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Cardiovascular risk factors such as dyslipidemia and hypertension
increase the risk for white matter pathology and cognitive decline.
We hypothesize that white matter levels of N-acetylaspartate
(NAA), a chemical involved in the metabolic pathway for myelin
lipid synthesis, could serve as a biomarker that tracks the influence
of cardiovascular risk factors on white matter prior to emergence
of clinical changes. To test this, we measured levels of NAA across
white matter and gray matter in the brain using echo planar spec-
troscopic imaging (EPSI) in 163 individuals and examined the re-
lationship of regional NAA levels and cardiovascular risk factors as
indexed by the Framingham Cardiovascular Risk Score (FCVRS).
NAA was strongly and negatively correlated with FCVRS across
the brain, but, after accounting for age and sex, the association
was found primarily in white matter regions, with additional ef-
fects found in the thalamus, hippocampus, and cingulate gyrus.
FCVRS was also negatively correlated with creatine levels, again
primarily in white matter. The results suggest that cardiovascular
risks are related to neurochemistry with a predominantly white
matter pattern and some subcortical and cortical gray matter in-
volvement. NAA mapping of the brain may provide early surveil-
lance for the potential subclinical impact of cardiovascular and
metabolic risk factors on the brain.
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Longitudinal studies have found that cardiovascular and met-
abolic risk factors such as hypertension and dyslipidemia in

early and middle adulthood are predictive of later cognitive
decline and development of neurodegenerative disorders such as
Alzheimer’s disease (1–5). The association of cardio-metabolic
risk factors and brain-related clinical outcomes may be mediated
by the effects of these risk factors on white matter structure (1,
6). Previously, we found that peripheral adiposity was correlated
with brain white matter microstructure as measured with diffusion-
weighted imaging (7). Here we investigate the possibility that neu-
rochemistry assessed with proton magnetic resonance spectroscopy
(MRS) can provide a more proximal biomarker for the associ-
ation of cardio-metabolic risk to white matter, with a focus on N-
acetylaspartate (NAA) and glutamate and glutamine (Glx).
NAA is an abundant neurometabolite produced in mitochondria
and stored largely in neuronal bodies and their axons in the
brain. Levels of NAA are sensitive to a range of pathologies
resulting in neuronal loss or damage, and thus levels of NAA are
interpreted as a nonspecific marker of neuronal health (8, 9). In
white matter, the majority of NAA is located in axons, thought to
reflect NAA’s roles in maintaining the axonal-glial system (8, 10,
11) and in supporting myelin synthesis (12). NAA decreases with
age and has been investigated as a potential early marker for
Alzheimer’s disease (13–15).
Glutamate is an abundant amino acid in the brain and also

serves as a neurotransmitter; maintenance of neuronal glutamate
levels requires intensive metabolic support (16). Age-related de-
cline in Glx is well documented using MRS, and decreased levels

have been observed in Alzheimer’s disease and mild cognitive im-
pairment (17–19). We hypothesize that cardiovascular risk factors
may impact the brain in part through neurometabolites including
NAA and Glx. Support for this hypothesis could provide early
biomarkers for further mechanistic studies on the contribution of
cardiovascular risks to cognitive decline and development of
neurodegenerative disorders (3, 5).
Several previous studies have found NAA levels to be asso-

ciated with measures of general physical health, that is, NAA
levels are higher in individuals with good aerobic fitness, and
lower in individuals with a high body-mass index or who smoke
cigarettes (20–22). Moreover, previous studies on NAA and Glx
associations with cardiovascular risk factors mostly measured
neurochemistry in a limited number of brain regions. To improve
the anatomic specificity of NAA and Glx levels as intermediary
biomarkers for the effects of cardiovascular risk factors, we
employed 3-dimensional (3D) echo-planar spectroscopic imag-
ing (EPSI) that can reliably detect NAA, Glx, and several other
metabolites across the whole brain in high resolution (23–26).
EPSI is a method for acquiring 3D spectroscopic data in a shorter
period of time compared to previous methods; details of this
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method and possible applications are available in recent reviews
(27, 28). In previous studies, EPSI has been successfully applied
to study a large sample (25), analyzed using an advanced post-
processing pipeline (24), and demonstrated to have excellent
reproducibility at a short echo time (TE) similar to the one used
in this study (29). Reliability and validity of EPSI measurements
have previously been demonstrated using phantoms and by
comparison of single voxel MRS and EPSI (30, 31).
We assessed cardiovascular risks using the Framingham Car-

