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Fragile X-associated tremor/ataxia syndrome (FXTAS) is a severe neurodegenerative movement disorder affecting over 40% of male and 16% of female FMR1 premutation carriers over the age of 50. However, there is a lack of prognostic biomarkers to aid early diagnosis and treatment planning. Therefore, this study aimed to assess the utility of the Magnetic Resonance Parkinson Index (MRPI) as a potential MRI biomarker for FXTAS. The four measurements required for the MRPI were assessed in 45 male premutation carriers at risk of developing FXTAS (Mean age = 59.54 years), 53 male patients with FXTAS (Mean age = 66.16 years) and 61 male controls (Mean age = 60.75 years), of which 73 participants had follow-up visits on average 1.96 years later. Middle cerebellar peduncle (MCP) width as well as midbrain and pons cross-sectional area were reduced in patients with FXTAS compared to both premutation carriers without FXTAS and controls. While these measurements were not found to change over time in the three-group analysis, age was an important predictor of midbrain cross-sectional area and pons/midbrain ratio. MCP width was initially reduced in a subset of premutation carriers who developed FXTAS symptoms between their initial and follow-up visits, which also decreased between visits, compared to age-matched premutation carriers who did not show any FXTAS symptom development over time. Therefore, while the MPRI may not be a useful biomarker for FXTAS, decreased MCP width may be one of the first notable signs of FXTAS, and therefore the first biomarker with the potential to identify those most at risk for the disorder.
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INTRODUCTION

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a severe neurodegenerative movement disorder caused by premutation expansions (55–200 CGG repeats) in the 5′ untranslated region of the fragile X mental retardation 1 (FMR1) gene, located on the X-chromosome. An estimated 1 in 209 females and 1 in 430 males carry a premutation allele (Tassone et al., 2012). Studies suggest that ~40% of male and 8–16% of female premutation carriers over the age of 50 years (Rodriguez-Revenga et al., 2009) have FXTAS, but these figures rise to 75% of male premutation carriers over the age of 70 years (Jacquemont et al., 2004). Despite the relatively high incidence, there is currently a lack of prognostic markers to detect the earliest neurodegenerative signs of FXTAS.

The diagnostic criteria of FXTAS comprise three domains: clinical, radiological, and pathological (Jacquemont et al., 2003; Hall et al., 2014). Whether definite, probable or possible, FXTAS diagnosis requires a degree of functional/clinical impairment. While the clinical presentation is variable, the initial presenting motor symptom is often an intention or kinetic tremor, followed by cerebellar ataxia, both of which typically progress over time (Apartis et al., 2012). Other clinical features may include executive dysfunction, ranging from mild to dementia-like in severity, which often presents later in the disease course (Seritan et al., 2008).

The neuropathology of FXTAS is characterized by the presence of ubiquitin-positive intracellular inclusions in neural and astrocyte cells within the cortex and cerebellum in post-mortem analysis (Greco et al., 2002). Currently, FXTAS neuropathology can only be confirmed after death and hence cannot be used as a prognostic tool.

The radiological phenotype emphasizes FXTAS as a white matter neurodegenerative disease, as prior studies have highlighted the presence of white matter lesions in the middle cerebellar peduncles (MCP), known as the MCP sign, and brainstem, as well as generalized cerebral lesions and atrophy throughout the neocortex (Cohen et al., 2006; Rivera et al., 2010; Hashimoto et al., 2011). Indeed, it has been suggested that hyperintensities of the splenium of the corpus callosum should be added as a minor criterion for FXTAS, given that these lesions were found to be more common than MCP lesions in female premutation carriers with FXTAS (Apartis et al., 2012). The MCP sign is not specific to FXTAS (Storey and Billimoria, 2005) and is occasionally seen in other rare neurodegenerative diseases such as sporadic olivopontocerebellar atrophy and spinocerebellar ataxia (Brunberg et al., 2002; Quattrone et al., 2016).

Hence, the radiological criteria for FXTAS are continually evolving, and we are still lacking a single marker that can sensitively and specifically predict FXTAS onset or severity. The Magnetic Resonance Parkinson Index (MRPI) has been shown to successfully distinguish subcortical movement disorders, such as Parkinson's disease and progressive supranuclear palsy, both of which present with a tremor similar to that seen in FXTAS (Quattrone et al., 2008). Not only has the MRPI been shown to differentiate these disorders, but it has been found to be predictive of vertical supranuclear gaze palsy in patients affected by progressive supranuclear palsy over time (Okamoto et al., 2003). The MRPI is a ratio that encompasses measurements of the MCP and superior cerebellar peduncle (SCP) widths, as well as the cross-sectional area of the midbrain and pons; MRPI = [(Pons area/Midbrain area) x (MCP width/SCP width)]. These regions play an integral role within the cortico-cerebellar pathway, which is necessary for the learning and coordination of various movements (Ramnani, 2006). Therefore, these measurements and their ratios may prove to be useful biomarkers for FXTAS, a neurodegenerative movement disorder, given that MCP hyperintensities are a radiological sign of FXTAS, and there are anecdotal reports of the hummingbird sign (the ratio of the cross-sectional area of the midbrain and pons) being present in some patients with FXTAS. Therefore, the aim of this study was to assess the utility of these MRPI measurements and ratios as radiological biomarkers for FXTAS, both in early and later stages of the disorder.

