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Abstract

Knowledge of physiological aging in healthy human brain is increasingly important for 

neuroscientific research and clinical diagnosis. To investigate neuronal decline in normal aging 

brain eighty-one healthy subjects aged between 20 to 70 years were studied with MRI and whole-

brain 1H-MR spectroscopic imaging. Concentrations of brain metabolites N-acetyl-aspartate 

(NAA), choline (Cho), total creatine (tCr), myo-inositol (mI), and glutamine+glutamate (Glx) in 

ratios to internal water, and the fractional volumes of brain tissue were estimated simultaneously 

in eight cerebral lobes and in cerebellum. Results demonstrated that an age-related decrease in 

gray matter volume was the largest contribution to changes in brain volume. Both lobar NAA and 

the fractional volume of gray matter (FVGM) decreased with age in all cerebral lobes, indicating 

that the decreased NAA was predominantly associated with decreased gray matter volume and 

neuronal density or metabolic activity. In cerebral white matter Cho, tCr, and mI increased with 

age in association with increased fractional volume, showing altered cellular membrane turn-over, 

energy metabolism, and glial activity in human aging white matter. In cerebellum tCr increased 

while brain tissue volume decreased with age, showing difference to cerebral aging. The observed 

age-related metabolic and microstructural variations suggest that physiological neuronal decline in 

aging human brain is associated with a reduction of gray matter volume and neuronal density, in 

combination with cellular aging in white matter indicated by microstructural alterations and 

altered energy metabolism in the cerebellum.
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 Introduction

Knowledge of physiological aging in healthy human brain is increasingly important for 

neuroscientific research and clinical diagnosis. As a complex and heterogeneous process, 

cerebral aging in humans involves a large variety of molecular changes and multiple 

neuronal networks. Many structural and functional studies have been carried out to 

investigate how cognitive abilities result from dynamic interactions in large-scale cortical 

network under the influences of aging or diseases (Lustig et al., 2003; Romero-Garcia et al., 

2014). It has been reported that normal aging has indirect effects on cognition that are 

associated with brain markers such as gray matter (GM) thickness and volume, white matter 

(WM) hyperintensities, fractional anisotropy, and resting-state functional connectivity, with 

markers varying across cognitive domains (Hedden et al., 2014). Neurodegenerative 

disorders are found to be associated with specific patterns of gray matter atrophy within 

distinct functional connectivity networks, which involve nearly all gray matter (Seeley et al., 

2009). Age-related changes of metabolite concentrations could provide information about 

human brain aging at the molecular level, because the observed brain metabolites of N-

acetyl-aspartate (NAA), choline (Cho), total creatine (tCr), myo-inositol (mI), glutamine 

(Gln), and glutamate (Glu), are related to neurometabolic activity as well as neuronal 

integrity (NAA), membrane turnover (Cho), energy metabolism (tCr), gliosis (mI), or 

neurotransmitter function (Glu) (Barker et al., 2009; Grachev and Apkarian, 2001). 

Numerous 1H-MR spectroscopy studies on aging brains have been reported; however, due to 

limitations in the spatial coverage of the acquisition techniques used, most of these studies 

have been carried out on one or a few small brain regions with varying results (Haga et al., 

2009). Only in a retrospective study Maudsley et al. used a whole brain 1H-MR 

spectroscopic imaging (wbMRSI) acquisition with an intermediate echo time (TE) to study 

age-related metabolite changes within the whole brain, with the metabolite concentrations 

being reported in an institutional unit over bilaterally averaged lobar structures (Maudsley et 

al., 2012). Moreover, few reports have examined associations between age-related changes 

of metabolite concentrations and brain tissue volume. This report describes a prospective 

study on healthy subjects that used MRI and a recently established short-TE wbMRSI 

acquisition (Ding et al., 2015) to estimate age-related changes in metabolite concentrations 

and in the fractional volume of brain tissue , with the aim of investigating physiological 

neuronal decline and to obtain reference data for studies of brain disorders.

