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ABSTRACT

Fragile X premutation (FXPM) is a genetic mutation of the FMRI gene
characterized by having between 55-200 CGG repetitions. FXPM women are at risk for a
variety of reproductive, cognitive, and neuropsychiatric deficits, including fragile X-
associated primary ovarian insufficiency (FXPOI) and fragile X-associated tremor/ataxia
syndrome (FXTAS). FXTAS is a late-onset neurodegenerative disorder characterized by
tremor, gait ataxia, cognitive decline, brain atrophy, and deficits in executive functions.
With the evidence supporting premature aging, prevalence of cognitive deficits, and risk
of developing FXTAS and dementia, it is imperative to find areliable measure
that identifies at-risk FXPM women and their subtle cognitive phenotype. The LASSI-L is
a novel cognitive stress paradigm that identifies cognitively impaired elderly adults from
cognitively normal elderly adults. In the present study, we investigated the performance of
FXPM women compared to non-carrier women to determine the sensitivity of the LASSI-
L with regards to the subtle cognitive impairments associated with the FXPM. We
hypothesized that FXPM women would have more vulnerability to proactive semantic
interference, thus decreasing their ability to recover from proactive semantic interference.
Moreover, we predicted that FXPM women would have higher percent intrusion errors
(PIE) for both B1 Cued Recall and B2 Cued Recall. Lastly, we hypothesized that there
would be a curvilinear relationship between the failure to recover from proactive semantic
interference and CGG repeat length with the lowest scores being associated with the mid-

range CGG repeat length (approximately 80-110). Results indicated increased vulnerability
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to proactive semantic interference and increased failure to recover from proactive semantic
interference in FXPM women relative to controls. Findings also showed that FXPM
women had more semantic intrusion errors during recall. Additionally, FXPM performance
on Bl and B2 Cued Recall were associated with CGG repeat length and educational
attainment. FXPM women with CGGs in the mid-range repeat length (approximately 80-
110) who had less than a bachelor’s degree recalled fewer target words in B1 and B2 Cued
Recall. These findings supported the hypotheses. The current study underscores the need

for further research investigating MCI and AD prevalence in FXPM women.



TABLE OF CONTENTS

DIEAICALION. ...c.eiiieiieteeteet ettt et b et ettt ettt et sttt ns il
ADSTIACE. ¢ttt ettt h et e a e bt ettt e bt et aeenes v
LSt OF TADIES ...ttt ettt s vii
LSt OF FIGUIS. ...ttt et ettt et e st e et eeabe e b e esseenseeeeseenne viii
Chapter 1: INtrOAUCTION......cc.uiiiieiieeiieeit ettt ettt sae et e et eesbeessaeeseesaeaens 1
Chapter 2: MEhOAS ......ooiieiiieiiecie ettt ettt et e st e et e st e enbeessaeenseesaeaens 8
2.1 PATTICIPANTS ...evieniieeiiieiie ettt ettt ettt et ee et et e e bt essaeenseesateenseessaeenseennseans 8
2.2 PTOCEAUIES ..ottt ettt sttt ettt ettt et e b 9
2.3 LASSI-L TaASK ..ottt 10
2.4 Evaluation of FMR1 CGG repeat length............ccoooieviiiiiiiniiiinieiieeeeieee, 12
2.5 PATENtING STIESS ..eevvieurieriieeiieeieetieeteerteesteeteeseteesseesateeseessseeseesaseenseessneenseas 12
2.6 Data ANALYSIS...cueiiiieiieiieeiie ettt ettt ettt ettt et st b e sneeenseas 13
Chapter 3: RESUILS....cccuiiiiieie ettt et st eaeennees 16
3.1 DESCIIPLIVE STALISTICS ..eevveeurieiieeiieniieeieeriie et eniteereesieesbeenteesateebeeseneeseesneaens 16
3.2 Group Differences in LASSI-L Performance...........cccceevveviininiiencineniennne 16
3.3 Associations with FMR1 CGG Repeat Length ..........ccooceeviiniiiiiinniiiiiee 21
Chapter 4: DISCUSSION .......ieiuiieiieriieeteeeiie et e rtte et eetteebeestee et e esseeesbeeseessbeeseessseenseessseenseas 26
4.1 LIMIEATIONS 1.ttt ettt ettt ettt sttt ettt sbe et et sat e bt et e sbtenbeeanesaeens 29
Chapter 5: CONCIUSION .....ueiiuiiiiieiie ettt ettt et beesbeeseesaaeenbeesnseenseas 31
RETETEICES ...ttt et sttt 32

vi



LIST OF TABLES

Table 1.1 Group CharacteriSTICS ......eeruiirriieriieeiieeieeieeeiteeteeeee et e see et e s teebeesebeebeeseneeneeas 9
Table 2.1 Correlation MAtriX .......cccuieruieriiieriieeieeiie sttt ettt sae et e seaeenseesnaeenseeeene 15
Table 3.1 DeSCriptive StatiSTICS ....cuieruierieeiiieiiieiieeieeieeeteeieesteeieeseeebeeseaeenseesneeenseenens 16

Table 3.2 Model Results: Group Comparisons
on Bl and B2 Cued Recall ........coooiiiiiiiiiiiiiieeceeeeee e 19

