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a b s t r a c t 

Aging is associated with alterations in the brain including structural and metabolic changes. Previous research has 
focused on neurometabolite level differences associated to age in a variety of brain regions, but the relationship 
among metabolites across the brain has been much less studied. Investigating these relationships can reveal 
underlying neurometabolic processes, their interdependency, and their progress throughout the lifespan. Using 
1 H-MRS, we investigated the relationship among metabolite concentrations of N-acetylaspartate (NAA), creatine 
(Cr), choline (Cho), myo-Inositol (mIns) and glutamate-glutamine complex (Glx) in seven voxel locations, i.e., 
bilateral sensorimotor cortex, bilateral striatum, pre-supplementary motor area, right inferior frontal gyrus and 
occipital cortex. These measurements were performed on 59 human participants divided in two age groups: young 
adults (YA: 23.2 ± 4.3; 18–34 years) and older adults (OA: 67.5 ± 3.9; 61–74 years). Our results showed age- 
related differences in NAA, Cho, and mIns across brain regions, suggesting the presence of neurodegeneration 
and altered gliosis. Moreover, associative patterns among NAA, Cho and Cr were observed across the selected 
brain regions, which differed between young and older adults. Whereas most of metabolite concentrations were 
inhomogeneous across different brain regions, Cho levels were shown to be strongly related across brain regions in 
both age groups. Finally, we found metabolic associations between homologous brain regions (SM1 and striatum) 
in the OA group, with NAA showing a significant correlation between bilateral sensorimotor cortices (SM1) and 
mIns levels being correlated between the bilateral striata. We posit that a network perspective provides important 
insights regarding the potential interactions among neurochemicals underlying metabolic processes at a local and 
global level and their relationship with aging. 
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. Introduction 

Proton magnetic resonance spectroscopy ( 1 H-MRS) is a well-
stablished neuroimaging technique that allows in-vivo q uantification
f neurometabolic differences in brain tissue as a function of age,
isease or treatment ( Cichocka and Bere ś , 2018 ; Duarte et al., 2012 ;
ao et al., 2013 ; Grachev and Apkarian, 2001 ; Ion-M ărgineanu et al.,
017 ; Jones and Waldman, 2004 ; Lin and Rothman, 2014 ; Tumati et al.,
018 ; Waragai et al., 2017 ; Zhong et al., 2014 ). In healthy older adults,
rain neurometabolites assessed with 1 H-MRS frequently show age-
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elated declines in regional levels of N-acetylaspartate (NAA), gamma-
minobutyric acid (GABA), and glutamate-glutamine complex (Glx)
nd elevation in regional levels of choline (Cho) and myo-Inositol
mIns). However, null findings or the opposite pattern have also been
eported which might be due to differences in the region and the
issue being measured (i.e., gray matter, white matter and/or cere-
rospinal fluid; for a review see Cleeland et al. 2019 ). These neu-
ometabolic alterations have been associated with declines in motor
nd cognitive functioning ( Hermans et al., 2018 ; Levin et al., 2019 ;
arenco et al., 2018 ; Simmonite et al., 2019 ; Weerasekera et al., 2020 ;
mber 2022 
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ahr et al., 2013 ). Furthermore, age-dependent differences in brain neu-
ochemical characteristics that are typically associated with aging, such
s decreased levels of NAA and increased levels of Cho and mIns, can
nderlie important structural and physiological changes. These can re-
er to deterioration in axonal and myelin integrity ( Ding et al., 2008 ;
rossman et al., 2015 ; Wijtenburg et al., 2013 ), gray matter loss (e.g.,
ing et al. 2016 ), compromised neurotransmission ( Cuypers and Mars-
an, 2021 ; Verstraelen et al., 2021 ) and/or systemic inflammation

 Lind et al., 2021 ; Vints et al., 2022 ). 
Age-related differences in neurometabolite concentrations can oc-

ur simultaneously or independently throughout different brain regions
 Angelie et al., 2001 ; Cichocka and Bere ś , 2018 ; Cleeland et al., 2019 ;
ing et al., 2016 ; Eylers et al., 2016 ; Haga et al., 2009 ; Levin et al.,
019 ; Pfefferbaum et al., 1999 ; Ross et al., 2006 ; Weerasekera et al.,
020 ). The synchronous changes among metabolites can signify par-
icular alterations in general brain structural and/or functional proper-
ies. For instance, reduction of NAA levels and increase of mIns levels
cross multiple brain regions can generally be considered as biomarkers
f demyelination and microstructural declines of WM tracts connecting
hese regions (e.g., Wijtenburg et al. 2013 ). The interplay between ex-
itatory and inhibitory neurometabolites, along with different metabo-
ite concentration levels, has also been tackled to disentangle the dy-
amics of physiological and behavioral processes ( Cuypers and Mars-
an, 2021 ). Finally, the use of a ratio between two neurometabolites
as often provided different insights in relation to the concentrations of
 single metabolite absolute value ( Cleeland et al., 2019 ; Weerasekera
t al., 2020 ), showing again the importance of studying their associa-
ion. 

