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Aging FMR1 premutation carriers are at risk of developing neurodegenerative disorders, including fragile X-associated tremor/ataxia syndrome (FXTAS), and there is a need to identify biomarkers that can aid in identification and treatment of these disorders. While FXTAS is more common in males than females, females can develop the disease, and some evidence suggests that patterns of impairment may differ across sexes. Few studies include females with symptoms of FXTAS, and as a result, little information is available on key phenotypes for tracking disease risk and progression in female premutation carriers. Our aim was to examine quantitative motor and cognitive traits in aging premutation carriers. We administered oculomotor tests of visually guided/reactive saccades (motor) and antisaccades (cognitive control) in 22 premutation carriers (73% female) and 32 age- and sex-matched healthy controls. Neither reactive saccade latency nor accuracy differed between groups. FMR1 premutation carriers showed increased antisaccade latencies relative to controls, both when considering males and females together and when analyzing females separately. Reduced saccade accuracy and increased antisaccade latency each were associated with more severe clinically rated neuromotor impairments. Findings indicate that together male and female premutation carriers show a reduced ability to rapidly exert volitional control over prepotent responses and that quantitative differences in oculomotor behavior, including control of visually guided and antisaccades, may track with FXTAS – related degeneration in male and female premutation carriers.
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1 Introduction

Individuals who carry premutation repeat expansions (55–200 CGG repeats) on the first exon of the FMR1 gene are at risk for age-related neurodegeneration that may result in motor and/or cognitive impairments. One such disorder is fragile X-associated tremor/ataxia syndrome (FXTAS), which is defined clinically by action tremor and/or gait ataxia (Hagerman et al., 2001, 2004). Radiological indicators include generalized brain atrophy, T2-weighted MRI hyperintensities of the middle cerebellar peduncles (MCP sign) (Jacquemont et al., 2003; Greco et al., 2006), and atrophy of the splenium of the corpus callosum (Brunberg et al., 2002; Apartis et al., 2012). Prevalence among male premutation carriers is relatively high, with 45% of male premutation carriers over 50 years experiencing FXTAS-related decline, and penetrance subsequently increasing with age (Jacquemont et al., 2004; Rodriguez-Revenga et al., 2009). In contrast, only 16% of female premutation carriers older than 50 years experience FXTAS, though there is a paucity of data regarding penetrance rates across older ages among females (Coffey et al., 2008; Rodriguez-Revenga et al., 2009). Multiple other co-occurring features of aging in FMR1 premutation carriers that also may be present in both males and females include cognitive declines, peripheral neuropathy, psychiatric changes, and other health issues (Brega et al., 2008; Grigsby et al., 2008; Rodriguez-Revenga et al., 2010; Wong et al., 2014; Schmitt et al., 2022). Among the cognitive symptoms associated with aging are deficits in executive function which are particularly common (Brega et al., 2008; Cornish et al., 2009; Kraan et al., 2013a,b; Grigsby et al., 2014; Schneider et al., 2020; Moser et al., 2021; Storey et al., 2021). Declines in executive functions, including inhibitory control, in male and female premutation carriers are associated with FXTAS symptoms such that FXTAS patients demonstrate worse executive function than asymptomatic (FXTAS-) sex-matched premutation carriers and healthy controls (Grigsby et al., 2008; Yang et al., 2013; Grigsby et al., 2014; Yang et al., 2014). Also, executive dysfunction worsens with FXTAS severity (Schneider et al., 2020). Quantitative approaches for examining inhibitory control processes in aging premutation carriers are needed to detect subtle changes that may serve as early indicators of FXTAS or be useful for assessing target engagement and therapeutic response in clinical trials.

Oculomotor testing represents a promising quantitative approach for understanding phenotypes associated with the FMR1 premutation. Oculomotor measures are sensitive to pathology in multiple diseases of aging (e.g., Parkinson’s Disease, Huntington’s Disease) suggesting that they may be valuable for detecting and tracking neurodegenerative processes (Gitchel et al., 2013; Shakespeare et al., 2015; Anagnostou et al., 2020; Waldthaler et al., 2022). Further, strong test–retest reliability of oculomotor testing has been demonstrated in both healthy aging populations (ICCs: 0.73–0.89) (Płomecka et al., 2020) and in individuals at risk for development of neurodegenerative disease (e.g., Huntington’s disease; ICCs: 0.83–0.87) (Blekher et al., 2009). Also, oculomotor indices are sensitive to change over time in both symptomatic individuals with neurodegenerative disease and pre-symptomatic individuals at risk for neurodegenerative disease relative to controls (Antoniades et al., 2010). Oculomotor paradigms can be used to examine multiple discrete neural systems including cortical-brainstem-cerebellar circuits supporting basic sensorimotor control such as movement precision and stable gaze fixation, and higher level cortical-striatal circuits involved in top-down executive processes, such as inhibition of prepotent responses (Pierrot-Deseilligny et al., 2003; Ploner et al., 2005; Hutton, 2008; Lennertz et al., 2012; Shelton et al., 2014). The neural substrates of oculomotor control are well understood based on human lesion, neuroimaging, and non-human primate studies, suggesting that clarifying oculomotor processes affected in aging premutation carriers may provide important new insights into neurodegenerative mechanisms of clinical decline (Krauzlis and Miles, 1998; Takagi et al., 1998; Desmurget et al., 2000; Pierrot-Deseilligny et al., 2002; Leigh and Kennard, 2004; Neggers et al., 2005; Leigh and Zee, 2006).

Multiple oculomotor behaviors may be affected in FXTAS based on studies showing both sensorimotor and executive impairments as well as pathology of key neural structures supporting basic oculomotor control (e.g., cerebellum, prefrontal cortex). Visual gaze fixation is an active process supported by cerebellar-brainstem circuits. Studying the stability of gaze fixation allows for identification of cerebellar and brainstem degeneration. Saccades are rapid eye movements made to shift gaze between points of fixation (Leigh and Zee, 2006). Square wave jerks (SWJ) are small intrusive horizontal saccades that disrupt visual fixation. They are present in healthy, aging, and pathological populations, but their frequency is increased in neurodegenerative motor diseases with brainstem pathology (Herishanu and Sharpe, 1981; Shallo-Hoffmann et al., 1989; Nowinski et al., 2005). Visually guided saccades are generated when novel stimuli are introduced into the observer’s environment, and their accuracy and consistency are modulated by cerebellar-brainstem circuitry and cortical-cerebellar feedback mechanisms. Reduced accuracy and increased accuracy variability across repeated movements may represent dysfunctions of cerebellar circuits involved in internal action representations guiding the precision of motor output and those involved in updating these representations based on error feedback information (Takagi et al., 1998; Robinson and Fuchs, 2001). The latency of exogenously driven saccades is supported by cerebellar-brainstem circuits involved in movement generation and movement cells in cortical (frontal and parietal eye fields) and subcortical (basal ganglia) circuits supporting action planning and initiation (Leigh and Zee, 2006). Prior studies of visually guided saccades have documented increased trial-to-trial accuracy variability in FXTAS+ (McLennan et al., 2022) and FXTAS- premutation males (Wong et al., 2014). In contrast, studies of female premutation carriers have provided mixed findings. One study demonstrated a significant increase in visually guided saccade latency between asymptomatic premutation females and controls (Moser et al., 2021), while another noted no differences between groups (Shelton et al., 2014).

