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A B S T R A C T   

Alzheimer’s disease (AD) pathogenesis is associated with alterations in neurometabolites and cortical micro
structure. However, our understanding of alterations in neurochemicals in the prefrontal cortex and their rela
tionship with changes in cortical microstructure in AD remains unclear. Here, we studied the levels of 
neurometabolites in the left dorsolateral prefrontal cortex (DLPFC) in healthy older adults and patients with 
amnestic Mild Cognitive Impairments (aMCI) using single-voxel proton-magnetic resonance spectroscopy (1H- 
MRS). N-acetyl aspartate (NAA), glutamate+glutamate (Glx), Myo-inositol (mI), and γ-aminobutyric acid 
(GABA) brain metabolite levels were quantified relative to total creatine (tCr = Cr + PCr). aMCI had significantly 
decreased NAA/tCr, Glx/tCr, NAA/mI, and increased mI/tCr levels compared with healthy controls. Further, we 
leveraged advanced diffusion MRI to extract neurite properties in the left DLPFC and found a significant positive 
correlation between NAA/tCr, related to neuronal intracellular compartment, and neurite density (ICVF, intra
cellular volume fraction), and a negative correlation between mI/tCr and neurite orientation (ODI) only in 
healthy older adults. These data suggest a potential decoupling in the relationship between neurite micro
structures and NAA and mI concentrations in DLPFC in the early stage of AD. Together, our results confirm 
altered DLPFC neurometabolites in prodromal phase of AD and provide unique evidence regarding the imbalance 
in the association between neurometabolites and neurite microstructure in early stage of AD.   

1. Introduction 

Alzheimer’s disease is an irreversible, disabling neurodegenerative 
disease with a long preclinical phase. Mild Cognitive Impairment (MCI) 
is the transient state of AD that has been defined by the onset of initial 
mild cognitive symptoms accompanied by neurobiological changes that 
may eventually lead to neurodegeneration. Preventing the future impact 
of AD depends on identifying individuals at risk, determining predictors 
of progression, and providing early treatment during the prodromal 
stage such as MCI. Amyloid beta (Aβ) and tau imaging can be used to 
detect the preclinical pathology of AD using an advanced molecular 
imaging method, positron emission tomography (PET) (Dubois et al., 
2021; Maschio and Ni, 2022). However, the pathogenesis of AD is not 
limited to Aβ plaques and tau tangles but also includes changes in 
neurochemical characteristics of the brain. Proton magnetic resonance 
spectroscopy (1H-MRS) is another molecular quantification technique 

that can be used to measure the alterations in the levels of endogenous 
brain neurochemicals that could be indicative of the disease processes 
(Mitolo et al., 2019). 

1H-MRS is a non-invasive method that uses the radiofrequency 
electromagnetic signals of the atomic nuclei in different molecules to 
quantify the concentration of brain neurometabolites within specific 
regions (Novotny et al., 1998). Most of the studies have determined that 
regional changes in the levels of N-acetyl-aspartate (NAA), myoinositol 
(mI), glutamate-glutamine complex (Glx), and gamma-aminobutyric 
acid (GABA) may be potential biomarkers of disease progression in 
aMCI and AD patients (Olson et al., 2008; Gao and Barker 2014; Waragai 
et al., 2017; Govindpani et al., 2020). To date, the studies examining 
metabolite concentrations in aMCI and AD looked at these concentra
tions in the posterior cingulate cortex (PCC), anterior cingulate cortex 
(ACC), hippocampus and medial-temporal lobe (Jones and Waldman, 
2004; Jessen et al., 2009; Kantarci 2013; Oeltzschner et al., 2019) 
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because the early stage of AD is characterized by memory disturbances 
that result from neurodegeneration in the parietal and medial temporal 
cortices (Squire et al., 2004; Dubois et al., 2021). However, recent data 
suggest the importance of the prefrontal cortex (PFC) in memory pro
cesses through various direct and indirect connections with medial 
temporal structures (Eichenbaum, 2017). It has also been extensively 
reported that the PFC has a central role in working memory and exec
utive functioning (Spellman et al., 2015), both of which are significantly 
impaired in early AD and AD patients (Salat et al., 2001; Van Veluw 
et al., 2012; Jung et al., 2020). The deficits in PFC plasticity are also 
correlated with impaired memory performance (Kumar et al., 2017). 
Therefore, understanding the underlying mechanisms of PFC dysfunc
tion is crucial to designing practical diagnosis tools and interventions in 
early AD. Very little attention has been paid so far to the changes in 
neurometabolites in the PFC in MCI and AD patients. Thus, the current 
study examines the brain metabolite concentrations in one of the PFC 
areas distinguished as the working memory region, the left dorsolateral 
prefrontal cortex (DLPFC), and examines whether changes in neuro
metabolites are related to the cognitive performance in aMCI patients 
and healthy older adults. 