Table 3.3 Model Results: Group Comparisons
B1 and B2 INIUSIONS .....cc.eeiuiiiiiiiiiieieeiesieeie ettt 20

Table 3.4 Model Results: CGG Associations with
Bl and B2 Cued Recall .....cooooiiiiiiiiiiiiiiieeeeeeeeeeee 23

vii



LIST OF FIGURES

Figure 3.1. Group Differences in B1 Cued Recall ........c..coceviiiiiiiiiiniiiiiiiiieiciee 17
Figure 3.2 .Group Differences in B2 Cued Recall ........c.ccoceviiiiiiiiiiniiiiicciee 18
Figure 3.3. Group Differences in Intrusion EIrors ...........cocceveviiiiiiiniiiiniiniciceiee 21

Figure 3.4. Association between CGG Repeat
and Proactive Semantic Interference in FXPM Women .............ccccoveeeeiineeeennen. 24

Figure 3.5. Association between CGG Repeat and Recovery
from Proactive Semantic Interference in FXPM Women ..........cccccoeeeeviieniennnnnne 25

viii



CHAPTER 1
INTRODUCTION

Approximately 1 in 148 women in the U.S. have the fragile X premutation
(FXPM), a genetic mutation of the FMRI gene characterized by having between 55-200
CGGQG repetitions (Maenner et al., 2013). Over the last couple of decades, research has
found supportive evidence that FXPM women are at risk to a variety of clinical
consequences including the most well-known risk of passing the genetic mutation to their
children causing fragile X syndrome (FXS). FXS is the primary inherited form of
intellectual disability and autism. FXPM women can pass a genetic mutation on the
fragile X messenger ribonucleoprotein 1 (FMR1) gene on the X chromosome that results
in an expansion of over 200 CGG nucleotide repetitions (full mutation). This expansion
mutation reduces the production of FMRI protein, which is necessary for cognitive
functioning (Oostra & Willemsen, 2003). In the past decade, it has become more evident
that FXPM women are at risk for a variety of reproductive, cognitive, and
neuropsychiatric deficits, including fragile X-associated primary ovarian insufficiency
(FXPOI) and fragile X-associated tremor/ataxia syndrome (FXTAS) (Hagerman &
Hagerman, 2013; Movaghar et al., 2019; Wheeler et al., 2014).

FXTAS is a late-onset neurodegenerative disorder characterized by intention
tremor, gait ataxia, brain atrophy, cognitive decline in memory, and difficulties in
information processing, working memory, and inhibition (Hessl et al. 2005; Hagerman,

Greco, & Hagerman, 2003). FXTAS commonly co-occurs with dementia, with rates as



high as 42% in older men diagnosed with FXTAS (Hoyos & Thakur, 2017; Seritan et al.,
2013). FXTAS prevalence in FXPM men is approximately 40% and is between 8-16.5%
in FXPM women (Jacquemont et al., 2004; Coffey et al., 2008; Rodriguez-Revenga et al.,
2009). Additionally, a growing body of evidence indicates that FXTAS prevalence may
be higher than previously thought, with more FXPM women being identified with
FXTAS and dementia (Tassone et al., 2012; Al-Hinti et al., 2007; Karmon & Gadoth,
2007). In a 2012 study (Tassone et al.), eight FXPM women presented with intranuclear
inclusions, and many of them had neurological changes consistent with Alzheimer’s
disease (AD) pathologies. Furthermore, FXPM women presented with similar
intranuclear inclusions in cortical and hippocampal neurons, though reduced levels, when
compared to FXPM men as described in studies conducted by Greco et al. in 2006 and in
2002 (Tassone et al., 2012). This suggests that although FXPM men display more
obvious symptoms, both FXPM men and women have comparable neurophysiological
deterioration. There is a need to further understand the subtle cognitive phenotype of
FXPM women.

These cognitive subtleties result from female carriers possessing two X
chromosomes; however, a growing body of research suggests that female carriers have a
cognitive phenotype resulting from the premutation allele (Goodrich-Hunsaker et al.,
2011). While the prevalence of FXTAS in women is reportedly lower than in men,
female carriers are still at an increased risk of neurological and cognitive dysfunction.
Female carriers with fathers diagnosed with FXTAS are at a significantly increased risk
of neurological problems, including tremor and memory problems, compared to non-

carrier women (Conchaiya et al., 2010). There have been few studies on FXPM women



due to the less apparent neuropsychological symptoms and deficits than FXPM men.
Though subtle, this cognitive phenotype includes deficits in working memory, attention,
and executive functioning (Loesch et al., 2003). Additionally, cognitive deficits in FXPM
women have been shown to relate to age and CGG repeat length (Goodrich-Hunsaker et
al., 2011; Klusek et al., 2020).

Previous studies have investigated the CGG repeat length within the FXPM
women population. In 2020, Klusek et al. found that FXPM women with CGG repeats in
the mid-range (approximately 80-100) had increased inhibition deficits as well as FXPM
women with CGG repeat lengths in the higher range (approximately 130-140). In
addition to executive functioning deficits, FXPM women with CGG repeat lengths in the
mid-range and high-range have been shown to be at an increased risk for developing
FXPOI and FXTAS. Studies found that mid-range FXPM women are at an increased risk
for developing FXPOI (Allen et al., 2007; Allen et al., 2021; Lekovich et al., 2017).
During an investigation of CGG repeat length and development of FXTAS, findings
suggested that FXPM carriers with CGG lengths of greater than 70 repeats had increased
likelihood of devleopign FXTAS (Jacquemont et al., 2006). Research suggests that CGG
repeat length may have a significant effect on cognitive dysfunction and adverse health
outcomes within the FXPM population.

