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Human Subinsular Asymmetry Studied by
Diffusion Tensor Imaging and Fiber Tracking

BACKGROUND AND PURPOSE: Our aim was to improve our understanding of the subinsular white
matter microstructural asymmetries in healthy right-handed subjects. Structural brain asymmetries
could be related to functional asymmetries such as hemisphere language dominance or handedness.
Besides the known gray matter asymmetries, white matter asymmetries could also play a key role in
the understanding of hemispheric specialization, notably that of language.

MATERIALS AND METHODS: \White matter asymmetries were studied by diffusion tensor imaging at
1.5T (41 diffusion-gradient directions; b-value set to 700 s/mm?; matrix, 1282 in-plane resolution,
1.875 X 1.875 mm; section thickness, 2.0 mm) and fiber tracking (BrainVISA software). The main
white matter bundles passing through the subinsular area were segmented, and fractional anisotropy
(FA) was measured along each of the segmented bundles.

RESULTS: In line with published results, we found an asymmetry of the arcuate fasciculus and the
subinsular white matter, namely left-greater-than-right FA in right-handed controls. Furthermore, by
segmenting major tracts coursing through this region, we showed that the subinsular portions of the
uncinate fasciculus (UF) and the inferior occipitofrontal fasciculus (IOF) contribute to this FA asymme-
try. Those tracts have been reported to be likely implicated in the language network.

CONCLUSION: Because the left hemisphere hosts language functions in most right-handers, the
significant leftward asymmetry observed within the arcuate fasciculus, the subinsular part of the UF
and IOF may be related to the hemispheric specialization for language.

Structural brain asymmetries in the size of regions of the
cerebral cortex or in brain white matter could be related to
functional asymmetries such as handedness or hemispheric
language dominance. There are structural asymmetries in re-
gions of the language network, including the primary auditory
cortex, the planum temporale, Wernicke area, and the angular
gyrus.' These cortical asymmetries, mainly reflecting larger
volumes in the left hemisphere, suggest a link between cortical
size/shape and hemispheric functional lateralization. More-
over, it has been shown that white matter differences drive
some of the asymmetries in regions of the auditory cortex and
of the language network,’ including the Heschl gyrus*’ and
the planum temporale.® White matter structure could, there-
fore, play a key role for the understanding of hemispheric spe-
cialization, notably that of language. In addition, larger white
matter volumes in the left hemisphere could provide a struc-
tural basis for greater intrahemispheric connectivity.’
Diffusion tensor imaging (DTI) is an MR imaging tech-
nique measuring random displacements of water mole-
cules.'®'! Anisotropy measures, such as fractional anisotropy
(FA) provided by DTI, could reflect organization of white
matter fiber bundles.'” DTI studies have revealed an FA asym-
metry of the arcuate fasciculus,'>'* a white matter tract con-
necting the anterior and posterior language poles. These
asymmetries could consequently be related to hemispheric
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specialization for speech.'” Recently, a study combining DTI
and functional MR imaging (fMRI) reported that right-
handed subjects had a leftward asymmetry of the arcuate fas-
ciculus, which correlated with left-lateralized fMRI activation
using language tasks.'®

As recently reviewed by Catani and ffytche,'” the existence
of disconnection syndromes such as conduction aphasia un-
derlines the importance of investigating brain function as a
distributed network and also the importance of trying to better
understand white matter pathways. Apart from work on the
arcuate fasciculus, the study of subinsular white matter fibers
and their cortical connections and functional roles has been a
focus of interest. Indeed, disruption of the cortical communi-
cations could explain the deficits in the processing of auditory
and visual stimuli in developmental dyslexia.'® Similarly, in-
farction of the insular cortex'**° and lesions of the extreme
capsule are proposed explanations for conduction aphasia,
which is regarded as a disruption of communication between
anterior and posterior cortical language regions. In support of
this, Cao et al**> examined the subinsular region and found
left-greater-than-right anisotropy in right-handed healthy in-
dividuals. As stated by these authors, these microstructural
subinsular left-right asymmetries could be related to left hemi-
spheric lateralization for speech in language in right-handed
individuals. In their study, anisotropy indices were measured
in manually drawn regions of interest (ROI) .22 Their approach
allows examining the global microstructure of the subinsular
area. It does not, however, identify pathways that course
through the region-of-interest boundaries and contribute to
microstructural asymmetries.