Noticeably, different brain regions may have particular metabolic
ignatures due to differences in the rate of neurodegeneration or func-
ional characteristics. Previous studies showed that age-related differ-
nces in NAA, mIns, and Cho - which have been associated with neu-
onal loss and increased glial activity - were found to be prominent
cross different brain regions (e.g., Ding et al. 2016 , Lind et al. 2020 ,
ints et al. 2022 , Weerasekera et al., 2020 ), whereas age-related dif-

erences in Glx and GABA - that are functional biomarkers for motor
nd/or cognitive deficits - often exhibited region-specific trajectories
 Hermans et al., 2018 ; Mase et al., 2021; Weerasekera et al., 2020 ). 

Due to long MRS acquisition times, age-related alterations were typ-
cally reported from one or only a few brain regions in previous stud-
es, hampering a network neurometabolic perspective. While the re-
ationship among different metabolites has been investigated within
onstrained regions (typically through the ratio computations between
wo metabolites), little is known about the association among metabo-
ites across more brain regions, and how consistent these patterns
re throughout the lifespan. Studies aimed at addressing these ques-
ions may deepen our understanding of the metabolic properties and
he changes underlying functional and structural brain architecture.
urthermore, a network perspective can reveal whether age-related
etabolic alterations are region-specific or generic. The effect of aging

n the organization of the brain’s neurochemical networks was docu-
ented for the first time by Grachev and colleagues ( Grachev et al.,
001 ; Grachev and Apkarian 2001 ) who examined age-related differ-
nces in the patterns of correlations between neurometabolic concen-
rations from multiple brain regions. Although this study yielded mean-
ngful patterns regarding neurochemical organization, the authors did
ot correct for tissue volume, which compromises the interpretation of
he results. Moreover, novel MR hardware (higher field strength, better
himming, water suppression, etc.) and MRS pulse sequences have sub-
tantially improved the data quality (better signal-to-noise ratio, spec-
ral resolution and localization) over the past two decades. 

Our study aimed to systematically examine age-related differences
n the neurochemical organization of the brain by identifying specific
orrelation patterns among five neurometabolites (NAA, Cho, Cr, Glx
nd mIns; selected on the basis of aging literature) within and among
even brain regions that were considered to be involved in motor
2 
ontrol processes pertaining to action execution and inhibition of ac-
ion, more specifically: the left and right sensorimotor cortex (lSM1
nd rSM1), the pre-supplementary motor area (preSMA; centered at
he sagittal midline), the left and right striatum (lSTR and rSTR), the
ight inferior frontal gyrus (rIFG), and the occipital cortex (OCC; cen-
ered at the sagittal midline). Our main objective was to explore de-
ailed features of neurometabolic organization within and across re-
ions as well as age-related differences. First, we anticipated to repli-
ate and extend previous studies regarding age-related neurometabolic
oncentrations showing lower NAA and Glx and higher mIns and Cho in
lder as compared to young adults ( Angelie et al., 2001 ; Cichocka and
ere ś , 2018 ; Cleeland et al., 2019 ; Ding et al., 2016 ; Eylers et al.,
016 ; Haga et al., 2009 ; Levin et al., 2019 ; Pfefferbaum et al., 1999 ;
oss et al., 2006 ; Weerasekera et al., 2020 ). Second, we investigated
hether these differences are region specific. Third, as late adulthood
as been characterized by a reduction of functional selectivity and de-
reased functional network segregation ( Edde et al., 2021 ; King et al.,
018 ), and in concordance with previous neurochemical organization
vidence ( Grachev and Apkarian, 2001 ), we hypothesized that older
dults would show stronger neurometabolic covariations across the
rain than younger adults. 

. Methods 

.1. Participants 

We included 30 young adults (age range: 18.3–33.8 years) and 29
lder adults (age range, 60.2–73.8 years) that were from the same pool
f participants as in Hermans et al. (2018) and Weerasekera et al.
2020) . All participants were right-handed ( Oldfield, 1971 ), had no past
r present history of neurological or psychiatric disorders, no contra-
ndications for magnetic resonance imaging (as indicated in the guide-
ines of the University Hospital Leuven), normal or corrected-to-normal
ision, and reported no consumption of psychoactive medications at the
ime of the study. The experimental protocol was approved by the local
edical Ethics Committee for Biomedical Research (University Hospital

euven; approval number S58333), and written informed consent was
btained from all participants prior to their inclusion in the study. Two
lder adults who scored less than 22 on the Montreal Cognitive As-
essment (MoCA) test ( Nasreddine et al., 2005 ) were excluded from
he study and four participants were excluded for having incomplete
atasets due to defective signal for particular metabolites. The final
ample consisted of 53 participants: 29 young adults (mean age = 23.15,
d = 4.36, range = 18–34) and 24 older adults (mean age = 67.35, sd = 3.76,
ange = 61–74). 

.2. MRI and 1 H-MRS acquisitions 

MRI and 1 H-MRS acquisitions were performed on a Philips 3T
chieva Dstream System (Philips Healthcare) equipped with a 32-
hannel receiver head coil. The imaging protocols used for acquisi-
ion were similar to those reported by Hermans et al. (2018) and

eerasekera et al. (2020) . MR images were acquired using a high-
esolution 3D T1-weighted structural image (3D turbo field echo (TFE);
epetition time (TR) = 9.6 ms; echo time (TE) = 4.6 ms; resolu-
ion = 0.98 × 0.98 × 1.2 mm 