MATERIALS AND METHODS

Participants

A total of 159 male participants over the age of 40 years were recruited from the Sacramento, CA area and throughout the United States and Canada as part of two continuing and concurrent longitudinal studies (PIs: Hessl and Rivera; Hagerman). The Institutional Review Board of UC Davis approved this protocol and all participants gave written informed consent before participating in the study in line with the Declaration of Helsinki. CGG repeat length and neurological assessment resulted in three experimental groups of participants at visit 1: healthy controls (n = 61), premutation carriers without FXTAS (n = 45; FXTAS stage score of 0 to 1—no or equivocal tremor/ataxia), and premutation carriers with FXTAS (n = 53; FXTAS stage scale score ≥2—clear tremor/ataxia with some interference in functioning). FXTAS stage scores were based on the clinical descriptions previously defined (Bacalman et al., 2006). All participants were scanned at visit 1 and 73 had a follow-up scan on average 1.96 years later (standard deviation = 0.88, range 0.75–4.79 years) (Table 1 for demographics). Twenty-five were premutation carriers without FXTAS at visit 1, of which 10 were classified as “Converters” because they developed clear FXTAS symptomology at visit 2 (FXTAS stage score was 0–1 at visit 1 and ≥2 at visit 2; mean age at visit 1 = 58.81, SD = 6.17 years). We then selected 10 “Non-converters” (FXTAS stage score was 0–1 at both visit 1 and visit 2; mean age at visit 1 = 57.95, SD = 7.43 years), who were not showing signs of FXTAS, using one-one age matching to use as a comparison group.


Table 1. Participant demographics.
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All participants were fluent English speakers, with no history of any serious medical or neurological conditions, including history of alcoholism or drug abuse.

CGG analysis was completed using genomic DNA isolated from peripheral blood lymphocytes using a combination of PCR and Southern blot analysis as previously described (Tassone et al., 2008; Filipovic-Sadic et al., 2010). Measurements of FMR1 mRNA expression levels were carried out by qRT-PCR as previously detailed (Tassone et al., 2000).

MRI Acquisition

High resolution structural MRIs were acquired on a 3T Siemens Trio Scanner using a 32-channel head coil and a T1-weighted 3D MPRAGE sequence between May 2010 and June 2017 using the following scan sequence: TR = 2,170 ms, TE = 4.86 ms, flip angle = 7°, FoV = 256 mm2, 192 slices, 1 mm slice thickness. The scans were first aligned along the anterior-posterior commissure line using acpcdetect (http://www.nitrc.org/projects/art) (Ardekani and Bachman, 2009). For failed cases, manual alignment was performed using DTI Studio (http://www.mristudio.org) (Mori et al., 1999). Then MRI bias field correction was performed using N4 (http://stnava.github.io/ANTs/) (Tustison et al., 2010).

MRPI Analysis

A series of independent raters (two per measure) who were blinded to the participant age and group, visit quantitatively assessed all MR images for the four MRPI measurements (pons and midbrain cross-sectional areas, as well as MCP and SCP widths) based on methods previously described (Nicoletti et al., 2006; Quattrone et al., 2008) and detailed below.

The pons and midbrain areas were assessed on the mid-sagittal slice, where horizontal lines were drawn through the superior and inferior pontine notches. The midbrain was measured as the area above the superior pontine line—midbrain tegmentum, while the pons was the area between the two horizontal lines of the superior and inferior notches (Figure 1A).
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FIGURE 1. Schematic diagram showing the four MRPI measurements. Panel (A) shows the horizontal lines of the superior pontine notch which divides the midbrain (green) and pons (red) cross-sectional areas. Panel (B) shows the line drawn to define the MCP width, which is the linear distance between the peripeduncular cerebrospinal fluid spaces of pontocerebellar cisterns. The white arrow points to the white matter connecting the cerebellar tonsil to the deep white matter of the cerebellum. Panel (C) shows the horizontal lines which delineate the SCP width, at the coronal slice where the SCP first separates from the inferior colliculi.



The width of both left and right MCPs were measured on parasagittal slices. The linear distance of the MCP was delineated by the peripeduncular cerebrospinal fluid spaces of pontocerebellar cisterns, where the pons was still “intact” and the cerebellum was fully formed (white matter connecting the cerebellar tonsil was present; Figure 1B). Finally, the widths of both the left and right SCPs were measured on oblique coronal slices, at the midpoint of the SCP, when it first became separated from the inferior colliculi. The linear distance between the medial and lateral SCP borders was measured (Figure 1C). For both MCP and SCP widths, a mean score was calculated by averaging the left and right measurements for each participant.

