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Abstract
We present a novel approach – DTI-based fiber tract-driven topographical mapping (FTTM) – to
map and measure the influence of age on the integrity of interhemispheric fibers and challenge
their selective functions with measures of interhemispheric integration of lateralized information.
This approach enabled identification of spatially specific topographical maps of scalar diffusion
measures and their relation to measures of visuomotor performance. Relative to younger adults,
older adults showed lower fiber integrity indices in anterior than posterior callosal fibers. FTTM
analysis identified a dissociation in the microstructural – function associates between age groups:
in younger adults, genu fiber integrity correlated with interhemispheric transfer time, whereas in
older adults, body fiber integrity was correlated with interhemispheric transfer time with
topographical specificity along left-lateralized callosal fiber trajectories. Neural co-activation from
redundant targets was evidenced by fMRI-derived bilateral extrastriate cortex activation in both
groups, and a group difference emerged for a pontine activation cluster that was differently
modulated by response hand in older than younger adults. Bilateral processing advantages in older
but not younger adults further correlated with fiber integrity in transverse pontine fibers that
branch into the right cerebellar cortex, thereby supporting a role for the pons in interhemispheric
facilitation. In conclusion, in the face of compromised anterior callosal fibers, older adults appear
to use alternative pathways to accomplish visuomotor interhemispheric information transfer and
integration for lateralized processing. This shift from youthful associations may indicate
recruitment of compensatory mechanisms involving medial corpus callosum fibers and subcortical
pathways.
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Introduction
Efficient perception of multiple objects in a scene depends on complex visual processes of
interhemispheric integration enabled by the microstructural and functional integrity of the
corpus callosum (CC) (Genç et al., 2011; Gooijers et al., 2011; Schulte et al., 2010). Studies
using diffusion tensor imaging (DTI) have established that the CC undergoes a variety of
degenerative changes with normal aging, especially of myelinated fibers of the anterior
relative to posterior callosal sectors (Lu et al., 2012; Madden et al., 2009; O'Sullivan et al.,
2001; Sullivan et al., 2010). A fundamental challenge is in determination of the functional
relevance of regional callosal fiber bundles for interhemispheric integration and transfer and
whether age-related microstructural degradation of anterior callosal regions slows
interhemispheric visuomotor processing and decreases transcallosal inhibition (de
Chastelaine et al., 2011; Linnet and Roser, 2012). Recent neuroimaging studies provide
some evidence that degradation of cross-hemispheric fiber integrity in older adults can
compromise the efficiency of sensorimotor transfer required for visual bihemispheric
integration (Davis et al., 2012; Douaud et al., 2011; Madden et al., 2004). Conversely,
greater bilateral cortical cooperation for bimanual integration in older adults can be enabled
by greater callosal tract microstructural integrity (Fling and Seidler, 2011).

The crossed–uncrossed difference (CUD) and redundant targets effects (RTE) tasks
represent two distinct behavioral paradigms commonly used to probe functions of
interhemispheric transfer and integration in humans. Both are simple reaction time (RT)
tasks with lateralized light flashes presented in the left or right visual hemifield. The RTE
paradigm (Corballis, 2002) is used to study how the left and right cerebral hemisphere
communicate to enhance performance beyond the processing capacities of a single
hemisphere (Marks and Hellige, 2003) by comparing paired with single targets presented to
one or both visual hemifields (for a review, see Schulte and Müller-Oehring, 2010).
Typically, responses are faster to stimulus pairs than single stimuli (Iacoboni and Zaidel,
2003; Miller, 1986; Mordkoff and Yantis, 1991; Roser and Corballis, 2003; Savazzi and
Marzi, 2004; Schulte et al., 2004, 2005) with performance advantages from bilateral
redundant targets indicating hemispheric resource sharing to make this redundant targets
process more efficient (Maertens and Pollmann, 2005).

Two theoretical explanations can account for redundancy gains from paired stimulation, the
‘horse race’ model (Raab, 1962) and the ‘co-activation’ model (Miller, 1982). The ‘horse
race’ model assumes that each stimulus is transmitted along separate channels and the
response is triggered as soon as a decision is made by either one of the two channels
(Mordkoff and Yantis, 1991). However, co-activation from otherwise independent
processing channels may occur to increase signal strength of redundant targets (Miller,
1982; Reuter-Lorenz et al., 1995; for a review, Schulte and Müller-Oehring, 2010). Co-
activation has been inferred from statistical facilitation, i.e., when facilitation from bilateral
redundant targets exceeded probability predictions (Raab, 1962). However, with the rise of
neuroimaging techniques, Millers' theoretical term co-activation has been expanded to
neural interaction models (Corballis, 2002). At this point, functional neuroimaging studies in
adults indicate that extrastriate visual pathways are selective for integration of visual targets
(Schulte et al., 2006, 2010).

However, in healthy subjects, considerable inter-subject variability for RTE has been
observed (Corballis, 2002) implying that different neural mechanisms are involved in
interhemispheric visuomotor integration depending on strategy selection, task demands, and
stimulus characteristics (Schulte et al., 2006). Accordingly, the facilitation effect has been
attributed to co-activation at the sensory, cognitive, or motor processing stage (Mooshagian
et al., 2009; Pollmann and Zaidel, 1999; Schulte et al., 2006). In addition, age contributes to
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inter-subject variability in RTEs; some recent evidence indicates that the bilateral RTE is
increased in older individuals (Linnet and Roser, 2012) and that subtle disruptions of
callosal integrity can contribute to enhanced RTEs (Schulte et al., 2005).