3 ; 185 coronal slices) to obtain a 3D
agnetization prepared gradient echo (MPRAGE). We used single-voxel
RS instead of MRSI (which has the advantage of measuring different

egions simultaneously with a shorter scanning time), as this method
as a higher signal to noise ratio and allows higher reliability in the
pectra acquisition ( Al-Iedani et al., 2017 ; Posse et al., 2013 ). The
 H-MR spectra were acquired using the MEGA-PRESS spectral editing
ethod ( Mescher et al., 1998 ) with the following acquisition parame-

ers: 14 ms editing pulses at 7.46 ppm (edit-OFF) and 1.9 ppm (edit-ON);
E = 68 ms; TR = 2 s; 320 averages; 2 kHz spectral width; MOIST (mul-
iple optimizations insensitive suppression train) water suppression, re-
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Fig. 1. Visual representation of voxel positions from: lSM1 and rSM1 (left and right sensorimotor cortex), preSMA (pre-supplementary motor area centered at the 
sagittal midline), lSTR and rSTR (left and right striatum), rIFG (right inferior frontal gyrus) and OCC (occipital cortex centered at the sagittal midline). Line graphs show 

the average spectra from young (black line) and older participants (red line). NAA – N-acetylaspartate; Cho – Choline, phosphocholine and glycerophosphocholine; 
Cr – Creatine and phosphocreatine; Glx – Glutamate and glutamine; and mIns – myo-Inositol. 
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ulting in an acquisition time of ∼11 min per voxel. Unsuppressed water
cans were acquired from all volumes of interest for absolute metabolite
uantification in an interleaved manner, using the same acquisition pa-
ameters except for the number of averages of 16. Voxels were: (i) lSM1
nd rSM1 (both voxel sizes: 3 × 3 × 3 cm), (ii) preSMA, obtained by a
ingle voxel centered at the sagittal midline (size: 3 × 3 × 3 cm), (iii)
STR and rSTR (both voxel sizes, 3 × 3 × 3 cm), (iv) rIFG (voxel size:
 × 2.5 × 2.5 cm), and (v) OCC, obtained by a single voxel centered at
he sagittal midline (size: 3 × 3 × 3 cm). Voxel positions are shown in
ig. 1 alongside the average spectra. 

The acquisition of MR spectra started with a long high-resolution
1-weighted MRI scan (see above) followed by three 1 H-MRS scans and
 short time break (10 min) outside the scanner. Next, a shorter low-
3 
esolution T1-weighted MRI scan (3D TFE; TR = 9.6 ms; TE = 4.6 ms; res-
lution = 1.2 × 1.2 × 2 mm 

3 ; 111 coronal slices) and two 1 H-MRS scans
ere applied followed by a second 10 min break outside the scanner, a

econd short T1-weighted MRI scan, and two additional 1 H-MRS scans.
he obtained T1-weighted MR anatomical images were used for the
natomical positioning of the voxels. The order of 1 H-MRS spectra ac-
uisition from the different voxels were counterbalanced across partic-
pants, except for the lSTR that was followed by the rSTR or vice-versa.
he voxels on the left and right SM1 were located centrally over the

eft and right-hand knob ( Yousry et al., 1997 ), parallel to the anterior-
osterior axis, with one surface parallel to the cortical surface in the
oronal and axial views ( Greenhouse et al., 2016 ). For the preSMA voxel,
 horizontal line was drawn between the anterior commissure (AC) and
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he posterior commissure (PC) in the sagittal plane, and a perpendicu-
ar line was drawn to this line through the AC. The preSMA voxel was
entered over the median line with the posterior superior corner inter-
ecting the perpendicular line ( Kim et al., 2010 ). Subsequently, it was
ligned with the cortical surface in the sagittal view. The rIFG voxel
as placed centrally, on top of the right inferior frontal gyrus with the

ongitudinal axis placed in anteroposterior direction and parallel to the
ortical surface. The striatal voxels (lSTR and rSTR) were positioned
ver the putamen and part of the caudate. The OCC voxel was posi-
ioned parallel with the cerebellar tentorium in the sagittal plane and
laced as posterior and median as possible ( Puts et al., 2011 ). 

.3. MRS quantification and image processing 

Metabolites were quantified from the edit-OFF spectra (e.g.,
addock et al. 2018 ). Spectra from four of the 57 participants (one

oung adult and three older adults) were excluded from the final analy-
es due to poor quality of MRS acquisition. Therefore, data for quantifi-
ation included 203 spectra ( = 7 voxels × 29 participants) from young
dults and 168 spectra ( = 7 voxels × 24 participants) from older adults.
or quality assessment, signal-to-noise ratios (SNR) were determined by
MRUI QUEST (v6.0) in the time-domain (maximum of FID/standard de-
iation of FID tail) (Stephan et al., 2009). Only spectra with linewidths
ess than 10 Hz and SNR greater than 5 were included for quantifica-
ion. All spectra were visually inspected to ensure the absence of ar-
ifacts. Following this screening procedure, 16 spectra were excluded
nd were eliminated from further analyses, consisting of two spectra
rom one younger adult and 14 spectra from three older adults. Water-
eferenced concentrations of NAA (N-acetylaspartate), Glx (glutamate
nd glutamine), Cr (creatine and phosphocreatine), Cho (choline, phos-
hocholine and glycerophosphocholine), and mIns (myo-Inositol) were
hen quantified for each of the seven voxel locations and were included
n further processing. Next, SPM8 ( http://www.fil.ion.ucl.ac.uk/spm/ )
as utilized to create segmentations from the MPRAGE T1-weighted
R images, acquired for the localization and placement of the MRS

oxel. Voxel registration was executed using MATLAB (The MathWorks,
ig. 2. Metabolite concentrations for young (blue) and older (yellow) adults in the
reSMA (pre-supplementary motor area centered at the sagittal midline), lSTR and rST
ortex centered at the sagittal midline). Asterisks point to significant differences betw

