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Early developmental trajectories associated

with ASD in infants with tuberous sclerosis

complex
(]

ABSTRACT

Objective: We performed a longitudinal cohort study of infants with tuberous sclerosis complex
(TSC), with the overarching goal of defining early clinical, behavioral, and biological markers of
autism spectrum disorder (ASD) in this high-risk population.

Methods: Infants with TSC and typically developing controls were recruited as early as 3 months of
age and followed longitudinally until 36 months of age. Data gathered at each time point included
detailed seizure history, developmental testing using the Mullen Scales of Early Learning, and social-
communication assessments using the Autism Observation Scale for Infants. At 18 to 36 months, a
diagnostic evaluation for ASD was performed using the Autism Diagnostic Observation Schedule.

Results: Infants with TSC demonstrated delays confined to nonverbal abilities, particularly in the
visual domain, which then generalized to more global delays by age 9 months. Twenty-two of 40
infants with TSC were diagnosed with ASD. Both 12-month cognitive ability and developmental
trajectories over the second and third years of life differentiated the groups. By 12 months of age,
the ASD group demonstrated significantly greater cognitive delays and a significant decline in
nonverbal IQ from 12 to 36 months.

Conclusions: This prospective study characterizes early developmental markers of ASD in infants
with TSC. The early delay in visual reception and fine motor ability in the TSC group as a whole,
coupled with the decline in nonverbal ability in infants diagnosed with ASD, suggests a domain-
specific pathway to ASD that can inform more targeted interventions for these high-risk infants.
Neurology® 2014;83:160-168

GLOSSARY

ADOS = Autism Diagnostic Observation Schedule; AOSI = Autism Observation Scale for Infants; ASD = autism spectrum
disorder; DQ = developmental quotient; EL = expressive language; FM = fine motor; GM = gross motor; IRB = institutional
review board; MSEL = Mullen Scales of Early Learning; NVIQ = nonverbal 1Q; RL = receptive language; TSC = tuberous
sclerosis complex; UCLA = University of California, Los Angeles; VIQ = verbal I1Q; VR = visual reception.

Tuberous sclerosis complex (T'SC) confers a high risk of autism spectrum disorders (ASDs) and
intellectual disability,' with rates of ASD ranging from 25% to 60%, much higher than the 1%
to 2% reported in the general population.*” Despite hypotheses about the role of epilepsy,
cortical pathology, and co-occurring genetic mutations in the development of ASD in TSC,*?
no single clinical factor has been identified as a consistent predictor of atypical neurodevelop-
ment in this disorder.

The fact that TSC is diagnosed early in development, often prenatally,' facilitates the prospective
investigation of developmental trajectories and early markers of ASD in this population. Early
detection research in ASD has mostly focused on infant siblings of children with ASD, in whom
the recurrence risk is approximately 18%.'> Emerging evidence from these studies supports behav-
ioral and neurobiological differences based on risk status in the first year of life.'*'* However, because
of the genetic heterogeneity within these infant sibling cohorts, the measures used to identify early
markers must cover a range of possible mechanisms and pathways to ASD. In contrast, infants with
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TSC can be studied with targeted measures that
quantify clinical, behavioral, and biological vari-
ables likely to contribute to the development of
ASD in TSC, such as epilepsy severity, and early
cognitive development.

Drawing on the model of prospective stud-
ies of infant siblings, we performed a longitu-
dinal investigation of infants with TSC, with
the overarching goal of defining early clinical,

behavioral, and biological markers of ASD in
this high-risk population.

METHODS Procedures. These data represent one portion of
a muldisite, longitudinal study that includes behavioral and elec-
trophysiologic assessments in children with and without TSC,
aged 3 to 36 months. Recruitment and testing were performed
at the University of California, Los Angeles (UCLA) Center for
Autism Research and Treatment and the Boston Children’s Hos-
pital Laboratories of Cogpnitive Neuroscience from June 2011 to
June 2013. Families were compensated for transportation and
lodging. Any significant concerns about the infant’s development
were relayed to the primary neurologist or pediatrician by the

principal investigators of the study.