 Material and methods

 Subjects

Ninety-six healthy volunteers were recruited from the local population. All subjects had no 

neurological disorder or other systemic diseases according to a self-report. To exclude 

potential cognitive or psychiatric impairments each subject received two screening tests 
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prior to the MR examination: 1) The Beck Depression Inventory (BDI-II (Steer et al., 1999); 

and 2) The DemTect (Kalbe et al., 2004). Subjects with abnormal results of screening tests 

(n = 3), incomplete MR examinations (n = 3), excess body weight (body mass index ≥ 30, n 

= 8) or brain morphological alterations (n = 1) were excluded. Eighty-one subjects with age 

distributed between 20 to 70 years (46 females and 35 males, mean age 44 ± 14 years, n > 

12 subjects with at least 6 males and 6 females per decade) were finally included. Local 

Institution Review Board approved the study and written consent was obtained from each 

participant before the examinations.

 MR examination and data processing

MR examinations were carried out at 3T (Verio, Siemens, Erlangen, Germany) with a 

twelve-channel phased-array receive-only head coil. The MRI scan protocol included a T2-

weighted turbo spin echo (TSE) sequence, a T1-weighted 3D MPRAGE (Magnetization 

Prepared Rapid Gradient Echo) acquisition at 1-mm isotropic resolution, and a volumetric 

spin-echo planar spectroscopic imaging (EPSI) sequence (TR/TE = 1550/17.6 ms, 50 x 50 

voxels in-plane and 18 slices, over a field-of-view of 280 × 280 × 180 mm3) with parallel 

imaging acquisition and GRAPPA reconstruction. The acquisition included a second dataset 

obtained without water suppression that was used for several processing functions and 

normalization of the metabolite concentrations as described previously (Ding et al., 2015). 

The scans of TSE, MPRAGE, and EPSI were obtained with the same angulation so that the 

same anatomic structures could be identified. T2- and T1-weighted images were inspected 

by two experienced neuroradiologists to exclude subjects with morphological abnormalities. 

Metabolite image reconstruction was carried out from the EPSI data by using the MIDAS 

(Metabolic Imaging and Data Analysis System) software (Maudsley et al., 2006; Maudsley 

et al., 2009) to obtain volumetric metabolite maps for NAA (combined with N-

acetylaspartylglutamate), tCr, Cho, mI, and Glx (= glutamate + glutamine), together with 

corresponding maps of spectral linewidth as previously described (Maudsley et al., 2012). 

The processing also included calculation of the fractional tissue volume contributed to each 

MRSI voxel, by applying a tissue segmentation procedure to the T1-weighted MPRAGE 

data to map gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF), followed 

by a resampling and convolution by the MRSI spatial response function to coincide with the 

MRSI voxel volume and location. All resultant individual images were spatially transformed 

and interpolated to a standard spatial reference (Collins et al., 1998) at 2-mm isotropic 

resolution, which was associated with a brain atlas that mapped individual brain lobes and 

the cerebellum (Ding et al., 2015; Maudsley et al., 2006).

 Regional metabolite concentrations and fractional tissue volume

Relative concentrations of the individual metabolites were estimated as ratios of the 

metabolite signal to that of tissue water and presented as [NAA], [Cho], [tCr], [Glx] and 

[mI], with the number of protons per molecule accounted for in the spectral analysis. The 

concentrations, presented in institutional units (i.u.), together with the spectral linewidth 

(LW), the fractional volumes of the CSF (FVCSF) and brain tissue (FVBT), and the 

fractional volumes of the GM (FVGM) and WM (FVWM) were obtained by using multi-

voxel analysis based on nine atlas-defined anatomical regions: the left and right frontal lobe 

(LFL and RFL), temporal lobe (LTL and RTL), parietal lobe (LPL and RPL), occipital lobe 
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(LOL and ROL), and the cerebellum (Cbl). In addition, lobar metabolite concentrations in 

pure GM and pure WM were generated by linear regression of the metabolite concentrations 

against the normalized GM fraction and extrapolating to 100% or 0% GM (i.e., pure WM). 