diovascular Risk Factor Score (FCVRS), a widely used and vali-
dated index that summarizes risk factors from elevated cholesterol,
hypertension, and diabetes mellitus in addition to age and male sex
(32). We tested the hypothesis that FCVRS would be associated
with NAA and Glx in a sample of individuals from the Old Order
Amish and Mennonite (OOA/M) population. This sample is
uniquely suited for this research due to the relative genetic and
environmental homogeneity in this population. They are all Cau-
casian, share a traditional rural upbringing, similar educational
levels, and, due to strong cultural prohibitions, have low rates of use
of alcohol, tobacco, and other drugs (33); thus, factors that could
confound cardiometabolic and brain-imaging biomarker research in
the general population are reduced in this population.

Results
Relationship of Regional NAA to Cardiovascular Risks. NAA was
significantly related to FCVRS in 18 regions (Fig. 2A and Table
1). Seventeen regions showed inverse associations between their
NAA levels and FCVRS, primarily in white matter regions but
also including the thalamus, hippocampus, and cingulate gyrus.
Examples of prominent associations include the left anterior
corona radiata (Fig. 2C) and right hippocampus (Fig. 2D). To
account for potential inflammatory effects, we repeated this
analysis by including plasma levels of C-reactive protein but
found that including C-reactive protein did not substantially alter
the findings (Table 1).

Relationship of NAA to FCVRS Subcomponents. To examine whether
the associations between NAA and FCVRS were driven pri-
marily by any specific subcomponents, we repeated the analyses
with subcomponents including age and sex as covariates.
Total cholesterol. No regional NAA was found to have significant
association with plasma total cholesterol levels after correction
for multiple comparisons.
High-density lipoprotein. High-density lipoprotein (HDL) levels
were positively correlated mainly with NAA in white matter re-
gions and showed both positive and negative correlations with
NAA in gray matter regions (Table 1). Specifically, HDL was
positively associated with NAA in the right fusiform gyrus [β =
0.22, false discovery rate (FDR) = 0.027] and negatively associ-
ated with NAA in the left inferior occipital gyrus (β = −0.22,
FDR = 0.027), although these 2 regions were not part of the gray
matter regions significantly associated with FCVRS.
Systolic blood pressure. Higher systolic blood pressure was only
significantly associated with lower NAA in the right hippocam-
pus (β = −0.20, FDR = 0.024) and with higher NAA in the left
superior parietal gyrus (β = 0.19, FDR = 0.024). In general,
systolic blood pressure tended to be negatively correlated with
NAA in white matter regions but showed a less consistent re-
lationship with NAA in gray matter (Table 1).
Smoking. Current smokers tended to have lower NAA in white
matter regions compared with nonsmokers, although no correla-
tions were significant after correction for multiple testing (Table 1).
Hemoglobin A1c/Diabetes.Group comparisons between diabetics vs.
nondiabetics were not performed as only 5 participants had di-
abetes. Instead, we measured hemoglobin A1c (HbA1c) in all
participants and found that it was significantly and negatively
correlated with NAA in 14 regions (Table 1), although only 10 of

these regions were among the regions showing significant NAA
and FCVRS associations.

Relationship of FCVRS to Other Metabolites. No significant corre-
lations between FCVRS and Glx were observed (SI Appendix,
Table S1). To explore if FCVRS was associated with NAA spe-
cifically, we performed regression models to examine the re-
lationship of FCVRS to other metabolites including creatine,
choline-containing compounds, and myoinositol. Creatine levels
were significantly and negatively associated with FCVRS in a
pattern resembling findings for NAA, including 9 white matter
regions and 7 gray matter regions (Fig. 2B and SI Appendix). No
significant correlations with choline or myoinositol were found
(SI Appendix).

