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Abstract
Higher serum homocysteine (Hcy) levels in humans are associated with vascular pathology and
greater risk for dementia, as well as lower global and regional volumes in frontal lobe and
hippocampus. Calorie restriction (CR) in rhesus monkeys (Macaca mulatta) may confer neural
protection against age- or Hcy-related vascular pathology. Hcy was collected proximal to an MRI
acquisition in aged rhesus monkeys and regressed against volumetric and diffusion tensor imaging
indices using voxel-wise analyses. Higher Hcy was associated with lower white matter volume in
pons and corpus callosum. Hcy was correlated with lower gray matter volume and density in
prefrontal cortices and striatum. CR did not influence Hcy levels. However, control monkeys
exhibited a strong negative correlation between Hcy and global gray matter, whereas no
relationship was evident for the CR monkeys. Similar group differences were also seen across
modalities in the splenium of the corpus callosum, prefrontal cortices, hippocampus, and
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somatosensory areas. The data suggest that CR may ameliorate the influence of Hcy on several
important age-related parameters of parenchymal health.
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1. Introduction
Homocysteine (Hcy), biosynthesized from the essential amino acid methionine, is associated
with pathological aging and is a candidate biomarker of cardiovascular and dementia risk
(McCully, 2001; Blasko et al., 2008; Zylberstein et al., 2009). Circulating levels of Hcy in
humans tend to increase with age and contribute to cerebrovascular pathology in part
through endothelial thrombosis, fibrous arteriosclerotic plaques, and degradation of the
epithelial cells in the blood vessel wall (Marlatt et al., 2008). Higher circulating Hcy has
been associated with smaller total brain volume (Seshadri et al., 2008), lower regional
volumes including hippocampus (den Heijer et al., 2003; Wilhelm et al., 2008), and perhaps
by extension cognitive decline (Nurk et al., 2005).

In rats, infusion of Hcy via microdialysis into the striatum resulted in hypersecretion of
excitatory amino acids and more brain damage following experimentally induced strokes
(Ganguly et al., 2008). In addition, serum Hcy has been correlated with hippocampal
degeneration related to alcohol dependence (Wilhelm et al., 2008), as well as with lower
temporal and frontal lobar volumes (Seshadri et al., 2008). Hcy also may sensitize
dopaminergic neurons to environmental toxins and adversely hamper DNA repair (Margas
et al., 2004). Higher levels of Hcy are also detected in the cerebellum across a wide variety
of species relative to whole brain (Broch and Ueland, 1984). Oligodendrocytes appear to be
especially sensitive to Hcy-related damage, as Hcy is highly associated with axonal
demyelination as well as periventricular and subcortical white matter hyperintensities
(Vermeer et al., 2002; Wong et al., 2006). However, Hcy does not appear to adversely
impact all brain structures such as the amygdala (den Heijer et al., 2003), and others have
found no relationship between Hcy levels and central white and gray matter volumes
(Longstreth et al., 2004; Morra et al., 2009).

We sought to extend and clarify these findings in an established non-human primate model
of aging, the rhesus monkey, which shows many similar physiological and neural changes to
humans during aging (Roth et al., 2004). Although Hcy levels do not appear to rise as
markedly with age in non-human primates (Preston et al., 2002), dietary manipulations that
result in transient hyperhomocysteinemia do impact vasculature physiology in the expected
atherogenic manner (Harker et al., 1976; Lentz et al., 1996, 2001).

Our cohort of monkeys was derived from a longitudinal study on the benefits of consuming
a calorie restriction diet (CR; Colman et al., 2009). In addition to a salubrious change in
glucoregulation, CR confers protective effects on the vasculature in this specific sample and
rhesus monkeys in general--despite the fact that cardiovascular disease rarely occurs in this
species unless experimentally placed on a high fat diet (Edwards et al., 1998; Ungvari et al.,
2008). By extension, CR may still reduce Hcy concentrations and/or protect against Hcy-
associated changes in the aging brain. Rhesus monkeys do not show an overall decrease in
brain weight in old age (Herndon et al., 1998), but do evince reductions in gray matter and
white matter in many regions (Wisco et al., 2008).
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Because aging is related to lower regional volume in diffuse areas (Sowell et al., 2003), a
previously validated voxel-wise approach (McLaren et al., 2009) was used to gauge the
association of Hcy with both global and regional white matter and gray matter volumes. In
addition, the microstructural tissue density of myelin and axons was determined via
diffusion tensor imaging and estimated by fractional anisotropy, followed by axial
diffusivity (λ1) and radial diffusivity ([λ2 + λ3] / 2]), in order to examine whether fractional
anisotropy changes were related primarily to alterations in axons or myelin (Song et al.,
2002). Tissue density of gray matter and white matter was also jointly determined using
mean diffusivity. Finally, we investigated if monkeys on the CR diet showed less Hcy
related atrophy relative to control animals per unit increase in Hcy (μmol/L). These analyses
were conducted using cross-sectional MRI and physiological data.

