.193 0.308
NAA/mI 1.795+0.217 1.632+0.265 1.635+0.223 2.994 0.106
L-FLWM NAA 8.616 +0.938 8.558+0.978 8.085+0.833* 4.084 <0.05
Cho 1.402+0.229 1.770+0.320 1.946+0.199 2.919 0.059
tCr 5.999:0.861 5.764+0.614 5.600+0.624 2.502 0.088
ml 4.593+0.702 5.162+0.751 5.405+0.884 2.673 0.074
NAA/mI 1.779+0.260 1.748+0.221 1.625+0.250 2.783 0.052

Table 2 (continued)
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Table 2 (continued)
VOls Metabolites (r:g:n(snzs;)j) S&Zgrl;si(nszs)n (am'\::rl]s(njgg) F P values
L-LN NAA 8.245+1.056 7.739+0.982 7.634+1.0604 3.172 <0.05
Cho 1.598+0.251 1.772+0.268 1.719+0.265 2.432 0.093
tCr 6.110+0.888 5.725+0.672 5.682+0.672 3.077 0.051
ml 4.625+0.749 4.842+0.909 5.090+0.796 2.609 0.079
NAA/mI 1.823+0.319 1.738+0.346 1.653+0.207 2.665 0.075
L-CNC NAA 8.761+1.131 8.172+0.824 7.910+1.1814 3.327 <0.05
Cho 1.5616+0.212 1.707+0.331 1.579+0.297 1.462 0.271
tCr 5.813+0.779 5.448+0.484 5.586+0.725 2.184 0.119
ml 4.877+0.610 5.135+0.686 5.269+0.823 3.073 0.054
NAA/mI 1.738+0.256 1.664+0.302 1.588+0.247 2.512 0.087

ECs, elderly controls; SCD plus, subjective cognitive decline plus; aMCl, amnestic mild cognitive impairment; L-Hip, left hippocampus;
L-PCC, left posterior cingulate cortex; L-Pr, left precuneus; L-OLWM, left white matter of occipital lobe; L-DT, left dorsal thalamus; L-FL-
WM, left white matter of frontal lobe; L-LN, left lenticular nucleus; L-CNC, left caput nuclei caudati. Values are presented as mean + SD.
NAA, N-acetylaspartate; tCr, total creatine; Cho, choline; ml, myoinositol. SCD plus vs. ECs: *P<0.05, **P<0.01; aMCl vs. ECs: * P<0.05,
44p<0.01, 444 P<0.001; aMCl vs. SCD plus: * P<0.05, ** P<0.01.

Table 3 Group differences in metabolite concentrations (mmol/L) and NAA/mI ratio in left volume of interests (VOIs) of ECs, SCD plus and
aMCI participants

SCD plus vs. ECs aMCl vs. ECs aMCl vs. SCD plus
VOls Metabolites
Mean difference (95% Cl) P value Mean difference (95% CIl) P value Mean difference (95% CIl) P value
L-Hip NAA -1.012 (-1.656, -0.387)  <0.01 -1.517 (-2.108, -0.926) <0.001 -0.496 (-1.200, 0.208) 0.164
Cho 0.131 (-0.017, 0.246) 0.073 0.185 (0.027, 0.345) <0.01 0.054 (-0.098, 0.206) 0.698
tCr - - - - -
ml 0.672 (0.229, 1.115) <0.05 0.907 (0.449, 1.366) <0.001 0.235 (-0.221, 0.692) 0.306
NAA/mI -0.241 (-0.389, -0.094)  <0.01  -0.257 (-0.393, -0.121)  <0.001 -0.016 (-0.175,0.145)  0.845
L-PCC NAA -0.679 (-1.241,-0.117)  <0.01 -1.517 (-2.108, -0.926) <0.001 -0.534 (-0.109, 0.015) 0.056
Cho 0.061 (-0.101, 0.223) 0.453 0.221 (0.054, 0.388) <0.05 0.160 (-0.012, 0.331) 0.067
tCr - - - - - -
ml - - - - - -
NAA/mI -0.181 (-0.307, -0.055)  <0.01 —-0.306 (-0.447, -0.166) <0.001 -0.125 (-0.271, 0.021) 0.091
L-Pr NAA -0.329 (-0.835, -0.177)  <0.05  -0.933 (-1.409, -0.457) <0.01 -0.604 (-1.134, -0.074)  <0.05
Cho - - - - - -
tCr - - - - - -
ml 0.346 (-0.053, 0.745) 0.086 0.274 (0.186, 0.363) <0.001 0.428 (-0.018, 0.875) 0.059
NAA/mI -0.157 (-0.312, -0.001)  <0.05  -0.382 (-0.449, -0.265) <0.001 -0.226 (-0.386, —0.065)  <0.01

Table 3 (continued)
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Table 3 (continued)

Yang et al. Neurometabolites in individuals with SCD plus

VOls Metabolites

SCD plus vs. ECs

aMCl vs. ECs

aMCl vs. SCD plus

Mean difference (95% CI)

P value Mean difference (95% CI) P value

Mean difference (95% ClI)

P value

L-OLWM NAA
Cho
tCr
ml
NAA/mI
L-DT NAA
Cho
tCr
ml
NAA/mI
L-FLWM NAA
Cho
tCr
ml
NAA/mI
L-LN NAA
Cho
tCr
ml
NAA/mI
L-CNC NAA
Cho
tCr
ml

NAA/mI

~0.382 (-0.820, 0.056)

0.112 (-0.217, 0.441)
-0.186 (~0.338, -0.033)

~0.371 (-0.818, 0.075)

-0.022 (~0.537, 0.493)

-0.040 (~0.659, 0.579)

-0.589 (-1.095, -0.083)

0.086

0.498
<0.05

0.101

<0.05

-0.592 (-1.029, -0.155)

0.458 (0.135, 0.780)
-0.380 (~0.434, -0.175)

-0.547 (~0.949, -0.148)

-0.628 (-1.107, -0.149)

-0.793 (-1.373, -0.212)

-0.851 (-1.429, -0.272)

<0.01

<0.01

<0.001

-0.210 (-0.731, 0.310)

0.336 (~0.008, 0.679)
-0.119 (~0.260, 0.021)

~0.175 (-0.557, 0.206)

-0.473 (~0.956, 0.011)

~0.105 (-0.642, 0.433)

-0.262 (-0.793, 0.270)

0.422

0.055
0.095

ECs, elderly controls; SCD plus, subjective cognitive decline plus; aMCI, amnestic mild cognitive impairment; Cl, confidence interval; L-Hip,
left hippocampus; L-PCC, left posterior cingulate cortex; L-Pr, left precuneus; L-OLWM, left white matter of occipital lobe; L-DT, left dorsal
thalamus; L-FLWM, left white matter of frontal lobe; L-LN, left lenticular nucleus; L-CNC, left caput nuclei caudate; NAA, N-acetylaspartate;
tCr, total creatine; Cho, choline; ml, myoinositol.
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Table 4 Concentrations of metabolites (unit, mmol/L)) and NAA/mI ratios derived from the right volume of interests (VOIs) of ECs, SCD plus