Furthermore, the argument that FXPM carriers undergo premature aging has been
supported in genetic research over the past decade, specifically through telomere length.
Telomere length is a biomarker of aging, with length decreasing as age increases and
accelerated attrition being a hallmark of age-related diseases, including dementia and

AD. A study investigated telomere length among older FXPM men diagnosed with and



without FXTAS and dementia. Findings showed that male carriers had overall reduced
telomere length regardless of diagnosis (Jenkins et al., 2008). In 2012, a similar study
was conducted to analyze telomere length in younger FXPM men, which also found
reduced telomere length in FXPM men ranging in ages 9-56 compared to age-matched
noncarriers (Jenkins et al., 2012). A recent study assessed telomere length in FXPM
women compared to non-carriers and found reduced telomere length in FXPM carriers,
suggesting the cohort is ‘biologically older’ than the control group. Furthermore, findings
indicated that FXPM women had less decline in telomere length with age compared to
the non-carrier cohort (Albizua et al., 2017).

Due to the increasing evidential support of cognitive deficits associated with
FXPM women and potential risks of developing FXTAS and dementia, it is imperative to
find a reliable measure that identifies at-risk FXPM women and their subtle cognitive
phenotypic differences. There are currently numerous neuropsychological assessments
that screen for dementia, such as the Mini Mental State Examination (MMSE) and
Montreal Cognitive Assessment (MoCA). While these are the most widely used
psychogeriatric clinical assessments, findings show lower sensitivity when assessing
older adults for pre-mild cognitive impairment (PreMCI) and mild cognitive impairment
(MCI) (Brenton, Casey & Arnaoutoglou, 2018). The International Working Group on AD
suggested using the Free and Cued Selective Recall Test (FCSRT) to assess AD due to its
high sensitivity and specificity in distinguishing those with AD from controls and other
dementia. In 2015, researchers looked at the FCSRT to diagnose MCI and findings
supported the validity of the measure (Lemos, Santiago & Santana, 2014). The FCSRT

has also been recognized as the most accurate diagnostic tool for prodromal AD;



however, recently, a study found the Loewenstein-Acevedo Scales for Semantic
Interference and Learning (LASSI-L) to be more accurate than the FCSRT in diagnosing
prodromal AD, suggesting that the LASSI-L be used when assessing for pre-clinical
signs of MCI and AD (Matias-Guiu et al., 2017).

The LASSI-L is a novel cognitive stress paradigm that identifies cognitively
impaired elderly adults from cognitively normal elderly adults with 90% classification
accuracy (Crocco et al., 2014). LASSI-L has become an increasingly prevalent
assessment for detecting PreMCI, MCI, and Alzheimer’s disease (AD) due to its
sensitivity to subtle cognitive impairments otherwise undetected by other
neuropsychological tests (Loewenstein et al., 2016). LASSI-L requires learning 15 words
in 3 semantic categories and presents a competing semantically related list of words. It
uses controlled learning and cued recall to measure proactive semantic interference,
retroactive semantic interference, and, uniquely, the failure to recover from proactive
semantic interference (Loewenstein et al., 2016). The failure to recover from proactive
semantic interference is suggestive of cognitive impairment and associated with amyloid
load in the brain, a biomarker of AD (Loewenstein et al., 2016). Furthermore, a study
examining PreMCI detection and biomarkers of AD found associations between failure to
recover from proactive semantic interference and reduced volume of the medial temporal
lobe and other AD prone areas (Crocco et al., 2017). The unique failure to recover from
proactive semantic interference measure has supporting evidence that indicates it to be a
marker of pre-clinical neurodegenerative disease and early cognitive deficits (Crocco et

al., 2018).



Additionally, the LASSI-L measures semantic intrusion errors during the free and
cued recalls. For decades, there has been supporting evidence that elevated semantic
intrusion errors are strongly linked to MCI and AD due to decreased inhibition for
guessing and incomplete semantic processing (Lowenstein et al., 1995; Loewenstein et
al., 2004). In 2004, Lowenstein et al. investigated semantic intrusions and interference
using objects from two separate bags. For the first bag, less than 10% of cognitively
normal participants had semantic intrusion errors for the first bag of objects in
comparison to 25% of participants with MCI and 33% of participants with AD. The
second bag caused 40% of participants in the MCI and AD cohorts to make semantic
intrusion errors whereas the cognitively normal cohort was 12.2% (Lowenstein et al.,
2004). More recently, Kitaigorodsky et al. (2021) investigated semantic intrusion errors
in individuals who were cognitively normal and individuals diagnosed with MCI amyloid
positive, as well as MCI amyloid negative. The findings showed that semantic intrusion
errors for proactive semantic interference (Cued B1) and failure to recover from proactive
semantic interference (B2 Cued Recall) for cognitively normal and MCI amyloid
negative individuals were below the established LASSI-L threshold for impairment on
Cued B1 and Cued B2, which are 5 or more and 4 or more, respectively (Kitaigorodsky et
al., 2021).

