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Abstract

Recent anatomical studies have found that cortical neurons are mainly preserved during the aging process while myelin damage and even
axonal loss is prominent throughout the forebrain. We used diffusion tensor imaging (DT-MRI) to evaluate the hypothesis that during the
process of normal aging, white matter changes preferentially affect the integrity of long corticocortical association fiber tracts, specifically the
superior longitudinal fasciculus II and the cingulum bundle. This would disrupt communication between the frontal lobes and other forebrain
regions leading to cognitive impairments. We analyzed DT-MRI datasets from seven young and seven elderly behaviorally characterized rhesus
monkeys, creating fractional anisotropy (FA) maps of the brain. Significant age-related reductions in mean FA values were found for the
superior longitudinal fasciculus II and the cingulum bundle, as well as the anterior corpus callosum. Comparison of these FA reductions with
behavioral measures demonstrated a statistically significant linear relationship between regional FA and performance on a test of executive
function. These findings support the hypothesis that alterations to the integrity of these long association pathways connecting the frontal lobe
with other forebrain regions contribute to cognitive impairments in normal aging. To our knowledge this is the first investigation reporting
such alterations in the aging monkey.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction decline in memory and executive function similar to humans
(e.g. Albert and Moss [2] and Herndon [33]). Examinations of
Studies using non-human primate models of normal aging the brains of these behaviorally characterized young and old

have provided evidence of a pattern of age-related cognitive monkeys has demonstrated that cortical neurons are largely

. . preserved in the cerebral cortex, including primary motor cor-
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observed in forebrain white matter including myelin break-
down, loss of myelin and even mild loss of axons (e.g. Peters
et al. [62], Sandell and Peters [79], and Peters and Rosene
[61]). Anatomical studies in humans also indicate that neuron
numbers are preserved in the cerebral cortex [29,32,55], while
white matter is lost [44]. While these types of histological
examinations are critical for examining the microstructures
of the brain, because they are so labor intensive, they can
only sample limited brain regions. In this regard, magnetic
resonance imaging (MRI) offers a number of modalities that
can provide global in vivo assessments of the various com-
ponents of the brain such as the integrity of the white matter.
In humans, MRI has been used to show an overall volume
reduction in white matter in subjects ranging in age from 18
to 88 years [31]. When the same segmentation techniques
were applied to the monkey, an overall decline in white mat-
ter volume is also detected [61] and morphological studies
in humans and monkeys have confirmed a loss of white mat-
ter and myelinated axons [44,79]. Whether these changes in
white matter reflect a ubiquitous change or a topographically
specific process is unknown. To address this question we have
employed Diffusion Tensor MRI (DT-MRI), which enables
us to assess the integrity of white matter fibers by measuring
the three-dimensional self-diffusion of water along the axons.

DT-MRI yields data on scalar metrics of fractional
anisotropy (FA) and lattice anisotropy (LA). FA is the most
commonly used of the two metrics [73]. FA is a calculated
measure that is dependent on the orientational coherence of
the diffusion compartments within a voxel. FA is thought to
provide an index of the restrictional microstructure in the
white matter and is measured in terms of its index. FA has a
value of 0 for isotropic diffusion (e.g. minimally organized
restriction in a single orientation, as in regions with crossing
fibers) and a value of 1 for maximally anisotropic diffusion
(e.g. maximally organized restriction in a single orientation,
as in the internal capsule). Group differences in FA values
of similar anatomical regions would suggest a difference in
the white matter microenvironment. For example, lower fiber
density or decreased orientation specificity would result in
less tightly packed fiber bundles, and thus, water diffusion
would be less restricted and FA values would be lower.

FA has been used to examine changes in white matter
in multiple sclerosis [17], schizophrenia [39], alcoholism
[69,71,72], amyotrophic lateral sclerosis [23], and other
degenerative conditions in humans. Recent studies have also
documented significant declines in the orientational organi-
zation of the white matter in normal and pathological aging,
suggesting that DT-MRI may be a useful tool for the study of
brain aging in humans [18,50,53,54,71,72,77,86]. However,
there are no reported studies implementing DT-MRI in aging
monkeys where both behavioral assessment and subsequent
histological studies can be conducted and the present is the
first study investigating FA differences in the white matter of
aging rhesus monkeys.