Standard protocol approvals, registrations, and patient
consents. Institutional review board (IRB) approval was ob-
tained at each of the 2 sites (UCLA IRB no. 11-002349; Boston
Children’s Hospital IRB no. P00001144). All families gave

informed consent before participation.

Participants. Infants with TSC were recruited through TSC
specialty clinics, newborn nurseries, pediatrician offices, and the
Tuberous Sclerosis Alliance. Control infants were recruited
through IRB-approved infant databases in the greater Los
Angeles and Boston areas. Control exclusion criteria included
prematurity (<37 weeks gestational age), birth trauma,
developmental concerns, or immediate family history of ASD
or intellectual disability. Children were followed longitudinally
at 3, 6, 9, 12, 18, 24, and 36 months. Because of the rarity of
TSC, all children with TSC younger than 24 months could be
enrolled in the study. Children enrolled at an age not represented
by a study time point were assessed at the next appropriate time
point. For instance, a 15-month-old child was first studied at age
18 months. While control recruitment targeted the 3-month time
point, controls also were recruited on an individual basis to match
the age of each TSC case. There was no matching on
demographics or IQ. The research team maintained close

phone and e-mail contact with the families to minimize attrition.

Clinical information. At each time point, the research team
gathered clinical data regarding seizures, medications, operations,
and other medical issues through a standardized medical ques-
tionnaire. Variables of interest included presence of infantile
spasms, presence of seizures, age of seizure onset, seizure duration,
proportion of life with active seizures (defined as seizure duration

in months/age of assessment), and number of antiepileptics.

Behavioral testing. Although participant information was dei-
dentified, the clinical presentation of infants with TSC (develop-
mental delay, epilepsy, cutaneous lesions) precluded blinding of
examiners to participant diagnosis. At each age, the Mullen Scales
of Early Learning (MSEL) was performed. The MSEL is a stan-

dardized cognitive measure for children 0 to 69 months of age,

testing 5 developmental domains: gross motor (GM), fine motor
(FM), visual reception (VR), receptive language (RL), and expres-
sive language (EL)."” Raw scores are converted to age-
standardized ¢ scores, which facilitates the distinction between
normative and nonnormative development.

At ages 6, 9, 12, and 18 months, the Autism Observation
Scale for Infants (AOSI) was performed. The AOSI is a
20-minute play-based instrument that operationalizes and detects
behavioral risk markers for ASD. Developed to study infants at
high risk (infant siblings of children with ASD), the AOSI has
high interrater and test-retest reliability.'® Several items of the
AOST have high predictive value of ASD, including transitions,
motor control, and reactivity."” We chose the AOSI because it
quantifies infant behaviors relevant to social communication
function not specifically targeted in the MSEL, such as temper-
ament, attention, and overall social engagement.

At ages 18, 24, and 36 months, the Autism Diagnostic
Observation Schedule (ADOS) was performed for ASD diagno-
sis. The ADOS is a semistructured, play-based interview with
standardized probes and scoring for social interaction, communi-
cation, repetitive behaviors, and play.'® Trained research assis-
tants administered and scored the assessments, with interrater
reliability established to that of ADOS-trained staff members.
The ADOS has been demonstrated to have excellent interrater
reliability among formally trained examiners.'® Severity scores
were calculated according to the revised algorithm.'”?° Diagnoses
were based on the convergence of ADOS scores and the clinical
judgment of a board-certified pediatric neurologist (S.S.J.). For
children tested with the ADOS at multiple time points (ages 18—
36 months), the last ADOS score was used for diagnosis and
severity calculation. In the 4 controls and 9 children with TSC
who were administered the ADOS at multiple time points, clin-

ical diagnosis remained consistent across time points.

Statistical methods. MSEL raw scores were converted to
¢ scores for each developmental domain. Per MSEL protocol,
all but the GM scores were used to generate a developmental
quotient (DQ). FM and VR were used to calculate a nonverbal
IQ (NVIQ), and RL and EL were used to calculate a verbal 1Q
(VIQ). AOSI raw scores were used to calculate a total score, with
higher scores signifying a higher risk of ASD. ADOS scoring was
based on the new algorithm, with subscores for social affect,

repetitive behaviors, and restricted interests."”

