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A B S T R A C T

Aging is associated with gradual alterations in the neurochemical characteristics of the brain, which can be
assessed in-vivo with proton-magnetic resonance spectroscopy (1H-MRS). However, the impact of these age-
related neurochemical changes on functional motor behavior is still poorly understood. Here, we address this
knowledge gap and specifically focus on the neurochemical integrity of the left sensorimotor cortex (SM1) and the
occipital lobe (OCC), as both regions are main nodes of the visuomotor network underlying bimanual control. 1H-
MRS data and performance on a set of bimanual tasks were collected from a lifespan (20–75 years) sample of 86
healthy adults. Results indicated that aging was accompanied by decreased levels of N-acetylaspartate (NAA),
glutamate-glutamine (Glx), creatine þ phosphocreatine (Cr) and myo-inositol (mI) in both regions, and decreased
Choline (Cho) in the OCC region. Lower NAA and Glx levels in the SM1 and lower NAA levels in the OCC were
related to poorer performance on a visuomotor bimanual coordination task, suggesting that NAA could serve as a
potential biomarker for the integrity of the motor system supporting bimanual control. In addition, lower NAA,
Glx, and mI levels in the SM1 were found to be correlates of poorer dexterous performance on a bimanual
dexterity task. These findings highlight the role for 1H-MRS to study neurochemical correlates of motor perfor-
mance across the adult lifespan.
1. Introduction

Normal aging is associated with gradual alterations in structural and
neurochemical characteristics of the brain, the latter of which can be
assessed in-vivo by the application of proton-magnetic resonance spec-
troscopy (1H-MRS). Changes in the regional levels of N-acetylaspartate
(NAA), choline (Cho), myo-inositol (mI), gamma-aminobutyric acid
(GABA), and glutamate-glutamine complex (Glx) have been identified as
potential biomarkers of disease progression in neurodegenerative
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disorders and dementia (Ben Salem et al., 2008; Block et al., 1998;
Bonneville et al., 2002; Ding et al., 2008; Duarte et al., 2012; Kalra et al.,
2006; Kantarci et al., 2007; Weerasekera et al., 2018; Zanigni et al.,
2015). In healthy human volunteers, in-vivo quantification of brain
neurometabolites with 1H-MRS typically shows age-related declines in
regional levels of multiple neurometabolites, including NAA, Glx, crea-
tineþ phosphocreatine (Cr), and GABA and increases in the levels of Cho
and mI (Boumezbeur et al., 2010; Ding et al., 2016; Gao et al., 2013;
Grachev and Apkarian, 2001; Grachev et al., 2001; Haga et al., 2009;
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Hermans et al., 2018a; Maes et al., 2017; Porges et al., 2017; Valenzuela
et al., 2000; Zahr et al., 2013). These alterations may play a pivotal role
as mediators of progressive performance declines observed during aging
in an apparently healthy population.

Considering that neurochemical alterations could be indicative of
neurodegenerative processes at the neuronal network levels, one would
expect to find an association between age-related changes in the regional
levels of GABA, NAA, Cho, mI, and Glx (among other neurochemicals
and/or neurotransmitters) and degraded motor performance (Zahr et al.,
2013; Hermans et al., 2018b). However, very little attention has been
paid so far to the age-related declines in motor functioning, and in
complex motor tasks (e.g., bimanual coordination) in particular. The
current study will address this critical knowledge gap by examining the
associations between age-related changes in the integrity of neuro-
chemical systems in the left primary sensorimotor (SM1) and occipital
(OCC) cortical regions and performance changes across two specific
bimanual tasks: a visuomotor bimanual coordination task (BCT) and
bimanual Purdue pegboard task (PPT). Both tasks are useful for studying
the associations between neurodegenerative changes in the aging brain
and performance changes that could be attributed to suboptimal opera-
tion of the cortical visuomotor network underlying bimanual coordina-
tion (Fujiyama et al., 2016; King et al., 2017; Serbruyns et al., 2015; Sisti
et al., 2011). The SM1 and OCC were selected on the basis of previous
task-related fMRI studies on bimanual tracking tasks under visual guid-
ance (e.g., Beets et al., 2015; Santos Monteiro et al., 2017), showing that
both regions are principal nodes of the sensorimotor system supporting
visuomotor control.

In an early study of our group using a variant of the BCT (Fujiyama
et al., 2016), we demonstrated that older adults who showed perfor-
mance declines in more difficult bimanual conditions also showed a
decreased ability to regulate the interaction between dorsolateral pre-
frontal cortex and the primary motor cortex (M1). In line with these
findings, we expected that (1) lower Glx levels in the sensorimotor voxel
will be related to decreased performance on BCT as both excitatory and
inhibitory interactions between M1 and other brain regions are expected
to rely primarily on activation of glutamatergic transmission (Chen,
2004; Levin et al., 2014; Liuzzi et al., 2010; Perez and Cohen, 2008). In
addition, we expected that (2) age-related performance declines in BCT
(and bimanual PPT) will be related to decreases in the level of NAA,
which is generally considered to be associated with GM loss (Ding et al.,
2016) and WM microstructural declines (Grossman et al., 2015; Wij-
tenburg et al., 2013) that may hinder bimanual control. Finally, we ex-
pected that (3) higher levels of Cho and mI would be related to poorer
performance on both tasks, since increased concentrations of these me-
tabolites have been associated with cerebral infarction under various
neuropathological conditions or diseases (Soares and Law, 2009). How-
ever, there is a certain degree of controversy in the literature regarding
the effects of normal healthy aging on mI and Cho concentrations
(Cichocka and Bere�s, 2018; Cleeland et al., 2019). Therefore, it was not
possible to form clear hypotheses about the nature of the relationship
between age-related changes in regional concentrations of mI or Cho and
performance on the two bimanual tasks.

