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Brain Changes in Kallmann Syndrome
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ABSTRACT

BACKGROUND AND PURPOSE: Kallmann syndrome is a rare inherited disorder due to defective intrauterine migration of olfactory axons
and gonadotropin-releasing hormone neurons, leading to rhinencephalon hypoplasia and hypogonadotropic hypogonadism. Concomi-
tant brain developmental abnormalities have been described. Our aim was to investigate Kallmann syndrome-related brain changes with
conventional and novel quantitative MR imaging analyses.

MATERIALS AND METHODS: Forty-five male patients with Kallmann syndrome (mean age, 30.7 years; range, 955 years) and 23 age-
matched male controls underwent brain MR imaging. The MR imaging study protocol included 3D-T1, FLAIR, and diffusion tensor imaging
(32 noncollinear gradient-encoding directions; b-value = 800 s/mm?). Voxel-based morphometry, sulcation, curvature, and cortical
thickness analyses and tract-based spatial statistics were performed by using Statistical Parametric Mapping 8, FreeSurfer, and the fMRI of
the Brain Software Library.

RESULTS: Corpus callosum partial agenesis, multiple sclerosis—like white matter abnormalities, and acoustic schwannoma were
found in 1 patient each. The total amount of gray and white matter volume and tract-based spatial statistics measures (fractional
anisotropy and mean, radial, and axial diffusivity) did not differ between patients with Kallmann syndrome and controls. By specific
analyses, patients with Kallmann syndrome presented with symmetric clusters of gray matter volume increase and decrease and
white matter volume decrease close to the olfactory sulci; reduced sulcal depth of the olfactory sulci and deeper medial orbital-
frontal sulci; lesser curvature of the olfactory sulcus and sharper curvature close to the medial orbital-frontal sulcus; and increased
cortical thickness within the olfactory sulcus.

CONCLUSIONS: This large MR imaging study on male patients with Kallmann syndrome featured significant morphologic and structural
brain changes, likely driven by olfactory bulb hypo-/aplasia, selectively involving the basal forebrain cortex.

ABBREVIATIONS: KS = Kallmann syndrome; FA = fractional anisotropy; MNI = Montreal Neurological Institute; TBSS = tract-based spatial statistics; VBM =

voxel-based morphometry

Kallmann syndrome (KS) is a rare inherited disorder (affecting
about 1 in 10,000 males)," clinically characterized by the as-
sociation of hypogonadotropic hypogonadism and hypo-/anos-
mia.> Both KS clinical hallmarks derive from a disturbed
intrauterine migration process involving olfactory axons and go-

nadotropin-releasing hormone neurons from the olfactory pla-
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code to the hypothalamus.”* The failure of the migration process
results in hypo-/aplasia of the rhinencephalon (olfactory bulbs

and tracts)’®

and in altered gonadotropic axis function with low
levels of sex hormones. Besides rhinencephalon abnormalities,
distinctive KS neuroradiologic changes have been detected in the
brain and bone structures of the anterior cranial fossa by conven-
tional MR imaging”'* and CT studies.'” The most known mor-

phologic brain feature is the reduction in depth and length of the
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olfactory sulcus, which typically turns medially, opening anteri-
orly into the interhemispheric fissure.””'? This sulcal abnormality
is thought to be driven by the absence/hypoplasia of the olfactory
bulbs and represents an intriguing model of genetically driven
developmental brain abnormalities. Furthermore, a few case re-
ports postulated the strict relationship between KS and midline
brain abnormalities, such as corpus callosum agenesis and holo-
prosencephaly,®'¢
relatively scarce and often contradictory.”