The neurometabolites are predominantly localized intracellularly, 
and some metabolites are cell specific (Palombo et al.,2018). For 
example, recent evidence suggests that high concentration of NAA is 
found in certain neuronal cell bodies, and thus NAA is considered spe
cific to the neuronal intracellular compartment (Nordengen et al., 
2015). Also, NAA is the acetylated form of the amino acid aspartate and 
becomes one of the most abundant metabolites in the central nervous 
system (CNS) (Neale et al., 2000, Moffett et al., 2007). Thus, NAA can be 
used as a disease biomarker for neuronal functioning due to its role in 
energy production from neuronal mitochondria (Moffett et al., 2007). 
Another metabolite with high compartmental specificity is myoinositol 
(mI). mI is a prominent marker for glial cells in the brain and plays a role 
in cellular signal transduction, osmoregulation, and detoxification. In 
the CNS, mI has been shown to be primarily localized in astrocytes (Choi 
et al., 2007). This provides, in principle, a very elegant counterpart to 
NAA’s neuronal preponderance, as mI represents the complementary 
central intracellular compartment in the CNS. Thus, alterations of these 
brain metabolite levels could play a pivotal role as mediators of path
ological processes observed in AD and MCI (Shonk et al., 1995; Adal
steinsson et al., 2000; De Souza et al., 2011). 

Alterations in neurometabolites during disease pathogenesis are also 
correlated with microstructural properties of brain tissue (Caprihan 
et al., 2015). However, little is known about the association between the 
level of neurometabolites and cortical microstructural properties in 
aging and AD. Recent advances in multi-shell diffusion magnetic reso
nance imaging (dMRI) offer a unique insight into tissue microstructure 
(Lampinen et al., 2017; Gozdas et al., 2021). The most promising feature 
is quantifying neurite (dendrites and axons) density and complexity in 
vivo using the neurite orientation dispersion and density imaging 
(NODDI) method (Kodiweera et al., 2016). NODDI provides the esti
mation of intracellular volume fraction (neurite density, ICVF), neurite 
fanning (ODI), and extracellular volume fraction (free water, ISOVF) 
(Zhang et al., 2012). However, these water-based diffusion measure
ments do not provide compartment-specific details of brain tissue. 
Integrating these tissue properties with neurometabolites will provide 
unique cell-specific information on the structure of the brain tissue, 
which has not been studied in older adults and AD. This study will 
provide more comprehensive information of brain microstructure by 
integrating the multi-shell dMRI and the neurometabolites to examine 
the association between ICVF, ODI, and ISOVF with neurometabolites in 
the left DLPFC. Thus, the neurometabolites will serve as early AD bio
markers with enhanced specificity of tissue microstructures. 

In this study, MRS neurometabolites were acquired in individuals 
with amnestic MCI (aMCI) and healthy older adults in the left DLPFC. 
aMCI is a subclassification of MCI that focuses specifically on MCI cases 
involving memory deficits with higher rates of conversion to AD 

(Griffith et al., 2006). We first aimed to examine the differences in levels 
of the neural marker NAA, osmolyte, and glial marker mI, the neuro
transmitters GABA, the glutamate and glutamine complex Glx relative to 
total creatine (tCr = Cr + PCr), and the combined NAA/mI and NAA/Glx 
between aMCI patients and healthy older adults. Then, we explore the 
associations between neurometabolites with neurite microstructures 
and with cognitive functions affected in aMCI. Combining the brain 
metabolite levels with neurite microstructures and cognitive measure
ments is a step toward clarifying cell and compartment-specificity of 
brain microstructures and explaining the link between changes in neu
rometabolite levels and cognitive decline in aMCI patients. 