4 
atick, Massachusetts, USA) custom-made scripts (Sanaei Nezhad et al.,
017). The scripts created a binary mask of the voxel location using the
1-weighted MR image and the orientation and location information
rom the Philips SPAR files. Subsequently SPM8 was used to segment
he T1-weighted MR image into gray matter (GM), white matter (WM)
nd cerebrospinal fluid (CSF) and calculate the respective partial volume
ractions within the binary mask. SPM uses a diffeomorphic algorithm
o warp individual subject images into MNI space and generate spatially
ormalized and smoothed Jacobian scaled images, thereby normalizing
he WM and GM sensitivities in the T1-weighted MR images. By us-
ng this technical procedure, the percentages of each tissue type within
he seven voxels could be calculated and percentages of GM, WM and
SF were obtained. These tissue fractions were then used to correct for
etabolite concentrations and, with the use of QUEST, for differences

n CSF content ( Gasparovic et al., 2006 ). We used T1 values of 1331 ms
or GM, 832 ms for WM, and 3817 ms for CSF to calculate the final
orrected metabolite concentrations. The used T2 values were 110 ms
GM), 79 ms (WM), and 503 ms (CSF). Relaxation times were taken
rom Wansapura et al. (1999) and Träber et al. (2004) . From this dataset,
ABA concentrations were also extracted, processed and analyzed; the

esults related to this metabolite can be found in Hermans et al. (2018) .

.4. Statistical analysis 

Variables of interest were the water-referenced tissue-corrected
etabolite concentration measures of the five neurometabolites (NAA,
ho, Cr, Glx and mIns) from the seven voxel locations (lSM1, rSM1,
reSMA, lSTR, rSTR, rIFG and OCC). Group differences in neurometabo-
ite concentrations between young and older adults were evaluated with
 series of Student’s t-tests and p-values were corrected for multiple test-
ng using the Benjamini–Hochberg false discovery rate (FDR) method
Benjamini and Hochberg, 1995); see supplemental Table S1. 

Thereafter, we conducted Pearson correlation analyses among the
ve metabolites from the seven regions and corrected them for multiple
omparisons (uncorrected correlations can be consulted in the supple-
entary material). Cook’s Distance (CD) analysis was used to control
 seven voxels of interest: lSM1 and rSM1 (left and right sensorimotor cortex), 
R (left and right striatum), rIFG (right inferior frontal gyrus) and OCC (occipital 
een age groups (after FDR correction). m.u. – molar units. 

http://www.fil.ion.ucl.ac.uk/spm/
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Fig. 3. Heatmaps representing correlations among the five metabolites from the 
seven voxels (before controlling for GM, WM and CSF volumes and before multi- 
ple comparisons correction) in young (top) and older (bottom) participants. The 
order of voxels is: lSM1, rSM1, lSTR, rSTR, preSMA, rIFG and OCC. For visualiza- 
tion purposes the labels are only shown for half of the nodes in an intercalated 
manner. 
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or outliers that have a great influence on the correlations, with a cut-
ff value of CD > 1 ( Stevens, 1984 ). We obtained one correlation ma-
rix per voxel (correlations of different metabolites within each voxel
intraregional cross-metabolites network) and one correlation matrix

er metabolite (correlations of the same metabolite across the seven
oxels – interregional within-metabolite network), for the total sample
nd for each age group. The correlations from the intraregional cross-
etabolites matrices were controlled for gray matter, white matter and

erebrospinal fluid volumes. For interregional within-metabolite matri-
es, the correlations were only controlled for the gray matter volume
rom the two regions pertinent to each correlation. We did not control
or white matter or CSF as doing so would have amounted to six control
ariables (three volume values per region) which was undesired with
ur sample size ( Field, 2013 ). The correlations within each matrix were
orrected for multiple comparisons through FDR. 

From the interregional within-metabolites and intraregional cross-
etabolites networks a connectivity degree index was extracted. Within

he framework of Graph Theory, the connectivity degree is defined as
he number of edges (in this case significant correlations after FDR cor-
ection) within a particular network and is indicative of the richness of

nteractions or relation among the nodes (metabolites) of a network . The
onnectivity degree of a particular network is the average of the con-
ectivity degree from all the nodes in that network. From here on, we
ill use the term network connectivity or connectivity degree to refer to

his index (or connections to refer to the presence of edges), which in-
icates the presence of statistically significant correlations. Such cor-
elations suggest common properties of the system, which may repre-
ent common physiological or structural phenomena in intraregional
ross-metabolic connectivity and potentially relate to brain structural
r functional connectivity in the case of interregional within-metabolite
onnectivity. 

In order to compare whether the correlations from young and older
articipants were significantly different, the correlation coefficients
ere converted to z scores through the Fisher transformation method,

ompared through t-tests and corrected for multiple comparisons using
DR. The threshold significance level was set at 0.05 for all analyses
nless otherwise specified. 