NAA Levels as Mediator of the Relationship Between FCVRS and
White Matter Hyperintensities. Exploratory mediation analyses
focused on mediation by NAA of the relationship between age-
corrected FCVRS and the white matter hyperintensity (WMH)
burden quantified as the number of subcortical WMH regions
and the combined WMH volume of subcortical and ependymal
regions. White matter NAA was a significant mediator between
FCVRS and the number (95% confidence interval [CI]: 0.155 to
0.99; P < 0.001) as well as the volume of WMH regions (CI 0.007
to 0.03; P < 0.001). Average subcortical gray matter NAA also
significantly mediated the relationship between FCVRS and the
number (CI: 0.169 to 0.750; P < 0.001) and the volume (CI: 0.005
to 0.020; P < 0.001) of WMH. In contrast, average cortical gray
matter NAA did not significantly mediate the relationship be-
tween FCVRS and WMH (CI: −0.16 to 0.32; P = 0.48 for the
number and CI: −0.006 to 0.01; P = 0.60 for the volume). Full
statistical results from these models are reported in SI Appendix,
Table S2.

Discussion
In this community sample of relatively healthy individuals with a
rural lifestyle, we found that common cardiovascular risk factors
were associated with lower levels of NAA, particularly in the
white matter, limbic regions, and thalamus. Contrary to our hy-
pothesis, these risk factors were not related to glutamate and
glutamine independent of age and sex. However, we found that
lower levels of creatine were also associated with cardiovascular
risks in a pattern similar to NAA. Although a few individual
components of the FCVRS were found to be correlated with
NAA levels, significant associations were primarily found only
with the composite score.
The relationship of cardiovascular risk factors to NAA in

white matter areas is of particular interest as the acetyl group of
NAA that is broken down is used for the synthesis of myelin
lipids. Notably, cholesterol, which does not cross the blood–brain
barrier, is a major component of the myelin sheath (34). The de
novo synthesis of cholesterol in the central nervous system uses
acetyl CoA as a building block. NAA is synthesized in neuronal
mitochondria from aspartate and acetyl CoA; NAA is stored in
axons and released to neighboring oligodendrocytes where it is
broken down into asparate and acetate and the acetate group is
used for lipid synthesis (12). In animal models, hypertension and
metabolic abnormalities have been associated with peripheral
mitochondrial abnormalities (35, 36). Therefore, the association
of higher FCVRS and lower NAA could reflect impaired mito-
chondrial function and/or an insufficient supply of energetic
precursors such as ketone bodies that are preferentially used for
lipid synthesis (37, 38). Decreased levels of NAA in turn could
limit the capacity for oligodendrocytes to maintain the myelin
sheath, leading to vulnerability for white matter deficits with
aging or additional neurological insults. Levels of NAA correlate
positively with fractional anisotropy, a measure of white matter
microstructure derived from diffusion tensor imaging (39–41),
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Table 1. Associations of N-acetylaspartate and cardiovascular risks as measured by the FCVRS and its subcomponents (controlling for
age and sex)

Region FCVRS model 1 FCVRS model 2 Total cholesterol HDL Systolic BP Smoking HbA1c

White matter

L. anterior corona radiata −0.57* −0.56* −0.20 −0.08 −0.14 −0.19 −0.05
R. anterior corona radiata −0.33 −0.32 −0.02 −0.11 −0.06 −0.12 −0.16
L. posterior corona radiata −0.38 −0.39 −0.13 0.01 −0.08 −0.15 −0.15
R. posterior corona radiata −0.58* −0.59* −0.10 0.04 −0.10 −0.15 −0.17
L. superior corona radiata −0.44* −0.46* −0.07 0.01 −0.07 −0.18 −0.16
R. superior corona radiata −0.51* −0.52* 0.00 0.03 −0.08 −0.20 −0.22*
L. cingulum −0.40* −0.40* −0.12 −0.01 −0.04 −0.16 −0.18*
R. cingulum −0.34* −0.35* −0.06 −0.01 −0.02 −0.10 −0.19*
L. anterior limb, internal capsule −0.44* −0.44* −0.04 0.09 −0.13 −0.11 −0.16
R. anterior limb, internal capsule −0.49* −0.50* −0.07 0.07 −0.15 −0.11 −0.18*
Splenium of corpus callosum −0.54* −0.55* −0.10 −0.02 −0.14 −0.09 −0.18*
Body of corpus callosum −0.44* −0.45* −0.03 −0.03 −0.09 −0.11 −0.22*
Genu of corpus callosum −0.21 −0.20 −0.06 −0.06 −0.02 −0.06 0.00

