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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 1H- magnetic resonance spectroscopy (MRS) of the vermis and right cerebellum were acquired on 3 T 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 + 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.
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INTRODUCTION

Gluten sensitivity-related disorders have many immune-mediated clinical manifestations such as enteropathy, dermatopathology, and neurological abnormalities (Marsh, 1995). Gluten ataxia (GA) is the most typical neurological disorder with serological evidence of gluten sensitivity, i.e., the presence of anti-gliadin antibodies (AGA IgA and AGA IgG) (Hadjivassiliou et al., 2018). It accounts for up to 40% of the cases of idiopathic sporadic ataxia and 20 % of all ataxias, with the prevalence of <0.001 in the Asia-pacific region (Hadjivassiliou et al., 1998; Ashtari et al., 2019). A strict gluten-free diet provides an improvement in the symptoms of GA (Hadjivassiliou et al., 2017). GA is characterized by damage to the cerebellum due to the widespread deposition of transglutaminase antibodies around the brain vessels. The pathophysiology of neurodegeneration in GA is not clearly understood. However, it has been reported that gluten-mediated neurological pathogenesis may occur due to deposition of immune-complex, cross-reaction of antibodies, and direct neurotoxicity, leading to an inflammatory response in the nervous system (Zelnik et al., 2004; Bushara, 2005; Abenavoli, 2010; Parisi et al., 2015). It has been reported that the antibodies generated against gliadin make the gut leaky and also cross-react with Purkinje cells in the cerebellum causing their irreversible depletion (Hadjivassiliou et al., 2016). Lymphocytic infiltration of the dorsal columns and even peripheral nerves has also been documented (Fitzsimmons et al., 2010).

The diagnosis of GA is not straightforward as antibodies are present in only up to 38% of the GA patients. In the rest of the patients, low titers (undetectable levels) make the diagnosis difficult (Benson et al., 2013). Furthermore, it has also been reported that gluten sensitivity can also be manifested without enteropathy (Aziz et al., 2012), rendering the diagnosis of such GA patients difficult. The symptoms of GA include gait ataxia, dysarthria, upper limb/lower limb ataxia, and ocular signs (Hernandez-Castillo et al., 2016). However, the onset of GA is usually not apparent, but it can rapidly progress, mimicking paraneoplastic cerebellar degeneration (Zis and Hadjivassiliou, 2019). Moreover, the symptoms may be mild at the outset, but they may lead to permanent damage if they remain untreated. Hence, there is a need to understand the pathophysiology of GA and identify non-invasive biomarker/s that may provide an early indication of gluten-induced cerebral damage and treatment management.

Magnetic resonance (MR) based techniques like magnetic resonance imaging (MRI) and MR spectroscopy (MRS) are non-invasive. They play an important role in elucidating the pathophysiology of various brain pathologies (Sharma and Jagannathan, 2004; Symms et al., 2004; Oz et al., 2014; Baldarçara et al., 2015). Of these, MRI provides anatomical images in multiple planes enabling tissue characterization and volumetric measurements. Several structural MRI studies have shown the potential for assessing atrophy patterns in different brain regions in hereditary and spinocerebellar ataxia (Vavla et al., 2018; Deelchand et al., 2019; Hernandez-Castillo et al., 2019; Cocozza et al., 2020). It has been suggested that volumetric measurements can evaluate the disease progression better than the clinical scores (Baldarçara et al., 2015; Vavla et al., 2018; Deelchand et al., 2019; Hernandez-Castillo et al., 2019; Cocozza et al., 2020). Hadjivassiliou et al. (2019) have investigated the correlation between antibodies to Transglutaminase 6 (TG6) and neurological deficits in patients with celiac disease using volumetric MRI. They suggested a link between brain atrophy and autoimmunity to TG6 in these patients (Hadjivassiliou et al., 2019). A review of MRI studies of GA patients recently reported that these patients usually have cerebral atrophy with particular involvement of the cerebellar vermis (Currie et al., 2013a,b). However, in addition to the cerebellum, 40% of the patients with GA have sensory (cerebrum) ataxia rather than cerebellar ataxia and showed no cerebellum atrophy on MRI (Bürk et al., 2001).

In-vivo proton magnetic resonance spectroscopy (1H MRS) is a valuable technique for assessing the neurochemical abnormalities associated with cerebral damage. The MRS has been widely used to investigate the pathophysiology of various neurological conditions such as Parkinson's disease, dementia, and ataxia (Hadjivassiliou et al., 1998; Firbank et al., 2002; Graff-Radford et al., 2014; Ashizawa et al., 2018). The potential use of MRS in assessing surveillance of patients with paraneoplastic cerebellar degeneration by measuring temporal changes in the level of N-acetyl aspartate (NAA) was also reported (Hadjivassiliou et al., 2013). However, only a few MRS studies in the literature characterize neurochemical abnormalities in patients with GA by a single research group (Wilkinson et al., 2005; Hadjivassiliou et al., 2017). In-vivo MRS study by Wilkinson et al. has reported significant differences in the neurochemical profile of NAA and NAA/choline ratios in the cerebellum of patients with GA compared to healthy controls. The authors have concluded that cerebellar neuronal physiology is altered in GA patients even in the absence of cerebellar structural deficit (Wilkinson et al., 2005). Recently, Hadjivassiliou et al. (2017) evaluated the effect of a gluten-free diet on MRS of the cerebellum in patients with GA and found an increase in NAA/creatine ratio after gluten-free diet compared to baseline. These studies have reported relative ratios of neurochemicals. However, there is a lack of data on the absolute measures of neurochemicals in patients with GA. Though a single research group has reported few brain MRI and MRS studies in the Caucasian population in the literature, there is a lack of such a study understanding the neurochemical changes and volumetric brain changes in the patients with GA in the Indian population.

It has been reported that MRS findings can be dependent on population characteristics, ethnicity or race and can change according to the changing environment and racial characteristics (Isamah et al., 2010; Chee et al., 2011). Furthermore, the difference in brain size has been reported between the Indian and Caucasian populations (Sivaswamy et al., 2019). Therefore, the present study investigated the structural changes in the brain using MRI and absolute concentration of neurochemicals (cerebellum and vermis) in GA patients and healthy controls using in-vivo MRS to get an insight into the pathophysiology and to identify the putative non-invasive biomarker/s for early indication of gluten-induced cerebral damage in Indian population.



