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BACKGROUND AND PURPOSE: Neuropathologic findings and preliminary imaging studies demon-
strated the absence of pyramidal tract and superior cerebellar peduncular decussation in individual
patients with Joubert syndrome (JS). We hypothesized that functional-structural neuroimaging findings
do not differ between the genetic forms of JS.
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. MATERIALS AND METHODS: MR imaging was performed with a 3T MR imaging-unit. Multiplanar T2-
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images, apparent diffusion coefficient maps, and color-coded fractional anisotropy maps, including

T.A.G.M. Huisman tractography, were subsequently calculated.

RESULTS: In all 6 patients studied, DTl showed that the fibers of the superior cerebellar peduncles did
not decussate in the mesencephalon and the corticospinal tract failed to cross in the caudal medulla.
The patients represented various genetic forms of JS.

CONCLUSION: In JS, the fibers of the pyramidal tract and the superior cerebellar peduncles do not

Joubert syndrome (JS) is an autosomal-recessive disorder
presenting with hypotonia, ataxia, developmental delay,
mental retardation, irregular breathing in the neonatal period,
and ocular motor apraxia.”* Involvement of the kidneys
(nephronophthisis), liver (fibrosis), and eyes (mostly as reti-
nal dystrophy but also as ocular colobomas) are features asso-
ciated with JS.>* The key neuroradiologic hallmarks of JS in-
clude cerebellar vermis hypoplasia in combination with the
“molar tooth sign” (MTS), a complex malformation of the
midbrain characterized by thickened and elongated superior
cerebellar peduncles and an abnormally deep interpeduncular
fossa.” At present, 4 genes causative of JS have been identified
(JBTS3-AHI1 on chromosome 6q23.3, JBTS4-NPHP1 on
chromosome 2q13, JBTS5-CEP290 on chromosome 12q21.3,
and JBTS6-MKS3 on chromosome 8q24), and 2 additional
loci have been mapped (JBTS1 to chromosome 9q34.3 and
JBTS2 to chromosome 11p12-q13.3).°'¢ The currently
known genes or gene loci account for less than 50% of patients.

Two previous neuropathologic reports'”'® described an al-
most complete absence of pyramidal tract decussation in the cau-
dal medulla and an abnormal decussation of the superior cerebel-
lar peduncles. Moreover, a further study1 ? also showed a failure of
the superior cerebellar peduncles to decussate in the mesenceph-
alon in 2 patients. Lee et al*® showed thickened superior cerebellar
peduncles but did not demonstrate the absence of decussation of
the superior cerebellar peduncles. Lee et al** and Widjaja et al'®
applied diffusion tensor imaging (DTI), a relatively new MR im-
aging technique that allows examination of the course and integ-
rity of white matter tracts in vivo.

Received February 15, 2007; accepted after revision April 9.

From the Departments of Pediatric Neurology (A.P., E.B.), and Diagnostic Imaging and MR
Center (T.L., K.I, TA.G.M.H.), University Childrens Hospital, Zurich, Switzerland; Depart-
ment of Neurogenetics (E.M.V., F.B.), CSS-Mendel Institute, Rome, Italy; Department of
Diagnostic Radiology (K.I.), Section of Medical Physics, University of Freiburg, Germany;
and the Division of Pediatric Radiology (T.A.G.M.H.), Russell H. Morgan Department of
Radiology and Radiological Sciences, The Johns Hopkins University School of Medicine,
Baltimore, Md.

Please address correspondence to Thierry A.G.M. Huisman, MD, Pediatric Radiology, The
Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins
Hospital, 300 N. Wolfe St, Nelson B-173, Baltimore, MD 21287-0842; e-mail:
thuisma1@jhmi.edu

DOI 10.3174/ajnr.A0703

cross, irrespective of the underlying mutation.

However, in JS the failure of fibers to cross the midline is
not a generalized pathologic feature, because the fibers within
the optic chiasm, corpus callosum, and other decussating
pathways are not affected. Ferland et al” found that AHI1
mRNA is expressed in the cell bodies that give rise to axonal
tracts that fail to decussate in JS, such as the neuronal cells of
the deep-layer V cerebral cortical neurons that give rise to the
corticospinal tract that decussates in the medullary pyramids.
These results suggest that AHI1 may have a crucial role in the
modulation of axonal decussation.