Antisaccades are generated when an observer suppresses an exogenously driven reactive saccade in favor of generating a volitional saccade in the opposite direction of a suddenly appearing cue. Measurement of antisaccade latencies and error rates provide important indices of inhibitory control processes supported by fronto-striatal circuits. Antisaccade paradigms have demonstrated impairments in inhibitory control in premutation carriers. One study of antisaccade behavior demonstrated increased latencies in younger adult asymptomatic male premutation carriers relative to age-matched healthy controls (Wong et al., 2014), but another study did not report latency differences between asymptomatic male and female premutation carriers and controls in their 50s and 60s (McLennan et al., 2022). Additionally, male premutation carriers show both increased antisaccade latencies and elevated error rates associated with increased FXTAS symptom severity (McLennan et al., 2022). Asymptomatic adult female premutation carriers also appear to show increased rates of antisaccade errors relative to healthy female controls, though no known studies have examined antisaccade behavior in samples of female premutation carriers with symptoms of FXTAS (Shelton et al., 2014; Moser et al., 2021), thus limiting our understanding of how FXTAS symptoms may track with oculomotor performance in females.

The present study examined visually guided saccades and antisaccades in a primarily female sample of aging FMR1 premutation carriers. Consistent with previous findings (Shelton et al., 2014; Wong et al., 2014; Moser et al., 2021; McLennan et al., 2022), we predicted that premutation carriers would demonstrate longer antisaccade latencies and higher rates of antisaccade errors relative to controls. We also predicted that premutation carriers would show greater inhibitory cost (i.e., lower efficiency in inhibiting unwanted saccades) (Wong et al., 2014) associated with more severe clinical motor symptoms of FXTAS (McLennan et al., 2022). Based on findings of cerebellar and brainstem pathology in FXTAS, we explored visual gaze fixation and expected increased rates of SWJ would be associated with more severe FXTAS symptoms.



2 Method


2.1 Participants

Fifty-four participants, including 22 premutation carriers (16 female) and 32 age-matched healthy controls (21 female) completed visually guided saccade (VGS) and antisaccade tests, a clinical evaluation with a movement specialist with expertise in neuromotor disorders of aging (P.K.), and a standardized cognitive assessment (Stanford-Binet 5; See Supplementary Table S1, S2, for medication information). Among these participants, 4 control females did not complete the antisaccade test, 1 female premutation carrier did not complete the antisaccade test, and 1 female premutation carrier did not complete the VGS test. Some participants did not complete all tests due to scheduling issues; tests described here were administered as part of a larger assessment battery designed to assess motor, cognitive, and brain function.

FMR1 premutation carrier status was confirmed for all participants either by providing the study team with documentation of prior genetic testing, or through molecular testing conducted at the Molecular Diagnostic Laboratory at Rush University. Normal allele status was confirmed for all control participants. DNA was isolated from peripheral blood leukocyte samples, and PCR testing using commercially available Asuragen kits was used to quantify allele-specific CGG repeat length.



2.2 Procedure

Participants completed VGS and antisaccade tests in a darkened room, positioned in a chin rest and seated 60 cm from the center of a 102 cm anti-glare LCD monitor (resolution: 1920 × 1,060, refresh rate: 60 Hz). Eye movements were recorded using an infrared, binocular camera-based eye tracking system (500 Hz; EyeLink II, SR Research Ltd., Canada). Before each block of trials, participants performed a nine-point calibration.


2.2.1 Visually guided saccade task (VGS)

A VGS test was administered to examine gaze fixation, saccade latency, and saccade accuracy, as we have done previously (Schmitt et al., 2014). Visual stimuli subtending 0.5° of visual angle were presented in the horizontal plane at eye level. A central fixation was presented for 1.5–2.0 s (varied randomly), after which a peripheral target was presented for 1.5 s at 12° or 24° to the right or left of central fixation. The central fixation did not overlap with presentation of the peripheral target, nor was there a gap between the central fixation and peripheral target without a visual stimulus. Blocks of 30 trials were administered for each target step amplitude (12° and 24°), with direction (left or right) and amplitude pseudorandomized so that there were an equal number of trials at each of the four possible locations. Participants were instructed to look at peripheral targets as quickly as possible.

Saccade onset and offset were marked when velocity exceeded or fell below 30°/sec, respectively. Saccade latencies were defined as the interval between the appearance of the peripheral target and initiation of the primary saccade. To assess accuracy, saccade gain was measured, defined as the ratio of the saccade amplitude to the target step amplitude. SWJ during periods of fixation preceding and following saccades were counted and defined as fixation intrusions in which individuals made two saccades that were of relatively equal size, between 0.20° and 3.0°, in opposite directions of each other, and occurring within 100–400 ms of one another (Nowinski et al., 2005). During the first saccade of each SWJ, gaze shifted away from the fixation target, and during the second saccade, gaze returned to the target.



2.2.2 Antisaccade task

The antisaccade test measured individuals’ ability to inhibit saccades toward a peripheral target. Stimulus parameters were like the VGS test, though participants completed gap and overlap conditions. During gap trials, peripheral target onset occurred 200 ms after removal of the central fixation. During overlap trials, peripheral target onset occurred 200 ms prior to central fixation removal. Participants were instructed to inhibit eye movements toward peripheral targets and instead make a saccade to the mirror location of the target in the opposite hemifield. Antisaccade latency and the proportion of trials in which participants looked toward rather than away from the peripheral target (antisaccade error) were examined. Inhibitory cost was calculated as the difference between VGS latency and antisaccade latency with greater values representing greater inhibitory cost, or lower efficiency in inhibiting unwanted saccades (Wong et al., 2014; McLennan et al., 2022).




