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Abstract

Kallmann syndrome (KS) is a form of hypogonadotropic hypogonadism with variable disturbances of olfaction, with
some patients having complete anosmia. In this study, we report observations of cerebral white matter connectivity in
a rare patient diagnosed with KS associated with a defective corpus callosum (DCC) (KS-DCC) using non-invasive
tractography-based diffusion tensor imaging (DT]I). In the partial CC, two genua remnants were observed. The KS-DCC
patient had a normal life without cognitive impairment and had a normal intelligence quotient, manifesting only the two
common symptoms hypogonadotropic hypogonadism and anosmia. Mirror movements were not observed. Compared
with normal, DTI tractography of the olfactory related area in the KS-DCC patient revealed fewer inter-hemispheric
fibers between right and left olfactory areas (including olfactory tubercle and anterior commissure). Overall, the KS-
DCC patient had higher numbers of intra-hemispheric fibers bilaterally and fewer inter-hemispheric connecting fibers.
The higher numbers of intra-hemispheric fibers connected the right thalamus and right supplementary motor area
(SMA) and the left thalamus and left SMA. The fewest number of fibers observed in the KS-DCC patient were those
connecting right and left SMA. The Probst bundle together with increased intra-hemispheric fibers may indicate plastic

rewiring of corpus callosum connections.

Keywords: Defective corpus callosum; Kallmann syndrome;
Tractography; Olfaction; Intra- and inter-hemisphere

Introduction

Kallmann syndrome (KS) is a genetically mediated form of
hypogonadotropic hypogonadism that is associated with variable
disturbances of olfaction, with some patients having complete anosmia.
The prevalence of KS has been estimated at 1:10,000 in males, while in
females it is 5-7 times lower [1]. Most patients are diagnosed during
adolescence, when an absence of spontaneous puberty is observed
simultaneously with impaired olfactory ability.

KS is genetically heterogeneous with mutations in an X-linked gene,
KAL-1, located at Xp22.3 [2]. KAL-1 encodes anosmin-1 (680 amino
acids) that has a role in neuronal migration and axon path-finding [3].
Loss-of-function mutations in KAL-1 results in agenesis of the olfactory
bulb and olfactory tract, and hypogonadotropic hypogonadism because
of an arrest of neuronal migration involving hypothalamic neurons
for gonadotropin releasing hormone (GnRH) and olfactory neurons
in the olfactory placode that have a common embryonic origin [2,4].
Disturbances in onset of puberty result, as GnRH is a key regulatory
molecule for reproduction and sexual behavior. Since anosmin-1 is
important for axonal guidance and branching of these neurons, other
neurological symptoms are also observed in KS patients, such as
mirror movements (involuntary movements of one side of the body
that accompany and mirror intentional movements of the other side),
hearing loss, abnormal visual attention, and oculomotor abnormalities
are observed in KS patients [3].

In this study, we report observations of cerebral white matter
connectivity in KS associated with a defective corpus callosum (DCC)
(KS-DCC), using non-invasive tractography-based diffusion tensor

imaging (DTI) [5]. This KS-DCC patient had only two common
symptoms related to KS, namely, hypogonadotropic hypogonadism and
anosmia; he had an otherwise normal life without apparent cognitive
impairment and no evidence of other symptoms. Importantly, there
was a notable absence of mirror movements.

Our aim was to examine white-matter connectivity in this patient
using tractographic methods [6]. This was achieved by examining
nodes within a network, with each node encapsulating a distinct gray-
matter region; pairs of nodes were linked if they were interconnected
via an axonal fiber [7]. Based on the patients symptoms of anosmia
and the absence of mirror movements, we investigated cortico-cortical
connectivity in this patient compared with healthy control subjects,
focusing on the following areas: 1) olfactory afferent fibers from the
olfactory tract and their connections with other olfactory related regions
including the piriform cortex (Pir), the amygdala (AMG), entorhinal
cortex (ENT), hippocampus (HI) and orbitofrontal cortex (OFC); 2)
intra- and inter-hemispheric fiber connectivity of motor areas.
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Materials and Methods
Subjects and clinical evaluation

We evaluated a 19 year old patient with KS-DCC. Data from five
age-matched healthy subjects (mean age 19 + 0.5 years old) were used
as controls. The patient and controls were all right-handed males
according to the Edinburgh Handedness Inventory [8]. The study
was approved by the ethics committee of Showa University School of
Medicine and all participants provided written informed consent.

