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Abstract

Objectives To describe the spectrum of brainstem malformations associated to mutations in the tubulin genes taking advantage of
magnetic resonance imaging (MRI) and diffusion tensor imaging (DTTI).

Methods Fifteen patients (six males; median age, 1.25 years; range, 1 month to 31 years) with mutations in the tubulin genes
(TUBAIA =8, TUBB2B =4, TUBB3 = 3) studied with MRI and DTI were included in the study. Brain MR exams were reviewed
to describe the malformative aspects of the brainstem. Malformations of the supratentorial brain and cerebellum were also
recorded. Tractography was performed in seven selected cases.

Results Fourteen patients (93%) showed complex malformations of the brainstem. Most common findings, apparent on anatom-
ical MR sequences, were brainstem asymmetry (12 cases, 5 of which with a crossed pattern characterised by a hypertrophic right
medulla oblongata and hypertrophic left pons), short and small pons on midline (10 cases) and anterior brainstem clefting (6
cases). DTI revealed abnormal transverse pontine fibres (13 cases), fusion of corticospinal tracts and medial lemnisci (9 cases)
and a small decussation of the superior cerebellar peduncles (7 cases).

Conclusions Conventional/anatomical MRI and DTI reveal a complex pattern of brainstem malformations associated with
tubulin genes mutations.

Key Points

* Brainstem malformations affect 93% patients with mutated tubulin genes

* MRI shows homolateral and crossed brainstem asymmetries, clefis and pons hypoplasia

» DTI demonstrates irregular representation of transverse pontine fibres and fusion of corticospinal tracts
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Abbreviations

CST Cortico-spinal tract

DEC Directionally encoded colour

DMID  Diencephalic-mesencephalic junction dysplasia
DTI Diffusion tensor imaging

FA Fractional anisotropy

HARDI High angular resolution diffusion imaging
HGPPS Horizontal gaze palsy and progressive scoliosis
MD Mean diffusivity

PTCD  Pontine tegmental cap dysplasia
TPF Transverse pontine fibres
Introduction

Tubulinopathies encompass a wide and emerging spectrum of
brain malformations caused by mutations in the tubulin genes
[1]. Tubulin genes encode different isotypes of proteins (-, 3-
and y-tubulin) that represent the major constituents of microtu-
bules [2, 3] and are highly expressed during brain development,
being involved in several fundamental processes like neuronal
migration, cortical laminar organisation and neuronal guidance
of the radial glia [4—7]. Mutations in tubulin genes (TUBAIA,
TUBAS, TUBB2A, TUBB2B, TUBB3, TUBB,TUBG) can alter
the normal function and structure of microtubules, leading to
complex congenital and non-progressive disorders of brain de-
velopment characterised by severe brain malformations [2, &,
9]. Only mutations in TUBB4A can result in a rare progressive
form of leukodystrophy with hypomyelination, and atrophy of
the basal ganglia and cerebellum [10, 11].

The neuroimaging features of tubulinopathies include com-
missural anomalies, basal ganglia and thalami dysmorphisms,
malformations of cortical development (lissencephaly,
pachygyria, schizencephaly, polymicrogyria and others),
brainstem anomalies [8, 9, 12] and cerebellar cortical dyspla-
sia [13, 14].

Supratentorial and cerebellar malformations have been ex-
tensively described with conventional/anatomical magnetic res-
onance imaging (MRI), but brainstem abnormalities have not
been extensively investigated. The occurrence of brainstem hy-
poplasia or asymmetry has been reported with different fre-
quencies (31-80%) [2, 8, 13]; however, without further mor-
phological characterisation. Similarly, advanced MRI, in partic-
ular diffusion tensor imaging (DTT), has been used to elucidate
the pattern of the supratentorial anomalies [5, 15, 16], but it has
not yet been used to study the infratentorial anomalies in detail.

As demonstrated in many other brainstem malformations
(e.g. Joubert syndrome, horizontal gaze palsy with progres-
sive scoliosis, pontine tegmental cap dysplasia, diencephalic—
mesencephalic junction dysplasia) [17-27], DTI may render
valuable structural and architectural information about the
normal and abnormal course and organisation of white matter
tracts within the brainstem.

