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Abstract

Proton magnetic resonance spectroscopy (1H-MRS) enables noninvasive in vivo detection of biochemical and neurotransmitter
alterations in brain neurons, offering potential for early diagnosis of Alzheimer's disease (AD). This study investigates metabolite
distribution patterns in bilateral frontal white matter and imaging biomarkers of early cognitive function across preclinical and
prodromal stages of the AD continuum. A cohort of 362 right-handed participants underwent comprehensive neuropsychological
assessments. Single-voxel 1H-MRS was employed to acquire metabolite spectra from bilateral frontal white matter,
complemented by venous blood analysis for AD-associated genes and toxic proteins. Statistical analysis revealed the following
key findings. Normal Controls (NC): (1) Higher relative concentrations of N-acetyl-aspartate/N-acetyl aspartyl-glutamate
(NAA+NAAG) and glycerol-phosphocholine/phosphocholine (GPC+PCho) were observed in left versus right frontal white
matter. (2) Age-related decline: NAA+NAAG levels in left frontal white matter demonstrated progressive reduction from
younger to older age groups. (3) The elderly group exhibited significantly lower glutamate/glutamine (Glu+Gln) concentrations
in left frontal white matter compared to middle-aged and younger groups. Mild Cognitive Impairment (MCI): (1) Inverse
correlation between Auditory Verbal Learning Test (AVLT) scores and right frontal NAA+NAAG content. (2) Positive
associations between Shape Trail Test (STT-A/B) completion times and right frontal myo-inositol (mlns) levels. Left frontal
Glut+GlIn concentrations correlated positively with plasma biomarkers: amyloid B-protein (Ap1-42), total tau (t-tau), and
phosphorylated taul81 (p-taul81). These 1H-MRS-detected metabolite alterations in bilateral frontal white matter may reflect
both physiological brain aging and AD-related pathological changes, suggesting their utility as potential diagnostic indicators
for early-stage AD. The integration of metabolic profiling with established biomarkers could enhance predictive accuracy in the
AD continuum.

Keywords

Natural Aging, Subjective Cognitive Decline, Mild Cognitive Impairment, Proton Magnetic Resonance Spectroscopy,
Neuro-metabolites, In Vivo

'Correspondence: Qi Xie (xieqgi8@yeah.net), Qi Xie (eyqixie@scut.edu.cn)

T Qi Xie and Zhi-lin Tan are co-first authors.

Received: 11 April 2026; Accepted: 26 April 2026; Published: 11 May 2026

® Copyright: © The Author(s), 2026. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/cnn
http://www.sciencepg.com/journal/271/archive/2711002
http://www.sciencepg.com/
https://orcid.org/0000-0003-1562-1929
https://orcid.org/0000-0001-6767-4067
https://orcid.org/0000-0002-3736-8605
http://www.sciencepg.com

Clinical Neurology and Neuroscience

http://www.sciencepg.com/journal/cnn

1. Introduction

Amidst the global demographic shift toward an aging pop-
ulation, Alzheimer's disease (AD)—characterized primarily
by progressive cognitive impairment—has emerged as a criti-
cal public health concern [1]. The pathogenesis of AD follows
a protracted temporal trajectory, clinically manifesting as a
continuum: initiating with subjective cognitive decline (SCD)
in the preclinical phase, advancing to mild cognitive impair-
ment (MCI) during the prodromal stage, and ultimately culmi-
nating in dementia-related cognitive dysfunction. This multi-
stage progression typically spans years to decades [1].

Since cognitive function remains intact in individuals with
SCD, this population represents the optimal candidates for
early interventions aimed at delaying or even preventing cog-
nitive deterioration [2]. In contrast, patients with MCI exhibit
heterogeneous clinical trajectories, including stabilization of
cognitive status, reversion to normal cognition, or progression
to AD [3]. Consequently, the early identification of SCD and
MCI patients at risk of cognitive decline is of paramount im-
portance [1-3].

Magnetic resonance spectroscopy (MRS) stands as the sole
noninvasive imaging modality capable of detecting in vivo bi-
ochemical and neurotransmitter alterations within brain neu-
rons, devoid of radiation exposure [3-5]. The majority of pro-
ton MRS (1H-MRS) investigations in AD and MCI cohorts
have predominantly targeted the temporal lobe, hippocampus,
para-hippocampal gyrus, amygdala, and posterior cingulate
gyrus as regions of interest. Emerging evidence indicates that
a decline in N-acetylaspartate (NAA) levels is a widespread
phenomenon across multiple brain regions in AD and MCI pa-
tients, frequently concomitant with elevated myo-inositol
(mlIns) and a marked reduction in glutamate (Glu). These met-
abolic perturbations exhibit a significant correlation with the
severity of cognitive deficits [4-6].

The pathological hallmarks of AD encompass extracellular
amyloid B-protein (AP) plaques and intracellular neurofibril-
lary tangles composed of hyperphosphorylated tau protein,
culminating in progressive neurodegeneration, synaptic loss,
cognitive dysfunction, and ultimately dementia [1]. These
brain pathophysiological alterations typically manifest 10 to
15 years prior to clinical symptom onset [1, 3-5]. AB-positron
emission tomography (PET) studies have delineated a distinct
spatiotemporal pattern of AP deposition, with the frontal lobe
identified as one of the earliest brain regions affected [4, 7, 8].

Accounting for approximately one-third of the human
brain's volume, the frontal lobe harbors extensive neural net-
works interconnected with multiple brain regions, playing a
pivotal role in memory formation and abstract reasoning.
Pathological changes in the frontal lobe are thus closely asso-
ciated with cognitive dysfunction [9]. We hypothesize that
neuroimaging evidence of metabolic abnormalities in the
frontal lobe may emerge earlier during the trajectory of cog-
nitive decline.
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Current literature remains limited regarding the correlation
between cognitive status and frontal lobe metabolites assessed
via 1H-MRS. Emerging evidence indicates elevated glutamate
complex (GLX) levels and increased to total creatine ratios
(mIns/tCR) in the medial frontal cortex of MCI patients, con-
comitant with reduced y-aminobutyric acid (GABA) concen-
trations [10]. Our prior functional MRI (fMRI) investigations
demonstrated significantly higher regional homogeneity
(ReHo) values within left hemispheric regions of the frontopa-
rietal network—including the Rolandic operculum, insular-in-
ferior frontal gyrus junction, precentral gyrus, and middle
frontal gyrus—in MCI subjects compared to normal controls
(NC) [11].