DTI provides a main eigenvector, which can be regarded as
the main fiber-orientation estimate within a voxel. Fiber trac-
tography algorithms connect the estimated fiber orientation
between voxels, thereby allowing inferences to be made about
the course of fiber bundles.?>*® Our aim in this study was to



improve our understanding of the subinsular white matter
microstructural asymmetries in healthy right-handed sub-
jects. We did this by tracking the main white matter bundle
passing through this subinsular area and measuring FA along
each of the segmented bundles. We additionally checked the
leftward asymmetry found for the arcuate fasciculus.'®

Methods

Eighteen right-handed healthy subjects, 5 men and 13 women, were
studied (mean age, 24 * 3.3 years). Handedness was assessed by using
the Edinburgh inventory,”” (mean = SD: 93.7 = 7.1). All subjects
gave written informed consent to participate in the study, which was
approved by the local ethics committee. Brain data were acquired by
using a 1.5T MR imaging scanner (Signa Excite 1.5T; GE Healthcare,
Milwaukee, Wis). The diffusion-weighted sequence parameters were
as follows : spin-echo along with echo-planar imaging (EPI); axial
contiguous sections covering the whole brain (bicommissural plane);
41 diffusion-gradient directions; b-value set to 700 s/mm?; matrix,
128%; in-plane resolution, 1.875 X 1.875 mm; section thickness, 2.0
mm; TE, 66.6 ms; TR, 2000 ms; single shot; FOV, 24 cm. Diffusion-
weighted data were analyzed by using BrainVISA/Anatomist software
(http://brainvisa.info).?® After correction of the spatial distortions in-
duced by eddy currents, a robust tensor estimation was comput-
ed.!"?° FA, mean diffusivity (MD), and direction color-coded maps

were then computed.'"*°

Subinsular 3D Region of Interest

The first step consisted of drawing 3D ROIs within the subinsular
white matter bilaterally on the T2-weighted image from diffusion data
(b = 0 s/mm?). The 3D ROI
ously described criteria.?* This region lies between the insular cortex

subinsular Was segmented by using previ-
and the putamen and includes the external capsule, the extreme cap-
sule, and the claustrum, which is a layer of gray matter that lies be-
tween these 2 capsules. Only axial sections containing both the insular
cortex and the putamen landmarks were used. The volume, FA, and

MD values were then extracted bilaterally from the 3D ROI
1’22

subinsular*
As discussed by Cao et al,”” asymmetries in the thickness of these gray
matter structures and partial volume averaging from gray matter, the
putamen, and the insular cortex could influence subinsular asymme-
tries. We, therefore, also checked our results by masking gray matter
pixels. The mask was computed by thresholding FA maps and keeping
only pixels with FA values =0.35. This value was selected by gradually
increasing the FA threshold, starting from 0.15.%" The threshold was
then set to 0.35 because on the basis of anatomic landmarks,** no gray
matter pixels remained.

The second step consisted of identifying the main white matter
bundles passing through the 3D ROI
mean FA and MD values along these bundles. To do so, we used the
whole 3D ROI ;. cuiar 23,24
Fiber tracking relied on the fiber assignment by continuous-tracking
algorithm (Mori et al, 1999%*), by using an angular threshold of <45°
(keeping only voxels with FA > 0.2 to restrict the fibers assigned to

and then calculating the

subinsular

as a starting ROI (Fig 1) for fiber tracking.

white matter) and 32 seed points per ROI. The tracking delineated 2
main bundles.

Uncinate Fasciculus

One white matter pathway coursed lateral to the amygdala and curved
within the subinsular white matter to the frontobasal region. This
tract followed the known anatomic pathway of the uncinate fasciculus
(UF)?»* and was thus named after this bundle (Fig 2). To isolate the

Fig 1. Subinsular 3D region of interest (blue) drawn on an axial T2-weighted echo-planar
image.

Frontal ROI

Temporal ROI

Fig 2. Lateral view of the UF DTl-based tracking (yellow), constrained by frontal and
temporal regions of interest (ROI, blue), drawn on coronal views.

UF from other bundles, the fiber tracking was constrained by the 2
following ROIs, which were manually drawn on each subject’s color-
coded diffusion map: 1) a large temporal ROI drawn on a coronal
section located just behind the amygdaloid body, and 2) a large frontal
ROI drawn on a coronal section located half-way between the anterior
margin of the insula and the genu of the corpus callosum (Fig 2). Only
fibers passing through these 2 ROIs were then included.