All independent sample t-tests and partial correlations were con-
ucted with the software SPSS (v.28.0.1.0; IBM Corp. 2021 ); multiple
omparisons corrections (FDR) were calculated within Excel, and Pear-
on to Fisher coefficients transformations were calculated with a Python
.7 script using the Numpy and Pandas libraries ( Harris et al., 2020 ;
cKinney et al., 2010 ). The connectivity degree analyses, network fig-

res and heatmaps were generated with the NetworkX and Matplotlib
ython libraries ( Hagberg et al., 2008 ; Hunter, 2007 ). 

. Results 

.1. Age–related differences in neurometabolite concentrations across 

egions 

As compared to young adults, older adults showed significantly
igher levels of Cho (bilateral SM1, bilateral striatal areas, preSMA and
IFG; FDR-corrected ps < 0.05) and mIns (lSM1, preSMA, and rIFG; FDR-
orrected ps < 0.05) and significant reductions of NAA (bilateral SM1
nd OCC; FDR-corrected ps < 0.05); for group means and p-values see
upplemental Table S1. In addition, we observed a significantly lower
evels of Glx in the OCC area (FDR-corrected p = 0.02) and significantly
igher levels of Cr in the rIFG (FDR-corrected p < 0.01) in older as com-
ared to young adults ( Fig. 2 ). Taken together, our findings indicate that
ge-related neurometabolic alterations were characterized primarily by
 general increase in levels of Cho. The remaining group differences (i.e.,
igher levels of mIns and Cr and lower levels of NAA with age) were
nconsistent across the seven voxels, indicating that age-related differ-
nces in levels of NAA, mIns, Glx and Cr appear to be more regional
pecific. 
5 
.2. The neurochemical network 

The heatmaps representing correlations among the five metabolites
rom the seven voxels before controlling for tissue volume (GM, WM
nd CSF) and before correcting for multiple comparisons are depicted
or young ( Fig. 3 A) and older ( Fig. 3 B) participants. Graphical repre-
entations showing the associations among the five neurometabolites
ithin and across the seven voxels (inter- and intraregional networks

ogether; after controlling for tissue volume and after multiple compar-
sons correction) are depicted for the full sample and for the young and
lder adult groups separately (Fig. S1). 

.2.1. Neurometabolic associations across regions 

Fig. 4 depicts the interregional within-metabolite networks for the
ull sample. The correlation matrices from these networks (for each sam-
le) and network figures for young and older adults can be consulted in
he Supplementary Materials (Tables S3, S5 and S7; Fig. S2). Overall, it
an be seen that Cho exhibited the most spread interregional network
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Fig. 4. Interregional networks for each metabolite. Metabolites: NAA – N-acetylaspartate; Cho – choline; Cr – creatine; mIns – myo-Inositol and Glx – glutamate. 
Voxels of interest: lSM1 and rSM1– left and right sensorimotor cortex; preSMA –pre-supplementary motor area centered at the sagittal midline; lSTR and rSTR – left 
and right striatum; rIFG – right inferior frontal gyrus; and OCC – occipital cortex centered at the sagittal midline. 

Fig. 5. Connectivity degree from interregional networks is shown for young and 
older adults. No correlations survived multiple comparisons correction for the 
Cr networks in both samples, nor for the Glx network in the older adult sample. 
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onnectivity with a higher number of connections (20 of 21 interactions;
 ≤ 0.006; connectivity degree = 5.71, Fig. 4 ) and Glx the least (1 of 21
nteractions; p ≤ 0.007; connectivity degree = 0.28, Fig. 4 ). NAA (6 of
1, p ≤ 0.01; connectivity degree = 1.71, Fig. 4 ), Cr (6 of 21, p ≤ 0.01;
onnectivity degree = 1.71, Fig. 4 ), and mIns (6 of 21, p ≤ 0.007; con-
ectivity degree = 1.71, Fig. 4 ) were positioned in between. The most
requent associations were observed between the bilateral SM1 regions
for NAA, Cho, and Cr; all p ≤ 0.001), between OCC and lSM1, rSM1 and
STR (for NAA and Cho; all p ≤ 0.01) and between preSMA and rSM1,
STR and lSTR (for Cho and Cr; all p ≤ 0.006). 

When subdivided by age group, the main difference was observed
or Cho, showing a lower connectivity degree in older individu-
ls (young = 3.28, older = 2.28) ( Fig. 5 ). The connectivity degree
6 
as slightly lower for the Glx and mIns in older participants (Glx:
oung = 0.28, older = 0; mIns: young = 0.57, older = 0.28; Fig. 5 ). 

Among the statistical differences that survived FDR in interregional
ithin-metabolites correlations, older adults showed a stronger corre-

ation between the NAA concentrations of the bilateral SM1, and also
etween the mIns concentrations of the bilateral striatum and between
SM1 and lSTR (Table S2). 