2. Methods

2.1. Participants

We included 106 healthy, right-handed (Oldfield, 1971) adults (age
range 20.0–74.5 years, 49 women) that were from the same pool of
participants as in King et al. (2017). All participants had no past or
present history of neurological or psychiatric disorders, no
contra-indications for magnetic resonance imaging (as indicated in the
guidelines of the University Hospital Leuven), normal or corrected to
normal vision, and reported no consumption of psychoactive medications
at the time of the experiment. The experimental protocol was approved
by the local medical ethics committee (University Hospital Leuven; MEC
2

reference S58441), and a written informed consent was obtained from
each of the participants prior to his/her inclusion in the study. Fifteen of
the 106 participants were excluded from the final analyses due to missing
data and/or poor quality of MRI/MRS acquisition. Two participants
voluntarily withdrew from the study before completion of the protocol,
and one participant reported changes in medication/health status during
the experiment. Finally, two participants were considered statistical
outliers (defined as >2 SD from the average score of participants greater
than 50 years of age) on the Montreal Cognitive Assessment (MoCA)
(Nasreddine et al., 2005). Data for final analyses were obtained from 86
participants. MoCA scores (Mean� SD) of the included participants
greater than 50 years of age (n¼ 41) was 27.6� 1.7.

2.2. Procedure and data collection

The experimental protocol consisted of three experimental sessions;
see also King et al. (2017). The first session was used for screen-
ing/familiarization purposes, during which participants were informed
about the experiment, completed screening-related questionnaires and
assessments (i.e., health history, MRI contraindications, MoCA, etc.), and
executed familiarization blocks of practice on the bimanual coordination
task (BCT) while positioned supine in a mock MRI scanner (see below for
BCT details). The subsequent two sessions consisted of MRI scanning and
were completed at the University Hospital of KU Leuven. The first
scanning session consisted of a standard scanning protocol, including the
acquisition of a high-resolution T1-weighted structural image and
1H-MRS (see below for scan acquisition details). The second scanning
session was completed approximately one week following the first and
consisted of 9 runs of the BCT while functional MR images were obtained
(task-related imaging data not presented here). The Purdue Pegboard
task was performed outside the scanner and was administered either in
the first or the second testing sessions (immediately before or immedi-
ately after the MRI scanning).

2.3. Motor tasks

2.3.1. Purdue pegboard task (PPT)
This task consists of manipulating a maximumnumber of small pins in

two vertical columns with pinholes on a board, within a 30-sec time
period (Desrosiers et al., 1995; Tiffin and Asher, 1948, see also Serbruyns
et al., 2015). The task was performed with the right hand, left hand, and
with both hands simultaneously (in the bimanual condition). Each of the
three subtasks was repeated three times. Before starting, the participants
were allowed to practice with four pairs of pins. The dependent variable
was the average number of pairs inserted during the three bimanual
trials.

2.3.2. Bimanual coordination task (BCT)
The BCT and corresponding data have been previously reported (see

King et al. (2017) and supplemental materials for a more detailed
description of the task). Briefly, participants were positioned supine in
the MRS scanner with a non-ferromagnetic device placed on their laps.
The device contained two dials (5 cm diameter) to be rotated by the two
hands in order to control the movement of a single cursor. The left and
right hands controlled movements along the vertical and horizontal axes,
respectively. When the left-hand dial was rotated clockwise (CW), the
cursor moved up, whereas the cursor moved down when the left-hand
dial was rotated counterclockwise (CCW). CW and CCW movements of
the right-hand dial resulted in movements to the right and left, respec-
tively. Angular displacements of the dials were registered with
non-ferromagnetic high precision optical shaft encoders (HP, 2048 pulses
per revolution, sampling frequency of 100Hz), which were fixed to the
movement axes of both dials. Visual information depicting task stimuli
and feedback were shown on a LCD projector, visible via a mirror placed
in front of the eyes. Four different movement trajectories were included
in order to modulate task complexity (see Supplemental Fig. S1). The first
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two trajectories required participants to follow a diagonal line on the
screen but differed in terms of the slope of the line and thus the relative
velocities (i.e., frequency ratios) at which the two hands had to rotate in
order to appropriately perform the task. The third condition required the
two hands to follow a V- or inverted-V shaped pattern (equal number of
trials per block) in which participants had to change the direction or
angle of their movement. Last, participants had to abruptly alter di-
rections in a zigzag manner. This Abrupt pattern was either oriented
horizontally or vertically (equal number of trials per block). Each BCT
Fig. 1. Primary sensorimotor (SM1) (A) and occipital cortex (OCC) (B) voxels and th
years old cohort, n¼ 23; red curve) and older (65–75 years old cohort, n¼ 20; black
levels are provided in Supplemental Table S1.