The patient was referred from Okamoto Children’s Clinic in Nara,
Japan with a diagnosis of KS. Criteria for the diagnosis of KS included
clinical reports of anosmia and features of hypogonadism. The patient
was referred to our unit for further investigation because of lack of
onset of puberty and hypogonadism with absent facial hair and sparse
pubic hair (Tanner stage 1). The patient had cryptorchidism as an
infant, and did not have renal anomalies or cleft lip/palate. His height
was 178.7 cm, with weight of 77.2 kg. Absence of the bilateral olfactory
bulb (OB) was confirmed by T1-weighted 3T magnetic resonance
imaging (MRI) and was determined in a coronal plane covering the
anterior and middle segments of the base of the skull according to the
definition of a prior study [9]. Patient’s hypothalamus and the pituitary
were normal on imaging. Laboratory endocrine status showed low
testosterone level (0.09 ng/ml; normal range, 2.6-6.9 ng/ml), and low
basal serum luteinizing hormone (LH: 0.1 IU/L; normal range, 2.3-6.6)
and follicle stimulating hormone (FSH: 0.4 IU/L; normal range, 2.1-
6.6) concentrations. Left and right scrotal volumes were 3 ml (normal
for age, 15 to 30 ml).

Figure 1 shows a sagittal section of the patient’s original anatomical
MRI (left), with the brain normalized according to the pipeline method
(described in the Acquisition and preprocessing of images) (Figure
1: middle) and superimposed on the Montreal Neurological Institute
(MNI) standard brain atlas, indicated in red (Figure 1: Right).

In the partial CC, two genua remnants were observed. The center
of the anterior remnant was located at MNI coordinates: x: 90, y: 131, z:
86 (normally defined as anterior horn of the lateral ventricle according
to Harvard-Oxford Subcortical Structural Atlas) and at the center of

the posterior remnant located at: x: 90, y: 100, z: 84 (defined as third
ventricle).

The KS-DCC patient had no subjective restrictions in daily life and
had been studying at a Japanese university over the previous two years.
He had a normal intelligence quotient (IQ); assessed by the Wechsler
Adult Intelligence Scale (WAIS) [10], including full-scale IQ (FSIQ),
verbal comprehension index, working memory index, perceptual
organization index and processing speed index (Table 1). Years of
education were similar between the patient and controls (Table 1). The
patient had no prior history of psychiatric disorders based on DSM IV
criteria, or drug abuse.

Age matched control subjects were recruited from student
volunteers of the University of Human Science in Japan (19.6 + 0.5).
All control subjects had no structural abnormalities or white-matter
hyperintensities on MRI. All controls had average levels of IQ as
measured by WAIS [10] (Table 1), and had no history of psychiatric
disorders or drug abuse.

Control Kall-DCC
Age 19.6£0.5 19
Year of Education 13.6+£0.5 13
_ Detection Score 0([\?5%202 Impaired
Olfaction Test - 016203 '
Recognition Score (Normal) Impaired
Sweet 28+04 3
Salty 1.8+04 2
Taste Identification Test
Sour 28104 2
Bitter 28+04 2
WAIS Full IQ 100 £ 12 113
Verbal Comprehension Index 108 £ 10 114
Working Memory Index 107 £+ 11 114
Perceptual Organization Index 102 £ 12 123
Processing Speed Index 100 £ 11 81
Mirror Movement None None

Table 1: Summary of the KS-DCC patient and control characteristics.

