1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Neuroradiol. Author manuscript; available in PMC 2021 September 01.

-, HHS Public Access
«

Published in final edited form as:
Clin Neuroradiol. 2020 September ; 30(3): 581-589. d0i:10.1007/s00062-019-00814-z.

Age-related Brain Metabolic Changes up to Seventh Decade in
Healthy Humans:

Whole-brain Magnetic Resonance Spectroscopic Imaging Study

Helen Maghsudil, Martin Schiitze!, Andrew A. Maudsley?, Mete Dadak?, Heinrich
Lanfermann?, Xiao-Qi Ding?!

Iinstitute of Diagnostic and Interventional Neuroradiology, Hannover Medical School, Carl-
Neuberg-Str. 1, 30625 Hannover, Germany

2Department of Radiology, University of Miami School of Medicine, Miami, FL, USA

Abstract

Purpose—To study brain metabolic changes under normal aging and to collect reference data for
the study of neurodegenerative diseases.

Methods—A total of 55 healthy subjects aged 20-70 years (7= 5 per age decade for each
gender) underwent whole-brain magnetic resonance spectroscopic imaging at 3T after completing
a DemTect test and the Beck depressions inventory Il to exclude cognitive impairment and mental
disorder. Regional concentrations of N-acetylaspartate (NAA), choline-containing compounds
(Cho), total creatine (tCr), glutamine and glutamate (GIx), and myo-inositol (ml) were determined
in 12 brain regions of interest (ROIs). The two-sided t-test was used to estimate gender differences
and linear regression analysis was carried out to estimate age dependence of brain regional
metabolite contents.

Results—Brain regional metabolite concentrations changed with age in the majority of selected
brain regions. The NAA decreased in 8 ROIs with a rate varying from —4.9% to —1.9% per decade,
reflecting a general reduction of brain neuronal function or volume and density in older age; Cho
increased in 4 ROIs with a rate varying from 4.3% to 6.1%; tCr and ml increased in one ROI
(4.2% and 8.2% per decade, respectively), whereas Glx decreased in one ROI (-5.1% per decade),
indicating an inhomogeneous increase of cell membrane turnover (Cho) with altered energy
metabolism (tCr) and glutamatergic neuronal activity (GIx) as well as function of glia cell (ml) in
normal aging brain.

Conclusion—Healthy aging up to the seventh decade of life is associated with regional
dependent alterations of brain metabolism. These results provide a reference database for future
studies of patients.
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Introduction

Methods

Subjects

Knowledge of brain metabolic changes under normal aging is a prerequisite for
identiffcation of pathological metabolic alterations caused by neurodegenerative processes.
Proton magnetic resonance spectroscopy (*H-MRS) detectable brain metabolites, e.g. N-
acetylaspartate and N-acetylaspartylglutamate (NAA), choline-containing compounds (Cho),
creatine and phosphocreatine (tCr), glutamate and glutamine (GIx), and myo-inositol (ml),
provide information about neuronal density and integrity (NAA), turnover of cell
membranes (tCho), energy metabolism (tCr), glutamatergic neuronal activity (GIx) and brain
cell activity related to glia cell or osmolality (ml) [1]. Therefore, 1H-MRS has been widely
used to study aging human brains [2-6]; however, due to limitations of commonly used
single voxel spectroscopy (SVS) or 2 dimensional (2D) MRS, the majority of previous 1H-
MRS studies measured metabolite changes in one or a few small brain regions [7, 8], which
may not reflect the metabolic status of the whole aging brain. A recently established whole-
brain 1H-spectroscopic imaging (WbMRSI) technique has shown the potential for
determination of brain metabolites over large coverage [5, 6, 9, 10] or in multiple small brain
regions [11] with comparable quality to those measured using conventional SVS [12],
enabling a spatial overview of regional metabolic changes within the whole brain under
aging. Such information might provide not only reference data for identification of
pathological alterations in patients but also contribute to understanding of the findings
observed by other studies. These showed that the brain functions as organized networks with
interactions between different brain regions and shows resting state functional connectivity,
while aging affects brain networks inhomogeneously with high-order cognitive networks
being more impaired, and the metabolic alterations may compromise brain functional
connectivity [13-16]; however, in spite of numerous studies, the data reporting metabolic
changes measured simultaneously in multiple specific brain regions, especially those
including metabolites with small MRS signals (e.g. GIx or ml), are still rare. Therefore, in
this study a short echo-time (TE) wbMRSI has been used to examine metabolic alterations
associated with normal aging by determination of NAA, Cho, tCr, Glx, and ml contents in
multiple different brain areas.

