
Page 1/24

Genetic and Environmental In�uences on Self-
Reported Cognitive Functioning: Associations of
Diverse Measures of Stress across the FMR1 CGG
Repeat Range
Nell Maltman  (  anmaltman@wisc.edu )

University of Wisconsin Madison Waisman Center https://orcid.org/0000-0001-7874-9925
Leann Smith DaWalt 

University of Wisconsin Madison Waisman Center
Jinkuk Hong 

University of Wisconsin Madison Waisman Center
Mei Wang Baker 

Wisconsin State Laboratory of Hygiene
Elizabeth M Berry-Kravis 

Rush University Medical Center
Murray H. Brilliant 

University of Wisconsin Madison Waisman Center
Marsha Mailick 

University of Wisconsin Madison Waisman Center

Research

Keywords: Stress, Cognitive Function, Executive Function, Memory, FMR1, CGG Repeats

Posted Date: July 21st, 2020

DOI: https://doi.org/10.21203/rs.3.rs-18291/v2

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-18291/v2
mailto:anmaltman@wisc.edu
https://orcid.org/0000-0001-7874-9925
https://doi.org/10.21203/rs.3.rs-18291/v2
https://creativecommons.org/licenses/by/4.0/


Page 2/24

Abstract
Background: The FMR1 gene is essential for neural development and healthy synaptic function. The
modal number of CGG repeats in FMR1 is 30, but the range is large with the reported copy number
extending down to as few as 6 CGGs and up to over 200 CGGs. Prior work suggests that behavioral
phenotypes, including cognitive function, may vary along the continuum of the FMR1 CGG repeat range.
Stress also negatively in�uences cognitive function; however, it is not known whether FMR1-related
variability (i.e., CGG repeat length), in addition to stress, independently in�uences cognitive function
across the CGG range.

Methods: Participants included 1275 mothers who had between 18 and 123 CGG repeats. Participants
completed self-report measures of executive function (BRIEF-A), memory, subjective stress (i.e., perceived
stress), and objective stress (i.e., number of life events, parenting a child with a disability). Stress and
CGG repeat length were examined as predictors of self-reported executive function and memory di�culty.

Results: Each measure of stress (i.e., perceived stress, life events, and parenting a child with a disability)
signi�cantly predicted greater self-reported di�culties in executive function and the likelihood of memory
problems, net of age and level of education. Additionally, above and beyond stress effects, CGG repeat
number signi�cantly predicted executive functioning and memory di�culties.

Conclusions: These �ndings suggest that CGG repeat length confers independent contributions to self-
reported executive function di�culty and memory problems over and above indices of stress, suggesting
additive effects of genetic variation and environmental exposure.

Background
Optimal functioning of the fragile X mental retardation 1 (FMR1) gene and expression of its protein
product, FMRP, are essential for normal neurodevelopment and synaptic function, and FMRP-regulated
mRNA translation at the synapse (1). An expansion of more than 200 cytosine-guanine-guanine (CGG)
trinucleotide repeats in the 5’ untranslated region of the FMR1 mRNA causes the gene to be fully
methylated, interferes with protein production, and results in the full mutation of fragile X syndrome
(FXS). Prior research exploring genotype-phenotype associations has largely focused on variation at the
upper end of the CGG repeat range (2-6). Only a small body of literature has investigated the importance
of CGG repeats continuously across this range with respect to both biological (7-9) and behavioral (10,
11) phenotypes. Thus, consideration of the FMR1 CGG repeat number continuously across the range
below FXS has the potential to elucidate phenotypic variation at the population-level. Of additional
importance is the examination of environmental circumstances that may in�uence phenotypic variation.
Prior work suggests that stress, such as parenting a child with a disability, may uniquely in�uence health
outcomes across the CGG range (10). The present study aimed to characterize environmental and genetic
predictors of self-reported cognitive function, speci�cally executive function and memory, across the CGG
repeat range.
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Cognitive Function and FMR1-related Variability