though pathologic and neuroimaging data are

In 2008, a pioneering study by voxel-based morphometry
(VBM) MR imaging analysis revealed distinct regional gray and
white matter volume changes in male patients with KS outside the
frontal orbital regions.'” No study so far has replicated a larger
sample of these findings, which would imply a much more pro-
found effect of KS-related genes (KALI, FGFRI, PROK2,
PROKR2, FGF8, NELF, etc.)'® and/or sex hormone deficiency on
brain morphogenesis and development. Moreover, no study has
investigated regional white matter changes revealed by VBM by
diffusion tensor imaging, a powerful quantitative technique able
to investigate the structural nature of white matter involvement.
Finally, novel MR imaging—based analyses have been developed
that allow assessing precise curvature, sulcation, and cortical

thickness quantitative evaluations,'”"

thus providing further in-
sights into cortex developmental abnormalities. Such analyses
have not been applied to KS, though they might represent useful
tools for investigating the structural underpinnings of neurologic
and psychiatric disorders anecdotally reported in patients with
KS.22,23

By conventional MR imaging and novel quantitative sulca-
tion, curvature, cortical thickness, and tract-based spatial statis-
tics (TBSS) analyses, we aimed to feature, more precisely and in a
large sample of male patients, the morphologic and structural
brain involvement in KS.

MATERIALS AND METHODS

Subjects

Forty-five male patients (mean age, 30.7 years; range, 9—55 years)
affected with KS underwent brain MR imaging. All patients met
the diagnostic criteria for KS based on clinical observations and
smell analysis (main clinical and demographic features are shown
in On-line Table 1). One patient had a history of severe head
trauma. Twenty-three healthy male subjects (mean age, 32.6
years; range: 12-55 years) or patients referred to neuroimaging
for headache with no history of prematurity, head trauma, neu-
rologic or psychiatric disease, or neurosurgery represented our
control group.

Seven patients with KS and 2 controls were left-handed, ac-
cording to the Edinburgh Handedness Inventory.>* No patients
or subjects required sedation during MR imaging acquisition. The
study was approved by the local ethics committee, and written
informed consent was obtained from patients or their parents.

Patients with KS younger than 12 years of age or presenting
with midline brain abnormalities or significant parenchymal le-
sions were excluded from VBM, sulcation, curvature, and TBSS
analyses to avoid the interference of maturation, malformative, or
incidental factors on the quantitative parenchymal and morpho-
logic evaluation.

MR Imaging Acquisition

All MR imaging scans were obtained in 2 centers (University Hos-
pital of Padova and Medicanova Diagnostic Center, Battipaglia,
Ttaly) equipped with the same 1.5T MR imaging scanner (Achieva;
Philips Healthcare, Best, the Netherlands) with a standard quadra-
ture head coil. The MR imaging study protocol included the follow-
ing: 3D T1-weighted imaging (TR/TE, 20/3.8 ms; flip angle, 20°; sec-
tion thickness, 1 mm; acquired pixel size, 1 X 1 mm; reconstructed
pixel size, 0.66 X 0.66 mm; acquisition matrix, 212 X 210; recon-
structed matrix, 320 X 320; acquisition time, approximately 7 min-
utes); and FLAIR (TR/TE/TI, 10,000/140/2800 ms; echo-train
length, 53; flip angle, 90°; section thickness, 5 mm; intersection gap,
0.5 mm; acquisition pixel, 0.90 X 1.15 mm; reconstructed pixel,
0.9 X 0.9 mm; acquisition time, 3 minutes 20 seconds).

Diffusion tensor images were acquired with single-shot echo-
planar diffusion-weighted imaging (TR/TE, 11,114/80 ms; acqui-
sition 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; sensitivity encoding p reduction, 2;
section thickness, 2 mm without gap; NEX, 2; acquisition time, 12
minutes 24 seconds). The axial sections covered the whole brain
including the cerebellum. The diffusion-sensitizing gradients
were applied along 32 noncollinear gradient-encoding directions
with maximum b=800 s/mm”. One additional image without dif-
fusion gradients (b=0 s/mm?) was also acquired.