In the CUD paradigm (Poffenberger, 1912), the interhemispheric transfer time is measured
behaviorally by presenting targets in the same (uncrossed) or opposite (crossed) visual field
in relation to the responding hand (Poffenberger, 1912; Zaidel and Iacoboni, 2003). The
difference in reaction times between crossed and uncrossed conditions (i.e., the crossed-
uncrossed difference, CUD) serves as an index of callosal interhemispheric transfer time,
based on the assumption that uncrossed responses can be processed within the same
hemisphere, whereas crossed responses require transfer of visuomotor information between
hemispheres via the CC (Mooshagian et al., 2009; Poffenberger, 1912; Schulte and Müller-
Oehring, 2010). Several studies indicate that the CUD is affected in older adults (Jeeves and
Moes, 1996; Reuter-Lorenz and Stanczak, 2000; Schulte et al., 2004). Although not all
studies could find an increase in the magnitude of the CUD in older adults (Hoptman et al.,
1996), recent DTI studies have revealed correlations between subtle variations in regional
white matter callosal microstructure and behavioral measures of interhemispheric transfer
time and cognitive ability (Muetzel et al., 2008; Sullivan et al., 2010; Wolf et al., 2012).
Fractional anisotropy (FA), an index of white matter fiber integrity, of anterior callosal
regions is lower than in posterior regions and typically decreases disproportionally with
advancing age (region of interest analyses: Pfefferbaum and Sullivan, 2003; Pfefferbaum et
al., 2000, 2005; Salat et al., 2005; fiber tracking analyses: Stadlbauer et al., 2008; Sullivan et
al., 2006, 2010; Zahr et al., 2009; stereology in postmortem human brains: Hou and
Pakkenberg, 2011). Low FA in callosal genu and splenium correlated with longer
interhemispheric transfer time measured with the CUD indicating that disruption of CC
microstructure in normal aging is associated with declines in interhemispheric transfer
(Schulte et al., 2005). Thus, age-related alterations in the CUD measure of interhemispheric
transfer time could be due to degradation of both anterior and posterior callosal routes (Fling
et al., 2011).

RTE and CUD are behavioral measures of interhemispheric function, each indexing a
different neural mechanism. In theory, Iacoboni et al. (2000) assumed that the brain's loci of
interhemispheric transfer and integration are reflected in CUD relative to RTE measures. For
example, patients with resection of the corpus callosum showed a marked lengthening of the
CUD due to the use of relatively inefficient ipsilateral pathways in making crossed
responses (Marzi et al., 1991, 1999). However, these split-brain patients paradoxically
demonstrated an enhanced RTE, i.e., an improved facilitation from paired stimulation,
which has been attributed to cortical projections to a subcortical arousal system normally
inhibited by the CC (Corballis, 2002; Savazzi and Marzi, 2004).

Here, we studied the role of age-related subtle degradation of interhemispheric
microstructure for interhemispheric transfer and integration. Until now, a fine-grained
anatomical mapping has not been available to test specific patterns of microstructural
integrity and functional variability of interhemispheric integration in aging (Linnet and
Roser, 2012). Thus, the fundamental goal is to identify specific fiber pathways that subserve
selective processes of these interhemispheric skills. To test the relationship between bilateral
processing advantages (RTE) and interhemispheric transfer time (CUD) we applied a
recently developed, novel analysis approach, fiber tract-driven topographical mapping
(FTTM), to pinpoint age-related differences of regional fiber integrity in relation to
interhemispheric function. With this method, we previously demonstrated that age-related
differences in fiber integrity are not uniform but rather locally specific along fiber
trajectories (Maddah et al., 2011). Thus, spatially-specific alterations in microstructure of
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CC and pons in healthy aging may selectively contribute to inter-subject variability in CUD
and RTE measures.

We tested the hypothesis that, compared with younger individuals, older individuals would
exhibit higher CUD that would be related to FA in anterior but not posterior regions of the
CC; and that older adults would show a greater RTE that would be mediated by subcortical
pontine fiber pathways, which are robust to aging (Stadlbauer et al., 2008; Sullivan et al.,
2010), providing an alternative route for neural interhemispheric facilitation. In addition,
FTTM-derived brain structural connectivity was validated with conventional tract-based
spatial statistics (TBSS) analysis, and the neural co-activation assumption for RTE was
tested with task-activated functional magnetic resonance imaging (fMRI). Based on our
previous fMRI studies on RTE (Schulte et al., 2006, 2010), we hypothesized that RTE, i.e.,
paired > single stimulation, would elicit bilateral extrastriate activation, and that older age
would modulate RTE-related activity at a subcortical processing level.

Material and methods
Participants

The participants were 21 younger (age range 19–30 years) and 16 older (age range 60–85
years) healthy adults (Table 1). Younger and older adults did not differ in sex distribution
(younger: 10 women, 11 men; older: 7 women, 9 men). All subjects underwent clinical and
neurological screening; none had a history of head trauma, documented compound skull
fracture, clear neurologic sequelae, or any disease with potential central nervous system
involvement, such as stroke, multiple sclerosis, or epilepsy. Three of the older subjects had
diagnosed hypertension that was medically treated, and in-lab blood pressure measurements
were within the normal range. One older participant had been diagnosed with type-2
diabetes 10 months prior to the study. All participants were right handed, spoke English as
their first language, and had no history of illicit substance or alcohol abuse or dependence
according to clinical interview using DSM-IV criteria. Both groups were highly educated
(younger: 16 ± 1.2 years; older: 17 ± 2.4 years). Socioeconomic status (SES), determined
using a 2-factor scale including both education and lifetime occupation (Hollingshead and
Redlich, 1958), was insignificantly higher in the older than younger group. Relative to the
younger group, the older group had higher estimated IQ scores (Table 1) based on the
American National Adult Reading Test (ANART, Nelson, 1982). Subjects gave written
informed consent to participate in this study, which was approved by the Institutional
Review Boards at Stanford University School of Medicine and SRI International.