The study was approved by the local institutional review board and written consent was
obtained from all subjects. Healthy volunteers were recruited from the local population.
After receiving a complete description of the study each participant was interviewed for
health history and completed two screening tests to exclude cognitive or psychiatric
impairments, the DemTect and the Beck depressions inventory revision [17, 18]. Exclusion
criteria were current or past neurological or psychiatric disorder, current physical disorder,
chronic arterial hypertension, diabetes, a past history of brain trauma, cardiometabolic or
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autoimmune disorders, obesity as well as subjects with abnormal results of the screening
tests or abnormal MR morphological findings. Finally, 55 subjects aged between 20-70
years (mean age 44 + 15 years, 27 males of mean age 43 + 15 and 28 females of mean age
44 + 15 years, for both genders 7= 5 per age decade) were included. Of the subjects 11 were
excluded due to abnormal screening tests (7= 4), obesity (1= 15) or incomplete MR
examinations (n=2).

MR Examinations and Data Processing

The MR examinations were carried out at 3T (Verio, Siemens, Erlangen, Germany). A 12-
channel phased-array head coil was used. The MRI protocol included a T2-weighted turbo
spin echo (TSE) sequence, a T2-weighted gradient (GRE) echo sequence, a fluid attenuation
inversion recovery (FLAIR) sequence, a T1-weighted 3D magnetization-prepared rapid
gradient echo (MPRAGE) sequence, and a volumetric spin-echo planar spectroscopic
imaging (EPSI) acquisition (TR/TE= 1550/17.6ms, field of view 280x 280x 180mm3 and a
slab of 140mm) as described previously for wbMRSI, with a nominal basic voxel volume of
approximately 1.5ml following spatial smoothing [6, 19]. The EPSI acquisition included a
second dataset obtained without water suppression (water reference MRSI) that provided a
water reference signal with identical spatial parameters to the metabolite MRSI. The water
reference MRSI was used for several processing functions, including measurement and
correction of the resonance frequency offset at each voxel location, correction of line shape
distortions and to provide internal signal reference for the normalization of metabolite
concentrations [20], while the MPRAGE images were used as anatomical references. The
EPSI, MPRAGE, FLAIR, TSE and GRE scans were obtained with the same angulation, so
that the same anatomical structures could be identified. The FLAIR, T2 and T1 weighted
images were inspected by two experienced neuroradiologists to recognize possible
morphological abnormalities.

The EPSI data were analyzed by using the software package Metabolic Imaging and Data
Analysis System (MIDAS) (mrir.med.miami.edu:8000/midas/) as described previously [19,
21, 22] to obtain volumetric brain maps of NAA, Cr, tCho, GIx, ml and spectral line width,
which included lipid k-space extrapolation, spectral line shape and B0 correction, and
parametric spectral analysis using Gaussian line shape for fitting signals from the
metabolites. The voxels were excluded from the spectral fitting if the line width of the water
signal at the corresponding voxel exceeded 15Hz. The processing also included calculation
of the relative tissue volume contribution to each MRSI voxel, by applying a tissue
segmentation procedure with FMRIB’s software library (FSL) (fsl.fmrib.ox.ac.uk/fsl/
fslwiki/) [23] to the T1-weighted MPRAGE data to map grey matter (GM), white matter
(WM) and cerebrospinal fluid (CSF). This is followed by a resampling and convolution by
the MRSI spatial response function to coincide with the MRSI voxel volume and location,
resulted in fractional volume maps of brain tissue (FVVBT) and cerebrospinal fluid (FVCSF)
[19, 22]. The metabolite images were reconstructed to 64x 64x 32 points with the nominal
voxel volume of 0.31ml that was increased to approximately 1.5ml following spatial
smoothing. A nonlinear spatial transform was used to transform all resultant maps to a
standard spatial reference, which included interpolation to 2mm isotropic voxels [22, 24].
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Decade mean metabolite maps were derived by averaging the maps of the subjects within
corresponding age decade.