The interrater reliability coefficients were excellent for each of the four MRPI scores ranging between 0.986 and 0.993. The mean score of the raters were used for further analysis.

Along with the individual MRPI measurement scores, pons-midbrain area ratio (Pons/Midbrain) and MCP-SCP width ratio (MCP/SCP) were calculated, along with the MRPI [(Pons/Midbrain)*(MCP/SCP)] (Quattrone et al., 2008).

Statistical Analysis

Each MRPI measurement and ratio score was assessed for normality for each group (using skewness and kurtosis) and equal variances (Levene test). Age correlated significantly with all MRPI measurements/ratios except for SCP width (Table S1). Therefore, comparisons of MRPI scores were conducted with ANCOVA analysis (age as a covariate, except for SCP width where an ANOVA was used) using Bonferroni corrections for post-hoc analyses for group.

To examine the relationships between the MRPI measurements/ratios and both molecular and clinical measures in premutation carriers with and without FXTAS (combined group), scatter plots were used to assess linearity of relationship and were followed by hierarchical regression analysis.

To assess change in MRPI scores between visits across the three groups, a 2 × 3 repeated measures ANCOVA (age as a covariate, except for SCP width where an ANOVA was used) was used. Finally, to assess whether MRPI measurements and ratios may be a useful biomarker for FXTAS, independent t-tests and paired samples t-tests were used to compare the sub-samples of Converters and Non-converters at each visit, and between visits for each group.

A significance level of p < 0.007 was set for all group and regression analyses, considering a Bonferroni correction for the seven MRPI measurements/ratios examined herein. Bonferroni post-hoc analyses were set at p < 0.050.

RESULTS

Cross-Sectional Analysis of MRPI Measurements and Ratios

MCP width, midbrain and pons cross-sectional area as well as pons/midbrain ratio yielded significant main effects for group (p < 0.001) (Table 2). Post-hoc pairwise comparisons revealed that patients with FXTAS demonstrated significantly reduced MCP width, midbrain and pons cross-sectional areas and increased pons/midbrain ratio (all ps < 0.001) compared to controls (Figure 2). Patients with FXTAS also demonstrated significantly reduced MCP width, midbrain and pons cross-sectional areas (all ps < 0.001) and increased pons/midbrain ratio (p < 0.002) when compared to premutation carriers without FXTAS (Figure 2). Compared to controls, premutation carriers without FXTAS had reduced midbrain (p < 0.001) and pons (p < 0.006) cross-section areas (Figure 2).


Table 2. Summarized statistics (mean and standard deviations) and ANCOVA/ANOVA statistics for the main effect of group when comparing controls and premutation carriers with and without FXTAS.
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FIGURE 2. Cross-sectional analysis of MRPI measurements at time 1, with age as a covariate. Brackets represents group differences where p < 0.05 using post-hoc Bonferroni correction.



Interestingly, a main effect for age was found for midbrain cross-sectional area and pons/midbrain ratio (p < 0.007) following correction for multiple comparisons, as well as for pons cross-sectional area prior to correction (p = 0.043). In these instances, when an age × group interaction was added to the model, the main effect of group disappeared, with the exception of pons/midbrain ratio where it remained significant prior to correction for multiple comparisons (p = 0.008), where the FXTAS group had a higher ratio than both the control group (p < 0.001) and premutation carriers without FXTAS group (p = 0.015). Premutation carriers without FXTAS showed a trend toward increased pons/midbrain ratio compared to controls (p = 0.069). However, a significant age × group interaction was found for the pons/midbrain ratio (p = 0.001), whereby the steepest rate of incline was for the FXTAS, followed by the premutation without FXTAS group. Age remained a significant predictor of midbrain cross-sectional area (p < 0.001) and pons/midbrain ratio (p < 0.001) following correction, as well as pons cross-sectional areas (p = 0.012) prior to correction for multiple comparisons.

Relationships Between MRPI Measurements/Ratios, FXTAS Stage, and Molecular Markers for Premutation Carriers

The MRPI measurements and ratios for all premutation carriers combined revealed significant relationships with the FXTAS stage scores (Table 3), but not for CGG or FMR1 mRNA (p > 0.007) at visit 1. However, prior to correcting for multiple comparisons, increased CGG repeat length was found to be associated with reduced midbrain cross-sectional area (β = −0.192, SE = 0.075, p = 0.012), and increased pons/midbrain ratio (β = 0.210, SE = 0.800, p = 0.010), as well as increased FMR1 mRNA and increased pons/midbrain ratio (β = 0.172, SE = 0.084, p = 0.042).