The aim of our study was to extend and fully characterise
the spectrum of brainstem malformations by conventional/
anatomical MRI and to investigate the morphology of white
matter tracts within the brainstem by DTI in a cohort of chil-
dren with confirmed tubulinopathies.

Materials and methods

Patients with a proven mutation in genes of the tubulin family

were selected from the MRI database of E. Medea Research

Institute and from the institutional collections of the other

authors (T.H, E.V, E.B). The Ethics Committee of E. Medea

Research Institute approved this study and written informed

consent for MRI was obtained from all participating families.
The inclusion criteria were:

—  Proven mutation on peripheral blood cells in a gene of the
tubulin family

— Brain MR examination including morphological se-
quences (T1 and/or T2-weighted) in at least two orthog-
onal planes, including axial sections

—  DTI sequence with at least 32 directions acquired with b
values of at least 700 s/mm’

The settings of MR sequences (both anatomical and DTT)
were not homogeneous among the 15 patients that fulfilled the
inclusion criteria. All patients except one were studied at 3 T.
For the seven patients acquired at E. Medea Research Institute,
the protocol included a three-dimensional T1-weighted
MPRAGE sequence (voxel size, 1 x 1 x 1 mm’), two T2-
weighted turbo spin echo sequences in orthogonal planes (vox-
el size, 0.4 x 0.4 x 3 mm3), one T2-weighted fast spin echo
sequence (voxel size, 1.5 % 1.5 x 1.5 mm?) and a two-shell DTI
sequence with 4 b0 volumes, 8 directions at b = 300 s/mmz, 32
directions at b = 1,100 s/mm?> (voxel size, 2 X 2 x 2 mm3).

The remaining eight subjects were acquired in four differ-
ent centres. For all of them the acquisition protocol included a
T1-weighted sequence (voxel size ranging from 0.35 x 0.35 X
3mm’ to 1 x 1 x I mm®) and a DTI sequence with up to 4 b0
and 32-40 directions acquired at 5 = 700 s/ mm? or b = 1,000
s/mm? according to the patient age (in-plane resolution ranged
from 0.7 x 0.7 to 2 x 2 mm? and the slice thickness ranged
from 2 to 3 mm). T2-weighted sequences were also acquired
with different parameters (in-plane resolution ranging from
0.4 x 0.4 mm? to 0.57 x 0.57 mm? and slice thickness ranging
from 2.5 mm to 3.3 mm).

DTI data were processed with TORTOISE software [28] in
order to obtain mean diffusivity (MD), fractional anisotropy
(FA) [29] and directionally encoded colour (DEC) [30] maps.
Raw data were corrected for motion and distortion artefacts (e.g.
eddy current, By susceptibility, echo-planar imaging distortion)
using a structural image as reference [31]. Subsequently, data
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were visually inspected for detection of remaining artefacts and
to discard corrupted volumes. Finally, the DTI tensor was com-
puted using a non-linear least square estimator [32] and the final
parametric maps were derived.

Both conventional MR images and DTI maps were system-
atically reviewed by two authors (F.A and A.P) with more than
10 years of experience in paediatric neuroradiology each.
Anatomical malformations seen on conventional MRI and
structural alterations of white matter tracts on matching DTI
maps were reported in consensus. In particular, asymmetries
were assessed comparing the two sides of each brainstem sec-
tion on multiple contiguous slices (T1 and/or T2-weighted im-
ages). No volumetric analysis of the brainstem was performed.

Tractography with TrackVis [33] was performed using the
FACT algorithm (FA threshold was automatically selected by
the software; angle threshold was 35°) in seven selected cases
to better visualise the (re-)organisation of the white matter
tracts in the brainstem.

Because of the wide distribution of patients’ age, the small
number of subjects and the heterogeneous DTI protocols, we
did not perform statistical analysis of DTI derived parameters
(FA, MD, etc.).

