
Relationship between fractional anisotropy of cerebral white
matter and metabolite concentrations measured using 1H
magnetic resonance spectroscopy in healthy adults

S.A. Wijtenburga,*, S.A. McGuireb, L.M. Rowlanda,*, P.M. Shermanc, J.L. Lancasterd, D.F.
Tated, L.J. Hardiesd, B. Patela,f,*, D.C. Glahne, L.E. Honga,*, P.T. Foxd, and P. Kochunova,f,*

aMaryland Psychiatric Research Center, Department of Psychiatry, University of Maryland School
of Medicine, Baltimore, MD, USA

bAerospace Medicine Consultation Division, Dayton, OH, USA

cDepartment of Neuroradiology, Wilford Hall Ambulatory Surgical Center, San Antonio, TX, USA

dResearch Imaging Institute, University of Texas Health Science Center at San Antonio, San
Antonio, TX, USA

eDepartment of Psychiatry, Yale University and Olin Neuropsychiatric Research Center, Hartford,
CT, USA

fDepartment of Physics, University of Maryland Baltimore County (UMBC), MD, USA

Abstract

Fractional anisotropy (FA) of water diffusion in cerebral white matter (WM), derived from

diffusion tensor imaging (DTI), is a sensitive index of microscopic WM integrity. Physiological

and metabolic factors that explain intersubject variability in FA values were evaluated in two

cohorts of healthy adults of different age spans (N=65, range: 28–50 years; and N=25,

age=66.6±6.2, range:57–80 years). Single voxel magnetic resonance spectroscopy (MRS) was

used to measure N-acetylaspartate (NAA), total choline-containing compounds, and total creatine,

bilaterally in an associative WM tract: anterior corona radiata (ACR). FA values were calculated

for the underlying, proximal and two distal WM regions. Two-stage regression analysis was used

to calculate the proportion of variability in FA values explained by spectroscopy measurements, at

the first stage, and subject’s age, at the second stage. WM NAA concentration explained 23% and

66% of intersubject variability (p<0.001) in the FA of the underlying WM in the younger and

older cohorts, respectively. WM NAA concentration also explained a significant proportion of

variability in FA of the genu of corpus callosum (CC), a proximal WM tract where some of the
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fibers contained within the spectroscopic voxel decussate spectroscopic voxel decussate. NAA

concentrations also explained a significant proportion of variability in the FA values in the

splenium of CC, a distal WM tract that also carries associative fibers, in both cohorts. These

results suggest that MRS measurements explained a significant proportion of variability in FA

values in both proximal and distal WM tracts that carry similar fiber-types.

Keywords

diffusion tensor imaging; white matter; magnetic resonance spectroscopy; and N-acetylaspartate

1.0 Introduction

Fractional anisotropy (FA) of water diffusion in cerebral white matter (WM) is a

neuroimaging index that is commonly used as a measure of microscopic WM integrity

(Kamagata et al., 2012; Kochunov et al., 2009; Onu et al., 2012). Absolute FA values are

sensitive to many factors including myelin integrity, axonal density, fiber diameter, and the

configuration of axonal packing (Hasan et al., 2009; Kochunov et al., 2007; Kochunov et al.,

2012; Madler et al., 2008; Minati et al., 2007; Moseley, 2002a; O’Donnell and Westin,

2011; Wozniak and Lim, 2006). Our aim was to examine the neurochemical factors that can

potentially explain the individual variability in the frontal FA values. To this end, we studied

the correspondence between FA values and concentrations of three important

neurochemicals measured with 1H magnetic resonance spectroscopy (1H MRS) in the same

frontal WM region. Specifically, we performed regression analyses to estimate the

proportion of individual variability in FA values that can be explained by concentrations of

N-acetylaspartate (NAA), total choline containing compounds (tCho), and total creatine

(tCr) using 1H MRS in two groups of healthy normal volunteers.