To distinguish mean values reported from regional integration and that from the regression 

analysis, the former is termed the “native” relative concentration. Subsequently, mean values 

for regional metabolite concentrations, the extrapolated concentrations in pure GM and WM, 

as well as all the fractional volumes were derived by averaging corresponding values of the 

subjects within each decade of age. Correction for CSF volume contribution was applied as 

Met’ = Met/(1-fcsf) for 0 < fcsf < 0.3, where Met is the uncorrected metabolite value and fcsf 

is the fractional volume of CSF in the MRSI voxel. Voxels with spectral line width (LW) 

greater than 12 Hz or a voxel with fcsf > 0.3, were excluded from the calculation.

 Statistical analysis—One-way analysis of variance (ANOVA) was used to test the 

hypothesis that the mean metabolite concentrations for males and females in nine brain 

regions were equal. Multiple comparisons were performed using post hoc Bonferroni test. 

Linear regression analysis was used to estimate age dependencies of regional metabolite 

concentrations, the spectral linewidth, and the fractional volumes. Pearson’s correlation test 

was used to test for possible correlations between age-related regional NAA concentration as 

well as extrapolated gray matter NAA (NAAgm) and the relative GM volume. For multiple 

correlation tests Bonferroni corrections were made by setting the significance level, alpha, to 

be 0.05/k, where k was the number of the correlation tests. Therefore, k = (5+1)×9 = 54 and 

alpha = 0.05/54 = 0.0009 for linear regression correlations of 5 metabolites and the spectral 

linewidth to age in 9 native brain regions; k = 2×9+2×8 = 34 and the alpha = 0.05/34 = 

0.0015 for linear regression correlations of FVBT and FVCSF in 9 brain areas, FVGM and 

FVWM in 8 brain lobes to age; k = 2×8 = 16 and alpha = 0.05/16 = 0.003 for Pearson’s 

correlations of regional NAA concentration as well as NAAgm to fractional GM volume in 8 

brain lobes. For linear regression correlations of 5 metabolites to age in extrapolated 8 lobar 

pure GM or pure WM k= 2× 5×8 = 80 and alpha = 0.05/80 = 0.0006. Results with p < alpha 

were considered to be statistically significant, and not significant but showing a tendency 

with alpha < p < 0.01. Statistical analyses were performed with SPSS version 21 (SPSS 

IBM, New York, U.S.A).

 Results

Example metabolite images of NAA, Cho, tCr, Glx and mI with corresponding T1-weighted 

images (T1w) at two axial sections around the level of centrum semiovale are shown in Fig. 

1, which were obtained from female subjects of 25 (Fig.1A ) and 70 years old (Fig.1B), note 

that the signal intensities of NAA maps of the older volunteer are lower and those in Cho, 

tCr, and mI are slightly higher in comparison to those of the younger volunteer, indicating 

qualitatively the age-dependencies of the metabolite concentrations. Also included in Fig. 

1C are example MR spectra from a voxel selected in occipital cortex and in parietal white 

matter of the younger. The metabolite concentrations of NAA, Cho, tCr, Glx, and mI were 

found to be different across brain regions. Bonferroni-corrected multiple comparisons found 

that the metabolite concentrations of different brain regions were significantly different from 

each other, while no significant gender differences were found. Differences were also found 
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for white matter [NAA], [tCr] and [Glx] between left and right temporal lobes. Therefore, 

for linear regression analysis or Pearson’s correlation tests the male and female metabolite 

concentrations were combined, while the values of each brain regions, as well as the 

corresponding right and left lobes were used separately.

Mean values by decade of regional [NAA], [Cho], [tCr], [mI], and [Glx] with corresponding 

spectral linewidths are given in supplemental Tables S1 and S2. These results demonstrate 

differences with age and between the brain structures. (Insert Supplementary Tables S1 and 

S2 here).

