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ARTICLE INFO ABSTRACT
Article history: Among male patients affected by Kallmann syndrome, a genetically determined disease due to defective neural
Accepted 29 September 2014 migration leading to hypogonadropic hypogonadism and hypo/anosmia, about 40% present the peculiar phe-

Available online 6 October 2014 nomenon of mirror movements, i.e. involuntary movements mirroring contralateral voluntary hand movements.

Several pathogenic hypotheses have been proposed, but the ultimate neurological mechanisms are still elusive.
The aim of the present study was to investigate brain anatomical substrates of mirror movements in Kallmann
syndrome by means of a panel of quantitative MRI analyses. Forty-nine male Kallmann syndrome patients

Keywords:
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MRI underwent brain MRI. The study protocol included 3D-T1-weighted gradient echo, fluid attenuated inversion
Brain recovery and diffusion tensor imaging. Voxel-based morphometry, sulcation, curvature and cortical thickness
Motor cortex analyses and tract based spatial statistics were performed using SPM8, Freesurfer and FSL. All patients underwent

a complete physical and neurological examination including the evaluation of mirror movements (according to
the Woods and Teuber criteria).
Kallmann syndrome patients presenting with mirror movements (16/49, 32%) displayed the following brain
changes: 1) increased gray matter density in the depth of the left precentral sulcus behind the middle frontal
gyrus; 2) decreased cortical thickness in the precentral gyrus bilaterally, in the depth of right precentral sulcus
and in the posterior portion of the right superior frontal gyrus; and 3) decreased fractional anisotropy in the
left hemisphere involving the temporal lobe and peritrigonal white matter. No differences were shown by corti-
cal curvature and sulcation analyses.
The composite array of brain changes observed in Kallmann syndrome patients with mirror movements likely
represents the anatomical-structural underpinnings leading to the peculiar derangement of the complex circuitry
committed to unilateral hand voluntary movements.

© 2014 Elsevier Inc. All rights reserved.
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Introduction

Kallmann syndrome (KS) is a rare inherited disorder clinically char-
acterized by the association of hypogonadropic hypogonadism and
hypo/anosmia (Kallmann et al., 1944). At conventional brain imaging,
KS patients are featured by olfactory bulb hypo/aplasia and typical
forebrain and anterior skull base morphological changes (Quinton
et al., 1996; Maione et al., 2013). Among male KS patients, about 40%
(Quinton et al., 2001) present with a peculiar phenomenon consisting
of insuppressible involuntary movements that mirror voluntary contra-
lateral hand movements (mirror movements, MMs) (see online video).
Though MMs have been anecdotally reported in FGFR1 or CHD7 gene
mutations (Koenigkam-Santos et al., 2010; Costa-Barbosa et al., 2013),
MMs are predominantly detected in KS patients with KAL1 or, with
minor frequency, PROK2/PROKR2 mutations (Quinton et al., 2001;
Costa-Barbosa et al., 2013). KAL1 mutations also result in more severe
reproductive phenotype while PROK2 and PROKR2 mutations are asso-
ciated with variable reproductive impairment, thus highlighting a strik-
ing genotypic—phenotypic correlation (Costa-Barbosa et al., 2013).