2. Subjects and methods
2.1. Study population

Forty-five rhesus monkeys (Macaca mulatta) between 19 and 31 years of age were used
from a larger longitudinal CR project at the Wisconsin National Primate Research Center.
18 animals were fed a normative diet of commercial chow (mean age ± SD, 23.84 ± 2.79; 12
females, 6 males), while 27 CR subjects (mean age ± SD, 24.32 ± 2.77; 15 females, 12
males) had been on a moderately restricted diet (30% reduction of intake) for approximately
12 to 17 years starting in 1989. Details of the CR manipulation have been described
previously (Kemnitz et al., 1993; Ramsey et al., 2000). Animal rooms were maintained at 21
°C on a 12h/12h light-dark cycle. Water was available ad libitum. Food was present for 6-8
h per day. Monkeys were individually housed, remained in their home cage except during
assessments, and were monitored at least twice daily by care and research staff. The study
was approved by the Institutional Animal Care and Use Committee. Investigators processing
and analyzing imaging or serum data were blind to dietary condition.

2.2 Data collection
The single MRI scan session and image acquisition parameters have been described
previously (Colman et al., 2009; Bendlin et al., in press). Briefly, animals were maintained
in an optimal plane of anesthesia while images were acquired using a General Electric 3.0 T
scanner (GE Medical Systems, Milwaukee, WI, USA). T1- and T2-weighted scans were
used to determine global and regional gray matter and white matter volumes. Diffusion
tensor imaging was used to quantitatively estimate microstructural density of gray matter
and white matter tissue density (Song et al., 2002; Hasan et al., 2008). Blood was collected
within 6 months preceding the MRI scan to quantify circulating Hcy levels.

2.3. Hcy measurement
Fasted whole blood was collected via femoral or saphenous venipuncture from conscious
animals while briefly restrained, allowed to clot for up to 30 minutes, and then centrifuged
to derive serum (Willette et al., 2007). An Enzyme Immunoassay kit designed for detection
of human Hcy was used to determine levels of unbound L-Hcy as described by the
manufacturer (Axis-Shield Diagnostics Ltd., Dundee, United Kingdom). Because
crossreactivity with the monkey samples was unknown, several specimens from aged
humans were included in the assay to verify its reliability, appropriateness, and accuracy of
the standard reference curve. The kit range was 1-30 μmol/L.

2.4. Non-MRI statistical analyses
Independent samples t-tests or Analysis of Variance (ANOVA) in SPSS 16.0 (SPSS,
Chicago) was used to assess group differences for demographic variables, Hcy, and global
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brain volumes, as well as interactions. Distribution plots and skewness of the variables were
computed to confirm the appropriateness of using them in a General Linear Model for
voxel-wise analyses. Two-tailed Pearson’s r correlations examined associations between a
given dependent variable and Hcy, and whether these relationships were modified by dietary
condition.

2.5. Imaging artifacts
Images were inspected by a neuroradiologist (ASF) in order to locate scan artifacts that
could influence regional volumetric or microstructural results. One T1-weighted and three
diffusion tensor imaging scans had motion, respiratory, phase, or other artifacts that
rendered data unusable for regional brain analyses and were excluded. Six diffusion tensor
imaging scans (Controls = 2, CR = 4) had punctate (~1-2 mm) abnormalities located in the
white matter of the dorsal convexity that were proximal to primary motor and
somatosensory areas. These scans were also not analyzed because such abnormalities can
bias voxel-wise analyses and create spurious results. The nature of these abnormalities will
be investigated in a future histology report.