2.3 Clinical measures

To assess clinical neuromotor deficits that are indicative of FXTAS, a movement specialist (P.K.) administered the International Cooperative Ataxia Rating Scale (ICARS) (Trouillas et al., 1997) which has a maximum score of 100. Nine of the 22 premutation carriers were unable to complete the ICARS due to scheduling issues. Although many participants completed T2 weighted MRI scans, for this study we did not assign FXTAS diagnoses. However, six premutation carriers showed clinical and/or radiological signs consistent with a diagnosis of possible, probable, or definite FXTAS (Supplementary Table S3). An additional eight premutation carriers did not show sufficient signs to warrant a FXTAS diagnosis, whereas eight premutation carriers did not provide sufficient clinical or MRI data to make a diagnostic determination (Hagerman et al., 2001, 2004). For our analyses, we considered all premutation carriers together regardless of FXTAS symptomology but included ICARS total score as a continuous predictor that indicated severity of motor symptoms.



2.4 Data analysis

The dependent variables of interest were VGS latency and gain, SWJ, antisaccade latency and error, and inhibitory cost (Table 1). Inhibitory cost was calculated as the difference between VGS latency and antisaccade latency for all combinations of target step amplitude and fixation offset condition. The VGS test did not have separate gap and overlap offset conditions like the antisaccade test, so, for example, “inhibitory cost, gap, 12°” refers to the difference between VGS latency at the 12° step amplitude and antisaccade latency in the gap condition at the 12° step amplitude. When assessing the normality of the dependent variables for model selection, we found that when collapsed across stimulus properties (i.e., target step amplitude, fixation offset condition) all were within limits for little to moderate skew, indicating that general linear models would be acceptable.



TABLE 1 Mean performance on visually guided saccade, antisaccade, and inhibitory cost across FMR1 premutation carriers and controls.
[image: Table1]

Using PROC GLM in SAS software 9.4 for Windows (SAS Institute Inc, 2013), we examined the predictive effects of stimulus properties, group (control vs. FMR1 premutation), FXTAS symptom severity/ICARS score, and CGG repeat length. For each dependent variable, we conducted the following models to test the effects of group, ICARS score, and CGG repeat length on oculomotor performance. First, we evaluated a model with only stimulus properties and used an F-test to test whether the total variance accounted for by the model (i.e., R2) was significantly greater than zero. For VGS variables, we included a repeated effect of target step amplitude (i.e., 12° vs. 24°), and for antisaccade variables, we included a repeated effect of a four-category dummy variable which represented each combination of target step amplitude and fixation offset condition (i.e., gap vs. overlap). Next, we assessed the effects of group, ICARS score, and CGG repeat length individually while retaining the stimulus property effects, since stimulus properties are known to affect performance and were significant predictors of performance in our models (Supplementary Tables S4, S5). To test the significance of the main effects of predictors, we conducted Wald tests of fixed effects. With this method of quantitative analysis, results can be interpreted as the main effect of the predictor across all levels of stimulus properties on the dependent variables.

We used Hedge’s g to calculate effect size for differences between the means because it accommodates uncertainty in small sample sizes. We did not apply multiple comparison (i.e., Bonferroni) corrections, rather we report in full the significance values and effect sizes for all comparisons. We selected this approach given that (1) we were testing pre-planned hypotheses, (2) findings would not contribute to clinical decision-making, and (3) interpretations of findings were not dependent on the number of tests performed (Perneger, 1998; Armstrong, 2014). Finally, we used this same approach in a female only subset of the sample to determine whether the relationships were present within females or within males and females together.




3 Results


3.1 Descriptives, between-group differences, and stimulus properties

First, we examined group means for all dependent variables (Table 1). Effect sizes based on means and standard deviations for each group’s performance suggested that groups did not differ on VGS latency, VGS gain, SWJ, and antisaccade error. Effect sizes were higher for antisaccade latency and inhibitory cost, suggesting greater differences between groups. When considering the female subset, effect sizes were generally stronger than in the male and female sample for antisaccade and inhibitory cost but were lower for VGS latency and gain.

For the general linear models, we first examined the effect of stimulus properties on performance. For VGS latency, target step amplitude accounted for 6–7% of variation in latency, depending on the makeup of the sample (i.e., males and females vs. females). VGS gain did not vary by stimulus property. Stimulus properties were significantly predictive of antisaccade latency and inhibitory cost, accounting for 77–82% of the variation in oculomotor performance, again depending on the makeup of the sample. Variation accounted for was slightly higher in the female subset for antisaccade latency and inhibitory cost. Stimulus properties accounted for 8–10% of variation in antisaccade error.

We next tested the effect of group on oculomotor performance, finding that there were no differences between controls and premutation carriers in VGS latency and gain. Again, effects were similar for both males and females and the female subset. There was a significant main effect of group across all stimulus parameters for antisaccade latency and inhibitory cost for both the male and female sample and the female subset (Figure 1), longer latencies [Fmales + females (1,190) = 9.4, p = 0.003, ΔR2 = 2%; Ffemales (1,123) = 11.9, p = 0.001, ΔR2 = 2%] and longer inhibitory costs [Fmales + females (1,182) = 11.4, p = 0.001, ΔR2 = 1%; Ffemales (1,119) = 16.7, p = 0.001, ΔR2 = 3%] for premutation carriers, with R2 increasing slightly to 79–85%. There was no effect of group on antisaccade error.

[image: Figure 1]

FIGURE 1
 Antisaccade latency distribution by group, target step amplitude, and fixation offset condition.




3.2 FXTAS symptom severity and CGG repeat length

Finally, within the premutation carriers, we tested the effects of FXTAS symptom severity, as measured by the ICARS score, and CGG repeat length. Increasing FXTAS symptom severity was significantly predictive of more severe saccade undershooting (i.e., hypometria on the VGS test; Figure 2) in the male and female sample [F (1,25) = 8.6, p = 0.007, ΔR2 = 27%], but not the female-only subsample [F(1,17) = 2.6, p = 0.13, ΔR2 = 16%]. Similarly, increasing ICARS score was predictive of increasing antisaccade error in the male and female sample [F (1,51) = 22.2, p < 0.0001; Figure 3] which accounted for an additional 26% of the variation in antisaccade error. This association was marginally significant in the female-only subsample [F (1,31) = 3.4, p = 0.08, ΔR2 = 7%]. Higher CGG repeat length was associated with increased VGS latency in the male and female sample [F (1,31) = 5.6, p = 0.02, ΔR2 = 18%], but not the female subset [F (1,19) = 2.0, p = 0.16, ΔR2 = 17%]. CGG repeat length was associated with antisaccade latency in the male and female sample such that higher CGG repeat length predicted longer antisaccade latency [F (1,66) = 13.4, p < 0.001, ΔR2 = 4%], but again this was marginally significant in the female-only subset [F (1,43) = 3.1, p = 0.09, ΔR2 = 1%]. When examining the SEs for estimates in the SWJ models, it became clear that these models were underpowered, and although the models were estimable, they were unreliable.