PATIENTS AND METHODS


Patients

The study was conducted in well established Ataxia Clinic, Department of Neurology in collaboration with Celiac Disease (CeD) Clinic, Department of Gastroenterology, All India Institute of Medical Sciences (AIIMS), New Delhi, India. Ataxia patients (both sporadic and familial) positive for serological assays forms part of this study group. We enrolled six right-handed (five males and one female) patients (mean age 50.16 ± 9.28 years) and age range 40–65 years. They were clinically and genetically diagnosed with cerebellar ataxia (CA). As a part of the routine genetic testing, they were tested using standard laboratories protocols for the ataxia-causing known genes in India—SCA1, SCA2, SCA3, SCA7, and SCA12. Two were found to be genetically positive, 2 had a positive family history of ataxias, one had idiopathic sporadic ataxia and one did not undergo genetic testing. Ten healthy, age and ethnically matched controls were also included in the study (mean age 42.7 ± 9.12 years) and age range 30–55 years. At the time of their recruitment, none of the healthy controls had any neurological and genetic illness, nor they were on any treatment with medications active on the central nervous system. The study was approved by Institute Ethics Committee, AIIMS, New Delhi, and written informed consent was obtained from all patients and controls.



Screening of Patients for Gluten Sensitivity

Four milliliters of blood were drawn from each participant for serological assays. For measuring concentration following commercially available ELISA kits were used: IgA anti tTG ab by QUANTA Lite® h-tTG IgA kits. The AGA IgA and AGA IgG by QUANTA Lite®Gliadin IgA II and QUANTA Lite® Gliadin IgG II kits respectively and TG6 by kits procured from ZEDIRA GmbH, Darmstadt, Germany. The ELISA was done in duplicate in all the sera samples as per the manufacturer's instructions. Positive and negative controls were used. For the study serum titer of >4 U/ml, >20 U/ml, and >41 U/ml were considered positives for IgA anti-TG2 Ab, AGA (IgA and IgG), and anti-TG6 Ab, respectively. Patients were considered gluten sensitive if their serum was found with circulating antibodies.



Magnetic Resonance Imaging

All sixteen subjects included in the study underwent MR Imaging, on a 3T whole-body MR system (Philips, Ingenia) with a 32-channel head coil. Subjects were positioned supine with their heads supported and immobilized within the head coil using foam pads to minimize head movement and gradient noise. After localization, T1−weighted images were obtained in three planes using Magnetization-Prepared Rapid Gradient Echo (MPRAGE) sequence with the following parameters: matrix size = 320 × 318, slice thickness = 0.9 mm, field of view (FOV) = 240 × 240 mm, TR = 10 ms, TE = 4.7 ms, voxel size = 0.75 × 0.75 × 0.75. T2 weighted images were obtained with 30 interleaved 5-mm thick slices without any interslice gap (TE) = 80 ms, TR = 2,676 ms, matrix size = 436 × 357, FOV = 240 × 240 mm, flip angle = 90 degrees, voxel size = 0.55 × 0.65 × 5 mm3. The T1 weighted images provide a better contrast-to-noise ratio in white matter regions and are used for the segmentation. The T2-weighted images are good for demonstrating pathology, discriminating structural differences in fluid-filled regions, and important for tracking long-term disease progression (Braga et al., 2012). No contrast agent was administered either for T1 or T2 imaging.


Structural MRI Data Processing

3D T1 imaging was done and the digital imaging and communications in medicine (DICOM) images were converted into neuroimaging informatics technology initiative (NIfTI) file format. In all 16 subjects the segmental volumetric calculation of the whole brain and cerebellar structures was performed by uploading the file in NIfTI format to VolBrain and CERES pipeline (Manjón and Coup, 2016). volBrain (http://volbrain.upv.es), and CERES are open-access pipeline, in which pre-processing of the images is based on spatially adaptive non-local means denoising, rough inhomogeneity correction, affine registration to MNI space, fine SPM based inhomogeneity correction and intensity normalization. Here the quality of input images is improved and the images are set into a specific geometry and intensity space. After pre-processing, the images are segmented according to tissues of interest. Segmentation includes non-local intracranial cavity extraction (NICE), tissue classification, non-local hemisphere segmentation (NABS) and non-local subcortical structure segmentation. CERES is mainly used for the segmentation of sub cerebellar structures.




In-vivo MRS

For volume-localized 1H-MR spectroscopy first the scout images, T1 weighted images, and multislice T2-weighted images in the axial, coronal and sagittal planes of the whole brain were acquired using a standard spin-echo pulse sequence. Using the reference MR images, single-voxel proton MR spectra were acquired using the point-resolved spin-echo pulse sequence (PRESS) with the following parameters: TR = 2000 ms; TE = 30 ms; TA = 9 minutes 8 s; the number of averages (NA) = 256. We have used short TE for MRS as it offers a higher signal-to-noise ratio (SNR), improved detection and quantification of molecules with short T2 such as myoinositol (mI), glutamine/glutamate (Glx), due to less relaxation-induced signal loss (Cianfoni et al., 2011). The disadvantage associated with short TE is incorrect baseline determination which may lead to an artifactual elevation in the determination of concentration (Brief et al., 2005). On the contrary, it is easier to correct the baseline in the spectrum acquired with long TE, however, it provides information on a lesser number of metabolites (Brief et al., 2005). Further, Cr has a significantly shorter T2 relaxation time compared to metabolites like NAA and Cho, which leads to incorrect estimation of relative (metabolite/Cr) and absolute metabolite concentrations in a long TE MRS without applying T2 correction (Brief et al., 2005).

In order to optimize the magnetic field both global and voxel shims were carried out. Automated global shimming minimizes the B0 inhomogeneities while localized voxel shimming further minimizes the B0 field variations over the voxel of interest. The spectra were acquired from right cerebellum and vermis with voxel size of 15 mm × 15 mm × 15 mm and care was taken to minimize the inclusion of cerebrospinal fluid within the prescribed spectroscopic volume for methodological consistency. The cerebellar vermis has a serpentine or wormlike shape and it varies slightly according to the individual. The MRS studies reported in the literature on patients with ataxia and GA have used the varied voxel size of vermis in the range of 20 mm × 20 mm × 20 mm (Lirng et al., 2012), 25 mm × 10 mm × 25 mm (Adanyeguh et al., 2015), 20 mm × 10 mm × 20 mm (Currie et al., 2013b), 15 mm × 15 mm × 15 mm (Guerrini et al., 2009). A width of 15 mm of the voxel in vermis may have minor contributions from the surrounding areas of the vermis in our study.