Executive function and memory encompass higher-order mental processes required for goal-directed
behavior (e.g., planning, inhibition, performance monitoring) and retrieval (12). Although di�culties in
these domains have been observed in individuals who have CGG expansions (3, 4, 13), there remains
some controversy regarding the extent to which variation in these phenotypes may be directly the result
of the repeat expansions, or alternatively may be explained by ascertainment bias, namely the inclusion
in research of individuals with CGG expansions who also have children with FXS (14-16). To better tease
apart these effects, one potentially fruitful approach is to examine the FMR1 CGG range (normal through
premutation expansions) in relationship to variation in executive function and memory. Among the few
studies to have done so, Hunter and colleagues (16) examined whether FMR1 CGG repeat length
predicted factor scores re�ecting aspects of executive function and memory. Among women, greater CGG
repeat length was predictive of higher levels of self-reported inattention and impulsivity, as well as direct-
assessment processing speed, but did not predict other factors (e.g., memory, response �uency). Though
these �ndings were interpreted as marginal after correcting for multiple comparisons, this and several
clinical reports (17-19) set the stage for continued exploration of executive function variability along the
CGG repeat continuum. Building on this prior work, the present study examines cognitive functioning in
individuals across the CGG repeat range below the full mutation.

Stress and Cognitive Function

Heightened levels of stress, both subjective and objective, have been reported in observational studies to
be associated with executive dysfunction across multiple populations, including individuals with
disabilities, individuals exposed to trauma, older adults, and healthy adult controls (12, 20-25). Greater
perceived stress, a measure of subjective stress in response to external stressors, has been found to be
associated with poorer cognitive functioning including attentional control, processing speed, and working
memory (20, 22). Likewise, objective indices of stress (e.g., life events, parenting a child with a disability)
have been associated with similar aberrations in executive function across diverse populations (24, 25).
These objective stressors have been found to be associated with cognitive dysfunction (including poorer
episodic memory) (26), decreased well-being (27), poor mental health (28, 29), as well as changes to
biological mechanisms, such as dampened cortisol-awakening-responses (30-32), and alterations to the
neural structures that underlie stress-related responses (21, 22, 33).

Parenting stress, or adverse psychological responses to parenting obligations (34), may be observed at
increased rates in parents of children with disabilities due to unique and chronic caregiving demands.
Meta-analyses (35, 36) suggest that parents of a child with a developmental disability experience higher
rates of parenting stress than parents of typically developing children. Parenting stress has also been
observed at increased rates in parents of children with other health conditions. For instance, having a
child with a chronic physical (e.g., epilepsy) or mental health (e.g., bipolar disorder) condition has been
associated with higher parenting stress compared to the parenting stress of raising typically developing
children (37-39). Parents of adult children with developmental or mental health conditions have been
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exposed to this unique stressor for many years (28) and have been shown to have particularly high levels
of parenting stress.  

Past research has suggested that mothers may be more negatively affected by parenting stress than
fathers (40-42). Therefore, the present study focused on mothers and examined the effects of multiple
indices of stress on executive function and memory in mothers across the CGG repeat range (below the
full mutation). In addition to stress, it is possible that other factors may contribute to variability in
executive function and memory, namely age and education (43-45). These individual factors are therefore
incorporated into the study as covariates to account for sociodemographic features that may in�uence
variation in cognitive function. We hypothesized that subjective and objective stressors, as well as
increased FMR1 CGG repeat number, would each independently predict executive function and memory
di�culties, net of age and education.

Methods
Participants and Procedures

The sampling plan for this research was designed to include a su�cient number of participants from the
full CGG repeat range to evaluate genotype-phenotype associations. The number of CGG repeats in FMR1
in the human population is not evenly distributed across the CGG range and is highly polymorphic (46,
47). The peak value for CGG repeats is 30, with >90% of individuals having fewer than 40 repeats and the
lowest number of repeats ever reported being 6 (7, 46, 48, 49).

Four categories along the CGG repeat range (below FXS) have been described in the literature:
premutation, intermediate zone, normal, and low zone (9, 50-54). However, precisely de�ning the number
of repeats in each category is challenging due to both scienti�c and technical factors. The published
guidelines provided by the American College of Medical Genetics and Genomics for de�ning normal and
mutation categories in FMR1 (52) note that the borders of the various categories are approximate. “Each
de�nition may change with increased empirical data and research” (p. 578), and there is an acceptable
margin of error of several CGG repeats at the borders of the categories. For this reason, in the current
research, we investigate the phenotypic associations of variation in CGG repeats by treating repeat
number as a continuous variable.  

