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Abstract

The internal capsule conveys information from primary and supplementary motor areas,
frontopontine and thalamic peduncles to brain stem and cerebellar regions, and from thalamus to
prefrontal cortex. Neurological accidents involving the internal capsule indicate differential
functional correlates with its sectors. To examine the microstructural condition of this fiber system
and to test functional correlates of its sectors in health and aging, 12 younger and 12 older adults
were examined with diffusion tensor imaging (DTI) fiber tracking and neuropsychological tests.
Greater age-related degradation was evident in the anterior than posterior limb and in the superior
than inferior division of the internal capsule. The superior division age effect was especially
notable in axial and radial diffusivity. Fractional anisotropy (FA) across the three (anterior, genu,
posterior) fiber bundles of the inferior division accounted for 27-73% of the variance for each
neuropsychological domain. Identification of a triple dissociation indicated selective correlations
between anterior FA and Set Shifting, genu FA and Motor Skills, and posterior FA and Fluency.
Quantitative fiber tracking combined with assessment of cognitive and motor functions enabled
the identification of selective brain structure-function relations in healthy adults without lesions
that were previously observed only in patients with lesions of the internal capsule.
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INTRODUCTION

The internal capsule is a heterogeneous fiber system, coursing between the supratentorium
and brain stem, and forming the centrum semiovale in the supratentorium and the
corticospinal tract in the infratentorium. This extensive fiber system conveys information
from primary and supplementary motor areas, frontopontine and thalamic peduncles to brain
stem and cerebellar regions, and from thalamus to prefrontal cortex (Schmahmann, Rosene,
& Pandya, 2004). Thus, the internal capsule provides connectivity between sites supporting
multiple, diverse, and dissociable functions. Consistent with this depiction of its structure
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and function are accounts of neurological accidents involving the internal capsule that
indicate differential functional correlates with its three recognized sectors: anterior limb
damage can result in arm and facial weakness; genu damage can produce frontal lobe and
memory impairment; and posterior limb damage can produce ataxia (for review,
Schmahmann, Rosene, & Pandya, 2004). Its twisting trajectory, however, complicates
localization of fiber projections and functional ramifications (in vivo study: Holodny, Gor,
Watts, Gutin, & Ulug, 2005; postmortem study:Kretschmann, 1988; Ross, 1980).

Diffusion tensor imaging (DTI) provides a method for examination of the microstructural
condition of white matter fiber systems and for testing functional correlates of their sectors
in health, normal aging, and neuropsychiatric disorders. Principal DTI metrics are fractional
anisotropy (FA), a measure of the degree to which water diffusion in an image voxel
exhibits a predominant orientation, and mean diffusivity, a measure of the magnitude of
freely diffusing water molecules in interstitial and intracellular spaces contained in the
voxel. The orientational components of diffusivity provide additional information about
axonal integrity with longitudinal or axial diffusivity (AL) and myelination and myelin
integrity with transverse or radial diffusivity (AT) (Song, et al., 2002; Song, et al., 2005;
Sun, et al., 2006a; Sun, et al., 2006b). DTI studies of normal adult aging, for example, have
consistently observed an anterior-to-posterior gradient, where commissural and association
fiber systems of frontal regions, such as the genu of the corpus callosum and frontal forceps
are characterized by lower FA or higher diffusivity in older than younger adults (Ardekani,
Kumar, Bartzokis, & Sinha, 2007; Bhagat & Beaulieu, 2004; Bucur, et al., 2008; Head, et
al., 2004; Kennedy & Raz, 2009; Madden, Bennett, & Song, 2009; e.g., Pfefferbaum,
Adalsteinsson, & Sullivan, 2005; Salat, et al., 2005; Sullivan, Adalsteinsson, & Pfefferbaum,
2006; Sullivan & Pfefferbaum, 2010; Takahashi, et al., 2004; Yoon, Shim, Lee, Shon, &
Yang, 2008; for reviews, Zahr, Pfefferbaum, & Sullivan, 2010). Typically, the age effect is
similar for men and women and is greater in diffusivity, especially AT, than FA (Kennedy &
Raz, 2009; Sullivan, Rohlfing, & Pfefferbaum, 2010).