Redundant targets task
A detailed description of the task was published previously (Schulte et al., 2010). In short,
the task was to respond as quickly as possible to light flashes occurring for 150 ms in the left
or right visual hemifield, regardless of whether the flashes appeared singly or in pairs.
Stimuli were white disks on a dark, gray background, placed left or right of the fixation
point and above the horizontal meridian. The inter-stimulus interval was randomly selected
as 500, 700, or 900 ms. Throughout the test, subjects fixated on a point in the center of the
display; to control fixation, subjects were also required to respond whenever they detected a
flicker of the fixation point color from green to equiluminant yellow, which is detectable
only within approximately 1° visual angle from the fixation point and was presented 40
times during the task.

Two task runs were presented, one requiring left-hand and one requiring right-hand
responses, balanced across subjects. In total, 320 trials were presented, and each run
comprised 160 trials. Behavioral responses were measured as reaction time (RT) to visual
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field (VF) stimulation for left and right response hands. Differences in RT between crossed
and uncrossed conditions, i.e., the crossed–uncrossed difference (CUD), indexed
interhemispheric transfer time (crossed: left VF stimulus – right hand response, right VF
stimulus – left hand response; uncrossed: left VF stimulus – left hand response, right VF
stimulus – right hand rsponse) (Poffenberger, 1912). The CUD formula is: CUD = RTcrossed
− RTuncrossed. Subtracting the sum of crossed responses from the sum of uncrossed
responses and dividing this difference by two yielded the CUD (Fig. 3A).

The redundant targets effect (RTE) is considered to measure response facilitation from
redundant (paired) stimulation (Miller, 1986; Mordkoff and Yantis, 1991; Roser and
Corballis, 2003). Differences in RT between single and paired VF stimulation calculated the
redundant targets effects (RTE), an index of visuomotor integration, where responses occur
faster to paired than single stimuli. The RTE formula is RTE = RTS1S2 − (RTS1 + RTS2)/2,
where S1S2 is two stimuli presented simultaneously as a pair, and S1 and S2 two stimuli
presented singly (Fig. 4A). Thus, reaction time differences in RTE reflect the individual's
overall response facilitation from redundant targets in milliseconds.

DTI, MRI, and fMRI acquisition
Structural, diffusion, and functional imaging protocols were conducted on a clinical whole-
body 3 T scanner (General Electric, Milwaukee, Wisconsin) with 8-channel head coil.
Subject motion was minimized by following best practices for head fixation, and image
series were inspected for residual motion. Scanning parameters for DTI were as follows: 2D
echo-planar; axial acquisition; TR = 7300 ms; TE = 86.6 ms; thickness = 2.5 mm; skip = 0
mm; locations = 62; b = 0 [5 number of excitations (NEX)] + 15 noncollinear diffusion
directions, b = 860 s/mm2 (2 NEX) + 15 opposite-polarity noncollinear diffusion directions,
b = 860 s/mm2 (2 NEX); FOV = 240 mm; x-dim = 96, y-dim = 96; reconstructed to 128 ×
128, 4030 total images. Two structural series were also acquired: a dual echo 2D-FSE, and a
T1-weighted 3D-SPGR. The dual-echo FSE sequence (TR = 7850 ms, TE = 17/102 ms,
thickness = 2.5 mm, skip = 0 mm, locations = 62) was at identical slice locations as the DTI
and was used for co-registering structural and diffusion images as well as skull stripping.
The T1-weighted SPGR (3D axial IR-prep-TR = 6.5 ms, TE = 1.6 ms, thick = 1.25 mm, skip
= 0 mm, locations = 124) was used for tissue segmentation and region-of-interest
parcellation. A field map for correction of spatial distortions in the diffusion-weighed
images was generated from a gradient-recalled echo sequence pair (TR = 460 ms, TE = 3/5
ms, thickness = 2.5 mm, skip = 0 mm, locations = 62).

Scanning parameters for fMRI were as follows (Schulte et al., 2010): Whole-brain fMRI
data were acquired with a T2*-weighted gradient echo planar pulse sequence (2D axial, TE
= 30 ms; TR = 2200 ms; flip angle = 90°; in plane resolution = 3.75 mm; thick = 5 mm; skip
= 0 mm; locations = 36; FOV = 240 mm; 1 NEX). The start of the scan was triggered
automatically from PsyScope software. Test instructions were reviewed with the subject by
the examiner via the scanner's intercom system before the onset of each run. A dual-echo
FSE (2D axial; TR = 5000 ms; TE = 17/102 ms; thick = 5 mm; skip = 0 mm; xy matrix =
256; flip angle = 90°; locations =36; FOV = 240 mm; 1 NEX) was used for spatially
registering the fMRI data.

DTI processing
DTI quantification was preceded by eddy current correction on a slice-by-slice basis using
within-slice registration. The diffusion effect created by the imaging gradients was corrected
by taking advantage of the symmetry of the opposing-polarity acquisition (Neeman et al.,
1991), reducing the data to 15 non-collinear diffusion-weighted images per slice for tensor
computation. Using the field maps, B0-field inhomogeneity-induced geometric distortion in
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the eddy currentcorrected images (Bodammer et al., 2004) was corrected with PRELUDE
(Phase Region Expanding Labeller for Unwrapping Discrete Estimates) and FUGUE
(FMRIB's Utility for Geometrically Unwarping EPIs) (Jenkinson, 2003). From distortion-
corrected diffusion-weighted images, tensors were estimated using the Teem library (http://
teem.sourceforge.net/). From these tensors, scalar diffusion measures, including fractional
anisotropy (FA), were also calculated on a voxel-by-voxel basis.