FA is measured using diffusion tensor imaging (DTI) to quantify the directional selectivity

of the random motion of water molecules within a tissue (Basser, 1994; Conturo et al., 1996;

Pierpaoli and Basser, 1996; Ulug et al., 1995). Higher FA values (maximum theoretical

value is 1.0) are observed along heavily myelinated WM tracts. The structure of the axonal

cell membranes and myelin sheath hinders the diffusion of water molecules in all but the

direction along the fiber tract, therefore producing highly anisotropic water diffusion

(Pierpaoli and Basser, 1996). As a neuroimaging index of WM integrity, FA offers insight

into the changes in the micro-structural integrity of WM tracts. Its ageing and disease related

decline is associated with an increase in the water diffusion across the myelin sheath, and is

commonly interpreted as evidence for demyelination, reduction in the density of

oligodendrocytes and/or replacement of axonal fibers with other cells (Horsfield and Jones,

2002; Smith et al., 2006b; Song et al., 2003; Song et al., 2005).

Here, we chose to study the frontal association WM tract, the anterior corona radiata (ACR).

ACR is an associative, cortico-cortical frontal WM tract that decussates in the genu of

corpus callosum and relays higher-order cognitive information (Mamata et al., 2002).

ACR’s FA values experience a precipitous decline in normal aging (Kochunov et al., 2012;

Moseley, 2002b; Sullivan et al., 2001) because the oligodendrocytes that myelinate this tract

have reduced rates (per axonal-segment) of myelin production and repair (Hof et al., 1990)
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and are highly susceptible to metabolic damage (Bartzokis et al., 2004b). We hypothesized

that MRS markers will capture a significant proportion of individual variability in the FA

values in the underlying WM and the FA values of the proximal WM tracts that carry some

of these fibers. To test this hypothesis, we calculated the FA values for the MRS voxel, the

anterior corona radiata (ACR), an associative WM tract where the MRS voxel was placed,

and the genu of corpus callosum, where ACR fibers decussate. We also hypothesized that

MRS markers may explain variability in the FA values for distal WM tracts that do not carry

the fibers from where the MRS measurements were derived. To test this hypothesis, we

correlated MRS measurements with the FA values for the body of CC, which contains

decussating motor and sensory fibers and the splenium of CC where associative fibers that

carry visual and spatial-orientation information decussate.

1H-MRS allows for noninvasive concentration measurements of biologically important

neurochemicals in vivo. The three most commonly reported metabolites are N-

acetylaspartate (NAA), total choline containing compounds (tCho), and total creatine (tCr).

NAA is an abundant amino acid in the CNS that is highly concentrated in neuronal bodies

and axons (Govindaraju et al., 2000; Moffett et al., 2007), and its concentration is often used

as a marker of neuronal viability (Cecil and Kos, 2006; Govindaraju et al., 2000). It plays an

important role in osmoregulation (Baslow, 2003a, b, 2010) and participates in the synthesis

of myelin through donation of its acetate group (Baslow, 2003b; Moffett et al., 2007). In

previous studies of aging and 1H-MRS, NAA concentrations in frontal white matter regions

remain steady or decline as a function of age (Chang et al., 1996; Chang et al., 2009).

Decline in the NAA concentration is also observed in ischemic stroke and is interpreted as a

loss of viable neurons (Munoz Maniega et al., 2008). When measured WM, NAA

concentrations showed a strong correlation with axonal density in postmortem human MS

lesions, suggesting that NAA is a strong indicator of axonal integrity (Bjartmar et al., 2000).

The dominant tCho resonance is made up of glycerophosphocholine, a product of cellular

membrane breakdown, and phosphocholine, a cellular membrane precursor (Cecil and Kos,