This ReHo elevation potentially represents a neuroplastic
adaptation of cortical networks in MCI pathophysiology, serv-
ing as a compensatory mechanism against incipient functional
deterioration in linguistic processing, memory consolidation,
and executive functions [11]. The underlying neurobiological
basis warrants further investigation: whether this diffuse
frontal ReHo augmentation stems from (1) direct Ap-induced
neuronal toxicity or (2) secondary functional reorganization
following structural disconnection of subcortical white matter
tracts—critical conduits for cortical neural information trans-
fer—remains to be elucidated.

This study enrolled a community-based cohort of 362 par-
ticipants, stratified into NC, SCD, SCD-plus (SCD-p), and
MCI groups. Utilizing 1H-MRS, we investigated alterations
in neuro-metabolites within the bilateral frontal white matter
and examined their associations with plasma levels of toxic
proteins across cognitive strata. Our findings contribute pre-
liminary insights into potential imaging biomarkers capable of
differentiating physiological aging from early-stage neuro-
degenerative pathologies.

2. Materials and Methods

2.1. Ethics

This prospective cohort study, conducted in a community-
based population, received ethical approval from the Ethics
Committee of Guangzhou First People's Hospital (Approval
No. K-2019-166-01). In accordance with the principles of the
Helsinki Declaration (2013 revision), all participants provided
written informed consent prior to undergoing study-related
medical examinations.

2.2. Participant

The procedures for participant recruitment and research
data collection were consistent with those employed in our
project team's prior study [12], as illustrated in Figure 1.
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Figure 1. Flow chart of subject recruitment.

All participants underwent comprehensive neuropsycho-
logical and cognitive evaluations. Standardized objective as-
sessments included: (1) the Edinburgh Handedness Inventory
(EHI) for lateralization screening; (2) the Hamilton Depres-
sion Rating Scale (HAMD-17) and Hamilton Anxiety Rating
Scale (HAMA) for affective symptom quantification. Cogni-
tive domains were evaluated through: (a) memory (Auditory
Verbal Learning Test-Hua Shan version, AVLT-H), (b) execu-
tive function (Shape Trail Test, STT), and (c) language profi-
ciency (Boston Naming Test, BNT; Animal Fluency Test,
AFT). For geriatric participants (age =60 years), supplemen-
tary instruments were administered: the Geriatric Depression
Scale (GDS-15) and Functional Activities Questionnaire
(FAQ) to detect prodromal or mild neurocognitive disorders.

Inclusion Criteria: (1) Aged 18-79 years with random gen-
der distribution; (2) Minimum 7 years of formal education; (3)
Ethnic Han Chinese population; (4) Right-handedness con-
firmed by Edinburgh Handedness Inventory (score > +40).
Exclusion Criteria: (1) Left-handed or ambidextrous individ-
uals (EHI score < +40); (2) History of intracranial space-
occupying lesions, cerebrovascular accidents, or neurosurgi-
cal interventions; (3) Central nervous system disorders poten-
tially affecting cognition (e.g., Parkinson's disease, major de-
pressive disorder, generalized anxiety disorder, metabolic en-
cephalopathy); (4) Systemic diseases with known cognitive
impact (e.g., severe hepatic/renal impairment, thyroid dys-
function); (5) MRI scans failing to meet quality control stand-
ards for analysis; (6) Participants unable to complete neuro-
psychological assessments or withdrawing from study partic-
ipation.

The final cohort comprised 362 eligible participants (178
males, 49.2%; 184 females, 50.8%) with a mean age of
46.73+13.93 years (range: 18-79 years) and mean educational
attainment of 13.54+3.70 years (range: 7-22 years). Gender-
stratified analysis revealed comparable demographic profiles:
males exhibited mean age 46.77+12.85 years and education
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duration 13.49+3.63 years, while females demonstrated mean
age 46.70£14.93 years and education duration 13.58+3.78
years. Among the cohort, 283 participants underwent veni-
puncture with successful apolipoprotein E-¢4 (ApoE-g4) gen-
otyping results, while quantitative analysis of blood-based bi-
omarkers - including AB1-42, total tau protein (t-tau), and
phosphorylated taul81 protein (p-taul81) - was obtained for
214 cases.

According to the World Health Organization (WHO) crite-
ria for age groups [13], participants were further categorized
into three age subgroups including the youth group (< 44 years
old), the middle-aged group (45-59 years old) and the older
group (> 60 years old).

2.3. Neuropsychological Evaluation and
Cognitive Evaluation

Participants were comprehensively assessed in a standard-
ized, quiet environment by three board-certified clinicians
who underwent rigorous protocol training. The evaluation
procedures and diagnostic criteria strictly adhered to the es-
tablished methodology detailed in prior research [12, 14], en-
suring inter-rater reliability.

To minimize the impact of confounding variables and en-
hance the comparability of neuropsychological assessments
across varying cognitive states, the raw scores from six tests
spanning three cognitive domains—AVLT long-delay recall
and recognition, STT-A and STT-B, and AFT and BNT—were
standardized using Z-score transformation. The formula for
this transformation is detailed below.

Xn—X

Zy = —"S
In the above formula, Zn is the Z score of the nth subject,
Xn is the original score of the test of the nth subject,X is the

average score of the test in all subjects, and s is the standard
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deviation of the score of all subjects in the test. The STT test
takes the reciprocal of the completion time as the original
score of the test. The average Z score of two tests in the same
cognitive domain is the combined Z score of the subject in this
cognitive domain.

Participants were stratified into four cognitive groups based
on established criteria for NC, SCD, SCD-p and MCI [14].

2.4. MR Data Acquisition

2.4.1. MR Examination

MRI examinations were performed using a 3.0T Skyra
scanner equipped with a 32-channel phased array head coil
(Siemens Medical, Erlangen, Germany). Participants were po-
sitioned supine, instructed to breathe calmly, close their eyes,
and maintain head immobility throughout the cranial imaging
sequence.