Although MMs in KS have usually scarce clinical impact, their
existence is intriguing as they unveil a genetically determined derange-
ment of the complex circuitry committed to planning and execution of
unilateral voluntary hand movement. Mild MMs are considered a
physiological phenomenon before the age of 10, likely as a result of an
incomplete brain myelination (Beaulé et al., 2012). Non physiological
MM s have been reported in congenital (e.g. KS, Klippel-Feil disease,
congenital cerebral palsy, corpus callosum agenesis, Joubert syndrome)
(Farmer et al., 1990, 2004; Mayston et al., 1997; Kuhtz-Buschbeck et al.,
2000; Ferland et al., 2004) and acquired conditions (Parkinson's dis-
ease, corticobasal syndrome, essential tremor, focal hand dystonia,
Creutzfeld-Jakob disease, Huntington disease, stroke) (Poisson et al.,
2013; Espay et al., 2005; Park et al., 2009; Chollet et al., 1991), thus
highlighting the heterogeneous spectrum of diseases that might present
this phenomenon. So far, the main pathogenic hypotheses of MM are:
1) abnormal persistence of the ipsilateral cortico-spinal tract, 2) abnor-
mal interhemispheric transcallosal inhibition between the two motor
cortices and/or 3) functional alteration of motor planning and motor
execution (Galléa et al,, 2011). All these mechanisms should entail mor-
phological, volumetric or ultrastructural brain changes such as cervical
spine neuroschisis, corpus callosum volume reduction due to defective
transcallosal inhibitory fibers, or cortical-subcortical gray matter struc-
ture abnormalities.

Indeed, despite the early and rich description of MM since the 1930s
(Bauman, 1932; Guttmann et al., 1939), the underlying neurological
pathogenic mechanisms remain elusive and likely differ according to
the associated disease. In KS, several authors suggest an involvement
of the cortico-spinal tract (Conrad et al., 1978; Cox et al., 2012) mostly
because cortico-spinal tract abnormalities have been observed in other
inherited disorders, such as Klippel-Feil disease and Joubert syndrome,
or the involvement of transcallosal networks based on the increased de-
tection of midline abnormalities in KS (e.g. corpus callosum agenesis).
The evidence for both hypotheses is however scarce (Koenigkam-
Santos et al.,, 2008, 2010; Krams et al., 1999).

In the last two decades, a few MRI studies investigated more closely
the anatomical and functional underpinnings of MM in KS, challenging
some of the previous hypotheses. By means of conventional MRI, KS
patients presenting with MM (KSMM + patients) did not show hyper-
trophic or hypoplasic corpus callosum compared to KS patients without
MM (KSMM—) (Quinton et al., 1996). Voxel-based morphometry
(VBM) showed bilateral cortico-spinal tract hypertrophy in KSMM +
patients (Krams et al., 1999) that was not confirmed in a subsequent
study on a larger series (Koenigkam-Santos et al., 2008). In contrast,
the same cohort showed magnetization transfer ratio (MTR) and T2
relaxation time changes within the white matter of some portions
of the right cortico-spinal tract suggesting possible ultrastructural
white matter abnormalities coexisting with the MM phenomenon

(Koenigkam-Santos et al., 2010). Functional studies puzzled the patho-
genic MM hypotheses showing bilateral cortical activation during uni-
lateral voluntary hand movement, thus advocating a more complex
brain involvement (Krams et al., 1997; Leinsinger et al., 1997).

On a large KS cohort, we recently showed with novel MRI techniques
(including VBM, cortical thickness, curvature, sulcation and DTI based
analyses), that KS patients present with specific structural forebrain
cortical changes consistent with a localized profound derangement of
cortex development (Manara et al., 2014). In the present study, besides
all the abovementioned techniques, we applied MRI-based analyses
focused on the motor cortical and subcortical brain structures to inves-
tigate whether KSMM + patients show specific brain anatomical and
ultrastructural changes able to shed light on the intriguing phenomenon
of MM.

Materials and methods
Subjects

Forty-nine male patients older than 14 years (mean-age 29.9 years;
range: 15-55) affected with KS underwent brain MRI (e-Table in
supplemental data). All patients met the diagnostic criteria for KS
based on clinical findings and smell analysis (hypogonadotropic
hypogonadism and hypo/anosmia). Forty-four patients (patients #1-
44) also participated in a previous MRI study on brain changes in KS
patients compared to healthy controls (Manara et al,, 2014).

All KS patients underwent a complete physical and neurological
examination including the evaluation of handedness (according to the
Edinburgh Handedness Inventory; Oldfield, 1971) and the evaluation
of MM according to the Woods and Teuber criteria (Woods and
Teuber, 1978). In particular MM were scored as follows: 0 (absent);
1 (barely discernible but repetitive movements); 2 (either slight but
sustained movement or stronger but briefer repetitive movement);
3 (strong and sustained repetitive movement); 4 (movement equal to
that observed in the intended hand).