L. posterior thalamic radiation −0.21 −0.22 −0.04 −0.06 0.05 −0.02 −0.17
R. posterior thalamic radiation −0.39* −0.40* −0.10 −0.02 −0.09 0.00 −0.13
L. superior longitudinal fasciculus −0.29 −0.30 −0.16 0.03 −0.10 −0.14 −0.07
R. superior longitudinal fasciculus −0.33 −0.34 −0.03 0.10 −0.07 −0.11 −0.15
L. external capsule −0.24 −0.24 −0.02 0.09 −0.11 −0.05 −0.14
R. external capsule −0.25 −0.25 −0.04 −0.02 −0.07 −0.05 −0.10
L. sagittal stratum −0.20 −0.19 −0.13 −0.03 −0.02 0.00 −0.02
R. sagittal stratum −0.25 −0.25 −0.03 0.08 −0.07 −0.01 −0.04

Subcortical

L. thalamus −0.38* −0.39* −0.04 0.07 −0.16 −0.04 −0.15*
R. thalamus −0.40* −0.42* −0.08 0.06 −0.14 −0.08 −0.16*
L. hippocampus −0.33* −0.33* −0.01 0.07 −0.11 0.04 −0.12
R. hippocampus −0.37* −0.38* −0.05 0.04 −0.20* 0.07 −0.09
L. putamen −0.15 −0.16 −0.07 0.05 −0.06 0.02 −0.01
R. putamen −0.26 −0.26 −0.02 −0.02 −0.13 −0.07 −0.06
L. caudate −0.28 −0.28 0.03 0.04 −0.02 −0.05 −0.20*
R. caudate −0.26 −0.26 0.10 0.06 −0.02 −0.10 −0.22*

Cortical
L. cingulate gyrus −0.27* −0.28* −0.11 0.00 −0.01 −0.08 −0.14*
R. cingulate gyrus −0.23* −0.23* −0.06 0.01 −0.01 −0.06 −0.15*
L. inferior frontal gyrus 0.02 0.01 −0.02 −0.03 0.01 −0.07 0.01