Figure 1: A sagittal section of the patient’s original anatomical MRI (left), with the normalized patients’ brain (middle) and the normalized patients’ brain superimposed
on the Montreal Neurological Institute (MNI) standard brain (right), A, Anterior; P, Posterior.
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Olfactory detection and identification acuities were evaluated by
the T&T olfaction test to confirm anosmia in the patient and the normal
range in controls. Details of the olfactory acuity test were previously
described [11]. In brief, the T&T olfaction test consists of five odors:
A, B-phenyl ethyl alcohol; B, methyl cyclopentenolone; C, isovaleric
acid; D, y-undecalactone; and E, skatole. Each odorant was dissolved
in propylene glycol and presented at eight different concentrations. In
the test for each subject, we applied each odorant starting at the lowest
concentration and progressively increasing the concentration. During
each test, the subject was asked whether an odor was detected. When the
subject perceived an odor, they were required to identify and describe
the odor. The concentration at which the odor was perceived, but not
identified, was considered the detection level. The concentration at
which an odor was first identified was considered the recognition level.
Each subject’s odor detection threshold was expressed as the mean of all
odor threshold scores as follows: (A+B+C+D+E)/5.

Taste sensitivities were tested using semiquantitative clinical
gustometry using filter-paper discs (filter-paper disc method; Taste disc,
Sanwa Chemical Laboratory, Nagoya, Japan). This semi-quantitative
method is routinely used for the evaluation of dysgeusia in clinical
settings [12]. In brief, recognition thresholds for four basic tastes
(sweet, salty, sour and bitter) were evaluated using the same chemical
solutions (sucrose, NaCl, tartaric acid and quinine, respectively).

Mirror movements

Mirror movements were evaluated by a test adapted from Mayston
et al. [13]. In brief, subjects held their palms facing up with fingers
extended on a table. The subjects sequentially opposed the tip of each
finger starting with the thumb then the index and little fingers and then
subjects’ repeated this in the opposite direction. Subjects were asked to
flex each finger in turn several times. Mirror movements were assessed
as positive if an involuntary movement of the homologous finger of the
other hand was noted. Absence of mirror movements were confirmed
by surface electromyogram (EMG) recorded from the first dorsal
interosseous muscle of both hands using Ag-AgCl electrodes in a belly
tendon montage.

Acquisition and preprocessing of images

Each participant was scanned on a 3T MAGNETOM Trio, a Tim
System (Siemens Healthcare, Erlangen, Germany) with a 32-channel
head coil, located at Ebara Hospital, Tokyo, Japan. An anatomical MRI
scan was acquired using T1-weighted 3D-magnetization-prepared
rapid acquisition by gradient echo (MPRAGE) in sagittal orientation.
Controls and patient MRI were acquired using the same parameters:
TR=2300 ms; TE=2.98 ms; flip angel=9°; FOV-256 mm; matrix: 256
x 256; section resolution equal to 1.0 x 1.0 x 1.0 mm, producing an
isometric voxel of 1 mm? Sixty-four gradient-weighted volumes
applying monopolar diffusion scheme were acquired using a spin-
echo planar imaging (EPI), prototype sequence with the following
parameters: b-value 1000 s/mm? 65 consecutive axial slices of thickness
1.5 mm; 140 x 140 image matrix with an in-plane voxel resolution of 1.5
x 1.5 mm? field of view 189 x 189 mm? TR=_8.84 s; TE=88 ms; and flip
angle 90°. Additionally, a separate T2-weighted (i.e., b-value=0) volume
was acquired before acquisition of the diffusion-weighted volumes.
A number of preprocessing steps for anatomical MRIs and diffusion
tensor imaging (DTI) were performed using FSL (FMRIB’s Software
Library; http://www.fmrib.ox.ac.uk/fsl). For anatomical MRIs, intra-
acquisition head movement was estimated using affine transformation
matrices resulting from eddy current correction (described below).
Skull and other non-cerebral material were stripped from the T1-

weighted volume and the skull-stripped brain was subject to non-linear
normalization to the MNI FMRIB58_1 mm.