2.6. MRI processing
T1-weighted images were segmented and normalized to 112RM-SL atlas space using
DARTEL (Ashburner; 2007; McLaren et al., 2009, 2010). In order to optimize signal to
noise and facilitate comparison across participants, gray matter and white matter segments
were smoothed using a 4mm full width half maximum Gaussian kernel. Gray matter and
white matter volumes were masked using binary transforms of prior probability maps.
Fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity maps were
computed from diffusion tensor imaging data using DTIFIT in FSL
(http://www.fmrib.ox.ac.uk/fsl/fdt/fdt_dtifit.html). Diffusion tensor imaging measurements
were aligned to the 112RM-SL atlas space with the following procedure: each individual’s
B0 image was normalized to a T2-weighted atlas template (McLaren et al. 2009), along with
the normalization parameters to the diffusion tensor imaging measurements. The normalized
images were then smoothed with a 4mm full width half maximum Gaussian kernel.
Fractional anisotropy analyses were masked using a binary white matter mask to restrict the
analysis to major fiber tracts. Because variations in volume can affect estimates of tissue
density, an absolute threshold of 0.1 was applied to fractional anisotropy maps to reduce the
influence of white matter morphology on results. Mean diffusivity maps were masked using
a binary version of the 112RM-SL rhesus brain, because mean diffusivity is not biased
toward gray matter or white matter tissue classes relative to fractional anisotropy. Mean
diffusivity results did not change when binary gray matter and white matter prior probability
maps were separately used as masks and the resulting mean diffusivity maps combined.
Region of interest drawing of the hippocampus was conducted by an expert (AAW) for the
purpose of better specifying Monte Carlo simulations and voxel-wise analysis of that
structure (see below).

2.7. MRI analyses
Multiple regression voxel-wise analyses were conducted in SPM5
(http://www.fil.ion.ucl.ac.uk/spm/software/spm5/) using a general linear model (Ashburner
and Friston, 2000). Hcy was the independent variable and age, gender, and condition (CR
versus control) were covariates; total brain volume (global gray matter + global white
matter) was additionally included in volumetric analyses. Volumetric or diffusion tensor
imaging maps were used as dependent variables in separate models. In addition, we added
an Hcy*Condition interaction term to the existing models for each modality, to separately
evaluate whether CR modified the regional associations of Hcy relative to controls. The t-
statistic threshold was set at p < 0.005 (uncorrected). These analyses were corrected for
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multiple comparisons at the cluster level using Monte Carlo simulations with an alpha of .05
(Forman et al., 1995). The reference guide on AFNI’s website was used
(http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf). This iterative permutation
technique estimates the probability of generating a cluster with n voxels based on randomly
generated images with the same dimensions, voxel probability threshold, and smoothing
parameters as MRI images inputted for analysis. Although violation of non-stationarity is a
concern for cluster correction of imaging data, the use of a 4 mm full width half maximum
kernel does not appreciably bias the true alpha when using this permutational estimate of
cluster size (Hayasaka et al., 2004). For gray matter volumes, cluster correction required 884
voxels or more to reach significance. White matter volume and fractional anisotropy specific
to white matter needed at least 868 voxels within a cluster. Mean diffusivity clusters within
gray matter and white matter were significant only if they were larger than 1,075 voxels.
Finally, a simulation was conducted within a bilateral ROI of hippocampus and yielded a
corrected cluster size at or above 164 voxels that would be significant for that structure.

Whole brain cluster coordinates correspond to the space of the Saleem-Logothetis atlas
(Saleem et al., 2002) and are displayed on the 112RM-SL underlays (McLaren et al., 2009).
To investigate if differences in myelin or axons predominantly drove regional fractional
anisotropy results (Song et al., 2002), a binary transform of the Hcy fractional anisotropy
association map was used as an explicit mask for post-hoc voxel-wise analyses of radial and
axial diffusivity with a voxel threshold of p < .05 (uncorrected) in at least 50 contiguous
voxels. Major fiber tracts were identified based on an autoradiography atlas of rhesus
monkey brains (Schmahmann and Pandya, 2006). Sub-cortical rhombencephalon,
mesencephalon, and diencephalon structures were determined using the rhesus monkey atlas
of Paxinos and co-workers (2009).