The line-width after voxel shim ranged from 5 to 14 Hz depending on the region studied. Additionally, a spectrum of the same voxel without water suppression was also acquired and the unsuppressed water signal was used as an internal reference to estimate the metabolite concentrations. The absolute concentration of metabolites was determined using an (LC Model) user-independent, frequency domain fitting program, version 6.1-4A, with a basis set of model metabolites. An eddy-current correction was also carried out. The errors in the determined metabolite concentration are expressed in the percent standard deviation (%SD) of the concentration and represent the 95% confidence interval of the estimated concentration. In the present study, we have considered the absolute metabolites values when the Cramer-Rao lower bound or the LC model concentrations were below 20%, indicating that these metabolites could be reliably estimated. The concentration of metabolites was expressed as institutional units related to millimoles per kg (mM/kg).



Segmentation

3D T1-weighted images acquired with magnetization-prepared rapid gradient echo (MPRAGE) sequence were used to carry out segmentation of tissue subtypes in the SVS voxel using the segment-editor module of an open-source neuroimaging package 3D-Slicer (Fedorov et al., 2012). Screenshots of the exact position of the SVS voxel on MR images in all the axial, sagittal, and coronal slices were captured on the MR scanner and were used as voxel prescription images. A mask representing the 3D SVS voxel was then created manually using these screenshots as a reference. The mask was then co-registered to the DICOM image at the exact position as the actual 3D SVS voxel in the voxel prescription images and fractions of white matter (WM), gray matter (GM), and cerebrospinal fluid (CSF) were determined using the segmentation module.



Partial Volume Correction for Metabolite Concentration

The concentration of metabolites was then corrected for the amount of CSF using the following equation given by (Quadrelli et al., 2016).
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where,

C = corrected metabolite concentration;

C0 = metabolite concentration obtained through LC Model;

VCSF = volume fraction of CSF contained within the SVS voxel;

We have also calculated the weighted measures (Wc) of the concentration of metabolites according to the relative proportion of gray matter (GM) and white matter (WM) following the procedure given in the literature (Mato Abad et al., 2014) for white matter changes in patients with GA and for their better discrimination. The equation used for the determination of Wc is given below (Mato Abad et al., 2014):

[image: image]

Where, Wc = Weighted measure; LCc = Concentration of metabolite from LC Model; P(Mc) = Theoretical distribution of metabolites in a particular voxel according to the relative proportions of GM, WM, and CSF.

P(Mc) was determined as follows:

[image: image]

Where,

P(GM), P(WM), and P(CSF) are, respectively, the proportion of GM, WM, and CSF inside the voxel.

P(Mc|GM), P(Mc|WM) and P(Mc|CSF) are the probabilities of the metabolite concentration given this volume of GM, WM, and CSF (Mato Abad et al., 2014).

Thus, Wc is a measure of the concentration of metabolite which was corrected for the theoretically expected ratio of metabolite and the atrophy of volume within a voxel (Mato Abad et al., 2014). The concentrations of metabolites published in the literature (Tal et al., 2012; Bustillo et al., 2017) were used to obtain the contribution of GM and WM to the quantity of metabolites. The contribution of CSF to metabolite concentration was considered negligible (Hetherington et al., 2001).



Statistical Analysis

The percentage of different brain volumes and the concentration of different neurochemicals were calculated for GA patient and HC group and presented as mean ± standard deviation. A student t-test was used to evaluate the difference between patients and controls for 1H MRS and volumetric data using the SPSS 20.0 software (SPSS Inc. Chicago, IL, USA). The level of significance was set at p < 0.05. The Pearson correlation was used to calculate the correlation of the concentration neurochemicals and the volumetric changes in the brain of GA patients.




RESULTS

The demographic characteristics of GA patient group are presented in Table 1. GA patient group consisted of 6 patients (five men, one woman; aged between 40 and 65 years). Of these, four patients had mild (mobilizing independently or with one walking aid), one patient had moderate (mobilizing with two walking aids) while one had severe (wheelchair dependant) ataxia. Control group consisted of 10 healthy volunteers (5 men, 5 women; age range (30–55 years) with no neurological/psychiatric disease/no medical or family history of ataxia.


Table 1. Demographic characteristics, clinical manifestations, and serology of patients with Gluten Ataxia.

[image: Table 1]


Comparison of Whole Brain Volume and Brain Parts Between GA Patients and HCs

Figures 1A,B show the representative volBrain images of brain and sub-parts obtained from a 44 years old male healthy control and a patient with gluten ataxia (male, 55 years old), respectively. Figures 2A,B show the representative CERES images showing segmentation of lobules of the cerebellum from a healthy control (male, 44 years old) and a patient with gluten ataxia (male, 55 years old), respectively. The result of the volumetric analysis is reported as % of total intracranial volume (Tables 2, 3). GA patients showed a significant reduction in total brain white matter (WM) (p < 0.03), the white matter of the cerebrum (p < 0.04), the volume of lateral ventricles (p < 0.04) and thalamus (p < 0.01) compared to healthy controls (Table 2). GA patients also showed significantly reduced total cerebellar WM (p < 0.02) significantly affecting the lobule X (p < 0.03) (Table 3). The volume of caudate, hippocampus, putamen, accumbens, globus pallidus, and amygdala were not significantly different between the two groups (Table 2).


[image: Figure 1]
FIGURE 1. Representative volBrain images of brain and sub-parts obtained from a healthy control (male, 44 years old) (A) and a patient with gluten ataxia (male, 55 years old) (B).



[image: Figure 2]
FIGURE 2. Representative CERES images of cerebellum and lobules taken from a healthy control (male, 44 years old) (A) and a patient with gluten ataxia (male, 55 years old) (B).



Table 2. Volumetric analysis of individual brain regions of patients with Gluten Ataxia (GA) and Healthy Controls (HC).
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Table 3. Volumetric analysis of individual cerebellar regions of patients with gluten ataxia (GA, n = 6) and healthy controls (HC, n = 10).
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Comparison of Neurochemical Profile Between Patients With GA and HCs

Figures 3A–D show the T1-weighted MR images of healthy control (female, 44 years old) and a patient with gluten ataxia (female, 50 years old) in axial, coronal, and sagittal planes and representative LCModel fitted 1H-magnetic resonance spectroscopy spectra for vermis acquired from these subjects. The T1-weighted images of the brain in all the three planes and the representative LCModel fitted 1H-magnetic resonance spectroscopy spectra for the right cerebellum acquired from the same healthy control and the patient with gluten ataxia are shown in Figures 4A–D. The concentrations (corrected for CSF) of neurochemicals determined using 1H-MRS are summarized in Table 4. The patients with GA had statistically significantly reduced concentration of total N-acetyl aspartate (tNAA: N-acetyl aspartate+ N-acetyl aspartate glutamate) (p < 0.008) and total choline (tCho: glycerophosphocholine+phosphocholine) (p < 0.05) in the vermis. In the right cerebellum, GA patient group showed a statistically significant reduction in the concentration of tNAA (p < 0.02). The proportions of gray matter P(GM), white matter P(WM), and cerebrospinal fluid P(CSF) in the MRS voxel for vermis and right cerebellum of GA patients and HCs were not significantly different (Table 5).