Inferior Occipitofrontal Fasciculus

The other white matter pathway identified by the tracking coursed
from the occipital pole through the 3D ROI just behind the
UF and curved toward the frontolateral region. This tract followed the

subinsular

known anatomic pathway of the inferior occipitofrontal fasciculus
(IOF)**?? and was thus named after this bundle (Fig 3). To isolate the
IOF from other bundles, the fiber tracking was constrained by the 2
following ROIs, which were manually drawn on each subject’s color-
coded diffusion maps: 1) a large occipital ROI drawn on a coronal
section located just behind the splenium of the corpus callosum (Fig
3), and 2) the same frontal ROI as that used for the UF tractography.
Only fibers passing through these 2 ROIs were then included.

Arcuate Fasciculus

For tracking the arcuate fasciculus, we used the 2 following ROIs,
which were manually drawn on each subject’s color-coded diffusion
maps: 1) a large ROI drawn on a coronal section at the level of the
parietal operculum, and 2) a ROI drawn on an axial section lateral to
the ventricular trigone. Only fibers passing through these 2 ROIs were
then included.
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Frontal ROI

o

Fig 3. Lateral view of the I0F DTl-based tracking (yellow), constrained by frontal and
occipital regions of interest (ROI, blue), drawn on coronal views.

Posterior

Fig 4. lllustration of the fiber tracking projected on a left brain hemisphere (lateral view).
Arcuate fasciculus tracking is displayed in dark blue. Segmentation of the UF and IOF
tracking by using the 3D region of interestg,pinsuiar iS displayed in /ight blue. The subinsular
portions of the UF and IOF are displayed in green and purple, respectively. Their
extrainsular portions of the UF and IOF are displayed in red and in yellow, respectively.

FA and MD Measurements

We first determined the mean FA and MD in the 3D ROI
well as in the arcuate fasciculus, UF, and IOF, bilaterally. We then split
the UF and IOF into 2 portions by using the 3D ROI
mask. For each of these tracts, there was thus a subinsular segment

subinsular> 8

subinsular @5 @
and extrainsular segments (Fig 4). Mean FA and MD were calculated
along these UF and IOF subregions.

Statistical Analyses

The association between mean FA or MD values in the 3D
ROL, ;1 cutarr the 3D ROI
using Pearson product moment correlations in the right and left

subinsular VOlume, and age were tested by
hemispheres separately. To test for FA asymmetries, we compared
group right and left FA and MD values from the 3D ROISp ;1 cutars
from the whole arcuate fasciculus, UF, and IOF; and from the UF
and IOF subregions by using paired Student  tests.

Results

3D Region of Interest,,;,suiar

FA values within 3D ROIs p;ncu1ar Were not correlated with 3D
RO pinsular VOlumes in either hemisphere (right: r = —0.27,
P = 26;left:r = —0.035, P = .44), or with subjects’ age (right
:r=—0.17,P = 49;left: r = —0.39, P = .11). We found a
significant difference (P = .007) between left and right FA.
The left > right FA asymmetry remained significant after gray
matter masking (P < .001). The difference between left and
right MD values was not significant, either before or after gray
matter masking.
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UF and IOF

For the whole UF (Table), FA was greater in the right com-
pared with the left hemisphere though not significantly differ-
ent (P = .06); this pattern was opposite of that found for the
3D ROl ypinsutar- For the whole IOF, FA was significantly
greater in the left compared with the right hemisphere (P <
.001), like that found for the 3D ROI p;ncuiar As indicated in
the Table, side-to-side MD values were significantly different
for the whole UF (P = .01), but not for the IOF.

Subinsular and Extrainsular UF and IOF

For the subinsular parts of the UF and IOF, we found signifi-
cantly left-greater-than-right FA asymmetry. Conversely, we
found a significantly right-greater-than-left FA in the extrain-
sular part of the UF and no significant FA asymmetry for the
IOF extrainsular part. Side-to-side MD values were signifi-
cantly different for the extrainsular UF (P = .04) but not for
the other split bundles (Table).

Arcuate Fasciculus

For the arcuate fasciculus, we found a significant left-greater-
than-right FA (P < .001) without corresponding significant
MD asymmetry.

