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Abstract

Specialization of the brain for language is early emerging and essential for language learning in young children.
Fragile X Syndrome (FXS) is a neurogenetic disorder marked by high rates of delays in both expressive and
receptive language, but neural activation patterns during speech and language processing are unknown. We
report results of a functional Near Infrared Spectroscopy (fNIRS) study of responses to speech and nonspeech
sounds in the auditory cortex in a sample of 2- to 10-year-old children with FXS and typically developing

controls (FXS n=23,TDC n=15, mean age=6.44 and 7.07 years, respectively). Specifically, we measured changes
in oxygenated and deoxygenated hemoglobin in the auditory cortex during blocks of speech and nonspeech
matched noise in children with FXS and sex-and-age-matched controls. Similar to controls, children with FXS
showed hemodynamic change consistent with neural activation of the primary auditory regions for speech as well
as leftward lateralization for speech sound processing, strength of which was associated with higher verbal abilities
in FXS. However, while controls showed neural differentiation of speech and nonspeech in the left auditory cortex,
children with FXS did not demonstrate differentiation of the two conditions in this study. In addition, the children
with FXS showed a greater neural activation to the nonspeech condition overall. Overall, these results suggest that
basic patterns of neural activation for speech are present in FXS in childhood, but neural response to nonspeech
sounds may differ in FXS when compared to controls.
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Introduction

Fragile X Syndrome (FXS), which is the leading genetic
cause of both autism spectrum disorder and intellectual
disability, is almost universally associated with some
degree of language delay and/or impairment [1]. The dis-
order is most often caused by a CGG triplet repeat expan-
sion in the promotor region of the FMRI gene located
on the long arm of the X chromosome. This expansion
results in gene methylation, inactivation, and decrease or
loss of Fragile X Messenger Ribonucleoprotein (FMRP)
expression. The process by which variation in FMRP
leads to language impairments as well as other neurobe-
havioral sequelae has been investigated via translational
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models, with the FXS mouse model supporting perva-
sive differences in auditory processing related to FMRP
loss. These differences in the auditory system are pres-
ent early in development in the mouse model of FXS
[2], indicating potential for cascading effects on the
developing brain. Whereas differences in basic auditory
processing have also been documented in humans with
FXS [3], there is a lack of research on how this relates to
neural responses to speech and language stimuli in FXS.
Investigating neural responses to speech and nonspeech
sounds, especially during childhood in humans with FXS,
is necessary to understand how underlying genetic differ-
ences drive impairments in language and communication
throughout the lifetime.

Based on mouse models, loss of FMRP is associated
with global changes in synapse development and main-
tenance [4] as well as dendritic abnormalities [5]. The
specific effects of FMRP on the auditory system have
been a particular focus, given that FMRP is expressed in
multiple cortical and subcortical regions critical for audi-
tory function [3, 6]. Fmrl knockout mice show atypical
auditory brainstem responses (ABR’s) compared to wild
type mice [6] as well as a heightened response to sounds
in cortical neurons [7]. The presence of atypical ABR’s
in the mouse model of FXS supports a specific role for
FMRP loss in auditory processes in addition to a more
general effect across cognitive abilities.

Human studies in adolescents and adults with FXS
also show a consistent pattern of atypical auditory pro-
cessing in FXS. Specifically, adolescents and adults with
FXS show heightened neural responses to changes in
sounds [8—11] as well as reduced neural habituation to
sounds [12]. However, most studies of auditory process-
ing in humans with FXS focus on non-social, nonspeech
sounds, making it difficult to determine if and how audi-
tory processing differences in FXS are related to early-
emerging and persistent language delays. Only one study
to date has investigated neural response to speech sounds
in humans with FXS. Schmitt and colleagues [13] used
EEG to assess neural responses to self-generated speech
sounds in adults with FXS, and unlike previous studies
using nonsocial sounds, EEG responses in this study did
not indicate cortical hyperactivation to sounds relative to
controls, supporting a potential differential response to
speech and nonspeech sounds in FXS.

Heightened responses to nonspeech sounds across
multiple studies alongside no difference in response to
speech sounds [13] may be associated with reduced corti-
cal specialization for speech. Specifically, increased neu-
ral activity for nonspeech sounds may lead to a reduction
in preferential activity for speech sound processing early
in development. Importantly, An and colleagues [14]
showed that hyperactivation to nonspeech sounds and
reduced inhibition to repeated sounds are present in
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young children with FXS. Further, this pattern is associ-
ated with lower scores on both behavioral and parent-
reported measures of language ability (i.e., the PLS-4 and
Vineland [14]), . What remains to be seen is whether this
pattern of responses to nonspeech sounds in FXS extends
to speech sounds and if there is in fact cortical specializa-
tion for language in FXS.