[image: Figure 3]
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 1H-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 1H-magnetic resonance spectroscopy spectrum acquired from the vermis of the same patient with gluten ataxia from the voxel highlighted in (C).
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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 1H-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 1H-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).
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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).

[image: Table 5]

We have also calculated the Wc of the concentration of metabolites according to the relative proportion of gray matter (GM) and white matter (WM) following the procedure given in the literature (Mato Abad et al., 2014) and presented in Table 4. The Wc of the tNAA, tCho and tCr in vermis, while tNAA and tCho were found to be significantly lower in the patients with GA compared to HC (Table 4).



Correlation of the Concentration of the Neurochemicals and Brain Volumetric Changes

A significant correlation (r = 0.9, p = <0.05) was observed between the concentration of tNAA (both cerebellum and vermis) and tCho (vermis) with lobule X of the cerebellum.




DISCUSSION

In recent years, the developments in neuroimaging techniques such as MRI and MRS have enabled the characterization of the structural and neurochemical changes, elucidating the pathophysiology of various brain diseases (Symms et al., 2004; Oz et al., 2014). Among many types of ataxias, GA is an auto-immune disease caused by the ingestion of gluten in the genetically susceptible individuals (Hadjivassiliou et al., 2014). The non-invasive nature, versatility and possibility of evaluation of multiple parameters in a short time makes the MRI and MRS as an important tool for understanding the disease pathophysiology and identifying disease biomarkers. Additionally, the possibility of repetitive measurements using these techniques can play an important role in the management of diseases like GA that require long term follow-up for assessment of neurological abnormalities. It is critical to understand the pathophysiology of the GA for the early diagnosis and treatment management strategies, however, till date, it was not investigated at many sites using MRI and MRS. To the best of our knowledge there are only two in-vivo MRS study and one study using combined MRI and MRS approach in GA patient in Caucasian population by a single research group (Wilkinson et al., 2005; Hadjivassiliou et al., 2019; Zis and Hadjivassiliou, 2019). The present study has evaluated the volumetric and neurochemical changes in the brain in GA patients compared to HCs using MRI and MRS in Indian population. Several interesting observations emerged from our study.

Our results revealed significantly reduced volume of white matter in the total brain, cerebellum and cerebrum of the patients with GA compared to HC. It is known that white matter is an essential component of neural networks and acts as a connecting link between various gray areas in the brain. White matter contains myelin sheathed axons that relay the information between different brain areas. The reduction in the myelin sheathed cells can cause delay both in passing and processing of the information. Delayed or staggered processing of information may result in clumsy and uncontrolled movements which are generally seen in the patients with GA (Vinagre-Aragón et al., 2018). The loss of white matter has been reported in several neurodegenerative diseases. The alterations in the volume of white matter have been found to affect the cognition (Filley and Fields, 2016). Kang et al. (2014) have reported that disruption of white matter integrity was related to the clinical severity of the disease in the patients suffering with SCA3. Correlation of white matter degeneration and severity of ataxia was also found in the patients with SCA type 7 (Kang et al., 2014). In a volumetric MRI study of patients with celiac disease having TG6 autoantibodies, significant atrophy of subcortical brain regions was reported in 40% of the patients. The white matter abnormalities were also reported in these celiac disease patients, which is in agreement with our findings (Hadjivassiliou et al., 2019). Croall et al. (2020) have recently shown white matter damage in patients with 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 controls. This is the first report showing the atrophy of the cerebrum in GA patients. It has been reported that 40% of the patients with GA have sensory (cerebrum) ataxia rather than cerebellar ataxia and showed no atrophy of cerebellum on MRI (Bürk et al., 2001). The role of the cerebrum is to initiate and coordinate movement, thus, any change in the volume of the 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 (Machová 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 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 proportions of GM and WM in the MRS voxel improved the statistical results.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institute Ethics Committee, All India Institute of Medical Sciences, New Delhi. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

US: conceptualization, design of the study, final editing of the manuscript, figures, and funding. GM and AS: conceptualization and patient recruitment. VR: data acquisition, analysis, figures, and writing the original draft. IS and RT: editing the draft. PD: pathology. All authors: writing—review and editing. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

US would like to thank the All India Institute of Medical Sciences for providing the Funds (A-676). VR would like to thank the Council of Scientific and Industrial Research, India for providing fellowship to carry out research.



REFERENCES

 Abenavoli, L. (2010). Nervous system in the gluten syndrome: a close relationship. Med. Hypotheses. 74, 204–205. doi: 10.1016/j.mehy.2009.08.012

 Abhang, P. A., Gawali, B. W., and Mehrotra, S. C. (2016). “Introduction to emotion, electroencephalography, and speech processing,” in Introduction to EEG- and Speech-Based Emotion Recognition, ed P. A. Abhang (New York, NY: Academic Press), 1-17. doi: 10.1016/B978-0-12-804490-2.00001-4

 Adanyeguh, I. M., Henry, P. G., Nguyen, T. M., Rinaldi, D., Jauffret, C., Valabregue, R., et al. (2015). In vivo neurometabolic profiling in patients with spinocerebellar ataxia types 1, 2, 3, and 7. Mov Disord. 30, 662–670. doi: 10.1002/mds.26181

 Adriano, E., Garbati, P., Salis, A., Damonte, G., Millo, E., and Balestrino, M. (2010). Creatine salts provide neuroprotection even after partial impairment of the creatine transporter (2010). Neuroscience. 115, 297–313. doi: 10.1016/j.neuroscience.2016.02.038

 Ashizawa, T., Öz, G., and Paulson, H. L. (2018). Spinocerebellar ataxias: prospects and challenges for therapy development. Nat. Rev. Neurol. 14, 590–605. doi: 10.1038/s41582-018-0051-6

 Ashtari, S., Pourhoseingholi, M. A., Rostami, K., Aghdaei, H. A., Rostami-Nejad, M., Busani, L., et al. (2019). Prevalence of gluten-related disorders in Asia-Pacific region: a systematic review. J. Gastrointestin. Liver. Dis. 28, 95–105. doi: 10.15403/jgld.2014.1121.281

