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Gluten ataxia is a rare immune-mediated neurological disorder caused by the ingestion of
gluten. The diagnosis is not straightforward as antibodies are present in only up to 38%
of patients, but often at lower titers. The symptoms of ataxia may be mild at the onset
but lead to permanent damage if remain untreated. It is characterized by damage to the
cerebellum however, the pathophysiology of the disease is not clearly understood. The
present study investigated the neurochemical profile of vermis and right cerebellum and
structural changes in various brain regions of patients with gluten ataxia (n = 6, age range
40-65 years) and compared it with healthy controls (n = 10, 40-55 years). Volumetric 3-D
T1 and T1-weighted magnetic resonance imaging (MRI) in the three planes (axial, coronal,
and sagittal) of the whole brain and single-voxel 'H- magnetic resonance spectroscopy
(MRS) of the vermis and right cerebellum were acquired on 3T human MR scanner. The
metabolite concentrations were estimated using LC Model (6.1-4A) while brain volumes
were estimated using the online tool volBrain pipeline and CERES and corrected for
partial volumes. The levels of neuro-metabolites (N-acetyl aspartate + N-acetyl aspartate
glutamate, glycerophosphocholine + phosphocholine, and total creatine) were found to
be significantly lower in vermis, while N-acetyl aspartate 4+ N-acetyl aspartate glutamate
and glycerophosphocholine + phosphocholine was lower in cerebellum regions in the
patients with gluten ataxia compared to healthy controls. A significant reduction in the
white matter of (total brain, cerebellum, and cerebrum); reduction in the volumes of
cerebellum lobe (X) and thalamus while lateral ventricles were increased in the patients
with gluten ataxia compared to healthy controls. The reduced neuronal metabolites along
with structural changes in the brain suggested neuronal degeneration in the patients with
gluten ataxia. Our preliminary findings may be useful in understanding the gluten-induced
cerebral damage and indicated that MRI and MRS may serve as a non-invasive useful
tool in the early diagnosis, thereby enabling better management of these patients.

Keywords: gluten ataxia, cerebellar abnormalities, MR spectroscopy, magnetic resonance imaging, celiac disease,
cerebellum, cerebrum
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FIGURE 3 | (A) T1-weighted images of a healthy control (female, 44 years old) in axial, coronal, and sagittal plane. (B) Representative LC Model fitted 'H-magnetic
resonance spectroscopy spectrum obtained from the vermis of the same healthy control from the voxel highlighted in (A). (C) T1-weighted image of a patient with
gluten ataxia (female, 50 years old) in axial, coronal and sagittal plane. (D) Representative LC Model fitted 'H-magnetic resonance spectroscopy spectrum acquired
from the vermis of the same patient with gluten ataxia from the voxel highlighted in (C).

celiac disease having indications of worsened mental health and
cognitive deficit, compared to the healthy controls.

The significantly reduced volume of white matter in our
study might be due to the damage caused by inflammatory
response by gluten-sensitive antibodies. It has been reported that
the etiology of neurological manifestation of gluten sensitivity
has an immunological manifestation (Hernandez-Lahoz et al.,
2011). The patients with gluten ataxia have been shown
to have positive oligoclonal bands on examination of CSF.
Furthermore, the pathological data suggested an inflammatory
pathogenesis with evidence of perivascular inflammation with
predilection of brainstem, cerebellum and peripheral nerves
(Hadjivassiliou and Croall, 2021). Patients with GA have evidence
of IgA deposits against tissue transglutaminase on vessels within
cerebellum and brainstem. Transglutaminase leads to vascular
based inflammation that may results in breakdown of blood brain
barrier thus allowing the entry of gluten-sensitive antibodies
in brain (Hadjivassiliou et al., 2006), the same antibodies can
cross-react with Purkinje cells in the cerebellum causing their
irreversible depletion (Hadjivassiliou et al., 2016).