Participants included 1275 mothers with CGG repeats ranging from 18 to 123.  

The majority of these participants (n = 1152) were drawn from the Marsh�eld Clinic Personalized
Medicine Research Project (PMRP) (55), a 20,000-person population-based biobank. Individuals enrolled
in this biobank in the early 2000s, and provided written informed consent to provide researchers with
access to their DNA and electronic health records, and to be contacted for additional data collection. Per
IRB, research results were not returned to participants, nor were the results entered into their medical
record or provided to health care personnel. Over half of the PMRP members were female (n = 11,556)
and DNA was available for 99.7% of them.
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For a previous investigation (56), the DNA samples of all PMRP members were screened for FMR1 CGG
repeats. This screening made it possible to select participants for the present study from across the CGG
repeat range, with adequate numbers of individuals at the lower and higher ends of the range. Based on
previous research de�ning the number of CGG repeats that can be considered expansions (53, 57-61), we
invited all PMRP females who had at least 41 CGG repeats on one allele to participate in the present
study. Similarly, we invited all those who had at least one allele below the normal range (de�ned here as
below 26 CGG repeats; (50, 54) to participate. Additionally, based on a power analysis, a random sample
of females with normal-range CGGs was selected for inclusion in the present research. Thus, by design,
the recruited sample included all females in the population biobank who had expanded or low numbers
of CGGs, and a random sample of females in the normal range. The response rate of the recruited
females was 77.4%. We further restricted the current analysis to data obtained from mothers who had at
least one biological or adopted child.

The CGGs of the participants from PMRP ranged from 18 – 100 repeats. Of note, 44 of these participants
had CGG repeats in the premutation range (55+ CGG repeats). To extend the range of FMR1 CGG repeats,
clinically-ascertained mothers of children diagnosed with FXS were included in the present analysis (n =
123, with 67-123 CGGs). Participants from the clinically-ascertained samples were recruited from fragile
X clinics, via local media, newsletters, brochures, and disability registries (62, 63). All participants (PMRP
and clinically-ascertained) completed a questionnaire that provided information on whether they had a
child with a developmental or mental health condition (see Table 1), as well as all other non-genetic
measures for the current study.

The Institutional Review Boards at the University of Wisconsin-Madison and the Marsh�eld Clinic
approved all procedures and all participants signed informed consents.

Measures

Stress.

Perceived Stress Scale. The Perceived Stress Scale (PSS) (64) is a 10-item, self-report measure that
quanti�es an individual’s appraisal of stressful experiences from the past month. Examples include “In
the last month, how often have you felt di�culties were piling up so high that you could not overcome
them?” and “In the last month how often did you feel nervous or stressed?” Each item was scored on a
scale of 0 (never) – 4 (very often); four positively-stated items were reverse-coded. The total score
represents a sum across items; higher numbers indicate a greater degree of perceived stress (i.e.,
subjective stress). Age- and gender-based norms were previously established (n = 1406 females; M =
13.7, SD = 6.6) with a Cronbach α coe�cient of .78 (65). Higher PSS scores have been linked to poorer
health including greater risk of developing depressive symptoms following life events and vulnerability to
the common cold (65).   

Life Events. Participants reported life events (positive and negative) that they personally experienced
during the past year (adapted from Abidin’s Parenting Stress Index; (66). Participants selected events
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from a list of 22 items, such as divorce, going into debt, and the birth of a child. Higher scores indicate a
greater number of personal life events.

Parenting Status. Participants reported whether their child had a developmental or mental health
condition (0 = no, 1= yes).

Cognitive function.