 Aziz, I., Hadjivassiliou, M., and Sanders, D. S. (2012). Does gluten sensitivity in the absence of coeliac disease exist? Br. Med. J. 345, e7907. doi: 10.1136/bmj.e7907

 Baldarçara, L., Currie, S., Hadjivassiliou, M., Hoggard, N., Jack, A., and Jackowski, A. P. (2015). Consensus paper: radiological biomarkers of cerebellar diseases. Cerebellum. 14, 175–196. doi: 10.1007/s12311-014-0610-3

 Beard, E., and Braissant, O. (2010). Synthesis and transport of creatine in the CNS: importance for cerebral functions. J. Neurochem. 115, 297–313. doi: 10.1111/j.1471-4159.2010.06935.x

 Benson, B. C., Mulder, C. J., and Laczek, J. T. (2013). Anti-gliadin antibodies identify celiac patients overlooked by tissue transglutaminase antibodies, Hawaii. J. Med. Public Health. 72, 14–17.

 Braga, B., Yasuda, C. L., and Cendes, F. (2012). White matter atrophy in patients with mesial temporal lobe epilepsy: voxel-based morphometry analysis of T1- and T2-weighted MR images. Radiol. Res. Pract. 2012, 481378. doi: 10.1155/2012/481378

 Brief, E. E., Whittall, K. P., Li, D. K., and MacKay, A. L. (2005). Proton T2 relaxation of cerebral metabolites of normal human brain over large TE range. NMR Biomed. 18, 14–18. doi: 10.1002/nbm.916

 Bürk, K., Bösch, S., Müller, C. A., Melms, A., Zühlke, C., Stern, M., et al. (2001). Sporadic cerebellar ataxia associated with gluten sensitivity. Brain. 124, 1013–1019. doi: 10.1093/brain/124.5.1013

 Bushara, K. O. (2005). Neurologic presentation of celiac disease. Gastroenterology. 128, S92–S97. doi: 10.1053/j.gastro.2005.02.018

 Bustillo, J. R., Jones, T., Chen, H., Lemke, N., Abbott, C., Qualls, C., et al. (2017). Glutamatergic and neuronal dysfunction in gray and white matter: a spectroscopic imaging study in a large schizophrenia sample. Schizoph. Bull. 43, 611–619. doi: 10.1093/schbul/sbw122

 Che, Y. H., Yamashita, T., Higuchi, H., and Tohyama, M. (2002). Changes in mRNA for choline transporter-like protein following facial nerve transection. Brain Res. Mol. Brain Res. 101, 122–125. doi: 10.1016/s0169-328x(02)00182-1

 Chee, M. W., Zheng, H., Goh, J. O., Park, D., and Sutton, B. P. (2011). Brain structure in young and old East Asians and Westerners: comparisons of structural volume and cortical thickness. J. Cogn Neurosci. 23, 1065–1079. doi: 10.1162/jocn.2010.21513

 Cianfoni, A., Law, M., Re, T. J., Dubowitz, D. J., Rumboldt, Z., and Imbesi, S. G. (2011). Clinical pitfalls related to short and long echo times in cerebral MR spectroscopy. J Neuroradiol. 38, 69–75. doi: 10.1016/j.neurad.2010.10.001

 Cocozza, S., Costabile, T., Pontillo, G., Lieto, M., Russo, C., and Radice, L. (2020). Cerebellum and cognition in Friedreich ataxia: a voxel-based morphometry and volumetric MRI study. J. Neurol. 267, 350–358. doi: 10.1007/s00415-019-09582-9

 Croall, I. D., Sanders, D. S., Hadjivassiliou, M., and Hoggard, N. (2020). Cognitive deficit and white matter changes in persons with celiac disease: a population-based study. Gastroenterology. 158, 2112–2122. doi: 10.1053/j.gastro.2020.02.028

 Currie, S., Hadjivassiliou, M., Craven, I. J., Wilkinson, I. D., Griffiths, P. D., and Hoggard, N. (2013a). Magnetic resonance imaging biomarkers in patients with progressive ataxia: current status and future direction. Cerebellum. 12, 245–266. doi: 10.1007/s12311-012-0405-3

 Currie, S., Hoggard, N., Clark, M. J., Sanders, D. S., Wilkinson, I. D., Griffiths, P. D., et al. (2013b). Alcohol induces sensitization to gluten in genetically susceptible individuals: a case control study. PloS ONE. 8, e77638. doi: 10.1371/journal.pone.0077638

 Curt, M. J. C., Voicu, P. M., Fontaine, M., Dessein, A. F., Porchet, N., Mulliez, K. M., et al. (2015). Creatine biosynthesis and transport in health and disease. Biochimie. 119, 146–165. doi: 10.1016/j.biochi.2015.10.022

 Deelchand, D. K., Joers, J. M., Ravishankar, A., Lyu, T., Emir, U. E., Hutter, D., et al. (2019). Sensitivity of volumetric magnetic resonance imaging and magnetic resonance spectroscopy to progression of spinocerebellar ataxia type 1. Mov. Disord. Clin. Pract. 6, 549–558. doi: 10.1002/mdc3.12804

 Deutsch, M. B., and Deangelis, L. M. (2014). “Neurologic complications of chemotherapy and radiation therapy,” in Aminoff's Neurology and General Medicine (Fifth Edition), ed. M. J. Aminoff and S. A. Josephson (New York, NY: Academic Press), 591–609

 Dima, D., Modabbernia, A., Papachristou, E., Doucet, G. E., Agartz, I., Aghajani, M., et al. (2021). Subcortical volumes across the lifespan: data from 18,605 healthy individuals aged 3-90 years. Human Brain Mapping. 43, 452–469. doi: 10.1002/hbm.25320

 Fedorov, A., Beichel, R., Kalpathy-Cramer, J., Finet, J., Fillion-Robin, J. C., Pujol, S., et al. (2012). 3D Slicer as an image computing platform for the Quantitative Imaging Network. Magn. Reson. Imag. 30, 1323–1341. doi: 10.1016/j.mri.2012.05.001

 Filley, C. M., and Fields, R. D. (2016). White matter and cognition: making the connection. J. Neurophysiol. 116, 2093–2104. doi: 10.1152/jn.00221.2016

 Firbank, M. J., Harrison, R. M., and O'Brien, J. T. (2002). A comprehensive review of proton magnetic resonance spectroscopy studies in dementia and Parkinson's disease. Dement. Geriatr. Cogn. Disord. 14, 64–76. doi: 10.1159/000064927

 Fitzsimmons, P. R., Hulley, J. L., and Loharuka, S. (2010). Gluten ataxia and celiac disease-associated cerebellar degeneration in a septuagenarian. Consultant. 18.