R. inferior frontal gyrus −0.25 −0.25 −0.09 −0.01 −0.12 −0.08 −0.05
L. middle frontal gyrus −0.23 −0.23 −0.05 −0.08 0.01 0.00 −0.13
R. middle frontal gyrus 0.02 0.02 0.10 −0.03 0.08 −0.02 −0.15
L. superior frontal gyrus 0.03 0.03 −0.03 −0.07 0.11 −0.03 −0.11
R. superior frontal gyrus 0.05 0.06 0.02 −0.05 0.10 −0.01 −0.11
L. insula −0.18 −0.18 −0.03 0.07 −0.07 −0.04 −0.11
R. insula −0.17 −0.17 −0.02 0.03 −0.07 0.05 −0.06
L. precentral gyrus −0.01 −0.01 −0.03 0.01 0.05 −0.05 −0.07
R. precentral gyrus 0.01 0.01 0.02 0.04 0.08 −0.08 −0.17*
L. superior parietal gyrus 0.15 0.15 −0.06 −0.10 0.19* −0.03 −0.04
R. superior parietal gyrus −0.13 −0.13 −0.09 −0.04 0.08 −0.11 −0.08
L. precuneus 0.06 0.06 −0.04 −0.05 0.13 −0.04 −0.09
R. precuneus −0.06 −0.06 −0.06 −0.04 0.11 −0.04 −0.11
L. postcentral gyrus −0.04 −0.04 −0.08 0.05 0.08 −0.04 −0.09
R. postcentral gyrus −0.12 −0.12 −0.04 0.02 0.08 −0.05 −0.16*
L. supramarginal gyrus −0.10 −0.11 −0.14 −0.05 0.02 −0.04 −0.04
R. supramarginal gyrus −0.14 −0.14 0.00 0.05 −0.01 0.02 −0.15*
L. middle temporal gyrus 0.08 0.08 −0.05 −0.10 0.10 0.02 −0.06
R. middle temporal gyrus −0.21 −0.21 0.04 0.04 −0.05 0.09 −0.13
L. superior temporal gyrus −0.19 −0.19 −0.06 0.01 −0.02 −0.03 −0.10
R. superior temporal gyrus −0.14 −0.15 −0.03 0.03 −0.04 0.04 −0.09
L. cuneus 0.15 0.15 0.02 −0.07 0.09 0.01 −0.12
R. cuneus 0.05 0.04 0.06 0.00 −0.01 −0.02 −0.07
L. lingual gyrus 0.03 0.03 −0.06 −0.08 0.05 0.04 −0.07
R. lingual gyrus 0.09 0.08 0.07 0.01 −0.02 0.14 0.09
L. fusiform gyrus −0.14 −0.14 −0.03 −0.01 −0.02 −0.07 −0.07
R. fusiform gyrus −0.21 −0.20 0.09 0.21* −0.03 0.05 −0.06
L. angular gyrus 0.28* 0.28* 0.02 −0.14 0.15 0.05 0.00

R. angular gyrus −0.12 −0.12 −0.05 −0.01 0.02 −0.06 −0.11
L. inferior occipital gyrus 0.16 0.16 0.01 −0.22* 0.06 0.02 −0.02
R. inferior occipital gyrus −0.06 −0.06 −0.09 −0.01 0.02 0.10 −0.07
L. middle occipital gyrus 0.12 0.13 −0.02 −0.08 0.12 −0.01 −0.04
R. middle occipital gyrus 0.09 0.09 −0.07 0.05 0.06 −0.06 −0.07
L. superior occipital gyrus −0.07 −0.06 −0.07 −0.04 0.06 −0.03 −0.11
R. superior occipital gyrus 0.02 0.03 −0.05 0.00 0.03 −0.10 −0.04

Cerebellum

L. cerebellum −0.03 −0.04 −0.04 0.07 −0.04 −0.05 −0.01
R. cerebellum −0.20 −0.21 −0.07 0.07 −0.10 0.02 0.08

Associations with FCVRS are given as beta values from linear regression models covarying for age and sex (model 1) and models covarying for age, sex, and plasma levels of C-reactive protein (CRP) (model
2). All associations for subcomponents are beta values from regression models with age and sex as covariates. BP, blood pressure. L, left. R, right.

*FDR < 0.05.
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providing some support for this hypothesis. Furthermore, our me-
diation analyses support the hypothesis that the levels of NAA,
particularly in the white matter and subcortical gray matter regions,
mediate the relationship between FCVRS and WMH that rep-
resent regions of demyelination, often associated with cerebro-
vascular factors.
The anatomic pattern of relationship between FCVRS and

NAA levels shares some similarities with previous studies of
healthy cohorts examining patterns of WMH in relationship to
cognition and cardiovascular risk factors. Birdsill and colleagues
found cognitive functions—in particular, processing speed—to
be associated with WMH volume in the superior and anterior
corona radiata and cingulum, independent of age (42). Habes and
colleagues found that WMH volume partially mediated the rela-
tionships of age and cardiovascular risk factors to patterns of brain
atrophy characteristic of both normal aging and Alzheimer’s dis-
ease; increased WMH load was particularly associated with gray
matter atrophy in temporal and frontal lobes, with effects seen for
the cingulate and hippocampus as well (6). In the current study,
cardiovascular risk factors were prominently related to NAA levels
in the anterior and superior corona radiata, cingulum, hippocam-
pus, and cingulate gyrus. This anatomic convergence hints at an
overlap of mechanisms linking cardiovascular risk factors to WMH
and decreased NAA. Of note also is that, in previous studies,
cardiovascular risk factors explained only a modest proportion of
variance in WMH burden (6, 43), indicating the contribution of
other factors to brain atrophy antecedent to cognitive decline.
Underscoring the multifactorial origin of atrophy characteristic of
neurodegenerative disease, Schreiner and colleagues found that
amyloid-beta burden and WMH independently predicted myo-
inositol/NAA ratios in the posterior cingulate cortex of cogni-
tively intact elderly individuals, although they did not find this
relationship for white matter myo-inositol/NAA (44).
The findings of an inverse relationship between FCVRS and