[image: Figure 2]

FIGURE 2
 Saccade gain and ICARS score by target step amplitude.


[image: Figure 3]

FIGURE 3
 Antisaccade error and ICARS score by target step amplitude and fixation offset condition.





4 Discussion

This study represents the first known quantitative assessment of oculomotor behavior in a primarily female sample of aging FMR1 premutation carriers. While saccadic behavior was similar across premutation carriers and controls, inhibitory control of saccades was disrupted in FMR1 premutation carriers relative to controls, suggesting top-down control systems may be selectively impacted in males and females with the FMR1 premutation. Associations between both saccade accuracy and antisaccade accuracy with clinical symptoms of FXTAS indicate that sensorimotor and inhibitory control abilities may track with disease progression. In the context of our sample being relatively mildly affected as indicated by their low ICARS ratings and the ability for all of them to walk without assistance or balance issues, these results suggest that assessment of visually guided saccades and antisaccades may be useful for tracking FXTAS symptom onset and progression in both males and females. Also, given the small number of males in our sample (n = 6), and the similarity of findings when examining males and females together and females alone, these results suggest that oculomotor outcomes may be sensitive to disease symptomology in females as well.

Prior studies of saccade behavior in asymptomatic premutation carriers have documented mixed findings suggesting both impaired and spared latencies and preserved accuracy (Shelton et al., 2014; Wong et al., 2014; Moser et al., 2021). Recently, McLennan et al. extended these findings by including FXTAS+ premutation carriers in a primarily male sample and showed that saccade accuracy was more variable in FXTAS patients compared to asymptomatic premutation carriers, though this effect did not survive corrections for multiple comparisons (McLennan et al., 2022). Here, we focus on a predominantly female sample and show that saccade latency and accuracy each appear to be unaffected during initial disease stages. There was a strong association between saccade accuracy (i.e., VGS gain) and severity of motor symptoms in premutation carriers, indicating that saccade behavior may track with disease severity or progression in both sexes. This association was specific to larger amplitude saccades during which more severely clinically affected premutation carriers showed greater hypometria, indicating more severe impairment when the demands on the motor system are increased (Figure 2). This finding may help explain the absence of group differences in saccade accuracy between FXTAS patients and asymptomatic premutation carriers reported in a prior study that examined smaller target step amplitudes (4.5°) (McLennan et al., 2022). Studies of visually guided saccades across a larger range of target step amplitudes may be informative for understanding how saccade accuracy is affected in premutation carriers and to what extent it tracks with aging and/or disease progression.

Antisaccade latency was prolonged in individuals with the FMR1 premutation, supporting assertions that inhibitory control is affected in male and female premutation carriers. Specifically, our findings are consistent with results from studies of males with FXTAS (McLennan et al., 2022), and extend previous findings in premutation females (Shelton et al., 2014; Moser et al., 2021) by including females with clinically rated symptoms of FXTAS. Prolonged antisaccade latencies could precede reductions in accuracy as suggested by associations between ICARS score and antisaccade latency (though non-significant) and accuracy in premutation carriers (Figure 3), and prior findings that antisaccade accuracy is impaired in more severely affected FXTAS patients (McLennan et al., 2022). Our finding that antisaccade latencies were elevated in premutation carriers relative to controls in the absence of differences in visually guided saccade latencies also indicates that executive function deficits may precede or be more severe than basic motor impairments in male and female premutation carriers who go on to develop FXTAS. Indeed, neuropsychological tests of executive function show that deficits in inhibitory control track with FXTAS development and severity (Famula et al., 2022), and that declines in executive function may be early indicators of FXTAS development and/or risk in males (Cornish et al., 2009; Hashimoto et al., 2011; Grigsby et al., 2014). Deficits in inhibitory control are common in premutation females (Kraan et al., 2013a,b; Klusek et al., 2020; Moser et al., 2021), and it is likely that executive deficits also are early indicators of FXTAS development in females (Kraan et al., 2013a,b; Yang et al., 2013). Longitudinal studies of disease progression in females, including motor and executive deficits, are urgently needed.


4.1 Significance for biomarker identification in FXTAS

In this study, we selected oculomotor measures based on their sensitivity to motor and executive function degeneration in diseases of aging as well as their highly quantitative and translational nature. This approach allows us to generate inferences regarding brain mechanisms underlying symptoms of FXTAS. White matter hyperintensities of the MCP are a major radiological feature of FXTAS (Jacquemont et al., 2003), and cerebellar atrophy and white matter disease are common (Greco et al., 2002; Hagerman et al., 2003; Jacquemont et al., 2003; Greco et al., 2006; Tassone et al., 2012; Ariza et al., 2016). Considering that numerous studies document linkages between cerebellar and brainstem pathology and atypical saccade dynamics and precision in humans and non-human primates (Takagi et al., 1998; Leigh and Zee, 2006; Krauzlis et al., 2017), we hypothesized reduced saccade precision in carriers with elevated ICARS scores. Our results linking FXTAS symptom severity and saccade accuracy are consistent with multiple studies of FXTAS showing cerebellar-brainstem circuit degeneration (Greco et al., 2006; McKinney et al., 2020; Famula et al., 2022), suggesting that saccade dysmetria may occur in both male and female carriers as symptoms of FXTAS progress. Given that the MCP sign is rare in females (and was confirmed in only one of our female participants), it is possible that cerebellar mechanisms of sensorimotor function are relatively spared, and that our finding of associations between reduced saccade accuracy and clinically rated motor signs reflects early stages of cortical or striatal atrophy (Adams et al., 2007), perhaps involving white matter degeneration including the splenium of the corpus callosum that often is affected in females with FXTAS (Schneider et al., 2020) and involved in visual to motor processes supporting oculomotor control (Blaauw and Meiners, 2020).