Regions of Interest Analysis

Brain metabolite concentrations [NAA], [tCho], [tCr], [GIX], and [mI] (normalized in
reference to internal water, and presented in institutional unit, i.u.), together with the spectral
linewidths, were determined on the corresponding brain maps by using mean values over
selected regions of interest (ROIs). A total of 12 ROIs were chosen within each brain
hemisphere, where they are potentially preferably affected by different diseases with respect
to future studies on patients: two ROIs located in the cerebellum—hemisphere of cerebellar
anterior lobe at the level between pons and mesencephalon (Cbla) and cerebellar white
matter at level of middle cerebellar peduncle (Cblwm), two ROIs in mid-brain—tegmentum
(MDd) and cerebral peduncle (MDv) and 8 ROls in the cerebrum—centrum semiovale
(CS0), frontal white matter (fWM), subcortical hand motor area (HN), posterior limb of the
internal capsule (iCap), putamen, parietal white matter (pWM), splenium of the corpus
callosum (SCC) and thalamus. Due to local magnetic field distortions caused by neighboring
structures containing bone and air no ROIs were selected at genu of the corpus callosum and
caudate nucleus. All ROIs were selected carefully in referenced T1-weighted images
according to anatomical landmarks to minimize partial volume effects, and the values were
measured with an area of 26mm? on a single slice of corresponding metabolite maps by
using the ROI tool integrated in MIDAS. As quality controls, metabolite values obtained
with a linewidth larger than 14Hz or with a signal-to-noise ratio (S/N, derived as ratio of the
mean value over the ROI to the standard deviation) less than 4 were not sampled.
Considering sample size limitations related to the handedness (/7= 49 for right hand vs. 6 for
left hand), the values of corresponding ROIs in left and right hemispheres were averaged for
further analysis, where the values of only one hemisphere ROI were used when those of
corresponding ROI in other hemisphere were excluded due to broad linewidth or smaller
SNR. Corrections for cerebrospinal fluid (CSF) volume contributions to ROl measurements
were applied as Met” = Met/(1-FVcsf), where FVcsf was the fractional volume of CSF
within each ROI. Decade mean values of [NAA], [Cho], [tCr], [GIX], and [mI] of the healthy
volunteers at each ROI were derived by averaging corresponding values of the subjects
within the age decade.

Statistical Analysis

Normal distributions of the data were verified by Shapiro-Wilk tests and quantile-quantile
plots. The two-sided t-tests with Bonferroni corrected significance level (a. = 0.05/6 x 12 ~
0.0007) were performed to estimate gender differences of measured brain metabolite
concentrations and spectral linewidth. One-way ANOVA trend analysis was used to estimate
relationships between age and the measured metabolite concentrations, which did not reveal
significant quadratic or higher order relationships (p > 0.05). Therefore, linear regression
analysis with a significance level a = 0.05 /6~ 0.008 that was corrected for multiple linear
regression analyses at each ROI was used to estimate the age dependence of brain regional
metabolite concentrations and the spectral linewidth, where the results with p < a were
considered as showing significant age dependence, those with a< p< 0.05 as not significant
but showing a tendency of age dependence. Statistical analyses were performed with SPSS
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version 24 (SPSS IBM, Armonk, NY, USA), and graphic displays were made by using
software Origin (OriginLab, Northampton, MA, USA).