Tract-based spatial statistics (TBSS)
FA images in native subject DTI space were analyzed using the TBSS method (Smith et al.,
2006). To enable comparison between the two DTI analysis methods, the FA images were
derived from the exact same tensor data for TBSS and FTTM. We followed the default
TBSS procedure (www.fmrib.ox.ac.uk/fsl/tbss/index.html) to 1) align all images with the
“JHU-ICBM-FA-1 mm” template included with FSL (the same template was also used for
FTTM), 2) create and skeletonize a group-mean FA image, and 3) project all subject FA
images onto the mean skeleton. The projected FA data from all individual subjects were then
read into SPM for pixel-wise hypothesis testing. For group comparison, statistical thresholds
were set at pFWE corrected = 0.05.

Fiber tract-driven topographical mapping (FTTM)
The linear organization of white matter fibers, an index of tissue quality, is detectable with
diffusion tensor imaging (DTI) (Pierpaoli and Basser, 1996) and expressed as high fractional
anisotropy (FA) of diffusion (Jones, 2010). Despite the microstructural detail and anatomical
course revealed by DTI, quantification methods, especially tractography, are limited by their
spatial resolution, reporting for example a single FA value per region of interest or fiber
bundle. Region-of-interest analysis is particularly susceptible to contamination from partial
voluming of crossing fibers. To overcome these shortcomings, FTTM (Maddah et al., 2008,
2011) takes advantage of fiber tract-driven geometric models to generate spatially and
orientationally specific, tract-driven topographic maps of diffusion measures, thereby
minimizing partial volume effects from crossing fibers.

For each subject, we tracked CC and pons fibers using streamline fiber tracking, mapped
them to a common atlas space via linear image registration, and clustered fibers into bundles
by applying a method based on an expectation maximization formulation (Maddah et al.,
2008). This method permits probabilistic assignment of fiber streamlines to larger tract
bundles and also provides a consistent parameterization along the length of each fiber in
each bundle by establishing subject-to-model-to-subject point correspondences, thus
enabling spatially-specific statistics over the entire extent of each bundle. Each tract model
is derived from the cluster center (Maddah et al., 2008, 2011) and therefore provides an
across-subject reference coordinate system for quantification of diffusion measures at
corresponding sample locations along the trajectories assigned to that tract. In broad terms,
FTTM refines quantification and visualization of diffusion-based fiber tracking using an
expectation maximization formulation to create geometric consensus models for fiber
bundles. Fig. 1 shows the pipeline of this DTI analysis.

A publicly available atlas of fiber tracts (ICBM–DTI-81; http://www.loni.ucla.edu/ICBM/)
(Mori et al., 2008; but see Rohlfing, 2013) was used as a template, which is composed of a
set of labeled regions, each corresponding to an anatomically-known bundle of fibers in the
human brain. As the first step of the DTI analysis pipeline, the labeled regions in the atlas
were mapped to each subject's native space to seed the tractography. To this end, pairwise
affine registration, computed by using CMTK's “registration” tool (http://nitrc.org/projects/
cmtk/), aligned the FA volume of each subject to the atlas. In the second step, streamline
tractography for each subject, seeded from the mapped labeled atlas regions, was performed
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in native subject DTI image space using 3D Slicer3 (http://www.slicer.org) (Fedorov et al.,
2012). Fiber tracking used a step size of 0.5 mm and was terminated when an FA value less
than 0.15 or maximum curvature of 0.8 (minimum cosine of the angle between current and
next streamline segments) was encountered (Basser et al., 2000). During tracking, FA was
computed at each point along the trajectories and stored for subsequent analysis. As the third
step, after individual fiber tracking, trajectories from all 37 subjects were transformed back
into the atlas space, via the previously computed atlas-to-subject image registrations. In the
fourth step, the trajectories were clustered into tract bundles based on their spatial proximity
and shape similarity to the medial representation of fiber tracts for the pons and three
callosal regions (genu, body, splenium) in the ICBM DTI-81 atlas. A minimum-likelihood
threshold of 0.2 was used in the EM clustering algorithm to reject outlier trajectories. To
account for the respective shapes of tracts, the trajectories for the body of the CC were
grouped as sheet-like bundles and clustered onto a medial surface, while the pons, genu, and
splenium were grouped as tubular bundles and clustered onto a centerline. Note that the
resulting models are two- and one-dimensional, respectively, i.e., the sheet-like bundles are
mapped onto a surface that has no thickness, and the tubular bundles are mapped onto a line
that has no radial extent. Thus, tubular tracts (such as pontine fibers) are represented by
medial curves, whereas sheet-like tracts (such as the body of the CC) are represented by
medial surfaces. The spatial distance between the most distant fibers assigned to that bundle,
but not the medial model itself, determines the ultimate extent of each bundle perpendicular
to the sheet or midline.

Finally, for each subject the mean FA was calculated for each point on the estimated medial
representation of the bundle, based on the model-to-trajectory correspondences computed by
the clustering algorithm. This procedure summarized the local variation of the diffusion
parameter along each bundle in each subject as spatially-specific FA topography maps. The
per-subject mean FA values at each tract model point were then used for hypothesis testing
and statistical analysis. ANOVAs were used for statistical testing of group differences, and
Pearson correlation was used for testing fiber FA correlations with behavioral measures,
RTE and CUD. FDR-correction for height thresholds for statistics derived from
neuroimaging data (Genovese et al., 2002), i.e., for each point correspondence in FTTM,
requires a p < 0.012 for the genu, splenium, and pontine ROIs, and a p < 0.0069 for the
callosal body ROI. Mean FA data for each ROI were extracted for each subject to plot RTE-
FA and CUD-FA relationships. Significant Pearson correlations were confirmed with
Spearman's Rho correlations.