Using these metrics, DTI studies tracking the internal capsule of healthy adults have
commonly focused on the effects of normal aging on fiber integrity. These studies have
identified lower FA and higher diffusivity in older than younger healthy adults (e.g.,
Bennett, Madden, Vaidya, Howard, & Howard, 2010; Stadlbauer, Salomonowitz, Strunk,
Hammen, & Ganslandt, 2008; Sullivan, Rohlfing, & Pfefferbaum, 2010; Westlye, et al.,
2009). Functional correlates of this age-related variance indicated that faster hand and finger
movement were related to higher FA and lower diffusivity in samples of tracked fibers of
the internal capsule; in contrast to upper limb coordinated and speeded movement, lower
limb and truncal stability (standing on one foot) did not relate to local DTI metrics,
providing limited evidence for selectivity of the observed relationships (Sullivan, Rohlfing,
& Pfefferbaum, 2010). As part of a multiple dissociation of local white matter regions of
interest and components of attention without respect to age effects, variance of FA in the
anterior limb of the internal capsule was selectively predictive of alerting, whereas splenial
FA predicted orienting and FA of the anterior coronal radiata predicted conflict processing
(Niogi, Mukherjee, Ghajar, & McCandliss, 2010).

Examination of multiple, selective fiber samples throughout the brain and brain stem has
also yielded a superior-to-inferior gradient in DTI metrics (Sullivan, Rohlfing, &
Pfefferbaum, 2010). Supratentorial fiber systems (e.g., fornix and external capsule) showed
age-related effects, whereas infratentorial ones (e.g., pontocerebellar tract) did not. Even
within the supratentorium, fiber systems located superiorly were more vulnerable to age
effects than those located inferiorly, notably, the superior vs. the inferior cingulate bundle
and the superior vs. the inferior longitudinal fasciculus (Stadlbauer, Salomonowitz, Strunk,
Hammen, & Ganslandt, 2008). Given the far-reaching fiber fan and stem of the internal

Neuropsychologia. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sullivan et al.

METHODS

Subjects

Page 3

capsule, it is reasonable to pose the hypothesis that the internal capsule itself would obey a
superior-inferior gradient along with an anterior-posterior one, a depiction with an
anatomical basis (Kretschmann, 1988; Morecraft, et al., 2002; Schmahmann, Ko, &
MacMore, 2004). Identification of selective functional correlates of these gradients would
provide validation for parsing of the internal capsule.

Accordingly, quantitative fiber tracking provided assessment of local white matter
microstructural integrity of components of the internal capsule. We expected that FA would
be lower and diffusivity would be higher in older than younger adults and that, as predicted
from lesion studies, DTI metrics of each sector would correlate differentially with measures
of problem solving, set shifting, fluency, working memory, and finger speed and dexterity.

The participants were 24 healthy, right-handed, non-smoking men and women; 12 (6 men, 6
women) were in the younger group (mean+SD=25.5+4.34, range=20-33 years) and 12 (6
men, 6 women) were in the older group (mean+SD=77.7+4.94, range=67-85 years). DTI
data of fiber systems (exclusive of the internal capsule) and neuropsychological test data
were presented elsewhere (Zahr, Rohlfing, Pfefferbaum, & Sullivan, 2009); the data on
components of the internal capsule and their relationships with selective functions have been
presented in abstract form only (Sullivan, Zahr, Rohlfing, & Pfefferbaum, 2008, November).
As previously described (Zahr, Rohlfing, Pfefferbaum, & Sullivan, 2009), all participants
provided signed, informed consent for study participation, as approved by the Institutional
Review Boards of SRI International and Stanford University. The Structured Clinical
Interview for the Diagnostic and Statistical Manual (DSM) IV-TR, administered by a trained
research psychologist, was used to detect DSM-1V diagnoses or medical conditions that can
affect brain functioning (e.g., diabetes, head injury, epilepsy, uncontrolled hypertension,
radiation, chemotherapy) or preclude MR study (e.g., pacemakers).