3

session contained eight blocks, with each block consisting of 24 trials (six
per movement trajectory) and lasting approximately 6min. Movement
accuracy was the primary measure and reflected the percentage of
overlap between the target and the participant’s trajectory. Since
movement accuracy on all movement trajectory conditions significantly
declined with age (King et al., 2017), the dependent variable in this study
was taken as the average movement accuracy score collapsed over all
BCT blocks and the four movement trajectories.
eir corresponding group averaged spectra from the subgroup of younger (20–35
curve) participants. Group means and variability measures of neurometabolite
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2.4. Brain imaging and 1H-MRS

All scanning sessions were conducted using a Philips 3T Achieva
Magnetic Resonance scanner (Philips Healthcare, The Netherlands) with
a 32-channel receiver head coil. A high-resolution T1-weighted structural
MR image (repetition time (TR)¼ 9.6ms, echo time (TE)¼ 4.6ms,
0.98� 0.98� 1.2mm3 voxels, field of view: 256� 256� 160) was used
to acquire a 3D magnetization prepared gradient echo (MPRAGE). 1H-
MR spectra were acquired in two voxel locations, namely the left
sensorimotor cortex (SM1) (Fig. 1A) and occipital cortex (OCC) (Fig. 1B)
which are parts of the visuomotor system. MRS data were acquired using
a PRESS sequence (TR¼ 2000ms, TE¼ 22ms, number of aver-
ages¼ 128, spectral bandwidth¼ 2000Hz, data size¼ 1024 points) with
excitation water suppression. The voxel size was 1.5� 1.5� 1.5 cm3 in
both the sensorimotor and occipital cortex voxels. The sensorimotor
voxel (SM1) was centered over the left hand-knob, parallel to the anterior
and posterior axis (Yousry et al., 1997), and was rotated in the coronal
and sagittal planes to align with the external surface of the brain
(Greenhouse et al., 2016). The occipital voxel (OCC) was centered on the
median line, aligned with the cerebellar tentorium in the sagittal plane,
and positioned as posteriorly as possible. The unsuppressed water signal
was also acquired for absolute metabolite quantification using the same
acquisition parameters, except for number of averages¼ 16. MR spectra
were processed using jMRUI v6.0 (Stefan et al., 2009) and the in-house
developed software SPID (Poullet et al., 2007). Signal-to-noise ratios
(SNR) were determined by jMRUI QUEST in time-domain (maximum of
FID/standard deviation of FID tail). Only spectra with linewidths less
than 10 Hz or SNR greater than 5 were included for quantification.
Spectra were also visually checked to ensure the absence of artefacts. The
excluded data were eliminated from further processing. Metabolite sig-
nals and corresponding non-suppressed water signals were quantified
using peak integration in SPID. Averaged spectra from young (20–35
years) and old (65–75 years) participants are shown in Fig. 1 (for group
means and variability measures of neurometabolite levels see Supple-
mental Table S1). Water-referenced concentrations of NAA, Glx, Cr, Cho,
mI and Taurine (Tau) were quantified for each voxel location. Quality
control of scanner performance was performed regularly (see also Van
Cauter et al., 2013).

The MPRAGE T1-weighted MR images, acquired for the localization
and placement of the MRS voxels were segmented with a statistical
parametric mapping approach using SPM8 (http://www.fil.ion.ucl
.ac.uk/spm/). Voxel registration was performed using custom-made
scripts developed in MATLAB (The MathWorks, Natick, Massachusetts,
USA) by Dr. Nia Goulden (Bangor University Wales, UK), which can be
accessed at http://biu.bangor.ac.uk/projects.php.en (Sanaei Nezhad
et al., 2017). Using the T1-weighted MR image and the orientation and
location information from the Philips SPAR files, the scripts generate a
mask of the voxel location, which is then used to calculate the partial
volumes of gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) percentages within the voxel. The segmented tissue fractions
were then used to correct for metabolite concentrations quantified using
SPID for differences in CSF content according to Gasparovic et al. (2006).
T1 and T2 values used in our study were 1331ms, 832ms, and 3817ms
(T1) and 110ms, 79ms, and 503ms (T2) for GM, WM and CSF, respec-
tively. Metabolite relaxation times that were used for calculating the final
corrected metabolite concentrations were taken from previous studies
(Wansapura et al., 1999; Tr€aber et al., 2004).

2.5. Statistical analysis

Associations between performance measures and brain neuro-
metabolites were examined using regression analyses. Variables of in-
terest were the average numbers of pairs inserted during performance of
the bimanual variant of the PPT, average accuracy (collapsed across
blocks, trials and conditions) on the BCT and estimated (water-refer-
enced, tissue-corrected) concentrations of NAA, Glx, Cho, Cr, mI, and Tau
4

in the SM1 and OCC regions.
Correlation analyses (Pearson’s R) were used to evaluate the bivariate

correlation between each neurometabolite and performance as well as
age. To adjust for multiple correlation tests, we employed Bonferroni
corrections as follows: (1) A corrected value of p< 0.0042 (¼ 0.05/12)
was set as significance threshold for correlations between age and con-
centrations of NAA, Glx, Cho, Cr, mI, and Tau in SM1 and OCC (resulting
in 12 correlation tests; i.e., 6 metabolites in 2 voxel locations correlated
with age); (2) A corrected value of p< 0.0021 (¼ 0.05/24) was set as
significance threshold for correlations between performance on the two
coordination tasks and concentrations of NAA, Glx, Cho, Cr, mI, and Tau
in SM1 and OCC (resulting in 24 correlation tests; i.e., BCT and PPT
performance scores correlated with 6 metabolites in 2 voxel locations).