Image Processing

Data Processing of Volumetric Images and DTI (TBSS). The im-
aging processing methods are presented in detail in the On-line
Appendix.

Specifically, we used the optimized VBM protocol (Diffeo-
morphic Anatomical Registration Through Exponentiated Lie Al-
gebra) available in the statistical parametric mapping software
(SPM8; Wellcome Department of Imaging Neuroscience, Lon-
don, UK, www.fil.ion.ucl.ac.uk/spm).>> For statistical analyses,
we used parametric ¢ tests as implemented by SPM8, by using age
as a covariate of no interest. Results for gray matter were consid-
ered significant for P < .05, family-wise error—corrected.

All 3D T1-weighted data were also processed by FreeSurfer
(http://surfer.nmr.mgh.harvard.edu/) to derive quantitative esti-
mates of cortical thickness, sulcation, and curvature. The sulca-
tion conveys information on how far a particular surface vertex
point is from a hypothetic “midsurface,” which exists between the
gyri and sulci. The curvature conveys information on the curva-
ture (not distance) at a specific vertex point. The sharper the
curve, the higher the value (positive or negative) is. The color
conveys the sign and is just an arbitrary choice. Cortical thickness,
sulcation, and curvature were estimated for the whole brain.
Group analysis was performed by using generalized linear models,
including age as a nuisance variable. Results were considered sig-
nificant for P < .05, false discovery rate—corrected.

All DTT data were preprocessed by the FMRIB Diffusion Tool-
box within FSL (http://www.fmrib.ox.ac.uk/fsl/fdt/index.html).*® For
group comparisons concerning fractional anisotropy (FA) and
diffusivity values, data were fed into the voxelwise statistics anal-
ysis, which was based on nonparametric permutation testing
(5000 permutations) by using the threshold-free cluster enhance-
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FIG 1. Conventional brain MR imaging findings in 45 patients with Kallmann syndrome. A, Midsagittal TI-weighted image of a patient with
agenesia of the posterior portion of the corpus callosum (white arrows). B, Axial FLAIR image of the patient disclosing several multiple
sclerosis—like white matter signal abnormalities in the centrum semiovale bilaterally. C, Non-enhanced axial TI-weighted image at the level of the
internal acoustic meatus showing a right intra/extrameatal dumbell-shaped mass consistent with an acoustic schwannoma.

ment”” method to account for multiple comparison correction
across space. Age and sites of MR imaging acquisition were en-
tered into the analysis as covariates.

RESULTS

Conventional MR Imaging Findings Evaluation

One patient with KS had midline brain abnormalities (partial cor-
pus callosum agenesia) (Fig 1A), and 1 had diffuse multiple scle-
rosis—like white matter abnormalities (Fig 1B).

On FLAIR images, nonspecific white matter signal abnormal-
ities (1-20 punctuate hyperintensities) were observed in 15/45
patients (33%; mean age, 35.3 years; age range, 15-55 years); age
did not differ between patients with and without white matter
hyperintensities (P = .07). Similarly, the presence of obesity (7/
45), hypertension (0/45), and cardiopathy (0/45) did not differ
between these 2 subgroups.

One patient had small cortical abnormalities in the right supe-
rior frontal and inferior temporal gyri, consistent with sequelae of
a known previous head trauma. One patient had a right intra/
extrameatal acoustic nerve schwannoma (20 X 14 mm), with no
significant mass effect on the pons (Fig 1C).

Quantitative MR Imaging Analysis

The 3 patients with partial agenesis of the corpus callosum, diffuse
multiple sclerosis—like white matter lesions, and age younger than
12 years were excluded from quantitative analyses. Forty-two pa-
tients with KS were, therefore, considered for subsequent analyses
(mean age, 30.6 years; range, 15-55 years).

Voxel-Based Morphometry
The total amount of gray and white matter did not differ between
patients with KS and controls (gray matter, 919 = 132 mL versus
949 * 108 mL; white matter, 677 = 091 mL versus 710 = 081 mL,
respectively) by using as covariates age, total intracranial volume,
and site of MR imaging.