Increased antisaccade latencies in carriers with symptoms of motor degeneration implicate impairment in top-down processes supported by fronto-parietal and fronto-striatal circuits (Shelton et al., 2014; Wong et al., 2014; Moser et al., 2021; McLennan et al., 2022), which is consistent with findings of structural and functional changes within these circuits in FXTAS (Hashimoto et al., 2011). Increased antisaccade latencies in carriers with clinical FXTAS symptoms may reflect degeneration of frontal eye field (FEF) movement cells or their functional communication with dorsolateral prefrontal cortex (DLPFC), as lesions in DLPFC are associated with increased antisaccade errors, and lesions in FEF are associated with longer antisaccade latencies (Pierrot-Deseilligny et al., 1991, 2002, 2003; Ploner et al., 2005). Males with FXTAS show white matter degeneration in frontal and parietal circuits, and females with FXTAS demonstrate intranuclear inclusions in frontal cortex along with frontal lobe atrophy (Tassone et al., 2012). Abnormal frontal P3 ERPs have been reported in females with FXTAS, and reduced activation in prefrontal cortex has been shown in mixed-sex FXTAS samples, both of which are hypothesized to underlie executive dysfunction (Hashimoto et al., 2011; Yang et al., 2013). Additionally, neural hyperexcitability during resting state has been associated with executive dysfunction in asymptomatic female premutation carriers, suggesting that neurophysiological differences that may underlie executive dysfunction are present in asymptomatic premutation carriers (Schmitt et al., 2022). In Parkinson’s disease, abnormal prefrontal alpha and beta oscillations are believed to interfere with proactive response inhibition, leading to longer antisaccade latencies but unaffected antisaccade accuracy (Waldthaler et al., 2022). Together, our findings and previous literature support impairment in prefrontal oculomotor inhibitory circuits in males and females with symptoms of FXTAS.

Increased CGG length was modestly associated with increased antisaccade latencies in premutation carriers during the overlap condition only. In asymptomatic female premutation carriers, curvilinear relationships between CGG length and latency of inhibitory responses have been demonstrated (Klusek et al., 2020), but CGG repeat length has not been found to associate with other cognitive or motor abilities (Storey et al., 2021). In asymptomatic male premutation carriers, longer CGG repeat length has been associated with larger inhibitory cost, but this association was weak (r = 0.23, p = 0.01) and statistical significance was influenced by which allele was considered in a single mosaic individual (Wong et al., 2014). Larger sample studies assessing non-linear relationships between CGG repeat length, activation ratio for females, and separate molecular mechanisms implicated in FXTAS (e.g., mRNA transcript and FMR protein) are needed to determine mechanistic pathways contributing to FXTAS onset and degeneration.



4.2 Limitations

Although the findings here provide new information on sensorimotor and inhibitory control processes in FMR1 premutation carriers, there are several limitations to note. First, the sample size was small, and groups were uneven in number, limiting statistical power. Analyses of effect sizes identified multiple medium-to-large group differences and associations between oculomotor behaviors and clinical symptoms. Larger samples integrating a broader range of clinical impairments and full diagnostic information among males and females with FXTAS are needed. Second, many of the FMR1 carriers did not have ICARS assessment scores, and those who did have ICARS scores had low levels of impairment, which limits the generalizability of clinical associations. Longitudinal examination will be necessary to clarify neurodegeneration and development of FXTAS symptoms in currently asymptomatic premutation carriers, as well as to determine changes in penetrance rates as a function of age in female premutation carriers. Finally, although oculomotor behavior may be a robust biomarker, there are cost and time limitations that might impede the scalability or clinical implementation of oculomotor tests as indicators of disease development and severity.



4.3 Conclusion

In this study, we examined a predominantly female sample of premutation carriers with and without motor degeneration. Female premutation carriers with FXTAS are a highly understudied population, and little is known about key phenotypes for clinical tracking and assessing degenerative processes. Our findings show that saccadic behavior may not be impacted in females with mild symptoms of FXTAS, but saccade hypometria may track with moderate FXTAS symptoms. Additionally, we demonstrated that females with symptoms of FXTAS have deficits in inhibitory control that also track with disease progression, suggesting executive impairments may represent early indicators of FXTAS in females and serve as sensitive, quantitative, and highly translational biomarkers of disease progression.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by UT Southwestern Medical Center IRB. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

HF-G: Conceptualization, Formal analysis, Writing – original draft, Writing – review & editing. SK: Conceptualization, Investigation, Writing – review & editing. KU: Conceptualization, Writing – review & editing. LS: Conceptualization, Investigation, Project administration, Writing – review & editing. SP: Investigation, Project administration, Writing – review & editing. PK: Investigation, Project administration, Writing – review & editing. MM: Conceptualization, Formal Analysis, Funding acquisition, Investigation, Project administration, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by an NIH award (U54 HD090216) and a Once Upon a Time Foundation Award.



Acknowledgments

We acknowledge the support and participation of the individuals who were involved in this study.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2023.1271158/full#supplementary-material



References

 Adams, J. S., Adams, P. E., Nguyen, D., Brunberg, J. A., Tassone, F., Zhang, W., et al. (2007). Volumetric brain changes in females with fragile X-associated tremor/ataxia syndrome (FXTAS). Neurology 69, 851–859. doi: 10.1212/01.wnl.0000269781.10417.7b

 Anagnostou, E., Karavasilis, E., Potiri, I., Constantinides, V., Efstathopoulos, E., Kapaki, E., et al. (2020). A Cortical Substrate for Square-Wave Jerks in Progressive Supranuclear Palsy. J Clin Neurol. 16, 37–45.

 Antoniades, C. A., Xu, Z., Mason, S. L., Carpenter, R. H. S., and Barker, R. A. (2010). Huntington’s disease: changes in saccades and hand-tapping over 3 years. J Neurol. 257, 1890–8.

 Apartis, E., Blancher, A., Meissner, W. G., Guyant-Marechal, L., Maltete, 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 

 Ariza, J., Rogers, H., Monterrubio, A., Reyes-Miranda, A., Hagerman, P. J., and Martinez-Cerdeno, V. (2016). A majority of FXTAS cases present with intranuclear inclusions within Purkinje cells. Cerebellum 15, 546–551. doi: 10.1007/s12311-016-0776-y

 Armstrong, R. A. (2014). When to use the Bonferroni correction. Ophthalmic Physiol Opt. 34, 502–8. doi: 10.1111/opo.12131. Epub 2014 Apr 2.

 Blaauw, J., and Meiners, L. C. (2020). The splenium of the corpus callosum: embryology, anatomy, function and imaging with pathophysiological hypothesis. Neuroradiology 62, 563–585. doi: 10.1007/s00234-019-02357-z 

 Blekher, T., Weaver, M. R., Cai, X., Hui, S., Marshall, J., Jackson, J. G., et al. (2009). Test–Retest Reliability of Saccadic Measures in Subjects at Risk for Huntington Disease. Investigative Ophthalmology and Visual Science. 50, 5707–11.