Furthermore, Crocco et al. (2020) focused on percent intrusion errors (PIE) due to
the rationale that semantic intrusion error number may not highlight the subtleties within
subgroups of MCI, such as distinguishing amyloid negative and amyloid positive MCI.
Their findings supported that PIE indices correlated with the severity of amyloid load in

the brain, suggesting PIE as a way to identify at-risk individuals (Crocco et al., 2020).



This supports the understanding that elevated semantic intrusion errors and PIE are
indicative of AD pathology. Using measures of semantic intrusion errors and PIE have
implications for distinguishing cognitively normal individuals from those with AD
pathologies.

Due to the subtle cognitive deficits that comprise the FXPM phenotype in women,
the LASSI-L has potential to help identify and distinguish FXPM women from non-
carriers due to its high classification accuracy and sensitivity to subtle cognitive
impairments. In the present study we investigated the performance of women with FXPM
compared to non-carrier women in order to determine the sensitivity of the LASSI-L with
regards to the subtle cognitive impairments associated with the FXPM. We hypothesized
that FXPM women would have more vulnerability to proactive semantic interference,
thus decreasing their ability to recover from proactive semantic interference. Moreover,
we predicted that FXPM women would have higher percent intrusion errors (PIE) for
both B1 Cued Recall and B2 Cued Recall. Lastly, we hypothesized that there will be a
curvilinear relationship between the failure to recover from proactive semantic
interference and CGG repeat length with the lowest scores being associated with the mid-
range CGG repeat length (approximately 80-110). Studies have evidence supporting
female FXPM with CGG repeat length in the mid-range are clinically more at risk for

cognitive deficits (Goodrich-Hunsaker et al., 2011; Klusek et al., 2020).



CHAPTER 2
METHODS
2.1 PARTICIPANTS

Seventy-four FXPM women and 68 control women, aged 30-55 years (M=44.54,
SD=6.24), participated. Participants were involved in a larger study related to the
language profile of FXPM women. Inclusionary criteria for the larger study required that
participants were native speakers of English and had normal or corrected-to-normal
visual and hearing acuity. FXPM status was confirmed through genetic testing which is
defined by an allele ranging from 55 to 200 CGG repeats on the FMRI gene. Self-
reported information on clinical diagnoses of FXTAS were gathered to describe the
sample; no FXPM participants reported a clinical diagnosis of FXTAS. 78% of FXPM
women had children with FXS, 7% had a child with the FXPM, 7% had no children, and
8% had biological children without FXS/FXPM.

Women with the FXPM were recruited nationally and in Canada through
advertisements on social media, parent support networks, word-of-mouth from friends
and family, national disability organizations, and the Research Participant Registry Core
of the Carolina Institute for Developmental Disabilities at the University of North
Carolina at Chapel Hill. Control women were recruited locally through advertisements on
social media, word-of-mouth, flyers placed at the University of South Carolina and

pediatrician offices, and email registries. Group characteristics are presented in Table 1.1.



Table 1.1. Group Characteristics

Variable Group Test of group
FXPM Control differences
n="74 n=068 (p-value)

Age (in years)

M (SD) 4528 (6.60)  43.73 (5.73)
.140
Range  30.29-55.59  33.15-54.13
Race (%)
White 89% 91%
Black 3% 9%
032%*
Asian 3% 0%
Other 5% 0%
Educational Attainment (%)
Less than Bachelor’s Degree 28% 16%
Bachelor's Degree 33% 28% .096
Graduate Degree 39% 56%
*p <.050
2.2 PROCEDURES

Assessments were administered within the context of a larger research protocol

that lasted approximately 3.5 hours. The LASSI-L was administered about an hour into

the protocol, proceeded by a language sample and cognitive testing. Questionnaires were

sent via a REDCap survey queue two weeks prior to the scheduled assessment date.

Assessments were conducted either in-person at a university laboratory setting, or via a



telehealth research battery administered via on a secure virtual platform. Telehealth
assessments made up about 66% of the datapoints, with a similar proportion of women
from each group participating via telehealth (x> = 2.00, p=.157). Individuals who
participated in telehealth assessments were mailed packets which contained items
necessary to complete the larger research protocol, including headphones with attached
microphone that they were instructed to wear during the entire assessment to ensure
adequate hearing and speaking volume. Telehealth participants completed the assessment
in an area within the home free from distractions and during a time when there would be
no interruptions. Buccal swabs were collected at the completion of the larger research
protocol. Participants were compensated for their time at the conclusion of the larger
study. Informed consent was obtained, and all procedures were approved by the
Institutional Review Board of the University of South Carolina.
2.3 LASSI-L TASK