Subjects were divided into two groups: KS patients with MM > 2
(KSMM +), KS patients without MM (KSMM—). Patients with MM =
1 were excluded from either the KSMM + and KSMM — subgroups as
this MM score might be observed also in normal subjects.

The study was approved by the local Ethics Committee and written
informed consent was obtained from patients or their parents.

MRI acquisition

All MRI scans were performed in two centers (University Hospital
of Padova and Medicanova Diagnostic Center, Battipaglia, Salerno)
equipped with the same 1.5 T MRI scanner (Achieva, Philips Medical
Systems, Best, the Netherlands) with a standard quadrature head coil.
The MRI study protocol included:

- 3D T1-weighted imaging (repetition time/echo time: 20/3.8 ms; flip
angle: 20°; slice thickness: 1 mm, acquired pixel size: 1 x 1 mm;
reconstructed pixel size: 0.66 x 0.66 mm; acquisition matrix
212 x 210; reconstructed matrix 320 x 320; acquisition-time:
about 7 min);

- Fluid-attenuated inversion-recovery (FLAIR, repetition time/echo
time/inversion time: 10,000/140/2800 ms; echo train length: 53;
flip angle: 90°; slice thickness: 5 mm; interslice gap: 0.5 mm; ac-
quisition pixel: 0.90 x 1.15 mm; reconstructed pixel: 0.9
x 0.9 mm; acquisition-time: 3 min 20 s);

- Diffusion tensor images (DTI) were acquired with a single-shot echo
planar diffusion weighted imaging (repetition time/echo time:
11114/80 ms; acquisition matrix: 112 x 110, echo train length: 59;
reconstructed matrix: 128 x 128; acquisition pixel: 2 x 2 mm;
reconstructed pixel: 1.75 x 1.75 x 2 mm, SENSE p reduction: 2;
slice thickness: 2 mm without gap; number of excitations: 2;
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acquisition-time: 12 min 24 s). The axial sections covered the whole
brain including the cerebellum. The diffusion sensitizing gradients
were applied along 32 non-collinear gradient encoding directions
with maximum b = 800 s/mm?. One additional image without
diffusion gradients (b = 0 s/mm?) was also acquired.

No patients required sedation during MRI acquisition.
Image processing

Data processing of volumetric images and diffusion tensor imaging

The imaging processing methods are presented in extenso in the
online supplementary material.

We utilized the optimized VBM protocol (DARTEL) available in the
Statistical Parametric Mapping software (SPM8, www. fil.ion.ucl.ac.uk/
spm) (Ashburner and Friston, 2000). For statistical analyses, the para-
metric t-test as implemented by SPM8 was applied, using age, total intra-
cranial volume and lateralization as covariates of no interest. Results for
gray matter were considered significant for p < 0.05 cluster-based FWE-
corrected. Statistical analyses were first performed in the whole-brain
and then in the left and right motor and premotor cortices as regions
of interest (ROI). Masks for motor and premotor cortices to be used for
ROI analyses were obtained with the MarsBaR tool for SPM.

All 3DT1 weighted data were processed by Freesurfer (http://surfer.
nmr.mgh.harvard.edu/) to derive quantitative estimates of sulcation,
curvature and cortical thickness. The sulcation conveys information
on how far a particular surface vertex point is from a hypothetical
“mid surface” that exists between the sulci and gyri. The curvature
conveys information on the curvature (not distance) at a specific vertex
point. The higher the value (negative or positive), the sharper the curve.
The color conveys the sign, and is just an arbitrary choice. Sulcation,
curvature and cortical thickness were estimated for the whole brain
(Dale et al., 1999; Fischl et al., 1999; Fischl and Dale, 2000) and in
those brain areas in which a significant difference emerged in analyzing
gray matter volumes. Group analysis was performed using GLM models,
including age as a nuisance variable. Results were considered significant
for p < 0.05 FDR-corrected.