2. Materials and methods 

2.1. Participants 

Forty-two healthy older adults and 19 aMCI patients were deter
mined to meet inclusion criteria and were enrolled in the study. For 
these participants, baseline cognitive, neuropsychological, and neuro
imaging data were collected in a series of two visits. Patients who fit the 
inclusion criteria were invited to Stanford University to complete the 
informed consent procedures as approved by the Stanford Institutional 
Review Board and undergo the visits. Particularly, participants were 
administered a series of cognitive and behavioral screening assessments 
in order to evaluate their mental status. The inclusion criteria for the 
Healthy Control (HC) group included the following: Age >=65 and <=

85 years old, free of memory complaints, normal memory function 
(Logical Memory II subscale cutoff score of >=9, >=5 and >=3 for 16, 
8–15 and 0–7 years of education, respectively), cognitively normal 
(absence of significant impairment in cognitive functions and intact 
Instrumental Activities of Daily Living), Clinical Dementia Rating of 0, 
Mini Mental-State Examination score >=24. 

The inclusion criteria for the aMCI group included the following: age 
>= 65 and <= 85 years old, diagnosis of amnestic aMCI in the past year 
(cognitive concern by subject, informant or physician, impairment in 
memory domain (delayed recall of one paragraph from Logical Memory 
II subscale from Wechsler memory Scale (Wechsler, 1945) –Revised with 
cutoff scores of <=8, <=4 and <=2 for 16, 8–15 and 0–7 years of ed
ucation), absence of dementia, essentially normal functional activities 
(intact Instrumental Activities of Daily Living (IADL) (Katz et al., 1970), 
Clinical Dementia Rating (CDR) of 0.5 (Memory Box score of at least 
0.5), and Mini-Mental State Examination (MMSE) scores >=24), 
Hachinski Ischaemic Score <= 4, stability of permitted medications (e.g. 
cholinesterase inhibitors, hypertension medication, etc.) for at least two 
months, no Axis I disorder as assessed by the Mini International 
Neuropsychiatric Interview (Sheehan et al., 1998). Exclusion criteria for 
both groups in this study included: presence of suicidality, current 
regular use of psychiatric medications, opiates, or thyroid medications, 
claustrophobia, non-MRI-compatible materials, current substance 
abuse, post- traumatic or psychotic disorders, bipolar disorder, any 
significant neurologic disease, including possible and probable demen
tia, multi-infarct dementia, Parkinson’s or Huntington’s disease, brain 
tumor, progressive supranuclear palsy, seizure disorder, subdural he
matoma, multiple sclerosis, “uncontrolled” hypertension, history of 
significant head trauma, history of alcohol or substance abuse or 
dependence within the past two years, or any significant systemic or 
unstable medical condition which could lead to difficulty complying 
with the training protocol. The study was approved by the Stanford 
University Institutional Review Board and all participants provided 
written informed consent. 

2.2. NIH Toolbox battery 

The National Institute of Health (NIH) Toolbox Cognition domain 
(nihtoolbox.org) is a battery of tasks performed on an iPad that allows 
for quick assessment of various domains of cognitive function 
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(Weintraub et al. 2013). With high test–retest reliability and national 
standardization of outcomes, this test battery provides reliable measures 
of cognitive processes across various population samples. Participants 
completed the NIH Toolbox battery during the second study visit. The 
battery comprised of several tests including Auditory Verbal Learning 
Test (Rey) (Dikmen et al., 2014) for testing memory recall and Symbol 
Digit Modalities Test (SDMT) (Weintraub et al., 2013) for assessing 
processing speed, and generated Cognitive Fluid composite scores. The 
Rey test involves auditory presentation of a list of unrelated words and 
asks participants to immediately recall as many words as possible 
following the presentation of the words. The SDMT consists of a series of 
nine symbols presented at the top of a standard sheet of paper, each 
paired with a single digit. The rest of the sheet contains symbols not 
matched to a digit, and participants were asked to say the digit corre
sponding with each symbol as quickly as possible and without making 
mistakes. The resulting score is equal to the number of correct matches 
over a period of 120 seconds. 