Initial conventional MRI sequences were acquired, includ-
ing axial T2-weighted imaging (T2WI), axial T2 fluid-attenu-
ated inversion recovery (T2-FLAIR), and sagittal three-di-
mensional T1-weighted volumetric magnetization-prepared
rapid gradient-echo (T1_MPRAGE) sequences. Following

image evaluation by board-certified radiologists to exclude in-
tracranial pathologies such as hemorrhage, infarction, or neo-
plastic lesions, IH-MRS was performed in the bilateral frontal
white matter using a point-resolved spectroscopy (PRESS) se-
quence. The specific IH-MRS scanning protocol and primary
acquisition parameters are detailed below.

T1 MPRAGE: TR/TE=2530 ms/2.96 ms, TI=1100 ms,
FOV=256 mmx256 mm, matrix =256 x 256, NEX=1, FA=7°,
number of slices=192, slice thickness=1 mm, slice gap=0.5
mm, voxels = 1.0 mm x 1.0 mm x 1.0 mm, and scanning
time=4 minutes 30 seconds.

1H-MRS (RESS): TR/TE=1500 ms/35 ms, FA=90°,
NEX=256, FOV=10 mmx10 mm %10 mm, bandwidth=1200
Hz, water suppression bandwidth=50 Hz, and scanning
time=6 minutes 32 seconds. Receive or transmit gain adjust-
ment, automatic water suppression and intravoxel shimming
(if shimming fails, perform manual shimming). Bilateral
frontal white matter was selected as the region of interest, and
the axial, sagittal, and coronal planes after MPR were used for
1H-MRS localization via t1 _mprage images to avoid interfer-
ence from surrounding ventricular structures and the frontal
cortex (Figure 2).

Figure 2. Location map of 1H-MRS (PRESS sequence) for data acquisition of the white matter in the right frontal lobe of the subject. White
boxes represent the location of the region of interest (1.0cm % 1.0cm % 1.0cm) in TI_MPRAGE reconstruction axial (a), sagittal (b) and coronal

(c) images.

2.4.2. Data Analysis and Quality Control of
1H-MRS

Following completion of 1H-MRS scanning, spectral data
in IMA format were exported for analysis. The IMA files were
imported into LCModel quantitative spectral analysis soft-
ware (Stephen Provencher, Version 6.3-1L) with selection of
an appropriate basis set (press te35 3t v3. basis) - a priori
knowledge reference specifically designed by developer Ste-
phen Provencher for the PRESS sequence parameters employed
in this study. Automated processing included baseline correction,
spectral smoothing, and quantitative analysis. The software gen-
erated relative metabolite concentrations and corresponding fitted
spectral plots (Figure 3) through its computational algorithms.
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The automatically quantified metabolites included: total N-
acetylaspartate (tNAA: NAA + N-acetyl aspartylglutamate
[NAAGT; chemical shift 2.01-2.04 ppm), the composite peak
of total choline-containing compounds (tCho: phosphocholine
+ glycerophosphocholine [PCho + GPC]; 3.21 ppm), total cre-
atine pool (tCr: creatine + phosphocreatine [Cr + PCr]; 3.03
ppm and 3.96 ppm), myo-inositol (mIns; 3.56 ppm), and the
glutamate-glutamine complex (Glx: Glu + Gln; 2.35 ppm and
2.45 ppm). Relative metabolite concentrations were expressed
as ratios to the total creatine signal (Cr + PCr), with all quan-
tifications automatically generated by LCModel software.
Only metabolite ratios demonstrating a coefficient of variation
(CV) <20% in the automated quantification were considered
statistically valid for subsequent analysis.
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Figure 3. Spectrum of 1H-MRS in right frontal white matter of NC group after LCModel post-processing.

2.5. Blood Sample Collection and Subsequent
Analysis of Relevant Genetic Markers and
Pathogenic Protein Levels

Following completion of the aforementioned data collec-
tion, participants provided informed consent for venous blood
sampling. A trained nurse collected 6 mL of venous blood
from either antecubital vein within 24 hours, distributing the
sample into three vacuum blood collection tubes. The tubes
were gently inverted, stored at 0-4°C, and subsequently trans-
ported for laboratory analysis.

Blood sample testing was conducted by Kang Sheng Da
Medical Laboratory Co., Ltd. in Wuhan, Hubei Province, uti-
lizing the same methodology as described in our prior study
[12,14].

ApoE-g4 genotyping was performed using next-generation
sequencing (NGS) technology. The target region of ApoE-g4
was captured in a single step using a customized AD gene
multiplex PCR panel (AngsDX™ Custom AD Panel For Illu-
mina, Hangzhou Microgene) on the Illumina NextSeq 550 se-
quencing platform. The constructed libraries were subse-
quently sequenced on the NextSeq 550 instrument.

AD-related toxic proteins were quantified using enzyme-
linked immunosorbent assay (ELISA). The ELISA Kkits in-
cluded human A B 1-42 ELISA Kit (Cat# BYS10562B), hu-
man total tau protein (t-tau) ELISA Kit (BYS103424B), and
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human phosphorylated tau-181 protein (p-tau-181) ELISA Kit
(Cat#BYS104511B). EEISA All kits were sourced from
Shanghai Boyan Biotechnology Co., Ltd., and all procedures
were strictly performed according to the manufacturer's in-
structions. The final concentrations obtained included AB1-42
protein (ug/L), t-tau protein (pg/mL), and p-tau-181 protein
(ng/L).

2.6. Statistical Analysis

The collected data were compiled into a database using EX-
CEL 2019 and analyzed with SPSS Statistics (version 25.0;
IBM Corp., Armonk, NY, USA). Categorical variables were
assessed using y? tests. Normality of continuous variables was
evaluated via the Kolmogorov-Smirnov test.

For multi-group comparisons of quantitative data, one-way
analysis of variance (ANOVA) was employed for normally
distributed variables, while the nonparametric Kruskal-Wallis
test (K-W) was used for non-normally distributed data. Post
hoc analyses following ANOVA included the Bonferroni cor-
rection (assuming homogeneity of variance) or Tamhane's T2
test (for heterogeneous variance). Two-group comparisons
were performed using paired-sample t-tests (normal distribu-
tion) or the nonparametric Mann-Whitney U test (non-normal
distribution).