Example mean maps of NAA, Cho, tCr, GIx and ml of the third decade derived from
subjects aged between 21-30 years (7= 12, Fig. 1a) and those of the seventh decade derived
from subjects aged between 61-70 years (7= 11, Fig. 1b) are shown in Fig. 1, which
provides a brief overview about the differences of brain metabolite contents in youngest and
oldest subjects in this study. The overall signal intensities in NAA maps of the seventh
decade are much weaker than those of the third decade, demonstrating a decrease of brain
NAA contents in old subjects, while the differences of the signal intensities of the other
metabolites between both age decades are not so distinct. In Fig. 2 the locations of the 12
ROls are shown in the right brain hemisphere as white filled circles on T1-weighted images
from a volunteer (male, 52 years) (Fig. 2a), as well as example MR spectra in each of the
ROls in cerebellum or cerebrum as indicated (Fig. 2b). The two-sided t-tests did not reveal
significant gender difference for all measured metabolite contents (p> 0.0007). Therefore,
in the following analyses the values of males and females were combined. The decade mean
values of [NAA], [Cho], [tCr], [GIx], [mI], and corresponding spectral linewidths in each
brain ROI are given in Online Resource 1. Note that due to the application of the data quality
criteria S/ = 4 in certain ROIs not all subjects’ values were sampled.

While the significant results of linear regression analysis are summarized in Table 1, the
linear fits to age for the ROIs with significant (o < 0.008) or tendency (0.008 < p < 0.05)
correlations, together with the 95% confidence bands of the fits, are shown in Fig. 3. As
observable in Table 1 and Fig. 3, the linear regression analysis revealed that the measured
metabolite concentrations and spectral linewidths correlated significantly with age at certain
ROIs: [NAA] decreased significantly with age in the ROIs MDd, fWM, iCap and putamen
(correlation coefficient R = —0.37 to —0.53, p < 0.008), and with a tendency in the ROIs
MDyv, HN, pWM, and thalamus (R = -0.27 to —0.33, p< 0.05). The change rate of [NAA]
varied from -4.9% (putamen) to —1.9% (HN) per decade (Fig. 3a). The [Cho] increased with
age significantly in HN and iCap (R = 0.38-0.40, p < 0.008) and with a tendency in CSO
and sCC (R =0.32-0.34, 0.008 < p < 0.05), with a rate varying from 4.3% (CSO) to 6.1%
(HN) per decade. There was a trend to increased [tCr] (R = 0.35, 4.2% per decade) and
significantly increased [mlI] (R = 0.37, 8.2% per decade) in the same ROI (CSO), whereas
[GIx] decreased significantly in thalamus (R = —0.43, —5.1% per decade) (Fig. 3b). The
linewidth revealed significant age-dependent increases in 6 ROIs (Cbla, CSO, HN, putamen,
sCC, and thalamus, R = 0.38-0.49, p < 0.008) and with a tendency in pWWM (R =0.27, p=
0.049), with a rate varying from 3.4% (pWM) to 7.4% (hand motor area) per decade. The
cerebellar ROIs (Cbla and Cblwm) did not show age-related metabolite changes, while an
age-related increase of linewidth in Cbla was observed (Fig. 3c).

Discussion

In this study, based on a wbMRSI scan with an acquisition time of about 16min, brain
metabolite concentrations were determined by post-processing in 12 different structures of
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aging human brain. The derived mean concentrations of NAA, Cho, tCr, GIx and ml, in
reference to internal water signal, are in agreement with those in adult human brain reported
previously by Pouwels and Frahm, who studied healthy volunteers by using 8 SVS in the
cerebrum and 2 SVS in the cerebellum, with an acquisition time of about 6min for each SVS
[3]. This again proves that simultaneous metabolite measurements in multiple brain regions
by using wbMRSI acquisition are as reliable as those derived with conventional SVS, with
additional advantages of reduced burden for subjects and more efficiency for clinicians by
shortening total MR examination time. The obtained metabolite values may provide a
reference for future studies on metabolic alterations in patients.