Patients with KS showed, compared with controls, 2 almost
symmetric clusters of significant white matter volume decrease
in the frontal basal regions (Montreal Neurological Institute
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[MNI] coordinates: —16, 26, —26 and 14, 32, —28; P value
family-wise error—corrected, respectively, <.001 and .002), 2
almost symmetric clusters of significant gray matter volume
increase in the frontal basal regions (MNI coordinates: 16, 38,
—12 and —16, 34, —12; P value family-wise error—corrected,
.001), and 2 almost symmetric clusters of significant gray mat-
ter volume decrease in the frontal basal regions (MNI coordi-
nates: —10, 32, —24 and 12, 26, —18; P value family-wise er-
ror—corrected <.001) by using as covariates age, total
intracranial volume, and site of MR imaging. As shown in Fig
2, these regions were very close to the olfactory sulci. Patients
with KS did not show clusters of significant white matter vol-
ume increase compared with controls.

Sulcation, Curvature, and Cortical Thickness

Whole-Brain Analyses

Significant differences between male patients with KS and con-
trols are shown in the Table and Fig 2, in particular in the follow-
ing manner:

By sulcation analysis, the sulcal depth was reduced at the level
of the olfactory sulci and increased at the level of the medial or-
bital-frontal sulci in patients with KS.

By curvature analysis, patients with KS presented with a de-
creased curvature in the olfactory sulcus and a sharper curvature
close to the medial orbital-frontal sulcus, bilaterally.

By cortical thickness analysis, patients with KS had thicker
cortices than controls in a region corresponding to the olfac-
tory sulcus, bilaterally. In the left hemisphere, 2 small areas of
decreased cortical thickness were found at the level of the me-
dial and lateral orbital-frontal sulci, the larger close to the ol-
factory sulcus.

Tract-Based Spatial Statistics Analysis

TBSS whole-brain analysis showed no differences between pa-
tients with KS and controls regarding fractional anisotropy, mean
diffusivity, radial diffusivity, and axial diffusivity.



Sulcation

Curvature

Thickness

B

FIG 2. 3D-TlI-based whole-brain analyses on 42 patients with Kall-
mann syndrome versus 23 controls. A, Voxel-based morphometry
findings. Clusters of significantly decreased white matter volume (col-
ored areas in the multiplanar reconstructions in the first column) were
detected exclusively and symmetrically in the posterior portion of
the medial orbital-frontal gyrus close to the olfactory sulcus; no re-
gions of increased white matter volume were detected in our sample.
Clusters of significantly decreased (second column) and increased
(third column) gray matter volume are shown as colored cortical areas
in the volume-rendering technique images within or close to the ol-
factory sulci. B, Sulcation, curvature, and thickness findings. Colored
areas represent increased (yellow-red) and decreased (blue) values in
patients with KS. Almost all differences are clustered within the ol-
factory sulci and the neighboring cortex of the rectus and medial
orbital-frontal gyri.

DISCUSSION

The present study showed that patients with KS display surface

cortical variations and gray and white matter volume changes,

which clustered symmetrically in the frontal basal regions, close to

the olfactory bulbs (gyrus rectus, medial orbital-frontal gyrus).
Changes in the frontal basal regions have been consistently

described in the rhinencephalon and contiguous cerebral cortical

and bone structures by pathology,>®

ing,7'l4

conventional MR imag-
and CT studies in patients with KS.'* Increased volume of
the corticospinal tracts and corpus callosum has been also de-
picted by conventional MR imaging,”® suggesting the involve-
ment of brain structures beyond the basal forebrain, though these
findings have not been confirmed in larger series.”!” A single MR