Table 3. Relationships between MRPI measurements/ratios and the FXTAS stage scale for all premutation carriers with and without FXTAS.
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Comparison of MRPI Measurements/Ratios Between Converters and Non-converters

When comparing the Converters and Non-converters MRPI scores, converters had significantly decreased mean MCP width at both visits (Time 1: p = 0.002, Cohen's d = 1.587; Time 2: p < 0.001, Cohen's d = 1.762), in which there was almost no overlap in scores between groups at each visit (Figure 3). Pons cross-sectional area was also reduced in Converters compared to Non-converters at both visits (Time 1: p = 0.013, Cohen's d = 1.124; Time 2: p = 0.010, Cohen's d = 1.279), although these differences did not survive Bonferroni correction for multiple comparisons (Table 4).
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FIGURE 3. Converter and non-converter group comparison of MCP width over time. Solid lines represent p < 0.007 and surviving Bonferroni correction for multiple comparisons, while the dotted line represents p < 0.05 and not surviving Bonferroni correction.




Table 4. Demographics, summarized statistics (mean and standard deviations) and comparisons (p value) between premutation carrier converters and non-converters.
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Longitudinal Analysis of MRPI Measurements and Ratios

MRPI scores were not found to change significantly between controls, premutation carriers without FXTAS and premutation carriers with FXTAS between visits 1 and 2 except for midbrain cross-sectional area (Main effect for group: F = 3.45, p = 0.037). Premutation carriers without FXTAS showed a greater change in midbrain cross-sectional area between visit 1 and visit 2 than premutation carriers with FXTAS (F = 6.76; p = 0.011).

Changes in MRPI Measurements in FXTAS Converters

To examine whether MRPI scores are useful biomarkers for newly developing FXTAS cases, a mixed-effects regression model was used to examine change in MRPI scores between visits for those premutation carriers who received a rating of 0 or 1 (no or equivocal tremor/ataxia) on the FXTAS stage scale at visit 1, but received a 2 or more on the same scale (clear tremor/ataxia with some interference in functioning) at their second visit (Converters, n = 10). No significant differences in MRPI measurements/ratios between visit 1 and visit 2 were perceptible (p > 0.05).

Following these analyses, a series of paired samples t-test were used to assess change in MRPI measurement/ratios between visits for Converters and Non-converters, separately for each variable. MCP width was the only MRPI measurement/ratio to change significantly between visits for the Converters (p = 0.032, Cohen's d = 0.835), although this change did not survive Bonferroni correction for multiple comparisons (Table 4; Figure 3). No significant changes were found for the age-matched Non-converters (p > 0.007).

DISCUSSION

FXTAS is a progressive and severe neurodegenerative disease, with no established prodromal or risk biomarkers. This study shows that specific and reliably-measured neuroanatomical changes may precede and possibly predict clinical symptom development. First, decreasing midbrain and pons cross-sectional areas may be an FMR1 premutation phenotype associated with accelerated neurodegeneration. Further, and perhaps more interestingly, decreasing MCP width appears to be sensitive to early structural changes associated with FXTAS development. With larger validation and sensitivity studies, this measure could represent a clinically useful biomarker for FXTAS risk.

The hummingbird signal (increase in pons to midbrain cross-sectional area ratio), suggests advanced atrophy of the midbrain compared to the pons (Kato et al., 2003). In this study, we found systematic atrophy of both the midbrain and pons, and thus an increase pons/midbrain ratio in both FMR1 premutation carriers with and without FXTAS, as well as accelerated age-related increase in the pons/midbrain ratio in the FXTAS group (and a trend for the FMR1 premutation carriers without FXTAS group) compared to controls. However, the close to significant relationships between increased CGG repeat length, decreased midbrain cross-sectional area, and increased pons/midbrain ratio, may suggest that the hummingbird signal and preferential atrophy of the midbrain is more likely to occur in FMR1 premutation carriers with high CGG repeats, who have previously been found to have the greatest FXTAS-related movement impairment (Leehey et al., 2008).

FMR1 premutation age-related atrophy has been previously detected in patients with FXTAS compared to controls and premutation carriers without FXTAS when examining brainstem volumes (combined volume of midbrain, pons, and medulla) (Wang et al., 2017). Thus, the findings of the current study compliment these prior findings, and extend them to suggest that FXTAS related neurodegeneration may accelerate otherwise normal age-related decreases in midbrain and pons cross-sectional areas, with the hummingbird signal (or increased midbrain compared to pons atrophy) appearing in those with greater CGG repeat lengths.

In addition, the pons is an important relay area for neural pathways with cortical—cerebellar links. While changes between visits in pons cross-sectional area were not found in this study, the tendency for reduced volumes (even if they did not survive multiple correction) between Converters and Non-converters is striking. Indeed, pontine linear dimensions and white matter density reductions have been previously documented in older FMR1 premutation carriers with FXTAS (Brunberg et al., 2002; Moore et al., 2004). Hence, with a larger sample of converters and greater statistical power, measuring the cross-sectional area of the pons may be fruitful for FXTAS diagnosis and risk assessment.