2006). In normal aging, tCho concentrations in frontal white matter remain stable or increase

as a function of age (Chang et al., 1996; Chang et al., 2009). Increased tCho concentrations

are commonly interpreted as a breakdown in cellular membranes (Klein, 2000). In a study of

brain tumors, resected cerebral tissue with elevated tCho concentration in vivo showed

evidence for cellular inflammation (Venkatesh et al., 2001). Elevated tCho concentration

was observed in Alzheimer’s disease, potentially indicating increased membrane turnover

due to neurodegeneration (Kantarci, 2007). Finally, the tCr signal, made up of creatine and

phosphocreatine, is a measurement of compensatory energy metabolism activity (Balestrino

et al., 2002; Govindaraju et al., 2000). Once thought to be stable across development and

disease states, tCr concentration was commonly used as an internal reference for other

metabolites in the spectrum. However, more recent studies on healthy aging have reported

that in tCr concentrations in cerebral WM may decline with age and this change indicates

compromised energy metabolism (Chang et al., 1996; Chang et al., 2009). When lacking

glucose or oxygen, tCr concentrations partially offset the energy deficits from impaired ATP

production, but the supply of tCr is limited. Thus, a marked decrease in tCr concentration

suggests impaired energy metabolism (Balestrino et al., 2002). Recent research also showed

that tCr can be altered in pathological states (Pilatus et al., 2009; van den Bogaard et al.,
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2011), and this putatively reflects metabolic alterations. For instance, decline in tCr

concentrations was reported in asymptomatic subjects with a genetic predisposition to

Huntington’s disease (van den Bogaard et al., 2011). In a study of mild cognitive

impairment (MCI), Pilatus and colleagues found significantly decreased tCr was predictive

of subjects who converted to dementia during the next follow-up (Pilatus et al., 2009).

In this study, we carefully examined FA values and concentrations of 1H MRS markers in

the younger (3rd-to-5th decades) and older-age cohorts (6th-to-8th decades). FA values follow

an inverted-U trajectory with age that peaks in the 3rd–4th decades of life (Figure 1). As

such, the two cohorts corresponded to the periods of small (young age cohort) and large (old

age cohort) expected age-related change in FA values (Figure 1). We focused on examining

the degree of intersubject variability in FA values that can be explained by differences in the

concentrations of biologically important neurochemicals derived from the proximal WM

region as well as from two more distal WM regions one that carried similar, associative

fibers and the other that carried motor and sensory fibers. Additionally, we examined

potential differences in the relationship between spectroscopic measurements and FA values

in populations at the different stages of their lifelong FA trajectory. We hypothesized that

NAA concentration would be strongly correlated with FA values, and that this relationship

will be significant for both cohorts. Together, the relationships between FA and the three

neurochemicals clarified the nature of the intersubject differences in FA as well as the

physiological differences between younger and older age subjects.

2.0 Material and Methods

All studies were performed at the Research Imaging Institute, University of Texas Health

Science Center at San Antonio. DTI and MRS data for 65 healthy, younger-age male

participants (mean age: 37.4 ± 6.0, range: 28–50 years) were collected using Siemens Tim

Trio 3T MR system (Erlangen, Germany) using a twelve-channel head coil. Similar data

were collected for 25 healthy older-age participants (mean age: 66.6 ± 6.2, range: 57–80

years, 8 males and 17 females) using Siemens Trio 3T MR system. For the older-age group,

an eight-channel phase array coil was used for collection of DTI data while a transmit-

receive quadrature head coil was used for collection of the 1H MRS data. The imaging

protocol consisted of a high-resolution diffusion tensor imaging, a 3-D 1-mm3 turbo-spin-

echo FLAIR sequence, and a single voxel PRESS spectroscopy sequence (Bottomley, 1987).

The following measurements were performed in both cohorts: 1) FA values for the

spectroscopic region-of-interest (sROI) corresponding to the spectroscopic voxel, the

anterior corona radiata (ACR), and the genu of the corpus callosum; and 2) spectroscopic

metabolite concentrations including NAA, tCr (creatine+phosphocreatine), and tCho

(glycerophosphocholine+phosphocholine) in the frontal WM regions.