Using t-tests to examine group differences, the two age groups did not differ significantly in
education (younger=16.3+2.18 years; older=17.1+1.98 years, p=.337) or estimated general
intelligence (NART IQ: younger=141.4+2.57; older=118.2+5.59, p=.063). The older group
had a higher socioeconomic status (SES, Hollingshead, 1975), indicated by lower scores
(SES: younger=26.1+10.11; older=18.3+6.24, p=.034), but scored lower than the younger
group on the Dementia Rating Scale (DRS, cutoff for dementia <124 out of 144, Mattis,
2004) (DRS: younger 141.4+2.57; older=137.2+4.71, p=.013), although well-within the
normal range of published values for healthy elderly individuals living in the community
(e.g., 137.48 £ 5.18, Vitaliano, Breen, Albert, Russo, & Prinz, 1984). The significantly
greater body mass index (BMI; slightly overweight, i.e., BMI between 25 and 29.9 kg/m?)
of the older (26.6+4.55) than the younger group (23.1+2.98, p=.034) was close to the mean
BMI calculated from 5,200 subjects participating in the cardiovascular health study (26.3 £
3.9 kg/m2, Janssen, Katzmarzyk, & Ross, 2005). Although the older group had significantly
higher systolic blood pressure (135.9+21.84) than the younger group (114.0+16.16, p=.011),
they were all in the pre-hypertensive range (i.e., between 120 and 139 mmHg, Chobanian, et
al., 2003), and only one man and two women were taking hypertension medication.
Diastolic blood pressure did not differ significantly between the younger (68.6+8.46) and
older (75.4+11.65, p=.114) groups.
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Image Acquisition and Fiber Tracking Quantification

The internal capsule was assessed with DTI fiber tracking measured as fractional anisotropy
(FA) and mean diffusivity (MD), quantified separately for longitudinal (AL) diffusivity,
indexing axonal integrity, and transverse (AT) diffusivity, indexing myelin integrity.

Diffusion and Structural MRI Acquisition—Data were acquired with an 8-channel
head coil at 3T after higher-order (nonlinear) shimming (Kim, Adalsteinsson, Glover, &
Spielman, 2002). Diffusion and structural fast spin-echo (FSE) data were collected with the
same slice locations: DTI (2D echo-planar, TR=7300ms, TE=86.6ms, thickness=2.5mm,
skip=0mm, locations=62, b=0 (5 NEX)+15 noncollinear diffusion directions b=860s/mm? (2
NEX)+15 opposite polarity noncollinear diffusion directions b=860s/mm? (2 NEX),
FOV=240mm, x-dim=96, y-dim=96, reconstructed to 128x128, 4030 total images); FSE
(2D axial, TR=7850ms, TE=17/102ms, thickness=2.5mm, skip=0mm, locations=62). T1-
weighted SPoiled Gradient Recalled (SPGR; 3D axial IR-prep, TR=6.5ms, TE=1.6ms,
thick=1.25mm, skip=0mm, locations=124) images were aligned, such that two 1.25mm
SPGR slices subtended each 2.5mm thick FSE/DTI slice. A field map was generated from a
gradient recalled echo sequence pair (TR=460ms, TE=3/5ms, thickness=2.5mm, skip=0mm,
locations=62).

DTI Analysis—DTI quantification was preceded by eddy-current correction on a slice-by-
slice basis using within-slice registration, which took advantage of the symmetry of the
opposing polarity acquisition (Bodammer, Kaufmann, Kanowski, & Tempelmann, 2004)
and also allowed for compensation of the diffusion effect created by the imaging gradients
(Neeman, Freyer, & Sillerud, 1991). Using the field maps, By-field inhomogeneity-induced
geometric distortion in the eddy current-corrected images was corrected with PRELUDE
(Phase Region Expanding Labeller for Unwrapping Discrete Estimates, Jenkinson, 2003)
and FUGUE (FMRIB’s Utility for Geometrically Unwarping EPIs, Jenkinson, 2001).