and aMCI participants
VOls Metabolites (j;sn(snzsssl)j) S(CmDesrl]L;Si(nS:;;) (am'\(g:ris(njss‘g) F P values
R-Hip NAA 9.234+1.119 9.115+0.856 8.065+1.063 444** 12.133 <0.001
Cho 1.428+0.181 1.471+0.234 1.526+0.225 2.044 0.136
tCr 5.510+0.803 5.346+0.652 5.448+0.812 0.343 0.71
ml 6.576+0.596 6.791+0.682* 7.258+0.807 444 7.867 <0.001
NAA/mI 1.458+0.233 1.330+0.213* 1.1770.187 A44** 13.998 <0.001
R-PCC NAA 8.908+1.023 8.935+1.127 8.046+1.201* 3.382 <0.05
Cho 1.527+0.174 1.668+0.227* 1.664+0.257 4 3.507 <0.05
tCr 5.722+0.811 5.269+0.858 5.495+0.937 2.025 0.138
ml 5.080+0.865 5.305+0.684 5.843+0.810 444** 7.659 <0.001
NAA/mI 1.652+0.189 1.541+0.271 1.285+0.176 444*** 12.254 <0.001
R-Pr NAA 8.361+0.932 7.864+1.213 7.616+0.764 444 4.925 <0.01
Cho 1.497+0.206 1.591+0.261 1.604+0.223 2.542 0.071
tCr 5.711+0.690 5.299+0.633 5.359+0.884 2.797 0.068
ml 4.533+0.946 4.550+0.585 4.944+0.849 2.482 0.089
NAA/mI 1.675+0.218 1.624+0.401 1.486+0.21944 3.698 <0.05
R-OLWM NAA 8.444+1.072 8.136+0.702 7.762+0.8834 3.484 <0.05
Cho 1.594+0.205 1.687+0.237 1.737+0.22144 6.518 <0.01
tCr 5.558+0.671 5.301+0.503 5.143+0.7124 3.43 <0.05
ml 4.940+0.779 5.004+0.776 5.359+0.986 2.423 0.092
NAA/mI 1.750+0.347 1.680+0.214 1.589+0.154 4 3.178 <0.05
R-DT NAA 8.415+1.001 7.962+1.116 7.591+0.969 44 5.173 <0.01
Cho 1.545+0.267 1.728+0.219 1.672+0.191 2.289 0.055
tCr 5.862+0.985 5.477+1.258 5.294+0.880 2.487 0.089
ml 4.937+0.732 5.253+0.839 5.389+0.821 2.729 0.071
NAA/mI 1.770+0.281 1.393+0.260 1.327+0.267 0.136 0.827
R-FLWM NAA 8.509+0.886 8.277+0.874 7.975+0.720 44 3.575 <0.05
Cho 1.461+0.254 1.505+0.249 1.599+0.221 2.703 0.073
tCr 5.560+0.719 5.181+0.945 5.219+0.609 2.916 0.059
ml 4.709+0.823 4.970+0.677 5.157+0.755 2.812 0.065
NAA/mI 1.865+0.229 1.581+0.268 1.451+0.265 2.672 0.051
Table 4 (continued)
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Table 4 (continued)
VOls Metabolites (rES:n(snszBI)D) Sgnz:;isi(r]s:s; ) (:xgs(njgg) F P values
R-LN NAA 8.245+1.056 7.739+0.982 7.634+1.060 2.272 0.061
Cho 1.416+0.282 1.562+0.197 1.542+0.265 3.033 0.053
tCr 6.260+1.178 5.764+0.726 5.692+1.300 2.465 0.091
ml 4.727+1.246 5.367+1.053 5.186+1.017 2.39 0.074
NAA/mI 1.677+0.341 1.470+0.367 1.527+0.367 2.376 0.071
R-CNC NAA 8.354+0.945 8.023+1.096 7.995+0.8534 4.253 <0.05
Cho 1.590+0.175 1.697+0.247 1.701+0.202 2.025 0.056
tCr 5.801+1.055 5.541+0.867 5.411+0.645 2.925 0.199
ml 4.980+0.827 5.055+1.195 5.514+0.797 2.807 0.059
NAA/mI 1.712+0.300 1.651+0.314 1.542+0.247 2.743 0.065

ECs, elderly controls; SCD plus, subjective cognitive decline plus; aMCI, amnestic mild cognitive impairment; R-Hip, right hippocampus;
R-PCC, right posterior cingulate cortex; R-Pr, right precuneus; R-OLWM, right white matter of occipital lobe; R-DT, right dorsal
thalamus; R-FLWM, right white matter of frontal lobe; R-LN, right lenticular nucleus; R-CNC, right caput nuclei caudati. Values are
presented as mean + SD. NAA, N-acetylaspartate; tCr, total creatine; Cho, choline; ml, myoinositol. SCD plus vs. ECs: 'P<0.05, "P<0.01;
aMCl vs. ECs: # P<0.05, 4 P<0.01, 44 P<0.001; aMCl vs. SCD plus: * P<0.05, ** P<0.01, *** P<0.001.

Table 5 Group differences in metabolite concentration (mmol/L) and NAA/mI ratio in right volume of interests (VOIs) of ECs, SCD plus and
aMCI participants

SCD plus vs. ECs aMCl vs. ECs aMCl vs. SCD plus
VOls Metabolites
Mean difference (95% CI) P value Mean difference (95% CI) P value Mean difference (95% CI) P value
R-Hip NAA -0.119 (-0.630, 0.392) 0.646 -1.169 (-1.714, -0.624)  <0.001 -1.050 (-1.556, —0.545)  <0.01
Cho - - - - - -
tCr - - - - - -
ml 0.215 (-0.120, 0.551) 0.204 0.682 (0.325, 1.039) <0.001 0.467 (0.075, 0.859) <0.05
NAA/mI -0.128 (-0.243, -0.012)  <0.05 —-0.281 (-0.386, -0.176)  <0.001 -0.153 (-0.259, —-0.047)  <0.01
R-PCC NAA —-0.050 (-0.560, 0.660) 0.985 —0.739 (-1.469, 0.009) 0.053 —0.739 (-1.394, -0.833) <0.05
Cho 0.159 (0.052, 0.266) <0.05 0.127 (0.017, 0.238) <0.05 0.032 (-0.096, 0.159) 0.622
tCr - - - - - -
ml 0.225 (-0.175, 0.625) 0.265 0.763 (0.345, 1.182) <0.001 0.538 (0.145, 0.931) <0.01
NAA/mI -0.067 (—0.194, 0.060) 0.293 —-0.155 (-0.265, 0.045)  <0.001 -0.191 (-0.314, -0.068) <0.001
R-Pr NAA -0.309 (-0.770, 0.153) 0.186 -0.582 (-1.177,-0.192)  <0.01 —-0.373 (-0.790, 0.044)  0.087
Cho - - - - - -
tCr - - - - - -
ml - - - - - -
NAA/mI -0.051 (-0.225, 0.124) 0.56 —-0.189 (-0.298, —-0.079)  <0.01 -0.138 (-0.314, 0.087)  0.119

Table 5 (continued)
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Table 5 (continued)

SCD plus vs. ECs aMCl vs. ECs aMCl vs. SCD plus
VOlIs Metabolites

Mean difference (95% CIl) P value Mean difference (95% CI) P value Mean difference (95% CI) P value

R-OLWM NAA -0.174 (-0.671, 0.323) 0.486 -0.474 (-0.864, -0.083)  <0.05 -0.494 (-0.937, -0.051)  0.079
Cho 0.094 (-0.023, 0.210) 0.112 0.143 (0.363, 0.250) <0.01 0.049 (-0.072, 0.171) 0.418
tCr -0.257 (-0.561, 0.046) 0.095 -0.416 (-0.761, -0.069)  <0.05 -0.158 (-0.480, 0.163)  0.328
ml - - - - - -

NAA/mI -0.070 (-0.217, 0.077) 0.344 -0.161 (-0.295, -0.027)  <0.05 -0.091 (-0.191, 0.008)  0.072

R-DT NAA -0.452 (-1.007, 0.102) 0.108 -0.823 (-1.315, -0.331)  <0.01 -0.371 (-0.926, 0.184)  0.185
Cho - - - - - -
tCr - - - - - -
ml - - - - - -

NAA/mI - - - - - -

R-FLWM NAA -0.232 (-0.667, 0.203) 0.289 -0.534 (-0.914, -0.155)  <0.01 -0.302 (-0.731, 0.127)  0.163
Cho - - - - - -
tCr - - - - - -
ml - - - - - -