3. Results
3.1. Hcy and demographics

The dietary groups did not differ significantly by age or gender. Hcy values for the monkeys
were within the standard reference curve of the assay kit, comparable to human values, and
conformed to a Gaussian distribution without significant skewness. One CR animal had an
Hcy value (25 μmol/L) more than three standard deviations above the sample mean and was
excluded from analyses. The presence or absence of this animal’s data did not affect the
physiological or neural results beyond a loss of power. The range of Hcy was 4.54-20.32
μmol/L (mean = 8.87; SD = 3.93), and the average levels for the CR monkeys did not differ
significantly from the control animals (9.33 ± .84 vs. 8.16 ± .80, respectively). The elapsed
time interval between the blood collection and date of the MRI scan was no correlated with
Hcy levels or associations with neural indices.

3.2. Hcy and global volumes
Total brain volume did not differ between groups. Higher Hcy levels were associated with
lower global white matter [r(44) = −.315, p < .05], while no relationship was found with
global gray matter or total brain volume. However, there was a significant Hcy*Condition
interaction for global gray matter volume [F(1,40)=6.38, p < .05]. Post-hoc split level
correlations revealed a negative relationship between Hcy and global gray matter volume
among controls [r(18) = −0.61, p < .01], but a non-significant relationship for CR animals
[r(26) = 0.16, p = .44]. All subsequent interaction analyses, therefore, tested only the
question of whether or not a CR diet conferred an ameliorative effect on the association
between Hcy and the brain indices on a regional voxel-wise basis.
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3.3. Hcy and regional volumetric analyses
3.3.1. White matter: associations—Higher Hcy levels were associated with lower
white matter volume throughout the pons (Figure 1; Table 1). Part of the cluster ascended
into the middle cerebellar penducle and included pontocerebellar fibers, extending along
ventral paraflocculus and lobules 2-5 into anterior cerebellum. Portions of this cluster also
ascended through the inferior cerebellar peduncle into lobules 1-4, deep white matter of
lateral posterior cerebellar hemispheres, and deep structures, including the basal interstitial,
interposed, medial, lateral, and floccular nuclei. A separate cluster incorporated the body of
the corpus callosum; coverage extended to thalamic white matter bundles in both
hemispheres subjacent to the head of the caudate, as well as in the pontine bundle.

3.3.2. White matter: dietary condition*Hcy interaction—No clusters related to white
matter exceeded the statistical threshold after correction.

3.3.3. Gray matter: associations—Higher Hcy levels were correlated with smaller gray
matter volume maximally in the medial inferior branch of cingulate sulcus, including the
mid- and anterior cingulate cortices; the anterior-posterior extent was approximately 17 mm
(Figure 2B-C; Table 2). A cluster of interest was also detected bilaterally in the caudate and
putamen (Figure 2A), extending to orbital prefrontal cortex rostrally and laterally into the
agranular insula area. A region encompassing dorsal premotor and dorsal prefrontal cortices
was also associated with Hcy.

3.3.4. Gray matter: Hcy*dietary condition interaction—This interaction model
tested if CR monkeys, per μmol/L unit increase in basal Hcy, showed a smaller or non-
significant relationship between Hcy and gray matter volume when compared to control
animals. In the maxima within somatosensory areas 1 and 2 (Figure 2E; Table 2), animals on
control diets showed a strong negative correlation between Hcy and gray matter volume in
left parietal lobe [r(17) = −.61, p = .009] (Figure 2F), which was similar to the global gray
matter association. By contrast, higher Hcy levels among CR monkeys were non-
significantly related to more gray matter [r(26) = .37, p = .062]. This reduction of the
association with Hcy in CR monkeys was also found in right somatosensory areas 1 and 2,
3a/b, and 5, as well as visual area 7a of parietal cortex, right hippocampus, and left visual
cortices (Figure 2E).

3.4. Hcy and microstructural indices
3.4.1. Fractional anisotropy, radial diffusion, and axial diffusion: associations
—Hcy levels were also correlated with lower fractional anisotropy maximally in cerebellar
white matter immediately dorsal to the fourth ventricle bilaterally (Figure 3A; Table 3). This
cluster was similar to the white matter volume results. Associated fibers in this region
include the superior cerebellar peduncles, as well as midbrain around the dorsal raphe and
occulomotor nuclei (Figure 3B). Follow-up voxel-wise post hoc analyses of radial and axial
diffusivity were performed using a binary transform of the fractional anisotropy result map
as an explicit mask. The radial diffusivity map revealed the same clusters and degree of
significance as the fractional anisotropy map, such as ponto-cerebellar fibers of the middle
cerebellar peduncle (x = −2, y = −1, z = 8; cluster size = 791; t = 4.29), whereas the axial
diffusivity map showed only one small cluster in anterior cerebellum also near the peduncle
(x = 0, y = −2, z = 9; cluster size = 121; t = 3.62).