The LASSI-L was administered as an index of semantic interference within the
scope of the battery for the larger study. For telehealth assessments, the LASSI-L was
adapted for remote administration following the exact formatting, words, and order of the
in-person administration via Microsoft PowerPoint in order to maintain consistency
across assessment styles. The LASSI-L was adapted into a brief computerized assessment
(LASSI-BC) during the course of the present study and demonstrated high test-retest
reliability (Curiel Cid et al., 2021). Our virtual adaptation of the LASSI-L was created
prior to the LASSI-BC due to the need to offer virtual assessments during COVID-19

pandemic.
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In both in-person and telehealth administrations of the LASSI-L, participants
were presented with 15 common words (List A) one word at a time, every 4 seconds.
These words belonged to one of three categories (5 words per category): fruits, musical
instruments, or articles of clothing. The words were presented in black 60-point Georgia
font on a white background. The word order was pre-determined per standardized
instructions of the LASSI-L task. Each time a participant was shown a word, she read it
aloud as it appeared in front of her. After the participant had read each target word in List
A aloud (15 words), she was asked to freely recall all the words (A1 Free Recall) in a
maximum of 60 seconds. Then, she was asked to recall the words that belonged to each
category (e.g., fruit) in a cued recall (A1 Cued Recall) with a maximum of 20 seconds per
category.

After the cued recall, the participant was presented with List A for a second
learning trial. Once she finished reading each word aloud, the participant was presented
with each category and asked to recall the words that belonged to that category in a cued
recall (A2 Cued Recall) with a maximum of 20 seconds per category. Then, the
participant was shown 15 new words (List B) that are semantically related to List A,
which belonged to the same three categories used for List A (i.e., fruits, musical
instruments, articles of clothing). List B was presented in the same manner and style as
List A. After the participant finished reading the 15 new words aloud, she was asked to
freely recall all of the new words (B1 Free Recall) with a maximum response time of 60
seconds. This assesses proactive semantic interference effects. Then, the participant was
presented with each category and asked to recall the words that belonged to the category

in a cued recall (B1 Cued Recall), allotted a maximum of 20 seconds per category.
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Following the same procedure as List A, List B was presented again, followed by a
category-cued recall (B2 Cued Recall), which targets failure to recover from proactive
semantic interference.

Lastly, to measure retroactive semantic interference, the participant was asked to
think back to the words from List A and freely recall all the words in List A (A3 Free
Recall), given a maximum of 60 seconds. Then, the participant was presented each
category and asked to recall the words that belonged to each of the categories in a cued
recall (A3 Cued Recall). Throughout each recall, the examiners made note of each
intrusion recalled within the allotted time. Intrusions were categorized by words that were
not a correct target word for the specified recall.

2.4 EVALUATION OF FMR1 CGG REPEAT LENGTH

All participants provided buccal swabs for FMRI CGG genotypic analysis. This
analysis was used to confirm FXPM carrier status for the FXPM women and non-carrier
status for the control women. The buccal swabs were analyzed using the Asuragen
AmplideX® Kit (Chen et al., 2010; Grasso et al., 2014). The buccal swabs were sent to
Rush University Medical Center and analyzed in the laboratory of Dr. Elizabeth Berry-
Kravis.

2.5 PARENTING STRESS

The Parenting Stress Inventory-4 Short Form (PSI-4-SF) (Abidin, 2013) was
collected as a potential covariate to probe for the potential influence of parenting-related
stress on the outcome variables. The PSI-4-SF is a self-report questionnaire measuring
parenting stress in three subscales: Parental Distress, Child Dysfunctional Interaction, and

Difficult Child. These three subscales combine to create the Total Stress scale. The
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purpose of this measure was to evaluate the magnitude of stress within the parent-child
system. Stress can affect individuals physically and mentally, including decreased
attention and memory. Additionally, chronic stress has been linked to accelerated
diagnostic changes from MCI to dementia (Peavy et al., 2009; Peavy et al., 2012).
Previous studies have investigated parenting stress within the context of FXPM women
and found that FXPM women report higher levels of depression, anxiety, and overall
stress as well as lower quality of life (Bourgeois et al., 2010; Bullard et al., 2021;
Wheeler et al., 2008). The Total Stress Percentile, which provides an index of overall
parent stress related to the parent-child relationship, was used in analyses.
2.6 DATA ANALYSIS

Analyses were conducted using 9.4 (SAS Institute, 2013). Descriptive statistics
were computed and a correlation matrix was completed to inform model selection (Table
2.1). Pearson’s correlations were also examined between parenting stress and the LASSI-
L dependent variables within the subgroup of FXPM women who were mothers; no
significant associations emerged (all p’s >.178). Next, variables were examined for
distribution. B1 and B2 intrusions showed significant right skew with overdispersion and
therefore these variables were tested with negative binomial regression models that are
designed for skewed count data. Group differences in LASSI-L B1 and B2 cued recall
were tested with two general linear models testing group as a predictor of each outcome.
Age and educational attainment, categorized as a three-level categorical variable (highest
attainment of less than bachelor’s, bachelor’s degree, graduate degree) were covaried in
the models. Assessment mode (in-person or telehealth) was also included as a covariate.