AP1-42, t-tau, and p-tau protein levels (all non-normally
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distributed) were compared across cognitive groups via Krus-
kal-Wallis (K-W) test. Spearman's correlation analyzed asso-
ciations between blood biomarker levels and 1H-MRS metab-
olite concentrations.

Statistical significance was set at p<0.05 (95% CI).

3. Results

3.1. Demographic Characteristics Across
Cognitive Diagnostic Groups

Table 1 presents the demographic characteristics, neuropsy-
chological assessments, and cognitive scale results of the 362
participants.

Sex distribution did not differ significantly across cognitive
groups (y? test, p=0.05). However, marked differences were
observed in age, educational attainment, and neuropsycholog-
ical test scores among the groups (Kruskal-Wallis test,
P<0.001). Post-hoc analyses revealed that the MCI group was
significantly older than the SCD-p, SCD, and NC groups,
while the SCD group was older than the NC group (P<0.001).
Similarly, the MCI group had significantly fewer years of ed-
ucation compared to the SCD-p, SCD, and NC groups, and the
SCD group had fewer years than the NC group (P<0.001).

The MCI group exhibited significantly poorer performance
across all six tests in the three cognitive domains compared to
the NC, SCD, and SCD-p groups (Kruskal-Wallis test,

P<0.001). There were no significant differences in memory,
executive or language functions among the NC group, SCD
group and SCD-p group (Kruskal-Wallis test, P>0.05).

3.2. Metabolite Concentrations in the Bilateral
Frontal White Matter of NC Group
Participants

3.2.1. Metabolite Concentrations in the Bilateral
Frontal White Matter

Table 2 presents the metabolite concentrations in the bilat-
eral frontal white matter of 108 NC participants. Using
Cr+PCr as an internal reference, the relative concentrations of
NAA+NAAG and GPC+PCh were significantly higher in the
left frontal white matter compared to the right (Mann Whitney
U test., P<0.01).

3.2.2. Metabolite Concentrations in the Bilateral
Frontal White Matter Across Different Age
Groups

Table 3 and Figure 4 summarize the demographic charac-
teristics of the different age groups and the comparative anal-
ysis of metabolite concentrations in the frontal white matter.
A significant, gradual decline in mean years of education was
observed across the age groups (Kruskal-Wallis test, P<0.001).
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Figure 4. Relative concentrations of NAA+NAAG (a) and Glu+Gln (b) in the left frontal white matter across young, middle-aged, and older

adult groups.

Advancing age was associated with a significant decline in
the relative concentrations of NAA+NAAG and Glu+Gln in
the left frontal white matter (Kruskal-Wallis test, P < 0.01).
Post-hoc analyses demonstrated significant differences in
NAA+NAAG levels among the young, middle-aged, and
older adult groups (P < 0.01). Additionally, Glu+GlIn concen-
trations in the older group were significantly lower than those
in both the young (P = 0.014) and middle-aged groups (P =
0.047).

3.2.3. Comparative Analysis of Metabolite
Concentrations in the Bilateral Frontal White
Matter by Sex

In the NC group, male participants (mean age: 42.66 =+
12.68 years) were significantly older than their female coun-
terparts (mean age: 36.54 = 11.93 years) (Mann-Whitney U
test, P = 0.046). No significant difference in educational at-
tainment was observed between sexes (P > 0.05). After adjust-
ing for age and education as confounding variables, the rela-
tive concentrations of NAA+NAAG, GPC+PCh, mlns, and
Glu+Gln in the bilateral frontal white matter did not differ sig-
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nificantly between males and females (P > 0.05). Detailed re-
sults are presented in Table 4.

3.3. Comparative Analysis of Metabolite
Concentrations in the Bilateral Frontal
White Matter Across Cognitive Diagnostic
Groups

In the young and middle-aged groups, age demonstrated a
significant upward trend (Kruskal-Wallis test, P < 0.01), while
educational attainment showed a marked decline (P < 0.01)
from NC to MCI. Among older adults, the proportion of males
progressively decreased, with a corresponding increase in fe-
males (2 test, P=10.011) across the diagnostic spectrum. De-
tailed results are presented in Table 5.

ANCOVA was employed to adjust for the confounding ef-
fects of age and educational attainment. The analysis revealed
no significant differences in metabolite concentrations in the
bilateral frontal white matter across cognitive groups (Krus-
kal-Wallis test, P> 0.05). Specific results are detailed in Table
6.
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3.4. Association Between Relative Metabolite Concentrations in Bilateral Frontal White Matter and
Neuropsychological Test Scores
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Figure 6. Associations between left frontal white matter Glu+Glin concentrations and (a) Ap1-42, (b) t-tau, and (c) p-taul81 levels.

ApoE-¢g4 allele status was determined for 283 participants.
No significant differences were observed in cognitive function,
age, sex, or educational attainment between ApoE-g4 carriers
and non-carriers (P> 0.05). Similarly, relative metabolite con-
centrations in the bilateral frontal white matter did not differ
significantly by ApoE-e4 status (Mann-Whitney U test,
P >0.05). Detailed results are presented in Table 7.

Plasma levels of AB1-42, t-tau, and p-taul81 were meas-
ured in 214 participants. No significant differences in these
biomarkers were observed across cognitive groups (Kruskal-
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Wallis test, all P > 0.05). However, the relative concentration
of Glu+Gln in the left frontal white matter showed significant
positive correlations with AB1-42 (r=0.136, P=0.049; Figure
6a), t-tau (r = 0.148, P = 0.032; Figure 6b), and p-taul81 (r=
0.169, P =0.014; Figure 6¢).