We hypothesized that in aged monkeys, structural changes
of long corticocortical association fiber tracts, specifically

the superior longitudinal fasciculus II (SLF II) and the cin-
gulum bundle (CB), but not projectional fiber tracts such
as the corticospinal tract (ICpl), will produce decreases
in their anisotropy that can be measured using DT-MRIL.
Based on behavioral findings that have been reported with
aging monkeys suggesting declines in prefrontal functions
[1,4,8,25,30,49], we expected anisotropy values within the
frontal lobe white matter to be more severely affected. To test
this hypothesis we acquired DT-MRI scans on seven young
and seven aged rhesus monkeys that were behaviorally tested
on tasks assessing recognition memory and executive func-
tion.

2. Methods
2.1. Subjects

The animals used for this study were obtained from the
Yerkes Regional Primate Research Center at Emory Univer-
sity in Atlanta. They were selected according to strict health
criteria designed to exclude any diseases, clinical, or experi-
mental manipulations that might confound investigations of
normal aging by adversely affecting the brain or behavior.
These include any direct manipulations of the brain, history
of chronic disease, history of immune system dysfunction,
chronic drug treatments, major surgery such as splenectomy
or thyroidectomy, or any manipulations of the endocrine sys-
tem. They ranged in age from 7 to 31 years of age and with
seven males and seven females distributed relatively equally
across the range. An analysis of the life span in Yerkes colony
by Tigges et al. [87] indicates that by about 16 years of age,
half of all monkeys have died, that only about 25% live to
25 years of age and that the maximal life span for the rhesus
monkey is around 35 years of age in captivity. Since monkeys
reach sexual maturity between 4 and 5 years of age this sug-
gests that the ratio of monkey to human age is approximately
1-3 so that if the relation is assumed to be linear, a 5-year-old
monkey would correspond to a 15-year-old human, a 20-year-
old monkey would correspond to a 60-year-old human, and
a monkey over 30 would correspond to a human over 90. All
procedures conformed to the guidelines of the U.S. Public
Health Service Policy on Humane Care and Use of Labora-
tory Animals and were approved by Institutional Animal Care
and Use Committees at the Yerkes Center, at Boston Univer-
sity Medical Center and at Massachusetts General Hospital.
All facilities are fully accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care.

2.2. Behavioral testing

As part of our studies of normal aging, all of the monkeys
in this study were tested for about 9 months with a battery
of behavioral tests assessing learning, recognition memory,
attention, and executive function. As shown in Table 1, six
of the seven young and all seven of the aged monkeys com-
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Table 1
Animal characteristics and behavioral testing information
Animal number Age Gender DNMS DRST CSST

Acq 2-min 10-min Spatial Object IL S1 S2 S3
AM129 6.5 F + + + + + — — — —
AM131 6.5 F — — - — — - — — —
AM127 7.0 M + + + + + + + + +
AM132 7.0 M + + + + + + + + +
AM130 7.5 F + + + + + - — — —
AM144 14.5 M + + + + + + + + +
AM143 15.0 M + + + + + + + + +
AM124 19.5 M + + + + + + + + +
AM133 19.5 M + + + + + + + + +
AM125 20.0 F + + + + + — — — —
AM126 20.5 F + + + + + + + + +
AM123 20.5 M + + + + - + + + +
AM120 26.5 F — + - + + - — - —
AM119 30.5 F + + + + + — — — —

F: female, M: male; animal was tested (+) or was not tested (—); DNMS: delayed non-match to sample (Acq: number of errors to criterion; 2-min: percent
correct after 2 min delay; 10-min: percent correct after 10 min delay); DRST: delayed recognition span task (spatial: number correct, object: number correct);
CSST: cognitive set shifting task (IL: number of errors to reach criterion during initial learning phase; S1: shift one errors to criterion; S2: shift two errors to

criterion; S3: shift 3 errors to criterion).

pleted part or all of the behavioral test battery. The specific
tasks included acquisition of the delayed non-match to sam-
ple (DNMS-Acq), a test of abstraction and rule learning, as
well as DNMS performance at 2-min delays (DNMS-2) and
at 10-min delays (DNMS-10) to test recognition memory.
This was followed by two modalities of the Delayed Recog-
nition Span Task, spatial (DRST-spt) and object (DRST-obj),
which assess short-term memory capacity. Finally most sub-
jects were then tested on a test of attention, followed by a
simple three-choice discrimination task and then the Concep-
tual Set Shifting Task (CSST), amonkey version of the human
Wisconsin Card Sort Test that assesses executive function. A
detailed description of the implementation and assessment of
performance on these tasks in monkeys is given in Herndon et
al. [33] and Moore et al. [49]. A composite score for learning
and memory that designated the cognitive impairment index
(CII) was derived based on the principal components analysis
of Herndon et al. [33], which indicated that overall impair-
ments on the memory tasks were best predicted by a weighted
average of each subject’s scores on the DNMS-acq, the
DNMS-2 and DRST-spt. To simplify this, scores on each of
the three tasks for each subject were converted to a z-score rel-
ative to the mean performance of a baseline reference group of
40 young adults (5-10 years of age). The CII was then com-
puted as a simple average of the three standardized scores
with positive numbers indicating increasing impairments in
z-units from the mean of the baseline reference group.