Partial eta squared (77°,) effect sizes were computed models, with effects at 0.01, 0.06,
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and 0.14 generally indicative of “small”, “medium”, and “large”, respectively (Cohen,
1988). Group differences for the B1 and B2 intrusions were tested using negative
binomial regression models. Negative binomial models are appropriate for modeling data
with significant positive skew and include an additional parameter, alpha, that accounts
for overdispersion (White & Bennetts, 1996). The total number of Cued B1/B2 responses
(total intrusion errors + total correct responses) were included as exposure variables in
the models. The exposure variable modifies observations from a count into a rate to
adjust for variation in opportunity for the event to occur, and thus, the inclusion of this
exposure variable statistically adjusted for variation in the total number of responses on
the occurrence of intrusions. Prior studies have adjusted for the total number of responses
through creation of a percent of intrusion errors (PIE) variable consisting of the total
intrusion errors divided by the total number of correct and incorrect responses on Cued
B1 or Cued B2 recalls (Curiel Cid et al., 2020). It was not necessary to create a
proportion variable in the present study given our use of the exposure variable in the
negative binomial model to statistically control for the total number of responses.
Covariates in the negative binomial models included age, education level, and assessment
type. Cohen’s d effect sizes were calculated for all group contrasts, with d’s of .20, .50,
and .80 reflecting small, medium, and large effects, respectively (Cohen, 1988).

To test the second research question regarding the association between CGG
repeat length and LASSI-L performance within the FXPM group, general linear models
tested CGG repeat length as a predictor of the B1 and B2 outcomes. Covariates included
age, education level, and assessment type. Quadratic and cubic terms for CGG repeat

length were probed in each model to test for potential curvilinear relationships.
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Interactions between education level and the CGG terms were also probed to test for
potential differential effects of CGG repeat length at different levels of educational
attainment. Education interactions and higher-order polynomial terms were retained if
they accounted for significant variance and their inclusion resulted in improved model fit.
For all CGG models, regression diagnostics identified a case with 145 CGG repeats that
had an unduly large influence on the regression coefficients, as indicated by a Cook’s
Distance value that was considerably larger than the Distance value of all other cases and
far exceeded the suggested cut-off criteria of D;>4/n-k-1 (Cook, 1977). The CGG repeat
of this case was much higher than the next highest CGG length in the dataset (112). This
case was omitted from CGG repeat analyses; this decision is viewed as a conservative
analytical approach to avoid drawing conclusions beyond the limits of the data given the
sparse representation of CGG repeats above 112.

Table 2.1. Correlation Matrix

Measure 1. 2. 3. 4. S. 6.
1. B1 Cued Recall 1.00

2. B2 Cued Recall .69%* 1.00

3. B2 Cued Recall .69%* 98** 1.00

Transformation

4. B1 Intrusions -38¥*k L 30%* - 38#* 1.00

5. B2 Intrusions -32%Ek L 48%*E -.50%* S48 1.00

6. Age .05 -.07 -.08 15 .07 1.00

*p <.050; **p<.001
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CHAPTER 3
RESULTS
3.1 DESCRIPTIVE STATISTICS
Descriptive statistics are presented in Table 3.1. The mean CGG repeat length in
the FXPM group was 87 (SD=15), with a range of 55-145.

Table 3.1. Descriptive Statistics

Variable Group

M (SD) FXPM Control
B1 Cued Recall 9.03 (2.77) 10.40 (2.46)
B2 Cued Recall 12.59 (2.21) 13.70 (1.56)
B1 Intrusions 1.54 (1.73) 1.00 (1.27)
B2 Intrusions 1.07 (1.29) 0.62 (0.88)

Note. B1 Cued Recall measures proactive semantic interference. B2 Cued Recall
measures recovery from proactive semantic interference.

3.2 GROUP DIFFERENCES IN LASSI-L. PERFORMANCE
Proactive Semantic Interference (Bl Cued Recall)

Group was a significant predictor of B1 Cued Recall, with a medium effect size (p
=.003, 5%, = .06; Figure 3.1); control women recalled more items from the original target
list than FXPM women. The covariates for age and assessment type did not account for
significant variance in the outcome but educational attainment had a significant effect (p

=.042, %, = .05) such that those with less than a bachelor’s degree recalled fewer items
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than those who had attained a bachelor’s degree (p =.012) but did not differ from

those with graduate degrees (p =.165). See Table 3.2 for model results.
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Figure 3.1. Group Differences in B1 Cued Recall
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Recovery from Proactive Semantic Interference (B2 Cued Recall)

Group accounted for significant variance in B2 Cued Recall, with a medium
effect size, p = .002, 7%, = .07. On average, FXPM women recalled fewer target items
than control women. Age and assessment mode did not account for significant variance in
B2 Cued Recall (ps > .401) but educational attainment had a significant effect (p = .001,
7% = .10) such that those with attainment of less than a bachelor’s degree recalled fewer
items than those with a bachelor’s degree (p <.001) and there was a trend for recall of

fewer items relative to those with graduate degress (p = .093).
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Figure 3.2. Group Differences in B2 Cued Recall
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Table 3.2. Model Results: Group Comparisons on B1 and B2 Cued Recall

Outcome Variable

B1 Cued Recall

B2 Cued Recall

F p % F P 7
Predictor
Group 9.10 .003* .06 10.20 .002* .07
Age 0.90 344 .01 0.22 .636 .00
Education 3.25 .042%* .05 7.16 .001* .10
Assessment Type  0.01 905 .00 0.71 401 01
*p <.050

Intrusion Errors

Model results are provided in Table 3.3. Group accounted for significant variance

in the frequency of B1 and B2 Intrusion Errors, with increased errors in the FXPM

groups; see Figure 3.3. The covariates for age, educational attainment, and assessment

mode did not account for significant variance in either model.
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Table 3.3. Model Results: Group Comparisons B1 and B2 Intrusions