creatine levels may also reflect a disturbance in brain bioenergetics.

Total creatine quantified with MRS is a combination of creatine
and phosphocreatine. Creatine can be derived from diet, hepatic
production, or de novo synthesis within the brain. Phosphocreatine
is synthesized by a reversible transfer of a phosphate group from
ATP and may serve as a transport and buffering vehicle to en-
sure that ATP can be regenerated when and where it is needed
in cells (45). This energetic buffer can protect axons during pe-
riods of ischemic-like depletion of ATP production by mitochon-
dria (46). Creatine may also preserve oligodendrocyte viability
under inflammatory conditions (47). NAA and creatine levels
in the white matter may thus be more vulnerable to increased
cardiovascular risks.
The lack of significant findings between FCVRS (after covary-

ing for age and sex) and Glx requires additional consideration.
Higher FCVRS was strongly correlated with reduced Glx levels
throughout the brain, but these correlations likely represent the
strong influence of age on both FCVRS and Glx, as covarying for
age greatly attenuated the effects. While decreased Glx has been
associated with cognitive impairment and Alzheimer’s disease in
older samples (17–19), we do not find evidence supporting Glx as
a marker of the contribution of cardiovascular risk.
The cross-sectional nature of this study limits interpretation

regarding the causal pathways between cardiovascular risk fac-
tors and neurochemistry. As MRS cannot distinguish levels of
NAA or other metabolites among cell types containing these
compounds, we have limited ability to interpret these findings in
terms of cellular level mechanisms. The 3D, whole-brain mag-
netic resonance spectroscopic imaging (MRSI) approach used in
this study has the advantage of examining the influence of car-
diovascular risk factors on neurochemistry across the brain in a
single experiment. However, this approach has limitations, es-
pecially regarding limited spatial resolution and sensitivity
compared to whole-brain MRSI conducted at higher field
strengths. EPSI may be of most value as an anatomically un-
biased method of screening to identify regions of highest interest

Fig. 1. Representative spectra for (A) left anterior corona radiata and (B) right hippocampus locations.
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for follow-up studies employing other MRS technologies. An-
other limitation is that our study was performed in a sample of
individuals from a rural population with minimal substance use
and formal education levels limited to the eighth grade, possibly
limiting the extent to which the current findings can be gener-
alized to the greater population. For example, in our sample only
9.8% of the participants were smokers, compared to 19.3% of
the general US population who use tobacco products (48). The
limitations of the FCVRS used here to index cardiovascular risk
factors must also be noted. The formula for this risk score was
based on an empirical study of a predominantly urban/suburban
white American sample and may require recalibration for other
populations. Furthermore, the FCVRS formula does not include
factors that may be particularly relevant to brain aging and risk
for cognitive decline, such as genetics, diet, activity levels, or
markers of systemic inflammation and/or oxidative stress (49).
Obesity is associated with oxidative stress and increased inflam-
matory tone (50, 51), mechanisms that potentially drive cardio-
vascular risk and compromise white matter. For example, oxidative
stress has been found to be closely related to cardiovascular dis-
ease risk factors incorporated in the FCVRS and to independently
predict cardiovascular and cerebrovascular illness (51, 52). Simi-
larly, increased inflammatory tone (53, 54) and obesity (7, 55) have
been linked to cardiovascular diseases and white matter abnormalities.