2.3. MRI scanning procedures

2.3.1. Animal preparation

At the conclusion of behavioral testing, monkeys under-
went magnetic resonance imaging while tranquilized with
ketamine and anesthetized with xylazine. For scanning the

head was fixed in an MR compatible stereotactic frame [80],
the ear bars aligned with the landmark and the monkey moved
into the scanner where scans were acquired with the head
fixed in the coronal stereotactic plane. No scans lasted longer
than 15 min, allowing the monkey’s anesthetic level to be
assessed and adjusted at 15 min intervals without remov-
ing the monkey from the scanner and losing alignment. The
anesthesia regimen provided stable anesthesia for 40—-60 min,
completely avoiding all movement artifacts.

2.3.2. Imaging

All monkeys received 3D T1-weighted anatomical
(MP-RAGE) and diffusion-weighted (DT-MRI) imaging
on a 1.5T scanner (Siemens Sonata). The MP-RAGE
scans were acquired with the following parameters: TR =
2730 ms, TE=3.52ms, TI=1000ms, flip angle="7°, slice
thickness=1mm, in-plane  resolution=0.78125 mm x
0.78125mm, acquisition matrix=256 x 256 (FOV =
200 mm x 200 mm), 4 repetitions of 128 contiguous sagittal
slices, and pixel bandwidth =190 Hz/pixel. The DT-MRI
data was constructed by obtaining a seven-shot acquisition
(T2 echo-planar or lowb with b=0 s/mm?, and six diffusion
spatial encoding directions) with: TR =130 ms, TE =80 m:s,
TI=80ms, flip angle=90°, NEX =24, 40 coronal slices to
cover the entire brain, slice thickness =2 mm, skip =1 mm,
in-plane resolution=1.328125 mm x 1.328125 mm, data
matrix = 128 x 64 (FOV =170 mm x 170 mm), bandwidth =
1220 Hz/pixel, diffusion sensitivity b =600 s/mm?, SNR app-
roximately 60, and an imaging time of approximately 17 min.

2.4. DT-MRI analysis

This is an overview of our DT-MRI processing stream:
(1) motion and eddy current distortion correction; (2) cor-
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rected volume was used to generate fractional anisotropy (FA
[73]) and apparent diffusion coefficient (ADC [74]) maps; (3)
spatial transformation of each monkey’s lowb to an average
template created by co-registering (to a single subject) and
averaging all lowb volumes; (4) FA and ADC maps were
resampled using the transformation created by step (3); (5)
spatial smoothing was applied to compensate for linear trans-
formation limitations; (6) voxel-wise group statistics were
generated based on the common-space smoothed FA and
ADC data; (7) assessment of significant group differences in a
priori defined anatomic regions, guided by statistical thresh-
olding; (8) FA and ADC were calculated on the spatially
normalized data of each monkey for the regions of signifi-
cant difference, identified in the above step (7). Each of these
steps is described in detail below.

2.4.1. Diffusion tensor calculations

For the DT-MRI data processing, we used a combina-
tion of the following processing streams: (a) Martinos Center
FreeDiffusion Tools [77,78,88]; (b) FreeSurfer (http://surfer.
nmr.mgh.harvard.edu/) [24]; (c) FSL (http://www.fmrib.
ox.ac.uk/fsl) [36,37,83,84]; (d) MINC toolset from the Mon-
treal Neurological Institute [19,20,47,91] (http://www.bic.
mni.mcgill.ca/software/distribution).

The DT-MRI data were acquired as a seven-shot acqui-
sition, that consisted of six directional volumes and a lowb
structural with no diffusion weighting. All of the above was
collected within the same sequence, and with identical param-
eters. A 12-degree affine mutual information cost function
transformation (procedure available with FLIRT, FMRIB’s
Linear Image Registration Tool) was applied to all these
volumes to help reduce eddy current distortions and motion
along different repetitions (i.e., all 24 averages were aligned
with the first lowb volume). Then, the diffusion tensor was
calculated for each voxel in the volume, using a least-squares
fit to the diffusion signal [9]. The fractional anisotropy was
calculated from the diffusion tensor as in [73]. The resulting
FA and ADC maps were resampled to an isotropic 1 mm?
resolution using trilinear interpolation [77,78,88].