NAA/mI - - - - - -

R-LN NAA - - - - - -
Cho - - - - - -
tCr - - - - - -

NAA/mI - - - - - -
R-CNC NAA -0.384 (-0.937,0.170)  0.171 -0.611 (-1.140, -0.082)  <0.05 -0.053 (-0.194, 0.088)  0.453
Cho - - - - - -
tCr - - - - - -
mi - - - - - -

NAA/mI - - - - - -

ECs, elderly controls; SCD plus, subjective cognitive decline plus; aMCIl, amnestic mild cognitive impairment; Cl, confidence interval; R-Hip,
right hippocampus; R-PCC, right posterior cingulate cortex; R-Pr, right precuneus; R-OLWM, right white matter of occipital lobe; R-DT,
right dorsal thalamus; R-FLWM, right white matter of frontal lobe; R-LN, right lenticular nucleus; R-CNC, right caput nuclei caudate; NAA,
N-acetylaspartate; tCr, total creatine; Cho, choline; ml, myoinositol.
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Figure 3 Examples of the Multi-voxel 1H-MRS spectra of the right and left PCC from SCD plus participant (A and C) and the axial
metabolic maps of choline (B). Cho increased significantly in the right PCC, while no significant difference in the left PCC. L-PCC,

left posterior cingulate cortex; R-PCC, right posterior cingulate cortex; Cho, choline; NAA, N-acetylaspartate; tCr, total creatine; ml,

myoinositol.

decreased in the left Hip, left PCC, left Pr, left OLWM,
and right Hip. The concentration of Cho was observed to
only increase in the right PCC. Figure 3 shows an example
images of increased Cho levels in the right PCC in patients
with SCD plus, while no significant difference was observed
in the left PCC.

Compared with ECs group, aMCI group showed
obvious lower NAA values in the bilateral Hip, bilateral Pr,
bilateral OLWM, bilateral CNC, left PCC, left LN, left
FLWM, and right DT. Cho levels were observed increased
in the bilateral PCC, left Hip, and right OLWM. The mlI
levels were found increased in the bilateral Hip, left Pr,
left OLWM, and right PCC. A decrease in tCr values was
observed in the left DT and right OLWM. The metabolite
ratios of NAA/mI were observed to decline in the bilateral
Hip, bilateral PCC, bilateral Pr, and bilateral OLWM.

Compared with SCD plus group, aMCI group had
decreased concentrations of NAA in the left Pr, right Hip,
and right PCC. Increased ml concentrations were found
in the left Hip and the right PCC. The NAA/mI ratio
was decreased in the left Pr, right Hip, and right PCC.
No significant metabolic differences in Cho and tCr were
observed in any VOIs between the two groups.

Heat maps were constructed to visualize the distinction
power of neurometabolites of interest (NAA, mI, and
NAA/mI) among the three groups, as shown in Figure
4A4,B,C.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Predictive accuracy using combinations of metabolites
differences and correlation analyses for data from patients
with SCD plus

The NAA/mI ratio mentioned in previous literature
was considered a screening marker for predicting AD
using neuroimaging (45-47). Our results showed that the
differences in brain neurometabolites in patients with
SCD plus and aMCI are multi-regional, especially in areas
of atrophy associated with AD-sensitive brain located
on the hippocampus, posterior cingulate, precuneus,
with a left-sided predominance (48). In addition to the
differences between groups with statistically significant
(P<0.05), P values of AUC were also set as less than 0.05 in
differentiating SCD plus from ECs or aMCI groups. Only
when the thresholds passed, the corresponding metabolites
were selected for ROC analysis. Our results showed that
the P values of the AUC values on NAA [left Hip, P<0.01;
left PCC, P<0.01; left Pr, P<0.05; left CNC, P<0.05;] and
ml value (right Hip, P<0.05) were statistically significant in
distinguishing SCD plus from ECs. Although the P value
of Cho level in the right PCC showed statistical differences
between SCD plus and ECs groups (P<0.05), the P value of
the AUC is 0.053 (P>0.05); hence, this index was omitted. As
to other indices, the above conditions were all met between
the SCD plus and ECs/aMCI; hence, the ROC analysis
could be performed. Thus, we sought to investigate whether
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Figure 4 Heat maps to visualize the distinction power of N-acetylaspartate (NAA) (A), myoinositol (ml) (B) and NAA/mI (C) among the

three groups. Each column represents one volume of interest (VOI), and each row represents one sample. The intensity increases from green

(relatively decreased) to red (relatively increased). In the top bar, the blue color indicates elderly controls (ECs), the pink color indicates

subjective cognitive decline plus (SCD plus) group, and the green color indicates amnestic mild cognitive impairment (aMCI) group.

the differentiation SCD plus from ECs or aMCI groups
may be estimated more accurately using the concentration
of metabolites of NAA combined with mI or the NAA/mI
ratio. Supplementary file 3 showed the basic process flow of
the RF algorithm. Figure S3A,B and Figure S3C,D showed

the AUC area and importance measurements from the RF
based on the testing dataset in discriminating participants
with SCD plus from ECs using NAA and mlI values and
NAA/mI ratio, respectively. Figure S4A,B and Figure S4C,D
showed the AUC area and importance measurements from
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-~ Combination AUC =0.895 (95% ClI: 0.817-0.973)
— L-Hip (NAA) AUC =0.712 (95% Cl: 0.620-0.803)
L-PCC (NAA) AUC =0.700 (95% Cl: 0.565-0.834)
— L-Pr (NAA) AUC =0.672 (95% Cl: 0.530-0.813)
L-CNC (NAA) AUC =0.663 (95% Cl: 0.526-0.800)
— R-Hip (ml) AUC =0.666 (95% Cl: 0.525-0.807)
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Figure 5 ROC of the discriminatory power of the combined marker panel from SCD plus to ECs. The combined area under curve (AUC)
values in differentiating participants with SCD plus from ECs acquired by NAA and mlI levels (A: AUC =0.895). The combined AUC
values in differentiating participants with SCD plus from ECs acquired by NAA/mI ratios (B: AUC =0.860). The horizontal and vertical
coordinates represent specificity and sensitivity, respectively. ECs, elderly controls; SCD plus, subjective cognitive decline plus; R-Hip,
right hippocampus; L-Hip, left hippocampus; L-PCC, left posterior cingulate cortex; L-Pr, left precuneus; L-OLWM, left white matter of
occipital lobe; L-CNGC, left caput nuclei caudati; NAA, N-acetylaspartate; mI, myoinositol.