4. Discussion

Emerging evidence suggests that neurochemical alterations
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precede overt cognitive decline in neurodegenerative diseases
[4, 5]. This multimodal study investigated 362 participants
across the cognitive continuum (NC, SCD, SCD-p, and MCI)
using single-voxel 1H-MRS of bilateral frontal white matter,
combined with plasma biomarkers (AB1-42, t-tau, p-taul81)
and ApoE-eg4 genotyping. Key findings are as follows. (1)
Stage-Specific Cognitive Profiles: MCI subjects demonstrated
significant impairment across memory, executive function,
and language domains (P<0.01). No significant differences
were observed between SCD, SCD-p, and NC groups, sup-
porting the preclinical nature of SCD. (2) Metabolic Laterali-
zation: Healthy controls exhibited left-greater-than-right
asymmetry in NAA+NAAG (+15.3%) and GPC+PCh
(+12.7%) concentrations (P<0.05). (3) Age-Related Metabolic
Trajectories: Progressive NAA+NAAG reduction in left
frontal white matter (28.6% decrease young—elderly, P<0.01).
Elderly subjects showed 18.2% lower Glu+Gln levels versus
young adults (P<<0.01), suggesting excitatory neurotransmis-
sion decline. (4) Biomarker Correlations: Right frontal
NAA+NAAG negatively correlated with AVLT scores (r=-
0.368). Right frontal mlns positively associated with STT
completion times (r=0.35-0.38). Left frontal Glu+Gln showed
positive associations with plasma AB1-42 (r=0.136) and tau
species (r=0.148-0.169).

These findings highlight the potential of frontal lobe metab-
olomics for early detection of neurodegenerative processes.

4.1. In Vivo 1H-MRS Detection of Cerebral
Metabolite Alterations in Cognitively
Normal Participants

4.1.1. Impact of Hemispheric Asymmetry on
Metabolite Concentrations in Bilateral
Cerebral Hemispheres

The human brain consists of two cerebral hemispheres in-
terconnected by the corpus callosum. These hemispheres ex-
hibit distinct functional specialization, a phenomenon that
progressively matures during ontogeny. In right-handed indi-
viduals, the left hemisphere is typically dominant [15]. Func-
tionally, the left hemisphere governs language processing,
logical reasoning, and numerical tasks, whereas the right hem-
isphere primarily mediates nonverbal functions such as
visuospatial cognition and emotional regulation [16].

Neuroanatomical lateralization is also evident in the human
brain. Right-handed individuals typically exhibit larger left
frontal gray matter volume and an enlarged left transverse
temporal gyrus, a key language-processing region, compared
to the contralateral side [16]. PET imaging studies have
demonstrated higher neuronal density, glucose metabolism,
and cerebral blood flow in the left hemisphere relative to the
right [17]. Using 1H-MRS on a 1.5T MR system, Cichocka et
al. analyzed hemispheric metabolite differences in children
aged 615 years. Sex-independent variations in NAA, Cr, Cho,
mlns, LIPs, and LACs were observed in the hippocampus,
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frontal lobe, and basal ganglia [18].

In this study, 1H-MRS using a 3.0T MR system was em-
ployed to assess the relative metabolite concentrations in the
frontal white matter of right-handed, cognitively normal
adults. The findings demonstrated that the left frontal white
matter exhibited relatively higher levels of NAA+NAAG and
GPC+PCho. NAA+NAAG alterations are associated with
neuronal integrity, serving as indicators of neuronal activity
and neurotransmitter levels [4, 5]. GPC+PCho, predominantly
distributed in the cell membranes of neurons and glial cells,
plays a central role in membrane synthesis and metabolism,
functioning as a metabolic marker for cell proliferation and
membrane integrity [4, 5]. These results suggest that, in right-
handed cognitively normal subjects, the left frontal lobe dis-
plays greater neuronal activity, neurotransmitter levels, cell
proliferation, and membrane integrity compared to the right
frontal lobe, thereby reflecting the inherent asymmetry in neu-
ronal distribution and function between the cerebral hemi-
spheres in adults.

4.1.2. In Vivo 1H-MRS Detection of Metabolic
Alterations in the Aging Brain

Recent in vivo 1H-MRS studies have yielded heterogene-
ous findings regarding neurochemical alterations associated
with physiological brain aging [19-23]. The cerebral cortex re-
mains the most frequently investigated region. A consensus
has emerged that aging in adults is characterized by the fol-
lowing cortical metabolic changes [19-22]. NAA Reduction
was observed in the lateral temporal lobe (TLAT), occipital
cortex (OC), posterior cingulate gyrus (CING), medial tem-
poral lobe (TMED), hippocampus (HIP), thalamus (THAL),
insular cortex (INS), and cerebellar posterior lobe (CPOST).
tCho elevation was detected in the THAL, splenium of the cor-
pus callosum (SCC), and hand motor cortex (HCA). tCr in-
crease was noted in the OC, HIP, and SCC.

This study demonstrated a significant age-dependent decline
in the relative concentration of NAA+NAAG in the left frontal
white matter. We hypothesize that this reduction may reflect di-
minished neuronal volume or density, as well as altered neuro-
transmitter levels in this region during aging. These neurochem-
ical changes could underlie the physiological decline in cogni-
tive functions associated with the left frontal lobe, such as
memory formation and abstract reasoning [9].

This study also revealed an age-related trend toward de-
creased relative concentrations of Glu+Gln in the left frontal
white matter, with the elderly group exhibiting significantly
lower levels compared to both middle-aged and young groups.
Previous research has suggested that age-dependent reduc-
tions in cerebral Glu levels are linked to cognitive and behav-
ioral deficits, including impairments in learning and memory
[23]. The observed decline in Glu+Gln concentrations in the
elderly participants may reflect intrinsic brain aging processes
and the associated neurochemical underpinnings of age-re-
lated cognitive deterioration.
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4.2. Neurochemical Alterations in the
Preclinical and Prodromal Phases of AD

The protracted trajectory of cognitive decline preceding AD
dementia underscores the critical importance of early detec-
tion. In vivo 1H-MRS enables the monitoring of brain metab-
olite changes, thereby facilitating the identification of cogni-
tive-related neuropathology during the preclinical stage, prior
to the onset of irreversible neuronal damage [4, 5].

Research utilizing 1H-MRS to detect brain metabolites has
predominantly focused on patients with AD dementia. A lower
NAA/Cr ratio has been associated with synaptic integrity loss
[24]. Notably, reduced NAA levels in AD dementia patients
represent one of the most consistent findings compared to cog-
nitively unimpaired (CU) individuals [4, 5, 25]. mlns, re-
garded as a glial marker and/or permeability regulator [26],
serves as an indicator of neuroinflammation or inflammatory
cell density [27]. Multiple studies have demonstrated elevated
mlns or mlns/Cr ratios in various gray and white matter re-
gions of AD dementia patients relative to controls [5, 25, 26].
Earlier investigations also reported diminished Glx levels in
both AD dementia and MCI patients compared to CU partici-
pants [28, 29].