 Graff-Radford, J., Boeve, B. F., Murray, M. E., Ferman, T. J., Tosakulwong, N., and Lesnick, T. G. (2014). Regional proton magnetic resonance spectroscopy patterns in dementia with Lewy bodies. Neurobiol. Aging. 35, 1483–1490. doi: 10.1016/j.neurobiolaging.2014.01.001

 Guerrini, L., Belli, G., Mazzoni, L., Foresti, S., Ginestroni, A., Della Nave, R., et al. (2009). Impact of cerebrospinal fluid contamination on brain metabolites evaluation with 1H-MR spectroscopy: a single voxel study of the cerebellar vermis in patients with degenerative ataxias. J. Magn. Reson. Imaging. 30, 11–17. doi: 10.1002/jmri.21804

 Gupta, D. (2017). “Neuroanatomy,” in Essentials of Neuroanesthesia, ed. H. Prabhakar (New York, NY: Academic Press), 3–40.

 Hadjivassiliou, M., and Croall, I. (2021). “Neurological manifestations of gluten sensitivity,” in Biotechnological Strategies for the Treatment of Gluten Intolerance. Amsterdam: Elseiver.

 Hadjivassiliou, M., Croall, I. D., Zis, P., Sarrigiannis, P. G., Sanders, D. S., Aeschlimann, P., et al. (2019). Neurologic deficits in patients with newly diagnosed celiac disease are frequent and linked with autoimmunity to transglutaminase 6. Clin. Gastroenterol. Hepatol. 17, 2678-2686.e2. doi: 10.1016/j.cgh.2019.03.014

 Hadjivassiliou, M., Currie, S., and Hoggard, N. (2013). MR spectroscopy in paraneoplastic cerebellar degeneration. J Neuroradiol. 40, 310–312. doi: 10.1016/j.neurad.2012.08.003

 Hadjivassiliou, M., Duker, A. P., and Sanders, D. S. (2014). “Gluten-related neurologic dysfunction,” in Handbook of Clinical Neurology, ed. J. Biller and J. M. Ferro (Amsterdam: Elseiver), 607–619.

 Hadjivassiliou, M., Grünewald, R. A., Chattopadhyay, A. K., Davies-Jones, G. A., Gibson, A., Jarratt, J. A., et al. (1998). Clinical, radiological, neurophysiological, and neuropathological characteristics of gluten ataxia. Lancet. 352, 1582–1585. doi: 10.1016/s0140-6736(98)05342-2

 Hadjivassiliou, M., Grunewald, R. A., and Davies-Jones, G. A. B. (2002). Gluten ataxia: the effect of gluten free diet. Ann. Neurol. 52, S63.

 Hadjivassiliou, M., Grünewald, R. A., Sanders, D. S., Shanmugarajah, P., and Hoggard, N. (2017). Effect of gluten-free diet on cerebellar MR spectroscopy in gluten ataxia. Neurology. 89, 705–709. doi: 10.1212/WNL.0000000000004237

 Hadjivassiliou, M., Grünewald, R. A., Sanders, D. S., Zis, P., Croal, I., Shanmugarajah, P. D., et al. (2018). The significance of low titre antigliadin antibodies in the diagnosis of gluten ataxia. Nutrients. 10, 1444. doi: 10.3390/nu10101444

 Hadjivassiliou, M., Mäki, M., Sanders, D. S., Williamson, C. A., Grünewald, R. A., Woodroofe, N. M., et al. (2006). Autoantibody targeting of brain and intestinal transglutaminase in gluten ataxia. Neurology. 66, 373–377. doi: 10.1212/01.wnl.0000196480.55601.3a

 Hadjivassiliou, M., Sanders, D. S., and Aeschlimann, D. (2016). “The neuroimmunology of gluten intolerance,” in The Neuro-Immuno-Gastroenterology (Cham: Springer).

 Han, Q., Yang, J., Xiong, H., and Shang, H. (2018). Voxel-based meta-analysis of gray and white matter volume abnormalities in spinocerebellar ataxia type 2. Brain Behav. 8, e01099. doi: 10.1002/brb3.1099

 Hernandez-Castillo, C. R., Diaz, R., Vaca-Palomares, I., Torres, D. L., Chirino, A., Campos-Romo, A., et al. (2019). Extensive cerebellar and thalamic degeneration in spinocerebellar ataxia type 10. Parkinsonism Relat. Disord. 66, 182–188. doi: 10.1016/j.parkreldis.2019.08.011

 Hernandez-Castillo, C. R., Vaca-Palomares, I., Barrios, F., Martinez, L., Boll, M. C., and Fernandez-Ruiz, J. (2016). Ataxia severity correlates with white matter degeneration in spinocerebellar ataxia type 7. Am. J. Neuroradiol. 37, 2050–2054. doi: 10.3174/ajnr.A4903

 Hernandez-Lahoz, C., Mauri-Capdevila, G., Vega-Villar, J., and Rodrigo, L. (2011). Neurological disorders associated with gluten sensitivity. Rev. Neurol. 53, 287–300.

 Hetherington, H. P., Spencer, D. D., Vaughan, J. T., and Pan, J. W. (2001). Quantitative (31)P spectroscopic imaging of human brain at 4 Tesla: assessment of gray and white matter differences of phosphocreatine and ATP. Magn. Reson. Med. 45, 46–52. doi: 10.1002/1522-2594(200101)45:1<46::aid-mrm1008>3.0.co;2-n

 Isamah, N., Faison, W., Payne, M. E., MacFall, J., Steffens, D. C., Beyer, J. L., et al. (2010). Variability in frontotemporal brain structure: the importance of recruitment of African Americans in neuroscience research. PLoS ONE. 5, e13642. doi: 10.1371/journal.pone.0013642

 Kang, J. S., Klein, J. C., Baudrexel, S., Deichmann, R., Nolte, D., and Hilker, R. (2014). White matter damage is related to ataxia severity in SCA3. J. Neurol. 261, 291–299. doi: 10.1007/s00415-013-7186-6

 Krahe, J., Binkofski, F., Schulz, J. B., Reetz, K., and Romanzetti, S. (2020). Neurochemical profiles in hereditary ataxias: a meta-analysis of magnetic resonance spectroscopy studies. Neurosci. Biobehav. Rev. 108, 854–865. doi: 10.1016/j.neubiorev.2019.12.019