.2.2. Neurometabolic associations within regions 

Fig. 6 depicts the intraregional cross-metabolites networks for the
ull sample. The correlation matrices from these networks and the net-
ork maps for young and older adults can be consulted in the Sup-
lementary Materials (Tables S4, S6 and S8; Fig. S3). The connectivity
egree for each of the intraregional cross-metabolites networks is dis-
layed in Fig. 7 for the two age groups. Older adults showed a higher in-
raregional metabolic connectivity in the preSMA. Although this pattern
as also observed in the bilateral SM1 and rIFG, significant correlation
ifferences among young and older adults were mostly observed in the
reSMA (after FDR; Table S2). As can be seen from Fig. 6 , intraregional
eurometabolic interactions for the whole sample were characterized
rimarily by significant correlations among Cho, NAA, and Cr in all
oxels except for OCC. These interactions followed a triangle graph fash-
on, i.e., each of the three neurometabolites was significantly correlated
ith the other two neurometabolites (except in RIFG where NAA and
ho levels were not correlated). Other connections were observed for
AA-mIns-Cr (lSM1, lSTR, preSMA, and rIFG) and NAA-Glx-Cr (lSTR,
reSMA, rIFG). To determine whether pairwise correlations within the
ho-NAA-Cr intraregional associations were masked by common corre-

ations with the third metabolite we calculated the partial correlations
or NAA-Cho, Cho-Cr, and NAA-Cr while controlling for Cr, NAA, and
ho, respectively (Table S9). In all seven voxels, we observed signifi-
ant positive correlations for Cho-Cr when controlling for NAA (all Rs
 0.58) and NAA-Cr when controlling for Cho (all Rs > 0.61); all uncor-

ected ps < 0.001. However, when controlling for Cr, the correlations
etween NAA and Cho turned from significantly positive ( R = 0.52,
 < 0.001) to non-significant ( R = − 0.18, p = 0.21) in the lSM1 and
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Fig. 6. Intraregional cross-metabolite networks for the full sample. Voxels of interest: lSM1 and rSM1– left and right sensorimotor cortex; preSMA – pre-supplementary 
motor area centered at the sagittal midline; lSTR and rSTR – left and right striatum; rIFG – right inferior frontal gyrus; and OCC – occipital cortex centered at the 
sagittal midline. Metabolites: NAA – N-acetylaspartate; Cho – choline; Cr – creatine; mIns – myo-Inositol and Glx – glutamate. 

7 



G. Rodríguez-Nieto, O. Levin, L. Hermans et al. NeuroImage 266 (2023) 119830 

Fig. 7. Connectivity degree from intraregional cross-metabolite networks for 
young and older adults. 
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urned from positive (all Rs > 0.33 in rSM1 and rSTR) or non-significant
in rIFG and OCC) to significantly negative (all Rs < − 0.27) (all uncor-
ected ps < 0.05). Only the NAA-Cho correlations remained significant
n the preSMA and lSTR regions after controling for Cr (both Rs > 0.34,
 < 0.015). Our tentative conclusion is that interactions among Cho, NAA,
nd Cr may be driven primarily by levels of Cr. 

. Discussion 

We examined the effect of typical aging on the neurochemical orga-
ization of the brain by exploring the associations among neurometabo-
ites (NAA, Cho, Cr, Glx, and mIns) within and across a set of brain re-
ions including the bilateral sensorimotor cortices (lSM1 and rSM1),
he bilateral striatal areas (lSTR and rSTR), the preSMA, the rIFG,
nd the OCC. In line with previous studies, we found lower levels of
AA and higher levels of Cho and mIns across different regions in
lder participants (for a review see Cleeland et al. 2019 ). Our net-
ork analysis uniquely revealed that older adults had a stronger intrare-
ional neurometabolic connectivity, suggesting the co-participation of
hese metabolites in neurodegenerative and possibly de-segregation pro-
esses. Choline showed to be strongly correlated across different brain
egions in young and older participants while NAA, Cho and Cr were
ommonly interrelated within different brain regions. Taken together,
hese findings suggest a moderate age-related difference in the neuro-
hemical organization of the brain. 

.1. Effects of aging on neurometabolic concentrations 

In line with previous findings our observations showed lower lev-
ls of NAA and higher levels of Cho and mIns in older participants
cross different brain regions ( Cichocka and Bere ś , 2018 ; Cleeland et al.,
019 ; Marjanska et al., 2017 ; Sailasuta et al., 2008 ; Suri et al., 2017 ;
ang et al., 2014 ). These neurometabolic differences are thought to re-
ect age-related neuronal density decrease and demyelination (NAA),

ncreased glial cell activity (mIns), and membrane alterations (Cho),
mong others (e.g., Chiu et al. 2014 , Ding et al. 2016 , Eylers et al. 2016 ,
arcía Santos et al. 2010 , Lind et al. 2021 , Moffett et al. 2007 ,
ints et al. 2022 , Weerasekera et al. 2020 , for a review see Cleeland
t al. 2019 ). 

In our study, the age-related differences of NAA were more promi-
ent in the bilateral SM1 and OCC cortices. NAA has been related to
euronal mitochondrial function, myelin turnover and neuronal density
 Moffett et al., 2007 ; Paslakis et al., 2014 ). Consequently, the observed
ifferences in NAA may be related to functional changes in neural bioen-
8 
rgetic demands and/or decreased neuronal density. Choline was con-
istently higher across regions in the older as compared to the young
dults, with the exception of OCC where both groups did not differ. The
ho concentrations observed from MRS have been partially attributed to
ell membrane breakdown ( Katz-Brull et al., 2002 ) and elevated Cho in
he aging brain appears to be a marker of brain inflammation, demyeli-
ation, gliosis and cognitive decline ( Harris et al., 2014 ; Lind et al.,
020 ; Vints et al., 2022 ). Finally, mIns was consistently higher in the
lder adults across all regions, although the difference was only signif-
cant in lSM1, preSMA and rIFG. This regional specificity may indicate
hat the increase in mIns is related to differences in local functional
roperties. mIns is a growth promoting factor and osmoregulator, used
s a therapeutic agent in a wide range of diseases ( Chhetri, 2019 ). Its
ncreased presence in the aging brain might possibly be reflective of
 compensatory mechanism to counterbalance neurodegenerative pro-
esses, which might be more accentuated in regions that are engaged
n daily crucial activities (e.g., movement and cognitive control). More
esearch is needed to confirm this tentative interpretation. 