In humans, cortical specialization for language is pres-
ent at birth and develops extensively over the first few
years of life and into childhood [15-17]. Two consistent
features of cortical specialization in infants with typical
development are differential activation to speech and
nonspeech sounds [18, 19] and lateralization of response
to speech in the left hemisphere [20, 21]. Neural differen-
tiation of speech and nonspeech sounds emerges within
the first year of life in typical development and predicts
later language abilities as well as language impairments
[22, 23]. This effect is present within days of birth [24],
and is affected by prenatal auditory experiences [15].

Whereas there are no studies of neural differentia-
tion of speech and nonspeech sounds in children with
EXS, studies in both typical development and in other
neurodevelopmental disorders suggest an important
connection between the two. Specifically, early neural
differentiation of speech sounds in infancy is associated
with better language outcomes in typical development
[22, 23]. However, lack of early cortical specialization
for speech and language processing is present in autism
[25] and is related to reduced social engagement [26].
The presence of neural differentiation of speech sounds
in children with FXS is not known, but behaviorally, sig-
nificant language delays emerge between 6 months and 2
years of age in the disorder [27]. Language delays in FXS
are present across expressive and receptive language as
well as pragmatic use of language in a social-communica-
tive context [28]. While individuals with FXS do develop
new language and communication abilities across devel-
opment, delays in comparison to typical controls extend
and widen into childhood, adolescence, and adulthood
[29]. Areas of delay or difference include expressive,
receptive, and pragmatic language as well as intelligi-
bility of speech and articulation, as well as literacy [29].
Schmitt and colleagues showed a relation between neural
responses to self-generated speech and both speech intel-
ligibility and communicative abilities generally [13], with
reduced pre-speech activity being associated with lower
intelligibility and communicative abilities. However, the
role of neural differentiation in childhood and the emer-
gence of delays in FXS is unknown.

Regarding lateralization of auditory response, studies
using functional MRI (fMRI) in FXS show hyperrespon-
siveness to nonspeech auditory stimuli in the left hemi-
sphere auditory regions [30]. An MEG study using pure
tones in FXS also showed an increased N1 amplitude
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following sounds, indicating a heightened neural
response compared to controls very early in processing
[31]. However, unlike the Hall et al. study, this height-
ened response was not lateralized. No fMRI or MEG
studies report on neural activation to speech in FXS, nor
are there currently any studies in children with FXS with
spatial resolution sufficient for documenting cortical spe-
cialization for speech. An essential next step in under-
standing the neural basis for language delays in FXS is
documenting cortical differentiation and lateralization of
speech in the disorder. It is especially essential to inves-
tigate neural response to speech in FXS in childhood, to
determine what (if any) facets of atypical neural response
to speech relate to emerging delays.

Functional neural activity can be challenging to mea-
sure in children with FXS with techniques like fMRI and
MEG because it can be difficult for individuals with sen-
sory sensitivities, anxiety, and/or cognitive delays to tol-
erate the imaging environment while being still enough
to obtain a reliable signal. Functional Near Infrared
Spectroscopy (fNIRS) measures brain activity by rely-
ing on differential absorption of near infrared light in
active and nonactive brain regions and can be measured
with a wearable cap while a child is awake and somewhat
active. Although not all individuals will tolerate wear-
ing an fNIRS cap, its high signal to noise ratio and the
subsequent ability to move freely during imaging leads
to better tolerability for children, including those with
neurodevelopmental disorders. {NIRS has been used to
localize differential cortical responses to speech and non-
speech in typical development, and provides a robust,
sensitive index of this differentiation in children and
adults [32, 33]. fNIRs has also been used to track corti-
cal specialization for language in infants with typical
development [15, 23, 24], as well as in infants and tod-
dlers at risk for neurodevelopmental disorders [34, 35].
fNIRS has been used to investigate face processing in
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individuals with FXS [36, 37], but has not been used to
investigate sound perception, speech processing, or lan-
guage in FXS to date.

Here, we use fNIRS in children with FXS to localize and
characterize neural activation to speech and nonspeech
sounds. Given the emergence of cortical specialization
for speech and lateralization of activation in infancy, this
first investigation of neural response to language in FXS
focuses on activation to and differentiation of speech
sounds. We hypothesize that children with FXS will vary
from controls in both features; specifically, that they will
show (a) reduced cortical differentiation of speech vs.
nonspeech stimuli in the auditory cortex and (b) a less
left-lateralized response to speech in comparison with a
control group. This investigation is an important step in
understanding the neural mechanisms for language and
communication delays in FXS.

Methods

This study was approved by the Institutional Review
Board at Cincinnati Children’s Hospital Medical Cen-
ter (CCHMC) and was performed in accordance with
the protections set forth in the Declaration of Helsinki.
Participant’s parents or legal guardians provided written
informed consent for participation.