Using the automated segmentation procedure implemented by
the Freesurfer software, we obtained volumes of subcortical nuclei
(caudate, putamen, thalamus, pallidum) and corpus callosum (divided
into 5 sections). With this method, each voxel in the MRI volume was
automatically assigned a neuroanatomical label, based on probabilistic
information estimated automatically from a manual training set (Fischl
et al,, 2002).

All DTI data were preprocessed by means of the Oxford Center for
Functional MRI of the Brain (FMRIB)'s Diffusion Toolbox (FDT) within
FMRIB's Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl) (Smith
et al., 2004). The Trait-Based Spatial Statistics method has been used
(for details see supplementary materials). For group comparisons
concerning fractional anisotropy (FA) and diffusivity values (mean, radial,
and axial diffusivity; MD, RD and L1), data were fed into the voxel-wise
statistical analysis which was based on nonparametric permutation test-
ing (5000 permutations) to account for multiple comparison corrections
across space (Smith and Nichols, 2009) combined with the threshold-
free cluster enhancement procedure (TFCE). Age and sites of MRI scan
acquisition were entered into the analysis as covariates.

As some of the theories on MM pathogenesis include changes in the
structure of the cortico-spinal tract or corpus callosum, TBSS analysis
was also restricted to these structures by applying dedicated masks
taken from the JHU white-matter tractography atlas (Mori et al, 2005)
as implemented by FSL.

Results

The study group (e-Table 1) consisted of 16 KSMM + patients
(mean-age 33.8 years; age-range 16-48), 29 KSMM— patients (mean-

age 28.0 years; age-range 15-55) and four patients with MM = 1.
MM = 1 patients were not considered in subsequent MRI analyses.

Seven KS patients were left-handed; three of them were KSMM +,
four were KSMM— (p = 0.69, Fisher's exact test).

One KSMM— patient presented with midline brain abnormalities
and one KSMM — patient showed striking multiple sclerosis-like
white matter lesions. These two patients were excluded from 3D-T1
and DTI based analyses to avoid the interference of malformative or ac-
quired factors on the quantitative parenchymal and morphological
evaluation.

Five KS patients (two KSMM +, and three KSMM —) were excluded
from TBSS analysis because of DTI protocol deviation (longer repetition
time).

Therefore, 43 patients (16 KSMM + ) underwent analyses of 3D-
T1 data (VBM, cortical thickness, sulcation, curvature), and 38 (14
KSMM +) underwent also DTI analysis (TBSS).

Voxel-based morphometry (VBM)

The total amount of gray and white matter did not differ between
KSMM + and KSMM —: gray matter = 0.907 + 0.143 mL vs 0.951 +
0.132 mL; white matter = 0.686 + 0.094 mL vs 0.687 4 0.099 mL,
respectively.

By whole brain analysis no gray or white matter density differences
were found between subgroups. By hypothesis-driven gray matter ROI
analysis (motor and premotor areas), KSMM + showed a single cluster
of significantly increased gray matter density in the depth of the
left precentral sulcus behind the middle frontal gyrus (cluster size
37 voxels, peak MNI coordinates — 32, 4, 46) compared to KSMM—
(see Fig. 1A). In addition, the analysis of hypothesis-driven white matter
ROI (cortico-spinal tract and corpus callosum) did not reveal significant
differences.

Automated segmentation analyses of corpus callosum and subcorti-
cal nuclei.

Compared to KSMM —, KSMM + showed a slightly increased volume
in the medium-posterior region of the corpus callosum (p = 0.029,
adjusted for total intracranial volume) but the difference was not signif-
icant after correction for multiple comparisons.

In addition, KSMM + patients disclosed a volume decrease of
the globus pallidus, bilaterally (left: p = 0.043, adjusted for total intra-
cranial volume, uncorrected for multiple comparison, Bonferroni thresh-
old for significance p = 0.006; right: p = 0.052, adjusted for total
intracranial volume, uncorrected for multiple comparison, Bonferroni
threshold for significance p = 0.006); no other significant differences
were found among subcortical gray matter structures.

