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Abstract: The KE family is a large three-generational pedigree in which half of the members suffer from a
verbal and orofacial dyspraxia in association with a point mutation in the FOXP2 gene. This report extends
previous voxel-based morphometric analyses of magnetic resonance imaging (MRI) scans (Watkins et al.
[2002] Brain 125:465-478) using a bilateral conjunction analysis. This searches specifically for areas of grey
matter density that differ bilaterally in the affected members compared with both matched controls and the
unaffected family members. 3-D T1-weighted MRI datasets of 17 family members (10 affected, 7 unaffected)
and matched controls were compared. The most significant findings were reduced grey matter density
bilaterally in the caudate nucleus, the cerebellum, and the left and right inferior frontal gyrus in the affected
members. In addition, increased grey matter density was found bilaterally in the planum temporale. These
results confirm that a point mutation in FOXP2 is associated with several bilateral grey matter abnormalities
in both motor and language related regions. The results also demonstrate the advantages of using a conjunc-

tion analysis when bilateral abnormalities are suspected. Hum. Brain Mapping 18:194-200, 2003.
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INTRODUCTION

We report on voxel-based brain morphometry
(VBM) in the KE family in which half of the members
present with a pronounced speech and language dis-
order characterized as a verbal and orofacial dys-
praxia [Vargha-Khadem et al., 1995; Watkins et al.,
2002b]. Candidate gene analysis has indicated that a
point mutation in the FOXP2 gene is responsible for
this disorder [Fisher et al., 1998; Lai et al., 2001].

Previous work using VBM analysis of magnetic res-
onance images has shown that there are subtle brain
abnormalities in the affected family members
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Figure I.
lllustration of unilateral (A) and bilateral (B)
methods of VBM analysis. LH, left hemisphere;
RH, right hemisphere.

[Vargha-Khadem et al., 1998, Watkins et al.,, 1999,
2002a]. VBM is an automated procedure that com-
pares grey matter density (i.e., proportion of tissue
volume ascribed to grey matter) on a voxel-by-voxel
basis between two groups using statistical parametric
mapping (SPM) techniques [Ashburner and Friston,
2000]. The abnormalities found in the affected mem-
bers were identified using a VBM contrast that detects
regions of difference in grey matter density in each
hemisphere separately [Ashburner and Friston, 2000]
(see Fig. 1A). Results of this unilateral analysis re-
vealed that there were regions of abnormally reduced
or increased grey matter density in speech- and motor-
related areas [Watkins et al., 2002a]. Some of these
regions, in particular the caudate nucleus, were abnor-
mal in both hemispheres, whereas others, such as the
inferior frontal gyrus and supplementary motor area,
were abnormal only on the left. On the basis of these
findings, it was concluded that the brain abnormality
underlying the behavioural phenotype was in the
frontostriatal system, parts of which were affected
bilaterally.

Unilateral brain abnormalities of developmental or-
igin, affecting the neural substrates of speech and
language, rarely result in persistent and chronic dys-
phasia, and are likely to result in a much milder syn-
drome than if the same region is abnormal bilaterally
[Landau and Kleffner 1957; Vargha-Khadem et al.,
1985]. This is presumably because of the capacity to
reorganize function after early unilateral damage, pro-
vided a viable neural substrate is available intra- or
inter-hemispherically [Booth, 1999; Isaacs et al., 1996;
Vicari et al., 2000]. When selective and chronic deficits
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are encountered, bilateral pathology of the systems
subserving speech and language are then suspected
[Vargha-Khadem et al., 1985]. Therefore, in the case of
the KE family, the severe and persistent phenotype of
verbal and orofacial dyspraxia leads us to suspect
bilateral pathology of these cortical and subcortical
systems.

A recent development in the use of VBM allows the
selective investigation of symmetrical bilateral abnor-
malities (see Fig. 1B). This is achieved by producing
two statistical parametric maps (SPMs), one compar-
ing two groups of standard images, and the other
comparing the same two groups but with the images
flipped across the midline from left to right. A con-
junction analysis is then used to find regions of sig-
nificant difference that are common to both SPMs
[Salmond et al., 2000].