3.4.2. Fractional anisotropy: Hcy*dietary condition interaction—An
Hcy*Condition interaction was added to the association model to test whether or not the
association between white matter density and Hcy levels differed between groups. As found
in previous analyses, per μmol/L unit increase of Hcy, the association was reduced in CR
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animals relative to monkeys consuming control diets. The global maximum after correction
was located within dorsal occipital bundle lateral to extrastriate cortex and extended through
the splenium (Figure 3E-F; Table 3). Among the controls, Hcy levels were correlated with
lower fractional anisotropy [r(18) = −.61, p = .005], while the relationship in CR monkeys
did not reach statistical significance [r(17) = .39, p = .120] (Figure 3G).

3.4.3. Mean diffusivity: associations—Higher Hcy concentrations were maximally
related to lower tissue density within a bilateral cluster in anterior cerebellum along lobules
3-4 (Figure 3B; Table 4). This region included fibers ascending through the superior
cerebellar peduncle akin to the fractional anisotropy analysis, ending in the periaqueductal
gray ventral to inferior colliculus. A prefrontal region encapsulated ventral prefrontal cortex
and central orbital prefrontal cortex (area 11L), as well as dorsal prefrontal cortex adjacent
the principle sulcus (Figure 3C-D). For white matter microstructure, rostral fibers included
corticocortical prefrontal cortex connections and extreme capsule.

3.4.4. Mean diffusivity: Hcy*dietary condition interaction—A Hcy*Condition
model tested if CR monkeys had lower mean diffusivity relative to controls per μmol/L
increase in Hcy. The specific hypothesis was that the CR diet would reduce the relationship
between Hcy and tissue density. The global maximum was located bilaterally in dorsal
prefrontal cortex, extending into frontal pole, medial prefrontal cortex along the frontal
forceps, and caudally in to anterior cingulate cortex (Figure 3E-F; Table 4). A smaller area
in primary visual cortex was also apparent. A split level correlation of a voxel in this region
indicated the expected positive relationship of lower Hcy with higher mean diffusivity
among controls [r(18) = .69, p = .001], but no significant relationship among CR monkeys
[r(17) = −.44, p = .075] (Figure 3H).

4. Discussion
Serum Hcy was detected at levels within the range of reference human values in 45 aged
rhesus monkeys, and was related to altered volumetric and microstructural tissue density
indices in prefrontal, parietal, temporal, and subcortical areas previously found to be
sensitive to presumed cerebrovascular changes. Hcy was non-significantly higher in our CR
animals. A similar CR manipulation lasting 3 months also found a non-significant 6.43%
increase in Hcy (Chen et al., 2009).