Sulcation, curvature and cortical thickness whole brain analyses

Regarding curvature and sulcation analyses, there were no differ-
ences between KSMM + and KSMM —.

By whole brain cortical thickness analysis, a few areas of decreased
thickness were detected in the precentral gyrus bilaterally, in the
depth of the right precentral sulcus and in the posterior portion of the
right superior frontal gyrus (Fig. 1B and Table 1). The cortical thickness
did not differ between KS subgroups in the region of gray matter vol-
ume increase.

Tract based spatial statistics analysis (TBSS)

The analysis did not reveal any significant difference between
KSMM + and KSMM — regarding MD, RD and L1. In contrast, KSMM +
presented several clusters of decreased FA in the left hemisphere
(Fig. 1C and Table 2) involving the temporal lobe and peritrigonal
white matter. Notably, TBSS analysis did not reveal any significant dif-
ference at the level of the cortico-spinal tract and the corpus callosum.
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Fig. 1. Anatomical and structural brain changes in Kallmann syndrome patients presenting with mirror movements compared to Kallmann syndrome patients without mirror movements.
A) Whole brain voxel-based morphometry analysis showing a cluster of increased gray matter density (red area) in the depth of the left precentral sulcus behind the middle frontal gyrus
in Kallmann syndrome patients with mirror movements. B) Whole brain analysis showing areas of decreased cortical thickness located in the precentral and superior frontal cortex (blue
areas) of Kallmann syndrome patients with mirror movements. There were no areas of increased cortical thickness. C) Whole brain tract based spatial statistics analysis revealing several
clusters of decreased fractional anisotropy in the left hemisphere (yellow-red areas) of Kallmann syndrome patients with mirror movements; the cortico-spinal tracts were not involved.
Mean, radial and axial diffusivity did not differ between Kallmann syndrome subgroups.

Table 1

Cortical areas >30 mm? with significant differences between Kallmann syndrome patients
with mirror movements and Kallmann syndrome patients without mirror movements by
cortical thickness analysis.

Hemisphere Size Local maximum, Talairach  FDR Cerebral
5 .
(mm?*) X v 7 threshold region

Left 3679 | —171 —215 72.1 4.46487  Precentral
Right 200.06 | 47.2 —32 47.7 3.57396  Precentral
Right 66.10 | 31.8 —19.8 67.1 3.57396  Precentral
Right 69.38 | 221 —9.6 524 3.57396  Precentral
Right 5797 | 229 0.2 63.0 3.57396  Superiorfrontal

| = Kallmann syndrome patients with mirror movements showed decreased cortical

thickness.

Table 2

Clusters of significant fractional anisotropy (FA) differences between Kallmann syndrome
patients with mirror movements and Kallmann syndrome patients without mirror move-
ments by TBSS analysis.

Hemisphere Size Local maximum, Talairach
(voxel) X v 7
Left 1096 1 —33 —16 —11
Left 845 ! —32 —53 27
Left 152 ! —25 —59 27
Left 37 1 —26 —68 24
Left 30 ! —-29 —59 -1

| = Kallmann syndrome patients with mirror movements showed decreased FA values.
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Discussion

The present study showed that KS patients with MM phenomenon
have distinctive cortical and subcortical changes, mostly in regions
involved in motor function (globus pallidus and both primary and sec-
ondary motor areas) by VBM and cortical thickness analyses. As the
neural anatomical and functional underpinnings of MM have not yet
been completely understood and several pathogenic hypotheses have
been proposed (Galléa et al., 2011), we will discuss which theory best
fits with the presence of MM in KS, according to the literature and our
findings.