DTI models water diffusion within each voxel as a zero-mean multivariate Gaussian
distribution, which is parameterized by its symmetric 3x3 covariance matrix, the diffusion
tensor. The diffusion-weighted data measured with respect to each of the diffusion gradient
directions exhibits a signal attenuation relative to b=0 data acquired without diffusion
gradients. The logarithm of this signal attenuation is a linear combination of the six unique
elements of the diffusion tensor, their weights determined by the direction of the diffusion
gradients. Computing a least-squares solution for this over-determined system of linear
equations independently at each voxel yielded the elements of the diffusion tensor for that
voxel. The diffusion tensor was then diagonalized, yielding eigenvalues A1, Ay, A3, and
corresponding eigenvectors. From the eigenvalues, fractional anisotropy (FA), mean
diffusivity (MD) and two orientational diffusivity measures, AL and AT, were calculated on a
voxel-by-voxel basis (Pierpaoli and Basser, 1996; Basser and Pierpaoli, 1998; Basser and
Jones, 2002).

Fiber Tracking—To establish common anatomical coordinates across subjects, SPGR data
for each subject were aligned (Rohlfing & Maurer, 2003) (http://nitrc.org/projects/cmtk/)
with a brain made from these 24 subjects with group-wise nonrigid registration (SR124 atlas,
Rohlfing, Zahr, Sullivan, & Pfefferbaum, 2010) (http://nitrc.org/projects/sri24/). Each
subject’s FA data were reformatted into atlas space using the transformation computed
between the atlas and that subject’s SPGR data, concatenated with a second transformation
registering subject SPGR to subject DTI space. From the reformatted FA maps from all
subjects, a group average FA image was then created.
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Fiber tracking was performed in each subject’s native DTI space with the software by Gerig
et al. (Gerig, Corouge, Vachet, Krishnan, & MacFall, 2005) based on the method of Mori
and colleagues (Mori & van Zijl, 2002; Xu, Mori, Solaiyappan, van Zijl, & Davatzikos,
2002; Xue, van Zijl, Crain, Solaiyappan, & Mori, 1999). This approach uses the target-
source concept with fibers arising in a source and passing through a target. On the atlas FA
image, 7mm-thick axial sources were defined bilaterally as the internal capsule, divided into
anterior, genu and posterior limbs at the level of the superior reaches of the thalamus, and
5mm-thick axial targets were defined bilaterally as the cerebral peduncles at the level of the
mammillary bodies. Target and sources were then mapped to the corresponding locations on
the native space basis images for each subject with a numerical inversion of the
transformation previously used to reformat the individual FA maps into SR124 space. For
each subject, the tensor field, targets, and sources were passed to the fiber tracking routine in
that subject’s native DTI space. Fiber tracking parameters included white matter extraction
threshold (minimum FA) of .17, minimum fiber length of 37.5 mm, maximum fiber length
of 187.5 mm, fiber tracking threshold of .125 (terminates a fiber if the vector field in the
local neighborhood is too noisy), and maximum voxel-to-voxel coherence minimum
transition smoothness threshold of .80 (~37° maximum deviation between fiber segments
from neighboring voxels).

The output of the fiber tracking routine was a 3D graphical representation of the fiber paths
comprising a table of all point locations along each fiber with local DTI metrics (FA; MD;
AL = Aq; AT = [Ay +A3)/2). For each fiber, mean FA, mean MD, mean AL, and mean AT were
computed. Fibers arising from the same source and target were combined into a fiber tract,
and the averaged DTI measures over all fibers in each tract were the units of subsequent
analysis.

Cognitive and Motor Tests

Tests assessed problem solving [CANTAB Stockings of Cambridge
[http://www.camcog.com)], working memory [blocks forward (Wechsler, 1997), Sternberg
paradigm (Desmond, et al., 2003)], set shifting [CANTAB Intra-Extra Dimensional Shift
task, Comprehensive Trail Making Test (Smith, et al., 2008)], verbal and nonverbal fluency
[semantic (Newcombe, 1969) and figural (Ruff, 1988) fluency], upper limb motor function
[Grooved Pegboard (Trites, 1977), fine finger movement (Corkin, Growdon, Sullivan,
Nissen, & Huff, 1986), and CANTAB Motor and Big/Little Circle].