 Lirng, J. F., Wang, P. S., Chen, H. C., Soong, B. W., Guo, W. Y., Wu, H. M., et al. (2012). Differences between spinocerebellar ataxias and multiple system atrophy-cerebellar type on proton magnetic resonance spectroscopy. PloS ONE. 7, e47925. doi: 10.1371/journal.pone.0047925

 Machová, E., O'Regan, S., Newcombe, J., Meunier, F. M., Prentice, J., Dove, R., et al. (2009). Detection of choline transporter-like 1 protein CTL1 in neuroblastoma × glioma cells and in the CNS, and its role in choline uptake. J. Neurochem. 110, 1297–1309. doi: 10.1111/j.1471-4159.2009.06218.x

 Magon, S., Tsagkas, C., Gaetano, L., Patel, R., Naegelin, Y., Amann, M., et al. (2020). Volume loss in the deep gray matter and thalamic subnuclei: a longitudinal study on disability progression in multiple sclerosis. J. Neurol. 267, 1536–1546. doi: 10.1007/s00415-020-09740-4

 Manjón, J. V., and Coupé, P. (2016). volBrain: an online MRI brain volumetry system. Front. Neuroinform. 10, 30. doi: 10.3389/fninf.2016.00030

 Marsh, M. N. (1995). The natural history of gluten sensitivity: defining, refining and re-defining. QJM. 88, 9–13.

 Mato Abad, V., Quirós, A., García-Álvarez, R., Loureiro, J. P., Alvarez-Linera, J., Frank, A., et al. (2014). The partial volume effect in the quantification of 1H magnetic resonance spectroscopy in Alzheimer's disease and aging. JAD 42, 801–811. doi: 10.3233/JAD-140582

 Oz, G., Alger, J. R., Barker, P. B., Bartha, R., Bizzi, A., Boesch, C., et al. (2014). MRS Consensus Group. Clinical proton MR spectroscopy in central nervous system disorders. Radiology. 270, 658–679. doi: 10.1148/radiol.13130531

 Parisi, P., Pietropaoli, N., Ferretti, A., Nenna, R., Mastrogiorgio, G., Del Pozzo, M., et al. (2015). Role of the gluten-free diet on neurological-EEG findings and sleep disordered breathing in children with celiac disease. Seizure. 25, 181–183. doi: 10.1016/j.seizure.2014.09.016

 Quadrelli, S., Mountford, C., and Ramadan, S. (2016). Hitchhiker's guide to voxel segmentation for partial volume correction of in vivo magnetic resonance spectroscopy. Magn. Reson. Insights. 9, 1–8. doi: 10.4137/MRI.S32903

 Sarrigiannis, P. G., Hoggard, N., Aeschlimann, D., Sanders, D. S., Grünewald, R. A., Unwin, Z. C., et al. (2014). Myoclonus ataxia and refractory coeliac disease. Cereb. Ataxias. 1, 11. doi: 10.1186/2053-8871-1-11

 Sharma, U., and Jagannathan, N. R. (2004). Potential of in vivo magnetic resonance spectroscopy (MRS) in medicine. Proc. Indian Natl. Sci. Acad. 70, 555–577.

 Sivaswamy, J., Thottupattu, A. J., Mehta, R., Sheelakumari, R., and Kesavadas, C. (2019). Construction of Indian human brain atlas. Neurol. India. 67, 229–234. doi: 10.4103/0028-3886.253639

 Sommer, M. A. (2003). The role of the thalamus in motor control. Curr. Opin. Neurobiol. 13, 663–670. doi: 10.1016/j.conb.2003.10.014

 Stoodley, C. J., and Schmahmann, J. D. (2009). Functional topography in the human cerebellum: a meta-analysis of neuroimaging studies. Neuroimage. 44, 489–501. doi: 10.1016/j.neuroimage.2008.08.039

 Stoodley, C. J., Valera, E. M., and Schmahmann, J. D. (2012). Functional topography of the cerebellum for motor and cognitive tasks: an fMRI study. Neuroimage. 59, 1560–1570. doi: 10.1016/j.neuroimage.2011.08.065

 Symms, M., Jäger, H. R., Schmierer, K., and Yousry, T. A. (2004). A review of structural magnetic resonance neuroimaging. J. Neurol. Neurosurg. Psychiatry. 75, 1235–1244. doi: 10.1136/jnnp.2003.032714

 Tal, A., Kirov, I. I., Grossman, R. I., and Gonen, O. (2012). The role of gray and white matter segmentation in quantitative proton MR spectroscopic imaging. NMR Biomed. 25, 1392–1400. doi: 10.1002/nbm.2812

 Vavla, M., Arrigoni, F., Nordio, A., De Luca, A., Pizzighello, S., Petacchi, E., et al. (2018). Functional and structural brain damage in friedreich's ataxia. Front Neurol. 6, 747. doi: 10.3389/fneur.2018.00747

 Vinagre-Aragón, A., Zis, P., Grunewald, R. A., and Hadjivassiliou, M. (2018). Movement disorders related to gluten sensitivity: a systematic review. Nutrients. 10, 1034. doi: 10.3390/nu10081034

 Wilkinson, I. D., Hadjivassiliou, M., Dickson, J. M., Wallis, L., Grünewald, R. A., Coley, S. C., et al. (2005). Cerebellar abnormalities on proton MR spectroscopy in gluten ataxia. J. Neurol. Neurosurg. Psychiatry. 76, 1011–1013. doi: 10.1136/jnnp.2004.049809

 Zelnik, N., Pacht, A., Obeid, R., and Lerner, A. (2004). Range of neurologic disorders in patients with celiac disease. Pediatrics. 113, 1672–1676. doi: 10.1542/peds.113.6.1672

 Zis, P., and Hadjivassiliou, M. (2019). Treatment of neurological manifestations of gluten sensitivity and coeliac disease. Curr. Treat Options Neurol. 21, 10. doi: 10.1007/s11940-019-0552-7

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Rawat, Tyagi, Singh, Das, Srivastava, Makharia and Sharma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnhum-16-782579-t001.jpg
Demographic characteristics

Number of patients

Mean age & SD; (range)
Age of onset (mean  SD)
Gender

Clinical manifestations
Symptoms

Severity of atexia

Serology

IgA anti-AGA
Mean % SD
Cut off value
Anti-TG 6
Concentration
Cut off value
ANtHTG
Concentration
Cut off value

n=6
50.2 + 9.3; (40-65) years
462 % 7.1 years

Meale (n = 5), female (2 = 1)

Loss of balance, diarrhea,
constipation, weakness

Mid (0 = 4), moderate (0 = 1),
severe (1 = 1)

Positive (n = 4); Negative (n = 2)
31.76 + 2056 (1= 4)

>20

Positive (n = 1); Negative (n = 5)
624 (n=1)

>41

Positive (n = 1); Negative (n = 5)
946(=1)

>4

IgA, immunoglobulin A; anti-AGA, antibodies to gliadin; anti-tTG, antibodes to tissue
transglutaminase 2; anti-TG 6, antibodies to tissue transglutaminase 6.