Future research should consider incorporating these factors in
indices of cardiovascular health risks.
Cardiovascular risk factors are increasingly recognized as contrib-

uting to the development of cognitive impairment, neurodegenerative
diseases, and dementia. However, the associated mechanisms of
pathophysiology are yet to be fully understood. Large-scale clinical
trials with intense care focusing on blood pressure showed only
marginal effects in reducing dementia or WMH accumulation (56,
57). Other preventative strategies such as use of statins or creatine
supplementation have also been largely disappointing in attenuat-
ing risk for neurodegenerative disorders (58, 59). Development of
more robust preventative strategies may require a more nuanced
understanding of the pathways connecting early cardiovascular risks
to irreversible brain changes. Here we found that in individuals
without significant neurological disturbance, cardiovascular risk
factors are related to decreased levels of NAA and creatine, par-
ticularly in white matter regions. White matter NAA and creatine
may be valuable biomarkers in future mechanistic and intervention
studies on the link between common cardiovascular risk factors and
neurodegenerative disorders.

Materials and Methods
Participants and Clinical Assessments. Magnetic resonance scanning was
completed in 163 OOA/M participants (69 male, 94 female) from Pennsyl-
vania and Maryland (scanned from 2017 to 2018), and EPSI was an add-on
study to the ongoing Amish Connectome Project. The average age of

Fig. 2. Relationship of regional NAA (A) and creatine (Cr) (B) to FCVRS; regions in red showed inverse correlations between metabolite and FCVRS that were
significant after covarying age and sex and accounting for multiple comparisons; regions in blue showed significant positive correlations between metabolite
and FCVRS. (C and D) Two examples, one from white matter and one from gray matter, of the associations between NAA and FCVRS. (C) Scatterplot of
relationship between FCVRS and NAA in left anterior corona radiata, displaying residuals of both variables after regressing age and sex. (D) Scatterplot of
relationship between FCVRS and NAA in right hippocampus.
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participants was 39.8 ± SD 17.9 y. The Structured Clinical Interview for DSM-
5 was used to identify or rule out psychiatric diagnoses in all participants.
Exclusion criteria included history of major medical and neurological condi-
tions, including epilepsy, cerebrovascular accident, head injury with cognitive
sequelae, and mental retardation. Participants with unstable or major medical
illnesses were excluded, but common medical conditions without current
complications such as stable hypertension (n = 9) or type II diabetes (n = 5)
were not excluded. Participants with current major psychiatric disorders such
as mood or psychotic disorders were excluded. Participants were screened for
tobacco use, and 16 participants were identified as current users. Participants
gave written informed consent. The study was approved by the University of
Maryland Baltimore Institutional Review Board.

Magnetic Resonance Spectroscopic Imaging. All imaging data were collected
on a 3 Tesla Prisma scanner equipped with a 64-channel head coil and a high-
performance gradient system. High-resolution T1 MPRAGE (0.8 × 0.8 ×
0.8 mm) was obtained on each subject for tissue segmentation and image
registration for EPSI. Whole-brain MRSI was acquired with a 3DEPSI se-
quence (60): repetition time (TR) = 1,550 ms, TE = 17.6 ms, lipid inversion
nulling with inversion time = 198 ms, flip angle = 71°, field-of-view: 280 ×
280 × 180 mm, 50 × 50 voxels in 18 slices, voxel size = 5.6 × 5.6 × 10 mm, total
acquisition time: ∼16 min with water and lipid suppression. A water refer-
ence MRSI acquisition was interleaved within the metabolite acquisition to
be used for phase correction and normalization. Both structural MPRAGE
and EPSI were acquired +15° from the anterior commissure–posterior com-
missure line. EPSI data were processed with the Metabolite Imaging and
Data Analysis System (MIDAS) software package (25). Images were recon-
structed, corrected for B0 shifts, interpolated to 64 × 64 × 32 points, and
spatially smoothed (Gaussian kernel 5 mm in plane, 7 mm through plane),
which resulted in an effective voxel volume of ∼1.5 mL. Spectral fitting was
performed using a common Gaussian line shape for all resonances, and the
basis set generated in MIDAS included myo-inositol, creatine-containing
compounds (Cre), NAA, choline-containing compounds (Cho), and gluta-
mate and glutamine (Glx) (61). Data quality was assessed, and voxels were
excluded if the spectral line width was greater than 13 Hz, the Cre Cramer-
Rao lower bounds (CRLB) were greater than 40%, and the Cre confidence
limits were greater than 20%. The water resonance was also fit, and voxels
were excluded for a water line width greater than 12 Hz, CRLB greater than
2%, confidence limits greater than 20%, and a frequency shift greater than
20 Hz. Additional criteria were a minimum tissue fractional volume of less
than 20% and a data value greater than 4 SDs away from the mean for all
voxels that passed previously listed criteria. Signal normalization for the
individual metabolite maps was carried out using the water MRSI, which was
scaled to 100% water equivalence based on information from the tissue
segmentation map, which was derived from the T1-weighted MRI using
SPM12. Results are presented in institutional units.