The results of the linear regression analysis for age are shown in Tables 1 to 3 and Fig. 2, 

and the results of Pearson’s correlation tests between age-related regional NAA 

concentration, NAAgm, and the relative GM volume are given in Table 4.

In Table 1 are presented the correlation coefficients, R, and p values for associations of age 

with regional metabolite concentrations in native brain tissue (containing both GM and 

WM), linewidths, and the FVBT and FVCSF. Significant (p < 0.0009) decreases with age 

were found for [NAA] in all lobes with R varying from −0.58 to −0.70, for [Glx] in RFL and 

LPL (R = −0.36 to −0.40), with a tendency of age-related decrease that were not significant 

(0.009 < p < 0.01) for [Glx] in LTL and LOL (R = −0.30 to −0.35). An indication of 

increases with age that did not reach significance were found for [tCr] in two regions (LPL 

and Cbl, R = 0.31 to 0.33), and for [mI] in 4 regions (RFL, LTL, RPL, and LPL, R = 0.29 to 

0.31), while [Cho] did not show age-correlations. The spectral LW increased significantly 

with age in 3 regions (ROL, LOL, and Cbl, R = 0.39), and with a trend to increased values in 

RFL and LTL (R = 0.29 to 0.35). Meanwhile, the FVBT decreased significantly with age 

while FVCSF increased with age significantly (p < 0.0015) in most of the brain regions, 

indicating clearly age-related loss of brain tissue volume with increased CSF volume.

In Table 2 are shown the correlation coefficients, R, and p values for [Cho], [tCr], [Glx], and 

[mI] in extrapolated pure GM and pure WM, respectively. The gray matter [Cho], [tCr], and 

[mI] did not change significantly, while gray matter [Glx] decreased with age significantly 

(p < 0.0006) in RFL (R = −0.39). For white matter metabolites, significant increases with 

age (p < 0.0006) were found for [Cho] in ROL (R = 0.37), [tCr] in RTL, RPL, and LPL (R = 

0.38 to 0.40), and [mI] in RPL (R = 0.41); A trend to increased values with age that did not 

reach significance (0.0006 < p < 0.01) were found for [Cho] in RFL, RPL and LPL (R = 

0.30 ~ 0.34), and [mI] in RFL and RTL (R = 0.30 ~0.33). The while white matter [Glx] did 

not change significantly.

In Table 3 are shown the correlation coefficients, R, and p values for lobar [NAA] in 

extrapolated pure GM and pure WM, and the FVGM and FVWM, where, only results for 

statistically significant changing parameters are shown (the intercept, slope and age-

dependent rates of the variations calculated as percentage per decade relative to the values at 

20 years old). Similar to [NAA] in native brain tissue (Table 1) the gray matter [NAA] 

decreased with age significantly (p < 0.0006) in all lobes (R = −0.37 to −0.73), with a mean 

rate of −3.8% per decade, and the white matter [NAA] decreased with age only in three 

regions (RFL, LFL, and LTL, R = −0.39 to −0.50), while the FVGM decreased significantly 
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(p < 0.0015) (R = −0.56 to −0.71, mean rate −2.7% per decade) and the FVWM increased 

slowly but significantly (R = 0.38 to 0.58, mean rate 1.6% per decade) with age in all lobes, 

indicating that the age-related loss of gray matter volume was the largest contribution to the 

changes in brain tissue volume. In Figure 2 the values of lobar [NAA] in extrapolated pure 

GM and WM, and the fractional tissue volume of GM, WM, and CSF are plotted as 

functions of age, where linear fits with 95% confidence intervals and prediction intervals 

were also drawn in statistically significant cases.

As shown in Table 4, significant positive correlations (p < 0.003) between age-related lobar 

[NAA] and the FVGM were found for 7 lobes, with the exception of LPL (R = 0.35 to 0.51), 

and between [NAAgm] and the FVGM in 3 lobes (RFL, LFL, and LPL, R = 0.33 to 0.47). In 

Fig. 3 the values of frontal lobar [NAA] in native brain tissue (Fig.3a) and in GM (Fig. 3b) 

are plotted against age and FVGM in three dimensions, to show the correlations between 

these variables.