The MCP has been recognized as a critical area of pathology and a key MRI indicator of FXTAS (Jacquemont et al., 2003; Rivera et al., 2010; Hall et al., 2014). However, the neuropathology that causes the increased T2 MRI signal—or hyperintensity—is currently unknown and does not exclusively occur in FXTAS. Indeed, the MCP pathway itself plays an important role in cortical connections to the cerebellum, and thus it is logical that the MCP width significantly correlated with FXTAS stage score, which emphasizes tremor and ataxia. Although speculative, perhaps the lack of CGG or FMR1 mRNA associations with MCP width means that the microstructure changes that cause the MCP signal may be in part due to decreased tract integrity resulting from FMR1 exon 1 methylation mediated pathways as previously hypothesized (Shelton et al., 2017), rather than those directly related to FMR1 expression levels. We are currently examining the relationships between white matter hyperintensities, microstructural integrity and morphological changes in the MCP. It is critical to better understand the neuropathological changes that contribute to the development and progression of FXTAS symptoms.

Out of the four measurements and three ratios, the MCP width appears to be the best biomarker for FXTAS conversion in those FMR1 premutation carriers most at risk, which survived a strict Bonferroni correction. This stems from both the cross-sectional analysis of the three groups at visit one, and comparison of Converters and Non-converters. Firstly, it was the only measure in which group differences were revealed between patients with FXTAS and both controls and premutation carriers without FXTAS, yet no difference was found between controls and premutation carriers without FXTAS. This is unlike the results from the midbrain, pons areas and pons/midbrain ratio, where differences were found between controls and premutation carriers without FXTAS. Further, MCP width was the only measure that reliably detected a difference between converters and non-converters, with an indication that it even decreased as FXTAS symptoms develop over an average period of 2.16 years. Together, these results suggest that MCP width may be a clinically useful biomarker for FXTAS, as it was sensitive to FXTAS onset and progression, but not the FMR1 phenotype more generally. Further, the findings highlight the importance of continually tracking the MCP width of FMR1 premutation carriers to verify its predictive value for FXTAS development.

While the results reported here are compelling, the study is not without limitations. Given the longitudinal aspect of this project, it is critically important that we continue to follow and track the progression of these biomarkers in conjunction with various neurological and neuropsychological symptoms, in particular motor control, balance and ataxia, and executive function (Shickman et al., 2018). Indeed, it will be critical to confirm whether or not the current group of non-converters remains asymptomatic, and if these findings remain in a larger cohort of Converters and Non-converters. Thus as we continue to collect follow-up scans, we expect to see more FMR1 premutation carriers convert to FXTAS, which will increase the power to detect change over time, and perhaps predict how soon conversion may occur.

Overall, these results support the hypothesis that specific neuroanatomical changes precede and are related to FXTAS symptom severity. Indeed, it appears that atrophy of the midbrain and pons cross-sectional area may be a common phenotypic characteristic for FMR1 premutation carriers, while reductions in MCP width may be prognostic to FXTAS symptoms and progression. While we endeavor to assess to clinical viability of MCP width as a biomarker of FXTAS through our ongoing research, we compel clinicians to monitor and assess changes in the MCP, primarily for atrophy in width and hyperintensities, as well as other FXTAS radiological signs in premutation carriers at risk for FXTAS or with subtle non-specific clinical changes e.g., (Shickman et al., 2018). In sum, MCP width in FMR1 premutation carriers may be a candidate biomarker to clinically identify patients in prodromal and early stages of FXTAS to help guide candidates for treatment and perhaps monitor response.

AUTHOR CONTRIBUTIONS

AS developed the methodology for and supervised the brain measurements and wrote the first draft of the manuscript. JW contributed conceptually to the data analysis strategy, and wrote sections of and edited the manuscript. EF performed a significant portion of the brain measurements, contributed to the analysis strategy, and edited the manuscript. FT contributed conceptually to the study design, provided molecular measurements for the data analysis and edited the manuscript. AC and LF performed significant portions of the brain measurements and edited the manuscript. RH contributed conceptually to the study design and provided the primary clinical measurements of FXTAS. EF helped develop the data analysis strategy, performed some of the data analysis, and wrote sections of and edited the manuscript. DH contributed to the design of the study, supervised the collection of clinical assessment data, and wrote sections of and edited the manuscript. SR contributed to the design of the study, supervised neuroimaging data collection and analysis, and wrote sections of and edited the manuscript.

FUNDING

This work was supported by National Institute of Health Grants MH078041 to DH and SR; HD036071 and AG032115 to RH; HD02274 to FT; 90DD0596 from Health and Human Services Administration of Developmental Disabilities; and by the MIND Institute Intellectual and Developmental Disabilities Research Center (U54 HD079125).

ACKNOWLEDGMENTS

The project described was supported by the National Center for Advancing Translational Sciences (NCATS), National Institutes of Health (NIH), through grant UL1 TR001860.

Study data were managed using REDCap electronic data capture tools hosted at the University of California, Davis (Harris et al., 2009).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2018.00379/full#supplementary-material

ABBREVIATIONS

FXTAS, Fragile X-associated tremor/ataxia syndrome; MCP, Middle Cerebellar Peduncle; MRPI, Magnetic Resonance Parkinsons Index.