imaging study formerly applied VBM to investigate gray and
white matter volume in male patients with KS, detecting changes
in several areas outside the basal forebrain, namely regions of
increased gray matter volume (precentral gyrus bilaterally, left
middle occipital and middle frontal gyri), decreased gray matter
volume (right parahippocampal gyrus), increased white matter
volume (left cuneus and right subcallosal gyrus), and decreased
white matter volume (left superior frontal gyrus, right medial
frontal gyrus, left frontal lobe subgyral and left insula).'” In our
VBM whole-brain analysis, gray and white matter changes ap-
peared fairly symmetric and limited to the frontal basal regions.
White matter volume changes (ie, decrease of white matter vol-
ume) were found exclusively in small subcortical areas of the me-
dial orbital-frontal gyri close to the olfactory sulci. Similarly, VBM
analysis disclosed small symmetric and contiguous areas of in-
creased and decreased gray matter volume in the frontal basal
regions close to the olfactory sulcus. The striking relationship be-
tween white and gray matter changes seems to suggest that these
changes embody a fairly localized cortical-subcortical abnormal
architectural development. Moreover, because all parenchymal
changes are very close to the olfactory sulcus, they are most likely
induced by the rhinencephalon hypo-/aplasia.

Except for these areas, by VBM analysis, cerebral gray and
white matter did not differ between patients with KS and healthy
controls. Similarly, TBSS analysis did not reveal any significant
difference between patients with KS and controls, revealing that
the ultrastructure of the white matter is preserved despite signif-
icant forebrain cortical changes. Nonetheless, KS genetic hetero-
geneity does not allow the exclusion of white matter hypertrophic
or degenerative phenomena in specific subgroups of patients with
KS because a strict genotypic/MR imaging phenotypic correlation
requires a larger sample. Actually, no pathologic study reported
brain parenchyma abnormalities in patients with KS, even though
histologic data are very scarce. Peripheral axonal degeneration
due to the absence of the olfactory bulbs has been shown in the
olfactory mucosa,* but concomitant significant processes of ax-
onal degeneration within the brain are not supported by VBM
and TBSS findings.

Differences from previous MR imaging studies may be due to
several issues, among them, the heterogeneity of the phenotypic
spectrum of brain anomalies in KS or a different methodologic
approach. The size of our study sample and the spatial coherence
between gray/white matter volume changes and the well-known
disease-related abnormalities of the olfactory sulcus seem to sup-
port the findings of the present study.

Consistently, the whole-brain curvature and sulcation analy-
ses showed symmetric cortical abnormalities strictly confined to
the frontal basal cortical regions (gyri recti and medial orbital-
frontal gyri). Olfactory sulcus abnormalities were expected be-
cause the reduction in depth and length of the olfactory sulcus at
gross pathology and conventional MR imaging evaluation is a
known morphologic feature of the brain in patients with KS.”'?
Olfactory sulcus abnormalities have been associated with em-
bryogenic olfactory bulb—inducted processes.'®'"»*>*! In patients
with KS, the aplasia/hypoplasia of the olfactory bulbs is associated
with an ipsilaterally decreased depth of the olfactory sulcus, which
might turn medially, opening anteriorly into the interhemi-
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Cortical areas >40 mm? with significant differences between patients with Kallmann syndrome and controls by sulcation, curvature,