Despite statistically comparable Hcy concentrations in the CR and control groups, the
association between higher Hcy levels and lower global gray matter volume in the control
group was not observed in CR animals. These results suggest that CR may potect the brain
against the adverse affects of Hcy, or from effects of aging for which Hcy is a biomarker.
Because CR downregulates arterial proteoglycans and shrinks low density lipoprotein size in
this cohort of monkeys (Edwards et al., 1998), these animals may have been protected
against damage to the vascular endothelium and consequent regional neuronal ischemia that
could affect brain tissue volumes. For example, CR may have an effect on basal nitric oxide
levels because it is associated with endothelial health. Mice on a 35% CR diet following
hindlimb ischemic surgery show increased nitric oxide synthase phosphorylation of
endothelial cells (Kondo et al., 2009), which could counteract Hcy induced decreases in
nitric oxide that render microvascular lumen less distensible. Alternatively, CR could cause
Hcy to be more efficiently converted into cysteine through either: 1) increased expression of
the catalyzing agents Cystathionine β-synthase or Cystathionine β-lyase; or 2) higher
concentrations of pyroxidine (vitamin B6). Twenty-four hour fasting among rats raised
cysteine levels compared to ad libitum feeding in the same subjects, although the effect was
non-significant (Smolin and Benevenga, 1984).
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With respect to regional gray matter volume, higher Hcy levels were related to a global
maximum in a bilateral cluster encompassing anterior cingulate cortex. In the Framingham
Offspring study, total Hcy levels were inversely related to frontal lobe volume (Seshadri et
al., 2008), and a voxel-based morphometry assessment of B vitamin supplementation
specifically implicated a similar location in humans (Erickson et al., 2008). Most additional
anatomic regions identified in the latter study corresponded to our regional gray matter
findings in monkeys. These clusters included parietal cortex and intraparietal areas,
cingulate cortex, supplementary motor area, and the cingulate sulcus. Furthermore, an ROI
analysis associated higher Hcy with lower right hippocampus volume in alcoholic patients
(Wilhelm et al., 2008). Ganguly and colleagues (2008) also found that microdialysis
infusion of Hcy in anaesthetized rats exacerbated post-stroke damage to the striatum.
Peripheral Hcy was related to less gray matter volume in both of these structures in our
sample.

For our diffusion tensor imaging measures, the relationship between Hcy and gray matter
tissue density as estimated by mean diffusivity was similar to the volumetric results in dorsal
premotor and anterior cingulate cortices, as well as in the orbital prefrontal cortex and
paralimbic structures, most of which can be affected by age or non-age related pathologies
that raise Hcy (Thomas et al., 2002; Sowell et al., 2003; Shirpoor et al., 2009). It is possible
that some cerebrovascular pathology may directly contribute to the structural changes in
some of these regions. In addition, several rodent models show that application of Hcy
causes direct neurotoxic effects on cerebellar purkinje and granule cells in vitro (Kim and
Pae, 1996; Oldreive and Doherty, 2007).

Higher Hcy levels were associated with lower white matter volume and reduced fractional
anisotropy in regions of efferent and afferent ponto-cerebellar connections and basis pontis.
Higher radial diffusivity in the middle cerebellar peduncle and almost all other regions of
altered fractional anisotropy suggested that these changes were more likely related to less
myelin rather than fewer axons (Song et al., 2002). Hcy-related changes in white matter
volume, unlike gray matter, were not modified by CR, although focal protection was evident
in cortical and sub-cortical areas. A few neurological syndromes demonstrate selective
vulnerability of the pons, cerebellar peduncles, and splenium to cerebrovascular injury. The
pons and posterior white matter are specifically prone to damage during osmotic stress or
hypertensive crisis (Pearce, 2009). Age-related cerebrovascular changes in the central pons
(“pontine rarefaction”) has been associated with symptoms of disequilibrium in elders and
attributed to the effects of cerebrovascular disease on penetrating pontine arterioles
(Pullicino et al., 1995; Kwa et al., 1998). Hcy also appears to be a useful biomarker for
periventricular and deep white matter hyperintensities in normal aging, as well as in
neurodegenerative disorders (Sachdev, 2004, 2005).

The pons and cerebellum have not typically been examined in these previous reports, but
both were related to Hcy in our analyses. B12 deficiency, which results in elevated serum
Hcy levels, can cause selective demyelination of the posterior columns of spinal cord, with
similar abnormalities in the pons and cerebellar peduncles (Katsaros eta al., 1998). More
diffuse leukoencephalopathy, also with occipital/parietal predominance, has been described
in a case of uncontrolled homocystinuria (Vatanavicharn et al., 2008). Folate depletion
versus repletion among murine dams raised Hcy levels and induced substantial cell
reductions in pons and cerebellum of offspring (Xiao et al., 2005). Higher levels of Hcy may
be implicated in degrading coursing fibers of the cerebellothalamocortical or
corticopontocerebellar tracts. Indeed, the premotor cortices, the body of the corpus callosum,
mid cingulate, and thalamic bundles all showed lower fractional anisotropy as Hcy
concentrations increased. Patients with multiple sclerosis manifest lower fractional
anisotropy and higher mean diffusivity in the body of the corpus callosum, displaying
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dysregulation of activity in the above regions that grade for motor output (Lenzi et al.,
2007). More broadly, lower fractional anisotropy in the prefrontal cortices, the genu of the
corpus callosum, and other regions appear to be associated with a variety of behavioral
deficits including reduced motor speed, executive functioning, and working memory
(Kennedy and Raz, 2009).