2.3. Neuroimaging data acquisition 

The last part of the second study visit involved the participants 
receiving a magnetic resonance imaging (MRI) scan. All MRI data were 
acquired on a 3 T GE system (General Electric Healthcare, Milwaukee, 
WI, USA) equipped with a 32-channel head coil (Nova Medical, Wil
mington, MA, USA) at the Center for Cognitive and Neurobiological 
Imaging at Stanford University (http://www.cni.stanford.edu/). T1- 
weighted images were performed using 450 ms inversion time (TI), 
12-degree flip angle 1 mm slice thickness. MRS was acquired using a 
modified GE Healthcare PRESS product sequence, PROBE-p™. Two 
features were added to the product PROBE-p™ sequence for improved 
localization: (1) 16 step phase cycling (EXORCYCLE on the two refo
cusing RF pulses) and (2) application of a sensitive point echo-planar 
(EP) waveform during acquisition to further eliminate out-of-slice arti
fact in the logical z-direction (Bodenhausen et al., 1977; Gu et al., 2018; 
Webb et al., 1994). We performed single voxel spectroscopy using this 
sequence with TE/TR = 35 ms/2s, 64 averages, ~3 minutes of total scan 
time. The 18x18x18 mm3 (5.832 mL) single voxel was prescribed in the 
left dorsolateral prefrontal cortex localized from the 3D T1-weighted 
anatomical image (see Fig. 1) using a semi-automated voxel placement 
procedure to place the voxel and applying non-linear normalization to 
the Montreal Neurological Institute (MNI) space. During the semi- 
automated voxel placement procedure, the MRS voxel was aligned to 
the angle of the skull in the sagittal plane, and then the left DLPFC mask 
in MNI standard space was co-registered to the subject’s T1-weighted 
image. The voxel was manually transcribed to the center of the mask 
based on each participant’s anatomical landmarks (Bishop et al., 2021). 
dMRI was acquired using a multiband echo-planar imaging (EPI) 

acquisition scheme (multiband factor of 3, MB = 3). Multi-shell dMRI 
data were acquired for all participants, with isotropic 2.0 mm3 spatial 
resolution in 80 diffusion directions with diffusion gradient strength set 
to b = 2855 s/mm^2 and 30 diffusion directions with diffusion gradient 
strength b = 710 s/mm^2. Each dMRI image also contained nine images 
without diffusion weighting (b = 0 s/mm^2). An additional scan was 
acquired in the opposite phase encoding direction consisting of 6 
diffusion directions (b = 2855 s/mm^2) and two non-diffusion-weighted 
images for EPI distortion correction. Other dMRI parameters were as 
follows; TR/TE = 2800/78 ms, matrix size = 112x112, and 63 axial 
slices. 

2.4. Neuroimaging data analysis 

Concentrations of NAA, mI, Glx and GABA were quantified and 
expressed as ratios to total creatine (i.e., creatine and phosphocreatine) 
levels using the LCModel (Provencher, 2001), which models the in viv
o spectrum as a linear combination of basis in vitro spectra from indi
vidual metabolites. Studies have found the collective levels of Cr and PCr 
to remain relatively stable over long periods, making it useful as a 
baseline comparison for other metabolite concentrations (Caramanos 
et al., 2005). Segmentation of the T1-weighted anatomical images into 
grey matter, white matter, and CSF was performed in the single MRS 
voxel using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) (Friston, 
2007). dMRI preprocessing was implemented in FSL (fsl.fmrib.ox.ac. 
uk/fsl/fslwiki/) and MRTrix3(mrtrix.org) and included denoising, geo
metric EPI distortion correction (FSL’s topup function), eddy current 
distortion correction, slice-by-slice motion correction and outlier 
detection and bias field correction (ANTs N4BiasField Correction). 
Diffusion gradients were then adjusted to account for the rotation 
applied to the measurements during motion correction for further 
analysis (Leemans and Jones, 2009). NODDI coefficients were computed 
using the NODDI toolbox (https://www.nitrc.org/projects/noddi_tool
box/) in the MATLAB environment. NODDI offers estimates of neurite 
density (intracellular volume fraction; ICVF), extra-cellular water 
diffusion (free water) and orientation dispersion index (ODI). The 
NODDI parameters were computed in the MRS voxel in the left DLPFC 
by co-registering the T1-weighted and b0 diffusion images. 