REFERENCES

 Apartis, E., Blancher, A., Meissner, W. G., Guyant-Maréchal, L., Maltête, D., De Broucker, T., et al. (2012). FXTAS: new insights and the need for revised diagnostic criteria. Neurology 79, 1898–1907. doi: 10.1212/WNL.0b013e318271f7ff

 Ardekani, B. A., and Bachman, A. H. (2009). Model-based automatic detection of the anterior and posterior commissures on MRI scans. Neuroimage 46, 677–682. doi: 10.1016/j.neuroimage.2009.02.030

 Bacalman, S., Farzin, F., Bourgeois, J. A., Cogswell, J., Goodlin-Jones, B. L., Gane, L. W., et al. (2006). Psychiatric phenotype of the fragile X-associated tremor/ataxia syndrome (FXTAS) in males: newly described fronto-subcortical dementia. J. Clin. Psychiatry 67, 87–94. doi: 10.4088/JCP.v67n0112

 Brunberg, J. A., Jacquemont, S., Hagerman, R. J., Berry-Kravis, E. M., Grigsby, J., Leehey, M. A., et al. (2002). Fragile X premutation carriers: characteristic MR imaging finding of adult male patients with progressive cerebellar and cognitive dysfunction. Am. J. Neuroradiol. 23, 1757–1766.

 Cohen, S., Masyn, K., Adams, J., Hessl, D., Rivera, S., Tassone, F., et al. (2006). Molecular and imaging correlates of the fragile X-associated tremor ataxia syndrome. Neurology 67, 1426–1431. doi: 10.1212/01.wnl.0000239837.57475.3a

 Filipovic-Sadic, S., Sah, S., Chen, L., Krosting, J., Sekinger, E., Zhang, W., et al. (2010). A novel FMR1 PCR method for the routine detection of low abundance expanded alleles and full mutations in fragile X syndrome. Clin. Chem. 56, 399–408. doi: 10.1373/clinchem.2009.136101

 Greco, C. M., Hagerman, R. J., Tassone, F., Chudley, A. E., Del Bigio, M. R., Jacquemont, S., et al. (2002). Neuronal intranuclear inclusions in a new cerebellar tremor/ataxia syndrome among fragile X carriers. Brain 125, 1769–1771. doi: 10.1093/brain/awf184

 Hall, D. A., Birch, R. C., Anheim, M., Jønch, A. E., Pintado, E., O'Keefe, J., et al. (2014). Emerging topics in FXTAS. J. Neurodev. Disord. 6, 31–41. doi: 10.1186/1866-1955-6-31

 Harris, P. A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., and Conde, J. G. (2009). Research electronic data capture (REDCap)–a metadata-driven methodology and workflow process for providing translational research informatics support. J. Biomed. Inform. 42, 377–381. doi: 10.1016/j.jbi.2008.08.010

 Hashimoto, R., Javan, A. K., Tassone, F., Hagerman, R. J., and Rivera, S. M. (2011). A voxel-based morphometry study of grey matter loss in fragile X-associated tremor/ataxia syndrome. Brain 134, 863–878. doi: 10.1093/brain/awq368

 Jacquemont, S., Hagerman, R. J., Leehey, M. A., Hall, D. A., Levine, R. A., Brunberg, J. A., et al. (2004). Penetrance of the fragile X-associated tremor/ataxia syndrome in a premutation carrier population. JAMA 291, 460–469. doi: 10.1001/jama.291.4.460

 Jacquemont, S., Hagerman, R. J., Leehey, M., Grigsby, J., Zhang, L., Brunberg, J. A., et al. (2003). Fragile X premutation tremor/ataxia syndrome: molecular, clinical, and neuroimaging correlates. Am. J. Hum. Genet. 72, 869–878. doi: 10.1086/374321

 Kato, N., Arai, K., and Hattori, T. (2003). Study of the rostral midbrain atrophy in progressive supranuclear palsy. J. Neurol. Sci. 210, 57–60. doi: 10.1016/S0022-510X(03)00014-5

 Leehey, M. A., Berry-Kravis, E., Goetz, C. G., Zhang, L., Hall, D. A., Li, L., et al. (2008). FMR1 CGG repeat length predicts motor dysfunction in premutation carriers. Neurology 70, 1397–1402. doi: 10.1212/01.wnl.0000281692.98200.f5

 Moore, C. J., Daly, E. M., Tassone, F., Tysoe, C., Schmitz, N., Ng, V., et al. (2004). The effect of pre-mutation of X chromosome CGG trinucleotide repeats on brain anatomy. Brain 127, 2672–2681. doi: 10.1093/brain/awh256

 Mori, S., Crain, B. J., Chacko, V. P., and van Zijl, P. C. (1999). Three-dimensional tracking of axonal projections in the brain by magnetic resonance imaging. Ann. Neurol. 45, 265–269. doi: 10.1002/1531-8249(199902)45:2&lt;265::AID-ANA21&gt;3.0.CO;2-3

 Nicoletti, G., Fera, F., Condino, F., Auteri, W., Gallo, O., Pugliese, P., et al. (2006). MR imaging of middle cerebellar peduncle width: differentiation of multiple system atrophy from Parkinson disease Radiology 299, 825–830. doi: 10.1148/radiol.2393050459

 Okamoto, K., Tokiguchi, S., Furusawa, T., Ishikawa, K., Quardery, A. F., Shinbo, S., et al. (2003). MR features of diseases involving bilateral middle cerebellar peduncles. Am. J. Neuroradiol. 24, 1946–1954.