The aim of our study was to extend the previously reported
neuropathologic and neuroradiologic findings by 1) studying
a larger group of patients (n = 6) with JS, 2) evaluating the
decussation of both the superior cerebellar peduncles and py-
ramidal tracts, and 3) correlating the imaging findings with
the results of the genetic mutation analysis. We hypothesized
that neuroimaging findings do not differ between the genetic
forms of JS.

Patients and Methods

There were 6 patients with JS from 5 families who participated in this
study. Clinical and genetic findings are summarized in Table 1. A
brother of patient 6 was also affected but was unable to cooperate. All
affected subjects had mild to moderate cognitive impairment. They
were able to undergo MR imaging without sedation. Parents and pa-
tients were informed about the MR examination and consented to
participate.

We performed MR imaging using a 3T MR imaging-unit (GE
Healthcare, Milwaukee, Wis) and acquired the imaging with a stan-
dard 8-channel head coil. Before DTI measurement, we measured
conventional sagittal and axial T2-weighted fast spin-echo and coro-
nal T1-weighted spin-echo imaging sequences using standard depart-
mental imaging protocols. Axial imaging was performed in accor-
dance with an imaging plane parallel to the anteroposterior
commissural line. We sampled the diffusion tensor by repeating a
diffusion-weighted single-shot spin-echo echo-planar sequence
along 20 different geometric directions. Diffusion sensitization was
achieved with 2 balanced diffusion gradients centered around the
180° radio-frequency pulse. To reduce eddy current effects, we di-
vided the diffusion gradients into 4 alternating-sign gradient lobes, all
with the same gradient magnitude.?' An effective b-value of 1000
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Table 1: Clinical and genetic findings in 6 patients with Joubert syndrome (JS)

Patient 1 2 3 4* 5* 6
Age (y) 27 26 26 18 16 10
Origin Swiss Swiss Swiss Turkish Turkish Swiss
Parental consanguinity + - - + + +
CNS AT, OMA, Cl AT, OMA, Cl AT, OMA, Cl AT, OMA, Cl AT, OMAb, Cl AT, OMA, Cl
Features
Ocular PR nor nor PR PR nor
Kidney nor nor nor NPHP NPHP nor
Genetic form JBTS3 not known not known JBTSH JBTSH JBTS1

Note:— + indicates present; —, absent; AT, ataxia; OMA, ocular motor apraxia; Cl, cognitive impairment; PR, pigmentary retinopathy; NPHP, nephronophthisis; nor, normal.
* Siblings.

s/mm? was used for each of the 20 diffusion-encoding directions. We
performed an additional measurement without diffusion weighting
(b =0s/mm?). Scan parameters were TR, 8,000 ms; TE, 91 ms; matrix
size, 128 X 120 mm; and FOV, 256 X 240 mm. A total of 36 contig-
uous 3-mm-thick axial sections were acquired, covering the caudal
medulla up to the vertex. We sampled each diffusion tensor 6 times to
optimize the signal-to-noise ratio (SNR). We generated isotropic dif-
fusion-weighted, ADC, and fractional anisotropy (FA) maps using
postprocessing software (FuncTool; GE Healthcare). We calculated
apparent diffusion coefficient (ADC) maps on a pixel-by-pixel basis
using a 2-point (b = 0 and b = 1000 s/mm?) monoexponential fit
approach. The FA maps were calculated as the ratio of the anisotropic
component of the diffusion tensor to the whole diffusion tensor, as
published previously by Basser and Pierpaoli.?” The principal 3D ori-
entation of the major eigenvector was color coded per voxel according
to the red-green-blue convention, red indicating a predominant left-
right (x-element), green an anteroposterior (y-element), and blue a
superior-inferior (z-element) orientation of the anisotropic compo-
nent of diffusion within each voxel. The color intensity scale was
proportional to the measured FA-value.