fMRI processing
Image preprocessing and statistical analyses were performed using the SPM8 software
package (Wellcome Department of Cognitive Neurology). The fMRI analysis focused on the
whole brain. The functional images were subjected to geometric distortion (field map)
correction and motion correction. The FSE structural images were co-registered to the mean
unwarped and motion-corrected functional image for each subject and segmented into gray
and white matter images. Functional and structural gray matter images were normalized to
Montreal Neurological Institute (MNI) space, and volumes were smoothed with a Gaussian
kernel of 8 mm (FWHM). Individual statistics were computed using a general linear model
approach (Friston et al., 1995a, 1995b) as implemented in SPM8. Statistical preprocessing
consisted of high-pass filtering at 88 s, low-pass filtering through convolution with the
canonical hemodynamic response function, and global scaling. A random-effects analysis
was conducted for group averaging and population inference. One image per contrast was
computed for each subject from a design matrix that included estimated individual
movement parameters as regressors in addition to stimulation conditions as explanatory
variables. RTE contrasts of interest were ‘pair vs. sum of two single’ stimulation and were
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computed for left- and right-hand conditions. For second-level group analyses, these RTE
contrast (pair > single) images were subjected to a factorial model involving 2 factors:
Group (younger vs. older), and RTE (left hand vs. right hand). Analysis thresholds were set
at pFWE corrected < 0.05 for combined spatial extent and peak intensity (Poline et al., 1997).

Results
Topographical mapping of callosal and pontine fiber FA

Based on spatially-specific statistics along each bundle, older adults had significantly lower
FA values than younger adults at focal regions of the callosal genu, body, and splenium (p <
0.001 is marked red, Fig. 2 lower panel). Topographical maps revealed lower FA in older
than younger adults at nearly all locations of the midline genu fiber bundle. By contrast,
lower FA in the older than younger adults was spatially specific in the body fiber sheet map
and affected anterior fibers and lateral posterior fibers projecting towards left-hemispheric
locations in premotor, somatosensory, and parietal cortices. In the callosal splenium, only
the most medial regions differed significantly by group. FA differences in the pons were
present only at focal bilateral locations (p < 0.001 is marked red, Fig. 2).

We averaged FA over all points of the topographic map for each callosal ROI and entered
the mean FA value for each bundle into a group-by-callosal sector ANOVA. Older adults
had, on average, lower FA values than younger adults (group: F (1,35) = 53.25, p < 0.0001).
FA was overall higher in the splenium than genu and body (callosal sector: F (1,35) = 80.8,
p < 0.0001). Group differences, i.e., lower FA in older than younger adults, were more
pronounced in anterior than posterior CC sectors (group-by-sector interaction: F (1,35) =
12.1, p < 0.001). Mean pontine fiber FA, averaged over all points of the topographic map,
did not statistically differ between the age groups (t(35) = 1.54, ns).

To examine the convergence with widely used DTI quantification methods, we compared
the FTTM results with TBSS results, with the caveat that the fundamentally different
geometric representation of the results between FTTM (atlas-based medial model) vs. TBSS
(image-based medial skeleton) makes it impossible to compare truly corresponding findings.
Yet, TBSS-derived FA group results showed age group convergence with the principal
FTTM-derived findings, including lower genu and body FA in older than younger adults, a
focal region in the medial splenium and in the left-lateral pontine tract.

Interhemispheric function: CUD and RTE
Interhemispheric transfer (CUD)—An ANOVA with group (younger, older) as the
between-subject factor and CUD (crossed, uncrossed) and response hand (left, right) as the
within-subject factors revealed that the groups did not differ in visuomotor interhemispheric
transfer time (CUD) (group-by-CUD interaction: F(1,35) = 0.32, ns) (for similar findings,
Linnet and Roser, 2012). Both groups showed significant CUDs for the nondominant (left)
hand but not for dominant (right) hand responses (CUD-by-hand interaction: F(1,35) =
39.09, p < 0.0001) (Fig. 3A, Table 2).

Interhemispheric integration (RTE)—Despite descriptively larger RTEs in older (9 ms)
than younger adults (2 ms), a group-by-RTE-by-hand ANOVA revealed that the facilitation
from redundant targets did not differ statistically between the groups (group: F(1,35) = 1.31,
ns; group-by-RTE-by-hand interaction: F(1,35) = 0.06, ns) (Fig. 4A, Table 2).

Correlation between CUD and RTE—Within-group analyses showed that longer
interhemispheric transfer time (CUD) was modestly correlated with greater response
facilitation from redundant targets (RTE) in older adults (Rho = 0.43, p = 0.050),
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specifically for right-hand responses (RH: Rho = 0.45, p = 0.039; LH: Rho = 0.15, ns), but
not in younger adults (Rho = 0.05, ns).

Interhemispheric function and callosal and pontine fiber integrity
CUD and local FA—Correlating FTTM-derived FA values with CUD values for each
group created spatially specific topographic correlation maps. In older adults, slower
interhemispheric transfer of visuomotor information (larger CUDs) correlated with lower
FA values in callosal body regions involving fibers projecting towards left-hemispheric
premotor and supplementary motor regions and fibers connecting somatosensory regions
between the two parietal lobes (Fig. 3B). In younger adults, no correlation in the callosal
body reached statistical significance, but higher FA at medial locations in the genu fiber
topographical map correlated moderately with smaller CUDs (p < 0.05) (Fig. 3B).

For statistical testing of group differences in FTTM microstructure-function relationships,
we extracted FTTM-derived FA values, calculated the average FA value for each ROI, and
entered FA means into SPSS 20. Using CUD and FTTM-derived body FA mean values
revealed an average Pearson correlation coefficient of r = −0.56 (p = 0.012; Rho = −0.66, p
= 0.003) in older adults and r = 0.10 (ns; Rho = 0.08, ns) in younger adults. The average
correlation coefficient between CUD and FTTM-derived genu FA mean values in younger
adults was r = −0.47 (p = 0.015; Rho = −0.51, p = 0.009) and in older adults r = −0.16 (ns;
Rho = −0.39, p = 0.07) (Fig. 3B). The correlation coefficients differed significantly between
older and younger adults for CUD-body FA (z = −2.01, p = 0.02), but not for CUD-genu FA
(z = 0.96, ns) (r to zr transformation [zr = 0.5 loge(1 + r)/(1 − r)]) (Walker and Lev, 1953). In
addition, convergence of FTTM results with TBSS-derived FA-CUD correlations was found
for the callosal body in older adults (p = 0.005) (Fig. 3C).