and cortical thickness analyses

Local Maximum,

Talairach
Hemisphere Size (mm?) X Y Z FDR Threshold Cerebral Region
Sulcation
Right 394.05 l 1.2 13.8 —149 3.3429 Olfactory sulcus and contiguous cortex
of the rectus gyrus
Right 32572 1 16.4 287 —237 3.3429 Medial orbital-frontal gyrus
Left 518.07 l -9.8 16.0 —154 3.3159 Olfactory sulcus and contiguous cortex of the
rectus gyrus
Left 25241 1 —19.6 332 —173 3.3159 Medial orbital-frontal gyrus
Curvature
Right 372.85 1 4.4 323 —253 3.4704 Medial orbital-frontal gyrus
Right 77.61 l n7 16.6 —14.2 3.4704 Olfactory sulcus
Right 4471 l 1.5 37.9 —19. 3.4704 Olfactory sulcus
Left 196.94 l -6 387 —20.0 34704 Olfactory sulcus
Left 14.79 ) —19.6 327 —14.9 3.4704 Medial orbital-frontal gyrus
Thickness
Right 568.97 1 —141 30.7 —19.2 3.3834 Olfactory sulcus and contiguous cortex
of the rectus and medial orbital-frontal gyri
Left 686.38 ) 13.7 334 -233 3.2803 Olfactory sulcus and contiguous cortex
of the rectus and medial orbital-frontal gyri
Left 7839 l 12.7 48.6 335 3.2803 Medial orbital-frontal sulcus
Left 40.54 l 452 —623 36.9 3.2803 Lateral orbital-frontal gyrus

Note:— 1 indicates that patients with KS showed increased sulcation, curvature, and cortical thickness; | , patients with KS showed decreased sulcation, curvature, and

cortical thickness; FDR, false discovery rate.

spheric fissure.” Indeed, as shown in Fig 2, the olfactory sulcus
presented with decreased sulcation and curvature, while the me-
dial orbital-frontal sulcus showed a “compensatory-like” in-
creased sulcation and curvature. The concomitant changes of the
contiguous orbital-frontal regions seem to highlight a more ex-
tensive effect of the olfactory bulbs on forebrain morphogenesis.
Most interesting, patients with KS display increased cortical
thickness very close to VBM, sulcation, and curvature forebrain
anomalies, suggesting that olfactory bulb—induction failure might
actnot only on the sulcal but also on the structural organization of
the cortex.

Regional gray matter increase has been associated with the
absence of a sulcus,” though so far no study investigated the
correlation between cortical thickness and sulcation abnormali-
ties, to our knowledge. We might speculate that a less deep sulcus
results in an abnormal regional gray matter volume and cortical
thickness as a consequence of overcrowding neurons migrated to
this region. Alternatively, gray matter volume and cortical thick-
ness changes might result from cortical functional differences be-
tween patients with KS and controls. The orbital-frontal cortex is
deeply involved not only in olfaction (odor identification and
olfactory memorization) but also in integrating emotion into cog-
nition within decision-making processes.>” KS is clinically char-
acterized by the absence or reduction of olfaction, whereas few
data are available on cognitive functioning and psychiatric risk,
though schizophrenic disorders have been anecdotally reported
among patients with KS.>*** Nonetheless, the primary and sec-
ondary olfactory cortices correspond to piriform and peri-
amygdalar cortices and the posterior orbital-frontal gyrus and
insula, all areas that in our study did not present with gray matter
and cortical thickness changes. Moreover, none of our patients
presented with a history of overt psychiatric disease, even though
a specific neuropsychological and psychiatric assessment was not
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performed. Focused neurocognitive studies are warranted to in-
vestigate the presence of basal forebrain function impairment due
to the above-mentioned morphologic and structural brain
changes.

Finally, the changes observed in our study might be at least
partly ascribed to hormonal differences between patients with KS
and controls. Most of KS phenotypic features (hypogonadism,
small penis, sexual secondary characteristics) are due to low tes-
tosterone levels during infancy and adolescence, which could also
induce a feminine brain development. Sex brain dimorphism in-
cludes brain size, white and gray matter volume and regional cor-
tical thickness changes.’*>® This study did not reveal significant
differences in brain size between patients with KS and controls.
Moreover, sex- and testosterone-related brain differences do not
seem to involve the medial orbital-frontal basal regions, thus re-
straining the direct role of hormonal dysfunction in determining
the morphologic pattern observed in patients with KS. Longitu-
dinal studies on patients with KS enrolled before hormone re-
placement therapy will help clarify the effects of testosterone in
postnatal brain development, even though the effect of hormone
milieu on prenatal and early brain development phases will re-
main difficult to unravel.