For DTI, eddy current correction followed by estimation of a
fractional anisotropy (FA) image for each participant was achieved
using v2.0, the diffusion toolkit within FSL. The eddy current correction
step minimized distortions induced by eddy currents and aligned
each diffusion-weighted volume to the first non-diffusion-weighted
volume to correct for simple intra-acquisition head movement.
Rotations applied to the diffusion-weighted volumes were also applied
to the corresponding gradient directions [14]. FA was estimated using
weighted linear least squares fitted to the log-transformed data. A
custom FA template was constructed in MNI152 space using an iterative
registration scheme. For the initial iteration, the skull-stripped FA
images were registered using FLIRT, v5.5, with 12 degrees of freedom
[15], to the standard FA brain provided by FMRIB (1 mm isotropic).

DTI fiber tractography

Any voxel with fractional anisotropy (FA) exceeding a predefined
threshold (0.3) was classified as white matter. For each voxel classified
as white matter, a streamline was initialized from the two opposing
directions of the principal eigenvector. Each streamline was propagated
using the fiber assignment by a continuous tracking (FACT) algorithm
[16]. Propagation was terminated either if a minimum angle threshold
of 50° was violated or if a voxel was encountered with FA below 0.2.
At each increment, the direction of propagation was parallel to the
orientation of the eigenvector closest to the current streamline endpoint.
The two opposing streamlines initialized from each voxel were then
joined at their point of initialization to yield a single streamline. Each
streamline was normalized to MNI space using the nonlinear warp
computed during the preprocessing stage. This resulted in a whole-
brain tractographic map in MNI space for each subject. Tractographic
maps were viewed with TrackVis software [17].

Numbers of whole brain fibers, interhemispheric-connected fibers
and fibers within the left and right hemisphere were counted for the
KS-DCC patient and controls. Fiber tract connectivity was modeled as
a network, or graph, comprising 116 nodes. The anatomical name by
which each gray-matter node was labeled was taken directly from the
automated anatomical labeling (AAL) [18]. Each node encapsulated a
distinct gray matter region, and pairs of nodes were joined by a link
if they were interconnected via a sufficient number of streamlines.
Connectivity matrices were populated and binarized where matrix
element quantified the connectivity between node pairs. The rows/
columns of the connectivity matrix and the binarized connectivity
matrix were ordered as shown in Figure 2A, indicating all left
hemisphere nodes occupied the first 58 rows/columns. Therefore, the
two strongly interconnected sub-blocks along the matrix diagonal
exclusively involved intrahemispheric connections, whereas the two
off-diagonal sub-blocks involved inter-hemispheric connections. The
matrix of the patient and mean matrices for five controls are shown
in Figure 2A. The number of fibers in regions of interest were counted
from the connectivity matrices and compared between controls and the
patient.

Results

Olfaction, taste, IQ and mirror movement assessments

A summary of the KS-DCC patient and control characteristics
is shown in Table 1. Olfactory detection and recognition scores were
normal in controls as determined by criteria described in a prior study
[11], whereas the patient showed impairment of both odor detection
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Figure 2: A: The anatomical names for labeling nodes were taken directly from automated anatomical labeling (AAL). Connectivity matrices (inter connecting
streamlines) between 116 node pairs in controls and the KS-DCC patient. The matrix for controls represents the mean group value. The rows/columns of the connectivity
matrices were ordered such that all left hemisphere nodes occupied the first 58 rows/columns and the right hemisphere and inter-hemispheric nodes occupied the

second 58 rows/columns.

B: Streamlines inter and intra-connecting all nodes pairs in axial sections (top) and intra-connecting pairs in sagittal sections (bottom).
C: The cingulate bundle in sagittal and horizontal view in normal controls (left) and Probst bundle in sagittal and horizontal views in KS (right), A, Anterior; P, Posterior;

R, Right; L, Left.

and recognition. Five basic taste sensations were in the normal range in
both the patient and controls. Neuropsychological assessment showed
that WAIS FSIQ was within the normal range in both controls and the
KS-DCC patient.

Assessment of mirror movements indicated that strong and high
amplitude in the voluntarily moving hand was observed in all runs in
both controls and the KS-DCC patient. No EMG activity was observed
in the resting hand in either controls or the patient.