TSC vs controls. At each age, independent samples # tests were
performed to compare MSEL and AOSI scores between groups.
Because no infants with TSC were recruited at 3 months of age,

analyses at 6, 9, 12, and 18 months were performed.

ASD vs no ASD. Cross-sectional analysis. Based on ADOS
scores at 18, 24, and/or 36 months, children with TSC fell into
2 diagnostic groups: ASD or no ASD. Independent samples # tests
were performed at each age to compare clinical variables, MSEL
subscores, and AOSI raw scores between groups. Focus was placed
on the 12-month MSEL in order to identify developmental delays
in the infants who went on to have an ASD diagnosis.
Developmental trajectories. To control for the effects of seiz-
ures on development, repeated measures on DQ, VIQ, and NVIQ
scores were modeled with linear mixed-effects models using group
(TSC/no-ASD, TSC/ASD), time (from 12 to 36 months), group
by time interaction, seizure percentage, and group by seizure per-
centage interaction as predictors (in SAS PROC MIXED) with an
autoregressive correlation structure of order one. Linear mixed-
effects models are flexible modeling tools for longitudinal data
where subjects are independent variables, but the time points

within each subject are highly correlated, with measurements
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farther apart in time being less correlated. Unlike a repeated-
measures analysis of variance, a linear mixed model does not
require that the data are balanced (i.c., same number of subjects

observed at each time).

RESULTS Sample size. Sample size at each age varied
because of the flexible enrollment of infants with
TSC. Only infants with at least 2 study time points
before a diagnostic assessment at 18, 24, or 36
months were included in the ASD analysis (n =
40). For the characterization of developmental trajec-
tories by ASD diagnosis, only children with a history
of epilepsy and seizure duration data were included

(n = 34).

TSC vs controls. At the whole group level, we were
most interested in the timing of developmental delay
in infants with TSC and whether there were particu-
lar domains more significantly affected. Based on the
MSEL, infants with TSC did demonstrate develop-
mental delays in all age groups. However, there was
evidence of domain specificity at the first analyzed
time point of age 6 months, with the TSC group
showing delays in NVIQ (both FM and VR do-
mains). By age 9 months, infants with TSC exhibited
delays in all developmental domains of the MSEL
(table 1).

On the AOSI, the TSC group also demonstrated
more atypical social behaviors by 6 months of age in
visual tracking, disengagement of attention, and antic-
ipatory responses. At age 9 and 12 months, atypicalities
were also observed in eye contact, orienting to name,
and motor control and behavior (table 2).

ASD vs non-ASD. Clinical variables. Twenty-two of 40
children with TSC met criteria for ASD. Average
autism severity for the ASD group was 5.4 (SD 2.0)
and for the non-ASD group was 2.2 (SD 1.4). There-
fore, as expected from the AOSI differences in early
infancy, there were social communication deficits
noted even in the non-ASD group.

All but 4 children with TSC had epilepsy, and
none of the 4 without epilepsy had an ASD diagnosis.
There was a trend toward greater seizure severity in
the ASD group, as indicated by younger age of seizure
onset and greater proportion of life with active
seizures, but these differences did not reach statistical
significance. Children with ASD were treated with a
significantly greater number of antiepileptics at their
final assessment compared with the non-ASD group,
a variable that also may serve as a proxy for seizure
frequency or disease course (table 3).