 Quattrone, A., Morelli, M., Williams, D. R., Vescio, B., Arabia, G., Nigro, S., et al. (2016). MR parkinsonism index predicts vertical supranuclear gaze palsy in patients with PSP-parkinsonism. Neurology 87, 1266–1273. doi: 10.1212/WNL.0000000000003125

 Quattrone, A., Nicoletti, G., Messina, D., Fera, F., Condino, F., Pugliese, P., et al. (2008). MR imaging index for differentiation of progressive supranuclear palsy from Parkinson disease and the Parkinson variant of multiple system atrophy. Radiology 246, 214–221. doi: 10.1148/radiol.2453061703

 Ramnani, N. (2006). The primate cortico-cerebellar system: anatomy and function. Nat. Rev. Neurosci. 7, 511–522. doi: 10.1038/nrn1953

 Rivera, S., Stebbins, G. T., and Grigsby, J. (2010). “Radiological Findings in FXTAS,” in The Fragile X-Associated Tremor Ataxia Syndrome (FXTAS), eds F. Tassone, and E. M. Berry-Kravis (Springer Science), 55–66.

 Rodriguez-Revenga, L., Madrigal, I., Pagonabarraga, J., Xunclà, M., Badenas, C., Kulisevsky, J., et al. (2009). Penetrance of FMR1 premutation associated pathologies in fragile x syndrome families. Eur. J. Human Genet. 17, 1359–1362. doi: 10.1038/ejhg.2009.51

 Seritan, A. L., Nguyen, D. V., Farias, S. T., Hinton, L., Grigsby, J., Bourgeois, J. A., et al. (2008). Dementia in fragile X-associated tremor/ataxia syndrome (FXTAS): comparison with Alzheimer's disease. Am. J. Med. Genet. 147B, 1138–1144. doi: 10.1002/ajmg.b.30732

 Shelton, A. L., Cornish, K. M., Godler, D., Bui, M., Kolbe, S., and Fielding, J. (2017). White matter microstructure, cognition and molecular markers in Fragile X premutation females. Neurology 88, 2080–2088. doi: 10.1212/WNL.0000000000003979

 Shickman, R., Famula, J., Tassone, F., Leehey, M., Ferrer, E., Rivera, S. M., et al. (2018). Age- and CGG repeat-related slowing of manual movement in fragile X carriers: a prodrome of fragile X-associated tremor ataxia syndrome? Mov. Disord. 33, 628–636. doi: 10.1002/mds.27314

 Storey, E., and Billimoria, P. (2005). Increased T2 signal in the middle cerebellar peduncles on MRI is not specific for fragile X premutation syndrome. J. Clin. Neurosci. 12, 42–43. doi: 10.1016/j.jocn.2004.07.006

 Tassone, F., Hagerman, R. J., Taylor, A. K., Gane, L. W., Godfrey, T. E., and Hagerman, P. J. (2000). Elevated levels of FMR1 mRNA in carrier males: a new mechanism of involvement in the fragile-X syndrome. Am. J. Hum. Genet. 66, 6–15. doi: 10.1086/302720

 Tassone, F., Iong, K. P., Tong, T. H., Lo, J., Gane, L. W., Berry-Kravis, E., et al. (2012). FMR1 CGG allele size and prevalence ascertained through newborn screening in the United States. Genome Med. 4, 100–113. doi: 10.1186/gm401

 Tassone, F., Pan, R., Amiri, K., Taylor, A. K., and Hagerman, P. J. (2008). A rapid polymerase chain reaction-based screening method for identification of all expanded alleles of the fragile X (FMR1) gene in newborn and high-risk populations. J. Mol. Diagn. 10, 43–49. doi: 10.2353/jmoldx.2008.070073

 Tustison, N. J., Avants, B. B., Cook, P. A., Zheng, Y., Egan, A., Yushkevich, P. A., et al. (2010). N4ITK: improved N3 bias correction. IEEE Trans. Med. Imaging 29, 1310–1320. doi: 10.1109/TMI.2010.2046908

 Wang, J. Y., Hessl, D., Hagerman, R. J., Simon, T. J., Tassone, F., Ferrer, E., et al. (2017). Abnormal trajectories in cerebellum and brainstem volumes in carriers of the fragile X premutation. Neurobiol. Aging 55, 11–19. doi: 10.1016/j.neurobiolaging.2017.03.018

Conflict of Interest Statement: RH has received funding from Zynerba, Fulcrum and Ovid for consultation regarding treatment of fragile X syndrome and from Neuren and Marinus for carrying out fragile X treatment studies. DH has received funding from Ovid, Fulcrum, and Autifony for consultation regarding fragile X treatment studies.