Each test score was standardized by z-transformation to produce a mean score of 0 and a
standard deviation of 1 over all subjects; scores were multiplied by -1 for tests in which high
raw scores were indicative of worse performance (e.g., Grooved Pegboard completion time).
Composite scores for each functional domain were calculated as the mean of the
standardized z-scores of the tests identified within a domain.

Statistical Analysis

An initial omnibus analysis of variance (ANOVA) was conducted for each of the four DTI
metrics (FA, MD, AL, and AT). Primary analyses were based on group-by-fiber tract and
group-by-factor analysis of variance (ANOVA); where appropriate, Greenhouse-Geiser
(GG) correction was applied, and only group effects and interactions involving group effects
were of interest to this analysis. Follow-up group differences were determined by t-tests and
confirmed by Mann-Whitney U tests with the prediction that the older group would have
lower FA, higher diffusivity, and poorer test performance than the younger group. In another
set of analyses using simple linear regressions, we examined whether individual fiber tract
DTI metrics were predictive of composite test scores. Family-wise Bonferroni correction for
36 comparisons (3 anterior-posterior limbs by 3 superior-to-inferior divisions by 4 DTI
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metrics) for two-tailed tests required a p-value < 0.0014 to be considered significant and
used in further analysis. Multiple regression assessed the selectivity of observed
correlations.

A series of 2-group (younger, older) by 3-limb (anterior, genu, posterior) by 2-hemisphere
(left, right) ANOVASs conducted for each DTI metric sought interaction effects involving
group irrespective of superior-inferior division. Only the 3-way interaction for FA was
significant (F(2,44)=3.999, p=.0401, G-G corrected), where the older group had lower FA
than the younger group, modestly more so in the right hemisphere of the anterior limb. For
MD, only the group (F(1,22)=180.01, p=.0003) and group-by-region (F(2,44)=6.29, p=.
0079, G-G corrected) effects were significant. ANOVA failed to identify group-by-
hemisphere interactions for AL or AT. Because the one hemisphere difference identified as
significant was trivial, we derived mean DTI scores for the left and right hemisphere of each
division and limb for the remaining analyses.

The next set of ANOVAS used the bilateral measures and examined group differences in the
anterior-genu-posterior fibers by the superior-central-inferior divisions with an omnibus test
for each of the four DTI metrics. Bar graphs of the mean+SE by group for each of these 9
measures for each metric are presented in Figure 1, and statistics for the four omnibus
ANOVA:S are presented in Table 1.

FA—For FA (Figure 1), the ANOVA revealed these significant effects: the older group had
lower FA than the younger group, and FA was lower in the superior and anterior than
inferior and posterior divisions. In no case, however, were interactions involving group
significant.

MD—In contrast with FA effects, diffusivity metrics revealed interactions with group. For
MD (Figure 1), in addition to a significant group effect, with the older having higher MD
than the younger group, the group interactions with the superior-inferior divisions and with
the anterior-posterior limbs were significant. Here, the older group showed a superior-
inferior gradient not present in the younger group, where MD was highest in the superior
divisions and lowest and at the same levels as the younger group in the inferior divisions.
Three follow-up ANOVAs for MD examining 2-group by 3-anterior/genu/posterior limbs
for each superior-inferior division revealed interactions with group for the superior
(F(2,44)=3.34, p=.0446) and central (F(2,44)=3.77, p=.0308) but not inferior (F(2,44)=1.33,
p=.2749) divisions.

AL—The ANOVA for AL indicated no significant group differences but identified a
significant group interaction with superior-inferior segments, attributable to higher
diffusivity in the older group in the superior sector but the opposite pattern in the inferior
division (Figure 1). The only follow-up ANOVA yielding an interaction with group was for
the superior division, indicating that AL was disproportionately greater in the anterior than
posterior fibers of the older relative to the younger group (F(2,44)=4.53, p=.0162).