Cognitive ability at 12 months. Given the paucity of
data on cognitive precursors of ASD in infants with
TSC, we performed a cross-sectional analysis of
MSEL scores by ASD diagnosis at 12 months of
age. Twelve-month-old infants later diagnosed with
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ASD demonstrated significantly lower MSEL scores
in the domains of VR, FM, EL, and RL, with result-
ing significant differences in their DQ, NVIQ, and
VIQ (figure 1). Only the GM score did not signifi-
cantly differ between diagnostic groups.
Developmental trajectories 12 to 36 months. Appreciat-
ing the dynamic nature of development, particularly
in the context of epilepsy, we investigated the devel-
opmental trajectories of infants based on ASD diag-
nosis. Controlling for seizure duration, we found
significant differences in trajectories of DQ, NVIQ,
and VIQ in years 2 and 3 of life (figure 2). The
ASD group made no change in full DQ (slope esti-
mate —0.22, p = 0.51) or VIQ (slope estimate
—0.22, p = 0.66), but they experienced a significant
decline in NVIQ between ages 12 and 36 months
(slope estimate —0.80, p = 0.01). While there was
heterogeneity in the individual trajectories for DQ,
VIQ, and NVIQ), a more refined downward trend in
time emerged for NVIQ. The non-ASD group
showed significant developmental gain in DQ (slope
estimate 1.03, p = 0.02) and NVIQ (slope estimate
0.42, p = 0.01) but no significant change over the
second 2 years of life in VIQ (slope estimate 0.82,
2 = 0.19). Furthermore, in the ASD group, there was
a significant negative interaction between seizure
duration and NVIQ (estimate —0.25, p = 0.03),
such that having greater proportion of life with seiz-
ures was associated with a lower NVIQ across ages.

DISCUSSION In this prospective, longitudinal
study, we sought to define early cognitive and behav-
ioral markers of ASD in TSC. Infants with TSC dem-
onstrated early developmental delays, with relative
specificity to the visual domain at age 6 months that
generalized to all developmental domains by age 9
months. We also identified early signs of atypical
social communication function by age 6 months, par-
ticularly in visual behaviors. Infants later diagnosed
with ASD demonstrated significantly more delays in
all cognitive domains by age 12 months. Develop-
mental trajectories also differed based on ASD diag-
nosis, with the ASD group demonstrating a
significant decline in NVIQ between 12 and 36
months while the non-ASD group showed gains in
both full DQ and VIQ between 12 and 36 months.

At age 6 months, the delay in the visual domain
translated to deficits in visually mediated social behav-
iors, such as visual tracking and disengagement of
attention, as opposed to more language-based behav-
jors such as social babbling or orienting to name.
Such domain specificity might be explained by the
TSC mouse model, where there is evidence of aber-
rant structural connectivity in visual projections,
which appear more diffuse and less organized.”' Fur-
thermore, a recent electrophysiologic study also



[ Table 1 Controls vs TSC: MSEL ]

Control TSC p Value
6 mo
No. 11 6
Gross motor 46.20 (7.70) 34.50 (15.85) 0.07
Visual reception 55.09 (11.61) 38.83 (15.89) 0.03*
Fine motor 46.55 (6.82) 36.50 (6.98) 0.012
Receptive language 46.55 (12.03) 44.33 (15.45) 0.75
Expressive language 4218 (9.19) 44.00 (3.10) 0.65
Cognitive t score sum 95.55 (11.09) 83.00 (17.50) 0.09
VvIQ 90.18 (18.94) 80.44 (19.47) 0.33
NVIQ 110.64 (23.93) 70.78 (24.21) 0.01*
9 mo
No. 15 9
Gross motor 43.87 (9.52) 33.00 (11.89) 0.02°
Visual reception 56.80 (7.17) 32.78 (15.67) <0.012
Fine motor 60.67 (8.75) 39.56 (13.77) <0.01°
Receptive language 49.07 (10.27) 39.11 (12.79) 0.042
Expressive language 46.60 (7.39) 36.22 (10.66) 0.012
Cognitive t score sum 109.73 (12.44) 76.11 (19.76) <0.01°
VvIQ 97.00 (11.19) 71.86 (21.00) <0.01°
NVIQ 125.64 (17.01) 76.00 (31.68) <0.01°
12 mo
No. 12 22
Gross motor 48.00 (15.68) 30.50 (9.39) <0.01°
Visual reception 56.92 (13.15) 36.68 (13.53) <0.01°
Fine motor 59.33 (9.95) 37.00 (14.22) <0.01*
Receptive language 44.67 (5.25) 31.18 (7.94) <0.01°
Expressive language 49.33 (8.21) 36.05 (11.14) <0.01°
Cognitive t score sum 104.73 (10.76) 74.86 (17.90) <0.012
vIQ 95.64 (13.52) 69.41 (24.04) <0.01*
NVIQ 120.70 (18.90) 82.55 (26.97) <0.01°
18 mo
No. 7 21
Visual reception 48.29 (7.87) 35.00 (12.20) 0.01°
Fine motor 50.14 (7.34) 38.38 (12.91) 0.03?
Receptive language 53.00 (17.52) 33.86 (15.75) 0.012
Expressive language 52.00 (11.61) 33.33 (9.96) <0.01°
Cognitive t score sum 101.71 (18.18) 73.67 (19.10) <0.01°
VvIQ 106.86 (25.17) 70.77 (24.77) <0.01°
NVIQ 102.29 (11.31) 83.74 (19.20) 0.02°