.2. Effects of aging on neurometabolic interregional networks 

Our working hypotheses assumed that older adults are prone to
volving into a more interconnected network which could be the out-
ome of general processes of brain dedifferentiation or common neu-
odegenerative or metabolic changes across multiple regions of the
rain. However, the data revealed that NAA, Cr, Glx and mIns levels
ere poorly related across different regions in both age groups. More-
ver, the few correlations found from these metabolites (between dif-
erent brain regions) were inconsistent between the two age groups.
he correlations among these metabolite concentrations across regions
hows a distinct dispersion across the brain rather than a uniform distri-
ution, thereby highlighting the importance of voxel selection in MRS
tudies and its consideration when comparing different studies for in-
estigating its relationship with behavioral functions. 

In contrast to these findings, Cho levels were highly correlated across
he different regions and in both age groups. As mentioned earlier, Cho
oncentrations were higher in older adults in most of the studied regions
nd the correlations of Cho levels across the brain were comparable in
oth age groups. This homogeneity appears to suggest that Cho concen-
rations are mainly related to global mechanisms in both age groups.
his global effect may be due to the fact that Cho is an essential com-
onent of all cell membranes ( Tayebati et al., 2015 ). Therefore, the fact
hat the Cho levels were significantly higher in older adults in almost
ll regions (except in OCC) may suggest an association with structural
ge-related differences rather than with functional ones, as the effect of
he latter (e.g., of choline as precursor of cholinergic neurotransmission)
ould be expected to be local ( Schliebs and Arendt, 2011 ). In concor-
ance with this, higher levels of Cho are generally considered to be the
esult of membrane breakdown ( Klein, 2000 ). 

We found that the older adults showed a significantly stronger cor-
elation of NAA concentrations between the bilateral SM1. As previ-
usly mentioned, NAA concentrations were significantly lower in older
dults in the bilateral sensorimotor cortex. NAA is related to bioener-
etic metabolism in neurons and N-acetyl-aspartyl-glutamate (NAAG)
also measured under the NAA spectrum- is a neuromodulator and pre-
ursor of glutamate and NAA ( Moffett et al., 2007 ; Castellano et al.,
012 ). Remarkably, the hemispheric lateralization of movement control
bserved in young individuals diminishes with age ( Hutchinson et al.,
002 ; Inuggi et al., 2011 ) and a reduction in interhemispheric interac-
ions has been suggested ( Coppi et al., 2014 ; Mayhew et al., 2022 ). Thus,
he decrease of NAA in the bilateral SM1 may be associated with these
ifferences and the observed correlation between both areas in older
dults but not young adults may be related to the bi-lateralization of
ovement control, possibly reflecting dedifferentiation processes. Al-

ernatively, the synchronous NAA decrease in bilateral SM1, could be
lso reflective of demyelination or changes in osmoregulatory processes
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w  
 Moffet et al., 2007 ). These explanations are not mutually exclusive;
owever, we cannot infer causal or directional links nor exclude other
ossible mechanisms. 

We also observed that older adults showed a significant and positive
orrelation of mIns concentrations between the bilateral striata, which
as absent in young adults. Interestingly, the mIns absolute concentra-

ions were not significantly different among young and older adults in
he striata. Thus, although the mIns levels are not different among the
wo age groups, the correlation in the bilateral striatum in older adults
ould be indicative of a change in the mIns dynamics distinctive for late
dulthood. As mentioned earlier, mIns could possibly be reflective of
ompensatory mechanisms during neurodegeneration. 

.3. Effects of aging on neurometabolic associations within regions 

Although we did not detect major age-related differences in inter-
egional connectivity, we observed differences in intraregional connec-
ivity. In older adults, the different metabolites showed a higher inter-
elation among each other within the bilateral SM1, the rIFG and the
reSMA. Nonetheless, the most prominent differences were found in the
reSMA. Here, the Glx levels from the older sample showed a higher
elation with Cr, mIns and NAA. This observation may suggest an in-
reased involvement of Glx in metabolic pathways, such as those refer-
ing to NAA synthesis ( Moffett et al., 2007 ), which could be triggered as
 compensatory reaction to decreased expressions of NAA, NAAG and
lutamate in the aging brain ( Chiu et al., 2014 ). Another explanation is
hat age-related changes in the preSMA function (e.g., Coxon et al. 2016 ,

eerasekera et al. 2020 ) are associated to glutamatergic metabolic pro-
esses, either as a compensatory mechanism to preserve functionality or
s a consequence of functional alterations. These tentative perspectives
equire further experimental verification. 

We also observed an association between NAA and Cr across regions,
hich suggests their participation in common metabolic processes. We
id not observe differences in the NAA-Cr associations between young
nd older, suggesting that this association is rather stable across adult-
ood and across regions. The NAA-Cr ratio has shown to be a diagnos-
ic marker of long-term outcome in patients with stroke and hypoxia
 Ross et al., 1998 ; Parsons et al., 2000 ). It is possible that the NAA-Cr
elationship underlies the basal energetic demands of neurons and glia,
s both metabolites are present in both types of cells ( Urenjak et al.,
993 ). 