 Brega, A. G., Goodrich, G., Bennett, R. E., Hessl, D., Engle, K., Leehey, M. A., et al. (2008). The primary cognitive deficit among males with fragile X-associated tremor/ataxia syndrome (FXTAS) is a dysexecutive syndrome. J Clin Exp Neuropsyc. 30, 853–869. doi: 10.1080/13803390701819044 

 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 findings of adult male patients with progressive cerebellar and cognitive dysfunction. AJNR Am. J. Neuroradiol. 23, 1757–1766.

 Coffey, S. M., Cook, K., Tartaglia, N., Tassone, F., Nguyen, D. V., Pan, R., et al. (2008). Expanded clinical phenotype of women with the FMR1 premutation. Am. J. Med. Genet. A 146A, 1009–1016. doi: 10.1002/ajmg.a.32060 

 Cornish, K. M., Kogan, C. S., Li, L., Turk, J., Jacquemont, S., and Hagerman, R. J. (2009). Lifespan changes in working memory in fragile X premutation males. Brain Cogn. 69, 551–558. doi: 10.1016/j.bandc.2008.11.006 

 Desmurget, M., Pelisson, D., Grethe, J. S., Alexander, G. E., Urquizar, C., Prablanc, C., et al. (2000). Functional adaptation of reactive saccades in humans: a PET study. Exp Brain Res. 132, 243–59.

 Famula, J., Ferrer, E., Hagerman, R. J., Tassone, F., Schneider, A., Rivera, S. M., et al. (2022). Neuropsychological changes in FMR1 premutation carriers and onset of fragile X-associated tremor/ataxia syndrome. J. Neurodev. Disord. 14:23. doi: 10.1186/s11689-022-09436-y

 Gitchel, G. T., Wetzel, P. A., and Baron, M. S. (2013). Slowed Saccades and Increased Square Wave Jerks in Essential Tremor. Tremor and other Hyperkinetic Movements.

 Greco, C. M., Berman, R. F., Martin, R. M., Tassone, F., Schwartz, P. H., Chang, A., et al. (2006). Neuropathology of fragile X-associated tremor/ataxia syndrome (FXTAS). Brain 129, 243–255. doi: 10.1093/brain/awh683

 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, 1760–1771. doi: 10.1093/brain/awf184

 Grigsby, J., Brega, A. G., Engle, K., Leehey, M. A., Hagerman, R. J., Tassone, F., et al. (2008). Cognitive profile of fragile X premutation carriers with and without fragile X-associated tremor/ataxia syndrome. Neuropsychology 22, 48–60. doi: 10.1037/0894-4105.22.1.48 

 Grigsby, J., Cornish, K., Hocking, D., Kraan, C. M., Olichney, J. M., Rivera, S. M., et al. (2014). The cognitive neuropsychological phenotype of carriers of the FMR1 premutation. J. Neurodev. Disord. 6:28. doi: 10.1186/1866-1955-6-28 

 Hagerman, P. J., Greco, C. M., and Hagerman, R. J. (2003). A cerebellar tremor/ataxia syndrome among fragile X premutation carriers. Cytogenet. Genome Res. 100, 206–212. doi: 10.1159/000072856

 Hagerman, R. J., Leavitt, B. R., Farzin, F., Jacquemont, S., Greco, C. M., Brunberg, J. A., et al. (2004). Fragile-X-associated tremor/ataxia syndrome (FXTAS) in females with the FMR1 premutation. Am. J. Hum. Genet. 74, 1051–1056. doi: 10.1086/420700 

 Hagerman, R. J., Leehey, M., Heinrichs, E., Tassone, F., Wilson, R. B., Hills, J., et al. (2001). Intention tremor, parkinsonism, and generalized brain atrophy in male carriers of fragile X. Neurology 57, 127–130. doi: 10.1212/WNL.57.1.127 

 Hashimoto, R., Backer, K. C., Tassone, F., Hagerman, R. J., and Rivera, S. M. (2011). An fMRI study of the prefrontal activity during the performance of a working memory task in premutation carriers of the fragile X mental retardation 1 gene with and without fragile X-associated tremor/ataxia syndrome (FXTAS). J. Psychiatr. Res. 45, 36–43. doi: 10.1016/j.jpsychires.2010.04.030 

 Herishanu, Y. O., and Sharpe, J. A. (1981). Normal square wave jerks. Invest. Ophthalmol. Vis. Sci. 20, 268–272.

 Hutton, S. B. (2008). Cognitive control of saccadic eye movements. Brain and Cognition. 68, 327–40.

 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 

 Klusek, J., Hong, J., Sterling, A., Berry-Kravis, E., and Mailick, M. R. (2020). Inhibition deficits are modulated by age and CGG repeat length in carriers of the FMR1 premutation allele who are mothers of children with fragile X syndrome. Brain Cogn. 139:105511. doi: 10.1016/j.bandc.2019.105511 

 Kraan, C. M., Hocking, D. R., Georgiou-Karistianis, N., Metcalfe, S. A., Archibald, A. D., Fielding, J., et al. (2013a). Impaired response inhibition is associated with self-reported symptoms of depression, anxiety, and ADHD in female FMR1 Premutation carriers. Am. J. Med. Genetics Part B. 165, 41–51. doi: 10.1002/ajmg.b.32203

 Kraan, C. M., Hocking, D. R., Georgiou-Karistianis, N., Metcalfe, S. A., Archibald, A. D., Fielding, J., et al. (2013b). Cognitive-motor interference during postural control indicates at-risk cerebellar profiles in females with the FMR1 premutation. Behav. Brain Res. 253, 329–336. doi: 10.1016/j.bbr.2013.07.033 

 Krauzlis, R. J., Goffart, L., and Hafed, Z. M. (2017). Neuronal control of fixation and fixational eye movements. Philos. Trans. R. Soc. Lond. B 372, 20160205. doi: 10.1098/rstb.2016.0205 

 Krauzlis, R. J., and Miles, F. A. (1998). Role of the oculomotor vermis in generating pursuit and saccades: effects of microstimulation. J Neurophysiol. 80, 2046–62.

 Leigh, R. J., and Kennard, C. (2004). Using Saccades as a Research Tool in the Clinical Neurosciences. Brain. 127, 460–77.