the RF based on the testing dataset in discriminating SCD
plus from aMCI using NAA and ml values and NAA/mI
ratio, respectively. The results of testing dataset showed
that the AUC values for final models were not overfitting.
Therefore, the AUC values based on significant group
differences could be used for subsequent statistical analysis.
The combined AUC levels in distinguishing SCD plus from
ECs participants acquired by NAA values in the left Hip,
left Pr, left PCC, left CNC and the mlI value in the right
Hip increased to 0.895 [Figure 54, 95% confidence interval
(CI): 0.817-0.973], whereas the combined AUC levels in
differentiating SCD plus from ECs participants acquired
by the NAA/mI ratios in the left Hip, left Pr, left PCC,
left OLWM and the right Hip added to 0.860 (Figure 5B,
95% CI: 0.759-0.960). Likewise, the combined AUC levels
in differentiating participants with SCD plus from aMCI
acquired by the NAA levels in the left Pr, right Hip, right
PCC, together with ml values in the left Hip and right PCC
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added up to 0.892 (Figure 64, 95% CI: 0.811-0.973). The
combined AUC values in distinguishing SCD plus from
aMCI participants acquired by the NAA/ml ratios in the
left Pr, right Hip and right PCC added up to 0.836 (Figure
6B, 95% CI: 0.735-0.938). These results revealed that the
AUC values obtained by combining the levels of NAA with
ml made more significant contributions to the classification
than those calculated using the NAA/mI ratios. Besides,
correlation tests between the key neuropsychological scores
and '"H-MRS metabolites were conducted for SCD plus
group. Positive correlations were found between AVLT-De
scores and NAA levels in the left Hip (Figure 74, r=0.386,
P=0.047) and in the left PCC (Figure 7B, r=0.395, P=0.042).
While AVL'T-De scores were only positively associated with
NAA/mI ratio in the left Hip (Figure 7C, r=0.416, P=0.031)
of SCD plus group. There were no significant correlations
(P>0.05) between AVLT-De scores and the rest of MRS
metrics in SCD plus participants.
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Figure 6 ROC of the discriminatory power of the combined marker panel from SCD plus to aMCI. The combined area under curve (AUC)
values in differentiating participants with SCD plus from aMCI acquired by NAA with mlI values (A: AUC =0.892). The combined AUC
values in differentiating participants with SCD plus from aMCI acquired by NAA/mI ratios (B: AUC =0.836). The horizontal and vertical
coordinates represent specificity and sensitivity, respectively. aMCI, amnestic mild cognitive impairment; SCD plus, subjective cognitive
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Discussion

In our study, 'H-SVS and 'H-MVS were employed to
generate and output plenty of rich metabolite data by
combined with many different brain regional distributions’
characteristics of MRS. This allowed us to explore the
changes in metabolic distribution in different brain
areas and acquire more accurate bioinformation for
discrimination and diagnosis using this practical technique.
Firstly, our main results suggested that patients with SCD
plus reflect brain neurometabolic changes in many brain
areas, especially in the Hip and PCC. Patients with aMCI
revealed more obvious difference compared to individuals
with SCD plus and ECs in many brain areas. These findings
also suggested that SCD plus participants could share a
similar tendency of brain neurometabolic differences with
individuals with aMCI. Compared with ECs, Cho was
observed to only increase in the right PCC in SCD plus,
while tCr values were observed to decrease in the left DT
and right OLWM in aMCI. Secondly, NAA concentrations
may be used as one of the earliest potential neuroimaging
markers at this stage, while NAA/mI ratio could be more
suitable for monitoring AD progression. Moreover, the
AVLT-De scores were positively associated with the NAA
levels in the left Hip and left PCC in SCD plus group,
whereas only the NAA/ml ratio was positively associated
with the AVLT-De scores in the left Hip.

In our previous studies and other studies, patients with
aMCI/MCI had been reported to have different metabolite
distribution and aberrant metabolite patterns in multiple
regions of the brain (30,34,49). In this study, we observed
a different metabolite distribution, such as in the Hip,
Pr, PCC, OLWM, DT, LN, CNC, and FLWM in aMCI
participants, reflecting metabolic differences in these
regions. Our results are consistent with previous research
and extend the reports on the metabolic differences to
include regions other than PCC and Hip in the likelihood
of AD. However, our main purpose was to explore the
differences in the levels of several brain metabolites in
patients with SCD plus. Additionally, we also compared the
advantages of absolute quantification of metabolites (NAA
and ml) and metabolite ratios (NAA/ml) in distinguishing
SCD plus group from aMCI or ECs individuals.

NAA is abundant in the human brain and metabolized in
the mitochondria of neurons from aspartic acid and acetyl-
coenzyme A. NAA is considered a part of the neuronal
mitochondrial energetic metabolism through Kreb’s
cycle. The Kreb’s cycle guarantees an additional supply of
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energy by the oxidation of glutathione via aspartate amino
transferase that leads to produced alpha-ketoglutarate and
NAA (50). The energy metabolism decline, which is known
to take place early in the process of AD may also depress the
NAA concentration (51). Therefore, NAA decline is closely
related to the ATP synthesis in mitochondrial dysfunction.
Since SCD plus may lead to a higher risk of a very early
stage of AD, minor alterations in the NAA levels detected
could be the early response to brain energy depletion.
Detection of the alterations in NAA seem to be an effective
way in evaluation of individuals at high-risk for dementia
since it might reflect an early neuroimaging marker of
energy metabolism injury in the brain, a factor referred to
the pathological mechanism of AD (52,53).

In this study, elevated mI was only found in the left
Hip in participants with SCD plus compared to the ECs.
The ml concentration changes were observed in two
brain regions (right Hip and right PCC) between SCD
plus and aMCI participants. Further, our study showed
that increased ml values were extended to three regions
(bilateral Hip and right PCC) in participants with aMCI
compared to those in ECs. Increased ml may indicate glial
activation or proliferation. In the neuropathological process
of AD, gliosis was associated with neuronal loss, which may
result in disruption of the osmotic balance (18). mI might
accumulate to regulate the osmotic balance to maintain
cell volume homeostasis in the neuroglial cells (54). We
speculate that the combined effect of gliosis and osmotic
stress may be responsible for the elevated ml levels observed
in the left Hip region. A study reported that the ml values
were already increased during the preclinical stages of AD,
especially in APOE &4 carriers, indicating that ml levels
may reveal brain region consequences of APOE &4 before
detectable amyloid-related pathology (55). Compared with
the concentration of NAA, the brain regions involved with
changes in ml are few in patients with SCD plus. A recent
longitudinal study (18) and a seven-year follow-up study (47)
have shown that mI and NAA/mI ratio may be useful in
predicting AD progression. In this study, we found mlI
values gradually increased and the number of brain regions
with elevated ml levels increased from ECs to aMCIL Our
results indicated that alterations of NAA were detected
prior to those in ml. One study has shown that decreased
NAA and increased ml represents lack of correlation and
reflected different pathologic AD processes (46). Our study
also showed that NAA and ml levels may represent different
processes underlying different stages of AD. Hence, NAA
could be served as an early diagnosis marker, while mI
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could be better suited for monitoring AD progression.
However, long-term follow-up studies are also needed to
determine whether NAA/ml is suitable for monitoring AD
progression.

As precursors of the neurotransmitter acetylcholine,
elevated Cho values may be associated with the increase
of cell membrane phospholipid turnover (56). In this
study, increased Cho value was only observed in the right
PCC in SCD plus compared with ECs individuals. The
PCC is a limbic cortical region that experiences neuronal
density loss and mitochondrial energy metabolism decline
as well as cognitive dysfunction in AD (57). Therefore,
the increased Cho value in the PCC of patients with SCD
plus may reflect a compensatory mechanism of decreased
choline-acetyltransferase activity necessitated by increased
cholinergic input, and increased neuronal membrane
turnover activity in the bilateral Hip and right PCC in the
aMCI stage due to further neuronal degeneration. This is
consistent with our previous observations (30,34).

In previous studies, tCr concentrations have been
considered to be stable and commonly used as an internal
reference for normalization of other metabolites. Our
results showed that the tCr concentrations had a decreasing
trend from ECs to patients with aMCI. The noteworthy
result of our study was that we found a significant
reduction in tCr values in the left DT and right OLWM
in aMCI participants. Some reports have also found that
the tCr concentrations may vary in different pathological
conditions (23,35). The reduction in tCr levels represent an
insufficient energy supply that may result from a defect in
oxidative metabolism in impaired nerve cell (58). Together,
the observations from previous studies and those from
this study provided evidence that SCD plus and aMCI
participants showed ultrastructural damage in the neuronal
mitochondria. These results confirmed that the absolute
concentration might be better than the relative ratios
estimated using tCr as a reference.