 Discussion

This study has determined age-related lobar and cerebellar concentrations of five metabolites 

and the corresponding fractional volumes of the brain tissue and CSF in normal aging 

human brain. The results for regional [NAA], [Cho], [tCr], [Glx], and [mI] distributions are 

consistent with those reported by studies that used conventional MRS acquisition techniques 

(Deelchand et al., 2015; Guerrini et al., 2009; Hennig et al., 1992; Jacobs et al., 2001; 

Pouwels et al., 1999; Pouwels and Frahm, 1998). These results may provide reference data 

for studies on patients with brain disorders, with appropriate consideration for scanner and 

pulse sequence differences. A recent study, however, showed that the volumetric EPSI 

sequence and the data processing used here can be implemented across multivendor MR 

scanners and resulted in comparable numerical results (Sabati et al., 2015).

Comparing the results obtained in native brain tissue (Table 1) with those in GM and WM 

(Tables 2 and 3), it was found that the largest age-dependent decrease of lobar [NAA] 

occurred in GM, with a smaller decrease in WM, while the age-dependent increases of lobar 

[tCr] and [mI] occurred only in WM. Although lobar [Cho] did not show age-dependence in 

native brain tissue it did increase significantly with age in WM in ROL, and with a trend to 

increased values in WM of RFL, RPL, and LPL. The results of age-dependent changes in 

cerebral [Glx] were less tissue-specific: while in native brain the lobar [Glx] decreased with 

age significantly in two lobes (RFL, and LPL) and with a tendency in LTL and LOL, the 

[Glx] in WM did not show significant age-dependence, and in GM decreased in RFL. In a 

few cases, significant correlations were observed in native tissue but not for either GM or 

WM separately in that region (comparing Table 1 and 2), which may suggest that either the 

native tissue correlation was significant by chance (a type 1 error, probably as shown by the 

Glx in native LPL) or the GM or WM correlation was subject to a type 2 error (the 

correlation for either GM or WM was stronger than the p values suggested).

Age-related cerebral metabolite changes in healthy subjects have been reported previously , 

although mainly in small brain areas (Haga et al., 2009). Consistent with the present 

findings, decreased [NAA] with age was frequently reported, whereas the alterations of 
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[Cho] and [tCr] in relation to age are less consistent and few reports dealt with the 

associations of [Glx] and [mI] with age (Brooks et al., 2001; Chang et al., 1996; Haga et al., 

2009; Maudsley et al., 2009; Maudsley et al., 2012; Raininko and Mattsson, 2010; Sailasuta 

et al., 2008; Tunc-Skarka et al., 2013). Our observations of increased cerebral [Cho] and 

[tCr] in WM with age are consistent with those reported by Maudsley et al. (Maudsley et al., 

2009; Maudsley et al., 2012), with additional observations of increased [mI] in WM that is 

consistent with those reported by Tunc-Skark et al. (Tunc-Skarka et al., 2013). Interestingly, 

studies on aging WM in rhesus monkeys (Bowley et al., 2010; Sandell and Peters, 2003) 

reported that cellular aging in WM are correlated with a number of microstructural changes, 

such as reduction in the number of myelinated nerve fibers, increased occurrence of 

degenerating axons with less compact myelin sheaths showing segmental demyelination 

followed by ongoing, albeit inadequate, reparative processes. Therefore, our observations of 

increased [Cho], indicating altered cellular membrane turn-over, and increased [mI], 

indicating altered gliosis, in WM suggest that similar cellular aging with microstructural 

alterations also exist in humans, while the observed increase of [tCr] in white matter may 

indicate a compensatory alteration of the energy supply and neuroprotection (Rae and Broer, 

2015). It is worth noting that except for NAA the correlations with age found for Cho, tCr, 

Glx and mI were mainly weak (with most correlation coefficients, R, around 0.3), which 

means that factors related to age might account for a statistically significant but relatively 

small contribution to the variance in these metabolites.