Whole brain fibers divided into intra-hemisphere and inter-
hemispheres

Figure 2A shows connectivity matrices (inter connecting
streamlines) between 116 node pairs in controls and the KS-DCC
patient. The matrix for controls represents the mean group value. The
rows/columns of the connectivity matrices were ordered such that
all left hemisphere nodes occupied the first 58 rows/columns and the
right hemisphere and inter-hemispheric nodes occupied the second
58 rows/columns. As observed in both matrices, there were fewer
inter-hemispheric connections in the patient with KS-DCC compared
to controls, but more intra-hemispheric connections: Streamlines
inter- and intra-connecting all node pairs in axial views and intra-
connecting pairs in sagittal views in control and KAL-DCC are shown
in Figure 2B.

Controls Kall-DCC
Total 859682 + 132676 1043950
Right hemisphere 381874 + 56295 498294
Left hemisphere 377119 + 55950 488052
Inter-hemispheric 100689 + 27857 57604

Table 2: The number of fibers intra-hemisphere connections and inter-hemisphere
connections.

(i) Intra-hemispheric connections - The number of fibers counted
within the left and right hemispheres, and those connected inter-
hemispherically are shown in Table 2. The total number of fibers in
all brain regions from controls was 859,682 + 132,676 compared with
1,043,950 in the patient. The number of fibers in the left hemisphere
was 377,119 £ 55,950 in controls and 488,052 in the KS-DCC patient,
and in the right hemisphere, there were 381,874 + 56,295 in controls
and 498,294 in the KS-DCC patient. Thus, there were higher numbers
of fibers in the total brain, and intra- hemispheres (bilaterally) in
the KS-DCC patient than in the controls. This difference in intra-
hemisphere fiber numbers between controls and the patient was
observed in the visualized fiber tracts (Figure 2B). In the patient, fibers
from the hemispheres failed to cross the midline and formed a thick
bundle intra-hemispherically running from the posterior to anterior
sections. This thick bundle is termed the Probst bundle (PB) [19] had
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fibers from parietal-occipital regions and was located medially to the
lateral ventricle (Figure 2C right). Figure 2C left indicates the cingulate
bundle of normal controls.

(ii) Inter-hemispheric connections- In contrast, the number of
fibers connecting left and right hemispheres in the KS-DCC patient
was 42.8% lower compared with controls (controls: 100,689 + 27,857
and KS-DCC: 57,604). The normal CC connects the two cerebral
hemispheres with a large number of fibers, as observed in the control
subjects. Compared with controls, a smaller number of fibers connected
the left and right hemisphere through two genua remnants in the KS-
DCC patient (Figure 3). We observed the presence of a sigmoid-shaped
pathway, which is called sigmoid bundle, connecting the right frontal
lobe with the left pareto-occipital regions (Figure 3 right: white arrow).

Olfactory-related fibers in KS-DCC

We extracted areas related to olfaction according to previous
studies [20-25]. Fiber counts between these olfactory regions are shown
in Table 3.

The olfactory system defined by AAL includes the olfactory tract,
olfactory tubercle and anterior commissure. Since the olfactory tract
is absent in this patient, we use the term “olfactory areas” to describe
the olfactory tubercle and anterior commissure. The olfactory area,
entorhinal cortex and rectus had inter-hemispheric fibers (indicated
as “inter-hemispheric” in Table 3) and other olfactory areas such as
amygdala (AMG), inferior frontal/orbitofrontal (Frontal_inf OFC)
and superior frontal/orbitofrontal (Frontal_sup_OFC) had ipsilateral
fiber connections (indicated as “Right hemisphere” and “Left

Control

hemisphere” in Table 3). There were fewer inter-hemispheric fibers
between olfactory-R and -L in the KS-DCC patient (57 in KS-DCC
and 220 + 156 in controls). However, other intra- hemispheric fibers
(e.g. connecting between olfactory area, AMG, rectus, frontal inf. OFC
and frontal sup. OFC and other inter-hemispheric fibers connecting
regions such as ENT and rectus) in the patient did not differ compared
with normal controls.