2.5. Statistical analysis 

All statistical analyses were carried out in R studio (version 3.5.3). 
For each metabolite, one way analysis of covariance was performed on 
the entire group after exclusion of one healthy older adult and one aMCI 
for being outliers and including age, sex, gray matter volume, and free 
water content as covariates. To compute relationships between the left 
DLPFC neurochemical levels and neurite microstructures and cognitive 

Fig. 1. Representative spectra for one aMCI patient and healthy control (a, c) and voxel placement in the left DLPFC (b).  
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scores, separate multiple linear regression analyses were performed 
between NIH cognitive scores, ICVF and ODI and each brain metabolite, 
where age, sex, gray matter tissue fraction and free water were included 
as covariates. Benjamini-Hochberg false discovery rate (FDR) correction 
was used to account for multiple comparisons for one way analysis of 
covariance and multiple regression analysis (pFDR < 0.05). 

3. Results 

3.1. Participant characteristics 

Descriptive statistics and neurocognitive scores are summarized in 
Table 1. Participants with aMCI had significantly lower MMSE (p =

0.005), Auditory Verbal Learning Test (Rey) (p < 0.001), Symbol Digit 
Modalities Test (SDMT) (p = 0.001), and Cognitive Fluid composite test 
(p = 0.002) scores. Age and level of education were not significantly 
different between aMCI and HC. Sex was significantly different between 
groups and was included as a covariate in statistical analyses. 

3.2. Left DLPFC neurometabolites altered in aMCI patients 

Significant group differences between healthy controls (HC) and 
aMCI patients were revealed in the level of neurometabolites in the left 
DLPFC. aMCI patients had significantly lower levels of NAA/ tCr (pFDR =

0.04) and Glx/ tCr (pFDR = 0.034) and higher mI/ tCr (pFDR = 0.04) when 
age, sex, gray matter, and free water content were included as covariates 
(Fig. 2). aMCI patients also showed lower GABA/ tCr compared with HC, 
but it was not statistically significant. 

Further, previous studies suggest that the NAA/ml ratio can be used 
as an early biomarker for indicating individuals at risk for developing 
clinical AD (Waragai et al., 2017), and that NAA/Glx ratios may signal 
altered gluamatergic metabolism while correcting for the effects of 
neuronal loss as indexed by NAA (Azevedo et al., 2014). Thus, we also 
evaluated between-group differences in NAA/mI and NAA/Glx ratios 
and found that NAA/mI significantly decreased in aMCI (pFDR = 0.01) 
(Fig. 1) while the NAA/Glx ratio was not significantly different between 
groups. 

3.3. Neurometabolite associations with age and neurite microstructures 

We first examined the effects of aging on brain metabolites in the left 
DLPFC in the HC and aMCI. A significant negative correlation between 
age and NAA/tCr was found (Fig. 3a) (p = 0.02, uncorrected) in healthy 
older adults while the NAA/ tCr ratio was not correlated with age in 
aMCI. Correlations between age and other metabolites did not reach 
statistical significance (p > 0.05) within aMCI and HC groups. We next 
probed how the left DLPFC neurometabolites were associated with 
neurite parameters in healthy older adults and aMCI patients and per
formed an exploratory analysis to test whether age moderates the re
sults. We observed a positive association between NAA/tCr and the 

neurite density (ICVF) (pFDR = 0.03) and a negative association between 
mI/tCr and neurite complexity/fanning (ODI) (pFDR = 0.032) (Fig. 3b 
and 3c) in healthy older adults. There were no significant associations 
between any of the neurometabolites and isotropic volume fraction (free 
water) in HC. No significant correlations were observed between neu
rometabolites and neurite microstructures in aMCI patients. 

While the association between age and ICVF was significant in HC, 
the relationship between NAA/tCr and ICVF was not significantly 
mediated by age (p = 0.08), suggesting that the relationship of ICVF 
with NAA/tCr was not obscured by taking the age into account. 

3.4. Relationship between neurometabolites and cognitive scores 

To investigate whether changes in brain metabolites were accom
panied by measurable changes in cognitive performance, we examined 
the association between the left DLPFC brain metabolites and cognitive 
scores as assessed via SDMT, Rey’s Auditory Verbal Learning Test (Rey) 
as well as Cognitive Fluid scores in aMCI and healthy older adults. 
Significant positive associations were observed between NAA/tCr and 
SDMT, Glx/tCr and SDMT, and NAA/tCr and Cognitive Fluid cognitive 
scores in the combined group (aMCI plus healthy older adults) 
(pFDR< 0.05) (Fig. 4). These correlations, however, were not robust 
within each group. Only a significant positive correlation was found 
between Glx/tCr and SDMT within HC. In addition, significant group 
differences were observed in the associations between Rey scores with 
Glx/tCr (pFDR = 0.01) and GABA/tCr (pFDR = 0.017). However, these 
associations were not significant within groups. Finally, the NAA/mI 
ratio was positively correlated with Cognitive Fluid (pFDR = 0.014) and 
Rey (pFDR = 0.014) in the combined group. 