2.4.2. Spatial normalization

A lowb template was created by first registering each
monkey to a randomly selected subject, and second aver-
aging the normalized volumes. The FSL Brain Extraction
Tool (BET) was previously used to skull-strip the input lowb
volumes [83] to facilitate more uniform and precise registra-
tions. These registrations were performed using the MINC
toolset from the Montreal Neurological Institute; specifically
a seven-parameter (three translations, three rotations, and a
global scale) transformation was applied to each data set
[19,20,47,91]. Each subject’s lowb was subsequently reg-
istered to the average template using MINC as above. The
FA and ADC maps were then spatially normalized to the
common-space by using the transformations identified for
their respective lowb volume. The transformed FA data were
combined to create an overall average FA map (see Fig. 1).

2.4.3. Group maps

The spatially normalized FA and ADC maps were
smoothed using a 3D spatial smoothing filter with a full
width half maximum of 1.5 mm to compensate for possible
imperfections in the co-registrations. Group analyses were
performed to examine the regional distribution of diagnostic-
group related changes in FA and ADC, by performing a
voxel-based two-tailed t-test between the two diagnostic
groups. The resultant statistical maps were thresholded at
p<0.05.

2.4.4. Anatomic regions of interest—FA values for
individual subjects

Using the group average FA map we selected the follow-
ing anatomical regions of interest (ROIs) to test our a priori
hypothesis: (a) the superior longitudinal fasciculus II (SLF
II), (b) the cingulum bundle (CB) and (c) the corticospinal
tract at the posterior limb of the internal capsule (ICpl). The
ICpl was selected as a control region where we did not expect
any significantly different voxels to be encountered. In addi-
tion, for exploration we calculated the average FA value of the
whole brain (including gray matter, white matter and CSF)

Average FA

Fig. 1. Average fractional anisotropy (FA) maps of the young (n=7) and old (n=7) monkeys, as well as the combination (all 14 monkeys). FA provides an
index of the restrictive microenvironment for water molecules in the white matter. It ranges from O to 1 and is lower in regions with minimally organized
restriction in a single orientation (as in regions with crossing fibers) and higher in regions with maximally organized restriction in a single orientation (as in the
internal capsule). Group differences in FA values of similar anatomical regions would suggest a difference in the white matter microenvironment.
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and the anterior part of the corpus callosum (aCC), including
the rostrum, genu and anterior third of the body. The locations
of the anatomical ROIs were established based upon a priori
knowledge of topographic anatomy from the experimental
rhesus monkey literature. Because of the voxel size used in
this DT-MRI study we were limited to investigating fiber bun-
dles such as the SLF II, the CB, the ICpl and the aCC, which
are sizeable enough to be detected. We limited our analysis
to the portions of the fiber tracts where the axons course in
compact bundles from origin to termination. These compact
portions are called stems [40,42,43] and contain principally
axons of a specific fiber tract as opposed to the corona radiata
where such different types of axonal fibers as corticocortical,
commissural and projectional coexist in variable but balanced
proportions. Specifically, progressing through all the peri-
callosal coronal sections, the voxels pertaining to the stem
portions of the SLF II, CB, ICpl and aCC were determined
by their location relative to other cerebral structures. This

123456 78

)

Mid-Sagittal cross-sectional reference

K]

was done by one rater (NM) based on the mapping of these
fiber pathways from known literature [52,56,64,65,82]. The
regions were evaluated as follows (see Fig. 2). For SLF II,
voxels in the region above the insula, the extreme capsule,
the claustrum, the external capsule, the lenticular nucleus
and the internal capsule were selected [64,65]. For the CB,
voxels contained within the cingulate gyrus above the corpus
callosum were selected [52]. For the ICpl, voxels within the
internal capsule in the region between the lenticular nucleus
laterally and the body of the caudate nucleus and thalamus
medially were selected. For the aCC, voxels in the anterior
third of the body as well as the genu and rostrum of the corpus
callosum were selected. The ROIs were examined in each of
the individuals to verify and guarantee the consistency and
accuracy of their placement. This procedure generated aver-
age FA values for ROIs in both the right and left hemispheres
in each subject, which then were summed across hemispheres
to produce a bilateral mean FA value.