AT—The pattern of group differences revealed by ANOVA for AT (Figure 1) was similar
but not identical to those of MD. Like MD, AT was greater in the older than younger group,
especially in the superior and anterior regions. Further, AT was significantly greater in the
older group than the younger group (F(1,22)=26.65, p=.0001).
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Age Effects on Cognitive and Motor Performance

A group-by-test composite score ANOVA indicated a significant group effect
(F(1,22)=25.18, p=.0001) but no interaction (F(4,88)=.66, p=.62). Follow-up t-tests showed
that the older group achieved significantly lower scores than the younger group on all five
test composites, with p-values ranging from .0172 to .0001. Bonferroni correction of a for
five directional tests of significance requires p=.02; therefore, all differences were
considered significant.

Relations between Regional Fiber Tracking of the Internal Capsule and Performance

Bivariate correlation coefficients and p-values for tests between each regional DTI metric
and each cognitive and motor composite score across the entire group of 24 subjects are
presented in the table provided in the appendix. Family-wise Bonferroni adjustment for 36
comparisons and o=.05 required that p<.0014. Significant correlations involving FA and
diffusivity emerged for performance measures of Fluency, Problem Solving, and Motor
Speed and Dexterity, fewer for Set Shifting, and none for Working Memory.

Multiple regression analysis indicated that FA across the three anterior-to-posterior fiber
bundles of the inferior division accounted for a substantial amount of the variance for each
functional domain: 73% for Fluency, 64% for Set Shifting, 51% for Motor Skills, 32% for
Problem Solving, and 27% for Working Memory.

A series of hierarchical regression analyses tested for selectivity of regional DTI metrics as
predictors of performance. Each model tested one of the four DTI metrics (FA, MD, AL, and
AT). Thus, the DTI metric of the anterior, genu, and posterior fibers served as the
simultaneous predictor of each of the five performance composite scores. In no case was any
metric of anterior-posterior limbs of the superior or central divisions a significant and unique
predictor of performance. Only hierarchical regression using the inferior DTI regional
metrics identified unique predictors of performance and a triple dissociation. In particular,
FA of the inferior division of the anterior fibers was uniquely predictive of Set Shifting; FA
of the inferior genu fibers was uniquely predictive of Motor Skills; and FA of the inferior
posterior fibers was uniquely predictive of Fluency (Figure 2). A second set of hierarchical
regressions entered age as a fourth predictor. The initial relations held with age adding
insignificantly to Fluency or Set Shifting; however, adding age to the analysis changes the
variance distribution, such that age contributed significantly along with inferior genu FA for
Motor Skills.

DISCUSSION

The fiber systems of the internal capsule comprise much of the centrum semiovale and are
far-reaching in three dimensions, coursing from cortex to brain stem. Cortical sites
connecting inferiorly through the corticospinal and corticopontine tracts include frontal and
parietal regions (Kretschmann, 1988; Morecraft, et al., 2002; Schmahmann, Ko, &
MacMore, 2004). Given these extensive connections, it seemed reasonable to consider that
the microstructure of its fiber systems, assessed by superior-to-inferior divisions as well as
the traditional anterior-to-posterior systems, would be heterogeneous with respect to the
effects of age and relationship with function (Holodny, Gor, Watts, Gutin, & Ulug, 2005;
Kennedy & Raz, 2009). Accordingly, fiber tracking revealed greater age-related degradation
in the anterior than posterior limb, evident with measures of diffusivity but not FA. Yet,
even for diffusivity, which is commonly more sensitive to age-related differences than
anisotropy (for review, Sullivan & Pfefferbaum, 2010), a significant age effect was present
only in the superior and central but not inferior divisions of the internal capsule.
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Transverse diffusivity (AT) showed the expected age effects in all three superior-to-inferior
divisions, being higher in the older than younger participants. One interpretation of greater
than normal transverse diffusivity in older age or degenerative diseases is as a sign of myelin
damage (Song, et al., 2002; Song, et al., 2005). This pattern also held for axial diffusivity
(AL) but only in the superior division, whereas the opposite (younger greater than older) held
for the inferior division, therefore accounting for the lack of an apparent age effect in mean
diffusivity, MD, of the inferior division of the internal capsule. The underlying causes of
changes in axial diffusivity are more controversial than those of transverse diffusivity.
Among the interpretations of age- or disease-related increases of axial diffusivity are that it
is a reflection of damage to the axon (Song, et al., 2002). Higher AL in the younger than
older group could also reflect the higher anisotropy detected and an elongation of the
ellipsoid describing the local diffusion (cf., Bennett, Madden, Vaidya, Howard, & Howard,
2010).