Executive Function. Participants completed the Behavior Rating Inventory of Executive Function-Adult
Version (BRIEF-A) (67, 68), a well-validated self-report measure of executive function in daily life for
adults. The BRIEF-A consists of 75-items that yields an overall raw score of executive function (Global
Executive Composite; GEC), made up of two indices: Behavior Regulation Index (BRI) and Metacognitive
Index (MI). Participants indicated the extent to which they experienced problems across nine domains:
Inhibit, Shift, Emotional Control, Self-Monitor, Initiate, Working Memory, Plan/Organize, Task Monitor, and
Organization of Materials, which together comprise the GEC (see Table 2 for de�nitions). Each item was
rated from 1 (never) to 3 (often). Raw scores for each domain were converted into t-scores, with higher
scores suggestive of greater executive di�culties in daily life. T-scores that exceeded 65 on any domain
indicated clinically-signi�cant executive dysfunction in that area. In order to ensure that respondents did
not indicate excessively negative self-perception about their own executive function, the Negativity scale
was examined to ensure that no participant met or exceeded a total score of six (67).

The BRIEF-A was previously standardized on a representative population sample of 1136 adults with
Cronbach α coe�cients ranging from .93-.96 and test-retest reliability ranging from .93-.94 across
domains, with utility demonstrated in both clinical and non-clinical samples (67-70). The BRIEF-A has
been shown to correlate signi�cantly with direct-assessment measures of executive function (e.g., go/no
go and trail making tests) in healthy adults (71) and in individuals with disorders associated with
executive dysfunction (72-74). The present study used the GEC t-score as the indicator of executive
functioning.

The BRIEF-A was standardized on participants ages 18-90. Since there were 12 participants in the present
sample who were over the age of 90, we checked all �ndings excluding participants over age 90, which
did not change results. Therefore, the �ndings reported below include all participants.  

Self-reported Memory Problems. Participants answered the question: Do you have problems with
memory? This question was rated as 0 (no problems with memory), 1 (undiagnosed problems with
memory), or 2 (diagnosed memory problems). Only 20 mothers (1.6% of the sample) reported diagnosed
memory problems. To reduce skewness, all “2” responses were collapsed to “1”.

FMR1-related variation. DNA samples were obtained from cheek swabs and blood samples from all
participants, and were analyzed for CGG repeats in FMR1. Assays were completed at the Wisconsin State
Laboratory of Hygiene and the Rush University Medical Center Molecular Diagnostics Laboratory, using
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procedures described previously (56, 63, 75, 76). Mothers who were mosaic for the full mutation were
excluded from the present analyses. 

The DNA of the clinically-ascertained mothers of children with FXS was obtained from cheek swabs, and
CGG repeat length was assayed in the laboratory of Elizabeth Berry-Kravis, MD, PhD at Rush University.
The DNA of the PMRP members was obtained from blood samples, tested either in the Rush laboratory or
in the Wisconsin State Laboratory of Hygiene under the supervision of Mei Wang Baker, MD.

Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics, version 26 (77). Descriptive statistics and
Pearson correlations among all study variables are presented in Table 3. Maternal age and education
were controlled in all subsequent analyses. To control for potential effects of the second FMR1 allele (as
females carry two X chromosomes), the “shorter” allele (i.e., the allele with the lower number of CGG
repeats) was included as a covariate in all regression analyses.

For the domain of executive function, the primary analysis involved three hierarchical regressions (one for
each type of stressor) that assessed the key prediction that stress and FMR1 CGG repeat length would
each uniquely contribute to self-reported executive function di�culties. For memory problems, three
logistic regressions (one for each type of stressor) were completed to test if stress and FMR1 CGG repeat
length would predict the likelihood of a self-reported memory problem. For both executive function and
memory problem models, maternal age, education, the number of CGG repeats on the shorter allele, and
each stress measure were entered into the �rst block; CGG repeat length (on the long allele) was entered
into the second block. In the third block, a separate term (CGG squared) was included in all regression
models to evaluate potential curvilinear CGG effects within the sample. A signi�cant curvilinear effect
would suggest that components of the CGG distribution (e.g., premutation expansions) would potentially
be driving the CGG effect, whereas if the curvilinear effect is not signi�cant, this would suggest that the
CGG effect is linear across the full CGG range. Following the approach of Hunter et al. (16), a Bonferonni
correction was used to adjust for multiple testing for each indicator of cognitive functioning, with the
alpha level set at p = .016 (0.05/3).