Although hyperhomocysteinemia may directly induce the above effects, Hcy could
alternatively serve as a risk marker rather than a true causal factor in its relationship to
neural atrophy. Hcy can cause excitotoxicity by inducing oxidative stress, but it also
sensitizes neurons to exogenous or endogenous toxins such as amyloid beta accumulation
(Doherty, 2007). Higher Hcy also potentiates proinflammatory cytokine expression, which
can dysregulate intracellular energy homeostasis (Karalis et al., 2009) and cause oxidative
stress in a paracrine manner (Gokkusu et al., 2010). CR has been shown to reduce levels of
these proteins in this monkey cohort (Willette et al., 2010) and non-obese adults on 20% CR
diets (Fontana et al., 2007). While interleukin-6 levels did not mediate Hcy-related
associations with neural regions in this sample (data not shown), CR may affect other
inflammatory agents or similar factors that are potentiated by Hcy.

There are several limitations to the current study. Our MRI and physiological data were
cross-sectional in nature and do not allow causal inferences to be made. Although we
removed diffusion tensor imaging scans with artifacts in order to minimize the possibility of
spurious results in voxel-wise analyses, this step could have inadvertently introduced
selection bias in the interaction analyses for fractional anisotropy and mean diffusivity. We
also did not collect gait or balance motor measures, which would have been a useful to
regress onto the white matter volume map overlaying the pons and anterior cerebellum;
future studies should examine this relationship.

In conclusion, this cross-sectional regression analysis of the associations among Hcy levels,
gray matter and white matter volume, and microstructural density of parenchyma in rhesus
monkeys confirms and extends previous ROI and lobar volume studies in humans. CR may
provide protection from Hcy-related alterations in gray matter within prefrontal, parietal,
and cerebellar regions. In contrast, CR did not appear to similarly lessen the impact of Hcy
on white matter volume, although it did influence microstructural density of pontocerebellar
fibers, corpus callosum, and other important tracts. CR may mitigate the Hcy-related volume
loss in brain regions implicated in the development of movement, gait, and somatosensory
difficulties with aging.
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Figure 1.
Axial slices depicting areas of lower white matter volume associated with higher serum Hcy
levels in neurological space. The two main clusters encompassed basis pontis and middle
cerebellar peduncle, which contains ponto-cerebellar fibers, and the body of the corpus
callosum. The ‘warm’ color bar represents the magnitude of t-values.
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Figure 2.
Main effect association of Hcy and Hcy*Condition interaction on regional gray matter
volume in neurological space. Hcy was correlated with lower gray matter in: bilateral
striatum (A); anterior cingulate cortex (B); and mid cingulate cortex (C). The interaction
tested where CR monkeys, per μmol/L unit increase in Hcy, showed a reduced relationship
between Hcy and lower gray matter relative to controls. Regions implicated in the
interaction after statistical correction included visual cortices (D), parietal areas (E), and
right hippocampus (not shown). A representative voxel in left parietal lobe illustrates the
interaction (F). The ‘warm’ and ‘green-blue’ color bars represent t-values for the association
and interaction analyses respectively. gray matter volume is depicted in arbitrary units (AU).
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Figure 3.
Correlation of Hcy concentrations and the Hcy*Condition interaction with fractional
anisotropy and mean diffusivity values in neurological space. The ‘orange’ and yellow’ t-
statistic color maps respectively represent areas where greater Hcy levels were associated
with higher mean diffusivity and lower fractional anisotropy. Hcy was correlated with lower
fractional anisotropy in middle cerebellar peduncle (A). Higher mean diffusivity was seen in
anterior cerebellum and the same peduncle (B); orbital and ventral prefrontal cortices (C);
dorsal prefrontal cortex gray matter and corticocortical fibers (D). For the interaction, the
‘green’ (fractional anisotropy) and ‘blue’ (mean diffusivity) color maps show where CR
monkeys had a mitigated correlation between Hcy and tissue density per μmol/L unit
increase relative to controls. Regions implicated included the visual cortices (E) and medial
prefrontal cortex within the cingulate sulcus (F). Representative voxels in dorsal occipital
bundle (G) and primary visual cortex (H) illustrate the interaction for changes in fractional
anisotropy and mean diffusivity.
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Table 1

Negative association between white matter volume and homocysteine.