(i) Abnormal persistence of the ipsilateral cortico-spinal tract

In Klippel -Feil disease, the absence of the pyramidal decussation
of the cortico-spinal tract has been -shown both by pathologic
(Gunderson and Solitare, 1968) and imaging studies (Royal et al.,
2002). Nonetheless, the lack of cortico-spinal tract decussation leads
to voluntary movements ipsilaterally to the activated cortex and does
not justify by itself the presence of contralateral MM unless other still
unidentified brain and/or spine anomalies coexist. Pathologic evidence
of decussation abnormalities has not been reported in other pathologic
conditions presenting with congenital MM. Moreover, abnormal
cortico-spinal tract decussation is not supposed to be present in ac-
quired MM disorders (e.g. Parkinson disease, Creutzfeldt-Jakob disease,
stroke) (Cox et al., 2012) thus suggesting different pathogenic mecha-
nisms and anatomical basis in different conditions.

Cortico-spinal tract hypertrophy in KSMM+ vs KSMM— was
reported by Krams et al (1999) but subsequent VBM analysis on larger
KS cohorts did not confirm these findings (Koenigkam-Santos et al.,
2008 and the present study). Higher magnetization transfer ratio was
observed in the pyramidal decussation of KS vs healthy controls, but
no difference was found when comparing KSMM + vs KSMM —, thus
weakening its role in MM pathogenesis (Koenigkam-Santos et al.,
2010). The same study revealed unilateral significantly decreased mag-
netization transfer ratio in the right internal capsule posterior limb and
in the right cerebral peduncle together with an increased T2 relaxation
time in the right internal capsule posterior limb, despite the presence
of bilateral MM. These findings suggested the presence of primary
or secondary structural cortico-spinal tract abnormalities consistent
with axonal fiber microstructural disarrangement or damage, and the
authors solicited DTI analysis to better characterize cortico-spinal tract
white matter abnormalities. However, the present study, which includ-
ed TBSS DTI analysis, did not identify ultrastructural abnormalities at
cortico-spinal tract level not supporting cortico-spinal tract abnormali-
ties as the anatomical substrate of MM. Therefore, other mechanisms
acting at the cortical or spinal levels should have a role in generating
MM in KS.

(ii) Abnormal inter-hemispheric inhibition between the two motor cortices

Unilateral voluntary movements require the suppression of the
contralateral primary motor cortex by means of complex transcallosal
inhibitory pathways. The absence of these inhibitory mechanisms in
KSMM + might be revealed by morphological and ultrastructural
changes of corpus callosum. Studies on corpus callosum in KS have
however produced contradictory findings. Corpus callosum underde-
velopment has been reported in the seminal study by De Morsier (De
Morsier, 1954) and it was claimed to be a typical feature of KS. This find-
ing was not confirmed in subsequent larger series (Quinton et al., 1996)
and even in our KS cohort only one patient presented with partial
agenesia of corpus callosum. Interestingly, this patient did not present
the MM phenomenon. Early studies in the late 90s detected both corpus
callosum normal size or hypertrophy in KSMM + patients (Quinton
et al., 1996; Krams et al., 1999) thus leaving unresolved the issue on
the role of corpus callosum in the genesis of MM. In a large cohort of

KS patients, magnetization transfer ratio was found to be bilaterally
decreased in the splenium of the corpus callosum and T2 relaxation
time resulted to be increased in the left splenium of the corpus callosum,
thus suggesting significant ultrastructural abnormalities in the posterior
corpus callosum (Koenigkam-Santos et al., 2010). Moreover, the
abovementioned magnetization transfer ratio and T2 relaxation time
changes were restricted to the splenium, i.e. the portion of the corpus
callosum that connects cortical areas that should not be significantly
involved in voluntary movements. In the same cohort, VBM analysis
did not reveal any change in corpus callosum white matter density
(Koenigkam-Santos et al., 2008). Our study confirmed the latter finding
on a larger cohort (no significant VBM white matter differences be-
tween KSMM + and KSMM— patients). In contrast to previous studies,
by TBSS analyses we did not find significant ultrastructural changes,
as FA, MD, RA and L1 did not differ in corpus callosum both between
KS patients and controls (Manara et al., 2014) or between KSMM +
and KSMM — patients.