Participants

52 children ages 2—-10 years were recruited to participate
in this study. Of those 52 children, 9 did not tolerate cap
placement (17%, all FXS), two children with FXS com-
pleted the study but no event triggers were captured due
to a recording error, and 3 children with FXS produced
data that did not survive data processing cutoffs (e.g.,
PruneChannels, see below). The final sample therefore
included 23 children with FXS (5 female) and 15 typically
developing children (TDC, 4 female) ages 2—-10 years,
whose demographic data can be seen in Table 1. The

Table 1 Demographic data by group as well as assessment data for the FXS group

Variable (n FXS, nTDC) FXS (23) TDC (15) difference
Sex M: F (23, 15) 18:5 114 X?=0.12, p=.73
Age (23, 15) 6.44 (1.90) 7.07 (2.44) t(36)=-0.89, p=.38
[2.23-8.98] [2.18-10.71]
Handedness (right: nonright) (23, 15) 16:7 12:3 X?=051,p=48
White: Nonwhite (23, 15) 212 123 X?=101,p=237
Hispanic: Nonhispanic (23, 14) 1:22 0:14 X2:2A2,p:33
Vineland ABC (23, 13) 69.9 (16.8) 107.8 (15.2) t(34)=6.7, p<.0001
[43-111] [78-133]
Verbal DQ 49.5(19.6) N/A N/A
[9.5-85.7]
ADOS Calibrated Severity Scores 56(23) N/A N/A
[1-10]

Note One person in the TDC group had missing data for ethnicity. Two individuals in the TDC group had missing data for the Vineland. FXS=Fragile X Syndrome,
TDC=Typically Developing Control, DQ=Developmental Quotient, ADOS=Autism Diagnostic Observation Schedule, ABC=Adaptive Behavior Composite. The
Vineland ABC is an age-normed standard score (SS), with a mean in the population of 100 and a standard deviation of 15
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groups were matched on sex, age, handedness, race, and
ethnicity. Exclusion criteria for both groups included any
documented history of hearing loss or parent concerns
with hearing loss. Individuals in the control group had
no history of psychiatric diagnosis or care, neurodevel-
opmental delay, early intervention, or special education
placement. Recruitment occurred over a 2-year grant
period, and the number of participants was determined
by recruitment rates over that time, which overlapped
with the COVID pandemic.

Language measures

Parents of all participants but two (both TDC), com-
pleted the Vineland Adaptive Behavior Scales [VABS,
38], including the Expressive Language and Receptive
Language subtests. The VABS is a parent-report measure
of a child’s adaptive behaviors, or behaviors that they are
able to execute consistently and independently in daily
life. Here, the VABS v-scale scores, which have a mean
of 15 and a standard deviation of 3 in the population, for
the expressive and receptive language subtests were used
to assess relation of fNIRS results to language in both
the TDC and FXS groups. Most of the FXS participants
(n=21) and some of the TDC participants (n=4) com-
pleted a cognitive evaluation, which included either the
Mullen Scales of Early Learning [39] or the Stanford Binet
5th edition [40], dependent on age and ability. Language
scores (either Mullen Receptive and Expressive Language
scores or Stanford Binet Verbal scores) were converted
into Developmental Quotients (DQs), because Standard
Scores and T-scores make it challenging to study varia-
tion in individuals with developmental disabilities due to
floor effects [41, 42]. We calculated DQs as (Age Equiva-
lent/Chronological Age)*100. DQs were used to evaluate
the relation between fNIRS results and language in the
FXS group but not the TDC group due to low completion
in the TDC group.

Other measures

Handedness was evaluated using the Edinburgh Hand-
edness Inventory for children ages 6 and up [43] and via
parent report in younger children. Presence of autism
symptoms was evaluated in individuals with Fragile X
Syndrome using the Autism Diagnostic Observation
Schedule, 2nd edition [ADOS-2, 44]. The ADOS is a play
and interaction-based measure that was completed and
scored by a clinical psychologist with expertise in autism
symptoms in the context of Fragile X Syndrome. The
calibrated severity score ranges from 1 to 10 with higher
scores indicating higher severity of autism symptoms
during the ADOS evaluation [45].
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fNIRS system

All NIRS data were collected using a custom NIRx
NIRScoutX 64x32(NIRx Medical Technologies, Brook-
lyn, NY) machine with lasers at wavelengths of 685 and
830 nm and a 7.8125 Hz sampling frequency. The probe
layout was an auditory 2x2x4 montage designed to
cover temporal lobe areas bilaterally including the pri-
mary auditory cortex (see Fig. 1 for visualization of probe
layout and cap design). This exact layout has been used in
other fNIRs studies focused on the auditory cortex [46,
47]. Probes were arranged in a stretchy cap with Inter-
national 10-20 markings, with cap size based on same-
day head circumference measurements for each child.
Distances between light emitters and detectors varied
between 2 and 3 cm, dependent on cap size and head
shape. A total of 20 channels were analyzed (10 on each
side). Data were collected using NIRStar 15.2 acquisition
software with auditory stimuli programmed and pre-
sented using via NIRStim software within the NIRStar
system.