In the full sample and in the older adults only, NAA and Cr concen-
rations were commonly associated with Cho as well. In the full sample,
he Cho-Cr relationship was observed in all areas, and remained stable
fter controlling for NAA. In both age samples, the Cho-Cr relationship
as present in the lSTR and in the preSMA. However, whereas the Cho-
r correlation was strong in the bilateral sensorimotor cortices and rIFG

n older participants, this relationship was absent in the younger adults
although this difference only remained significant in lSM1 after multi-
le comparisons correction). As Cr is involved in the generation of ATP,
t is possible that the metabolic process underlying the Cho-Cr relation-
hip relates to cholinergic communication (in contrast to structural dif-
erences which presumably relate mostly to Cho alone) either through
cetylcholine transmission or neuromodulation. Therefore, age-related
ifferences in the Cho-Cr relationship may reveal compensatory and/or
daptive mechanisms related to overcoming declines in movement con-
rol. For example, a previous study has shown that cholinergic deficits
n sensorimotor areas are related to gait disturbances and an increased
isk of falling in older adults ( Pelosin et al., 2016 ). 

The association between NAA and Cho was not stable across regions.
hen controlling for Cr levels, the NAA-Cho relation was no longer sig-

ificant in the left SM1 and became a negative association in right SM1,
ight STR, rIFG and OCC in the full sample. In addition, the NAA-Cho
ssociation was more frequently observed in the older group, although
he correlation difference between young and older individuals was only
ignificant in the rSM1. It is possible that NAA and Cho commonly re-
9 
ate to Cr due to their co-participation in bioenergetic mechanisms. But
hen this common association with Cr is controlled for, the higher lev-
ls of NAA -an indicator of neuronal integrity- and low levels of Cho -an
ndicator of membrane breakdown- may indicate structural changes spe-
ific to the regions with negative correlations (right SM1, right STR, rIFG
nd OCC). Importantly, our findings are based on correlations account-
ng for GM, WM and CSF volumes. Thus, it is expected that age-related
ifferences in these tissue volumes may not be the main contributing
actors underlying the neurometabolic differences reported here. 

.4. General considerations and imitations 

The present study is considered to be explorative and -to our best
nowledge- involves an approach not used before, i.e., the implemen-
ation of network analyses to examine relationships among metabolites
cross different brain regions. Therefore, the interpretations of some of
ur results are tentative and should be considered with caution, given
he limited literature that is currently available on this topic. Future mul-
imodal and longitudinal studies and further technological advances in
RS are required to test the preliminary interpretations proposed here.

Furthermore, we emphasize that the correlations among metabolites
oncentrations strongly suggest common underlying properties, either
hysiological or structural. We have suggested one or the other accord-
ng to the current knowledge in the field. As it currently stands, it is not
ossible to know with certainty which sort of mechanisms those metabo-
ites are predominantly involved in when measured by MRS. However,
he present approach may constitute and advance in our understanding
f the properties and role of particular metabolites (e.g., involvement in
ocal/global mechanisms, metabolites interactions, etc.). The introduced
etabolic network approach may help elucidate physiological proper-

ies across development and pathologies that are not reachable through
he use of other neuroscientific methods to study the human brain in
ivo . 

So far, it is not possible to acquire MRS measurements from remote
rain regions simultaneously. The acquisition of the MRS at different
ime points for each of our voxels of interest and the strength of the ob-
erved correlations (revealing consistent co-variation across individuals)
uggest that the relationships portrayed within the network analyses un-
erlie commonalities in stable properties (either physiological or struc-
ural) and are not expected to be state-dependent. Other approaches,
uch as MRSI may be more suitable to test state-dependent metabolic
etworks. In addition, although MRSI has the limitation of not being
ble to measure remote brain areas, one advantage is a reduced voxel
ize limiting the diversity of structures and tissues (as compared to sin-
le voxel MRS), which may also be considered in future studies. 

This study found a poor metabolic connectivity of Glx which may
e due to a modest signal obtained from the present MRS sequence
MEGAPRESS, TE = 68). In addition, given the excitatory function of
his metabolite, it is expected that its concentrations adapt according
o temporary states, therefore, future protocols may address the state-
ependent connectivity of this metabolite. 

Although our sample size is limited, the age-related differences in
etabolites concentrations replicated previous findings ( Section 4.1 ).
oreover, the network analyses only comprised strong correlations,
hich survived multiple comparisons correction and that were con-

rolled for outliers. Similarly, when comparing the correlation coeffi-
ients between age groups, we also applied multiple comparisons cor-
ection. Although our conclusions were drawn from robust findings, a
imited sample size also leads to an increased risk of Type II errors and
ur study may have been limited in detecting further age-related differ-
nces. 

. Conclusion 

We investigated age-related differences in metabolite concentrations
ithin and across distinct regions of the brain through a network ap-
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roach. Besides neurochemical differences, the comparison between the
oung and older groups revealed a higher intraregional neurometabolic
onnectivity in older adults (local effect) but minor changes in inter-
egional neurometabolic connectivity (global effect). From a local per-
pective, the correlation among different metabolites within a particular
egion or node suggests the common involvement of those neurochemi-
als in a particular biochemical process. In this respect, we suggest that
ome of the differences between the network metrics of young and older
dults in focal brain regions may be indicative of, or attributed to neu-
odegenerative or compensatory mechanisms in the aging brain. 
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