2.1 Diffusion tensor imaging

A single-shot, echo-planar, single refocusing spin-echo sequence was used to acquire

diffusion-weighted data with a spatial resolution of 1.7×1.7×3.0-mm in both cohorts. The

same sequence parameters were: TE/TR=87/8000ms, FOV=200mm, two diffusion weighing

values b=0 and 700 s/mm2 and three b=0 (non-diffusion weighted) images, axial slice

orientation with 50 slices and no gaps. A single average was used in both studies. The data
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for younger age subjects were collected with 55 isotropically distributed diffusion weighted

directions, while the DTI data for older subjects were collected using 86 isotropically

distributed diffusion directions. The number of directions, b=0 images, and the magnitude of

the b values for each protocol were calculated using an optimization technique that

maximizes the contrast to noise ratio based on the average diffusivity of the cerebral WM

and the T2 relaxation times (Jones et al., 1999). The higher number of directions in the older

cohort was used to increase the signal-to-noise ratio because the eight-channel coil produced

weaker signal than the twelve-channel coil used in the younger cohort.

2.2 Processing of DTI data

Fractional anisotropy (FA) images were created by fitting the diffusion tensor to the raw

diffusion data (Smith SM, 2002). The DTI data were processed in two ways. First, the

average FA value was calculated from the spectroscopic region of interest that was placed

on the FA image. Next, the average FA values for the spectroscopic voxel as well as two

proximal (anterior corona radiate and the genu of corpus callosum) and two distal (body and

splenium of corpus callosum) WM tracts were calculated using a tract-based spatial statistics

(TBSS) analytic method, distributed as a part of FMRIB Software Library (FSL) package,

was used for tract-based analysis of diffusion anisotropy (Smith et al., 2006a; Smith et al.,

2007). The TBSS approach was developed to overcome the limitations of voxel and region-

of-interest (ROI) based analysis of DTI data. FA images are characterized by a steep drop-

off in the magnitude of FA values in the direction that is perpendicular to the principle

direction of the tract. Therefore, FA images are typically inadequate for intersubject voxel-

based analysis and ROI-based analyses because the steep gradients in regional intensity can

produce misalignment and partial-volume averaging effects (Smith et al., 2006b). The TBSS

combines the strengths of voxel-wise (e.g., VBM - voxel based morphometry(Ashburner

and Friston, 2000)) statistical analysis and WM tractography methods by extracting the

spatial course of major WM tracts and then analyzing the FA values that correspond to the

middle of the tract.

During TBSS processing, all FA images were globally spatially normalized and then

nonlinearly aligned to a group-wise, minimal-deformation target (MDT) brain. The global

spatial normalization was performed using a method distributed with FSL package (FLIRT)

(Smith et al., 2006a) with 12 degrees of freedom. This step was performed to reduce the

global intersubject variability in brain volumes prior to non-linear alignment. The group’s

MDT brain is identified by warping all individual brain images in the group to each brain

(Kochunov et al., 2001). The MDT is selected as the image that minimizes the amount of the

required deformation from other images in the group. Next, individual FA images are

averaged to produce a group-average anisotropy image. This image is used to create a

group-wise skeleton of WM tracts. The skeletonization procedure is a morphological

operation, which extracts the medial axis of an object. This procedure is used to encode the

medial trajectory of the WM fiber-tracts with one-voxel thin sheaths. Finally, FA values

from each image are projected onto the group-wise skeleton of WM structures. This step

accounts for residual misalignment among individual WM tracts. FA values are assigned to

each point along a skeleton using the peak value found within a designated range

perpendicular to the skeleton. The FA values vary rapidly perpendicular to the tract direction
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but very slowly along the tract direction. By assigning the peak value to the skeleton, this

procedure effectively maps the center of individual WM tracts on the skeleton. This

processing is performed under two constraints. A distance map is used to establish search

borders for individual tracts. The borders are created by equally dividing the distance

between two nearby tracts. Secondly, a multiplicative 20mm full width at half-max Gaussian

weighting is applied during the search to limit maximum projection distance from the

skeleton.

2.3 Tract-based analysis using JHU atlas

The population-based, 3D, DTI cerebral WM tract atlas developed in Johns Hopkins

University (JHU) and distributed with the FSL package (Wakana et al., 2004) was used to

calculate population average FA values along the spatial course of the two WM tracts that

were proximal to sROI: the ACR and the genu of corpus callosum (CC). Both of these tracts

contained the decussating associative fibers localized within the MRS voxel (Figure 2).