A Fisher r-to-z transformation was used for comparison between
correlations. Note that to control for any potential confounding influence
of voxel composition, we conducted secondary correlational analyses
nearly identical to that described above but using tissue composition
within the voxel or age as covariates (i.e., partial correlations). Results
are shown in Supplemental Table S2 (for partial correlations between the
tested neurometabolites and age with voxel composition GM and WM as
covariates) and Supplemental Table S3 (for partial correlations between
neurometabolites and performance with age as a covariate).

Finally, we employed multiple regression analyses to determine the
unique variance contributed by specific (putative) neurometabolites to
the performance of the PPT and BCT. Putative (candidate) neuro-
metabolites were first selected based on the results of the Pearson’s
correlation tests and were entered into the regression model if they were
significantly correlated with performance and/or age, with exception of
Cr which is considered to be a marker of energy metabolism (Soares and
Law, 2009). The selected neurometabolites were then removed from the
model in a subsequent stepwise step, using the default threshold of
p¼ 0.01 to either remove or enter a variable into the model. The same
backward stepwise selection process was repeated with no a priori se-
lection of included metabolites (i.e., entering all six neurometabolite in
both SM1 and OCC as potential independent variables) in order to ensure
that the methodological choice described above did not influence the
results. Results of the multiple regression models using the full set of
neurometabolites (including Cr) are summarized in Supplemental
Table S4 (for PPT) and Supplemental Table S5 (for BCT). All statistical
analyses were performed using STATISTICA v13.4 (TIBCO software Inc).

3. Results

3.1. Age-related bimanual performance declines

Our observations revealed significant negative correlations between
age and performance on both bimanual tasks, indicating a general
decline in coordination abilities with age. Fig. 2A shows the correlation
between age and performance scores on the PPT (r¼�0.51; p< 0.001)
and Fig. 2B shows the correlation between age and performance scores
on the BCT (r¼ - 0.73; p< 0.001). Finally, the BCT performance scores
positively correlated with the performance scores obtained on the PPT
(r¼ 0.38; p< 0.001). However, the partial correlation between the two
performance scores with age inserted as a covariate was not significant
(partial-r¼ 0.00, p> 0.9), indicating that the two tasks were not related
to each other after factoring out the variance explained by age.

3.2. Age-related neurometabolite changes

Plots showing the linear regressions between age and the tissue-
corrected concentrations of the six neurometabolites in SM1 and OCC
regions are shown in Fig. 3. Bonferroni corrected α-level was set to
p� 0.0042. Significant negative correlations between age and neuro-
metabolite concentrations in the SM1 were found for NAA (r¼�0.43,
p< 0.001), Glx (r¼�0.32, p¼ 0.003), and Cr (r¼�0.33, p¼ 0.002)
(Fig. 3A). Significant negative correlations between age and
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Fig. 2. Linear-regression plots of performance levels by age (n¼ 86). (A) Per-
formance on the Purdue Pegboard Test (PPT), showing the average number of
pairs inserted. (B) Performance on the Bimanual Coordination Task (BCT),
showing the accuracy scores collapsed over all BCT sessions and the four
movement trajectories.
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neurometabolite concentrations in the OCC were found for NAA
(r¼�0.43, p< 0.001), Glx (r¼�0.37, p< 0.001), Cr (r¼�0.36,
p¼ 0.001), and Cho (r¼�0.31, p¼ 0.004) (Fig. 3B). The remaining
correlations did not reach statistical significance after correction for
multiple comparisons (SM1: Cho, mI, and Tau (all ps� 0.023); OCC: mI,
and Tau (both ps� 0.007)). Age-related trajectories were relatively
similar across the various metabolites, as a significant difference between
the age-related changes in concentration (i.e., correlation coefficients)
was only revealed for SM1 NAA (r¼�0.43) and SM1 Tau (r¼�0.09);
Fisher r-to-z transformation: z¼�2.38, p¼ 0.009 (otherwise all | z
|� 1.56, p> 0.05). Finally, results of partial correlations with SM1 or
OCC gray or white mater fractions as covariates revealed a nearly iden-
tical pattern of results (see Supplemental Table S2; Fisher r-to-z trans-
formation: all | z | < 0.3, p > 0.4), suggesting that changes in
concentrations with age cannot be explained by age-related changes in
voxels’ tissue composition. Note, however, that significant changes in
voxel tissue composition with age occurred only in the GM of the SM1
voxel (r¼�0.24, p¼ 0.026); for details, see Supplemental Fig. S2.
3.3. Relationship between MRS metrics and motor performance

3.3.1. Relationship between MRS metrics and motor performance on PPT
Results of the correlation (Pearson) analyses revealed significant

positive associations between PPT performance and SM1 levels of NAA
(r¼ 0.39, p< 0.001), Glx (r¼ 0.34, p¼ 0.001), Cr (r¼ 0.42, p< 0.001),
and mI (r¼ 0.41, p< 0.001) (see Fig. 4A and Supplemental Table S3;
Bonferroni-corrected α-level was set to p� 0.0021). Among these, only
5

the correlation between performance on the PPT and SM1 level of mI was
robust to partial correlation with age (partial-r¼ 0.34, p¼ 0.003); see
Supplemental Table S3. However, Fisher r–to-z transformations showed
no significant differences between non-age adjusted and age-adjusted
correlation coefficients (all | z |� 1.21, p> 0.1). In addition, no signifi-
cant differences between correlation coefficients were found for any of
the six metabolites in the two voxel locations (all | z |� 1.28, p> 0.1).
Taken together, results of the correlation analyses suggested that per-
formance declines on the PPT could be attributed, primarily, to the
proportionately lower concentrations of SM1 NAA, Glx, and mI.