Here we report on the use of this bilateral method of
analysis to confirm previous findings, and to deter-
mine whether the left lateralized abnormalities that
had been identified using the unilateral method were
in fact bilateral. Moreover, a second conjunction anal-
ysis allowed us to differentiate between abnormalities
common to the entire family vs. those specific to mem-
bers with the FOXP2 mutation.

RH Unafiected

SUBJECTS AND METHODS
Subjects
This study involved the 17 family members and

controls previously reported by Watkins et al. [2002a].
Ten affected family members were included (5 men, 5
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women, mean age 28.1 years). Four were from the first
and second generations, the remaining six from the
third generation aged between 9 and 21 years. Seven
unaffected members were also scanned (3 males, 4
females, age range 9-27 years; mean age 17.1 years).
Seventeen normal controls were selected to match the
family members on age and sex.

Data acquisition

All participants were scanned using a 1.5 T Siemens
SP system with a T1-weighted 3D MPRAGE sequence
(sequence TR = 10 msec, TE = 4 msec, TI = 200 msec,
flip angle = 12 degrees, matrix size = 256 X 256, field
of view = 250 mm, partition thickness = 1.25 mm, 128
sagittal partitions, voxel size = 0.98 X 0.98 X 1.25 mm,
acquisition time = 8.3 min).

Image processing

The 3D data sets were processed and analysed
using SPM99 software (Wellcome Department of
Imaging Neuroscience, UK). First, the images were
spatially normalized to a T, template (MNI). For the
bilateral analysis, a symmetrical template was cal-
culated from this T, template, thus reducing asym-
metries. The second stage segmented the images
into grey matter, white matter, and cerebrospinal
fluid compartments (again using a symmetric prob-
abilistic template for the bilateral analysis). The grey
matter partitions were then selected and duplicated
for each data set, and then flipped in the transverse
plane along the anterior-—posterior axis [Salmond et
al., 2000]. All images were smoothed using a 12-mm
FWHM isotropic Gaussian kernel. The voxel values
thus provide an index of the amount of grey matter
per unit volume under the smoothing kernel [Ash-
burner and Friston, 2000].

Data analysis

Statistical analysis was carried out in SPM99. The
hypothesis for this analysis was that the affected mem-
bers would have grey matter density abnormalities in
regions involved in the speech-motor network.

In order to identify areas of significant abnormality
specific to the affected members of the KE family and
to identify areas of abnormality common to all the
members of the KE family, two basic contrasts were
used in interaction and conjunction analyses. These
contrasts were: 1) Affected members vs. their controls;
and 2) unaffected members vs. their controls.

Areas of abnormality specific to the affected
members of the family

Unilateral analysis

An interaction analysis was carried out with the
four groups (affected members, controls for the af-
fected members, unaffected members, controls for the
unaffected members) with the contrasts entered as
—11 —11 (increased grey matter in the affected mem-
bers) and —1 1 1 —1 (decreased grey matter in the
affected members) in SPM99.

Bilateral analysis

A conjunction analysis was carried out with the
interaction contrasts for the flipped and unflipped
data as described in Salmond et al. [2000].

Areas of abnormality common to both affected
and unaffected members of the KE family

Unilateral analysis

A conjunction analysis was carried out with the
conjoined contrasts as (1-1 0 0; 0 0 1 —1) to look at
increased grey matter density in both the affected and
unaffected family members, and (-1100;00 —11) to
look at decreased grey matter density in these family
members.

Bilateral analysis

A two-level conjunction was carried out with one
level constraining the search to bilateral abnormalities
[See Salmond et al., 2000] and the second level con-
straining the search to common family abnormalities.

Statistics

Findings of abnormalities in the affected family
members, with respect to both unaffected members
and controls, in the bilateral conjunction and the uni-
lateral contrasts are reported at a significance level of
P < 0.05 after correction for multiple comparisons, or
at an uncorrected level of P < 0.001 if the region fell
within the a priori hypothesis.