The major findings of the study are the age-related regional inhomogeneous changes of
metabolite concentrations in aging human brain. As shown in Table 1, metabolite
concentrations changed significantly with age in multiple brain structures, with a rate
differing by metabolites and brain regions: [NAA] decreased in 8 out of 12 ROIs, with the
largest change occurring in putamen (-4.9% per decade), then in midbrain tegmentum (—
3.8% per decade), frontal white matter (—=3.7% per decade), and the lowest rate in HN (—
1.9% per decade). Comparatively, Cho, tCr, GIx and ml showed less age-related changes:
[Cho] increased with age in 4 out of 12 ROIs that were located mainly along pyramidal
tracts (HN, CSO, and iCap), most rapidly in HN (6.1% per decade) and slowest in SCC
(3.2% per decade), whereas tCr, GIx and ml showed age-related changes only in 1 out of 12
ROls, i.e. both [tCr] and [mI] increased with age in CSO (4.2% and 8.2% per decade,
respectively), and [GIx] decreased with age in thalamus (-5.1% per decade). Therefore, the
present results of simultaneous MRS measurements in multiple brain regions revealed the
inhomogeneous spatial allocations of metabolic aging within the human brain.

Age-related changes of brain metabolite concentrations have been reported previously in
numerous MRS studies. A decrease of brain NAA with age has been observed in a majority
of the studies [5-8]. Consistent with those reported previously, the present findings of
decreased [NAA] with age in the majority of selected brain structures indicate that an age-
related decrease of NAA is a main metabolic aging process within the human brain. In line
with histological findings that the total number of neurons decreased with age [25] and
structural MRI findings of decreased gray matter volume with age [26, 27], age-related
decrease of NAA has been deduced to decrease neuronal volume or density and neuronal
function [2, 6, 28, 29]. Correspondingly, the present observations that [NAA] decreased with
age more rapidly in putamen, tegmentum and frontal white matter than in other brain areas
may indicate more rapid decreases of neuronal volume and function in these brain structures,
which may be the possible reason for these brain areas to be more frequently involved in
pathological neurodegeneration [30, 31], i.e. aging seems to be a primary risk factor for
neurodegenerative diseases, which was also reported by studies on non-human primates
[32].

Previous findings regarding changes of Cho and tCr with age are more varied [5, 11, 28, 33—
35], and only a few studies reported changes of GIx and ml contents in aging human brains
[34-37]. For example, Raininko and Mattsson in a SVS (TR /TE= 6000/22ms) study at 1.5T
on 57 subjects aged 13-72 years (25 women) found no age dependence for [Cho] and [tCr]
but increased [mI1] with age, while the highest [GIx] was found in the youngest and oldest
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subjects in cerebral supraventricular white matter [34]. Charles et al. used MRSI (TR /TE=
2000/272ms) on 34 subjects aged 21-75 years (19 women) at 1.5T and found lower [Cho],
and [tCr] in cortical and subcortical gray matter of older subjects but not in the white matter
[2]. Brooks et al. found by using SVS at 1.5T on 50 healthy subjects aged 20-70 years that
the concentrations of tCr and Cho did not change significantly with age in the frontal lobe
[28]. By using similar multiple regional measurements but a wbMRSI with long echo time
Eylers et al. found decreased [tCr] in the pons and putamen but no significant changes of
[Cho] with age [11]. Consistent with the present findings of age-related increase of Cho, tCr
and ml, and decrease of GIx Reyngoudt et al. studied 90 subjects (42 women and 48 men
aged 18-76 years) with SVS in posterior cingulate cortex (PCC) and hippocampus (HC),
and reported age-related increases of tCr and ml in the PCC, and increase of ml in the HC
[35]. Using a 2D MRSI measurement, Gruber et al. reported increased Cho, tCr and ml with
age in centrum semiovale [38]. Increased Cho, tCr, and ml concentrations and decreased GIx
concentrations with age were also found in large scale brain structures [5, 6]. The reasons
for divergent reports for age-related Cho, tCr, Glx, and ml, may not only be due to different
acquisition techniques and different subject samples in these studies, but possibly also due to
different targeted brain structures with inhomogeneous metabolic features, as reflected by
varying regional metabolite concentrations and their age dependences (Table 1 and Fig. 3).
Based on knowledge from studies of animal models the age-related increases of [Cho] may
be interpreted as altered cellular membrane turnover, e.g. building up altered myelin sheaths
due to ongoing, albeit inadequate, reparative myelination processes in aging brain [39, 40].
Accordingly, the present findings that the ROIs along pyramidal tracts (HN, CSO, and iCap)
showed the most age-related [Cho] increases may indicate an age-related increase of such
ongoing, albeit inadequate, reparative myelination process especially along the pyramidal
tracts, which might be a compensatory alteration in healthy old people to balance motor
function. Similarly, the increase of [tCr] could be considered as a compensatory alteration of
the energy supply and neuroprotection [41], and the increased [ml] as altered gliosis [35].
The Glx signal combines glutamine and glutamate, with glutamate being the largest
component and the major excitatory neurotransmitter of the central nervous system.
Therefore, the decrease of [GIx] with age in thalamus may suggest a decrease of
glutamatergic neuronal activity in old subjects. The observed significant age-related increase
of the spectral linewidth in 7 ROIs is consistent with a previous study [5], and may be due to
increased iron concentrations [42] and shorter metabolite T2 relaxation times in older
subjects [43, 44] in these brain structures.