The multiple-regression model including the six neurometabolites
showing significant correlations with age and/or performance (i.e., SM1
NAA, SM1 Glx, SM1mI, OCCNAA, OCC Glx, and OCC Cho) revealed that,
collectively, the six selected neurometabolites explained 22.3% of the
variance in performance on the PPT. However, none contributed inde-
pendently (see Table 1). Using the stepwise regression procedure on the
same subset of neurometabolites revealed that the SM1 mI (t(84)¼ 4.10,
p< 0.0001) was shown to be a significant and independent predictor of
PPT performance, accounting for 16.7% of the variance (Table 2). A more
detailed examination of the results indicated, however, that OCC Cho
accounted for 5.4% of the variance in performance. The collective
contribution of Glx and NAA in both voxel locations to the performance
on the PPT was negligible (explained less than 1% of the variance).
Nearly similar observations were obtained when all 12 predictors (i.e.,
NAA, Glx, Cr, Cho, mI, and Tau in both voxel locations) were entered into
the stepwise regression procedure. Note, however, that here SM1 Glx
accounted for 3.9% of the variance in performance whereas the
remaining nine neurometabolites collectively accounted for 7% of the
variance (see Supplemental Table S4).

3.3.2. Relationship between MRS metrics and motor performance on BCT
For the BCT, significant positive associations were observed between

the average accuracy scores and SM1 levels of NAA (r¼ 0.37, p< 0.001)
and Glx (r¼ 0.32, p¼ 0.002), and OCC levels of NAA (r¼ 0.33,
p¼ 0.002) (see Fig. 4B). These relationships, however, were not robust to
partial correlations with age as a covariate; all partial-r � 0.31,
ps> 0.005 (see Supplemental Table S3). Significant differences between
non-age adjusted and age-adjusted correlation coefficients were found
for SM1 NAA (non-age adjusted r¼ 0.37 versus age-adjusted partial
correlation r¼ 0.08; Fisher r–to-z transformations: z¼ 1.95, p¼ 0.026)
and OCC NAA (non-age adjusted r¼ 0.33 versus age-adjusted partial
correlation r¼ 0.02; Fisher r-to-z transformation: z¼ 2.08, p¼ 0.019)
but not for SM1 Glx (non-age adjusted r¼ 0.32 versus age-adjusted
partial correlation r¼ 0.14; Fisher r-to-z transformation: z¼ 1.25,
p> 0.1). The aforementioned finding suggests that the significant asso-
ciation between MRS metrics and motor performance on the BCT is
largely driven by age.

The multiple-regression model including the five neurometabolites
showing significant correlations with age and/or performance (i.e., SM1
NAA, SM1 Glx, OCC NAA, OCC Glx, and OCC Cho) revealed that,
collectively, the five selected neurometabolites explained 21.2% of the
variance in performance on the BCT. However, none contributed inde-
pendently (see Table 3). Using the stepwise regression procedure on the
same subsets of neurometabolites revealed that the SM1 NAA was a
significant and independent predictor of BCT (t(84)¼ 3.64, p¼ 0.0005),
contributing 13.6% to the variance in performance (Table 4). Further
examination of the results indicated that NAA OCC accounted for 6.00%
of the variance whereas the collective contribution to the variance of the
three remaining neurometabolites (i.e., SM1 Glx, OCC Glx, and OCC Cho)
was less than 2%. Similar observations were obtained when all 12 pre-
dictors were entered into the stepwise regression procedure (see Sup-
plemental Table S5).

4. Discussion

The main objective of the current study was to correlate



Fig. 3. Linear-regression plots of metabolite levels by age in primary sensorimotor (SM1) (A) and occipital cortex (OCC) (B) voxels. (B). Abbreviations: i.
u.¼ institutional units; N-acetylaspartate; Glx¼ glutamate-glutamine complex; Cr¼ creatine þ phosphocreatine; Cho¼ choline; mI¼myoinositol; Tau¼ Taurine. The
correlation coefficients were considered significant when p-values were below the Bonferroni corrected threshold at p< 0.0042 (¼ 0.05/12), marginally significant
when p< 0.01, and not significant when p� 0.01. Significant correlations are highlighted in bold text.
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Fig. 4. (A) Linear-regression plots showing the neurometabolite correlates of Purdue Pegboard task (PPT) performance scores (i.e., average number of pairs inserted).
Illustrations are shown for SM1 NAA, Glx, and mI. (B) Linear-regression plots showing the neurometabolite correlates of Bimanual Coordination Task (BCT) per-
formance. Illustrations are shown for SM1 NAA and Glx and OCC NAA. See Supplemental Table S3 for correlations with the remaining neurometabolites. Abbrevi-
ations: i. u.¼ institutional units; N-acetylaspartate; Glx¼ glutamate-glutamine complex; mI¼myoinositol; SM1¼ sensorimotor voxel positioning; OCC¼ occipital
cortex voxel positioning. The correlation coefficients were considered significant when p-values were below the Bonferroni corrected threshold at p< 0.0021 (¼
0.05/24).