Paradigm

The experimental design was a passive listening task last-
ing approximately 20 min (variable due to jitter, actual
time was 1,208 s plus or minus up to 68 s of jitter). Partic-
ipants were seated in a chair independently or on a par-
ent’s lap in front of a desk with a computer monitor and
two speakers. Standardized non-social video clips (e.g.,
factory scenes, dominos, non-social animations, etc.)
were presented on the video monitor to reduce boredom
without interfering with the auditory task. The auditory
task consisted of a modified version of the Stories para-
digm created by Cincinnati MR Imaging of Neurodevel-
opment (C-MIND), which is a passive listening paradigm
presented to participants without instructions [48, 49].
The original paradigm consists of 5 recorded stories in
a female voice each lasting about 1 min in length (60—
63 s) and a nonspeech condition lasting 64 s. The non-
speech condition consists of broadband noise, presented
in sweep format. Center frequencies are set at 2000 to
4000 Hz in order to mimic representation of frequency
variation in speech, and sweep durations similarly var-
ied between 0.5 and 2.0 Hz. Participants in the present
study heard both examples of these original 1-minute
clips (not analyzed here) as well as modified (i.e., short-
ened) clips. The shortened clips were modified to match
block designs typically used in fNIRS studies, while the
longer stories were recorded (but not analyzed in the
present paper) for comparison to fMRI literature. Spe-
cifically, for the nonspeech condition the 64 s stimulus
was divided into shorter, 12.4 s segments. The stories
were divided into 5 segments, ranging from 10 to 14 s,
such that segmentation did not alter words or clauses.
The overall task was then presented as a block design in
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Fig. 1 FNIRS optode layout and channel locations. Note Image created using NIRSSite2020.7. a) shows optode layout in the context of International
10-20 locations. b) shows optode layout closeup, with red circles representing sources, blue circles representing detectors, and green rectangles repre-
senting channels. Nomenclature for channels is Source number- Detector number

Noise (non-speech, CMIND)

64 seconds

Stories (CMIND)

60-63 seconds

Mixed Clips

‘ Silence

277-280 +/- 18 seconds 17 +/- 2 seconds

A\ 4

0 |

‘ Stop Tone

Mixed Clips

| | (o] | I | (] | ]

B | o] |

10-15 second
clip of story

12.8 second
clip of noise

Fig. 2 Passive auditory listening paradigm. Note Only data from “Mixed Clips” were analyzed here

which each block was presented in a random order (see
Fig. 2). There were 2 blocks with a full story recording
(stimulus length=~60 s), 2 blocks with full nonspeech
stimulus presented (stimulus length=60 s), and 3 mixed
blocks with stimulus length of speech and nonspeech
stimuli varying between 10 and 14 s (which are analyzed
in the present study). In the mixed blocks, both the sto-
ries and nonspeech segments are randomly interspersed
(with stories presented in chronological order), with a

total of 15 story segments and 15 nonspeech segments.
Between each block and each segment there was 17 +/-
2 s of jittered silence. In each of the 3 mixed blocks the
nonspeech clips were pseudorandomly ordered, while
shortened story clips were played in consecutive order
(i.e., in story order). Five orders were presented to partic-
ipants such that each of the 5 stories was represented in
the full story and story segment conditions between sub-
jects. The present study uses data acquired for the mixed



Smith et al. Journal of Neurodevelopmental Disorders (2024) 16:69

clips (i.e., 30 total blocks, 10-14 s each). All sounds were
presented at the same mean sound intensity across par-
ticipants (determined to be comfortable during study
piloting), and sound intensity was also matched between
the speech and nonspeech conditions.

fNIRS data processing

Raw data was converted to SNIRF format in Matlab
using the NIRS2Snirf function. Data were then pro-
cessed using the Homer3 toolbox (https://github.com/
BUNPC/Homer3). First, data recorded prior to the first
marker and after the last marker were removed manu-
ally. Then, after converting data from Intensity to Opti-
cal Density, PruneChannels was applied to remove noisy
channels from individual data, with settings as follows:
drange=[0.05 5], SNRthresh=5, SDrange=[0 45]. This
function detects and then removes an entire channel
from an individual participant’s data across all trials.
Three individuals, all with FXS, did not have any data
remaining after PruneChannels, so their data is not rep-
resented in this dataset. Thus, all 23 individuals with FXS
and 15 individuals in the TDC group had at least one
channel of usable data remaining (mean=16 channels per
participant, minimum=3, maximum=20). Number of
usable channels did not vary by group (t=0.003, p=.997).
After using hmrR_MotionArtifactByChannel (stan-
dard settings) to detect motion artifact, we used hmrR_
MotionCorrectWavelet (standard settings) to correct
detected artifact in the Optical Density data. Use of this
combination of functions means that data with detected
motion artifact is not removed but is instead corrected.
Finally, we applied a lowpass filter at 0.5 hz, to reduce
contamination with heartrate signals, converted data to
Concentration of Hb and HbO molecules in pmol, and
exported all Hb and HbO values as well as mean values
by condition (speech, nonspeech) across blocks, defined
as beginning 2s before the stimulus and ending 20s after
stimulus onset. Before being analyzed, mean Hb and
HbO values that were greater than 3 standard deviations
from the mean for the study were excluded as outliers
(total data points removed =18 out of a possible 2392).