4. Discussion 

This research investigated the changes in brain metabolite levels in 
the left DLPFC between healthy older subjects and aMCI patients and 
their relationship with measures of neurite microstructures and cogni
tive functioning. We found that aMCI patients have impaired brain 
metabolite levels in the left DLPFC compared with healthy older in
dividuals, and that impaired left DLPFC neurometabolites levels were 
associated with lower cognitive scores. To our knowledge, this study 
demonstrates for the first time the associations between brain metabo
lites and neurite parameters (ICVF and ODI) measured in the left DLPFC 
in older adults, and these associations were not significant in aMCI pa
tients. The results of this study extend current knowledge on disturbed 
brain metabolites in PFC in aMCI and allow for characterization of cell- 
specific properties of brain microstructures by probing the associations 
between changes in microstructural properties and metabolite concen
trations in older age. 

The previous work showed that reduced NAA is an indicator of 
neuronal loss, and increased mI likely indicates glial activation and 
inflammation linked to AD neuropathology (Waragai et al., 2017; Voe
vodskaya et al., 2016). Also, decreased levels of NAA and increased 
levels of mI in several brain areas are highly associated with AD disease 
progression (Voevodskaya et al., 2019). These classic hallmarks of MCI 
and AD pathophysiology are mainly reported in the ACC and PCC 
because these regions are vulnerable to amyloid-β plaques (Aβ) devel
opment (Small et al., 2006; Pike et al., 2007). However, several recent 
studies reported deficits in DLPFC neuroplasticity that could play a 
positive role in cognitive decline and a low level of endogenous amyloid 
(Kumar et al., 2017) and network dysfunctions in DLPFC in AD patients. 
In this study, we investigated the metabolite levels in the left DLPFC, and 
the patients with aMCI showed lower levels of NAA/ tCr and higher mI/ 
tCr compared with healthy older adults, which may signal inflammatory 
and neurodegenerative processes in the early stages of AD. 

Changes in the glutamate and glutamine complex Glx and GABA 
neurometabolite levels have also been frequently studied in MCI and AD 
(Friedman et al., 2013; Huang et al., 2017; Oeltzschner et al., 2019). 

Table 1 
Demographic, clinical, and neuropsychological characteristics of the sample.   

HC 
N = 42 

aMCI 
N = 19 

Statistics*  

Age, years (SD) 73.31 ± 5.58 74.55 ± 6.07 p = 0.85 
Gender (F/M) 30/12 12/7 p = 0.02 
Years of Education (SD) 17.88 ± 3.5 18.55 ± 3 p = 0.44 
MMSE (SD) 28.97 ± 1.05 27.26 ± 1.7 p = 0.005 
SDMT (SD) 72.06 ±16.6 57.3 ± 10.59 p = 0.001 
Cognitive Fluid (SD) 90.8 ±9.7 81.8 ±13.2 p = 0.002 
Rey (SD) 22.27 ±5 16.6 ±5.4 p < 0.001 

* p values derived from two-sample t-test, Chi-square test or ANOVA with age, 
gender, and education as covariates. HC: Healthy Control; aMCI: amnestic Mild 
Cognitive Impairment; MMSE: Mini-Mental State Examination; SDMT: Symbol 
Digit Modalities Test; Rey: Auditory Verbal Learning Test). 
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However, these studies have shown mixed findings regarding the po
tential changes in the GABA and Glx complex in MCI and AD. Particu
larly, decreased levels of Glx and GABA have not been long established 
in MCI and AD patients. One recent study showed decreased Glx in the 
posterior cingulate while other studies reported no changes in MCI, 
while patients with AD showed decreased Glx in the posterior cingulate 

and hippocampus (Fayed et al., 2011; Rupsingh et al., 2011). Similarly, 
one recent study found significantly lower levels of GABA in AD patients 
in the posterior but not the anterior cingulate (Bai et al. ,2015), while 
another recent study at 7 T field strength showed decreased GABA in 
MCI patients both in the anterior and posterior cingulate (Riese et al., 
2015; Oeltzschner et al., 2019). Together, the lower left DLPFC Glx 

Fig. 2. Neurometabolites in the left DLPFC. In the left DLPFC, concentrations of NAA/tCr, Glx/tCr and NAA/mI were significantly lower and mI/tCr was significantly 
higher in aMCI patients than healthy controls (* p values are FDR corrected < 0.05). The line between dark green and light green states the median value of the 
metabolites in each group. 