Table 1
Results of the multiple regression between performance measures on the Purdue Pegboard Task (PPT) and putative (selected) neurometabolite predictors.

R2 R2-Adj. F(6,79) β (SE) B (SE) t(79) p-value

0.233 0.175 4.008**
Intercept 4.29 (1.47) 2.922 0.0046
SM1 NAA 0.26 (0.32) 0.44 (0.52) 0.835 0.4062
SM1 Glx �0.26 (0.31) �0.33 (0.39) �0.839 0.4039
SM1 mI 0.38 (0.19) 1.48 (0.77) 1.936 0.0565
OCC NAA 0.05 (0.31) 0.06 (0.36) 0.172 0.8641
OCC Glx 0.09 (0.29) 0.08 (0.25) 0.311 0.7565
OCC Cho 0.09 (0.31) 0.38 (1.25) 0.301 0.7641

SM1¼ primary sensorimotor cortex; OCC¼ occipital cortex; NAA ¼ N-acetylaspartate; Glx¼ glutamate-glutamine complex; Cho¼ choline; mI¼myoinositol;
B¼ regression coefficient; β¼ standardized regression coefficient; SE¼ standard error; R2¼Multiple R2; R2-Adj¼Adjusted R2; *p < 0.05; ** p < 0.01; *** p < 0.001.
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neurometabolite and behavioral changes in a lifespan cohort. Our find-
ings provide novel evidence that neurometabolic changes in the aging
left sensorimotor cortex (SM1) are associated with age-related declines in
bimanual coordination skills. A first major observation was that (tissue-
corrected) levels of multiple neurometabolites in both the left sensori-
motor and occipital regions of the healthy human brain decreased
significantly with age. A second major observation was that lower NAA
levels in the left SM1 corresponded to poorer levels of performance on
the BCT, a visuomotor task that has shown associations with brain
structural and functional connectivity measures (Fujiyama et al., 2016;
King et al., 2017; Solesio-Jofre et al., 2014). Moreover, decreased per-
formance on the Purdue Pegboard task was predicted by lower levels of
mI in the SM1. Overall, our findings suggest that age-related alterations
of neurochemical levels in SM1 (specifically but not exclusively NAA and
mI) could serve as correlates of motor performance across the adult
7

lifespan.
4.1. Effects of age on neurometabolite levels in SM1 and OCC

Findings from the current MRS data showed an overall age-related
decrease in the concentration of NAA, Glutamate/Glutamine (Glx), and
Cr in both voxel locations. These changes could come along with reduced
GM and/or WM volume and/or neuronal loss (Ding et al., 2016; Eylers
et al., 2016). A significant age-related decline in Cho level was observed
only in the OCC voxel, whereas, for the remainingmetabolites, only weak
and/or moderate trends towards lower levels in older age (mI and Cho in
the SM1 voxel and mI and Tau in the OCC voxel) or no age effects at all
(SM1 Tau) were found. It should be noted, however, that trends towards
declining Cr, Cho, mI, and Tau are not supported by the partially con-
tradicting literature (Chiappelli et al., 2015; Cichocka and Bere�s, 2018;



Table 2
(A)Main neurometabolic predictors of motor performance obtained by stepwise regression between behavioral motor measures on the Purdue Pegboard Task (PPT) and
the putative (selected) neurometabolite predictors (NAA, Glx, and mI concentrations in the SM1 and NAA, Glx and Cho concentrations in the OCC). The significant and
independent predictor (SM1 NAA) is highlighted in bold text. (B) Summary of the stepwise (backward) regression steps. The removed neurometabolic predictors are
sorted from first (OCC NAA) to last (OCC Cho) out in the order of removal.

(A) R2 R2-Adj. F(1,84) β (SE) B (SE) t(84) p-value

0.167 0.157 16.81***
Intercept 5.87 (1.30) 4.526 0.0000
SM1 mI 0.41 (0.10) 1.60 (0.39) 4.100 0.0001

(B) Predictor R2 R2 - Change F –to enter/remove p –value

Combined 0.233
OCC NAA 0.233 �0.000 0.029 0.8641
OCC Glx 0.231 �0.002 0.177 0.6750
SM1 Glx 0.222 �0.009 0.933 0.3369
SM1 NAA 0.221 �0.002 0.161 0.6896
OCC Cho 0.167 �0.054 5.778 0.0185

SM1¼ primary sensorimotor cortex; OCC¼ occipital cortex; Combined¼ all selected neurometabolites; NAA ¼ N-acetylaspartate; Glx¼ glutamate-glutamine complex;
Cho¼ choline; mI¼myoinositol; B¼ regression coefficient; β¼ standardized regression coefficient; SE¼ standard error; R2¼Multiple R2; R2-Adj¼Adjusted R2; *p <

0.05; ** p < 0.01; *** p < 0.001.

Table 3
Results of the multiple regression between performance measures on the Bimanual Coordination Task (BCT) and putative (selected) neurometabolite predictors.