Additionally, we calculated the average FA values for the two distal WM tracts: the body

and splenium of CC (Figure 2). The CC is the largest commissural projection system in the

CNS. We chose to study it here because histological examinations have demonstrated that

the CC is composed of distinct fiber types (Aboitiz, 1992; Aboitiz et al., 1992; Lamantia and

Rakic, 1990; Witelson, 1989). The genu (anterior third of the CC) mainly contains the thinly

myelinated and unmyelinated associative fibers that connect the bilateral prefrontal cortices.

The body (middle third) primarily contains heavily myelinated commissural fibers for

motor, somatosensory and auditory cortices. The splenium (posterior third) carries thickly

myelinated commissural fibers, intermixed with thinly myelinated associative fibers that

connect the temporal, parietal and occipital lobes (Aboitiz, 1992; Aboitiz et al., 1992;

Lamantia and Rakic, 1990; Witelson, 1989). The per-tract average values were calculated by

averaging the values along the tracts in both hemispheres.

2.4 Spectroscopy

Single voxel PRESS localization was utilized with the following parameters: TR/TE =

1500/135-ms, VOI ~ 3.4-cm3, NEX = 256, 1024 complex points, 1.2k-Hz spectral width,

and total scan time ~ 12 minutes. A water reference (NEX = 4) was collected and utilized

for phasing and eddy current correction. Spectroscopic voxels were placed bilaterally in the

white matter of the forceps minor area of each hemisphere in order to prevent partial volume

averaging with CSF and gray matter (Figure 2). Both datasets were collected by the same

technician who ensured the correct placement of the spectroscopic voxel in pure white

matter. The post-hoc analysis using tissue segmented images in the young cohort was used

to verify that 99% of the voxel within the region of spectroscopy measurements contained

>95% WM in all of the subjects. The intersubject overlap of the spectroscopic voxel is

shown for young subjects, following normalization to the Talairach frame in Figure 1S, see

supplement. This analysis could not be performed in the older cohort because the

spectroscopy and anatomical data were collected using different head coils, resulted in the

loss of the isocenter location between two acquisitions.

All data were phased and apodized to improve the signal-to-noise ratio (SNR) using an in-

house IDL program (Exelis Visual Information Solutions, Inc, Boulder, CO, USA)
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(Wijtenburg and Knight-Scott, 2011). The basis set was simulated using the GAVA software

package (Soher et al., 2007), which was modified to yield a Lorentzian lineshape instead of

its default Gaussian lineshape. The basis set was made up of: creatine (Cr),

glycerophosphocholine (GPC), lactate (Lac), myo-Inositol (mI), N-acetylaspartate (NAA),

N-acetylaspartylglutamate (NAAG), phosphocholine (PCh), and phosphocreatine (PCr).

This basis set was imported into LCModel, a fully automated curve fitting software package

(Provencher, 1993) for metabolite quantification. All metabolite concentrations were relative

to the water reference and therefore reported in institutional units (IU). Metabolite fits with

Cramer Rao Lower Bounds (CRLBs) above 20% were excluded (N=3, all in elderly cohort).

2.5 Statistics

A two-stage linear regression was used to probe the multivariate effects of the three 1H-

MRS measurements and intersubject variability in FA values. MRS measurements were

entered at the first stage, and subject’s age was entered at the second stage to estimate the

unexplained residual variability. The regression analysis yielded the degree of variance

described at each entry step and whether the change was significant. It also produced

standardized coefficients (β) that estimate linear associations between FA measurements (the

criterion) and biochemical indices of cerebral integrity (the predictors). This analysis was

performed separately for the three (sROI, ACR, and the genu of corpus callosum) regional

FA values for each of the cohorts. We corrected for multiple comparisons using Bonferroni

correction (N=3) such that significance was set to p < 0.017.

Results

3.1 Young-Age Cohort

Means for regional FA values and metabolite concentrations are shown in Table 1. In each

of the regions, the only significant predictor of FA value was NAA concentration (Table 2).