Results
Descriptive Findings

Participants’ ages ranged from 28-98 years (M = 57.83, SD = 14.90). Almost all mothers self-identi�ed as
White (99.2%). The majority of the mothers (62.3%) had graduated from college. Their children ranged in
age from <1 year to 71 years (M = 30.30, SD = 13.81). The number of children in each family ranged from
1 to 13 (M = 2.79, SD = 1.50); the number of children in each family with a developmental or mental
health condition ranged from 0 to 6 (M = .38, SD = .78). Fully 43.5% of the mothers had a child with a
developmental or mental health condition. Perceived stress ranged from 0 to 39 (M = 13.22, SD = 7.39),
similar to the normative population. Most participants (62.2%) had experienced at least one life event in
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the past year (M = 1.25, SD = 1.42, Range = 0 - 9). GEC t-scores on the BRIEF-A ranged from 35 to 93 (M =
50.44, SD = 10.60), again similar to the normative population. Only 11% of participants exceeded clinical
cutoff on the GEC (i.e., t-score > 65). Approximately 25% of participants self-reported a memory problem.

Correlations among study variables are depicted in Table 3. Notably, the stress measures were
signi�cantly inter-correlated (p-values < .001), although the strengths of these associations were small to
moderate (rs = .142-.322), indicating that the three measures represented somewhat distinct aspects of
stress. Both executive function di�culty and memory problems were signi�cantly associated with each
measure of stress and CGG repeat length (p-values < .001). Executive function di�culty and memory
problems were signi�cantly correlated with each other, with moderate effects (r = .355; p < .001).

Multivariate Findings

The key predictions of the study were that stress would in�uence executive function and memory
function, and that an effect of FMR1 CGG repeat length would be associated with cognitive function
above and beyond indices of stress.

Executive Function. Curvilinear CGG effects were not signi�cant in any model of executive function (p-
values >.589); thus, linear effects are reported below. For the full models showing the non-signi�cant
curvilinear coe�cients, see Supplemental Materials.

As presented in Table 4, perceived stress (PSS) signi�cantly predicted variance in the global executive
composite (GEC) of the BRIEF-A (b = .866, p < .001), such that higher levels of perceived stress were
associated with greater problems in executive functioning. There was an additional signi�cant effect of
CGG repeat length (b = .036, p = .011; see Figure 1). Similarly, total number of life events signi�cantly
predicted higher executive functioning problems (b = 1.786, p < .001) with additional signi�cant CGG
effects (b = .073, p <.001; see Figure 2). Finally, higher executive functioning problems were signi�cantly
predicted by parenting a child with a developmental or mental health condition (b = 2.869, p < .001) and
by greater CGG repeat length (b = .045, p = .012; see Figure 3). All tests of the CGG repeat length survived
correction for multiple testing.

 

Estimated regression lines indicate the independent in�uences of CGG repeat length and increased
number of life events on executive function di�culty. Trend lines represent a subset of participants with
high life events (>1 SD above the mean) and low life events (<1 SD below the mean).

 

Estimated regression lines indicate the independent in�uences of CGG repeat length and parenting a child
with a disability on executive function di�culty.
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Memory Problems. Second, we predicted that stress and FMR1 CGG repeat length would independently
predict the likelihood of self-reported memory problems. The curvilinear term was tested and found to be
signi�cant in all models reported below. However, the signi�cant CGG repeat effects in these models did
not survive correction for multiple testing, and thus are interpreted as marginal.  For the full models
showing the curvilinear coe�cients, see Supplemental Materials.

As shown in Table 5, PSS signi�cantly predicted self-reported memory problems (OR = 1.085, p < .001),
with additional signi�cant CGG effects (OR = 1.017, p < .001; see Figure 4). Total number of life events
signi�cantly predicted self-reported memory problems (OR = 1.229, p < .001), with additional signi�cant
CGG effects (OR = 1.020, p < .001; see Figure 5). Last, self-reported memory problems were predicted by
parenting status (OR = 1.793, p < .001), with additional signi�cant CGG effects (OR = 1.015, p < .001;
see Figure 6). All tests of the CGG repeat length survived correction for multiple testing.