Genetic analysis of the mutated patients has been performed
at E. Medea Research Institute by using a customised targeted
resequencing NGS panel containing a specific set of genes
(149) involved in malformations of cortical development and
in other cerebral and cerebellar malformations (the list of genes
is available upon request). The gene panel was designed using
the Sure Design tool from Agilent (Agilent Technologies).
NGS was performed using the MiSeq and NextSeq550 instru-
ments ([llumina) using a SureSelect target enrichment system
capture Process kit (Agilent Technologies). Variant calling and
filtering have been performed with ANNOVAR [34] selecting
for exonic and splice site variants with MAF >1%, leading to
missense, nonsense or frameshift consequences. Damaging ef-
fects were predicted based on five prediction tools: Phastcons,
PhyloP, SIFT, GERP and Polyphen. Human Splicing Finder v.
3.0 (HSF3.0) and ESEfinder v. 3.0 (ESE3.0) were used for in
silico analysis. Variants detected were validated by Sanger se-
quencing. Mutation nomenclature is according to the recom-
mendations of the Human Genome Variation Society and refers
to the published TUBAIA, TUBB2B and TUBB3 cDNA se-
quences (Acc. NM _006009.3, NM_178012.4 and
NM_006086.3 respectively) with nucleotide +1 corresponding
to the A of the ATG translation initiation codon.

Results
Population

Fifteen patients (male/female ratio, 6:9; mean age, 4.7 + 8.2
years; median age, 1.25 years; range, 1 month to 31 years)
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with mutations in the tubulin genes were selected: eight sub-
jects carried mutations in TUBAIA gene, four in TUBB2B
gene and three in TUBB3 gene. The genetic study on patients’
parents showed that all variants occurred de novo. Main clin-
ical data are summarised in Table 1. All patients showed de-
velopmental delay and motor impairment signs. Present or
past history of epileptic seizures was documented in six cases,
four of which had associated malformations of cortical devel-
opment. Disturbances of ocular movements (strabismus and/
or nystagmus) affected eight patients.

MRI findings

In 14/15 cases (93%) the brainstem showed malformative fea-
tures on T1- and T2-weighted sequences (Fig. 1).

Twelve patients had a moderate to marked brainstem asym-
metry that in two cases involved only the pons and in ten
involved more than one segment including pons + medulla
oblongata (hereafter “medulla”) and/or mesencephalon. In
five of twelve cases, the asymmetry was crossed between
medulla and pons (i.e. hypertrophic right medulla and hyper-
trophic left pons). Five patients with asymmetry and one with
no asymmetry had an anterior brainstem cleft. On midsagittal
planes, the pons appeared short and small in ten cases. In one
of ten, a small posterior pontine cap was observed (Fig. 2).
The middle cerebellar peduncles appeared short in five chil-
dren and asymmetric in two.

The ponto-mesencephalic junction was thin in four chil-
dren and thick in one child, while the mesencephalon ap-
peared thick in one child and clearly asymmetric in three other
children. A thickened tectum was observed in two cases.

Vermis hypoplasia or rotation could be detected in ten cases
and cerebellar dysplasia (i.e. folia malorientation) was present
in nine cases (Table 2).

All patients had malformations of the supratentorial brain
that involved the corpus callosum, anterior commissure, basal
ganglia and thalami. Malformations of cortical development,
including polymicrogyria and schizencephaly, were detected
in eight children (Table ESM1).

DTI findings

The inspection of the FA and DEC maps revealed valu-
able information about the structure and organisation of
the main white matter tracts within the malformed
brainstems (Table 3).

The inferior cerebellar peduncles could easily be detected
in eight patients while in seven children their integrity could
not be assessed due to limited resolution. The middle cerebel-
lar peduncles were short or asymmetric in seven children and
had an abnormal orientation (purple/white colour on DEC
maps) in eight cases. The superior cerebellar peduncles ap-
peared normal in all children; however, their decussation
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Fig. 1 Brainstem appearance on sagittal sections. Midline T1-weighted
sections show the heterogeneity of midbrain-hindbrain dysmorphisms in
patients with mutations in TUBAIA (a), TUBB2B (b) and TUBB3 (c)
genes. Pons hypoplasia (arrows), irregular ponto-mesencephalic

(usually visible as a red spot on DEC maps in the mesenceph-
alon) appeared reduced in seven cases. The transverse pontine
fibres (TPF) had an abnormal presentation in 13 of 15 sub-
jects. The dorsal component of TPF was markedly reduced or
absent in 12, while the anterior component was reduced in
only one child. A thickened anterior component was detected
in five children (Fig. 3).

The corticospinal tracts (CSTs) and the medial lemnisci
appeared to be fused on axial DEC maps at the pontine
level in nine children and reduced or asymmetric in four
children. Asymmetry or hypoplasia and abnormal signal
intensity of the CSTs at the level cerebral peduncles was
evident in ten children (Fig. 3).