Discussion

Our results first confirm the left-greater-than-right FA of the
arcuate fasciculus in right-handed healthy participants, previ-
ously reported.'® In line with the results of Cao et al,** we
found an asymmetry of the subinsular white matter, namely a
left-greater-than-right FA asymmetry in right-handed healthy
participants. As suggested by these authors, there may be an
association between this left-right asymmetry of the subinsu-
lar area and the left hemispheric lateralization of language and
speech in right-handed individuals. Furthermore, by seg-
menting 2 major white matter tracts coursing through this
region, we showed that the subinsular portions of the UF and
IOF both contribute to this FA asymmetry. Because these
pathways may be part of the language network, these results
may contribute to our understanding of relationships between
brain white matter microstructure and brain function. Before
commenting on such relationships, we will first discuss our
findings for each of the segmented bundles.

UF

Although a left-greater-than-right FA was found within the
subinsular segments of the UF and of the IOF, surprisingly, we
found a reversed pattern of FA asymmetry (ie, right > left)
when the UF was considered in its entire length or when only
its extrainsular portion was examined. By showing that the
direction of FA asymmetry varies along the UF, our findings
might reconcile some apparently conflicting results in the lit-
erature. First, a postmortem study has shown that the right UF
is larger and contains more fibers than the left UF, suggesting
a greater right frontotemporal connectivity in healthy adult
human brains.>* In line with this, voxel-based analysis of DTI
data has revealed a right-greater-than-left FA at the level of the
UF stem and its inferior parts.>® These asymmetries, however,
may be influenced by the effect of the size of the spatial
smoothing kernel,>*° a value determined during 1 of the steps
of voxel-based analyses. Indeed, left-greater-than-right FA



DTI measurements along the UF, I0F, and arcuate fasciculi

FA MD*
Mean + SD Mean = SD
Left Right P Left Right

3D ROI subinsular 0.34 = 0.06 0.30 = 0.04 .007 8.76 = 0.30 8.76 = 0.61 N.S.
UF

Whole 0.44 = 0.01 0.45+0.02 .06 9.01 =020 8.84 = 0.16 .01

Subinsular 0.50 = 0.06 0.44 +0.06 .006 8.85 + 0.68 8.90 + 0,50 N.S.

Extrainsular 0.44 = 0.03 0.46 = 0.02 017 9.10 = 0.20 891 +0.28 .04
I0F

Whole 0.56 = 0.02 0.53 +0.02 <.001 8.96 = 0.24 8.82 = 0.21 N.S.

Subinsular 0.54 = 0.04 051 +0.02 02 8.46 = 0.21 8.38 = 0.24 N.S.

Extrainsular 0.55 = 0.08 0.56 = 0.06 N.S. 8.89 = 0.86 8.92 +0.25 N.S.
Arcuate fasciculus 0.53 = 0.03 0.48 + 0.04 <.001 8.84 +0.30 8.48 = 0.61 N.S.

Note:—ROI indicates region of interest; UF, uncinate fasciculus; IOF, inferior occipito fasciculus; N.S., nonsignificant.
s

*MD is 10710 m%/s.

was observed in the superior portion of the UF by the same
group when reducing the size of the smoothing kernel.*> This
latter result is consistent with our findings and with those of
Kubicki et al,”” who, by using a ROI-based analysis, found a
left-greater-than-right anisotropy of the subinsular UF. Dis-
crepancies between DTI results may also be explained by vari-
ations of diffusion parameters along the course of a given
white matter tract, as previously observed for the cingulum.*®
Anatomically, the UF is highly packed within its subinsular
portion, which should lead to high anisotropy. Conversely, in
its extrainsular portion, the UF crosses other pathways, such as
fibers arising from the anterior corpus callosum and from the
arcuate fasciculus in the temporal region.** Such fiber cross-
ings should lead to lower anisotropy values. These spatial vari-
ations in white matter microstructure may account for the
different asymmetry patterns that we observed for the extra-
insular-versus-the subinsular portions of the UF.

IOF

DTI-based tracking of the IOF is feasible, as previously
shown.> As expected, we showed left-greater-than-right FA in
the whole IOF and in its subinsular part. This asymmetry was
no longer significant when considering only the extrainsular
part. To our knowledge, no previous studies have reported FA
values along the length of the IOF in a healthy population;
however, FA values at the level of the temporal stem of the
right IOF have been reported.*® These were slightly lower than
ours, and the discrepancy could be due to differences in the
pulse sequence, section thickness, image analysis, or to the
region/subregions examined along the course of IOF.