8

Fig. 2. Anatomical regions of interest (ROIs) in the monkey cerebrum for the superior longitudinal fascicle II (SLF II), the cingulum bundle (CB), the anterior
part of the corpus callosum (aCC) and the posterior limb of the internal capsule (ICpl) in eight (1-8) representative coronal T2-EPI sections of the averaged
monkey brain created from the individual T2-EPI datasets of all subjects (n=14) that participated in the study displayed in the rostrocaudal dimension. The
T1-weighted mid-sagittal section in the left upper corner indicates the levels of the coronal slices. The ROIs are color-coded. Abbreviations: aCC, anterior part
of corpus callosum; CB, cingulum bundle; SLF II, superior longitudinal fasciculus II; L, left; R, right.
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2.5. Brain tissue preservation

At the conclusion of behavioral testing and MRI scanning,
monkeys were anesthetized and euthanized by exsanguina-
tion during perfusion of the brain to facilitate optimal preser-
vation of brain tissue for future studies of MRI and anatomic
relationships.

2.6. Statistical analyses

Analyses of FA data and behavioral data were done with
monkeys stratified according to age so that monkeys <15
years of age were classified as young and those >15 were
classified as old. FA maps were analyzed at two levels.
First, average group maps were compared on a voxel by
voxel basis using a two-tailed #-test. Second, individual bilat-
eral mean FA values in a priori ROIs (SLF II, CB, ICpl)
were compared between groups using a repeated measures
ANOVA, followed by univariate tests of each ROIL. Con-
trol for multiple comparisons was done using the method of
Benjamini and Hochberg [10]. The data analyses were per-
formed using the JMP statistical software package, version
5.0.1.2 (SAS Institute Inc., Carey, NC). The significance level
was 0.05.

Exploratory analyses: individual mean FA values in other
ROIs (the whole brain and the aCC) were examined with two-
group t-tests. Scatter plots and regression analyses (Pearson
correlations and partial correlations) were used to examine

the relationship between mean FA values of the ROIs and
performance on behavioral measures. Regression analyses
were also performed to investigate the relative contribution
of the association fiber bundles (SLF II and CB) versus a
projectional fiber tract (the control ROI, ICpl) to performance
on behavioral measures of executive function and recognition
memory.

3. Results
3.1. Fractional anisotropy

The mean age of the young monkey group was 9.1 years
(standard deviation (S.D.)=3.9) and the mean age of the
old monkey group was 22.4 years (S.D.=4.3) [#(12)=6.1,
p <0.0001]. The result of the inter-group difference FA maps
for the young group (n=7) versus the old group (n=7) is
shown in Fig. 3 and Table 2. Regions of significant (young
greater than old) differences in FA signal fell entirely within
the anatomical ROIs for SLF II, CB and aCC. No significant
differences were observed in the ICpl, which was used as a
control ROI. A repeated measures ANOVA showed a signifi-
cant group by ROI interaction (F(2, 11)=4.3, p=0.041). As
shown in Table 2, mean FA values for the ROIs of the SLF
II and the CB were significantly higher in the young than in
the old monkey group, but were not significantly different in
the ICpl. Furthermore, mean FA values for the aCC were sig-

Fig. 3. (a) Inter-group difference FA maps in the monkey. Three representative coronal sections (4, 5 and 7 of Fig. 2) were used to overlay the fractional
anisotropy (FA) group differences between young and old monkeys, which are shown in yellow and red. (b) Inter-group difference FA maps overlaid on the
anatomical ROIs in three representative coronal sections (4, 5 and 7 of Fig. 2). The ROIs are color-coded. Abbreviations: aCC, anterior part of corpus callosum;

CB, cingulum bundle; SLF II, superior longitudinal fasciculus II; L, left; R, right.
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Table 2
Bilateral FA mapping data for two groups of monkeys: young (<15 years)
or old at time of scanning

FA map region Mean £+ S.D. t-Test (d.f.=12)
Young Old

SLFII 0.48 £ 0.06 0.38 £ 0.07 —2.79"

CB 0.39 £ 0.06 0.30 £+ 0.06 —2.86"

ICpl 0.49 £ 0.10 0.52 £ 0.08 0.64

Whole brain 0.25 £ 0.03 0.22 £+ 0.04 —1.63

aCC 0.48 £ 0.11 0.37 £ 0.05 -2.31"

*p<0.05, corrected for the false discovery rate using the method of Ben-
jamini and Hochberg [10]; actual p-values are SLF 1I: 0.016, CB: 0.014,
ICpl: 0.532. Abbreviations: FA, functional anisotropy; S.D., standard devi-
ation; SLF II, superior longitudinal fasciculus; CB, cingulum bundle; ICpl,
posterior limb of the internal capsule; aCC, anterior corpus callosum (ros-
trum + genu + anterior 1/3 body).

nificantly higher in the young than in the old monkey group
(Table 2). There was not a significant group difference in the
mean FA value of the whole brain.