Abbreviations: MSEL = Mullen Scales of Early Learning; NVIQ = nonverbal IQ; TSC = tuberous sclerosis complex;
VIQ = verbal 1Q.

TSC vs controls: raw scores and independent samples t tests comparing groups from the MSEL, with means, SDs, and
significance values by age group. Subdomains are reported as t scores and calculated 1Q scores are reported as standard
scores.

2 Significant values.
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[ Table 2 Controls vs TSC: AOSI

Control TSC p Value
6 mo
No. 11 5
Visual tracking 0.18 (0.41) 1.60 (0.89) <0.01°
Disengagement of attention 0.18 (0.60) 2.00 (0.00) <0.01°
Orients to name 1.20 (0.80) 0.80 (0.45) 0.32
Anticipatory responses 0.30 (0.68) 1.60 (1.14) 0.022
Social babbling 1.44 (1.13) 1.80 (1.09) 0.58
Eye contact 0.40 (0.84) 1.20 (1.09) 0.14
Total score 7.78 (3.60) 12.80 (6.06) 0.07
9 mo
No. 14 10
Visual tracking 0.21 (0.58) 0.90 (0.99) 0.042
Disengagement of attention 0.00 (0.00) 0.80 (1.03) 0.012
Orients to name 0.38 (0.51) 1.10 (0.88) 0.02*
Anticipatory responses 0.29 (0.73) 0.60 (1.08) 0.40
Social babbling 1.36 (0.93) 1.00 (0.67) 0.31
Eye contact 0.00 (0.00) 1.00 (1.05) <0.01°
Coordination of eye gaze and action 0.00 (0.00) 0.40 (0.70) 0.042
Motor control and behavior 0.00 (0.00) 0.80 (0.92) <0.01°
Atypical motor behaviors 0.14 (0.54) 0.20 (0.63) 0.81
Total score 4.77 (2.77) 9.64 (8.36) 0.06
12 mo
No. 12 20
Visual tracking 0.58 (0.79) 0.55 (0.76) 0.91
Disengagement of attention 0.17 (0.58) 0.45 (0.83) 0.31
Orients to name 0.25 (0.62) 0.85 (0.81) 0.042
Anticipatory responses 0.42 (0.99) 0.40 (0.88) 0.96
Social babbling 0.42 (0.52) 1.20 (1.19) 0.04*
Eye contact 0.17 (0.58) 0.50 (0.89) 0.26
Coordination of eye gaze and action 0.08 (0.29) 0.15 (0.49) 0.60
Motor control and behavior 0.00 (0.00) 0.65 (0.88) 0.02°
Atypical motor behaviors 0.17 (0.58) 0.90 (1.02) 0.03?
Total score 4.33 (3.58) 7.31 (6.45) 0.15

Abbreviations: AOSI = Autism Observation Scale for Infants; TSC = tuberous sclerosis complex.
TSC vs controls: raw scores and independent samples t tests comparing groups from the AOSI, with mean raw scores,

SDs, and significance values by age group.
2 Significant values.

demonstrated atypical face processing in children
with TSC compared with typically developing chil-
dren.?? It is possible that, in TSC, disorganization of
visual pathways leads to impairment in early visual
perception, which, in turn, places these infants at
higher risk of deficits in social function. Because of
our small sample size at 6 months of age, we could
not analyze VR based on ASD grouping, but con-
tinuing studies will characterize visual perception
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both behaviorally and electrophysiologically in in-
fants with TSC.