For fiber tractography (FT), we transferred the DTI dataset to a
personal computer. We performed fiber tractography using home-
made routines based on commercially available image display soft-
ware (MatLab 6.5; MathWorks, Natick, Mass). Color-coded FA-maps
were used to guide placement of the seed points of fiber tracking.
Correct positioning of the seed points was also checked on images
without diffusion weighting (b = 0 s/mm?). We achieved 3D FT by
positioning connecting seed points along the fiber tracts studied. We
studied the superior cerebellar peduncles by positioning seed points
within the dentate nuclei and the ipsilateral and contralateral nucleus
ruber. Additional seed points were also positioned within the mesen-
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Fig 1. Color-coded FA-maps at the level of the superior
cerebellar peduncles. A, In a healthy subject, the fibers
within the superior cerebellar peduncles have a slight vertical
orientation, characterized by a blue color coding on color-
coded FA-maps, confirming the vertical orientation of the
fibers within the superior cerebellar peduncles (arrows). B, In
JS, the fibers in the superior cerebellar peduncles have a
more horizontal orientation, confirmed by the green color
coding of the superior cerebellar peduncles on color vector
DTI (arrows).

cephalon adjacent to the interpeduncular
fossa. We studied the corticospinal tracts by
positioning seed points bilaterally within the
internal capsule. The threshold value for ter-
mination of fiber tracking was less than 0.3 for
FA and greater than 45° for the trajectory an-
gles between the diffusion tensor ellipsoids.
Color-coded FA-maps were evaluated for the
presence or absence of a “focal red dot” within the anterior mesen-
cephalon adjacent to the interpeduncular fossa. Absence of the “focal
red dot” was interpreted as an absence of a decussation of the fiber
tracts within the superior cerebellar peduncles, respectively, as an
absence of the decussatio pedunculorum cerebellarium superiorum.
In a similar fashion, we studied the caudal medulla oblongata for a
“focal red dot” corresponding to the decussation of the corticospinal
tracts. We performed FT to confirm the findings of color-coded FA-
maps and identify a possible aberrant course of the studied tracts.

Results
In all patients, conventional MR imaging showed the classic
MTS with a deep interpeduncular fossa, thickened superior
cerebellar peduncles, a widened fourth ventricle, and hypopla-
sia of the cerebellar vermis. In 5 patients, only the superior
cerebellar vermis (until the fissura prima) was present,
whereas in the remaining patient the cerebellar vermis was
present as far as the fissura secunda. The remnant of the vermis
was normal in 1 patient, dysplastic in 2 patients, and question-
ably dysplastic in 3 patients. All patients showed an elongated
mesencephalon, a narrowed isthmus, and a normal quadri-
geminal plate and pons. In 1 patient, heterotopic gray matter
was identified within the mesencephalon. In 1 patient, the
T2-hyperintensity of the cerebellar white matter was slightly
increased. In 1 patient, the pituitary gland was hypoplastic
(clinically asymptomatic) and in another patient, question-
ably hypoplastic. No patients showed supratentorial midline
anomalies or polymicrogyria.

In all patients, DTI showed that the fibers in the superior
cerebellar peduncles were oriented horizontally as represented
by a green color coding on the FA-maps, in contrast to the



Fig 3. Color-coded FA-maps at the level of the dentate nuclei. In JS, the dentate nuclei are
significantly lateralized (arrowheads).

Fig 2. Color-coded FA-maps at the level of the decussation of
the superior cerebellar peduncles. A, In a healthy subject, on
the color-coded FA-maps the decussation of the superior
cerebellar peduncles is identified as a “red dot” (arrow) at
the level of the inferior colliculi of the midbrain. The de-
cussating fibers have a transverse orientation and conse-
quently show a “red color coding.” B, In JS, the absence of
the “red dot” on color-coded FA-maps within the midbrain
confirms the failure of the superior cerebellar peduncles to
decussate. C,D, Fiber tractography displays that, in JS, the
fibers within the superior cerebellar peduncles that connect
the dentate nucleus with the nucleus ruber do not cross and
remain ipsilateral. Axial, coronal, and sagittal anatomic T2-
weighted images are projected within the display for orien-
tation purposes.