R2 R2-Adj. F(5,80) β (SE) B (SE) t(80) p-value

0.212 0.162 4.298**
Intercept 59.8 (4.46) 13.42 0.0000
SM1 NAA 0.34 (0.31) 2.07 (1.88) 1.103 0.2735
SM1 Glx �0.05 (0.30) �0.22 (1.40) �0.159 0.8744
OCC NAA 0.60 (0.31) 2.59 (1.33) 1.942 0.0556
OCC Glx �0.20 (0.29) �0.67 (0.94) �0.709 0.4804
OCC Cho �0.17 (0.31) �2.55 (4.66) �0.547 0.5861

SM1¼ primary sensorimotor cortex; OCC¼ occipital cortex; NAA ¼ N-acetylaspartate; Glx¼ glutamate-glutamine complex; Cho¼ choline; B¼ regression coefficient;
β¼ standardized regression coefficient; SE¼ standard error; R2¼Multiple R2; R2-Adj¼Adjusted R2; *p < 0.05; ** p < 0.01; *** p < 0.001.

Table 4
(A) Main neurometabolic predictors of motor performance obtained by stepwise regression between behavioral motor measures on the Bimanual Coordination Task
(BCT) and the putative (selected) neurometabolite predictors (NAA and Glx, concentrations in the SM1 and NAA, Glx, and Cho concentrations in the OCC). The sig-
nificant and independent predictor (SM1 NAA) is highlighted in bold text. (B) Summary of the stepwise (backward) regression steps. The removed neurometabolic
predictors are sorted from first (SM1 Glx) to last (OCC NAA) out in the order of removal.

(A) R2 R2-Adj. F(1,84) β (SE) B (�SE) t(84) p-value

0.136 0.126 13.24***
Intercept 65.3 (4.01) 16.28 0.0000
SM1 NAA 0.37 (0.10) 2.26 (0.62) 3.64 0.0005

(B) Predictor R2 R2 - Change F –to enter/remove p-value

Combined 0.212
SM1 Glx 0.211 �0.000 0.025 0.8744
OCC Cho 0.208 �0.003 0.345 0.5586
OCC Glx 0.196 �0.012 1.240 0.2688
OCC NAA 0.136 �0.060 6.193 0.0148

SM1¼ primary sensorimotor cortex; OCC¼ occipital cortex; Combined¼ all selected neurometabolites; NAA ¼ N-acetylaspartate; Glx¼ glutamate-glutamine complex;
Cho¼ choline; B¼ regression coefficient; β¼ standardized regression coefficient; SE¼ standard error; R2¼Multiple R2; R2-Adj¼Adjusted R2; *p < 0.05; ** p < 0.01;
*** p < 0.001.
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Ding et al., 2016; Schmitz et al., 2018 Zahr et al., 2013). It is important to
recognize that the effects of normal aging on regional metabolite levels
appear to be inconsistent across regions or age groups (Cleeland et al.,
2019). For example, Zahr et al. (2013) reported in a similar cohort that
levels of total Cr (tCr) in the striatum were lower in older than younger
adults whereas levels of tCr in the cerebellum were higher in older than
in younger adults. Other metabolites (such as NAA and
glutamate-glutamine complex) often showed robust trends across studies
(Cleeland et al., 2019). Nevertheless, regional differences in trends (or
absence of age-related changes in regional concentration levels) were
reported even for these metabolites (Zahr et al., 2013; Ding et al., 2016).

Age-related changes in neurometabolite concentration may be partly
caused by region-specific structural neurodegenerative processes, as
8

proposed by Grachev and Apkarian (2001). In our study, significant
negative correlations were found between age and NAA, Cr, and Glx
levels in both voxel locations, even though the age effect was slightly
more pronounced for NAA. This is consistent with previous studies
reporting a declining trend of NAA and Glx levels with age across mul-
tiple cortical and subcortical regions, including the primary sensorimotor
cortex (Kaiser et al., 2005), striatum (Zahr et al., 2013), hippocampus
(Harris et al., 2014), and the prefrontal lobe (Ding et al., 2016).

The finding that age-related changes in NAA and Glx concentrations
occur in parallel could suggest that changes in brain tissue volume and
brain metabolite concentrations with age may be triggered by shared
neurodegenerative processes, or vice versa. Similar to NAA, age-
dependent decreases of Glx content are expected to occur
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predominantly due to loss of neuronal density (e.g., Ding et al., 2016;
Eylers et al., 2016). Decreases in neuronal metabolic activity may impair
synthesis of glutamate and, therefore, can be considered as another
contributing factor to age-related decline in Glx levels. However, deter-
mining the exact mechanism responsible for the decrease is difficult since
MRS measures reflect both intra- and extracellular Glx levels. It was not
within the scope of the present study to explore the underlying mecha-
nisms leading to neurometabolic changes in the aging brain.

4.2. Neurometabolic correlates of motor performance

In line with previous studies, we observed a progressive decline in
bimanual performance with age (Boisgontier et al., 2016; Fujiyama et al.,
2012, 2016; Heuninckx et al., 2004; King et al., 2017; Serrien et al., 2000;
Swinnen et al., 1998). Such declines have been attributed to multiple
factors, including loss of GM and WM volume (Boisgontier et al., 2016;
Fling and Seidler, 2012; Fling et al., 2011; Koppelmans et al., 2015;
Serbruyns et al., 2015), breakdown in the brain’s organization of func-
tional networks (King et al., 2017), and/or disruption of structur-
al/functional connectivity between motor and non-motor brain regions
(Fujiyama et al., 2016; Levin et al., 2014). The observations from the
current study suggest that neurometabolic changes across the lifespan
may also be a contributing factor to the observed motor performance
declines with increasing age.