While high, the rate of ASD diagnosis in 55% of our
infants does lie within the range reported in the litera-
ture. Our sample represents a more clinically affected
population, because most infants had the clinical seque-
lae of TSC that prompted an early diagnosis. Ninety-
five percent of our sample had epilepsy, with 65%
reporting infantile spasms. While there were trends



[ Table 3 TSC/ASD vs TSC/non-ASD comparisons ]
Non-ASD ASD p Value
History of infantile spasms, % 66.70 63.60 0.51
Seizures, % 89 100 011
Seizure age at onset 7.46 (5.63) 419 (5.41) 0.12
Total duration of seizure 10.30 (9.58) 16.29 (9.26) 0.08
Percent of life with seizure 38.46 (37.33) 57.16 (32.04) 0.13
AED number 1.14 (0.86) 1.79 (0.92) 0.05

Abbreviations: AED = antiepileptic drug; ASD = autism spectrum disorder; TSC = tuberous sclerosis complex.
TSC by ASD grouping: clinical variables. Independent samples t tests comparing markers of seizure severity, including
history of spasms, seizures, age at onset, total seizure duration, proportion of life with active seizures, and number of AEDs

in ASD vs no ASD.

toward greater epilepsy severity in our ASD sample, only
the number of antepileptics significantly differentiated
the groups, with the ASD group taking more antiepilep-
tics than the non-ASD group. These data suggest that
clinical variables alone cannot predict the development
of ASD, despite the strong association between ASD
and epilepsy reported in children with TSC.>*-28
Trajectories of cognitive function may serve as a
promising predictor of ASD in TSC. A prospective
study of infants at high risk of ASD (infant siblings
of children with ASD) found that development in
the first 2 years of life, as measured by the MSEL,
improved in all 3 outcome groups—ASD, language
delayed, and non-ASD—but that the rate of develop-
mental gain was slowest in the ASD group.” The

100

80

60 —

40 —

20

MSEL t scores and Standard Scores

[ Figure 1 TSC by ASD grouping: 12 months MSEL ]
120 - B FiosST *p value <0.05
B ASD

MSEL subscores

Independent samples t tests comparing MSEL t scores and standard scores by ASD grouping.
Means and standard error bars are provided; asterisk represents p < 0.05. ASD = autism spec-
trum disorder; DQ = developmental quotient; EL = expressive language; FM = fine motor; GM =
gross motor; MSEL = Mullen Scales of Early Learning; NVIQ = nonverbal IQ; RL = receptive
language; TSC = tuberous sclerosis complex; VR = visual reception; VIQ = verbal 1Q.

same group also quantified MSEL trajectories to
investigate clusters within the high-risk group using
latent class analysis.”® Although none of the clusters
defined in their data exhibited declines in NVIQ, one
cluster was identified as the “developmental slowing”
group, where children increasingly diverged from age-
based norms over time in all domains. Our sample
similarly shows a slowing of development in the VR
and FM domains, because infants with TSC/ASD fail
to acquire age-appropriate skills in the second and
third years of life. This phenomenon is distinct from
a regression, because we did not identify a loss of skills
in infants at any age. A future analysis of individual
raw scores and their relation to seizure severity could
be clinically informative, because regressions in the
setting of epilepsy have been reported in young chil-
dren with TSC.®3"32

The fact that the decline is specific to NVIQ in the
TSC/ASD group warrants further consideration,
because one might expect the language domain to
be most affected in infants at risk of ASD. However,
in TSC, deficits in VR and FM function may under-
mine the development of nonverbal communication,
which, in turn, compromises the development of typ-
ical social behavior. The decline in nonverbal ability
may represent a TSC-specific pathway to ASD,
rooted in early deficits in VR and FM skills seen at
6 months of age.