Fig. 3. Age and neurite microstructural characteristics associated with brain metabolites in the left DLPFC in healthy older adults and aMCI patients. (a) Age and 
NAA/tCr were significantly correlated in healthy older adults (p = 0.02, uncorrected). (b, c) NAA/tCr and the neurite density (ICVF) (pFDR = 0.03), and mI/tCr and 
neurite complexity/fanning (ODI) (pFDR = 0.032) were significantly associated in healthy older adults. 

Fig. 4. Correlations between the left DLPFC brain metabolites and cognitive scores in aMCI and healthy older adults. (a, b) NAA/tCr, Glx/tCr and SDMT; (c, d) NAA/ 
tCr, the NAA/mI ratio are positively correlated with Cognitive Fluid (pFDR < 0.05) in the combined group. SDMT: Symbol Digit Modalities Test. 
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levels observed in the current study in aMCI patients is in line with the 
previous findings. However, our results did not support lower levels of 
GABA in aMCI. This discrepancy can be explained by the relatively 
strong Glx combined signal that is easily detectable at lower field 
strengths, whereas detecting changes in GABA signal may require a 
higher magnetic field strength (Oeltzschner et al., 2019, Shungu et al., 
2016). 

Further, considering that the ratio of brain metabolite concentrations 
may be more sensitive to metabolic disruptions of related molecules 
than the concentration of a single metabolite alone (Lewis et al., 2020), 
we also found that the NAA/ml ratio was significantly decreased in aMCI 
compared to healthy older adults. Lower NAA/mI has been shown to 
predict progression from HC to MCI and was correlated with both higher 
tau and Aβ levels (Murray et al., 2014). One recent study also demon
strated the utility of composite NAA/mI ratio as a marker of increased 
longitudinal Aβ accumulation in HC older adults (Nedelska et al., 2017). 
Similarly, a longitudinal study (Voevodskaya et al., 2019) examined the 
association between longitudinal changes in proton MRS metabolites in 
the midsagittal PCC/precuneus and amyloid pathology and found that 
Aβ positive (Aβ + ) individuals with low baseline NAA/mI had a 
significantly higher rate of cognitive decline than Aβ + individuals with 
high baseline NAA/mI. They also concluded that the longitudinal 
change in NAA/mI was associated with underlying amyloid pathology 
and could be relevant for predicting a worsening of cognitive symptoms. 
Moreover, NAA/mI has been suggested as an early marker of neuro
degeneration, distinguishing AD patients from other patient groups and 
predicting the progression from MCI to AD at two year follow-ups 
(Mitolo et al., 2019; Mitolo et al., 2021). Thus, the lower NAA/mI in 
aMCI may offer an early insight into dynamic disease biomarkers during 
the pre-dementia stages of AD. 

Previous evidence also suggests that the brain metabolite system 
plays an essential role in cognitive functioning (Pfleiderer et al., 2004; 
Patel et al., 2014). A few recent studies have revealed associations be
tween metabolite levels in the PCC and ACC with performance in Cali
fornia Verbal Learning Test (CVLT) and verbal fluency tests in MCI 
patients (Oeltzschner et al., 2019; Mandal et al., 2015). However, the 
association between 1H-MRS metabolites and cognitive deficits in aMCI 
is not clear. Here, we found significant associations between NAA/tCr 
and Glx/tCr with SDMT scores, and between NAA/tCr and NAA/mI 
ratios and Cognitive Fluid scores in the combined group, and the cor
relations between Rey scores with Glx/tCr and GABA/tCr were signifi
cantly different between groups. The cognitive and memory scores were 
also significantly different between aMCI and healthy older adults. 
These results suggest that 1H-MRS metabolite levels in the DLPFC are 
significantly correlated with decline in memory and executive func
tioning that further support the potential of these metabolites as bio
markers to detect cognitive decline in aMCI at an early stage. 