Fibers related to motor execution

Since the patient with KS-DCC appeared to have more intra-
hemispheric fibers and fewer inter-hemispheric fibers, next we
determined the number of fibers connecting the AAL defined
anatomical areas in KS-DCC compared with controls. We subtracted
the matrix of controls (indicated in Figure 2A) from the matrix of KS-
DCC to examine which intra-hemispheric fibers/inter-hemispheric
fibers in the patient were larger/less than those of controls. Larger
numbers of fibers were observed between the left thalamus and left
supplementary motor areas (SMA) and between the right thalamus and
right SMA (indicated as bold in Table 4: upper panel) in the patient
compared to controls (left, KS-DCC, 14,380, Controls, 1,854 + 796;
right, KS-DCC, 8,731, Controls, 1,397 + 669; Figure 4A). The area of
significantly reduced fibers was between the left SMA and right SMA
(indicated as bold in Table 3: bottom panel; KS-DCC, 458, Controls,
10,755 + 4002, i.e., 95.7% reduction; Figure 4B). Connecting fibers
between the thalamus and other motor related areas (para-central and
pre-central) are also shown in Table 4. There was no marked difference
in fibers connecting between the thalamus and para-central, between
the thalamus and pre-central, between the SMA and para-central,

KAL-DCC

Figure 3: Inter-hemisphere connections from sagittal, coronal and horizontal (from bottom) in control and KS-DCC, R, Right; L, Left.
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Right hemisphere

Regions Number of fibers
From To Controls Kall-DCC
Olfactory AMG 136 + 100 147
Rectus 427 £132 603
Frontal inf. OFC 50 + 32 39
Frontal sup. OFC 149 + 94 63
ENT 707 + 333 1784
AMG :
Frontal inf. OFC 21+93 0
Frontal inf. OFC 202 + 98 520
Rectus
Frontal sup. OFC 515+ 311 518
Frontal sup. OFC | Frontal inf. OFC 826 + 420 1020

Left hemisphere

Regions Number of fibers
From To Controls Kall-DCC
Olfactory AMG 81+21 26
Rectus 458 + 221 749
Frontal inf. OFC 89 + 65 191
Frontal sup. OFC 55+ 20 199
ENT 788 + 263 1692
AMG -
Frontal inf. OFC 75+ 45 5
Frontal inf. OFC 206 + 106 572
Rectus
Frontal sup. OFC 910 + 448 485
Frontal sup. OFC | Frontal inf. OFC 956 + 538 1083

Inter-hemispheric

Regions Number of fibers
From To Controls Kall-DCC
Olfactory-R Olfactory-L 220 + 156 57
ENT-R ENT-L 371107 284
Rectus-R Rectus-L 432 £ 103 536

Table 3: The number of fibers connected between each olfactory-related area.

Control

Thalamus R Thalamus L

between the SMA and pre-central and between the pre-central and
para-central within the right and left hemispheres.

Right hemisphere

Number of fibers

Controls Kall-DCC
1397 + 669 8731
496 + 252 344
3119 + 828 3237
1108 + 450 853
350 + 128 148
447 + 230 293

Left hemisphere

Number of fibers

Controls Kall-DCC
1854 + 796 14380
4981 + 955 5137
3349 + 3260 6
1708 + 544 2000

98 £ 55 0
1579 £ 798 371

Inter-hemispheric

Discussion
Regions
From To
SMA
Para-central
Thalamus
Pre-central
Para-central
SMA
Pre-central
Pre-central Para-central
Regions
From To
SMA
Para-central
Thalamus
Pre-central
Para-central
SMA
Pre-central
Pre-central Para-central
Regions
From To
SMA-R SMA-L
Para-central-R Para-central-L
SMA-R Para-central-L
SMA-L Para-central-R

Number of fibers

Controls Kall-DCC
10755 + 4002 458
1347 £ 773 27
1421 + 658 243
202 + 222 6

Table 4: The number of fibers connected between each motor-related area.