 Leigh, R. J., and Zee, D. S. (2006) The neurology of eye movements. ed. S. Gilman (New York: Oxford University Press)

 Lennertz, L., Rampacher, F., Vogeley, A., Schulze-Rauschenbach, S., Pukrop, R., Ruhrmann, S., et al. (2012). Antisaccade performance in patients with obsessive-compulsive disorder and unaffected relatives: further evidence for impaired response inhibition as a candidate endophenotype. Eur Arch Psychiatry Clin Neurosci. 262, 625–34.

 McKinney, W. S., Bartolotti, J., Khemani, P., Wang, J. Y., Hagerman, R. J., and Mosconi, M. W. (2020). Cerebellar-cortical function and connectivity during sensorimotor behavior in aging FMR1 gene premutation carriers. Neuroimage Clin. 27:102332. doi: 10.1016/j.nicl.2020.102332 

 McLennan, Y. A., Mosconi, M. W., McKenzie, F. J., Famula, J., Krawchuk, B., Kim, K., et al. (2022). Prosaccade and Antisaccade behavior in fragile X-associated tremor/Ataxia syndrome progression. Mov Disord Clin Pract. 9, 473–478. doi: 10.1002/mdc3.13449 

 Moser, C., Schmitt, L., Schmidt, J., Fairchild, A., and Klusek, J. (2021). Response inhibition deficits in women with the FMR1 premutation are associated with age and fall risk. Brain Cogn. 148:105675. doi: 10.1016/j.bandc.2020.105675 

 SAS Institute Inc (2013) in SAS 9.4. ed. N. C. Cary (Cary, NC: SAS Institute Inc.)

 Neggers, S. F., Raemaekers, M. A., Lampmann, E. E., Postma, A., and Ramsey, N. F. (2005). Cortical and subcortical contributions to saccade latency in the human brain. Eur J Neurosci. 21, 2853–63.

 Nowinski, C. V., Minshew, N. J., Luna, B., Takarae, Y., and Sweeney, J. A. (2005). Oculomotor studies of cerebellar function in autism. Psychiatry Res. 137, 11–19. doi: 10.1016/j.psychres.2005.07.005 

 Perneger, T. V. (1998). What’s wrong with Bonferroni adjustments. BMJ. 316, 1236–8. doi: 10.1136/bmj.316.7139.1236

 Pierrot-Deseilligny, C., Müri, R. M., Ploner, C. J., Gaymard, B., Demeret, S., and Rivaud-Pechoux, S. (2003). Decisional role of the dorsolateral prefrontal cortex in ocular motor behaviour. Brain 126, 1460–1473. doi: 10.1093/brain/awg148 

 Pierrot-Deseilligny, C., Ploner, C. J., Muri, R. M., Gaymard, B., and Rivaud-Pechoux, S. (2002). Effects of cortical lesions on saccadic: eye movements in humans. Ann. N. Y. Acad. Sci. 956, 216–229. doi: 10.1111/j.1749-6632.2002.tb02821.x

 Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., and Agid, Y. (1991). Cortical control of reflexive visually-guided saccades. Brain 114, 1473–1485. doi: 10.1093/brain/114.3.1473

 Płomecka, M. B., Zofia, B.-T., Christian, P., and Nicolas, L. (2020).Aging Effects and Test–Retest Reliability of Inhibitory Control for Saccadic Eye Movements. eneuro. 7:ENEURO.0459-19.2020.

 Ploner, C. J., Gaymard, B., Rivaud-Pechoux, S., and Pierrot-Deseilligny, C. (2005). The prefrontal substrate of reflexive saccade inhibition in humans. Biol. Psychiatry 57, 1159–1165. doi: 10.1016/j.biopsych.2005.02.017 

 Robinson, F. R., and Fuchs, A. F. (2001). The role of the cerebellum in voluntary eye movements. Annu. Rev. Neurosci. 24, 981–1004. doi: 10.1146/annurev.neuro.24.1.981 

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

 Rodriguez-Revenga, L., Pagonabarraga, J., Gomez-Anson, B., Lopez-Mourelo, O., Madrigal, I., Xuncla, M., et al. (2010). Motor and mental dysfunction in mother-daughter transmitted FXTAS. Neurology 75, 1370–1376. doi: 10.1212/WNL.0b013e3181f73660 

 Schmitt, L. M., Cook, E. H., Sweeney, J. A., and Mosconi, M. W. (2014). Saccadic eye movement abnormalities in autism spectrum disorder indicate dysfunctions in cerebellum and brainstem. Mol. Autism. 5:47. doi: 10.1186/2040-2392-5-47 

 Schmitt, L. M., Dominick, K. C., Liu, R., Pedapati, E. V., Ethridge, L. E., Smith, E., et al. (2022). Evidence for three subgroups of female FMR1 Premutation carriers defined by distinct neuropsychiatric features: a pilot study. Front. Integr. Neurosci. 15:797546. doi: 10.3389/fnint.2021.797546 

 Schneider, A., Summers, S., Tassone, F., Seritan, A., Hessl, D., Hagerman, P., et al. (2020). Women with fragile X–associated tremor/Ataxia syndrome. Mov Disord Clin Prac. 7, 910–919. doi: 10.1002/mdc3.13084 

 Shakespeare, T. J., Kaski, D., Yong, K. X., Paterson, R. W., Slattery, C. F., Ryan, N. S., et al. (2015). Abnormalities of fixation, saccade and pursuit in posterior cortical atrophy. Brain. 138, 1976–91.

 Shallo-Hoffmann, J., Petersen, J., and Mühlendyck, H. (1989). How normal are “normal” square wave jerks? Invest. Ophthalmol. Vis. Sci. 30, 1009–1011.