@ Springer

junction (arrowheads) and vermis hypoplasia (stars) could be noted in
several patients. Corpus callosum malformation are also evident in all
patients

Tractography performed on the CSTs and TPF showed
several combinations of tract asymmetries, thinning and thick-
ening, confirming the abnormalities detected on the DEC
maps (Fig. 4).

Discussion

Conventional/anatomical MRI and advanced/architectural
DTI demonstrated a complex pattern of brainstem
malformations in patients with mutations in TUBAIA,
TUBB2B and TUBB3 genes. The malformed shape of the
brainstem corresponded to an altered organisation and
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Fig. 2 Patterns of brainstem asymmetry. Axial T2-weighted sections of
the brainstem, from the medulla to the mesencephalon, of five patients
with different patterns of brainstem asymmetry are shown in each row.
Sagittal T1 and T2-weighted sections are shown in the last column of
each row. Patient A has an ipsilateral asymmetry with an enlargement of
the right portion of medulla, pons and right cerebral peduncle (arrows in

representation of brainstem white matter tracts (mainly CSTs
and TPF) as shown by DTI.

The most frequent finding was an asymmetry (between
the right and left side) of one or more segments of the
brainstem (medulla, pons and mesencephalon), with either
a consistently homolateral or crossed pattern. With
“crossed pattern” abnormality we intend an abnormality
that presents on one side at certain anatomical levels of
the brainstem and then appears on the contralateral side
at a different level (e.g. enlarged right medulla and left
pons, or vice versa). With “homolateral pattern” we de-
fined those cases where the hypertrophic (or hypotrophic)
side of the brainstem is the same at different levels (e.g.
enlarged right medulla and pons).

Cerebral asymmetries have been described in cerebral
hemispheres—Ilike in hemimegalenchephaly/dysplastic
megalencephaly [35, 36]—or in the cerebellum as result of
altered neuronal proliferation [due to mutations affecting the
mammalian target of rapamycin (mTOR) pathway] [35].
Similar asymmetries have never been reported in the

a). Patients B and C carry mutations on different genes (TUBB3 and
TUBAIA respectively) but share the same pattern of crossed brainstem
asymmetry (right medulla > left medulla; right pons < left pons) (arrows
in b and ¢) and an anterior midline cleft (arrowheads in b and ¢). Patient
D shows an isolated pontine asymmetry (arrow in d), while patient E has
no asymmetry

brainstem except for recent descriptions of tubulin-related
malformations [12].

In our cohort, asymmetries between the two sides of the
brainstem appeared related to asymmetries in the thickness of
major white matter tracts (Table 3) more than to the presence
of abnormal, ectopic tissue since no focal signal alterations
were detected on T1- and T2-weighted images and MD maps.
Histology or ultra-high resolution DTI may help to better
characterise this finding.

In this series, brainstem clefts were quite frequent (40%),
usually involving one or two segments of the brainstem (me-
dulla and pons) while sparing the mesencephalon. The pres-
ence of an anterior cleft in the brainstem is a rare condition,
documented in few syndromes like horizontal gaze palsy and
progressive scoliosis (HGPPS) [20, 37] or diencephalic-
mesencephalic junction dysplasia (DMJD) [21, 38, 39].
Intriguingly, HGPPS is due to mutations in ROBO3, a gene
involved in mechanisms of axonal guidance similar to the
tubulin genes [40, 41]. Even if the genetic mechanisms re-
sponsible for DMJD have not been identified, previous data

@ Springer
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=) Ep E & gi é,«“:j 2 E 3 tients by Oegema et al. [13], while in our cohort
é’ 22|z g £ = _f g £ /C\ % brainstem clefts were detected in 40% of patients. A large
S g % 2 %‘g* § - é— 2 tectum was described in 6/18 patients by Mutch et al.
: ~ -'-'é [12], while we found it only in two cases.
= § & The other features we reported (e.g. crossed pattern of
el & = = bt = asymmetries, abnormal size of MCP or DTI abnormalities)
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Fig. 3 DEC maps of the malformed brainstems. The DEC maps of five
patients (b-e) with different patterns of brainstem malformation are
compared to the maps obtained from the DTI template of typically
developing 4-year-old subjects from the NIH study of normal brain
development (a) [46, 47]. Lemnisci and CSTs can be enlarged/fused
(arrows in b, ¢ and d) or partially fused (arrows in b). Patients B, C