Another interesting observation of our study was significantly
reduced volume of lobule X of the cerebellum in the patients
with GA compared to HC. The lobule X is also known as
flocculonodular lobe and it plays an important role in regulating
and orienting the eye movement through vestibulo-ocular reflex

(Stoodley and Schmahmann, 2009; Stoodley et al., 2012). It also
affects the body equilibrium during stance and gait along with
lobule IX (Han et al,, 2018). Thus, any change in the volume of
lobule X may directly affect movement of eyes which is usually
seen in ataxias (nystagmus). This finding is in agreement with
the Hadjivassiliou et al. (2019) wherein they have also identified
neurological deficit in terms of reduced volume of cerebellum
and its IX and X lobes in the patients with celiac disease and
positive for TG6 autoantibodies (Hadjivassiliou et al., 2019).

In the present study, we also observed significantly reduced
volume of the thalamus in the patients with GA patients
compared to healthy controls. The thalamus plays an important
role in motor control and acts as a relay center between the
cerebellum and the motor cortex (Sommer, 2003). The volume
loss in the thalamic subnuclei has also been reported in patients
with SCA type 7 (Magon et al.,, 2020). The patients with CeD
with TG6 autoantibodies also showed a reduced volume of
the thalamus which is in agreement with our findings. The
significant reduction in the volume of the thalamus in GA might
be attributed to loss or impairment of TG6+ neurons, potentially
affecting GABA-ergic inhibitory pathways, which is supported by
brain hyperexcitability reported in the patients with celiac disease
(Sarrigiannis et al., 2014).

Our results also showed significantly reduced white matter
of cerebrum in the patients with GA in comparison to healthy
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FIGURE 4 | (A) T1-weighted images of a healthy control (female, 44 years old) in axial, coronal and sagittal plane. (B) Representative LC Model fitted 'H-magnetic
resonance spectroscopy spectrum obtained from the right cerebellum region from the same healthy control from the voxel highlighted in (A). (C) T1-weighted image
of patient with gluten ataxia (female, 50 years old) in axial, coronal and sagittal plane. (D) Representative LC Model fitted 'H-magnetic resonance spectroscopy
spectrum acquired from the right cerebellum region of the same patient with gluten ataxia from the voxel highlighted in (C).

TABLE 4 | Comparison of the concentrations of neurochemicals (corrected for CSF) and their weighted measures in the vermis and right cerebellum of patients with
Gluten Ataxia (GA) (n = 6) and Healthy Controls (HC) (n = 10).

Neurochemicals Vermis p-value Right Cerebellum p-value

GA HC GA HC

Concentrations [nM/Kg, (Mean + SD)]

tNAA 5.15+1.25 711+ 0.81 0.008 5.75 + 0.95 7.04 +£0.67 0.02
tCho 1.88 +£0.46 229+ 0.19 0.05 1.97 £ 0.41 1.91 £0.13 0.73
tCr 7.53 +2.58 8.91+0.95 0.22 7.12+1.86 7.22 +£1.62 0.91
Glx 11.73 +1.37 11.61 +2.08 0.91 10.56 + 2.04 10.68 £1.77 0.98
ml 6.97 +2.19 6.74 £ 0.91 0.80 6.79 + 2.59 5.87 + 0.69 0.38
Weighted measures (Mean + SD)

tNAA 2.14 £ 0.91 317 £0.37 0.02 2.50 + 0.89 3.30 +0.33 0.05
tCho 0.75+0.24 0.96 + 0.05 0.03 0.83 + 0.07 0.91 £0.05 0.05
tCr 2.99 +1.18 4.15 +0.42 0.03 3.02 + 1.09 3.34 +0.53 0.52
Glx 472 +1.51 5.62 + 1.04 0.25 3.60 +2.49 4.85+0.78 0.23
mi 2.65 + 0.52 3.03 + 0.26 0.12 2.74 + 0.63 2.74 +£0.27 0.98

tNAA, total NAA (N-acetyl aspartate+ N-acetyl aspartate glutamate); ml, myoinositol; tCho, total choline (glycerophosphocholine+phosphocholine); tCr, total creatine
(creatine+phosphocreatine); Glx, glutamate+glutamine. Bold values indicate significant p value.