Interhemispheric facilitation (RTE) and local FA
In older but not younger adults, RTE correlated highly with FA values in the anterior
transverse pontine fibers that branch into the right cerebellar cortex (Fig. 4B). Using FTTM-
derived mean FA values averaged over the right branch of the pontine bundle, within group
correlation analysis (SPSS 20) revealed that higher mean pontine FA predicted greater
bilateral processing advantages in older adults (r = 0.47, p = 0.03; Rho = 0.56, p = 0.013),
but not younger adults (r = −0.14, ns; Rho = 0.03, ns). The correlation coefficients for RTE-
pontine FA differed significantly between groups (z = 1.79, p = 0.037). TBSS-derived FA
measures did not reveal pontine FA-RTE correlations in either group.

Interhemispheric facilitation (RTE)-related BOLD activation
To test the neural correlate of redundancy gain, fMRI analysis compared whole brain
activation during paired stimulation with that during single stimulation (S1S2 > S1 + S2).
Thus, the perceptual input is exactly the same for the paired (S1S2) and the single condition
(S1 + S2). Brain activity derived from this contrast reflects activation to bilateral paired
stimulation over and above the activation invoked by single stimuli in the left or right visual
hemifield, and serves as a neural substrate for co-activation from redundant targets. As
hypothesized, we found bilateral extrastriate activation for the RTE contrast. In addition, a
group-by-RTE response hand interaction revealed more bilateral activity in older than
younger adults in a pontine cluster involving the left superior colliculus, and extending to
the left thalamus, and right superior cerebellum, for dominant right-hand responses (in
contrast to left-hand responses) (Fig. 4c, Table 3). A second medial superior temporal cortex
activation cluster, significant at pFDRcorr < 0.05, showed a similar interaction pattern (Table
3).
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Discussion
We studied the functional ramifications of focal callosal and pontine fiber integrity in the
aging brain using fiber tract-driven topographical mapping (FTTM), enabling high spatial
specificity of scalar diffusion maps (Maddah et al., 2011). Despite callosal fiber degradation
in older compared with younger adults, neither the behavioral measure of interhemispheric
transfer nor that of bilateral processing advantage was disturbed, but the locus of
microstructure-function associates differed between age groups. In younger adults, normal
variation in fiber integrity in the genu correlated with interhemispheric transfer times
(CUD), whereas in older adults, fiber integrity in left lateral and medial regions of the
callosal body was related to the CUD. In addition, robust pontine fiber integrity correlated
with greater bilateral processing advantages (RTE) in older adults, supporting a role for the
pons in facilitating neural interhemispheric information transfer. Here, fMRI provided
convergent evidence for a cortico-subcortical involvement in interhemispheric facilitation.
In addition to the hypothesized extrastriate cortical activation in older and younger adults,
neural co-activation from redundant targets occurred in the pons and was modulated by age
and response hand.

Thus, with compromise of anterior callosal fibers, older adults may have available intact
medial fibers of the CC connecting premotor, motor, and somatosensory cortices and
subcortical pontine pathways to accomplish visuomotor transfer and integration required for
lateralized processes. Accordingly, interhemispheric transfer does not rely solely on the CC,
but also draws on subcortical pathways that balance hemispheric activation according to task
demands (Saltzberg et al., 1986; Schulte and Müller-Oehring, 2010; Teipel et al., 2009).

Topographical mapping of white matter integrity in healthy aging
Studies on aging report compromise of the brain's white matter microstructure associated
with a decline in sensorimotor and control functions (Bartzokis et al., 2004; Bennett et al.,
2010; Madden et al., 2009; Marchand et al., 2011; Raz et al., 2010; Stadlbauer et al., 2008;
Sullivan et al., 2010; Zahr et al., 2009). Application of FTTM enabled spatially specific
investigation of the anatomical and functional relevance of interhemispheric transfer and
bilateral facilitation in aging. Consistent with studies using fiber tracking in aging (Bennett
et al., 2010; Stadlbauer et al., 2008; Sullivan et al., 2010; Zahr et al., 2009), we found that
anterior callosal fibers were more vulnerable to age-related degradation than posterior ones,
whereas pontine fiber integrity was robust to age. Age-related differences in callosal fiber
integrity were not uniform but rather locally specific along fiber trajectories demonstrating,
in addition to an anterior-posterior gradient, a left-to-right gradient in the vulnerability of
body fibers.

Comparing FTTM with TBSS, a conventional white matter fiber tractbased analysis
technique, we found consistency in the results, i.e., lower genu FA in older than younger
adults (for TBSS-derived age-related fiber degradation, see also Bennett et al., 2010;
Burzynska et al., 2010), despite fundamentally different approaches of these methods.

Functional ramification of topographical mapping of fiber integrity in healthy aging
Both age groups performed similarly on behavioral measures of interhemispheric transfer
(CUD) and integration (RTE) function, albeit with somewhat higher CUDs and RTEs in
older than younger adults at a descriptive level. As hypothesized, faster interhemispheric
transfer, i.e., smaller CUDs, was related to higher fiber callosal integrity (FA) in anterior but
not posterior regions; specifically, to greater genu fiber integrity in younger adults, but
greater body fiber integrity in older adults. Also consistent with our hypotheses, faster
interhemispheric integration, i.e., greater RTE, was correlated with integrity of subcortical
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pontine fiber pathways in older adults. Convergent fMRI evidence showed RTE-related
pontine activation that was modulated by response hands and differed between older and
younger adults.