The strongest effect was observed for FA values in the sROI calculated using the TBSS

approach (r2 = 0.23, p = 0.0001, Figure 3), followed by the corpus callosum and ACR (r2 =

0.22, 21 p < 0.001, respectively). The correlation between FA values in the sROI calculated

from raw FA maps was weak but significant (r2 = 0.12, p = 0.01)

Analysis for the two distal WM tracts demonstrated that NAA from the associative frontal

WM fibers demonstrated a significant relationship with the FA of the visual and spatial

orientation fibers of the splenium of CC and with the motor and sensory fibers located in the

body of CC (r2 = 0.22 and 0.21 and p<0.01, respectively) (Table 3).

3.2 Old-Age Cohort

A summary of FA values and metabolite concentrations in each region are shown in Table 4.

Similarly to the young cohort, the strongest association was observed between NAA and FA

values in the sROI calculated from TBSS data (r2 = 0.66, p < 0.001, Figure 3, Table 5). The

associations between NAA and the average sROI FA value calculated from the raw FA

images was weaker, but still highly significant (r2 = 0.34, p = 0.002). A similar pattern of

significant prediction by NAA was observed in the ACR (r2 = 0.56, p = 0.0001) and to a

lesser extent in the genu (r2 = 0.28, p = 0.01).
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Similarly, the analysis for the two distal WM tracts, in the old-age cohort demonstrated, that

NAA measurement from the associative frontal WM fibers predicted a significant

relationship (r2 = 0.13, p=0.047) with the FA of the visual and spatial orientation fibers of

the splenium of CC (Table 6). The relationship with the FA values of body of CC was not

significant (Table 6).

Discussion

To our knowledge this is the first study to systematically demonstrate and replicate the

relationship between FA values and metabolite concentrations in the underlying, proximal

and distal WM fibers. We observed that NAA concentrations predict a highly significant

degree of the variance in the underlying FA values in both young and old-age cohorts. In the

younger age group, the observed predictive power was nearly equivalent for the sROI,

anterior corona radiata (ACR) and the genu of corpus callosum (CC). In the older-age

cohort, the relationship between NAA and FA was more prominent but also more regional.

There, the NAA concentrations explained 66% of the variance in FA values within the sROI

but the predictive power dropped to 56% for the ACR and 28% for the genu of CC.

Nonetheless, the correlation between NAA and the FA values for the underlying and

proximal WM were independently significant in each cohort even after Bonferroni

corrections. Analysis of the FA values for the WM areas distal to the spectroscopic voxel

suggested that NAA levels measured in frontal associative WM were also predictive of FA

values in the splenium of CC in both cohorts. Splenium carries associative fibers that

connect parietal areas (Aboitiz, 1992; Aboitiz et al., 1992). The correlation between NAA

and FA values of the body of CC was only significant in the younger-age cohort. This

suggested that NAA measurements in frontal WM were predictive of the aging trends

experienced by WM regions that carried fibers of a similar architecture

This study also demonstrated the superiority of using TBSS approach over the region-of-

interest data for multisubject analysis. The correlation between NAA and the average FA

value calculated from TBSS skeletons was stronger than those calculated by voxel-wise

averaging of FA maps and this finding was expected. TBSS offers the advantage of

projecting tract center values onto the mean FA skeleton. This approach ensures that an

equivalent set of voxels is included from each subject. This is very important given the steep

drop-off in FA values in the direction that is perpendicular to the tract’s principle direction

where partial voxel averaging dependent of the ROI placement can introduce extra

variability (Smith et al., 2006a; Smith et al., 2004). Overall, these results support our

hypothesis that MRS measurement can be insightful to understanding intersubject variability

of FA values throughout the lifespan. These results also suggest that MRS measurements in

frontal associative WM can predict variability in FA values in the distal WM tracts that

carry associative fibers.