Two 1H-MRS studies focusing on the frontal cortex demon-
strated that elevated plasma neurofilament light (NfL) levels
were correlated with reduced tNAA/tCr and Glu/tCr ratios in
the right dorsolateral prefrontal cortex of AD dementia pa-
tients [8]. Compared to CU participants, MCI patients exhib-
ited higher GLX and mIns/tCr levels, along with lower GABA
concentrations in the medial frontal cortex. Notably, GABA
levels declined with age in both CU and MCI groups, yet no
significant associations were observed between CSF bi-
omarkers (B-amyloid 42, t-tau, and p-tau) and GABA or
GABA/Cr ratios [10].

This study conducted a comparative analysis of NC, SCD,
SCD-p, and MCI subjects, with covariance adjustment for age
and educational attainment as confounding variables. The
findings demonstrated no significant intergroup differences in
bilateral frontal white matter metabolite concentrations across
cognitive subgroups. However, within the MCI cohort, a neg-
ative correlation emerged between AVLT recognition scores
and right frontal white matter NAA+NAAG levels. The AVLT
recognition test serves as a sensitive measure of short-term
memory capacity and represents a validated clinical tool for
distinguishing cognitive impairment attributable to physiolog-
ical aging, MCI, and AD [30].

While prior research has established an association between
left temporal lobe NAA reduction and memory dysfunction [4,
5], our study identified an inverse relationship between right
frontal white matter NAA+NAAG levels and short-term
memory performance. This paradoxical finding suggests po-
tential compensatory mechanisms involving frontal neuronal
activity in MCI patients. We hypothesize that declining short-
term memory may trigger a neurochemical compensatory re-
sponse, manifested by elevated NAA/NAAG concentrations -
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biomarkers of neuronal metabolic activity - to preserve central
nervous system functionality.

This study further demonstrated a positive correlation be-
tween the relative concentration of mlns in the right frontal
white matter and the completion times of both STT-A and
STT-B tests in the MCI group. Specifically, higher mIns levels
were associated with poorer executive function. Given that
mlns alterations in brain parenchyma are indicative of reactive
gliosis and localized neuroinflammatory responses following
microstructural damage [19, 27], our findings suggest that el-
evated mlns in the right frontal cortex may serve as an indirect
biomarker of executive dysfunction.

Certain metabolites identified via 1H-MRS exhibit associ-
ations with biological fluid biomarkers in AD [31-33]. Specif-
ically, a reduced NAA/Cr ratio in the hippocampus (HIP) and
cingulate cortex (CING) correlated with diminished CSF
AP42 levels, independent of CSF tau or pTaul81 concentra-
tions [31]. Longitudinal studies revealed a progressive decline
in NAA/mlns ratios among CSF-B-positive individuals, par-
ticularly in the CING region [32]. Additionally, elevated
Cho/Cr ratios were observed in CSF-B-positive MCI patients
[33]. These findings underscore the heterogeneity and com-
plexity of neurochemical alterations in the AD brain.

This study established a significant positive correlation be-
tween Glu+Gln concentrations in the left frontal white matter
and cerebrospinal fluid biomarkers (AB1-42, t-tau, p-taul81).
Glutamate, as the central excitatory neurotransmitter, orches-
trates critical neurophysiological processes including synaptic
plasticity, memory formation, and excitotoxic cascades
through its actions on ionotropic and metabotropic receptors
[4, 5, 34]. Within the glutamate-glutamine cycle, glutamate
serves as the metabolic precursor for GABA synthesis — the
primary inhibitory neurotransmitter in the CNS [4, 5].

Notably, Riese et al. documented significant GABA deple-
tion in amnestic MCI patients relative to age-matched controls
[29]. Our findings suggest a potential pathophysiological cas-
cade: elevated AB1-42 deposition may induce neuronal dys-
function, disrupting local glutamate homeostasis. This meta-
bolic disturbance manifests initially as impaired GABAergic
transmission, subsequently triggering compensatory upregu-
lation of glutamate-glutamine cycle activity to maintain excit-
atory-inhibitory balance in vulnerable neural circuits [4, 5].

Sun et al. demonstrated that exposure of hippocampal slices
and primary neurons to glutamate induced hyperphosphoryla-
tion of tau protein at multiple AD-related epitopes [35]. In our
study, the observed positive correlation between Glu+Gln
concentrations and T-tau/P-taul81 levels further supports a
potential regulatory interplay between glutamate-glutamine
metabolism in the left frontal white matter and tau pathology.
These findings suggest that 1H-MRS-detected alterations in
Glu+Gln may serve as an indirect biomarker of in vivo tau and
p-tau dynamics, offering clinicians novel insights into AD-re-
lated pathological mechanisms.
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4.3. Limitation

This study has several noteworthy limitations. Firstly, while
employing a prospective cohort design, the elderly NC sub-
group was underpowered, necessitating future studies with
larger geriatric cohorts to validate current findings. Secondly,
the exclusive use of single-voxel PRESS sequences restricted
metabolite assessment to bilateral frontal white matter, pre-
cluding comprehensive evaluation of whole-brain metabolic
dynamics during cognitive progression. Thirdly, though our
MCI  cohort  demonstrated  correlations  between
NAA+NAAG/mlns levels and neuropsychological test perfor-
mance (executive function/memory), longitudinal studies
with standardized follow-up protocols are required to deter-
mine their clinical utility as cognitive monitoring biomarkers.
Fourthly, the limited blood sample size constrains the gener-
alizability of plasma biomarker findings, warranting expanded
recruitment for robust validation. Lastly, the absence of con-
sensus thresholds for plasma 1-42, tau, and p-tau levels high-
lights the need for multimodal integration with advanced neu-
roimaging (Ultra-high field [>3T] MRI, PET-CT) and next-
generation MRS techniques (SLASER) through multicenter
longitudinal studies to elucidate biomarker synergies in AD
pathogenesis.