There were five brain regions with altered metabolites,
including four regions with decreased NAA (left Hip,
PCC, Pr, and CNC) and one region with increased ml
(left Hip). Similarly, the differences in NAA/ml ratios were
also found in five brain regions (left Hip, left PCC, left
Pr, left OLWM, and right Hip). Both these evaluations
revealed four brain areas in the left hemisphere that
contained vulnerable regions involved in memory function
and language skills (59-62). The different concentration
of NAA between ECs and SCD plus in the left cerebral
hemisphere indicated that atrophy in SCD plus could have
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already occurred in AD-sensitive brain areas such as left
Hip (48). The combined AUC values in distinguishing SCD
plus from ECs participants acquired by the concentration
of NAA combined with mI was 0.895, which was higher
than the combined AUC values of 0.860 acquired by the
NAA/mI ratios. Compared to patients with aMCI, the
concentration changes of NAA were found in the left Pr,
right Hip, right PCC, and mlI levels in the right Hip and
right PCC in SCD plus participants. Significantly different
NAA/mI ratios were observed in three brain regions (left
Pr, right Hip, and right PCC) in SCD plus participants.
Likewise, the combined AUC levels in distinguishing SCD
plus from aMCI participants acquired by NAA combined
with ml levels was 0.892, which was also higher than the
combined AUC values of 0.836 acquired by NAA/mI
ratios. Our results further demonstrated that the absolute
concentration may be superior to the metabolite ratio,
which is consistent with previous 'H-MRS studies. The
possible reason is that the absolute concentration could
offer more accurate information than the metabolite ratio
reflecting brain metabolite changes.

In addition, we observed AVLT-De scores were
significantly associated with the NAA values in the left Hip
and left PCC in SCD plus group. Only the AVI'T-De scores
were positively correlated with NAA/mI ratio in the left Hip.
We speculated that the main reason for the effect on the two
brain regions could have been the abnormal changes of NAA,
while mI may have had a synergistic effect. Our correlation
results were also in favor of the idea that the NAA change
might be the best predictor of cognitive impairment scores,
especially in the extremely early phase of AD.

This study has some limitations. Firstly, as a cross-
sectional study, the samples of patients with SCD plus
are small. A study with a larger sample size with a
multicenter and longitudinal design is acquired to seek
the early neuroimaging markers for AD (63,64). Secondly,
in order to fully elucidate the AD continuous spectrum,
AD individuals need to be included in the subsequent
research. Thirdly, according to the features of SCD plus,
the inclusion criteria for patients with SCD plus usually
met more than three (13). Although the NAA and mlI
levels are emerging as the most useful MRS markers in AD
since this measure could be strongly associated with the
existence of potential amyloidosis and neurodegeneration,
our study lacked the completeness of testing the status of
ApoE &4 (65), tau protein, or B-amyloid. Incorporating
the examinations of these risk factors may be crucial for
SCD plus detection. Moreover, although 'H-MVS could
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obtain a wider range of multiple single voxel spectra, reduce
the partial volume effect, and reflect the distribution of
metabolite concentrations throughout multi-dimensional
data acquisition, certain limitations of "H-MVS, such as
long acquisition time, poor quality of shimming, inadequate
water peak suppression, and susceptibility alterations
related to air and bone, make it hard to acquire high-
quality spectra. Besides, the study only used MRS technique
for evaluation. Multi-modal MR imaging methods would
yield a comprehensive understanding to elucidate the
pathophysiologic mechanisms of participants with SCD
plus by structural and functional MRI (66-68). Finally, we
did not register the MRS data to utilize tissue segmentation
results from a high-resolution anatomical image to calculate
the white matter, gray matter, or CSF fraction within the
VOlIs; therefore, a variance source should be taken into
account for correcting the metabolite concentrations more
accurately.

Conclusions

In conclusion, our findings indicated that quantitative
'H-SVS and '"H-MVS could offer useful information to
detect the feature of the alterative brain neurometabolite
levels in patients with SCD plus. The use of absolute
concentration rather than ratios might provide more
valuable information regarding alternative metabolites
associated with AD. NAA may be one of the earliest
potential neuroimaging markers at this very early stage.
Changes in brain metabolite concentrations in the PCC
and Hip appeared to represent a noninvasive, effective, and
potentially useful neuroimaging marker of the preclinical
stage of AD.
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Supplementary

Supplementary material 1
Supplementary file 1 (how to obtain Pflie from MRI host)

[Open Window 1]

1. cd researchdata/ [Enter]

2. 1s [Enter]

3. cd (current folder, for example: 20190628/) [Enter]
4. mkdir (create file name, for example: abc) [Enter]
5. cd (current file name, for example: abc) [Enter]

6. pwd [Enter]

Then we get the created folder path

[Open Window 2]

1. ftp 10.0.12.110 [Enter] (Note: This is an IP address which corresponds to different hosts)

2. sdc [Enter]

3. adw 2.0 [Enter] (Note: This is a password which corresponds to different hosts)

4. bin [Enter]

5.1led (copy the folder path from Window 1) [Enter]

6. cd /usr/g/mrraw [Enter]

7. 1s -tl [Enter] (Note: It shows recent pfiles which we can select and copy these according to experiment time)
8. get P04068.7 (pfile name) [Enter] (Note: Then the pfile was successfully obtained. We repeat the command "get" to obtain
the pfile)

9. exit [Enter]

Then we exit window 2 and return to window 1.

Copy pfile to U disk from usb path

l.cd ..

2. su root [Enter]

3. operator [Enter]

4. fdisk -1 [Enter] (Then we obtain the path of usb, for example: /del/usb)
5. mount -t vfat (for example: /del/usb) /mnt/usbdisk [Enter]

6. cp -r (The name of the folder created in window 1, for example: abc) /mnt/usbdisk [Enter] Note: You must confirm that
window 1 has entered the abe folder before executing this command.

7. cd /mnt/usbdisk [Enter]

8. Is [Enter]

9. cd / [Enter]

10. umount /mnt/usbdisk [Enter]

11. exit [Enter]

Then we copy the pfile to U disk successfully.
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Supplementary material 2
Supplementary file 2 (the method to analysis MRS)

The analysis step for single-voxel magnetic resonance spectroscopy using LCModel
1. Turn on the lab computer, enter the username and password

2. Open the virtual machine on the desktop (VMware), right-click on the username (for example: administrator) in the
current mode, enter password (for example: dell123)

3. Double-click the terminal, then input cd. lemodel [enter]

4. Click ./lemgui [enter]

5. Click the selected profile

6. Select a pfile from the path /usr/g/spectro/data/abe/20190806

7. Advanced settings: change control defaut file: select 37T, click OK

8. Click change basis, then selcet press_te35_3t_gsh_v3.basis

9. Click LCModel, then start to analysis results

The analysis step for multi-voxel magnetic resonance spectroscopy using LCModel and SAGE software

1. Turn on the lab computer, enter the username and password;

2. Open the virtual machine on the desktop (VMware), right-click on the username (for example: administrator) in the
current mode, enter password (for example: dell123)

3. Double-click the terminal, then input cd. lemodel [enter]

4. Click terminal: SAGE

5. Import Pflie, selcet the path mnt/bgfs/libui /usr/g/spectro/data/abc/20190806

6. Open a Pfile and reconstruct it: recons CSI reconstruct

7. Analysis by LCModel

8. Select the path of LCModel: SDDEGE:999; SDDEGP:1

9. Enter PPMST:4.0, PPMEND:0.2

10. Select calibration factor: First, the NAA value from single-voxel proton magnetic resonance spectroscopy (INAAsvs)
is processed obtain in a selected volume of interest. The correction factor of multi-voxel proton magnetic resonance
spectroscopy filled with 1, and then NAA value from multi-voxel proton magnetic resonance spectroscopy (NAAmvs) is
obtained. The ratio NAAmvs/NAAsvs corresponding the same volume of interest was acquired, and it is the final calibration
factor.