Few studies have reported on the effect of aging on metabolites in the cerebellum, with 

inconsistent results (Maudsley et al., 2009; Maudsley et al., 2012). In cerebellum, [NAA], 

[Cho], [Glx] and [mI] did not show age-related changes, while [tCr] increased significantly 

with age, which indicates that cerebellar aging is different from cerebral neuronal decline, 

with altered cerebellar energy metabolism. Although the reason behind this finding remains 

unclear, the observation of increased cerebellar [tCr] in the elderly is consistent with the 

observations of increased cerebellar [tCr] in patients with degenerative ataxias (Guerrini et 

al., 2009). A tendency of increased cerebellar [tCr] was also reported by Maudsley et al 

(Maudsley et al., 2012). Further studies on cerebellum are necessary to verify the results. 

The observed positive correlations of the spectral LW to age in RFL, LTL, ROL, LOL, and 

in cerebellum are consistent with the findings of region-dependent increased brain iron 

concentrations (Mitsumori et al., 2009), shorter metabolite T2 relaxation times in older 

subjects (Kirov et al., 2008; Marjanska et al., 2013), and similar observations by Maudsley 

et al (Maudsley et al., 2012).

This study found changes of brain tissue volumes with age, with increased CSF volume and 

decreased tissue volume in all brain regions, and that the age-related loss of the GM volume 

was the largest contribution to the changes in brain tissue volume, which is consistent with 

previous structural and functional studies (Allen et al., 2005; Good et al., 2001; Hedden et 

al., 2014; Seeley et al., 2009). Because NAA is localized within neurons and involved in 

synaptic processes (Miller, 1991) it has been suggested that the decrease of brain NAA could 

be due to either a reduction in GM volume or neuronal function (Brooks et al., 2001; Chao 

et al., 2010); however, to our knowledge no previous studies have examined the association 

between age-related NAA concentration and the GM volume. The most interesting findings 

of the present study were the simultaneous measurement of aging-resulted changes in brain 
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tissue volume and in brain metabolite concentrations, which revealed positive correlations 

between age-related cerebral [NAA] and FVGM, weaker but also significant positive 

correlations between extrapolated [NAAgm] and FVGM (Table 4).

The facts that both cerebral [NAA] in native tissue and FVGM decreased with age indicates 

that age-related decrease of cerebral [NAA] is associated with a reduction of gray matter 

volume, which is also consistent with the positive correlations between lobar [NAA] and 

FVGM (Table 4, left). The weaker but still significant positive correlations between 

extrapolated [NAAgm] and FVGM (Table 4, right) suggest that an independent reduction in 

neuronal metabolic activity or neuronal density with age may have additional contributions, 

because [NAAgm] is the concentration in an idealized "pure" gm voxel and, hence, should 

be independent of the total volume of GM. In WM, the age-related increase of glial cell 

volume, as indicated by observations of increased [mI], may partially make up the loss of 

neuronal density (Leuba and Kraftsik, 1994), which could be reason for age-related decrease 

of lobar WM [NAA] (Table 3).

Similar to lobar [NAA], but to a much lesser degree, lobar [Glx] also exhibited age-related 

reductions in several brain regions (Table 1). This observation may indicate positive 

correlations of lobar [Glx] with the gray matter volume, although a correlation test was not 

carried out due to inconsistent distribution of the changes in brain tissues. Glutamate, which 

is the major component of the Glx signal, is the principal excitatory neurotransmitter in 

brain that is rapidly synthesized from glucose in neural tissues (Shen, 2013). Therefore, the 

observations of lobar [Glx] decreased with age and possible positive correlations between 

[Glx] and FVGM may again indicate age-related decrease of neuronal metabolic activity or 

neuronal density.