3.2. Apparent diffusion coefficient

In each of the pathways studied, we measured the appar-
ent diffusion coefficient (ADC) values in the young and
old monkey groups. FA values were significantly negatively
correlated with ADC values in each of the ROIs (range of
r: —0.58 to —0.85; all p<0.0001) except in the control
region (ICpl r=—-0.34, p=0.2). ADC values ranged from
5.6 x 107 to 11.5 x 10~* and no significant difference by
group was observed. However, ADC values were higher in
the old monkeys than in the young monkeys in the SLFII (old:
7.4 x 107#, young: 6.7 x 107#,#(12)=1.7, p=0.1), CB (old:
8.2 x 107*, young: 7.6 x 1074, #(12)=1.3, p=0.2), aCC
(01d: 9.3 x 1074, young: 9.2 x 1074, #12)=0.2, p=0.9), and
the ICpl (old: 7.7 x 10™*, young: 7.7 x 10™*, #(12)=0.1,
p=0.9).

3.3. Behavioral correlations with fractional anisotropy

As shown in Fig. 4, there were significant negative cor-
relations between FA values in the ROIs where there were
significant group differences (y-axis) and a test of executive
function, the number of errors committed on the acquisition
phase of the CSST (x-axis) (SLF II: r=-0.79, p=0.02; CB:
r=—0.74, p=0.04; aCC: r=-0.79, p=0.02). These rela-
tionships were maintained, though moderated, even when
the effect of age was partialled out (the partial correlations
ranged from —0.66 to —0.67, p-values 0.098-0.104). In addi-
tion, we constructed regression models, which predicted the
executive functioning score based on FA values of both the
SLF II and the ICpl. The results indicate a significant con-
tribution by the SLF II (#(5)=—2.8, p=0.04) but not by the
ICpl (#(5)=0.1, p=0.9). This same trend is seen when the
aCC or CB is substituted for the SLF II. We did not find
any correlations between FA values in our a priori ROIs and

0.6
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0.3+ °
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0.2 . : , . ,
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Number of errors to reach criterion in
CSST Initial Learning

Fig. 4. Scatterplots showing the correlations between FA maps of bilateral
regions of interest and the number of errors to reach criterion performance
in the initial learning phase of the cognitive set shifting task (CSST). Linear
regression lines are shown, as well as fitting equations. The plot symbols
are distinct for the young and old monkey groups for display purposes only.
These plots show a correlation of lower FA values in CB, SLF II and aCC
associated with poorer performance. In addition, there is shown a separation
between young and old monkeys indicating that this could be related to an age
effect. Abbreviations: CB, cingulum bundle; SLF II, superior longitudinal
fascicle II; aCC, anterior corpus callosum; CSST, cognitive set shifting task.

scores on the recognition memory tests. Furthermore, we did
not find any group differences on these recognition memory
tests. The plots in Fig. 4 show a correlation of lower FA val-
ues in SLF II, CB and aCC associated with poor performance
in an executive function task. In addition, there is shown a
differentiation between young and old monkeys. There were
no significant correlations between FA values and scores on
the recognition memory tasks.
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4. Discussion
4.1. Summary

The process of normal aging in humans and monkeys is
characterized by mild impairments in memory and executive
function. Breakdown of the integrity of the myelin sheaths of
axons has been observed in monkeys in frontal and temporal
areas [60,62] and MRI studies have shown overall volume
reduction in normal appearing white matter with segmen-
tation procedures [61]. In this first study of FA differences
in aging monkeys, we demonstrated that association cortico-
cortical fiber pathways of the frontal lobe showed statistically
significant reduced anisotropy in elderly rhesus monkeys.
Specifically, the effect of aging has been observed in voxels
placed over the regions representing the superior longitudi-
nal fasciculus II (SLF II) and the cingulum bundle (CB).
Moreover these changes in anisotropy correlated with per-
formance on a test of executive function. These changes
were not observed in such a control projection fiber bun-
dle as the corticospinal tract (ICpl). In addition, exploratory
analyses demonstrated significantly lower mean FA values
for the anterior portion of the corpus callosum (aCC), which
interconnects the right and left frontal lobes, and also lower
mean FA values for the whole brain in the older group (but
this was not statistically significant). Comparison of these
FA reductions with behavioral measures demonstrated a sta-
tistically significant linear relationship between regional FA
and performance on a test of executive function. No linear
relationships were found with a test of recognition memory.
Together these findings support the notion that during the
process of normal aging white matter changes may affect
corticocortical association pathways and the anterior part of
the corpus callosum, thus disrupting the normal integration
in the brain leading to impairments in cognitive function.
Furthermore, it appears that alterations to the integrity of the
long association cortico-cortical and callosal pathways of the
frontal lobe contribute to impairments of executive function
in normal aging.