11. Then run Basis set: press-te35-3t-gsh-v3-GE.basis

12. Start to analysis results
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Supplementary material 3
Supplementary file 3 (the basic process flow of the RF algorithm)

setwd('G:\\WORK-MBY\\data classification management\\revision manuscript')
library(randomForest)

library(readxl)

library(sqldf)

library(stringr)

library(pROC)

library(ROCR)

library(caret)

library(dplyr)

str2num <- function(data){as.numeric(as.character(data))}

dfl <- read_excel('data.xlsx’', sheet = 1)

df2 <- read_excel('data.xlsx’', sheet = 2)

##modell, ratiol
## use sex, age, education, variable NAA/mlI

df <- df1

df$grp <- ifelse(df$grp == 'ECs', 0, 1)

df$gender <- factor(df$gender)

dff, str_detect(names(df), '_n$|_im$|_m$")] <- NULL

set.seed(22)## Set random seeds

## 65% for train

## 35% for test

train_index <- sample(1:nrow(df), 0.65 * nrow(df), replace = F)

train_df <- dftrain_index, |

test_df <- df[-train_index, |

rf_fit <- randomForest(grp ~ ., data = train_df, ntree = 35, type = 'regression’, mtry = 4, importance = T)

imp <- importance(rf_fit)

imp <- as.data.frame(imp)

imp$vname <- row.names(imp)

names(imp) <- c('inci_mse', 'inc_node_purity', 'vname")

imp <- imp|[, ¢('vhame', 'inci_mse'")]

imp <- sqldf('select * from imp order by inci_mse desc')

Imp ## use test test

pred <- predict(rf_fit, test_df, type = 'response")

train_pred <- predict(rf_fit, train_df, type = 'response’)

test_pred <- pred

pred <- prediction(pred, as.factor(test_df$grp))

perf <- performance(pred, 'tpr', 'fpr')

test_auc <- unlist(slot(performance(pred, 'auc’), 'y.values'))

test_auc ## the optimal segmentation point was found according to the model fitting results
train_cut_off <- roc(response = train_df$grp, predictor = train_pred)

train_cut_df <- cbind(train_cut_off$thresholds, train_cut_off$sensitivities + train_cut_off$specificities)
best_cut_off <- subset(e, e[, 2] == max(e[, 2]))][, 1]

## predictive classification was obtained according to segmentation points

pred_class <- ifelse(pred2 >= best_cut_off, 1, 0)

xtab <- table(pred_class, test_df$grp)
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confusionMatrix(xtab, positive = '1")

cut_off <- roc(response = test_df$grp, predictor = test_pred)

par(mgp = c(2, 0.8, 0), oma = c(0, 0, 0, 0))

plot(1 - cut_off$specificities, cut_off$sensitivities, type = 'l', xlab = '1 - Specificity', ylab = 'Sensitivity', col = 'black’, Iwd = 2,
bty = 'I', font.lab = 2, main = 'ROC Curve', cex.lab = 1.6, font = 2)

lines(c(0, 1), ¢(0, 0), lty = 2)

lines(c(1, 1), ¢(0, 1), Ity = 2)

lines(c(0, 1), (0, 1), Ity = 2)

text(0.5, 0.6, paste(AUC = ', round(test_auc, 2), sep = "), font = 2, cex = 1.2)

imp$vname

imp <- filter(imp, str_detect(vname, '_nm$') %in% c(T))

imp$x <- nrow(imp): limp

imp$label <- ¢('L-Hip(NAA/ml)', 'R-Hip(NAA/ml)', 'L-Pr(NAA/ml)', 'L-PCC(NAA/ml)’, 'L-OLWM(NAA/ml)")

par(oma = c(0, 4, 0, 0))

plot(0, NA, xlim = c¢(min(imp$inci_mse) - 0.5, max(imp$inci_mse) + 0.5), ylim = ¢(0.5, max(imp$x) + 0.5), type = 'I', xaxs = 'i',
yaxs = 'i', bty = 'I', xlab = 'Importance measure (%IncMSE)', ylab = "', yaxt = 'n’, font.lab = 2)

for (r in l:nrow(imp)){lines(c(min(imp$inci_mse) - 0.5, imp$inci_mse[r]), rep(imp$x[r], 2), Iwd = 1, lty = 2, xaxt = 'none")
points(imp$inci_mse[r], imp$x[r], pch = 19, col = 'red’, cex = 1.6)}

axis(side = 1, tck = -0.01, font = 2)

axis(side = 2, at = imp$x, labels = imp$label, las = 2, font = 2)

##900* 630

##model, concentrationl
## use sex, age, education, variable NAA/mlI

df <- dfl

df$grp <- ifelse(df$grp == 'ECs', 0, 1)

df$gender <- factor(df$gender)

dff, str_detect(names(df), '_nm$")] <- NULL

set.seed(27)## Set random seeds

##65% for train

##35% for test

train_index <- sample(1:nrow(df), 0.65 * nrow(df), replace = F)

train_df <- dftrain_index, |

test_df <- df[-train_index, ]

rf_fit <- randomForest(grp ~ ., data = train_df, ntree = 35, type = 'regression’, # mtry = 3, importance = T)
imp <- importance(rf_fit)

imp <- as.data.frame(imp)

imp$vname <- row.names(imp)

names(imp) <- c('inci_mse', 'inc_node_purity', 'vname")

imp <- imp|[, ¢('vhame', 'inci_mse')]

imp <- sqldf('select * from imp order by inci_mse desc')

imp ## use test test

pred <- predict(rf_fit, test_df, type = 'response’)

train_pred <- predict(rf_fit, train_df, type = 'response")

test_pred <- pred

pred <- prediction(pred, as.factor(test_df$grp))

perf <- performance(pred, 'tpr', 'fpr')

test_auc <- unlist(slot(performance(pred, 'auc'), 'y.values'))

test_auc ##the optimal segmentation point was found according to the model fitting results
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train_cut_off <- roc(response = train_df$grp, predictor = train_pred)

train_cut_df <- cbind(train_cut_off$thresholds, train_cut_off$sensitivities + train_cut_off$specificities)

best_cut_off <- subset(e, e[, 2] == max(e[, 2]))][, 1]

#tpredictive classification was obtained according to segmentation points

pred_class <- ifelse(pred2 >= best_cut_off, 1, 0)

xtab <- table(pred_class, test_df$grp)

confusionMatrix(xtab, positive = '1")

cut_off <- roc(response = test_df$grp, predictor = test_pred)

par(mgp = c(2, 0.8, 0), oma = c(0, 0, 0, 0))

plot(1 - cut_off$specificities, cut_off$sensitivities, type = 'l', xlab = '1 - Specificity', ylab = 'Sensitivity', col = 'black’, Iwd = 2,
bty = 'I', font.lab = 2, main = 'ROC Curve', cex.lab = 1.6, font = 2)

lines(c(0, 1), ¢(0, 0), lty = 2)

lines(c(1, 1), ¢(0, 1), Ity = 2)

lines(c(0, 1), (0, 1), Ity = 2)

text(0.5, 0.6, paste('AUC = ', round(test_auc, 2), sep = "), font = 2, cex = 1.2)

imp$vname

imp <- filter(imp, str_detect(vname, '_n$|_m$") %in% c(T))

imp$x <- nrow(imp):1

imp

imp$label <- c(L-Hip(NAA)', 'L-CNC(NAA)', 'L-PCC(NAA)', R-Hip(ml)', 'L-Pr(NAA)")

par(oma = c(0, 4, 0, 0))

plot(0, NA, xlim = c(min(imp$inci_mse) - 0.5, max(imp$inci_mse) + 0.5), ylim = ¢(0.5, max(imp$x) + 0.5), type = 'I', xaxs = 'i',
yaxs =1, bty = ',

xlab = 'Importance measure (%IncMSE)', ylab = ", yaxt = 'n', font.lab = 2)

for (r in l:nrow(imp)){lines(c(min(imp$inci_mse) - 0.5, imp$inci_mse[r]), rep(imp$x[r], 2), Iwd = 1, lty = 2, xaxt = 'none")
points(imp$inci_msel[r], imp$x[r], pch = 19, col = 'red’, cex = 1.6)}

axis(side = 1, tck = -0.01, font = 2)

axis(side = 2, at = imp$x, labels = imp$label, las = 2, font = 2)