The observed brain microstructure-performance correlations provide functional support for
the anterior-to-genu-to-posterior limb segmentation of the internal capsule. The most
consistent relationships were present in the inferior division, possibly because the average
FA was higher and coefficient of variation (CV) lower there (average FA=.68, C\V=8.9%)
than in either of the two more superior divisions (superior FA=.44, CV=19.6%; central FA=.
61, CV=15.2%). Other DTI studies report that these inferior fiber bundles are largely
unaffected by age (Holodny, Gor, Watts, Gutin, & Ulug, 2005; Kennedy & Raz, 2009;
Stadlbauer, Salomonowitz, Strunk, Hammen, & Ganslandt, 2008; Sullivan, Rohlfing, &
Pfefferbaum, 2010), alcoholism (Pfefferbaum, Rosenbloom, Rohlfing, & Sullivan, 2009), or
Alzheimer’s disease (Bozzali, et al., 2002; Takahashi, et al., 2002), yet are affected in other
degenerative diseases affecting motor systems, such as progressive supranuclear palsy and
multiple system atrophy (Blain, et al., 2006; Nilsson, et al., 2007).

FA across the three anterior-to-posterior fiber bundles of the inferior division accounted for
27% to 73% of the variance for each functional domain, with the highest for Fluency. The
strongest evidence for brain microstructure-function relationships was the identification of a
triple dissociation, with selective correlations between anterior FA and Set Shifting, genu
FA and Motor Skills, and posterior FA and Fluency, discussed next.

Set shifting ability, a reflection of cognitive flexibility and known to be affected by lesions
of dorsolateral prefrontal cortex in monkeys (e.g., Moore, Schettler, Killiany, Rosene, &
Moss, 2009) and humans (e.g., Milner, 1963), was related to FA in the inferior anterior limb
of the internal capsule. Anatomical tracing studies in nonhuman primates have revealed
connections of the anterior limb of the internal capsule with dorsolateral and ventrolateral
prefrontal cortex that vary with rostral-caudal position (for review, Haber & Knutson, 2009)
and are consistent with human studies using electrical stimulation (Machado, et al., 2009). In
humans, DTI connectivity analysis using the anterior limb as a mapping seed revealed
connectivity with regions including the frontal pole and cerebellum among other sites
(Gutman, Holtzheimer, Behrens, Johansen-Berg, & Mayberg, 2009). Given these
connections, one can speculate that degradation of fibers of the anterior limb of the internal
capsule could result in a subtle disconnection syndrome affecting functions, including set
shifting, reliant on their prefrontal (Konishi, et al., 1998; Milner, 1963) and cerebellar
projection sites (Courchesne, et al., 1994; Lie, Specht, Marshall, & Fink, 2006). It is
tempting to speculate that these pathways, which are affected in obsessive-compulsive
disorder (Gutman, Holtzheimer, Behrens, Johansen-Berg, & Mayberg, 2009), would also be
relevant to mental flexibility required for shifting set.

Fine finger movement speed was related to the integrity of fibers of the inferior internal
capsule genu, known to interconnect striatal and motor cortical regions subserving motor
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control. This relation provides further support to the possibility that the fibers measured are
projections from (or at least connected with) the supplementary motor area (Morecraft, et
al., 2002), possibly at the level of the hand region, given the somatotopic organization of the
internal capsule with respect to the primary and supplementary motor areas.