Because KS is a disease due to mutation of genes that are in-
volved in neuronal migration,”” patients with KS have been pre-
viously reported to present with midline head and brain abnor-
malities, such as cleft palate, corpus callosum dysgenesis, and
holoprosencephaly.®*®*° These abnormalities have been thor-
oughly mentioned in studies on patients with KS.”'%*’ Nonethe-
less, brain MR imaging evaluation of our large sample revealed
corpus callosum partial agenesis in only 1/45 patients with KS
(2.2%), thus supporting the observation by Quinton et al” that
patients with KS mostly do not present significant intracranial
midline abnormalities. A biased inclusion of syndromic patients



in the initial case series® might explain the difference with more
recent larger samples. On the other hand, holoprosencephalic pa-
tients might be underdiagnosed as also being affected by hypogo-
nadotropic hypogonadism and hypoanosmia due to their shorter
life expectancy and overwhelming clinical issues.

Among our patients with KS, 15 (33%) showed small nonspe-
cific punctuate FLAIR hyperintensities; 1 showed diffuse multiple
sclerosis—like white matter lesions; and 1, an acoustic nerve
schwannoma. These findings should be considered incidental un-
less otherwise demonstrated.

Even though these multimodality MR imaging analyses were
applied to a large homogeneous sample of patients with KS with a
strictly uniform MR imaging protocol (same scanner, same se-
quence parameters, and so forth), this study presents some limits.
We evaluated KS-related brain MR imaging changes only in
males, and further studies are warranted to confirm our findings
in female patients with KS. Moreover, the genetic heterogeneity of
our sample and its still ongoing molecular characterization did
not allow investigating a precise genotypic/MR imaging correla-
tion. Finally, because this was a cross-sectional study with almost
no pediatric patients with KS, we could not investigate the brain
changes related to aging or the effects of sex hormone deprivation
and subsequent replacement on brain development.

The enrollment of specific subgroups, subdivided according to
genetics, sex, age, ancillary clinical features (eg, the presence of
mirror movement and psychiatric disorders), and treatment will
help define more precisely the specific brain changes in KS.

CONCLUSIONS

This MR imaging study on a large group of male patients with KS
showed significant brain changes specifically involving the gyri
recti and the contiguous medial orbital-frontal regions. Even
though further validation is warranted, curvature, sulcation, cor-
tical thickness, gray/white matter volume, and bone changes in
patients with KS point toward a profound structural and morpho-
logic involvement of the basal forebrain that is far more consistent
than a simple hypoplasia of the olfactory sulcus, driven by the
olfactory bulbs. Future studies on the cognitive and psychiatric
domains will define the clinical impact of these morphologic and
structural brain changes.

APPENDIX

Members of the Kallmann Syndrome Neurological Study Group
were the following: Arianna D’Errico, “Federico II” University,
Napoli, Italy; Giancarlo Ottaviano, University of Padova, Padova,
Italy; Elena Cantone, “Federico II” University, Napoli, Italy; Chi-
ara Briani, University of Padova, Padova, Italy; Nella A. Greggio,
Azienda Ospeddaliera, University of Padova, Padova, Italy; Silvia
Rizzati, University of Padova, Padova, Italy; Marco Rossato, Uni-
versity of Padova, Padova, Italy; Eugenio De Carlo, University of
Padova, Padova, Italy; Elvira Napoli, Medicanova Diagnostic
Center, Battipaglia, Italy; Gianfranco D’Agosto, Medicanova Di-
agnostic Center, Battipaglia, Italy; Giangennaro Coppola, Univer-
sity of Salerno, Salerno, Italy.

Disclosures: Renzo Manara—UNRELATED: Payment for Lectures (including service
on Speakers Bureaus): BioMarin, Comments: lecture on mucopolysaccharidosis type
6 (600 Euro).
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