Data analysis

We used a linear mixed effect model (Ime4 in R) to pre-
dict mean values for Oxy and Deoxygenated hemoglobin
concentration based on group and condition (speech,
nonspeech), while controlling for age and sex. We chose
to control for age and sex because, although both are
matched in this sample, both are known to relate to neu-
ral activation to speech and nonspeech sounds. Analyses
were also completed without accounting for age and sex,
and can be seen in Supplementary Information. Spe-
cifically, group membership (FXS vs. TDC) and condi-
tion (speech vs. nonspeech) predicted changes in Oxy
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and Deoxygenated hemoglobin concentration from
baseline while subject ID was entered as a random fac-
tor to account for within-subject variability. The linear
mixed effects model, with subject ID as the random fac-
tor, allows for analysis of repeated measurements (e.g.,
multiple channels and conditions) while controlling for
variability within subject ID. It also allows for inclusion
of data when channels or blocks are limited by data loss
(as is common in pediatric neuroimaging) by including
all clean data. While each model can therefore include
multiple data points from one participant, significance
tests for that model are from the pooled data across all
participants. In order to characterize changes in blood
flow related to condition, we first identified those chan-
nels within each group that showed significant relative
increases in HbO and decreases in Hb during those con-
ditions compared to baseline. In order to measure neural
discrimination, we examined effects of condition (speech
vs. nonspeech) on neural activity compared to baseline at
each of 20 channels within each group (e.g., the effect of
condition on the relative changes in Hb and HbO concen-
tration from baseline). The effect of condition was also
determined within the multilevel framework to account
for individual variability in hemoglobin levels, prevent-
ing individuals with higher oxygenation levels gener-
ally (which can be related to skull thickness, skin tone)
to drive analyses. To investigate lateralization patterns,
we investigated the effect of side (left vs. right) on neu-
ral activity within the speech condition for each group.
Finally, in order to investigate relation between any
effects and clinical variables, we investigated interactions
between the clinical variable (i.e. Vineland Receptive and
Expressive scores, Verbal Developmental Quotient) and
the specific effect within the linear mixed effects model.
To correct for multiple comparisons, we used a 5% false
discovery rate (FDR) cutoff across all analyses (total
number of tests=167).

Results

Activation for speech and nonspeech in controls and in

FXS

Controls showed significant activation to speech in
two left hemisphere channels (channel 2_1 t(13)=-3.21,
p=.004; channel 2_3 t(11)=-2.64, p=.017, see Fig. 3) with
marginally significant activation in one left hemisphere
channel (channel2_2 t(11)=-2.01, p=.052). Controls
showed activation to speech in two right hemisphere
channels as well (channel 5_6, t(14)=-2.1, p=.046, chan-
nel 7_6 t(14)=-3.78, p=.002). Controls showed activation
to nonspeech in two right hemisphere channels (chan-
nel 6_6 t(13)=-2.23, p=.046; channel 7_6 t(14)=-3.79,
p=.0002). When looking across all 20 channels, the TDC
group did not show an effect of side (left vs. right) on
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Right

Nonspeech

Speech

Fig. 3 Channels with significant activation for speech and nonspeech in
the FXS and Control Groups. Note Neural activation for speech stimuli are
indicated in red, while activation for nonspeech stimuli are indicated in
blue

activation to the speech stimuli (t(15)=0.70,p=.49) or
nonspeech stimuli (t(15)=-0.67, p=.50).

Individuals with FXS, however, showed activation to
speech in two left hemisphere channels (channel 2_1
t(20)=-3.06, p=.0065; channel 2_3 t(18)=-3.72, p=.0017)
and in one right hemisphere channel (channel 7_6 t(19)=-
3.02, p=.007, see Fig. 3). Individuals with FXS showed
activation to nonspeech sounds across three left hemi-
sphere channels (channel 2_2 t(18)=-2.97, p=.006; chan-
nel 2_3 t(18)=-3.60, p=.0022; channel 3_3 t(14)=-2.36,
p=.035). In the right hemisphere, individuals with FXS
showed activation for nonspeech sounds across three
channels (channel 6_6 t(19)=-2.12, p=.04; channel 7_6
t(19)=-2.18, p=.036; channel 7_8 t(18)=-2.03, p=.05).
Individuals with FXS did show greater activation in the
left compared to right cortex for speech when looking
across all 20 channels (t(22)=2.43, p=.015) but did not
show an effect of side on activation for nonspeech stimuli
(t(23)=-0.16, p=.88).