NAA concentrations were strongly and positively correlated with the underlying FA values

in both cohorts. The magnitude of the correlation coefficient was larger in the older age

cohort (r = 0.81) than the younger age cohort (r = 0.46) and this difference was statistically

significant (Z=~−2.5; p<0.01). The NAA signal derived from pure cerebral WM reflects

NAA concentrations in axons and therefore is considered a marker of neuronal axonal
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health. Conversely, intersubject variability in regional FA values is predominantly explained

(~80–90%) by differences in the myelin levels and therefore reflect the viability of the

oligodendrocytes which myelinate CNS axons (Madler et al., 2008; Song et al., 2003). One

of NAA’s many physiological roles is in the maintenance of cerebral myelination. NAA is

thought to be transferred from axons to oligodendrocytes where its acetate moiety is

removed and utilized for myelin synthesis (Moffett et al., 2007). The strong correlation

between FA values and NAA concentrations suggests a potential mechanism for age-related

alterations in FA values commonly reported in the literature (Hasan et al., 2009; Kochunov

et al., 2007; Kochunov et al., 2012; Minati et al., 2007; Moseley, 2002b).

Our finding of a strong and a positive relationship between NAA concentrations and the FA

of the WM fibers suggests two possible scenarios: neuronal and glial. NAA is produced in

neuronal mitochondria and is a marker of neuronal function (Baslow, 2003b) and neuronal

density (Bjartmar et al., 2002). A decline in cortical NAA concentration observed with age

and or a disorder is considered to be the result of the loss in the neuronal number or function

(Bjartmar et al., 2002). The decline in cortical neuronal density in associative areas would

inevitably lead to reduction in axonal density in the WM tracts that interconnect them.

Therefore, the decline in WM NAA concentrations may reflect on the age-related loss in

cortical neuronal density and the corresponding loss in axonal numbers leads to decline in

FA values due to the axonal degeneration and demyelination. Alternatively, aging-related

loss in glial cell density may lead to demyelination and loss of axonal fibers or function,

resulting in lower FA values and NAA levels. This could explain why NAA measurements

from associative frontal areas were also significantly correlated with the FA values in the

distal WM fibers that carry associative but not sensory and motor information.

Oligodendrocytes that myelinate these associative WM tracks are among the most

metabolically active cells in the adult CNS and therefore vulnerable to accumulation of

metabolic damage (Bartzokis et al., 2001; Bartzokis et al., 2003; Bartzokis et al., 2004a).

This damage leads to axonal loss, which adversely affects the neurons throughout the cortex

due to loss of neurotrophic factors (Dai et al., 2001; Wilkins et al., 2001; Wilkins et al.,

2003). However, additional investigations that take into account the cortical neuronal

density measured either by cortical NAA concentrations or cortical gray matter thickness are

needed to test these hypotheses. Additionally, short echo time 1H-MRS sequences can be

used to calculate the concentrations of other metabolites such as myo-inositol, a marker of

glial cell density, to aid in understanding of physiological mechanisms behind decreased FA

values with age.

This study calculated the concentrations of the metabolically important neurochemicals in

part-per-million using the water peak as the reference value. Historically, the concentrations

for NAA and tCho were also reported as a ratio to the concentrations of tCr because this did

not require collection of the water reference data. The concentration of tCr was assumed to

be stable across age and disorders, however, this assumption was inaccurate according to

recent data (Chang et al., 1996; Chang et al., 2009). When referenced to tCr level, the

relationship between NAA and underlying FA values was weaker, albeit this difference was

not statistically significant (r2= 0.08 vs 0.21, z=−1.1, p=0.20 and r2=0.27 vs.0.65, z=−1.74,

p=0.08 for the young and old cohort respectively). A similar reduction in significance was

observed by a study that evaluated the genetic portion of the individual variability in MRS
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measurements in a large twin sample (Batouli et al., 2012). There, the concentrations of

NAA and tCho demonstrated significantly higher heritability, with up to 65% of the

variance in NAA explained by genetic factors, when referenced to water rather than tCr

level due to lower environmental variance(Batouli et al., 2012). They concluded that “strong

environmental influences on tCr level suggests that it cannot be the best internal reference”

and that “the heritability of the metabolites considerably reduced when tCr was used as the

reference, and therefore our data suggest that the unsuppressed water peak may be the more

appropriate reference”(Batouli et al., 2012).