Covariates. Both age and education were signi�cant predictors of executive function di�culty across all
models (p-values < .022). Age and education were signi�cant predictors of self-reported memory
problems in all models that included CGG repeat length (p-values < .034).

 

Discussion
The present study evaluated the in�uence of distinct dimensions of stress, and the independent effects of
FMR1 CGG repeat length (up to but excluding the full mutation), on self-reported cognitive functioning
(i.e., executive function and memory). Importantly, CGG repeat length accounted for small, but
statistically signi�cant elevations in executive function di�culty and memory problems, above and
beyond stress, age and level of education. To date, this study represents the largest sample in which the
association between cognitive function and FMR1 CGG repeat length has been studied. By taking a
continuous approach to evaluating FMR1-related effects on cognitive function, and by assessing mothers
of non-disabled children as well as children with a diverse range of disability conditions, this study
advances understanding of how both environmental and genetic factors in�uence self-reported cognitive
functioning at the population level.

Historically, examination of behavioral phenotypes associated with FMR1-related variability (e.g., CGG
repeat length) have largely focused on individuals with full mutation fragile X syndrome or the
premutation, with some exceptions (10, 11, 16, 78). Many prior assessments of cognition associated with
the FMR1 gene involved group comparisons, typically between PM carriers and those with modal
numbers of CGG repeats (2, 4, 5, 16). With consideration of the continuous nature of the CGG repeat
range, as in the present study, the interpretation of the relationship between FMR1-related variation and
phenotypic expression can be advanced.

Our initial �ndings revealed linear effects of CGG repeat length on executive functioning and curvilinear
effects of CGG repeat length on memory problems. Higher incidence of memory problems was evident at
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approximately 80 CGG repeats, suggesting that repeats in the premutation range may be driving this
effect. However, the curvilinear effect of CGG repeats for the prediction of memory problems did not
survive correction for multiple testing, and were thus at a trend level.

Limitations in executive functioning and memory problems may represent distinct aspects of cognition.
Higher scores on the BRIEF-A re�ect di�culty sitting still and waiting, the propensity to make untactful
remarks, and the tendency to complete tasks in a hurried manner. Endorsement of the item re�ecting
memory problems re�ects the self-perception that one has di�culties with everyday memory. Thus, the
present results suggest that CGG repeat number across the full range is predictive of a broad range of
cognitive di�culties above and beyond demographic factors (age and education) and several types of
stress. Replication of the current �ndings is necessary, and research examining the basic biological
functions of the FMR1 CGG repeat is needed to fully understand these effects.

Although the primary focus of the present study was the effect of CGG repeats on cognitive functioning,
the results also suggest that each speci�c type of stress provided unique insights about stress effects on
cognitive functioning. For example, the life events that were experienced during the past year
encompassed a variety of events that are not necessarily “negative”, such as the birth of a child,
increased income, and moving to a new home. Luhmann and colleagues (27) conducted a meta-analysis
on relationships between life events and subjective well-being, including cognitive well-being. Similar to
our study, they found that cognitive well-being varied in response to the presence of life events, both
positive and negative, which may simply be an indication that life change is stressful and can affect
cognition.

Though parenting status was a signi�cant predictor of higher self-reported problems with executive
function and memory, it predicted less variance than perceived stress and life events. The conditions of
the children represented in the sample varied considerably. Whereas some mothers had children with
developmental conditions typically present at birth or in early childhood (e.g., Down syndrome), other
conditions are later in onset (e.g., schizophrenia). Furthermore, while some conditions were rare, most
conditions were relatively common, as the majority of affected children had conditions such as anxiety,
depression, or ADHD. The differences in duration and severity of stress exposure to these varied
conditions may have in�uenced the magnitude of variance in cognitive function predicted by parenting a
child with a developmental or mental health condition. These factors warrant further attention in future
work.

Additionally, age and education each signi�cantly contributed to variance in cognitive function in addition
to stress and CGG repeat effects, as suggested in prior research (43, 44). Prior work shows that age-
related cognitive problems are most pronounced for individuals with lower levels of education (45). The
present research suggests that studies of the relationships between variation in the FMR1 CGG repeat
number and behavioral phenotypes should consider additional individual and environmental factors to
accurately evaluate FMR1-related in�uences.