The pons is critical for sensory-motor coordination between the two brain hemispheres and
links the cerebellum and basal ganglia to motor and sensory cortices and to frontal and
prefrontal cortices (Ramnani et al., 2006; Schmahmann and Pandya, 1997). The locus for
interhemispheric integration in RTE, that is, the fibers enabling integration between
hemispheres, is controversial. Among the systems considered are the corpus callosum
(Bucur et al., 2005; Miniussi et al., 1998; Savazzi and Marzi, 2002; Schulte et al., 2006;
Turatto et al., 2004), anterior and posterior commissures, subcortical projections through the
hippocampal, habenular, and intercollicular brain systems (Aglioti et al., 1996; Corballis,
1998; Corballis et al., 2003; Iacoboni et al., 2000; Reuter-Lorenz et al., 1995; Roser and
Corballis, 2002, 2003), cerebellar pathways (Glickstein et al., 1998), and pontine tracts
(Roser and Corballis, 2002). In support of pontine fiber connectivity for interhemispheric
integration, Roser and Corballis (2002) speculated that inputs might proceed via subcortical
pathways from the retina to the pons, where they summate and activate the reticular
formation, creating an arousal effect that speeds responding. The point-by-point mappingof
white matter fiber pathways now showed that response advantages in older adults correlated
with FA values in transverse pontine fibers that branch into the right cerebellar cortex,
whereas these correlations were not observed in younger adults. The right cerebellar
hemisphere is associated with somatomotor (Parsons and Fox, 1997) and visual processing
functions (Shulman et al., 1997). Our results are consistent with these structural-functional
corticosubcortical pathways in that interhemispheric sensorimotor function was predicted by
the integrity of pontine fibers connecting the right cerebellar hemisphere with sensory and
motor cortices. Furthermore, our fMRI results showed that the pontine activation cluster
extended into the right cerebellum, and the left superior colliculus and thalamus.
Considering this together with the second activation cluster in the left medial superior
temporal cortex, the observed RTE activation pattern resembles a pathway similar to the
cortico-subcortical fiber pathways identified in monkeys going from medial superior
temporal cortex to pontine nuclei (Tusa and Ungerleider, 1988). Neural co-activation from
redundant targets was further associated with bilateral extrastriate activation, similar to
previous fMRI studies that provided evidence for neural co-activation from bilateral
redundant targets with enhanced extrastriate activation to bilateral but not unilateral, paired
stimulation in young (Schulte et al., 2006) and middle-aged healthy adults (Schulte et al.,
2010).

Split-brain studies have demonstrated the relevance of the CC for interhemispheric transfer
functions measured with the CUD (Corballis, 1998; Iacoboni et al., 2000; Marzi et al., 1991;
Mooshagian et al., 2009; Paul et al., 2007; Reuter-Lorenz et al., 1995; Roser and Corballis,
2002). Our study extends these findings to the less dramatic, non-lesion condition of healthy
aging by indicating that in older age the integrity of interhemispheric connections affects the
efficiency of hemispheric interaction (see also Cherbuin and Brinkman, 2006; Davis et al.,
2012). The FTTM analysis has provided a spatially-specific correlation pattern between
fiber integrity and CUD with higher FA in left lateral and medial body regions best
predicting interhemispheric transfer in older adults. Recently, Langan et al. (2010) found
that greater callosal genu size in older adults was associated with more ipsilateral activations
of the primary motor cortex during a unimanual motor task and with less intrinsic functional
connectivity between left and right motor cortices. Behavioral measures often differ for
dominant (right) and nondominant (left) response hands (Derakhshan et al., 2003) (see Fig.
3A). These observations have led to the conclusion that interhemispheric transfer is faster
from right to left than from left to right (Barnett and Corballis, 2005; Iwabuchi and Kirk,
2009).
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Different factors have been invoked to explain asymmetry in interhemispheric transfer time,
such as a smaller average size of right than left occipital lobe resulting in fewer callosal
fibers projecting from left-to-right posterior areas (Saron and Davidson, 1989), faster axonal
conduction in the right hemisphere relative to the left (Barnett and Corballis, 2005), and
different degrees of hemispheric specialization (Nowicka et al., 1996; Rugg and Beaumont,
1978). Callosal fiber integrity may also contribute to functional lateralization (Aboitiz et al.,
1992; Häberling et al., 2011; Müller-Oehring et al., 2009). Specifically, genu fiber
degradation in older adults may result in the use of alternative routes, for the case herein
spatially-specific body fibers, to preserve laterality. Without alternate pathways enabling
functional compensation, callosal fiber degradation may simply result in reduced functional
laterality of homologous brain regions in the two hemispheres (Fling et al., 2011; Madden et
al., 2009) by affecting inhibitory interactions responsible for maintaining hemispheric
dominance of particular brain functions (Kinsbourne, 1974). Response facilitation, as occurs
with the RTE, may not be subserved by the same mechanisms for left-hand as for right-hand
responses, where the bias may be related to white matter hemispheric asymmetry in healthy
individuals (Takao et al., 2011). In addition, our RTE-related fMRI findings showed that
subcortical pontine activation was modulated by response hand dominance. Visuomotor
information transfer and integration may be a bihemispheric event for nondominant motor
output, because it may require the participation only of the contralateral cerebral hemisphere
for dominant motor output (Derakhshan, 2006; Derakhshan et al., 2003; Hoshiyama and
Kakigi, 1999). Consistent with this pattern, our fMRI and DTI data in older adults indicate
involvement of the right cerebellar hemisphere– pontine pathway for response facilitation.