KAL-DCC

% 7/

Thalarmus R Thalamus L

Figure 4A: Intra-hemispheric fibers connecting between left thalamus and left SMA, right thalamus and right SMA in controls (left) and the patient (right).
B: Inter-hemispheric connections between right SMA and left SMA-right SMA in controls left) and the patient (right).
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In this study, we examined both inter- and intra-hemispheric
white-matter connectivity in a patient with KS-DCC compared with
normal healthy subjects. Overall, in KS-DCC, we identified fewer inter-
hemispheric connections but more intra-hemispheric connections.
Further, while KS-DCC had impaired odor detection and recognition,
olfactory related areas revealed normal intra-hemispheric fibers.
However, KS-DCC had fewer inter-hemispheric fibers between right
and left olfactory areas (including olfactory tubercle and anterior
commissure). We also found that the smallest numbers of fibers
connecting inter-hemispheric areas were those fibers connecting
left and right SMA; while the largest fiber numbers were the intra-
hemispheric connections between the left thalamus and left SMA and
between the right thalamus and right SMA.

More intra-hemispheric fibers and fewer inter-hemispheric
fibers

CC is the major commissural fiber bundle in the human brain
containing about 200 million axons that are highly organized for
connecting both hemispheres. Cognitive and motor functions
coordinate and transfer information between the left and right
brain. CC agenesis can appear as two types: complete agenesis of CC
or DCC. Complete agenesis of CC causes a number of syndromes
including neuropsychiatric problems [26], learning difficulties [27],
sleeping disorders [28] and deficits of motor control such as mirror
movements [29-31]. DCC agenesis was first described by Reil [32] who
showed that the PB longitudinal bundle of fibers was aberrant. These
patients lead a normal life without cognitive impairment, as the PB
has a compensatory CC function. In this KS patient, the PB contained
U-shaped longitudinal fibers in the medial sector of the frontal regions
and long fibers from occipital regions to the frontal areas that may
indicate a role for plastic rewiring of CC connections.

In terms of whole brain fibers, the KS-DCC patient had higher
numbers of intra-hemispheric fibers within each of the right and left
hemispheres and fewer inter-hemispheric fibers. Higher numbers
of fibers connected the right thalamus and right SMA and the left
thalamus and left SMA in the KS-DCC patient compared with controls.
Because of the absence of CC, which serves as a massive commissural
pathway, the left and right oriented cortical axons intermingled with
corticospinal and thalamocortical pathways. This phenomenon was
supported by a study showing a higher fractional anisotropy value of
somatosensory and motor pathways in patients with DCC [26].

In contrast, the fewest number of fibers observed in the KS-DCC
patient were those connecting the right and left SMA. This indicates
that numbers of fibers connecting the left and right hemispheres were
diminished by the absence of an intact a CC. This may explain the lack
of mirror movements as discussed below.

Fibers connecting olfactory related regions

The Kal-1 gene encodes a protein, anosmin-1, which is responsible
for the symptoms, observed in KS syndrome [3]. Anosmin-1 influences
the development of the olfactory pathway, the olfactory bulb, olfactory
tract and projections of the mitral cell to the Pir [33]. Our interest was to
investigate whether the disturbance of olfactory axons in the olfactory
bulb and olfactory tract would influence other fibers connecting
olfactory related regions.

We found that the KS-DCC patient had normal ipsilateral
connecting fibers from the olfactory tubercle to the higher order
olfactory-related areas. This finding suggests that the development of
fibers from the olfactory tubercle to higher olfactory regions may be

independent from the development of the olfactory bulb and tract,
and is not influenced by the defective axonal branching caused by
anosmin-1 deficiency.

In addition, fibers between the inter-hemispheric olfactory tubercle
were connected through the anterior commissure. The anterior commissure
forms part of the CC and its olfactory perception role is to connect the right
olfactory nucleus to the left olfactory tract and bulb and vice versa. There
is evidence to suggest that the role of the anterior commissure in olfaction
is identification of odors via memory retrieval [34]. Olfactory tubercles
form part of the ventral pallidum and the striatum which have a role in
cognition, emotion and reward behavior [35].