OPS/images/fnhum-16-782579-t002.jpg
Regions of Volume percentage (mean  SD) p value
interest

GA(n=6) HC (n = 10)
Total brain

WM + GM 78.64 £ 7.68 84.38 553 0.12
wM 31.89 + 6,65 38.97 £4.26 0.03
GM 46.75+3.73 45.41 886 074
CsF 2135+ 7.68 15,62+ 553 0.12
Cerebrum

WM +GM 6057 % 6.43 733521 024
GM 4029 +2.45 3838 £852 060
WM 2927 £5.71 34.92:+4.03 0.04
Cerebellum

WM + GM 7.65+2.39 9.33:+£0.65 0.07
GM 604193 669 0.70 038
wm 1.61:+089 2912096 0.02
Other regions

Caudate 051007 0550.12 058
Hippocampus 056 = 0.04 0510.12 0.40
Amygdala 012002 010005 034
Lateral 201+ 132 088 =052 0.04
ventricles

Putamen 055 = 0.07 062 0,06 0.06
Thalamus 0.74+0.08 085 = 0.06 0.01
Accumbens 004+ 001 0.04 001 095
Globus 0.14£0.02 0.150.03 042
palldus

VUM, white matter; GM, gray matter; CSF, cerebrospinal flid. Bold values indicate
significant p value.





OPS/images/fnhum-16-782579-g003.gif





OPS/images/fnhum-16-782579-g004.gif





OPS/images/fnhum-16-782579-t005.jpg
The
proportions
of tissue
sub-type

P(GM)

PWM)

P(CSF)

Vermis

GA HC  pvalue

042+ 062009 0.10
0.29

038+ 0264006 020
0.24

020+ 0.13+£006 0.30
0.18

Right cerebellum

GA

039+
027
0.46 +
0.18
015+
013

HC

042+
0.04

053+
0.06

005+
0.03

p value

0.76

041

0.10





OPS/images/fnhum-16-782579-t003.jpg
Region of Volume percentage (mean & SD) p-value
interest

GA HC

Cerebellum and lobules

Cerebellum 7.82 %+ 1.80 866+ 031 022
Lobule i-ii 0.004 + 0.004 £ 0.002 0.55
0.002
Lobule iii 0.07 £0.019 0.08 £ 0.02 0.42
Lobule iv 0.26 £ 0.05 0.20£0.03 0.13
Lobule v 0.48 £0.11 0.49 £ 0.06 0.96
Lobule vi 1.09 £0.29 1.09 £ 0.14 0.99
Lobule crus i 1.69 +0.43 176+ 022 0.72
Lobule crus ii 1.06 £0.23 1.11£0.16 0.59
Lobule vii-b 054 £0.15 0.62 £ 0.07 0.20
Lobule viii-a 0.69 0.189 0.77 £0.09 033
Lobule viii-b 0.48 £0.15 0.54 £0.06 0.36
Lobule ix 0.49 £0.13 0.50 £ 0.08 0.88
Lobule x 0.06 + 0.02 0.09 £ 0.02 0.03

Bold values indicate significant p value.





OPS/images/fnhum-16-782579-t004.jpg
Neurochemicals Vermis

GA

Concentrations [nM/Kg, (Mean  SD)]

tNAA 516+1.25
tCho 1.88 £ 0.46
tcr 753258
Gix 11.73+£1.37
ml 697£2.19
Weighted measures (Mean & SD)

tNAA 214091
tCho 0.75+0.24
cr 299+1.18
Gix 4724151
ml 2,65+ 0.52

HC

7.11£081
22940.19
891 +£0.95
11.61£2.08
6.74 £0.91

317 £0.37
0.96 + 0.05
415 £0.42
562 +£1.04
3.03+£0.26

p-value

0.008
0.05
0.22
091
0.80

0.02
0.03
0.03
0.26
0.12

Right Cerebellum

6.76+0.95
197 £0.41
712+£1.86
1056 +2.04
6.79 £2.59

250 +0.89
0.83 +0.07
3.02 £ 1.09
3.60 £2.49
274 £0.83

HC

7.04+0.67
1914013
722+1.62
1058 £ 1.77
5.87 £0.69

330033
0.91 +£0.05
334 £0.53
4.85+0.78
274 £0.27

p-value

0.02
073
091
098
0.38

0.05
0.05
0.52
0.23
0.98

NAA, total NAA (N-acetyl aspartate+ N-acetyl aspartate glutamate); mi, myoinositol; {Cho, total choline (glycerophosphocholine-+phosphocholine); (Cr, total creatine
(creatine-+phosphocreatine); Gix, glutamate-+glutamine. Bold values indicate significant p value.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cerebellar Abnormalities on Proton MR Spectroscopy and Imaging in Patients With Gluten Ataxia: A Pilot Study



		Introduction



		Patients and Methods



		Patients



		Screening of Patients for Gluten Sensitivity



		Magnetic Resonance Imaging



		Structural MRI Data Processing









		In-vivo MRS



		Segmentation



		Partial Volume Correction for Metabolite Concentration



		Statistical Analysis







		Results



		Comparison of Whole Brain Volume and Brain Parts Between GA Patients and HCs



		Comparison of Neurochemical Profile Between Patients With GA and HCs



		Correlation of the Concentration of the Neurochemicals and Brain Volumetric Changes







		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Human Neuroscience

Cerebellar Abnormalities on Proton
MR Spectroscopy and Imaging in
Patients With Gluten Ataxia: A Pilot
Study





OPS/images/math_3.gif
P(Mc) = P(GM)-PIMc|GM) + P(WM)-P(Mc| WM)
+P(CSF)-P(Mc|CSF)





OPS/images/fnhum-16-782579-g001.gif





OPS/images/fnhum-16-782579-g002.gif





OPS/images/math_2.gif





OPS/images/math_1.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
P frontiers | Frontiers in Human Neuroscience