(iii) Functional alteration of motor planning and motor execution

Unilateral voluntary movement requires a complex multistep activ-
ity which encompasses cortical activation and inhibition of both the
primary and secondary motor cortices. Functional imaging studies
disclosed an abnormal recruitment of both motor cortices in patients
with MM while performing unilateral voluntary hand movements
(Krams et al., 1997; Leinsinger et al., 1997).

In the present study we applied a panel of structural quantitative
MRI analyses aimed at identifying subtle gray matter abnormalities in
KSMM + patients. A previous VBM study did not detect significant
gray matter density changes between KSMM + and KSMM— patients
(Koenigkam-Santos et al., 2008). In contrast, VBM analysis in our KS
cohort showed a cluster of increased gray matter density in the depth
of the precentral sulcus. Interestingly, this area corresponds to the bor-
der between the left primary motor cortex and the contiguous premotor
cortex, an area that is crucial for motor planning and execution control.
The detection of this cluster in the present study might be due to several
factors including the increased sample size and the exclusion from anal-
ysis of patients with age <14 years and with subtle or uncertain MM,
such as those with score = 1. On the other hand, the dominant role of
the left hemisphere might explain this asymmetric finding, which
could represent both an anatomical substrate of MM or a secondary
cortex rearrangement.

According to the other analyses applied in this study and specifically
investigating cortical abnormalities, KSMM + did not show sulcation or
curvature abnormalities that could unveil an impaired developmental
gyrification of motor areas, as occurs in the forebrain of KS patients
(Manara et al., 2014). In contrast, this study revealed areas of decreased
cortical thickness strikingly localized in the precentral gyri and in the
contiguous secondary motor cortex in the left hemisphere. The areas
in the motor cortical strip are located slightly inferior-laterally to the
precentral hook that is usually identified with the hand representation
of the motor homunculus (Yousry et al., 1997). Interestingly, the sole
task-related fMRI image during voluntary finger tapping in a KSMM +
patient present in the literature seems to display bilateral motor cortex
activation slightly inferior-lateral to the precentral hook (Leinsinger
et al., 1997). If this observation is just a coincidence or reflects a true re-
location of cortical motor areas slightly inferior-lateral to the precentral
hook (thus locating the thickness changes exactly within the motor
hand cortex) will be unraveled only by associating cortical thickness
and functional imaging studies in an adequate KSMM + cohort.

Interestingly, cortical areas presenting with thickness changes are
relatively close to the area of increased gray matter density. These find-
ings might appear conflicting (increased gray matter volume without
cortical thickness changes and decreased cortical thickness without
gray matter volume changes and, above all, areas of decreased cortical
thickness close to a region of increased gray matter volume) but they
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likely reflect a rather complex cortical reorganization as a possible ana-
tomical substrate of MM. As KS is secondary to an abnormal migration of
neurons from the olfactory placode to the hypothalamus (Schwanzel-
Fukuda et al., 1989) involving also neurons of the forebrain (Manara
et al., 2014), we might hypothesize that an analogous process involves
the primary and secondary motor cortices. In particular, a subpopula-
tion of inhibitory neurons might fail to reach the cortex causing a mor-
phological relative decrease of cortical thickness and a functional lack of
suppression of the physiological contralateral activation.

Two other extra-cortical findings have to be considered while
discussing the abovementioned cortical changes. First, the trend of
volume reduction of the globus pallidus observed in KSMM + patients
underlines the concomitant profound involvement of the extrapiramidal
motor circuit in the phenomenon of mirror movement. Whether these
changes are primitive or secondary to the motor dysfunction is unclear,
but they seem to strengthen the link between mirror movements
and those conditions where the basal ganglia are primarily involved
(Poisson et al., 2013; Espay et al., 2005; Park et al., 2009). Second, though
the association is weak and needs to be confirmed, the selective volume
increase of the medium-posterior portion of the corpus callosum in
KSMM + patients seems to highlight the role of the cortex-to-cortex
connectivity in the pathogenesis of MM.