After correction for multiple comparisons, the only
significant effects remaining included the TDC response
to nonspeech in channel 7_6 and the FXS response to
speech in channel 2_3.

Discrimination of speech and nonspeech sounds

We located channels where activation for the speech
condition and for the nonspeech condition varied sig-
nificantly by determining relative differences in changes
in Hb and HbO from baseline by condition (speech vs.
nonspeech). Controls showed neural discrimination in
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the lateral most anterior channel in the left hemisphere
(channel 2_1, between 10 and 20 coordinates T7 and
FC7, t(13)=-2.71,p=.01, Cohen’s d=1.5). Examination
of waveforms shows greater activation for speech ver-
sus nonspeech in TDC (Fig. 4). Individuals in the TDC
group did not show differential discrimination of speech
and nonspeech stimuli by hemisphere (left, right) across
all 20 channels (t(15)=0.95, p=.34) but did show greater
differentiation of speech and nonspeech in the left versus
right hemisphere at the channel level (for channels 2_2
versus 6_6, t(13)=2.30, p=.024, Cohen’s d=1.28).

Individuals with FXS did not show significant discrimi-
nation of speech vs. nonspeech sounds in any channel
(e.g., channel 2_1, t(20=-1.35, p=.18, Cohen’s d=0.6)).
They did not show differential discrimination by hemi-
sphere across all channels (t(23)=1.735, p=.08, Cohen’s
d=0.72), and did not show hemispheric effects within
channel pairs across the left and right hemispheres (all
p’s>0.05).

Neither finding in the TDC group (discrimination
of speech and nonspeech at channel 2_1 nor hemi-
spheric differences in differentiation at channels 2_2 and
6_6) remained significant after correction for multiple
comparisons.

Post hoc

Analyses at individual channels showed robust activ-
ity for the nonspeech condition in FXS compared to
controls, as seen in Fig. 3. The FXS group showed
greater activation for the nonspeech condition than
TDC across the left and right auditory cortex combined
(t(38)=2.47,p=.014), which was also significant within
the right hemisphere (t(38)=2.02, p=.04), but not the
left hemisphere (t(38)=1.865, p=.06). There was no
group difference in nonspeech processing within any
specific channels (all p’s>0.05). Differential processing
of nonspeech in FXS vs. TDC across the auditory cortex
did not remain significant after correction for multiple
comparisons.

Relation to language ability

We investigated the relation between significant findings
noted above and language measures separately for the
EFXS and TDC group (Table 2). Within the FXS group,
neural discrimination of speech and nonspeech at chan-
nel 2 1 (where TDC group showed neural discrimina-
tion) did not predict scores of any language measures
(for Verbal DQ, t(17)=-0.52, p=.608; Vineland Receptive
Language, t(20)=-1.27, p=.21; Vineland Expressive Lan-
guage, t(20)=-0.49, p=.62). Degree of neural lateraliza-
tion for speech across all channels was not predicted by
Verbal DQ (t(19)=1.472, p=.141). However, Vineland
Receptive scores were associated with lateralization for
speech, while Vineland Expressive scores were nominally
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Fig. 4 Differential response to speech and nonspeech between groups at Channel 2_1 in left auditory cortex. Note Red lines represent change in con-
centration of Oxygenated hemoglobin over time in comparison to the baseline, while blue lines represent concentration of Deoxygenated hemoglobin.
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Table 2 Summary of associations between language and neural measures in FXS and TDC groups

Discrimination of speech and nonspeech Lateralization for speech stimuli Response
stimuli at channel 2_1 to Non-
speech
stimuli
Vineland Expressive subscale FXS ns. FXSp =0.05 FXS n.s.
TDCp =0.05 TDCp <0.05 TDCn.s.
Vineland Receptive subscale FXS nsTDCns. FXSp <0.05 FXS n.s.
TDC n.s. TDC n.s.
Verbal DQ FXSns. FXS n.s. FXS n.s.
TDC N/A TDC N/A TDC N/A

associated (for VABS receptive, t(22)=2.28, p=.02; for
VABS expressive t(22)=1.93, p=.05). Specifically, higher
parent-report of receptive and expressive language abil-
ity was associated with greater leftward lateralization for
speech stimuli in FXS. Increased response to nonspeech
stimuli across all 20 channels was not significantly cor-
related with Verbal DQ (t(20)=1.89, p=.059),Vineland
Receptive or Expressive language scores (t(23)=0.58,
p=.56; t(23)=-1.34, p=.18). The relation between Vine-
land language scores and leftward lateralization of speech
stimuli did not remain significant after correction for

multiple comparisons (for RL, Cohen’s d=0.97; for EL,
d=0.82).