controls. This is the first report showing the atrophy of the  cerebellar ataxia and showed no atrophy of cerebellum on MRI
cerebrum in GA patients. It has been reported that 40% of the  (Biirk et al., 2001). The role of the cerebrum is to initiate and
patients with GA have sensory (cerebrum) ataxia rather than  coordinate movement, thus, any change in the volume of the
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TABLE 5 | The proportions (mean =+ SD) of gray matter P(GM), white matter
P(WM), and cerebrospinal fluid in P(CSF) in the voxel placed during MRS in the
vermis and right cerebellum of patients with gluten ataxia (GA) and healthy
controls (HC).

The Vermis Right cerebellum

proportions

of tissue

sub-type
GA HC p value GA HC p value

P(GM) 042+ 062+0.09 0.10 039+ 042+ 0.76
0.29 0.27 0.04

PWM) 038+ 0.26+0.06 0.20 0.46 + 0.58 + 0.41
0.24 0.18 0.06

P(CSF) 020+ 0.13+0.06 0.30 015+ 0.05+ 0.10
0.18 0.13 0.08

cerebrum can directly affect the senses and movement. Thus, it
remains to be elucidated whether any change in volume of the
cerebrum in GA patient is contributing to difficulty in movement.
The cerebrum is also thought to regulate the sensory function
of the body and is also responsible for memory, speech and
emotional response (Abhang et al., 2016). Atrophy in this region
may be asymptomatic and could cause memory loss or gait
abnormalities (Deutsch and Deangelis, 2014). Thus, the results
of the present study depicted significant changes in the volume of
the white matter of the cerebrum as well as of the cerebellum in
the GA patients. Due to the low sample size in the present study,
it further needs to be validated whether GA is pure cerebellar or
sensory in nature.

Further, our results showed a significant increase in the
volume of lateral ventricles in the patients with GA in
comparison to healthy controls. Lateral ventricles are a “C”
shaped cavity located one on each side of the cerebral hemisphere.
Continuous enlargement in the lateral ventricles has been
observed due to cerebral involution through the lifespan (Dima
et al,, 2021), as the age increases, or due to cell death in the
adjacent brain structures (Gupta, 2017). Thus, enlargement of
ventricles in the patients with GA in our study might also be
indicative of gluten-mediated neurodegeneration.

Further, our MRS data revealed significant neurochemical
changes in the patients with GA supporting the
neurodegeneration in them compared to healthy controls.
Our data showed a significantly lower level of tNAA in the right
cerebellum as well as in the vermis of GA patients as compared
to HCs. NAA is a neuronal health marker (Wilkinson et al,,
2005), which is mainly confined to neuronal cell bodies and
axons. NAA has also been implicated to serve as an osmolyte
and also acts as a precursor for the synthesis of the myelin sheath
of oligodendrocytes by providing acetate (Machova et al., 2009).
Thus, a reduced level of tNAA in the cerebellum of GA patients
might be attributed to cell dysfunction as well as neuronal loss.
These findings are in agreement with an earlier MRS study on
GA patients, wherein they reported lower levels of NAA/Cr and
NAA/Cho in them in comparison to healthy controls (Wilkinson
et al., 2005). It has also been shown that a strict gluten-free diet

can lead to improvement in NAA/Cr ratio in patients with GA
(Hadjivassiliou et al., 2002).