The remaining 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.

Copyright © 2018 Shelton, Wang, Fourie, Tassone, Chen, Frizzi, Hagerman, Ferrer, Hessl and Rivera. 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 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/fnins-12-00379-t002.jpg
Controls Premutation Carriers Premutation Carriers F-statistic forgroup  p-value forgroup 12 for group

without FXTAS with FXTAS
MCP width 9561 (1.12) 9.42(1.06) 8.38(1.41) 162 <0.001 0472
SCP width 5.09 (0.82) 5.02(0.94) 4.97 0.99) 025 o782 0.003
Midbrain 177.4(29.4) 159.7 (28.6) 122.8(31.5) 483 <0.001 0382
Pons 6085 (56.9) 5777 (62.4) 5199 (60.1) 319 <0.001 0200
SCPMCP 1.94(0.40) 193(0.39) 1.72(035) 544 0005 0.065"%
PonsMidorain 351 (0.61) 360 (0.55) 4.43(0.92) 256 <0.001 02487
MRPI 6.84 (201) 7.12(1.67) 7.60(1.99) 224 0110 0.028"

Values in parentheses represent standard deviations. n? represents partial eta squared; “a significant group difference between controls and premutation carriers without FXTAS (b < 0.05
posthoc); “a significant group diference batwoen controls and premutation carriers with FXTAS (b < 0.05 post-hoc); *a significant group difference between promutation carriers with
and without FXTAS (o < 0.05 post-hod).





OPS/images/fnins-12-00379-t003.jpg
B SE p-value

MCP width -0513 0.098 <0001
SCP width 0231 0116 0.050
Midbrain cross-sectional area -0.407 0.077 <0001
Pons cross-sectional area ~0.472 0,099 <0001
MCP/SCP —0.185 0.108 0091
Pons/Midbrain 0.324 0.087 <0001
MRPI 0.089 0115 0.441

A hierarchical regression model was used, with age included for all analyses except SCP
width, B = standardized regression coefficient.






OPS/images/fnins-12-00379-g003.gif
MCP width (mm)

[S—
vista vtz

Winon-Converters [l Converters





OPS/images/fnins-12-00379-t001.jpg
Controls Premutation  Premutation  ANOVA
without FXTAS ~ with FXTAS  p-value

n 61 45 53

Age(years)  60.75(0.95)  5054(8.17) 66.16(679)  0.001%°
caa 20.54 (4.56) 86.11 (24.46) 90.30(16.41)  0.0012¢
mRNA 125(0.22) 2.49(086) 2630062  0.0012°
n 21 25 27

Age(years)  5850(0.03)  57.83(7.96) 6801(687) 000120
caa 20.94 (4.27) 86.72 (23.95) 87.81(1656)  0.0013¢
mRNA 1.22(026) 247074 264(066)  0.0013°

Numbers in parentheses are standard deviations.
%p < 0.05 for comparison between Controls and FXTAS.

®p < 0.05 for comparison between Premutation carriers without FXTAS and FXTAS.
¢p < 0.05 for comparison between Controls and Premutation carriers without FXTAS.





OPS/images/fnins-12-00379-t004.jpg
Converters
Mean (SD)
McP 9.03 (0.85)
scP 4.94(055)
Midbrain 153.9 25.9)
Pons 549.6(65.4)
MCP/SCP 1.86 (0.32)
Pons/Midbrain 362 (0.44)
MRPI 6.74 (1.58)

Visit 1

Non-Converters
Mean (SD)

102 (067)
631(1.30)
173.4 (309)
6164 (30.7)
2.02(0.47)
3.65(0.59)
7.33 (1.94)

0.002
0412
0.146
0013
0.368
o911
0.470

Converters Mean
Mean (SD)

873" (0.74)
5.08(0.70)
150.7(23.0)
544.6(68.8)
1.72(036)
3.64(0.41)
620(1.70)

Visit2
Non-Converters
Mean (SD)

10.1(080)
5.18(1.06)
170.3(32.0)
618.4(43.6)
200(0.32)
373(061)
752(1.96)

0.001
0812
0.182
0.010
0.080
0.706
0.151

Values in parentheses represent standard deviations. *Indicates that a paired samples t-test between visits is p = 0.032, and significant prior to comection for multiple comparisons.





OPS/images/fnins-12-00379-g001.gif





OPS/images/fnins-12-00379-g002.gif
Caraboller Podunle WAdth fman)

—~ MES





OPS/images/cover.jpg
' frontiers
in Neuroscience

Middle Cerebellar Peduncle Width—A
Novel MRI Biomarker for FXTAS?









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Neuroscience