 Shelton, A. L., Cornish, K., Kraan, C. M., Georgiou-Karistianis, N., Metcalfe, S. A., Bradshaw, J. L., et al. (2014). Exploring inhibitory deficits in female premutation carriers of fragile X syndrome: through eye movements. Brain Cogn. 85, 201–208. doi: 10.1016/j.bandc.2013.12.006 

 Storey, E., Bui, Q. M., Stimpson, P., Tassone, F., Atkinson, A., and Loesch, D. Z. (2021). Relationships between motor scores and cognitive functioning in FMR1 female premutation X carriers indicate early involvement of cerebello-cerebral pathways. Cerebellum & Ataxias. 8:15. doi: 10.1186/s40673-021-00138-0 

 Takagi, M., Zee, D. S., and Tamargo, R. J. (1998). Effects of lesions of the oculomotor vermis on eye movements in primate: saccades. J. Neurophysiol. 80, 1911–1931. doi: 10.1152/jn.1998.80.4.1911 

 Tassone, F., Greco, C. M., Hunsaker, M. R., Seritan, A. L., Berman, R. F., Gane, L. W., et al. (2012). Neuropathological, clinical and molecular pathology in female fragile X premutation carriers with and without FXTAS. Genes Brain Behav. 11, 577–585. doi: 10.1111/j.1601-183X.2012.00779.x 

 Trouillas, P., Takayanagi, T., Hallett, M., Currier, R. D., Subramony, S. H., Wessel, K., et al. (1997). International cooperative Ataxia rating scale for pharmacological assessment of the cerebellar syndrome. The Ataxia neuropharmacology Committee of the World Federation of neurology. J. Neurol. Sci. 145, 205–211. doi: 10.1016/S0022-510X(96)00231-6

 Waldthaler, J., Vinding, M. C., Eriksson, A., Svenningsson, P., and Lundqvist, D. (2022). Neural correlates of impaired response inhibition in the antisaccade task in Parkinson’s disease. Behav. Brain Res. 422:113763. doi: 10.1016/j.bbr.2022.113763

 Wong, L. M., Goodrich-Hunsaker, N. J., McLennan, Y., Tassone, F., Zhang, M., Rivera, S. M., et al. (2014). Eye movements reveal impaired inhibitory control in adult male fragile X premutation carriers asymptomatic for FXTAS. Neuropsychology 28, 571–584. doi: 10.1037/neu0000066 

 Yang, J. C., Simon, C., Niu, Y. Q., Bogost, M., Schneider, A., Tassone, F., et al. (2013). Phenotypes of hypofrontality in older female fragile X premutation carriers. Ann. Neurol. 74, 275–283. doi: 10.1002/ana.23933 

 Yang, J. C., Simon, C., Schneider, A., Seritan, A. L., Hamilton, L., Hagerman, P. J., et al. (2014). Abnormal semantic processing in females with fragile X-associated tremor/ataxia syndrome. Genes Brain Behav. 13, 152–162. doi: 10.1111/gbb.12114 



OPS/images/fnhum-17-1271158-g003.jpg
Antisaccade Error

Gap - 12° Gap - 24°
0.8
0.6 -
. . L]

0.4 &

o

. L]
0.2+ . o ° . .

L] L] L]
e o
0.0 °
Overlap - 12° Overlap - 24°
0.8
0.6
0.4 - e
® e o L]
0.2~ s 0 .
L] L e o

. L) L]
0.0

T T T T T T T T T

2 4 6 8 100 2 4 6 10

FXTAS Status

ICARS Score
® FXTAS+ @ FXTAS-





OPS/images/fnhum-17-1271158-t001.jpg
Males & Females Females only

Control FMR1 Carriers ~ Hedge's g Control ~ FMR1Carriers  Hedge'sg

VGS n= n=21 n=15

Latency (12°) 239(23) 246 (25) -0.29 245 (23) 245(24) 0.00
Latency (24°) 250 (24) 260 (25) —0.41 255 (26) 262 (25) =027
Gain (12°) 0.94 (0.04) 0.95 (0.04) =025 0.95 (0.04) 0.94 (0.03) 0.28
Gain (24°) 095 (0.03) 0.94 (0.03) 033 095 (0.03) 0.95 (0.03) 0.00
Square Wave Jerks n=25 n=19 n=17 n=15

SW] Total 19(13) 19(15) 0.00 19(12) 20(13) 0.08
Antisaccade n=28 n=21 n=17 n=15

Latency (Gap, 12°) 363 (72) 399 (61) =0.53 356 (54) 403 (55) ~0.86
Latency (Gap, 24°) 376 (68) 413 (74) =0.52 370 (62) 415 (69) -0.69
Latency (Overlap, 12°) 633 (74) 647 (70) =0.19 633 (75) 660 (73) =0.36
Latency (Overlap, 24°) 631 (67) 655 (63) =037 631 (67) 671 (63) =0.61
Error (Gap, 12°) 0.26 (0.19) 0.24 (0.16) 0.11 0.29(0.17) 0.21(0.14) 051
Error (Gap, 24°) 0.18 (0.15) 0.18(0.17) 0.00 0.19(0.14) 0.16 (0.12) 0.23
Error (Overlap, 12°) 0.18(0.12) 0.21(0.14) =023 0.21(0.12) 0.19(0.15) 0.15
Error (Overlap, 24°) 0.13(0.12) 0.14 (0.14) ~0.08 0.15(0.13) 0.11(0.08) 0.37
Inhibitory Cost n=27 n=20 n=17 n=14

Gap, 12° 120 (69) 158 (54) —0.60 112 (51) 165 (49)

Gap, 24° 121 (55) 158 (68) —0.61 115 (55) 159 (62)

Overlap, 12° 392 (74) 408 (63) =023 388 (73) 424 (64) -0.52
Overlap, 24° 378 (54) 411 (51) —0.63 377 (55) 416 (53) —0.72

Negative effct sizes indicate the mean was lower in the control group than the premutation groups for example, on antisaccade latency; Gap 12° controls were on average  half standard
deviation faster to respond than premutation carriers.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Sensorimotor and inhibitory control in aging FMR1 premutation carriers



		1 Introduction



		2 Method



		2.1 Participants



		2.2 Procedure



		2.2.1 Visually guided saccade task (VGS)



		2.2.2 Antisaccade task









		2.3 Clinical measures



		2.4 Data analysis









		3 Results



		3.1 Descriptives, between-group differences, and stimulus properties



		3.2 FXTAS symptom severity and CGG repeat length









		4 Discussion



		4.1 Significance for biomarker identification in FXTAS



		4.2 Limitations



		4.3 Conclusion









		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnhum-17-1271158-g001.jpg
Antisaccade Latency (ms)

Gap - 12° Gap - 24°

Overlap - 12°

Overlap - 24°

800 |

700 |

600 |

500 |

400 |

300 |

@

8- 4

.

T T T T
%, % Q. Y
’?l,o/ », /)%/ A,

() FXTAS+ e Female ® Male






OPS/images/fnhum-17-1271158-g002.jpg
VGS Gain

12°

24°

1.10 -

1.05 |

1.00 -

0.95 -

0.90 -

T T T T
4 6 8 100 2

ICARS Score
FXTAS Status  ® FXTAS+ @ FXTAS-

10





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

Sensorimotor and inhibitory
control in aging FMR1
premutation carriers












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Human Neuroscience