In the TDC group, we investigated the relation between
the above findings and scores on the Vineland receptive
and expressive subscales, but did not investigate relation
to Developmental Quotient due to missing data (TDC n
with DQ data=5). For the TDC group, neural discrimi-
nation of speech and nonspeech stimuli at channel 2_1
was not associated with Vineland receptive language
(t(11)=-0.69, p=.49), but was associated with Vine-
land expressive language (t(11)=-2.06, p=.05, Cohen’s
d=0.67). Lateralization for the speech condition was not
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associated with Vineland receptive language (t(13)=1.09,
p=.28), but was associated with Vineland expressive
language (t(13)=2.02, p=.04). Specifically, higher par-
ent report of expressive language use was associated
with increased discrimination of speech and nonspeech
and with increased leftward lateralization for speech.
Response to the nonspeech stimulus across the brain
was not associated with either expressive or receptive
language on the Vineland for the TDC group (receptive
t(13)=0.54, p=.59; expressive t(13)=0.57, p=.57). The
relation between Vineland expressive language scores
and both neural discrimination and leftward lateraliza-
tion of speech stimuli did not remain significant after
correction for multiple comparisons (for discrimination,
Cohen’s d=0.97; for lateralization, d=0.82).

Discussion

In this study, we demonstrate for the first time local-
ized cortical activation to speech in children with FXS.
We also investigate for the first time differences in neu-
ral differentiation between speech and nonspeech stim-
uli in children with FXS. Both individuals with FXS and
controls showed brain activation to both speech and
nonspeech stimuli within the auditory cortex as well as
left-lateralizated responses, with lateralized response to
speech in FXS and lateralized discrimination of speech
and nonspeech in TDC. The main differences between
the two groups were (1) lack of neural differentiation
between speech and nonspeech in FXS and (2) our post
hoc finding of greater response to nonspeech in FXS.
This is an important step toward understanding how FXS
affects neural representation of language processing and
indicates an important role for understanding nonspeech
stimuli in early development in FXS.

In the present study, we show neural discrimination
of speech and nonspeech sounds (with similar low fre-
quency modulations) in a small group of control children
across a very wide age range (2—10 years). This effect
was observed at one channel in the left auditory cortex.
In FXS, lack of differentiation of speech and nonspeech
stimuli, especially if present during the first years of life,
would indicate early emerging differences in language
processing. If lack of differentiation of speech and non-
speech sounds in the early years leads to reduced atten-
tion afforded to speech in FXS, this could also lead to a
cascade of further speech and language impairments.
Another possible mechanism is that the brain in FXS may
be affording increased attention to nonspeech auditory
stimuli. This is supported by the extant EEG literature in
FXS as outlined earlier and could precede differences in
neural discrimination during development. An important
next step for this literature will be assessment of neural
discrimination of speech and nonspeech sounds in FXS
in the first years of life.
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Regarding neural lateralization to speech and non-
speech sounds in the present study, some research sug-
gests that the left hemisphere is the locus of processing
for sound changes that are in the higher frequency
ranges, while the right hemisphere specializes in lower
frequency changes in sound presentations [50]. Here, our
speech signal contained complex vocal information, with
sounds varying in the phonetic, phonologic, morpho-
logic, and syntactical levels. Importantly, the nonspeech
condition was presented in sweep format, with sweeps
presented at 0.5-2 hz, which mimics those variations in
speech at the morphologic/syntactical levels. This con-
trol allows us to more precisely locate regions associated
with understanding language rather than those auditory
regions that detect slower temporal changes. However,
this also means that our nonspeech condition mim-
ics certain aspects of speech, and therefore would be
expected to activate regions associated particularly with
processing lower frequency variations in speech. There-
fore, we might expect activations of regions specializ-
ing in sound changes within the slower frequencies for
the nonspeech condition. It is possible that responses to
the nonspeech condition in the right hemisphere in par-
ticular in both the TDC and FXS groups in the present
study are related to the ways that this condition mimics
slower variations present in speech. Given these possible
‘speech-like” features, future studies focused on non-
speech sound perception in FXS, including hyperactiva-
tion to nonspeech sounds, will need to measure neural
response to sounds without speech-like features (e.g.,
environmental sounds).

While speech perception was represented across both
left and right auditory cortices in both FXS and TDC in
the present study, activation for speech was stronger in
the left hemisphere for the FXS group, while discrimi-
nation of speech and nonspeech was stronger in the left
hemisphere for the TDC group. This provides some evi-
dence that lateralized responses to speech stimuli are
preserved in FXS. As predicted by the lower frequency
variations in the nonspeech stimuli, the control group
showed specialized neural activity to these stimuli within
the right hemisphere temporal regions. What is perhaps
most interesting about lateralization in the FXS brain in
this case, is the strong response to the nonspeech, slowly
varying sounds within the left hemisphere temporal
regions. Future studies would need to clarify the role of
frequency of sound variations to determine if this pattern
represents a link between atypical neural organization
and language delays in FXS.