Our results also indicated a significantly lower concentration
of membrane precursors GPC and PC in the vermis of GA
patients, which is consistent with another recent study on
ataxias of SCA1, 2, and 3 patients (Krahe et al., 2020). Choline
readily gets transferred through the blood-brain barrier through
three different types of choline transporters (CTLs). Expression
of these CTLs was seen to be increased at the time of
nerve regeneration suggesting the role of choline and CTLs in
proliferation and repair (Che et al., 2002). A decrease in the
concentration of these metabolites may be attributed to the
decreased membrane synthesis in the cerebellar region or it can
be due to the mutations in choline transporters (CTLs) (Che et al.,
2002).

We have also determined the weighted measures of the
metabolite concentrations for relative proportions of GM and
WM in the MRS voxel. The analysis improved the statistical
results. Accordingly, the weighted measures of tCr were found
to be lower in the vermis of GA patients as compared to
HC. Creatine (methyl guanidino-acetic acid) is an amino acid,
essential for the energy metabolism of cells and neurons (Adriano
et al., 2010). The function of creatine and its phosphorylated
form (phosphocreatine) is to move the ATP from the site of
synthesis (mitochondrion) to the sites where it is utilized. It
provides rapid energy to replenish the depleting energy reserves
(Beard and Braissant, 2010). Creatine also has antioxidant
properties which are beneficial in degenerative diseases (e. g.,
ataxia) through protection against energy depletion and oxidant
species (Curt et al., 2015). Our results showed that tCr was
significantly decreased in the vermis of GA patients which
may probably be related to the atrophy and may also indicate
that the neurons are susceptible to rapid energy depletion in
these patients.

We have also worked out a correlation between
neurochemicals in the cerebellum and vermis with the volumetric
changes in the brain of GA patients. Interestingly, we found a
significant correlation between the concentration of tNAA in
both vermis and cerebellum and tCho (vermis) with the volume
changes in the lobule X of the cerebellum. Thus, the present
study has provided a comprehensive structural characterization
of cerebral degeneration in patients with GA, which has been
also demonstrated by cerebral neurochemical abnormalities. The
lower levels of tNAA have suggested neurodegeneration while
lower tCho levels may probably be indicative of the impairment
of regeneration and repair activities in the GA patients.

To the best of our knowledge, this is the first MRI and
MRS-based study in the same cohort of GA patients in the
Indian population. In the present study, both MRI and MRS
confirmed the presence of cerebellar as well as cerebrum-
related volume loss and significantly altered concentrations
of different neurochemicals. The neurochemicals tNAA and
tCho may have the potential to serve as early indicators of
neuronal damage. Further, our findings suggested that knowledge
of voxel composition of GM, WM, and CSF may help in
avoiding partial volume variations in MRS, particularly in
neurodegenerative diseases (Mato Abad et al., 2014). Our study
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has a few limitations. One of the limitations of this study is
the low sample size. A similar study with a large number of
patients is still warranted that may provide a better insight
into the pathophysiology of GA, accurate and early diagnosis
and may also help in better clinical management. Further, our
study has examined the neurochemical abnormalities in the deep
white matter, which may reflect the downstream effects of the
cortical abnormalities.

CONCLUSIONS

The present study revealed the neurochemical profile of vermis
and right cerebellum and structural changes in various brain
regions of patients with GA compared with healthy controls.
The concentration of neurometabolites, tNAA, tCho and tCr
were significantly lower in vermis and concentration of tCho
was significantly reduced in the cerebellum regions in the
patients with gluten ataxia compared to healthy controls. The
patients with GA also had a significant reduction in the
white matter of various brain regions and they also showed
a significant reduction in the volume of lateral ventricles and
thalamus compared to healthy controls. Thus, the present
study has elucidated cerebral degeneration in patients with GA,
which has been also demonstrated by cerebral neurochemical
abnormalities. The neurochemicals (tNAA, tCho) and structural
changes may serve as an indicator of cerebral damage in
GA. Though our preliminary study has demonstrated several
significant observations related to the pathophysiology of GA in
the Indian population, however, study needs to be carried out in
a greater number of patients. Further, our study showed that the
weighted measures of the metabolite concentrations for relative
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