Region Coordinates (x, y, z) Peakt-value
Cluster Size

(voxels)

R Dorsal Pons 6, 2, 3 5.21 27674

 L Dorsal Pons −5, 8, 4 4.98

 L&R Medial Anterior Lobe of Cerebellum −2, −1, 7 4.59

Body of CC 1, 15, 22 3.64 1809

L = left hemisphere; R = right hemisphere. CC = Corpus Callosum. Result maps had a voxel and cluster threshold of p < .005 (uncorrected) and p
< .05 (corrected) respectively.
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Table 2

Negative association of gray matter volume, homocysteine, and mediation by dietary condition.

Region Coordinates (x, y, z) Peakt-value
Cluster size

(voxels)

Homocysteine associations

L&R Anterior Cingulate Cortex 2, 13, 25 4.12 2323

 L&R Anterior Cingulate Cortex 0, 26, 22 3.55

L Caudoputamen −10, 28, 12 3.79 2021

 L Agranular Insula −16, 25, 7 2.76

R Putamen 10, 28, 12 3.47 1372

L Dorsal Premotor Cortex −8, 26, 32 3.30 2260

 L Dorsal Premotor Cortex −8, 40, 32 3.11

Homocysteine*Condition

L Somatosensory areas 1 and 2 −10, −8, 38 3.74 3325

 L visual area 7a −11, 0, 38 3.53

R Somatosensory area 5 7, 0, 40 3.60 2004

R Hippocampus 17, 16, 0 3.58 247

 R visual area 7a 14, −2, 36 3.01

L Extrastriate Cortex −20, −12, 22 3.44 3964

 L Primary Visual Cortex −16, −18, 28 3.20

 L Extrastriate Cortex (LS) −13, −9, 23 2.90

L = Left hemisphere; R = Right hemisphere. LS = Lunate Sulcus. The interaction tested where CR monkeys showed more gray matter relative to
controls per unit increase in Hcy, suggesting an ameliorative effect. Voxel and cluster thresholds were p < .005 (uncorrected) and p < .05
(corrected) respectively. The hippocampal result survived a cluster correction derived from an a priori defined anatomical ROI.
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Table 3

Negative association of homocysteine, fractional anisotropy, and mediation by dietary condition.

Fiber tract Coordinates (x, y, z) Peakt-value
Cluster size

(voxels)

Homocysteine associations

R Pontocerebellar fibers 0,6,7 3.68 1448

Homocysteine*Condition

R Occipito-splenial Fibers 10, −12, 20 4.23 5784

 Splenium of CC 10, −2, 18 4.14

 Splenium of CC 0, 2, 17 3.73

L = Left hemisphere; R = Right hemisphere. CC = Corp us Callosum. The interaction tested where CR monkeys showed more fractional anisotropy
relative to controls per unit increase in Hcy, suggesting a protective effect. The voxel and cluster thresholds were p < .005 (uncorrected) and p < .05
(corrected) respectively.
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Table 4

Positive association of homocysteine, mean diffusivity, and mediation by dietary condition.

Region Coordinates (x, y, z) Peakt-value
Cluster size

(voxels)

Homocysteine associations

L Medial Anterior Lobe of Cerebellum −6, −5, 8 4.49 2243

R Medial Anterior Lobe of Cerebellum 6, −4, 8 4.20

R Dorsal Prefrontal Cortex 9, 40, 24 3.93 1363

 R Ventral Prefrontal Cortex 17, 38, 18 3.53

Homocysteine*Condition

R Anterior Cingulate Cortex 2, 36, 18 3.85 4398

 L Medial Prefrontal Cortex −2,44,14 3.11

 R Dorsal Prefrontal Cortex 3, 44, 22 2.96

R Primary Visual Cortex 19, −17, 29 3.83 1322

 R Primary Visual Cortex 14, −22, 27 3.60

L = Left hemisphere; R = Right hemisphere. The interaction tested where CR monkeys showed less mean diffusivity relative to controls per unit
increase in Hcy, suggesting a protective effect. The voxel and cluster thresholds were p < .005 (uncorrected) and p < .05 (corrected) respectively.
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