We had predicted that the FXS group would show
reduced lateralization based on the literature showing
differential lateralization of speech in other neurodevel-
opmental disorders, including autism [51, 52]. However,
our results showed lateralization for speech perception
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(although not discrimination) at the level of the blood
oxygen level dependent response. It is possible that dif-
ferences in lateralization may be detectable within
smaller timescales, such as with event related potentials
[31]. While we do not compare lateralization between
groups here, other studies of FXS have in fact shown
increased leftward lateralization for sound processing
in adolescents and adults with FXS [8, 30]. Given that
lateralization patterns change across childhood in typi-
cal development, it will be important for future studies
investigating lateralization in FXS to use a longitudinal
framework.

In this study, individuals with FXS showed greater neu-
ral activation to the nonspeech condition than controls
across left and right auditory cortex. This effect may be
related to temporal features present in the nonspeech
condition as described above, and future studies investi-
gating neural activation for speech filtered with varying
levels of temporal information in FXS will be an impor-
tant next step. It is also possible that the response to the
nonspeech here is an activation to “noise’, and may in fact
provide a neural analog for the well-documented effects
of hyperacusis in Fragile X Syndrome [3]. An important
next step for investigating this possibility will be inves-
tigating how this effect relates to sensory processing
phenotypes within FXS as well as how it relates to neu-
ral activation related to auditory discomfort. Addition-
ally, future research should include infants and toddlers
with FXS in order to understand how neural response to
nonspeech sounds affects early language development in
EXS.

While this study is the first report of localized neural
activation to speech in FXS, there are several limitations
that should be considered in interpreting the above find-
ings. First, this study is cross sectional and covers a broad
age range within the context of “childhood’, and it is not
possible to determine developmental effects within this
sample [53]. Cross sectional age was controlled for in all
analyses, but this does not eliminate problems that could
emerge with an interaction between age and any of the
target variables. This is especially problematic given evi-
dence that auditory processing differences may vary by
age in the mouse model of FXS [54]. An essential next
step for this literature will include longitudinal studies of
a smaller age range of children with FXS. Second, when
using fNIRS it can be difficult to disentangle cortical
effects from those driven by other physiological sources
(e.g., increased respiration rate, increased arousal). In
this study, data were filtered to remove heart rate, but
other sources can contaminate the signal, making it dif-
ficult to determine the degree to which effects can be
driven by arousal. An important next step for this work
will be measurement and targeted removal of physiologi-
cal noise. Additionally, whereas localization of cortical
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activity via NIRS has been validated through concurrent
fMRI studies [55, 56], exact localization is not possible
to determine for each participant without completing a
structural brain scan that is individually matched to 3D
fNIRS channel location information. Although activa-
tion patterns, especially across the well-studied 10-20
locations [57], can be useful in localizing brain activity,
identification of specific cortical regions with spatial res-
olution in the millimeter range will require future stud-
ies using both fNIRS (including 3D localization of precise
optode locations) and structural MRI. In addition, given
evidence that auditory processing differences may exist
beyond the auditory cortex in the mouse model of FXS
[54], future fNIRS studies of auditory processing in FXS
should extend coverage to the frontal lobe. Finally, while
this study is the first to investigate neural response to
speech in children with FXS, it may not have been pow-
ered to detect neural discrimination in the FXS popu-
lation. This is especially the case given the number of
statistical tests run in this initial investigation, resulting
in lack of significant findings after FDR correction. Based
on the present study, neural discrimination in left audi-
tory cortex in FXS would be expected to have a medium
effect size (Cohen’s d=0.6). With power set at 0.8 and
probability at 0.05, a sample size of 45 children with FXS
is recommended for future studies of neural discrimi-
nation of speech and nonspeech sounds. An increased
sample size across both groups might also make activa-
tion patterns more robust across the auditory cortex,
and would make it possible to determine a more clear
relation between neural activation and neural discrimi-
nation during speech sound processing in FXS. It will
also be important for future studies of these neural pat-
terns to establish a clear link with language development
within typical development, including more extensive
phenotyping in this group, in order to ground relations
between neural activity and language measures in FXS.
Finally, determining specificity of these findings to FXS
will require comparison to groups of children matched
on intellectual ability to the FXS group.

This first study of localization of speech perception
in FXS is an important next step in understanding how
early language delays emerge in FXS. We showed intact
lateralization of speech sound activation in FXS within
the left auditory cortex. However, individuals with FXS
showed a stronger response to the nonspeech condition
than controls and did not discriminate between speech
and nonspeech stimuli. This brings the role of sound
processing in FXS and its effects on speech and lan-
guage development into focus and provides an avenue for
future exploration.
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