4.2. Technical considerations

It is important to consider a number of technical limita-
tions of this study. First, the subject pool, while stratified
according to age, actually was quite heterogeneous and con-
tinuous and thus would work against finding group differ-
ences. Hence it would not be surprising to find significant
changes in FA of other fiber pathways with a larger and/or
more stratified population. Second, this study was done on
a 1.5T scanner, which limited the voxel size to 3.38 mm?>
(i.e., 1.3mm x 1.3 mm x 2 mm), which is actually quite large
relative to the monkey brain which has a total volume of
around 100 cm® compared to human brain volumes in excess
of 1200 cm?. Hence, it is plausible that other smaller white
matter bundles may show significant changes in FA when
examined at 3.0 T where the sampling of smaller voxels is

more feasible. Third, given the findings of white matter loss
with age, voxels in the young and aged monkeys may contain
differing amounts of the various pathways leading to differ-
ent FA values. Fourth, there are statistical issues raised when
performing voxel-based analyses across the entire brain vol-
ume. The issue of multiple comparisons is ameliorated in the
selection of a limited number of anatomically circumscribed
ROIs where data is pooled across the region. In this case,
simple corrections for multiple comparisons are appropriate.
In terms of the group maps of FA difference, the significance
of regions showing statistically significant FA differences
should be assessed in the context of the overall data smooth-
ness (voxel to voxel spatial correlation) and the size of the
spatially contiguous activation regions, such as used in Gaus-
sian random field theory [38]. Fifth, the issue of multiple
comparisons is also pertinent to the use of many behavioral
tests for correlation with FA. We consider the bulk of behav-
ioral correlation as post hoc comparisons, and accept some
risk of elevated type I error, in that these behavioral correla-
tions become a priori hypotheses for future studies. Finally,
since individual subjects are averaged in a common space, the
affine transformation that registers the individual to this space
will not account for all individual anatomic variation. In this
space, blurring on the order of 1 cm can be expected [20],
requiring underlying significant regions to be large relative
to this unaccounted for anatomic variance.

4.3. Functional role of frontal fiber tracts

DT-MRI provides the means to define the stems [42,43]
of the different subcomponents of the superior longitudinal
fasciculus [40], the cingulum bundle [41] and the corpus cal-
losum [42], which are the major long associative fiber tracts
connecting the frontal lobe to the rest of the cerebrum in the
monkey and human cerebrum. Reviewing the functional role
of these fiber systems will aid reasoning upon our observa-
tions on the FA changes of these fiber tracts in aging monkeys
and their related impairment in executive function.

The SLF 11, the main part of the SLF, is bidirectional con-
necting prefrontal regions implicated in working memory and
executive functions [76] with the posterior parietal regions
involved in visuospatial functions [3,13,14,28,35,46,51,75],
as well as the superior temporal multimodal association
regions. While the exact form of this interaction is unknown,
possible functions may include focusing attention in different
parts of space and/or to different aspects of incoming multi-
modal stimuli as part of working memory functions attributed
to area 46 [15,76] and selecting between competing inputs on
the basis of conditional rules established in the PFC, a func-
tion thatis impaired in monkeys with lesions of area 8 [63,66].

The functional role of the cingulum bundle has been asso-
ciated principally with the limbic system [58,92]. Fibers
originating in the cingulate cortices project rostrally to the
premotor and prefrontal cortices. Caudally they project to the
posterior parietal cortices and project around the splenium of
the corpus callosum to the parahippocampal gyrus. While the
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exact function of the this complex bundle is unknown, the pat-
tern of connections suggest a possible role of this fiber tract
in the integration of visuospatial and motivational processes
[57] as well as the memory functions of the limbic system
including pain perception, motivation, emotion and visceral
function [16,22,45].

The diverse functions of the corpus callosum have been
derived from studies of humans with therapeutic callosal tran-
sections [11,21,26,27,85], clinical disturbances [59,81], and
more recently by neuroimaging studies, which can detect and
allow the study of individuals with traumatic damage to the
callosum [90] as well as congenital agenesis of the callosum
[59]. These studies demonstrate the importance of the callo-
sum for interhemispheric integration of lateralized functions
like language as well as for response inhibition (posterior cor-
pus callosum [7]) and the control of spatial attention (anterior
corpus callosum [90]). In this light, perhaps the FA changes in
the aCC in our aging monkeys may contribute to age-related
impairments in executive function [49].