The most robust correlation occurred between FA in the inferior posterior limb of the
internal capsule and Fluency, comprising semantic and figural fluency measures. Subcortical
lesions including those in the internal capsule can result in aphasia (Alexander & LoVerme,
1980; Damasio & Geschwind, 1984). Using path analysis of multifactorial data from
computed tomography, glucose metabolic positron emission tomography, and
neuropsychological testing, Metter and colleagues (Metter, et al., 1988) identified direct,
selective relations between verbal fluency and imaging measures of the posterior limb of the
internal capsule and indirect relations with frontal sites. This pattern comports with an
observation by Taylor (Taylor, 1969), who noted that post-surgical epilepsy patients whose
excisions included the motor face area, which projects through the internal capsule, had the
greatest deficits in verbal and nonverbal fluency. Further, consistent with the medial
pontine/face area projection described by Schmahmann et al. (Schmahmann, Rosene, &
Pandya, 2004), longer MRI transverse relaxation time (T2, an index of free water content in
tissue) in central pons of uncomplicated alcoholics correlated with lower output on
phonemic, semantic, and nonverbal fluency measures (Sullivan & Pfefferbaum, 2001).
Another DTI study of the internal capsule and its functions failed to find structure-function
correlations possibly because fluency was not tested (Kennedy & Raz, 2009).

Despite the power of a triple dissociation, this study has limitations. The most obvious is the
small sample size on which regression analysis was based, presenting the possibility that the
observed brain structure-function relations were chance events. The small sample combined
with the large number of correlations conducted also restricted criteria for determining
which relations were significant; thus, we may have discounted modest relations that would
have endured correction for multiple comparisons with a larger sample. In addition, studies
based on small, relatively homogeneous samples restrict generalizability of findings.
Considering these limitations, it is essential that the relations identified be replicated in
larger samples of healthy adults.

In summary, these patterns of diffusivity differences in the internal capsule comport with
neurological outcome in human lesion studies, suggesting mechanisms of functional
degradation, attributed at least in part to regionally selective, compromised fiber
microstructure affecting myelin and axonal morphology. Quantitative fiber tracking
combined with assessment of selective cognitive and motor functions enabled the
identification of selective brain structure-function relations in the form of a triple
dissociation, thus supporting the differential functional composition of the internal capsule
detectable in healthy adults without lesions and previously observed only in patients with
lesions of the internal capsule.
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Figure 1.

Top: Midsagittal FA image displaying fiber tracking of the internal capsule divided into its
anterior limb, genu, and posterior limb and into superior, central, and inferior divisions. Bar
graphs: Meanzstandard error FA, MD, AL, and AT of the bilateral anterior limb, genu, and
posterior limb of the internal capsule for the younger and older groups. The results are color-
coded by superior (magenta), central (turquoise), and inferior (mustard) boxes.
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Figure 2.

Correlations between neuropsychological test composite scores and regional FA in the
inferior division of the internal capsule across the 24 subjects. Young subjects are presented
in closed circles, and older subjects are in open circles.
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Table 1

Group by anterior-genu-posterior (AGP) limb by superior-central-inferior (SCI) internal capsule division
ANOVA

DTI Metric and Effects  F-value  df p—value*

FA
Group 33.168 1,22 .0001
Group-by-AGP 0.177 2,44 .838
Group-by-SCI 1.037 2,44 .358
Group-by-AGP-by-SCI  0.409 488 628
MD
Group 27546 1,22 .0001
Group-by-AGP 6.581 2,44 .010
Group-by-SCI 16.039 2,44 .0001
Group-by-AGP-by-SCI  1.157 4,88 324
AL
Group 1.642 1,22 213
Group-by-AGP 3.221 2,44 .077
Group-by-SCl 24.076 2,44 .0001
Group-by-AGP-by-SCI 1.217 4,88 .307
AT
Group 40.722 1,22 .0001
Group-by-AGP 2726 244 .099
Group-by-SCI 8.429 2,44 .003

Group-by-AGP-by-SCI 085 4,88 442

*
Greenhouse-Geiser corrected where appropriate; bold=significant effect
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