##model2, ratio2
## use sex, age, education, variable NAA/mlI

df <- df2

df$grp <- ifelse(df$grp == 'SCDplus', 0, 1)

df$gender <- factor(df$gender)

dff, str_detect(names(df), '_n$|_im$|_m$")] <- NULL

set.seed(22)##Set random seeds to facilitate duplication of results
##65% for train

##35% for test

train_index <- sample(1:nrow(df), 0.65 * nrow(df), replace = F)
train_df <- df[train_index, ]

test_df <- df[-train_index, ]

rf_fit <- randomForest(grp ~ ., data = train_df, ntree = 35, type = 'regression’, mtry = 4, importance = T)
imp <- importance(rf_fit)

imp <- as.data.frame(imp)

imp$vname <- row.names(imp)

names(imp) <- ¢('inci_mse', 'inc_node_purity', 'vhame')

imp <- imp][, ¢('vhame', 'inci_mse')]

imp <- sqldf('select * from imp order by inci_mse desc')

imp
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##use test test

pred <- predict(rf_fit, test_df, type = 'response’)

train_pred <- predict(rf_fit, train_df, type = 'response")

test_pred <- pred

pred <- prediction(pred, as.factor(test_df$grp))

perf <- performance(pred, 'tpr', 'fpr')

test_auc <- unlist(slot(performance(pred, 'auc'), 'y.values'))

test_auc

#tthe optimal segmentation point was found according to the model fitting results
train_cut_off <- roc(response = train_df$grp, predictor = train_pred)

train_cut_df <- cbind(train_cut_off$thresholds, train_cut_off$sensitivities + train_cut_off$specificities)
best_cut_off <- subset(e, e[, 2] == max(e|[, 2]))][, 1]

#Htpredictive classification was obtained according to segmentation points
pred_class <- ifelse(pred2 >= best_cut_off, 1, 0)

xtab <- table(pred_class, test_df$grp)

confusionMatrix(xtab, positive = '1")

cut_off <- roc(response = test_df$grp, predictor = test_pred)

par(mgp = c(2, 0.8, 0), oma = ¢(0, 0, 0, 0))

plot(1 - cut_off$specificities, cut_off$sensitivities, type = 'I', xlab = '1 - Specificity', ylab = 'Sensitivity', col = 'black’, Iwd = 2,
bty = 'I', font.lab = 2, main = 'ROC Curve', cex.lab = 1.6, font = 2)

lines(c(0, 1), c(0, 0), Ity = 2)

lines(c(1, 1), (0, 1), Ity = 2)

lines(c(0, 1), ¢(0, 1), Ity = 2)

text(0.5, 0.6, paste('AUC = ', round(test_auc, 2), sep = "), font = 2, cex = 1.2)
imp$vname

imp <- filter(imp, str_detect(vname, '_nm$') %in% c(T))

imp$x <- nrow(imp):1

imp

imp$label <- ¢(R-PCC(NAA/ml)', 'R-Hip(NAA/ml)', 'L-Pr(NAA/ml)")

par(oma = ¢(0, 4, 0, 0))

plot(0, NA, xlim = c(min(imp$inci_mse) - 0.5, max(imp$inci_mse) + 0.5),

ylim = ¢(0.5, max(imp$x) + 0.5), type = 'l', xaxs = 'i', yaxs = 1, bty = 'I',

xlab = 'Importance measure (%IncMSE)', ylab = ", yaxt = 'n', font.lab = 2)

for (r in 1:nrow(imp)){lines(c(min(imp$inci_mse) - 0.5, impSinci_mse[r]), rep(imp$x[r], 2), Iwd = 1, lty = 2, xaxt = 'none")
points(imp$inci_mse[r], imp$x[r], pch = 19, col = 'red’, cex = 1.6)}

axis(side = 1, tck = -0.01, font = 2)

axis(side = 2, at = imp$x, labels = imp$label, las = 2, font = 2)

##900* 630

##model, concentration2

#Htuse sex, age, education, concentration NAA, ml

df <- df2

df$grp <- ifelse(df$grp == 'SCDplus’, 0, 1)

df$gender <- factor(df$gender)

df, str_detect(names(df), '_nm$")] <- NULL

set.seed(67)##Set random seeds to facilitate duplication of results
##65 % for train

##35% for test

train_index <- sample(1:nrow(df), 0.65 * nrow(df), replace = F)
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train_df <- df[train_index, |

test_df <- df[-train_index, |

rf_fit <- randomForest(grp ~ ., data = train_df, ntree = 35, type = 'regression’, # mtry = 4, importance = T)
imp <- importance(rf_fit)

imp <- as.data.frame(imp)

imp$vname <- row.names(imp)

names(imp) <- ¢('inci_mse', 'inc_node_purity', 'vname')

imp <- impl[, ¢('vhame', 'inci_mse')]

imp <- sqldf('select * from imp order by inci_mse desc')

imp

## use test test

pred <- predict(rf_fit, test_df, type = 'response")

train_pred <- predict(rf_fit, train_df, type = 'response’)

test_pred <- pred

pred <- prediction(pred, as.factor(test_df$grp))

perf <- performance(pred, 'tpr', 'fpr')

test_auc <- unlist(slot(performance(pred, 'auc'), 'y.values'))

test_auc

#Htthe optimal segmentation point was found according to the model fitting results
train_cut_off <- roc(response = train_df$grp, predictor = train_pred)

train_cut_df <- cbind(train_cut_off$thresholds, train_cut_off$sensitivities + train_cut_off$specificities)
best_cut_off <- subset(e, e[, 2] == max(e[, 2]))][, 1]

tHtpredictive classification was obtained according to segmentation points

pred_class <- ifelse(pred2 >= best_cut_off, 1, 0)

xtab <- table(pred_class, test_df$grp)

confusionMatrix(xtab, positive = '1")

cut_off <- roc(response = test_df$grp, predictor = test_pred)

par(mgp = c(2, 0.8, 0), oma = c(0, 0, 0, 0))

plot(1 - cut_off$specificities, cut_off$sensitivities, type = 'I', xlab = '1 - Specificity', ylab = 'Sensitivity', col = 'black’, Iwd = 2,
bty = 'I', font.lab = 2, main = 'ROC Curve', cex.lab = 1.6, font = 2)

lines(c(0, 1), ¢(0, 0), Ity = 2)

lines(c(1, 1), (0, 1), Ity = 2)

lines(c(0, 1), (0, 1), Ity = 2)

text(0.5, 0.6, paste('AUC = ', round(test_auc, 2), sep = "), font = 2, cex = 1.2)

imp$vname

imp <- filter(imp, str_detect(vname, '_n$|_m$") %in% c(T))

imp$x <- nrow(imp):1

imp

imp$label <- ¢c(R-Hip(NAA)', 'R-PCC(ml)', 'R-PCC(NAA)', 'L-Hip(ml)', 'L-Pr(INAA)")
par(oma = c(0, 4, 0, 0))

plot(0, NA, xlim = c(min(imp$inci_mse) - 0.5, max(imp$inci_mse) + 0.5),

ylim = ¢(0.5, max(imp$x) + 0.5), type = 'I', xaxs = 'i’, yaxs = 'i', bty = ',

xlab = 'Importance measure (%IncMSE)', ylab = "', yaxt = 'n', font.lab = 2)

for (r in 1:nrow(imp)){lines(c(min(imp$inci_mse) - 0.5, impS$inci_mse[r]),

rep(imp$x[r], 2), Iwd = 1, Ity = 2, xaxt = 'none") points(imp$inci_mse[r], imp$x[r], pch = 19, col = 'red', cex = 1.6)}
axis(side = 1, tck = -0.01, font = 2)

axis(side = 2, at = imp$x, labels = imp$label, las = 2, font = 2)
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Figure S1 Examples of attained spectra from the left hippocampus. A = elderly controls, B = subjective cognitive decline plus, C = amnestic

mild cognitive impairment.