4.4. Behavioral correlates

It is of interest that all three prefrontal lobe fiber bundles
showed correlations with age-related impairments on a task
of executive function. However, it is equally interesting that
these FA changes were unrelated to impairments in recogni-
tion memory, suggesting that other factors might be critical,
such as temporal lobe white matter, where changes may have
been missed because of limitations of voxel size (i.e., the
resolution of this study). Even more interesting is the fact
that FA changes in these fiber tracts alone were not directly
related to age-related impairments in rule learning (DNMS
Acquisition), which may require both prefrontal and medial
temporal lobe function but where such interaction may be
subserved by the uncincate fasciculus rather than the arcuate
fasciculus or the SLF II [82].

4.5. Further considerations

To our knowledge, other than the present study there is no
other published DT-MRI study studying the process of white
matter changes in normal, aging monkeys. On the other hand,
there are several publications regarding white matter changes
in the aging human brain in normality [12,50,54,77,78,86]
and disease [5,17,23,34,39,48,67-72] as observed using the
DT-MRI technique. The present results are generally agree-
able with the observations in human aging populations.
Specifically, studies conducted by different authors in aging
humans [12,50,54,77,78,86] reported FA values for total
brain white matter ranging from 0.24 to 0.45 for young and
0.22 to 0.39 in old, whereas our present results in monkeys
were 0.25 in young versus 0.22 in old monkeys. Further-
more, these studies showed in young human populations FA
values of 0.22-0.56 for white matter regions corresponding
approximately to the SLF II and CB, 0.22-0.80 for the aCC
and 0.22-0.66 for the ICpl. In old human populations, the

same studies reported FA values of 0.22-0.55 for white mat-
ter regions corresponding approximately to the SLF II and
CB, 0.20-0.71 for the aCC and 0.22-0.56 for the ICpl. Com-
paratively, our present results were 0.48 for SLF II, 0.39 for
the CB, 0.48 for the aCC and 0.49 for the ICpl in young rhe-
sus monkeys versus 0.38 for SLF II, 0.30 for the CB, 0.37
for the aCC and 0.52 for the ICpl in old rhesus monkeys.
Moreover, in each of the pathways studied, we measured the
apparent diffusion coefficient (ADC) values in the young and
old monkey groups. While the ADC difference was not sta-
tistically significant between the two age groups, our ADC
values in older animals were slightly larger than in young
animals. Furthermore, ADC and FA were significantly neg-
atively correlated in the all our regions of interest with the
exception of the control region. The reason of our lack of sig-
nificant differences in ADC between the two age groups may
be due to the small sample size, to the regional specificity of
our measurements, and the possibility that the aging effect in
the monkey is smaller in magnitude than in humans [12,54].
The fiber pathways showing FA changes in our study
shared a common quality, namely that they are long cortico-
cortical association fiber tracts. Given that short association
U-fibers are beyond the detectability of this method, we are
unable to ascertain any changes in these fibers due to aging.
This could be related to a common structural property of the
long associative fiber systems that is different between the
young and old monkey groups, and that reaches a magni-
tude sufficient for DT-MRI to detect. Thus besides being a
systems aberration it could also be a pervasive abnormality
reflecting something about the pathophysiology and molec-
ular background in aging that causes this effect only where
there is this special property of the associative fiber systems.
Whereas in this study we tested hypotheses regarding a sub-
set of relatively large (for our voxel size) association fiber
pathways, which contribute heavily to the connectivity of the
frontal lobe, future studies should investigate FA changes of
all cerebral association fiber tracts. This will clarify further
the notion whether FA alterations are situated within just the
frontal lobe or more extensively, involving the associative
systems of the entire cerebrum. Furthermore, we think that
there should also be tested hypotheses related to alterations
in the myelin content and myelin integrity of the associa-
tion fiber systems. This seems plausible considering the fact
that loss of myelin and structural alterations in myelin were
observed in studies using light and electron microscopy (e.g.
Peters et al. [62] and Sandell and Peters [79]). To this end,
future studies should be conducted using other MRI modali-
ties, such as magnetization transfer, which is more sensitive
and more specific for detection of myelin changes [6,89].

5. Conclusions
Through their rich connections, the SLF II, the CB and

the anterior callosal fiber systems constitute the major part of
frontal lobe associational corticocortical ipsilateral and con-
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tralateral (or commissural) connections. Alteration of these
systems would affect the connectivity and functional integrity
of the prefrontal cortex in the aging monkey. Behavioral cor-
relations in our study support the idea that the cognitive
functions of the prefrontal cortex in the old monkeys may
be diminished as a consequence of changes in the integrity
of the white matter as seen with DT-MRI.
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