A limitation of this study is that the data for two groups were acquired using different

scanners and head coils. This prevented the combined analysis of the overall effects of FA

values and metabolite concentration as a function of aging. Another limitation of this study

is that there were no corrections for tissue water content in the metabolite concentrations.

Tissue water content has been shown to decrease as a function age (Chang et al., 1996;

Haley et al., 2004), which would result in higher metabolite concentrations in the elderly

group and potentially affect our analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Fractional anisotropy and concentrations important metabolites were evaluated in

two groups of subjects

In both groups N-acetylaspartate (NAA), a marker of axonal density, predicted

variability in FA

NAA explained 20% of variability in FA in younger and 60% in older subjects

Decline in NAA can be a potential contributor to the age-related decline in FA

values

This mechanism sheds light on the physiology of aging processes in axons and glial

cells
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Figure 1.
The age-trends for the two subject groups are overlaid on the average FA values (●) for

anterior corona radiata (ACR) tract based on data reported in Kochunov et al., 2012. The

two cohorts selected for this study represent two distinct types of aging: young subjects were

characterized by a subtle decline in the FA values with age (squares, dotted line, slope=

−0.0009 FA/year, r=0.24, p=0.25) and old subjects were characterized by a nearly doubled

rate of age-related decline in FA values (circles, dashed line, slope=−0.0017 FA/year,

r=0.36, p=0.05). These data were collected on different scanners, using different DTI
protocols and therefore a direct inter-group comparison among FA values is not
possible.
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Figure 2.
Left. An axial slice (Talairach Z=10) shows the placement of bilateral spectroscopy
voxels (blue boxes) with respect to the TBSS skeleton of WM tracts (average FA values
color-coded from red to yellow) and two regions of interest extracted from JHU WM
atlas: The genu of corpus callosum (white outline) and the anterior corona radiate
(green outline). The sagittal slice through the interhemispheric fissure (Talairach X=0)
shows the parcelation of corpus callosum into genu, body and splenium. Right. The

representative 135-ms TE PRESS spectrum acquired from one of the voxels. Spectroscopic

data from each hemisphere were fit in LCModel, and the results (red curve) were averaged

after determining that the metabolite concentrations from each hemisphere were not

significantly different.
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Figure 3.
FA values for the spectroscopic region of interest (sROI) and the corresponding linear trends

were plotted vs. NAA concentrations in the young (solid circle markers, dashed line,

FA=0.010*[NAA] + 0.39, r2=0.21, p=0.0002) and old (hollow square markers,

FA=0.013*[NAA] + 0.33, r2=0.66, p=0.00001) cohorts.
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Table 1

Summary of Parameter Means for Young Age Cohort

Mean ± Stdev

Age 37.3 ± 6.0

Gender (M/F) 65/0

FA ROI (raw) 0.43±0.04

FA ROI (TBSS) 0.52 ± 0.03

FA ACR (TBSS) 0.51 ± 0.03

FA Genu (TBSS) 0.71 ± 0.03

FA Body (TBSS) 0.71 ± 0.05

FA Splenium (TBSS) 0.72 ± 0.03

NAA (IU) 11.8 ± 1.3

tCr (IU) 5.5 ± 0.6

tCho (IU) 2.1 ± 0.3
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Table 4

Summary of Parameter Means for the Old-Age Cohort

Mean ± Stdev

Age 66.6 ± 6.2

Gender (M/F) 8/17

FA ROI (raw) 0.30 ± 0.04

FA ROI (TBSS) 0.40 ± 0.02

FA ACR (TBSS) 0.40 ± 0.03

FA Genu (TBSS) 0.56 ± 0.06

FA Body (TBSS) 0.61±0.05

FA Splenium (TBSS) 0.75±0.05

NAA (IU) 10.4 ± 1.4

tCr (IU) 5.5 ± 0.6

tCho (IU) 2.0 ± 0.4
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