Our findings extend previous observations which highlighted the
associations between changes in prefrontal or striatal concentrations of
NAA or Glx and declines in motor or cognitive functioning in older adults
without overt diseases (Nikolaidis et al., 2017; Zahr et al, 2008, 2013).
Both NAA and Glx correlated significantly with performance on both
bimanual tasks. However, the regression analyses established that, as
compared to NAA (for BCT) or mI (for PPT), changes in SM1 Glx levels
did not contribute significantly to performance variance. A partial
explanation for the overall detrimental effects of SM1 NAA (and mI) but
not SM1 Glx concentration declines on performance is that age-related
performance declines are triggered primarily by loss of structural integ-
rity of the prefrontal-motor network rather than by age-related differ-
ences in integrity of glutamatergic (and GABAergic) systems in SM1. For
example, Fujiyama et al. (2016) clearly associated reduced microstruc-
tural white matter organization of interhemispheric fiber tracts to poorer
bimanual performance. The same study revealed no association between
age-related changes in M1-M1 interhemispheric inhibition or facilitation
(which are mediated by GABAergic and Glutamatergic signaling,
respectively) and performance changes on the bimanual task.

Evidence linking changes in the concentration of other brain neuro-
metabolites (such as NAA) to performance deficits was provided from
previous studies on pathological aging (Chiappelli et al., 2015; Kantarci
et al., 2002; Tumati et al., 2018; Zanigni et al., 2015) or individuals with
brain injuries (Grossman et al., 2015). Importantly, decreases in NAA
concentration have previously been linked to reduced microstructural
organization of WM in normal aging and in pathological conditions
(Bjartmar et al., 2000; Bonneville et al., 2002; Chiappelli et al., 2015;
Grossman et al., 2015; Wijtenburg et al., 2013). As such, the present
finding on the positive relationship between SM1 NAA levels and
bimanual accuracy scores (BCT) suggests that reduced NAA may reflect
impaired functional integrity of brain networks that support bimanual
control. Recent studies on associations between multiple measures of
brain network integrity in cohorts of healthy older adult volunteers as
well as patients with neurodegenerative diseases support this contention
(Lord et al., 2017; Xiang et al., 2019). First, Xiang et al. (2019) reported a
significant positive association between fronto-parietal and central lobe
functional connectivity and NAA concentration in the dorsolateral pre-
frontal cortex (DLPFC) in healthy individuals but not in schizophrenia
patients. Second, Lord et al. (2017) showed that NAA levels in the pos-
terior cingulate cortex (PCC) were associated with the level of commu-
nication both within the PPC as well as between this region and other
brain regions. Finally, Fujiyama et al. (2016) revealed that a decreased
9

ability to regulate the interaction between DLPFC and M1 is significantly
correlated with performance on a bimanual task similar to the one we
used. Taken together, these findings highlight the potential relevance of
NAA as a biochemical marker of overall brain network integrity. Future
research should examine the extent by which declines in NAA levels are
linked to reduced structural connectivity and disrupted neural network
communication in healthy (as well as pathological) aging.

Finally, our findings showed that SM1 mI levels were positively
associated with performance on the Purdue Pegboard task (PPT). How-
ever, a careful examination of the available literature requires additional
considerations since multiple studies have indicated that mI levels
slightly increase with age (Chiappelli et al., 2015; Raininko and Matts-
son, 2010; Reyngoudt et al., 2012; Zahr et al., 2013). This would suggest
a negative association between cortical and/or subcortical levels of mI
and performance, a finding that is in contrast to our observations.
Importantly, our correlation analyses also revealed that poorer perfor-
mance on the PPT was associated with lower NAA and Glx levels in the
SM1 (Fig. 4). Even though these relationships were not supported by the
outcome of the multiple regressionmodel, they appear sensible in view of
both current observations and existing literature. Specifically, NAA has
been shown to correlate with performance on the BCTwhereas Zahr et al.
(2013) indicated that age-related declines in striatal Glx correlate with
poorer performance on a Grooved Pegboard task (a variant of the PPT).
Together, the aforementioned observations suggest that, besides
declining mI, lower NAA and Glx may also be considered as neuro-
metabolite correlates of performance declines on the PPT. Moreover,
given that SM1 NAA and SM1 Glx levels were positively associated with
better performance on both the BCT and PPT, we propose that reduced
concentrations of NAA and Glx in the primary sensorimotor cortex may
constitute a biomarker of motor dysfunction in aging, irrespective of task
characteristics. The role of mI in aging, nonetheless, requires further
attention.

5. Conclusions

We have shown that levels of multiple neurometabolites in both SM1
and OCC regions of the healthy human brain decrease significantly with
age and that lower NAA levels in the left SM1 are associated with age-
related declines in bimanual performance. Given that NAA may reflect
neurodegenerative processes related to alterations in WM microstruc-
ture, these findings highlight the necessity to make use of multi-
parametric MR imaging approaches to reveal interactions between
brain structure, neurochemicals and behavior. Neurometabolite con-
centrations in other brain regions are also important to consider because
motor functions are orchestrated via interactions between the motor and
other brain networks (including subcortical structures). Further studies
are necessary to conclude whether the positive association between mI
levels and motor performance indeed arise from alterations in structural
and functional integrity of SM1.
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