Limitations of this study include that the tissue free-water content was not measured, which 

would impact the measured metabolite concentrations, since this was used as internal 

reference for the signal normalization under the assumption that water content was the same 

for all GM and WM across different brain regions, and the same values for all subjects 

(Maudsley et al., 2006; Maudsley et al., 2009). As a result, changes with age, which has 

been previously suggested (Brooks et al., 2001; Christiansen et al., 1994), and differences 

with brain region were not considered. The results of Neeb et al. (Neeb et al., 2006) indicate 

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 grey matter in males over ~55 years 

old and is less than 5% at the age of 70 years. A related limitation is that the signal 

normalization did not account for possible differences in water or metabolite relaxation rates 

between subjects or with age. Additional limitations of this study include that the possible 

effect of handedness was not considered, which was necessitated by the limited sample size 

(only n=6 left-handed subjects). In addition, the aging effects were estimated over large 

brain structures without consideration of specific smaller brain structures. Also subjects 

younger than 20 years or older than 70 years were not studied due to difficulty in volunteer 

recruitment.
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In conclusion, this study provides direct in vivo evidence that physiological neuronal decline 

in aging human brain is characterized by a reduction in GM volume and neuronal density - a 

predominant reason for reduced brain NAA content, in combination with cellular aging in 

WM by altered cell membrane turn-over, gliosis and energy metabolism – which is an 

indication of microstructural alterations in WM. Aging also results in altered cerebellar 

energy metabolism with loss of cerebellar tissue volume. Furthermore, the obtained data can 

be used as a reference for future studies on patients.
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 Glossary

wbMRSI whole brain 1H-MR spectroscopic imaging

EPSI spin-echo planar spectroscopic imaging

FVCSF fractional volume of the CSF

FVTB fractional volume of gray matter

FVW fractional volume of white matter

LFT left frontal lobe

RFL right frontal lobe

LTL left temporal lobe

RTL right temporal lobe

LPL left parietal lobe

RPL right parietal lobe

LOL left occipital lobe

ROL right occipital lobe

Cbl cerebellum
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Highlights

We found in vivo evidence that 1) Physiological neuronal decline in aging human brain is 

presented by reduction of gray matter volume and neuronal density, which is a 

predominant reason for reduced brain NAA content; 2) Aging resulted in altered cell 

membrane turnover, gliosis, and energy metabolism with microstructural alterations in 

white matter.
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Figure 1. 
Example individual images of NAA, Cho, tCr, Glx, and mI and the corresponding T1-

weighted images (T1w) at two axial sections around the level of centrum semiovale obtained 

from a female of 25 years old (Fig.1A) and a female of 70 years old (Fig.1B), and two single 

voxel spectra obtained from the younger subject in occipital gray matter and parietal white 

matter (Fig. 1C). Hyperintensitive areas due to excessive linewidth were excluded in the 

lobar calculations.
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Figure 2. 
Cerebral lobar NAA concentrations and fractional tissue volumes of gray matter, white 

matter, and CSF plotted as functions of age, including linear fits with 95% prediction 

interval and 95% confidence interval (only for NAA) for statistically significant cases (p < 

0.01).
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Figure 3. 
Frontal lobar [NAA] in native brain tissue (Fig.3A) and GM (Fig. 3B) plotted against age 

and FVGM showing the correlations between these variables.
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Table 4

Pearson’s linear correlation coefficients* of the regional NAA concentrations(native NAA) as well as 

extrapolated gray matter NAA (NAAgm) with fractional volume of the gray matter

Brain
1 native NAA to FVGM NAAgm to FVGM

region R p R p

RFL 0.50 < 0.003 0.47 < 0.003

LFL 0.51 < 0.003 0.33 < 0.003

RTL 0.36 < 0.003 0.25 0.027

LTL 0.51 < 0.003 0.30 0.006

RPL 0.35 < 0.003 0.31 0.004

LPL 0.27 0.016 0.38 < 0.003

ROL 0.43 < 0.003 0.31 0.004

LOL 0.38 < 0.003 0.23 0.037

*
Bonferroni corrections for multiple correlation tests were made. The results are statistically significant if p < 0.003.

1
For definition of the brain regions see footnote in Table 1.
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