Structure Function Relationship

Interhemispheric white matter asymmetries may be an impor-
tant anatomic basis for hemispheric specialization. Axonal
white matter fibers connecting cortical regions involved in
speech, language, and reading may demonstrate asymmetry in
their microstructural organization, the degree of axon myeli-
nation, or the integrity of axonal cell membranes.*” The use of
DTI and of fiber tracking has allowed us to study white matter
tracts that might be damaged in disconnection syndromes
such as conduction aphasia.>' Cao et al** previously examined
insular white matter, a region relevant for the language net-
work. As expected, they showed a leftward asymmetry of in-

sular white matter in right-handed healthy volunteers.
Within this area, we further identified 2 main bundles, the UF
and IOF, also potentially implicated in the language network.
From an anatomic point of view, the UF connects the orbito-
frontal cortex to the medial part of the temporal pole and the
dorsolateral frontal cortex to the first and second temporal
gyri.>? Tts functional role in the language network remains
unclear. In surgery of intractable seizures, anterior temporal
lobectomy involves the resection of the temporal pole and part
of the UF. It has been shown that category-specific naming
deficits following a left temporal lobectomy were more pro-
nounced than those after a right temporal resection.*' This
finding suggests a functional difference or asymmetry between
left and right frontotemporal connectivity, likely involving the
UE.*' The left-right asymmetry that we observed in the UF is
consistent with the greater deficit observed after left temporal
lobectomy. The UF has also been the focus of interest in
schizophrenia. In this population, functional brain imaging
studies using verbal tasks support a frontotemporal discon-
nection.**** Absence of left-right DTI asymmetry along the
UF in schizophrenia compared with that in controls®” further
supports the frontotemporal disconnection hypothesis.

On the basis of modern primate electrophysiologic and
tracer injection studies,*” Parker et al'* used DTI-based fiber
tracking to delineate 2 parallel auditory language pathways: a
dorsal-arcuate fasciculus and a ventral fasciculus, coursing
through the external capsule. The dorsal-arcuate fasciculus is
considered as a main pathway within the perisylvian language
network, as was recently reviewed.'”*® Interestingly, a struc-
ture-function relationship is supported by the correlation be-
tween the leftward structural lateralization of the arcuate fas-
ciculus using DTI and the leftward language lateralization in
both frontal and temporal lobes using fMRI."®

The other pathway, the ventral one, which connects the
Wernicke and Broca areas, likely corresponds to the IOF.'* In
line with this, corticosubcortical electrostimulations support
the idea that a main ventral subcortical pathway in the domi-
nant hemisphere is important for the semantic processing sys-
tem.*”” The course of this pathway, which connects the pos-
terosuperior temporal region with the orbitofrontal and
dorsolateral prefontal regions, might anatomically corre-
spond, in part, to the inferior fronto-occipital fasciculus.*”
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Limitations

In this article, we assumed that the 2 segmented pathways
corresponded to the UF and the IOF. This assumption was
based on the similarity between the course of these pathways
and previous anatomic descriptions. However, due to DTI
limitations in properly modeling crossing fibers, we cannot
exclude the possibility that some of the segmented pixels
might belong to other pathways.'>!" Alternatively, due to par-
tial volume effects at the boundaries, the segmented pathways
may not include all of the UF or IOF. These limitations might
have biased our FA measurements. They may also explain the
fact that we only identified 2 bundles within the subinsular
area. We did not identify smaller pathways, such as short-
association fibers arising from the UF or the IOF or fibers
arising from the arcuate fasciculus that anatomically course
through the subinsular area.>* This shortcoming may be due
to the ROIs used to select the tracks or to the tensorial model
used in this work. The use of more advanced diffusion models,
such as Q-ball imaging,*® could determine if these small path-
ways participate in the left-right asymmetry of the subinsular
area.

Conclusions

We confirmed the left-greater-than-right FA of the arcuate
fasciculus in right-handers; and within the subinsular area, we
identified 2 pathways, the UF and IOF, likely implicated in the
language network. We showed that FA measurements along
the UF and IOF can at least in part explain the subinsular
left-greater-than-right FA asymmetry in right-handers. In this
population, these bundles are likely more coherently orga-
nized in the left hemisphere. Although the relationship be-
tween manual preference and language lateralization is a still-
debated issue, it is known that the left hemisphere hosts
language functions in most right-handers.*” Consequently,
the significant leftward asymmetry observed in the arcuate
fasciculus, UF, and IOF at the subinsular level may be related
to hemispheric specialization for language. Our results high-
light the importance of considering not only the arcuate fas-
ciculus but also the UF and IOF when studying structure-
function relationships. Future studies combining fMRI and
DTI will help to clarify the association between brain func-
tional lateralization and white matter asymmetries.
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