Outcome Variable

B1 Intrusions

B2 Intrusions

X p X p
Predictor
Group 4.44 .035% 5.65 018*
Age 2.05 152 0.26 .613
Education 1.83 400 0.91 .635
Assessment Type 0.04 .843 2.48 15
*p <.050
47 p=.003,d=1.21
3 -
» p =.002, d=2.02
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Figure 3.3. Group Differences in Intrusion Errors
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3.3 ASSOCIATIONS WITH FMR1 CGG REPEAT LENGTH

The overall model testing CGG repeat length as a predictor of B1 Cued Recall
was significant with the quadratic CGG model demonstrating the best fit, /' (10, 60) =
3.40, p = .001, R?>= .36. Significant interactions between educational attainment and
linear (p =.039, %, =0.10) and quadratic (p =.029, =, =0.11) terms for CGG length were
detected, indicating that the curvilinear association between CGG repeat length and B1
Cued Recall varied by level of educational attainment. In women with less than a
bachelor’s degree, a curvilinear effect was observed where B1 Cued Recall performance
was decreased at mid-range CGG repeat sizes of about 80-100 and increased at lower
CGG repeat lengths of about 55-80 and higher CGG repeat lengths of about 100-120. In
contrast, mid-range CGG repeat lengths were associated with better B1 Cued Recall in
those with bachelor’s and graduate degrees. At higher CGG repeats of ~100-120,
performance decreased in those with graduate degrees but remained similar to the
performance at mid-range repeat sizes in those with bachelor’s degrees.

The B2 Cued Recall model showed a similar pattern. The quadratic CGG model
demonstrated the best fit (£ [10, 60] = 3.21, p = .002, R*>= .35) and significant
interactions were detected between educational attainment and the linear (p =.026, 7%,
=0.11) and quadratic (p =.023, 5 =0.12) CGG terms. The curvilinear association
between CGG repeat length and B2 Cued Recall performance varied by level of
educational attainment, where mid-range CGG repeats were associated with poorer
performance in those with less than a bachelor’s degree and better performance in those
with bachelor’s and graduate degrees. B2 Cued Recall performance increased as CGGs

approached lower (~55-80) and higher (~100-120) repeat lengths in those with less than a

21



bachelor’s degree. In those with bachelor’s and graduate degrees, performance decreased
at higher and lower ends of the premutation range. See Figures 3.4 and 3.5 for graphical
depiction, and Table 3.4 for model results. No significant CGG associations were
observed with the B1 or B2 Intrusion variables.

Table 3.4 Model Results: CGG Associations with B1 and B2 Cued Recall

Outcome Variable

B1 Cued Recall B2 Cued Recall

F p "% F p "%
Predictor
Age 0.04 .850 .00 1.25 268 .02
Education 3.04 .055 .09 3.52 .036* 11
Assessment 0.24 .629 .00 0.03 .863 .00
Type
Linear CGG 1.16 .286 .02 0.17 678 .00
Quadratic CGG 1.17 284 .02 0.38 538 .01
Linear CGG x 3.44 .039* .10 3.88 .026* 11
Education
Quadratic CGG 3.78 .029* 11 4.04 .023* 12

x Education

*p <.050
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Figure 3.4. Association between CGG Repeat and Proactive Semantic Interference in
FXPM Women
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Figure 3.5. Association between CGG Repeat and Recovery from Proactive Semantic
Interference in FXPM Women
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CHAPTER 4
DISCUSSION

Over the years, research has identified FXPM women as being more vulnerable to
cognitive dysfunction and a variety of other clinical disorders. Although subtle, these
cognitive differences may have significant negative physical, mental, emotional, and
social effects on FXPM women. This study aims to build upon those findings to better
understand the subtle cognitive features of FXPM women. The current study represents
the first investigation of cognitive differences in female FXPM using the LASSI-L
measure. Results indicated increased vulnerability to proactive semantic interference and
increased failure to recover from proactive semantic interference in FXPM women
relative to controls. Findings also showed that FXPM women had more semantic
intrusion errors during recall. Additionally, FXPM performance on B1 and B2 Cued
Recall were associated with CGG repeat length and educational attainment. This study
highlights the subtle cognitive phenotype of FXPM women that otherwise go undetected.
Further understanding these cognitive differences may aid in clinical management for
FXPM women. Future studies may explore neural connections and structural differences
in FXPM women in connection to the LASSI-L to better understand the implications and
findings of this unique measure.

FXPM women performed more poorly than controls in all measures analyzed in
this study, which included B1 Cued Recall, B2 Cued Recall, B1 Intrusions, and B2

Intrusions. FXPM had increased susceptibility to proactive semantic interference (B1
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Cued Recall) and failure to recover from proactive semantic interference (B2 Cued
Recall), recalling fewer target words for both B1 Cued Recall and B2 Cued Recall than
the control group. FXPM women demonstrated more accentuated difficulties to recover
from proactive semantic interference than the control group. Failure to recover from
proactive semantic interference has been associated with enlarged inferior lateral
ventricles, cortical thinning, and increased amyloid load within the brain (Lowenstein et
al., 2019; Lowenstein et al., 2017), which are strong indicators of MCI and AD. More
specifically, failure to recover from proactive semantic interference is associated with
volumetric reduction in brain regions associated with AD, including the superior parietal
lobules, precuneus, entorhinal cortex, and hippocampus (Lowenstein et al., 2018; Curiel
Cid et al., 2019; Lowenstein et al., 2017), which support attention and memory functions.
FXPM women had difficulty recovering from proactive semantic interference, which has
been associated with cognitive dysfunction, cortical atrophy, and/or presence of amyloid
plaques within regions of the brain in prior research.