Limitations of the study include that possible changes of internal water content with age,
which has been previously suggested [28, 45], were not considered, which would impact the
measured metabolite concentrations, since it was used as reference for the metabolite signal
normalization for all subjects. The results of Neeb et al. [46] indicated that between the third
and eighth decades of life the changes of brain water content with age are relatively small
and less than the variability between the subjects, and that the decrease of brain water
content with age may only be a factor for gray matter in males over ~55 years old and is less
than 5% at the age of 70 years. As an echo time of 17.6ms has been used that was much
shorter than the T2 relaxation times of the metabolites NAA, tCr and tCho [43, 47], and the
metabolites GIx and ml showed age-related changes only in one brain area, the
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measurements did not account for possible differences in water or metabolite T2 relaxation

rates between subjects or with age. In addition, we did not consider differences between left
and right hemispheres and the possible effect of handedness due to limited sample size, and
subjects older than 70 years were not included due to difficulties in subject recruitment.

In conclusion, this study has demonstrated that healthy aging up to the seventh decade of life
is associated with spatial inhomogeneous alterations of brain metabolite contents, which
may contribute to an understanding of the origin of pathological neurodegeneration. The
metabolite concentrations determined in healthy aging human brains may provide a
reference database for future study of patients, which will be available on demand for
interested scientists and clinicians.
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Fig. 1.
Example mean maps of NAA, tCho, tCr, Glx and ml averaged among subjects of the

youngest group (21-30 years old, 7= 12, @) and averaged among subjects of the oldest
group (61-70 years old, n= 11, b), respectively, are shown. Due to local magnetic field
distortions caused by neighboring structures containing bone and air there are some
hyperintensive voxels with excessive linewidth, which were excluded in the ROI
measurements
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Fig. 2.

a Locations of selected regions of interest (ROIs) in the right brain hemisphere displayed as
white filled circles on T1 weighted images of a volunteer (male, 52 years). The consecutive
numbers represent the ROIs located in cerebellar white matter at level of middle cerebellar
peduncle (Cblwm, ), cerebellar anterior lobe at level of pons (Cbla, 2), midbrain
tegmentum (MDd, 3) and cerebral peduncle (MDyv, 4), frontal white matter (fWM, 5),
putamen (6), posterior limb of the internal capsule (iCap, 7), thalamus (8), parietal white
matter (pWM, 9), splenium of the corpus callosum (sCC, 10), centrum semiovale (CSO, 11)
and hand motor area (HN, 12). b Example MR spectra in each of the ROIs in cerebellum
and cerebrum as indicated, derived from whole-brain magnetic resonance spectroscopic
imaging data
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Fig. 3.

a Regional [NAA] of the ROIs that showed significant correlations (p < 0.008) to age and
the linear fits to age together with corresponding 95% confidence bands plotted against age.
b Regional [tCho], [tCr], [GIX], and [mI] of the ROIs that showed significant correlations (p
< 0.008) to age and the linear fits to age together with corresponding 95% confidence bands
plotted against age ¢ Spectral linewidths of the ROIs that showed significant correlations (p<
0.008) to age and the linear fits to age together with corresponding 95% confidence bands
plotted against age. All regional metabolite concentrations were measured in ratio to internal

water, and present in institutional units (i.u.)
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