Recent advances in dMRI provide more specific markers of brain 
tissue microstructure by estimating the density and complexity of neu
rite structure in brain tissue (Zhang et al., 2012). In this study, we also 
investigated the specificity of dMRI parameters to detecting neuro
chemical changes measured in the left DLPFC. It should be noted that the 
present study is the first to examine the association between the left 
DLPFC neurometabolite levels and neurite properties in healthy older 
adults and aMCI patients. A few studies have previously investigated the 
relationship between conventional white matter parameters (e.g., FA) 
and brain metabolites in healthy older adults and patients with schizo
phrenia and mild traumatic brain injury (Caprihan et al., 2015; Gross
man et al., 2015; Reid et al., 2016). One of these studies also reported a 
positive association between NAA and intra-axonal diffusivity in pa
tients with mild traumatic brain injury (Grossman et al., 2015). Here, we 
observed a positive correlation between ICVF and NAA/tCr and a 
negative correlation between ODI and mI/tCr in older adults, while 
these correlations were not statistically significant in patients with 
aMCI. These data suggest a potential decoupling in the relationship 
between neurite microstructures and NAA/tCr and mI/tCr 

concentrations in DLPFC in the early stage of AD, but this also needs to 
be confirmed in future studies. While the studied neurite parameters 
provide useful information regarding intra-cellular volume fraction and 
angular variation of neurite orientation in brain tissue, 1H-MRS provides 
complementary and more sensitive information regarding biochemical 
properties of the tissue. For example, NAA is an endogenous probe of the 
neuronal intracellular compartment (Kroenke et al., 2004) that also 
presents in oligodendrocytes which are predominant in white matter 
and responsible for covering neurons with an insulator material called 
myelin (Rae, 2014). NAA also reflects non-structural pathophysiology 
such as mitochondrial impairment, to which diffusion parameters are 
not sensitive (Li et al., 2013). Similarly, mI comprises glial cells 
responsible for many functions, including supporting neurons, helping 
repair damage to nervous system tissue, and regulating communication 
between neurons (Sheikh-Bahaei, 2020). Thus, the observed correla
tions between NAA/tCr and ICVF and mI/tCr and ODI in our study 
provide early evidence regarding the sensitivity of advanced diffusion 
parameters to neurometabolite levels in vivo and elucidates the potential 
biophysical mechanisms that influence structural and metabolic changes 
in older adults and aMCI patients. 

However, the study is limited because of the relatively small aMCI 
sample and the generalizability of the results is somewhat limited. It 
should also be noted that there was a significant difference in sex be
tween aMCI and control groups, and sex was therefore included as a 
covariate in the group analysis of metabolite levels and correlation an
alyses. Future studies with a larger sample size of aMCI patients, sex- 
matched patient and control groups, longitudinal follow-ups, as well 
as utilizing the absolute brain metabolite concentrations other than 
using the ratios (e.g., relative to total creatine) will allow us to corrob
orate these findings and elucidate the impact of each brain metabolite’s 
role in predicting the possible progression to AD. Future studies inves
tigating longitudinal changes in aMCI-related brain metabolites are 
needed to better understand whether the results can be generalized to 
clinical practice. 

In conclusion, our data provide further insight into changes in brain 
metabolites in aMCI patients. Particularly, we found decreased NAA, mI, 
Glx, and NAA/mI ratio in the left DLPFC in aMCI that provides useful 
insights regarding neurometabolic changes in prodromal stage of AD. 
We also found a significant association between DLPFC metabolite levels 
and Cognitive Fluid scores that suggests a link between disturbance in 
neurotransmission and cognitive deficits in early stages of AD. We also 
examined the relationship between the neurometabolites and advanced 
diffusion measures in healthy older adults and aMCI and observed sig
nificant correlations between NAA and mI with measures of neurite 
density and complexity. These results provide first-hand evidence 
regarding the relationship between the diffusion parameters and neu
rometabolites in the left DLPFC that may further explain mechanisms 
underlying cognitive decline in aMCI. Overall, our data suggest that the 
left DLPFC metabolites can ascertain differences in aMCI patients 
compared with controls, are associated with neurite properties in 
healthy aging, and predict possible deficits in cognitive performance in 
the prodromal stage of AD. 
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