were not previously described and represent novel findings.
Given the small number of patients per mutated gene, we
did not perform a statistical genotype-phenotype correla-
tion. However, when we looked at the frequencies of
malformations in the three genes (Table 4), we noticed
some interesting elements that need further confirmation
on larger samples. In all mutated genes brainstem

and D show a thinning of anterior TPF and a complete deletion of
posterior TPF. In patient E, only an anterior thick component of TPF is
present, whereas in patient F, the anterior component is nearly absent
while the posterior is preserved (arrows in f). Asymmetry of middle
cerebellar peduncles can be found (arrowhead in ¢)

abnormalities were detected. In TUBB2B patients we did
not find clefts and the frequency of SCP decussation thin-
ning and fusion of CST with lemnisci was relatively low.
The pattern of malformations was more similar between
TUBAIA and TUBB3 patients, except for abnormal MCP
size that was particularly present in patients carrying mu-
tations in TUBAIA gene.
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Homolateral
asymmetry

Fig. 4 Tractography of CST and TPF. Brainstem tractography of four
malformed patients (b-e) is compared to normal tracts reconstructed
from a template of normal subjects (a). Patients B and C (b and ¢ in
Fig. 3 as well) show a thinning of anterior TPF on the enlarged side of
the pons, with CSTs that are close to the anterior bound of the brainstem.

Given the established role of tubulin genes in axonal guid-
ance [4], we hypothesise that the altered representation of
white matter tracts in our patients may be caused by an im-
pairment of these mechanisms during embryogenesis and
brain development. The constant presence of disorganised
white matter tracts suggests that disruption of axon growth
and guidance, in addition to defects in neuronal migration,
represents the peculiar features of tubulin-related disorders
and lead us to define tubulin related conditions as a primary
axonal guidance disorder [2].

Among the limitations of this study, we did not provide
quantitative measures of brainstem asymmetries because of
the lack of reference standard measures for brainstem seg-
ments during childhood. However, asymmetries were careful-
ly identified by experienced paediatric neuroradiologists using

Crossed
asymmetry

d 1\"“\

o

‘ A ‘ HQM”/A/

«la

Mild
crossed
asymmetry

homolateral
asymmetry

Patient D (e in Fig. 3) has a thick anterior TPF component, while the
posterior one is not properly reconstructed by the algorithm (arrow in d).
Patient E (f in Fig. 3) shows only the posterior component of TPE. CST
are unilaterally thinned in ¢ and d, while middle cerebellar peduncles are
thinned in all cases

different image weightings and planes. To be confirmed, the
asymmetry should be present on three or more contiguous
slices on the axial planes.

Given the retrospective nature of this study, we only had
heterogeneous DTI protocols with maximum b values of
1,100 s/mm? and no more than 32 directions. The limitations
of DTI in resolving crossing fibres and the resolution used in
these acquisitions did not allow us to go into further details in
the characterisation of brainstem tracts. Different approaches,
like HARDI techniques, may contribute to unravel the com-
plexity of white matter reorganisation in these patients.

In conclusion, our study expands the spectrum of
malformations associated with tubulin genes mutations, re-
vealing complex patterns of morphological and intrinsic white
matter tracts anomalies at the level of the brainstem.

Table 4 Frequency of most

relevant malformations per Finding TUBAIA (8) TUBB2B (4) TUBB3 (3) All patients (15)
mutated gene
Brainstem asymmetry 75% (6) 100% (4) 67% (2) 80% (12)
Brainstem cleft 50% (4) 0% (0) 67% (2) 40% (6)
Pons hypoplasia on sagittal section 75% (6) 50% (2) 67% (2) 67% (10)
Abnormal size of MCP 63% (5) 25% (1) 33% (1) 47% (7)
Small SCP decussation 50% (4) 25% (1) 67% (2) 47% (7)
Abnormal PTF 75% (6) 100% (4) 100% (3) 87% (13)
Fused CST/lemnisci 63% (5) 25% (1) 100% (3) 60% (9)

The number of affected patients is reported in brackets
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