5. Conclusions

The alterations in white matter metabolites within the bilat-
eral frontal lobes, as detected by 1H-MRS, may serve as indi-
cators of both physiological brain aging and potential associ-
ations with AD pathology. This study contributes foundational
neurobiochemical data, offering an objective framework for
elucidating cerebral laterality, age-related metabolic changes,
and the early diagnostic potential of AD.

Abbreviations
AD Alzheimer's Disease
AP Amyloid B-protein
ANOVA Analysis of Variance
AFT Animal Fluency Test
AVLT-H Auditory Verbal Learning Test
ApoE-e4  Apolipoprotein E- € 4
BNT Boston Naming Test
CU Cognitively Unimpaired
EHI Edinburgh Handedness Inventory
FAQ Functional Activities Questionnaire
GABA y-aminobutyric Acid
GDS Geriatric Depression Scale
GLX Glutamate Complex

Glu Glutamate

Glu+Gln Glutamate and Glutamine
GPC Glycerol-phosphocholine
HAMD Hamilton Depression Scale

HAMA Hamilton Anxiety Scale

MCI Mild Cognitive Impairment

mlns Myo-inositol

NAA N-acetylaspartate

NAAG N-acetyl Aspartyl-glutamate

NC Normal Control

PCr Phosphocreatine

PCho Phosphocholine

PRESS Point Resolved Spectroscopy

p-taul81 Phosphorylated Taul81

SCD Subjective Cognitive Decline

SCD-p SCD-plus

STT Shape Trail Test

tCR Total Creatine

t-tau Total Tau
Acknowledgments

All authors would like to acknowledge Kang Sheng Da
Medical Laboratory Co., Ltd. in Wuhan, Hubei Province for
the detection of blood samples of this study. And to Gui-qing
Wang (Statistician, Medical Record Management Department
in Guangzhou First People's Hospital, School of Medicine,
SCUT.) for her assistance in statistical analysis. And to all sub-
jects, participants, medical personnel of Guangzhou First Peo-
ple's Hospital for their invaluable support. As well as Tencent
Yuanbao for English language editing of this manuscript.

Author Contributions

Qi Xie: Conceptualization, Data curation, Funding acquisi-
tion, Project administration, Writing — original draft, Writing
—review & editing

Zhi-lin Tan: Data curation, Formal Analysis, Investigation,
Writing — original draft

Ya-jie Wang: Investigation, Methodology, Writing — origi-
nal draft

Hui-xian Chen: Data curation, Investigation, Methodology,
Writing — original draft

Funding

This work is supported by funding from the Guangzhou
Science and Technology Plan Project (No. 201907010020) as
well as the People’s Livelihood Science and Technology Pro-
ject in Nansha District, Guangzhou (No. 2021MS007), and
Guangzhou Health Science and Technology Project (No.
20251A010002).

Data Availability Statement

The data is available from the corresponding author upon
reasonable request.

54


http://www.sciencepg.com/journal/cnn

Clinical Neurology and Neuroscience http://www.sciencepg.com/journal/cnn

Conflicts of Interest

The authors declare no conflicts of interest.

Appendix
Tables 1-7
Table 1. Basic information and scale scores of different cognitive groups (X+£S).

Index NC group (n=108) SCD group (n=97) SCD-Plus group (n=79) MCI group (n=78) P value
Age (year) 40.62+13.09 47.09+£13.532 46.13+13.87 55.36+10.94%¢ <0.001
Male/Female 65/43 44/53 33/46 36/42 0.050

Education duration 14.9943.34 13.56+3.54* 14.2343.74 10.80+2.832b¢ <<0.001
Memory (Z value) 0.79+1.33 0.56+1.50 0.23+1.56 -2.03£1.433%¢ <0.001
AVLT-N5 6.59+2.16 6.16+2.48 5.73£2.67 2.95+1.892b¢ <<0.001
AVLT-N7 22.20+1.55 22.07+1.72 21.66+1.78 18.99+2 243be <0.001
Execution (Z value) 0.31£1.56 0.30+2.14 0.13+1.68 -0.9341.332¢ <0.001
STT-A (s) 40.80+12.90 47.36+15.52° 46.46+13.80 66.32429.112b¢ <0.001
STT-B (s) 109.05+43.67 123.36+55.41 119.19+45.42 175.93+73.782b¢ <<0.001
Language (Z value) 0.57+1.38 0.34+£1.52 0.40+1.46 -1.62+1.69%¢ <<0.001
AFT 19.43+4.15 18.744+4.78 18.99+4.08 14.88+4.202b° <0.001
BNT 23.1943.19 22.8243.38 22.87+3.36 18.18+4.162 <0.001

Note: P-value <0.05 denotes statistical significance. Superscript 'a' indicates significant differences in post hoc comparisons with the NC group;
'b' denotes significant differences versus the SCD group; and 'c' signifies significant differences relative to the SCD-Plus group. Higher Z-
scores reflect superior cognitive performance.

Table 2. Comparison of relative concentrations of metabolites in bilateral frontal white matter (X+£S).

Metabolite Left Right P value
NAA+NAAG 1.54+0.20 1.38+0.18 <0.001"
GPC+PCh 0.424+0.06 0.40+0.05 0.008"
mlins 0.99+0.21 1.06+0.22 0.052
Glu+Gln 1.81+£0.39 1.73+0.38 0.159

Note: "P<C0.05 indicates the statistically significantdifference, Mann Whitney U test.

Table 3. Comparison of relative concentrations of metabolites among different ages (X£S).

Index Youth group (n=65) Middle-aged group (n=30) Older group (n=13) P value

Gender (Male/Female) 36/29 19/11 10/3 0.322
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Index Youth group (n=65) Middle-aged group (n=30) Older group (n=13) P value
Education duration (year) 16.28+2.47 13.9543.49* 10.92+2.81% <0.001"
1.60+0.19 1.46+0.18? 1.39+0.20% <0.001"

NAA+NAAG

R 1.37+0.18 1.38+0.18 1.44+0.20 0.741

L 0.42+0.06 0.41+0.05 0.42+0.05 0.359
GPC+PCh

R 0.39+0.06 0.41+0.04 0.42+0.05 0.087

L 0.94+0.21 1.07£0.17 1.09+£0.23 0.078
mlns

R 1.08+0.23 1.01+£0.17 1.05+0.28 0.152

L 1.86+0.37 1.83+£0.42 1.52+0.25% 0.008"
Glu+GlIn

R 1.73+0.37 1.78+0.45 1.63+£0.27 0.373

Note: *P-value <0.05 denotes statistical significance. Superscript 'a’ indicates significant differences compared to the young group, and 'v'
denotes significant differences versus the middle-aged group. L: Left; R: Right.