It is reasonable to assume that the patient likely had similar structural
fibers as controls because these olfactory related areas such as AMG,
ENT, rectus and superior/inferior OFC overlapped with areas involved in
emotions [23], memory retrieval [36], guidance of emotional behavior and
identifying emotions [24]. The patient had normal emotional reactions;
therefore, structural connections related to emotional functions overlapped
with olfaction-related regions may be normal in the patient. Therefore,
olfactory deficit in this patient may only due to absence of olfactory bulb
that is the first site of processing olfactory information and relays the
information to subcortical and cortical areas.

In this study, only white matter connectivity was examined.
Therefore, there is a need for future assessment of gray matter volume
and thickness. Frasnell et al. [37], for example, reported that congenital
anosmia patients exhibited a thicker primary olfactory cortex such
as ENT and Pir, and also had thicker OFC compared with controls.
This study suggested that congenital anosmia, like other sensory
systems such as congenital vision and auditory loss, may be attributed
to reduced or absent synaptic pruning caused by missing peripheral
sensory inputs [37].

The relationship between cortical thickness of the olfactory areas
and fibers of the white matter surrounding these areas is unknown, and
requires further investigation in patients who suffer from congenital or
non-congenital anosmia.

Absence of mirror movement

The KS-DCC patient had no mirror movements, which is often
observed in X-linked Kall syndrome [13,29,31,38]. Interestingly, the
patient in this study had KS syndrome as well as DCC. Complete
agenesis of the CC also causes a deficit of motor control, including
mirror movements [39-41]. Normally, mirror movements occur due to
activity in the contralateral motor area when there is a lack of inter-
hemispheric inhibition from the primary motor cortex associated with
an intended voluntary movement. Thus, inter-hemispheric inhibition
between the left and right primary motor cortices is mediated by the CC.
This means that effective inter-hemispheric inhibition is necessary for
correct motion and for the suppression of mirror movements. However,
inter-hemispheric connectivity would also be needed in order to
produce mirror movements - so, in this KS patient we speculate that an
absence of mirror movements results from significantly reduced inter-
hemisphere connectivity. This may lead to a failure of transmission of a
mirror signal; alternatively, lack of mirror movements may be due to a
failure of inhibition across the hemispheres.

Limitation and Further Research

In this study, whole brain-tractography was performed to examine
cortico-cortical connectivity. Although this approach is more sensitive
to network disruptions, the results are contingent on the accuracy of
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the tractography algorithm. FACT streamline tracking algorithm was
used in this study. The FACT algorithm is simple, computationally
inexpensive, and has been demonstrated to yield robust tractographic
maps. However, streamline tracking algorithms in general are known
to have difficulty in following long distance fibers, either due to partial
volume effects, a poor fit of the diffusion tensor, or simply due to noise
[6]. In addition, given we only examined one patient, we were not able
to test for associations between olfaction and motor deficits statistically,
therefore, one patient might adequately characterize patients with KS
and agenesis of CC. The findings reported in this study might potentially
be interpreted as effects arising from the absence of cognitive and motor
deficits in this patient.

DTT tractography has been tested in patients with KS, mainly for
the presence and mechanisms of mirror movement [13,38] and in
patients with agenesis of CC and DCC [29,31] to investigate cognitive
and emotional functions as well as mirror movement. These studies on
KS and CC or DCC agenesis have been investigated separately. Here, we
tested for the first time a rare patient with KS-DCC.

We are also interesting to know a relationship between gray matter
volume and numbers of fibers connecting among gray matter [39] in
the KS-DCC. A similar study including measurement of gray matters
with a larger population, more strictly defined patient population (KS
with/without agenesis of CC or DCC and define complete genetic
characterization) may offer further insights into the neurological
profile of KS. Our study is limited to genetic information for the
patient, however, it is possible to assume that that Kal-1, which encodes
anosmin-1 might cause the abnormal development of CC. Agenesis of
CC has been suggested to accompany KS [13,31] because anosmim-1
is present in oligodendroglial cells in the CC and the pyramidal tract
during development [3]. Thus, olfactory-brain development guided
with anosmin-1 could have a key role in determining the midline and
the subsequent development of the brain.
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