All these data need validation but, more importantly, warrant
further implementation with functional studies investigating the integ-
rity of the motor neural network and the effective connectivity among
cortical and subcortical structures.

Structural changes outside the motor circuitry in KSMM + patients

Previous quantitative MRI studies showed ultrastructural and volu-
metric differences between KSMM + and KSMM — patients in regions
not strictly involved in motor function (e.g. increased T2 relaxation
time in the left frontal lobe and left corpus callosum splenium, de-
creased magnetization transfer ratio in the frontal lobe and corpus
callosum splenium bilaterally and increased left parahippocampal
white matter density) (Koenigkam-Santos et al., 2008, 2010). These
data suggested a brain involvement in KSMM + patients that spreads
beyond the areas of motor function possibly related to the MM phenom-
enon. By whole brain VBM, we did not confirm white matter density
changes in a larger cohort. Nonetheless, TBSS analysis disclosed several
large clusters of increased FA in the left hemisphere. The lack of signifi-
cant changes in MD, L1 and RA in the same regions seems to indicate
that these changes are due to increased fiber crossing without concom-
itant significant myelin or axonal derangement. As the MM phenome-
non is genetically linked to KAL1 and, less frequently, to PROK2/
PROKR2 mutations (Quinton et al., 2001; Costa-Barbosa et al., 2013),
we might infer that the involvement of these specific genes might deter-
mine other concomitant brain changes. Indeed, KAL1 mutations seem to
be associated with a more severe impairment of a reproductive pheno-
type, thus a potential influence of early hormonal deficiency on this
neurological pathway development might be hypothesized. As the left
hemisphere has a key role in language functions and no data are avail-
able in the literature on language performance in KSMM + patients,
neuropsychological studies are warranted to investigate specific subtle
cognitive alterations among KS subgroups.

Limits of the study

The phenomenon of mirror movement likely involves several aspects
of brain anatomy (neurons, axons, cortical structure, white matter
bundle anatomy) that are best studied with different neuroimaging tech-
niques (VBM, TBSS, etc.). Each technique is not able by itself to evaluate
exhaustively all the possible brain changes. VBM detects gray and white
matter density changes, but does not provide any information about
white matter ultrastructural or cortical developmental changes, that
might coexist and contribute to the mirror movement phenomenon.

Similarly, TBSS investigates the integrity of specific white matter bundles
but might not detect concomitant hyper-/hypotrophy of the same
structures, while cortical thickness changes do not necessarily identify
concomitant regional gray matter density abnormalities. All these
neuroimaging analyses apply different analytic strategies for multiple
comparisons thus providing a non-uniform method for investigating
brain structures. Moreover, we did not apply an overall correction for
multiple comparisons, as it would have been extremely conservative
with the risk of increasing the number of false negatives. In addition,
we focused on the presence/absence of mirror movements in this
disease, without taking into account the underlying genetics. Hypothet-
ically, different gene mutations might imply different mechanisms lead-
ing to mirror movements, even among KS patient subgroups. This study
likely represent a first step towards a more precise characterization of
the significant anatomical underpinnings underlying the phenomenon
of mirror movements in Kallmann syndrome but further studies apply-
ing selected analysis and genetically specific KS patient subgroups are
needed to validate or enrich our findings.

Conclusions

The results of our multimodality MRI study revealed a composite
array of brain changes in KSMM + that might represent the anatomical
substrate of the mirror movement phenomenon in Kallmann syndrome.
Regarding the theories present in the literature our data: 1) seem to
contrast the hypothesis of cortico-spinal tract abnormalities, 2) do not
support the existence of abnormal transcallosal inhibitory pathways,
and 3) sustain the presence of a rather complex motor (primary and
secondary) cortical and subcortical (globus pallidus) reorganization
that warrants focused functional studies to unravel the fascinating phe-
nomenon of mirror movements.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.09.067.
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