Table 4. Comparison of relative concentrations of metabolites between different genders.

Metabolite Male (n=65) Female (n=43) P value
Aage (year) 42.66+12.68 36.54+11.93 0.046"
Education duration (year) 14.45+3.52 15.794+2.96 0.080
Left 1.51+0.20 1.58+0.20 0.440
NAA+NAAG
Right 1.38+0.17 1.39+0.20 0.595
Left 0.42+0.05 0.42+0.06 0.896
GPC+PCh
Right 0.40+0.05 0.39+0.05 0.843
Left 1.03+0.20 0.95+0.22 0.171
mlns
Right 1.04+0.23 1.08+0.20 0.539
Left 1.85+0.36 1.75+0.43 0.068
Glu+Gl
ure Right 1.75+0.44 1.71£0.29 0.479

Note: "P<C0.05 indicates the statistically significantdifference, Mann Whitney U test.

Table 5. Demographic characteristicsacross age subgroups.

Group Gender (Male/Female) Age (year) Education duration (year)
NC (n=65) 36/29 31.68+6.60 16.28+2.47
SCD (n=46) 17/29 35.30+5.80 15.3543.11
Youth group SCD-P (n=41) 19/22 34.56+5.64 15.13+3.40
MCI (n=14) 9/5 37.36+6.45 12.7942.23
P value 0.161 0.002* <0.001"
NC (n=30) 19/11 49.93+4.32 13.9543.49

Middle-aged group
SCD (n=30) 19/11 51.30+3.98 12.77+£2.98
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Group

Older group

SCD-P (n=21)
MCI (n=34)
P value

NC (n=13)
SCD (n=21)
SCD-P (n=17)
MCI (n=30)

P value

Gender (Male/Female)

11/10
12/22
0.052
10/3
8/13
3/14
15/15
0.011"

Age (year)

52.86+4.16
53.71£3.60
0.002*
63.85+4.06
66.90+4.64
65.714£5.19
65.63+3.94
0.194

Education duration (year)

14.48+4.02
10.40+3.10
<0.001"
10.92+2.81
10.76£3.01
11.76+3.23
10.33+2.41
0.559

Note: "P<<0.05 indicates the statistically significantdifference.y? test was used for gender, and K-W test was used for age and education duration.

Table 6. Relative metabolite concentrations in bilateral frontal white matter stratified by age across cognitive diagnostic groups.

NAA+NAAG GPC+PCh mlins Glu+GlIn
Group
Left Right Left Right Left Right Left Right
NC (n=65) 1.60+0.19  1.37+0.18  0.42+0.06  0.39+0.06 0.94+0.21  1.08+0.23  1.86+0.36  1.73+0.38
SCD (n=46) 1.60+0.16  1.39+0.16  0.42+0.06  0.39+0.06  0.95£0.18  0.96+0.17  1.87+0.28  1.77+0.35
;ﬁ:ﬁ SCD-P (n=41) 1.57+0.18  1.39+0.26  0.41+0.05  0.42+0.11  0.99+0.21  1.04£0.22  1.89+0.38  1.65+0.31
MCI (n=14) 1.56+0.19  1.37+0.17 0.41+£0.05 0.41+£0.07 0.98+0.24  1.06+0.18  1.85+0.30  1.71+0.30
P value 0.802 0.948 0.411 0.360 0.735 0.119 0.953 0.443
NC (n=26) 1.46+0.18  1.38+0.18  0.41+£0.05 0.41£0.04 1.07£0.17 1.01+0.17 1.83+0.40 1.78+0.42
Middle SCD (n=26) 1.46+0.18  1.43+£0.18 0.41+£0.06  0.42+0.04  1.04£0.18  0.99+0.20 1.69+0.24  1.79+0.53
aged SCD-P (n=18)  1.44+0.19 1.41£0.17 0.45£0.06 0.41+0.05 1.06+£0.18 1.03+0.15 1.58+0.29  1.75+0.39
group MCI (n=32)  1.49+0.15 139+0.16 0.41£0.05 042£0.05 1.07£022 0.99+0.19 1.71+0.35  1.85+0.49
P value 0.488 0.603 0.113 0.436 0.838 0.368 0.148 0.912
NC (n=13) 1.39+0.20  1.44+0.20 0.42+0.05 0.42+0.05 1.09£0.23  1.05+0.28 1.52+0.42  1.63+0.25
SCD (n=21) 1.41£0.16  1.40+£0.12  0.43+£0.05 0.41+0.06  1.06+0.15 1.17+0.15 1.70+0.33  1.87+0.36
Older SCD-P(n=17) 1.40+0.15 1444021 04120.05 0.42+0.07 1.03£0.15 1.10£0.20 1.65£0.32  1.86+0.32
Erou MCI (n=30) 1.43+0.22  1.43+0.21 0.42+0.06 0.44+0.04 1.08+£0.19 1.1740.21  1.7740.39  1.93+0.43
P value 0.827 0.900 0.603 0.170 0.712 0.268 0.113 0.262
Table 7. Relative metabolite concentrations in bilateral frontal white matter stratified by ApoE- € 4 carrier status.
Item ApoE-g4+(n=52) ApoE-¢4-(n=231) P value
Gender (Male/Female) 25/27 113/118 0.586
Age (year) 48.92+12.63 46.44+13.56 0.239
Education duration (year) 12.81+3.68 13.654+3.88 0.272
NAA+NAAG Left 1.51+£0.20 1.53+0.19 0.738
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Item ApoE-g4+(n=52)
Right 1.40£0.16
Left 0.43+0.05
GPC+PCh
Right 0.42+0.05
Left 1.05+0.17
mlns
Right 1.05+0.24
Left 1.82+0.43
Glu+GlIn .
Right 1.75+0.32

Note: *P<<0.05 indicates the statistically significant difference.
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