slight vertical orientation (blue color
coding) in healthy control subjects (Fig
1A, B). Furthermore, in all patients these
fibers projected into the red nuclei and
thalami without decussating. This was
demonstrated by absence of the trans-
verse fibers at the level of the inferior col-
liculi of the midbrain, as absence of the
characteristic “focal red dot” deep within
the interpeduncular fissure on color-
coded FA-maps (Fig 24, B). Failure of the
superior cerebellar peduncles to de-
cussate was also demonstrated by FT (Fig
2C, D). The deep cerebellar nuclei (den-
tate nuclei) also appeared abnormal be-
cause they were located more laterally in
5 patients (Fig 3), whereas in the remain-
ing patient they were questionably later-
alized. The corticospinal tract showed no
decussation in the caudal medulla in all the patients. Failure of
decussation was demonstrated by the absence of the transverse
fibers at this level, as absence of a “focal red dot” on color-
coded FA-maps (Fig 4A, B), and was also visualized by FT (Fig
4C). For reasons of comparison, FT with multiple crossing
tracts is displayed in a healthy subject (Fig 4D). The results are
summarized in Table 2.

Discussion
JS is an autosomal-recessive inherited complex malformation of
the hindbrain. Well-known features include the hypoplasia or
aplasia of the cerebellar vermis and the MTS. Previous neuro-
pathologic findings also showed an almost complete absence of
pyramidal decussation.'”'® Furthermore, Yachnis and Rorke'®
found only a rudimentary decussation of the superior cerebellar
peduncles, which was not described by Friede and Boltshauser.'”
With conventional MR images, Sener** found an abnormal
signal intensity in the decussation of the superior cerebellar
peduncles in 1 patient with JS. In a study by Parisi et al,** a
functional MR imaging study demonstrated that 1 patient
with JS showed a striking bilateral activation of the sensorimo-
tor and cerebellar cortex, in contrast to the typical highly lat-
eralized activation seen in control subjects. This abnormal ac-
tivation pattern suggested altered functional organization in
the brain related to anatomic differences such as abnormal
decussation of the corticospinal tracts. DTI and fiber tractog-
raphy are new methods that can demonstrate the orientation
of fiber pathway. Using DTI and tractography in 3 patients
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Fig 4. Color-coded FA-maps of the decussation of the pyra-
midal tracts. A, In a healthy subject, the transverse orienta-
tion of the decussating fibers of the pyramidal tracts can be
identified as a “red dot” within the caudal medulla (arrows).
B, In JS, the “red dot” is missing, indicating that the pyra-
midal tracts do not cross within the caudal medulla. C, Fiber
tractography displays the course of the pyramidal tracts (blue
encoded) in a coronal projection. No crossing fibers could be
identified, and the pyramidal tracts show a parallel course
within the caudal medulla. A group of the noncrossing fibers
within the superior cerebellar peduncles are also displayed
on the left side (green encoded). An anatomic axial section is
projected within the display for orientation purposes. D, In a
healthy subject, fiber tractography displays the normal course
of the pyramidal tracts (blue encoded) in a coronal projection.
A partially red-encoded pyramidal decussation is seen at the
level of the caudal medulla (/arge arrows). The red-encoded
decussation of the superior cerebellar peduncles is seen at
the level of the mesencephalon (arrowheads). In addition,
multiple red-encoded crossing fibers are seen at the level of
the pons (small arrows).

Table 2: Structural MR and diffusion tensor imaging findings in six patients with Joubert syndrome

Superior Cerebellar Peduncles

Location of the Deep Pyramidal Tract

Patient Vermis MTS Decussation Configuration Cerebellar Nuclei Decussation
1 <1/3* + - Horizontal Lateralized —
2 <1/3* + — Horizontal Lateralized —
3 <1/3* + — Horizontal Lateralized -
4 <1/3* + - Horizontal Lateralized —
5 <2/3t + — Horizontal Quest, lateralized —
6 <1/3* + — Horizontal Lateralized -

Note:—+ indicates present; —, absent; MTS, molar tooth sign; quest., questionably.
* Cerebellar vermis present only as far as the fissura prima.
T Cerebellar vermis present only as far as the fissura secunda.

with JS, Lee et al** showed thickened superior cerebellar pe-
duncles. Also, by using DTT and tractography in 2 patients
with JS, Widjaja et al'® found horizontally oriented superior
cerebellar peduncles that failed to decussate and laterally lo-
cated deep cerebellar nuclei.