Regions of abnormality in grey matter density that
were found to be common to both affected and unaf-
fected members in comparison with controls are re-
ported if they reached a corrected level of P < 0.05. As
there was no a priori hypothesis, regions reaching an
uncorrected level of significance only are not reported.
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TABLE I. Bilateral and unilateral conjunction analyses

Coordinates (mm)

Region x y z Corrected P Uncorrected P
Unilateral conjunction analysis
Affected members: less grey matter
L head of caudate nucleus -14 -16 9 <0.001
R head of caudate nucleus 16 18 9 0.003
L dorsal inferior frontal gyrus —42 38 14 0.001
L precentral gyrus —52 -2 26 0.001
R temporal pole 22 10 —36 <0.001
Affected members: more grey matter
L superior temporal gyrus —44 —-36 12 0.004
R superior temporal gyrus 58 -32 9 0.001
L angular gyrus —51 —64 24 <0.001
L cerebellum lobule VIIB —42 —51 —45 <0.001
Affected and unaffected: less grey matter
L anterior cerebellum -30 —44 -50 0.023
Affected and unaffected: more grey matter
L inferior temporal lobe —36 -2 —-32 0.025
R inferior frontal sulcus 52 21 34 0.025
Bilateral conjunction analysis
Affected members: less grey matter
Head of caudate nucleus 15 16 10 <0.00001
Dorsal inferior frontal gyrus 45 36 16 <0.0001
Precentral gyrus 56 —4 26 0.001
Ventral cerebellum lobule VIIB 21 —86 —51 0.001
34 —78 —-57 0.001
Ventral cerebellum lobule VIIIB 21 -50 —64 0.001
30 —45 —58 0.001
18 —52 —66 0.001
24 —46 —62 0.001
Temporal pole 26 15 —40 0.001
Affected members: more grey matter
Posterior superior temporal gyrus 56 —30 8 <0.001
Angular gyrus 48 —-62 27 <0.001
Affected and unaffected: less grey matter
Anterior calcarine sulcus 21 —56 8 0.012
Dorsal thalamus 15 -27 14 0.028
Affected and unaffected: more grey matter
Inferior temporal lobe 34 -3 -33 0.001
Frontal pole 16 63 -2 0.009

Corrected P values included when they reach significance (P < 0.05).

RESULTS
Unilateral method

Using a unilateral conjunction it was found that the
affected family members have reduced grey matter
density in several areas relative to unaffected mem-
bers and controls, the most significant being the left
caudate nucleus (see Table I). Less grey matter was

also seen at closely homologous coordinates in the
right caudate nucleus at a lower threshold. In addi-
tion, significant unilateral abnormalities were found in
the left dorsal inferior frontal gyrus, the left precentral
gyrus, and the right temporal pole (see Table I).
There were also regions of increased grey matter
density in the affected members, with indications of a
bilateral abnormality in one area, the posterior supe-
rior temporal gyrus, whereas additional abnormalities
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Figure 2.
Result of the bilateral conjuction analysis. Less grey matter density
in the caudate nuclei in the affected members. Left and right
caudate nuclei, uncorrected P < 0.001 at coordinates * 13 20 3.

in the angular gyrus and cerebellar lobule VIIB
[Schmahmann et al., 1999] were found only in the left
hemisphere (see Table I).

Bilateral model

The most significant region of reduced grey matter
density bilaterally in the affected members was in the
caudate nucleus (see Fig. 2), confirming the results of
the unilateral conjunction. The bilateral conjunction
analysis also showed that both the dorsal inferior fron-
tal gyrus (corresponding to BA 45) [Tomaiuolo et al.,
1999] and the precentral gyrus (lower primary motor
cortex) were significantly abnormal in both hemi-
spheres. These regions were only significant in the left
hemisphere in the unilateral analysis (see Table I). In
addition, a decrease in grey matter density was seen in
the temporal pole region in the bilateral analysis,
whereas with the unilateral model this area only
reached significance in the right hemisphere.

A bilateral decrease in grey matter density was also
seen in several regions of the ventral cerebellum (lob-
ules VIIB and VIIIB) [Schmahmann et al., 1999], which
were not seen in the unilateral conjunction analysis
(see Table I).

An increase in grey matter density was found bilat-
erally in the posterior region of the superior temporal
gyrus, which confirms that those regions of abnormal-
ity found with the unilateral model are symmetrical.
The angular gyrus was also found to be abnormal
bilaterally, whereas the unilateral conjunction sug-

gested this was lateralized to the left hemisphere (see
Table I).