Although a link between enhanced RTEs and prolonged CUDs has been suggested in
patients with callosal lesions (Iacoboni et al., 2000), behavioral measures of
interhemispheric transfer (CUD) and integration (RTE) are normally unrelated in healthy
subjects with intact corpora callosa (Zaidel and Iacoboni, 2003). This measurement
independence occurred in our younger adults, and a modest relation between greater
response facilitation (RTE) and longer interhemispheric transfer times (CUDs) was observed
in older adults. In healthy subjects, the CUD value has been estimated, on average, as 4–5
ms (Marzi et al., 1991, 1999), which is about the same time that muscle responses to
transcranial stimulation over the left-hand motor cortex can be facilitated when stimulation
has been applied 4–5 ms earlier over the right-hand motor cortex (Hanajima et al., 2001).
Several studies, however, found highly variable CUDs, including negative CUDs (Bernard
et al., 2010; Braun et al., 1996; Marzi et al., 1991; Tettamanti et al., 2002). Explanations for
negative CUDs include laterality of motor control (Derakhshan, 2006), hemispheric
specialization of attentional components (Mooshagian et al., 2009), and high-speed
optimization of both intrahemispheric and interhemispheric dynamics (Braun et al., 2003).
Thus, differences in the CUD for left- and right-hand responses may index efficient
visuomotor coordination within and between hemispheres that may be interceded by
hemispheric dominance (Braun et al., 2003; Derakhshan, 2006). Our study supports this
assumption to some extent by showing negative CUDs mainly for right- but not left-hand
responses, implying that efficient visuomotor communication requires interhemispheric
information exchange for nondominant, but not necessarily for dominant motor output.

Conclusion
In the face of degrading anterior callosal fibers, older adults appear to use alternative
pathways to accomplish visuomotor interhemispheric information transfer and integration
for lateralized processing. Instead of showing youthful anterior callosal microstructural-
function associations, functional associations of older adults involved medial callosal fiber
systems that project to premotor and somatosenory cortices (Hofer and Frahm, 2006),
subcortical pontine pathways that connect cerebellar with premotor cortices (Leichnetz et
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al., 1984; Schmahmann and Pandya, 1997; Shook et al., 1990), and sensory cortices
operating via collicular (May, 2006) and thalamic systems (lateral geniculate
nuclei;Schmahmann and Pandya, 1992) to maintain interhemispheric coherence (Teipel et
al., 2009). Topographical mapping of fiber tracts via FTTM provides quantitative
assessment of focal microstructural integrity at high spatial resolution and enhances our
ability to develop maps of functional correlates between selective neuropsychological
performance and neuroconnectivity in health and disease.
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Fig. 1.
Pipeline for DTI-based fiber tract-driven topographic mapping (FTTM) analysis. Left panel:
(Bottom) Labeled ROIs in the ICBM-DTI-81 atlas and the derived initial medial
representation of each bundle. Middle panel: (Top) The ROIs are mapped to each subject
space by applying the affine transformation obtained by registering the FA volume of the
atlas to the FA volume of each subject. Seeded from the registered ROIs, streamline
tractography is performed in each subject's native image space. (Bottom) Trajectories from
all 37 subjects are mapped back to the atlas space and are clustered into bundles based on
their spatial proximity and shape similarity to the medial representation of fiber tracts in the
atlas. Right panel: (Top) Trajectories are colored with the most probable label assigned in
the clustering process. (Middle) Trajectories are colored with the FA values. (Bottom) The
medial representation of each bundle is colored by the average FA of trajectories in each
bundle summarizing the local variation of the diffusion parameter along that fiber bundle,
thereby providing topographic parameter maps.
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Fig. 2.
Interhemispheric white matter fiber integrity maps. Left: FTTM-derived FA maps for
callosal fiber tracts (genu, body, and splenium), and for pontine fiber tracts in younger (top)
and older adults (middle). FTTM-derived p-value map (bottom) illustrating spatially-
specific group differences (younger > older) in FA projected onto average-FA skeleton for
callosal (genu, body, splenium) and pontine fiber tracts. Right: TBSS-derived FA maps for
older (top) and younger adults (middle); and group difference map (bottom) for FA younger
> older adults (pFWE corrected = 0.05).

Schulte et al. Page 20

Neuroimage. Author manuscript; available in PMC 2014 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Interhemispheric fiber integrity and interhemispheric transfer function — crossed–uncrossed
difference (CUD). A. Illustration of left visual field (LVF) and right visual field (RVF)
stimulation and left-hand (LH) and right-hand (RH) responses requiring interhemispheric
information transfer for crossed (LVF/RH; RVF/LH) in contrast to uncrossed conditions
(LVF/LH; RVF/RH); and mean reaction times (standard error) for crossed and uncrossed
conditions differentiated for LH and RH responses for younger and older adults. B. FTTM-
derived correlation map between CUD and body FA in older adults; and correlation scatter
plots illustrating the correlation between CUD and the averaged FA value for regional
callosal and pontine fiber bundles in younger and older adults. C. TBSS-derived correlation
map between CUD and body FA in older adults.
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Fig. 4.
Interhemispheric fiber integrity and interhemispheric integration — redundant targets effects
(RTE). A. RTE was calculated as the difference in reaction time between paired (S1S2) and
single (S1, S2) stimulation conditions: Means (standard errors) for LH and RH responses in
younger and older adults. B. FTTM-derived correlation map illustrating significant
relationships between interhemispheric facilitation (RTE) and fiber integrity (FA) along the
pontine fiber tract in older adults. Graphs illustrate the correlation between RTE for right
hand responses and averaged FA of the right branch pontine fiber tract in younger and older
adults. C. fMRI activation for RTE (pair > single), including group (older, younger) and
response hand (left, right) as factors, revealed bilateral extrastriate activation, and a 2-way
interaction (group-by-RTE response hand) revealed a subcortical pontine activation cluster.
Graphs illustrate RTE-related BOLD signal changes (pair > single) for response hand and
group. The p-threshold was set at pFWEcorr = 0.05 for combined spatial extent and peak
intensity thresholds (Poline et al., 1997).
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