In our study, we confirmed and extended these findings by
studying 6 patients with JS. DTT and tractography showed the
absence of decussation of the superior cerebellar peduncles and
the more lateral localization of the deep cerebellar nuclei. In ad-
dition, we could confirm the neuropathologic findings of the ab-
sence of the decussation of the corticospinal tract. To our knowl-
edge, that has not previously been shown by neuroimaging
methods.

The findings of Parisi et al** suggested at least some degree
of decussation of the superior cerebellar peduncles and of the
corticospinal tract. The findings of Widjaja et al,'* as well as of
our results, showed a complete absence of decussation of these
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pathways. We believe that this difference can be ascribed to the
well-known heterogeneity of JS.

In addition, we correlated these findings with mutation anal-
ysis. Ferland et al” found that AHI1 mRNA is mainly expressed in
the neurons, which give rise to axonal tracts that fail to decussate
at the midline in JS, such as the neurons of the cerebellar dentate
nucleus that send axons across the midline, forming the superior
cerebellar peduncles, and also in the neurons of the deep-layer V
cerebral cortical neurons, which give rise to the corticospinal tract
that decussates in the medullary pyramids.

They concluded that AHI1 may be a crucial cell-autono-
mous modulator of axonal decussation.” Remarkably, we
found absence of decussation of the superior cerebellar pe-
duncles and pyramidal tracts not only in 1 patient with AHI1
mutation, but also in the 5 patients without AHI1 mutation (2
patients with CEP290 mutation, 1 with linkage to the locus on
chromosome 9, and 2 other patients in whom the mutation is



not yet known). This observation suggests that the identical
neuroimaging findings represent a “final morphologic path-
way” for the various genetic JS mutations (ie, the normal ax-
onal decussation not only requires normal AHI1 gene func-
tion but also depends on the integrity of other genes).

Failure of decussation of the superior cerebellar peduncles
and corticospinal tract is not specific to JS. In the autosomal-
recessive syndrome of horizontal gaze palsy and progressive
scoliosis (HGPPS), Jen et al*> found the absence of the de-
cussation of the corticospinal tract by using evoked potentials.
Using DTI, Sicotte et al*® confirmed these results and also
showed the absence of the decussation of the superior cerebel-
lar peduncles. However, HGPPS is not associated with the
MTS but may show alongitudinal cleft of the brain stem. From
a clinical standpoint, the 2 syndromes are completely differ-
ent: the patients with HGPPS do not demonstrate the severe
ataxia and apraxia typical of JS, and their major disability
arises from progressive scoliosis. From a genetic standpoint,
the 2 syndromes are also different because ROBO3, the gene
responsible for HGPPS, is located on chromosome 11q23-25.

We are aware that our study had limitations. The number of
patients seemed small, but, with an estimated prevalence of
1:100,000, recruiting of patients with JS capable of cooperating
sufficiently was very difficult. However, the patients were not suf-
ficiently cooperative to perform functional MR imaging or trans-
cranial magnetic stimulation. Because almost all patients survive
well into adulthood, confirmation of pathologic findings is not
possible. Finally, the question should be raised if the current res-
olution of DTI and FT is good enough to differentiate between
complete absence versus a significantly decreased volume of de-
creased commissural fibers in patients with more severe or milder
forms of JS. In addition, the current resolution of DTI and the
limited knowledge about aberrant, or so-called compensatory,
fiber tracts in JS represented additional limitations that could be
solved by future ultrahigh-resolution DTT sequences.

Conclusion

In 6 patients with JS, we found, independent of the genetic
background, the absence of decussation of the superior cere-
bellar peduncles and of the corticospinal tract. Furthermore,
in all patients, the superior cerebellar peduncles were oriented
horizontally, and in 5 patients, the deep cerebellar nuclei were
located more laterally.
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