Study Strengths, Limitations, and Future Directions
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This study had several notable strengths. First, the availability of DNA and FMR1 CGG repeat assays
across the full range of CGG repeats (below the full mutation) enabled robust examination of the effects
of FMR1 repeat-related variability on self-reported cognitive function. Second, we had a large sample size,
which drew primarily from a population-based biobank. Third, this study was strengthened by
consideration of multiple measures of stress, providing a robust test of the overall hypothesis.
Additionally, the inclusion of child disabilities was broad, further contributing to the generalizability of
study �ndings.

This study also had some limitations. Although the sample was diverse with regards to age and the range
of FMR1 repeat-related variation, the participants in the sample were racially and ethnically homogenous.
Additionally, many prior reports of associations between cognitive function and FMR1 CGG expansions
have included direct-assessment measures, whereas the present study relied on self-report. The study’s
large sample size precluded direct testing of >1200 individuals. It has been suggested that PM carriers
may over-report symptoms not evidenced on neurological exam (79). However, there is also extant
literature con�rming signi�cant associations between cognitive function and CGG repeat length using
both direct-assessment and self-report measures across the CGG range (16, 80), suggesting the validity
of self-reported results. Hunter and colleagues (16) have discussed the possibility that individuals who
participate in research may be less likely to have cognitive di�culties. Thus, while it is possible that the
present �ndings could re�ect potential ascertainment bias in recruited individuals (who are less likely to
experience cognitive di�culties), the high response rate from our sample recruitment (77.4%) is indicative
of a sample that is largely representative of the population from which participants were drawn.

Another limitation of the present study is that the only FMR1-related biomarker available for the study
participants was CGG repeat number. Inclusion of activation ratio, mRNA, and FMRP levels would greatly
enhance understanding of the processes investigated here. Additionally, interpretation of these �ndings
can only be extrapolated to females. Studies of males across the CGG range would clarify generalizability
of these �ndings. Finally, the participants in the present study were recruited using multiple methods,
including drawing from a 20,000-person population-based biobank and via a national sample of
premutation carriers who were identi�ed clinically after a child was diagnosed with FXS. Although this
approach made it possible to include participants with repeats ranging from 18 to 123 CGGs, in future
research, it would be advantageous to use a single method of recruitment across diverse samples, but
that would require access to much larger population biobanks.

Conclusions
Findings from the present study highlight the importance of separately considering the role of stress and
FMR1-related variability in studies of cognitive function. Both stress and CGG repeat length independently
predicted variation in self-reported executive function and the likelihood of memory problems. Future
work should incorporate multiple dimensions of FMR1-related biomarkers and objective cognitive testing
to advance understanding of genotype-phenotype associations at the population level.
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Figure 1

Perceived stress and CGG repeats predict GEC. Estimated regression lines indicate the independent
in�uences of CGG repeat length and increased perceived stress (PSS) on executive function di�culty.
Trend lines represent a subset of participants with high PSS (>1 SD above the mean) and low PSS scores
(<1 SD below the mean).
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Figure 2

Life events and CGG repeats predict GEC. Estimated regression lines indicate the independent in�uences
of CGG repeat length and increased number of life events on executive function di�culty. Trend lines
represent a subset of participants with high life events (>1 SD above the mean) and low life events (<1 SD
below the mean).
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Figure 3

Parenting status and CGG repeats predict GEC. Estimated regression lines indicate the independent
in�uences of CGG repeat length and parenting a child with a disability on executive function di�culty.
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Figure 4

Linear association between CGG repeat length and the probability of self-reported memory problems.
Trend lines represent estimated probability for participants with high PSS (>1 SD above the mean) and
low PSS scores (<1 SD below the mean).
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Figure 5

Linear association between CGG repeat length and the probability of self-reported memory problems.
Trend lines represent estimated probability for participants with high life events (>1 SD above the mean)
and low life events (<1 SD below the mean).
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Figure 6

Linear association between CGG repeat length and the probability of self-reported memory problems by
parenting status.
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