Familial abnormalities in grey matter density

A conjunction between comparisons of affected
members and matched controls and unaffected mem-
bers and matched controls revealed areas of abnor-
mality that are common to both family groups. Only
those surviving correction for multiple comparisons
are reported. Reductions in grey matter density were
found in several posterior regions, none of which were
present in both the unilateral and bilateral models (see
Table I). In terms of increased grey matter density, a
region common to both affected and unaffected mem-
bers was found in a region of the temporal lobe,
adjacent to the temporal horn, in both the bilateral and
unilateral models. Additional regions were found in
the right prefrontal cortex (see Table I). None of these
regions were in language-related areas.

DISCUSSION

This study has confirmed that the most consistent
morphometric finding in the affected KE family mem-
bers is a bilateral reduction in grey matter density in
the caudate nucleus. This is common to both unilateral
and bilateral conjunction analyses, and confirms pre-
vious findings reported by Watkins et al. [2002a] using
both VBM and volumetric measurements. The associ-
ation of the caudate nucleus with motor planning and
sequencing, and with cognitive function [Abdullaev et
al., 1998; Jueptner et al., 1997] is suggestive of the role
that this structural abnormality may play in the phe-
notype of the affected members [Watkins et al., 2002b].

The bilateral conjunction analysis also confirms that
the regions of cortical abnormality that appeared to be
bilateral using the standard unilateral model are sym-
metrically abnormal, for example, the posterior supe-
rior temporal gyri. This region has been implicated in
speech perception and developmental language disor-
ders. Scott et al. [2000] showed that the left superior
temporal sulcus was specifically activated with the
presentation of intelligible speech. In addition, studies
have suggested that individuals with specific lan-
guage impairment and developmental dyslexia have
an abnormal asymmetry of the planum temporale,
also in this area [Foster et al., 2002; Galaburda et al.,
1985; Leonard et al., 2001]. Bilateral abnormalities
were also confirmed in the cerebellum, a structure that
has many connections to the prefrontal cortex, and has
been highly implicated in motor and cognitive func-
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tions [Diamond, 2000; Jueptner and Weiller, 1998;
Leiner et al., 1993; Rao et al., 1997].

In addition to confirming previous results, the bilat-
eral conjunction also provided some new findings. In
many of the regions where left lateralized abnormali-
ties in cortical areas had been found using standard
VBM contrasts, a symmetrical abnormality in both
hemispheres was found using the bilateral model.
These additional findings can be attributed to the
greater specificity and selectivity of the bilateral model
[Salmond et al., 2000]. This was the case for the infe-
rior frontal gyrus region, the precentral gyrus, and the
angular gyrus. These regions are also known to be
highly involved in language, with BA 44/45 and the
primary motor cortex relating particularly to speech
production, paralleling the core features of impaired
articulatory and orofacial sequencing in this pheno-
type [Lotze et al., 2000; Price, 2000; Watkins et al.,
2002b]. The angular gyrus is also thought to be in-
volved in language, specifically in semantic process-
ing [Hart and Gordon, 1990; Price, 2000].

The bilateral nature of these cortical and subcortical
abnormalities may explain the severe phenotype in
the affected members of the KE family. Children with
early focal brain lesions of the left hemisphere show a
remarkable level of language proficiency with only
subtle deficits, suggesting that speech and other lan-
guage functions have reorganized to other brain re-
gions [Isaacs et al., 1996, MacWinney et al., 2000;
Vargha-Khadem et al., 1985; Vicari et al., 2000]. In the
case of bilateral abnormalities in these regions, reor-
ganization would be compromised. The two reported
cases with developmental bilateral perisylvian pathol-
ogy support this conclusion, showing a failure to de-
velop intelligible speech [Landau and Kleffner, 1957;
Vargha-Khadem et al., 1985].

In addition to selectively searching for bilateral ab-
normalities, the use of a conjunction analysis in this
study has one further application. It allows regions of
grey matter density that are common to both affected
and unaffected family members, and different from
controls, to be detected. In the case of a standard
contrast between the affected group and normal con-
trols, such abnormalities may be erroneously inter-
preted as being related to the specific genetic mutation
in the affected family members. None of the regions
found to be abnormal in both the affected and unaf-
fected members were in language-related areas.

In conclusion, this study highlights the striking na-
ture of the bilateral abnormalities, particularly the re-
duction in grey matter density in the caudate nuclei
that have been found in this autosomal dominant
speech and language disorder.
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