All metabolite maps were spatially registered to the “Eve” reference MRI
(62), which was mapped to a brain atlas with 107 regions-of-interest. Mean
values were generated for each brain region, with voxels excluded from
statistical analyses if the spectral line width was less than 2 Hz and greater
than 12 Hz, if the voxel value was greater than 3 SDs away from the mean
across the viable voxels, and if the proportion of CSF within the voxel was

greater than 30%. All EPSI voxels from each cortical and subcortical gray
matter region of the atlas (62) were averaged to represent the level of the
metabolite in that region, resulting in a map representing the distribution of
each metabolite by region across the brain. However, regions for which
>10% of participants had voxels rejected due to failure to pass the above
quality assurance procedure were excluded from analysis, leaving 48 gray
matter and 21 white matter regions (n of regions = 69; see Table 1 for
retained regions).

Fluid-Attenuated Inversion Recovery MRI. We used a semiautomated analysis
pipeline to quantify the volume and count of WMH. The pipeline uses
coregistered high-resolution (0.8 × 0.8 × 0.8 mm) T1 and T2w 3D sequences
similar to the approach used by the Human Connectome Project (http://
www.humanconnectomeproject.org). The WMH burden is quantified as the
combined (ependymal + subcortical) WMH volume (mm3) and the number of
subcortical WMH regions (63, 64). See SI Appendix for further details.

FCVRS. Based on empirical data from the FraminghamHeart Study, the FCVRS
is a sex-specific multivariable algorithm based on common laboratory mea-
sures and risk factors used to predict an individual’s risk for cardiovascular
diseases such as heart failure, stroke, and coronary artery disease (32). The
score incorporates age, plasma levels of high-density lipoprotein and total
cholesterol, diagnosis of type II diabetes, smoking status, and systolic blood
pressure (points calculated differently depending on whether being treated
with antihypertensive or not), with different scoring for men and women.
The FCVRS has previously been found to be predictive of cognitive decline
and WMH in healthy elderly individuals (4, 6).

Statistics. As age and sex are factored into the FCVRS (32) and may be related
to metabolite levels, all analyses were examined by linear regression models
including age and sex as covariates. For each metabolite, multiple compar-
isons for the number of regions (n = 69) were corrected for using the
Benjamini–Hochberg method, with an FDR of 0.05 (65). The key metabolites
found to be related to FCVRS were further explored in their relationships
with specific subcomponents of the FCVRS following the same pattern. To
test if observed relationships between FCVRS and NAA levels had implica-
tions for white matter changes, we conducted mediation analyses to test
models using age-regressed FCVRS as an independent variable, NAA levels as
a mediator, and WMH as a dependent variable, with age and sex as covariates
(SI Appendix, Fig. S1). In these models, 3 summary measures of NAA were
used: average NAA across all white matter regions; average NAA across cor-
tical gray matter regions; and average NAA across subcortical gray matter
regions. Two global WMH measures were used: log-transformed total lesion
volume and total lesion number. The quasi-Bayesian Monte Carlo method was
used for statistical inference (66).
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