The current study also analyzed semantic intrusion errors within the B1 and B2
Cued Recall. FXPM women had higher intrusion errors in both B1 and B2 measures than
non-carriers. Increased PIE for both B1 and B2 is associated with smaller hippocampal
structure and the presence of amyloid plaques (Curiel Cid et al., 2020), which are key
neurological features of AD. Elevated semantic intrusion errors may also be a cognitive
marker of amyloid-positive MCI, which has similar underlying AD pathology
(Kitaigorodsky et al., 2021). Additionally, numerous studies have investigated inhibition
of FXPM women, suggesting that FXPM women have poor inhibitory control. Semantic

intrusion errors have been linked to MCI and AD as a result of decreased inhibition and
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incomplete semantic processing. Increased B1 and B2 intrusions provide further evidence
of decreased inhibition and suggest incomplete semantic processing for women with
FXPM, which could be indicative of neurodegeneration and AD pathologies. Future
studies should look to understand the relationship of LASSI-L performance and neural
structural differences of FXPM women to better understand the utilization of the LASSI-
L as a potential assessment tool for identifying at-risk FXPM women.

Direct associations between CGG repeat length and LASSI-L performance were
detected, with a gene-environment interaction reflected by education level. Among
FXPM women with educational attainment of less than a bachelor’s degree, mid-range
CGG repeats were associated with poorer B1 and B2 Cued Recall performance, whereas
FXPM women with higher educational attainment and mid-range CGGs did not show
reduced performance. This is consistent with a body of literature demonstrating that
lower educational attainment is strongly associated with increased health risks, such as
AD, and increased exposure to negative life events (Beydoun et al., 2014; Lawrence,
2017; Raghupathi & Raghupathi, 2020; Verbeek et al., 2019). Prior studies of FXPM
women have detected gene-environment interactions, with women carrying mid-range
CGG repeats showing increased sensitivity to environmental stressors. In a study
investigating mid-range CGG expansion and negative life events, mid-range FXPM
women had stronger associations between life events and physiological and
psychological outcomes when compared to women with smaller or larger CGG repeats.
Mid-range FXPM women who were exposed to more negative life events had increased
depressive symptoms, anxiety, and cortisol awakening response than mid-range women

not exposed to negative life events (Seltzer et al., 2012). This indicates that mid-range
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FXPM women are more susceptible to environmental stressors, which could explain the
decreased B1 and B2 Cued Recall performance in mid-range FXPM women with lower
educational attainment. Mid-range FXPM women with lower educational attainment may
be at an increased risk for AD and other negative health outcomes. Future studies should
investigate the relationship between lower educational attainment and risk of AD among
mid-range FXPM women.

The current study underscores the need for further research investigating MCI and
AD prevalence in FXPM women. Previous studies have suggested that FXPM women
may be genetically predisposed to the biomarkers of such neurodegenerative diseases due
to dysregulation of the amyloid-beta protein precursor (APP) (Westmark, 2018; McLane
et al., 2019). Over the years, FXS mice studies have found that the FMRI protein binds to
the APP mRNA, causing an overproduction of amyloid-beta in the brain (Westmark,
2018). A study investigating peripheral levels of amyloidogenic protein found that
children with FXS had similar APP metabolization as seen in AD (McLane et al., 2019).
Due to their genetic composition, FXPM women are genetically predisposed to
developing neurodegenerative diseases. Future studies should look to better understand
APP dysregulation in FXPM women.

4.1 LIMITATIONS

There are some limitations to the study design and its sample. The current study
utilized an adapted virtual LASSI-L created to match the in-person assessment design.
While the assessment type did not have significant effects on the results, it was not a
standardized adaptation. Future studies should look to use the LASSI-BC when
conducting the assessment virtually due to its high test-retest reliability and

standardization. Other limitations related to the sample include lack of racial diversity,
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which may limit the generalization of the results within the larger FXPM population.
Furthermore, a larger portion of the sample had higher educational attainment compared
to less than a bachelor’s degree. Future studies should aim to further investigate the
relationship between lower educational attainment and decreased LASSI-L performance

within the female FXPM population.
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CHAPTER 5
CONCLUSION

FXPM women are at an increased risk for premature aging and neurophysiological
deterioration, and the findings of the current study provide more evidential support.
FXPM women performed significantly worse in B1 and B2 Cued Recall and had elevated
numbers of semantic intrusions, underscoring the effectiveness of the LASSI-L as a
measure for identifying the subtle cognitive dysfunction occurring within this population.
Overall findings suggest that FXPM women are at risk for MCI and AD. FXPM women
with lower educational attainment who have CGG expansions that fall within the mid-
range (approximately 80-100) may be at an increased risk for cognitive dysfunction,
MCI, and AD. Future studies should aim to investigate the presence of AD biomarkers in

FXPM women.
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