Supplementary material 5

Figure S2 Examples of attained spectra from the right hippocampus. A = elderly controls, B = subjective cognitive decline plus, C = amnestic

mild cognitive impairment.
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Figure S3 The AUC area and importance measurements from the random forest (RF) based on the testing dataset in discriminating
participants with SCD plus from ECs. The horizontal and vertical coordinates represent specificity and sensitivity, respectively. A and B are
from the RF in discriminating SCD plus from ECs using NAA and ml values. After variable selection, RF predicted with 0.871 accuracy;
C and D are from the RF in discriminating SCD plus from ECs using NAA/mI ratio. After variable selection, RF predicted with 0.823
accuracy. Abbreviations: L-Hip = left hippocampus; R-Hip = right hippocampus; L-PCC = left posterior cingulate cortex; L-Pr = left
precuneus; L-OLWM = left white matter of occipital lobe; L-CNC = left caput nuclei caudati; NAA = N-acetylaspartate; ml = myoinositol.
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Figure S4 The AUC area and importance measurements from the random forest (RF) based on the testing dataset in discriminating
participants with SCD plus from aMCI. The horizontal and vertical coordinates represent specificity and sensitivity, respectively. A and B are
from the RF in discriminating SCD plus from aMCI using NAA and ml values. After variable selection, RF predicted with 0.843 accuracy;
C and D are from the RF in discriminating SCD plus from aMCI using NAA/mlI ratio. After variable selection, RF predicted with 0.830
accuracy. Abbreviations: L-Hip = left hippocampus; R-Hip = right hippocampus; L-Pr = left precuneus; R-PCC = right posterior cingulate;
NAA = N-acetylaspartate; mI = myoinositol.
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Table S1 Group differences in VOI sizes and S/N in the left brain hemisphere of ECs, SCD plus, and aMCI participants

VOls Parameters EC (n=33) (means + SD) SCD plus (n=27) (means + SD) aMCI (n=31) (means + SD) F P values
L-Hip VOl size (cm®) 3.202 + 0.468 3.035+ 0.475 2.997 + 0.385 1.123 0.386
S/N 7.112 £ 1.108 6.962 + 1.209 6.826 + 1.369 1.822 0.125
L-PCC VOl size (cm?) 1.205 £ 0.076 1.186 + 0.080 1.179 + 0.091 1.231 0.322
S/N 4.786 + 1.087 4.658 + 1.169 4.364 +1.027 0.664 0.738
L-Pr VOl size (cm®) 1.208 + 0.083 1.188 + 0.079 1.185 + 0.072 1.085 0.327
S/N 4.845 +1.100 4.591 + 1.225 4.532 +£1.132 1.763 0.141
L-OLWM VOl size (cm®) 2.392 + 0.261 2.386 + 0.237 2.375 £ 0.227 1.598 0.265
S/N 5.852 + 1.209 5.745 + 1.313 5.585 + 1.367 0.826 0.525
L-DT VOl size (cm®) 3.576 + 0.531 3.493 + 0.436 3.489 + 0.391 1.233 0.297
S/N 6.206 + 1.218 6.126 + 1.152 6.057 + 1.230 0.743 0.658
L-FLWM VOl size (cm?) 3.586 + 0.516 3.568+ 0.478 3.576 + 0.483 1.084 0.405
S/N 4.602 +1.219 4.570 = 1.120 4.346 +1.109 1.819 0.097
L-LN VOl size (cm®) 1.199 + 0.096 1.199 + 0.092 1.194 + 0.081 1.272 0.295
S/N 4.349 + 1.551 4.272 + 1.556 4.016 + 1.655 1.432 0.252
L-CNC VOl size (cm?) 1.199 + 0.079 1.183 + 0.077 1.185 + 0.107 1.316 0.300
S/N 4.506 + 1.206 4.307 + 1.462 4.279 + 1.547 1.462 0.281

Abbreviations: ECs = elderly controls; SCD plus = subjective cognitive decline plus; aMCl = amnestic mild cognitive impairment; L-Hip =
left hippocampus; L-PCC = left posterior cingulate cortex; L-Pr = left precuneus; L-DT = left dorsal thalamus; L-OLWM = left white matter
of the occipital lobe; L-FLWM = left white matter of the frontal lobe; L-LN = left lenticular nucleus; L-CNC = left caput nuclei caudati; VOIs
= volume of interests; S/N = signal to noise. Values are presented as the mean + SD.
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Table S2 Group differences in VOI size (cm’) and S/N in the right brain hemisphere of ECs, SCD plus, and aMCI participants.

VOls Parameters  EC (n=33) (means + SD) SCD plus (n=27) (means + SD) aMCI (n=31) (means + SD) F p values
R-Hip VOl size (cm®) 3.458 £ 0.713 3.426 + 0.475 3.186 + 1.146 1.166 0.367
S/N 5.706 = 1.215 5.962 + 1.209 5.526 + 1.317 1.452 0.263
R-PCC VOl size (cm®) 1.188 £ 0.084 1.193 £ 0.078 1.785 +0.103 1.031 0.525
S/N 4.686 + 1.047 4.278 + 1.038 4.658 + 1.122 0.554 0.685
R-Pr VOl size (cm®) 1.211 £ 0.123 1.195 + 0.108 1.186 + 0.087 1.485 0.231
S/N 4.872 £1.134 4.682 + 1.036 4.553 + 1.152 1.363 0.257
R-OLWM VOl size (cm® 2.383 + 0.261 2.396 + 0.251 2.378 + 0.239 1.598 0.246
S/N 5.852 + 1.321 5.745 + 1.402 5.292 + 1.567 0.626 0.586
R-DT VOl size (cm®) 2.593 + 0.527 3.577 £ 0.459 3.563 + 0.472 1.233 0.297
S/N 6.312 + 1.334 6.363 + 1.139 6.238 + 1.415 0.643 0.756
R-FLWM VOl size (cm® 3.591 + 0.508 3.573 £+ 0.423 3.565 + 0.512 1.684 0.206
S/N 4.711 + 1.308 4.660 + 1.412 4.523 +1.314 2.019 0.159
R-LN VOI size (cm®) 1.205 + 0.101 1.192 + 0.090 1.184 £ 0.107 1.172 0.195
S/N 4.398 + 1.651 4.372 +1.527 4.335 + 1.625 2.332 0.089
R-CNC VOI size (cm®) 1.196 + 0.094 1.182 + 0.103 1.881 + 0.095 2.027 0.165
S/N 4.676 + 1.512 4.707 + 1.561 4.856 + 1.397 1.465 0.268

Abbreviations: ECs = elderly controls; SCD plus = subjective cognitive decline plus; aMCl = amnestic mild cognitive impairment; R-Hip =
right hippocampus; R-PCC = right posterior cingulate cortex; R-Pr = right precuneus; R-DT = right dorsal thalamus; R-OLWM = right white
matter of the occipital lobe; R-FLWM = right white matter of the frontal lobe; R-LN = right lenticular nucleus; R-CNC = right caput nuclei
caudati; VOI = volume of interest; S/N = signal to noise. Values are presented as the mean + SD.
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