In the ASD group, children with greater seizure
duration had lower NVIQ. In infants who are partic-
ularly vulnerable to aberrant development, epilepsy
may further impair cognitive and social function.
The fact that some children with ASD showed stable
development or even developmental gains from years
1 to 3 supports the contention that there is likely a
dynamic association among developmental delay,
seizures, and ASD. However, whether epilepsy is
causal or epiphenomenonal of aberrant development
warrants further investigation. Large prospective
studies of epileptogenesis and autism in infants with
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[ Figure 2 TSC/ASD vs TSC/no-ASD developmental trajectories of full DQ, NVIQ, and VIQ from MSEL ]

A B
° O Standard
g 100 Effect Estimate error DF pvalue
2 90 Intercept 81.88 9.81 21 <0.01
= —No ASD Time 022 033 25 051
o & —ASD ASD =0 -1487 1494 21 033
S 70 Time*ASD 1.25 0.52 25 0.02
@, Percent sz -0.19 011 21 0.1
g 60 Percentsz* ASD  0.17 016 21 029
o
50
10 20 30 40
Age (months)
< 110 Standard
§ 100 “—0\/‘ Effect Estimate error DF pvalue
g 90 Intercept 103.64 9.37 21 <0.01
& —No ASD Time 080 029 25 0.01
2 8 —ASD ASD =0 2303 1402 21 012
5 70 Time*ASD 1.22 0.46 25 0.01
e Percent sz 025 011 21 003
g 60 Percent sz* ASD 0.27 0.16 21 0.10
>
Z 50
10 20 30 40
Age (months)
m 110 Standard
§ 100 Effect Estimate error DF pvalue
%) 90 Intercept 81.33 14.44 21 <0.01
g - No ASD Time -0.22 050 25 0.66
v % —ASD ASD =0 311 2212 21 0.89
S 70 Time*ASD 1.04 078 25 0.19
n Percent sz -0.25 0.16 21 0.13
o 60 \,/\‘ Percentsz*ASD 0.08 023 21 073
> 50
10 20 30 40
Age (months)

(A) Mean population DQ, NVIQ, and VIQ trajectories (raw data) from 12 to 36 months. (B) Regression statistics. Statistics
from linear mixed-effects models using group, time, group by time interaction, seizure duration, and group by seizure dura-
tion interaction as predictors. ASD = autism spectrum disorder; DQ = developmental quotient; MSEL = Mullen Scales of
Early Learning; NVIQ = nonverbal IQ; sz = seizure; TSC = tuberous sclerosis complex; VIQ = verbal 1Q.

TSC are currently addressing such questions
(clinicaltrials.gov: NCT01780441; NCT01767779).

To our knowledge, despite the high rate of ASD,
no early behavioral intervention studies have targeted
infants with TSC. Case reports of early intervention
have documented an improvement in cognition and
behavior in toddlers and young children with other
neurogenetic syndromes, such as Down syndrome
and fragile X.?*3 Thus, the fact that infants with
TSC have a clear genetic and neurobiological basis
for their delayed development may not preclude
the potential efficacy of early intervention, particu-
larly as we identify specific developmental domains
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associated with ASD. By age 12 months, nonverbal
ability can place children with TSC in risk categories
for ASD and, at that time, one could argue that in-
terventions targeting not only social communication
function, but also nonverbal cognitive function, par-
ticularly in the area of VR, may improve developmen-
tal trajectories. These data support the need for
intervention research focused on these high-risk
infants.

One limitation of our study was the small sample
size in the first year of life, thereby limiting our ability
to investigate earlier behavioral predictors of ASD.
In addition, we did not collect detailed early


http://clinicaltrials.gov

intervention data from our participants, partly
because the quality and access to services varied
greatly in our national sample. While unlikely given
their young age, existing interventions could have
an impact on developmental trajectories. Finally,
because of the variable age of enrollment, our longitu-
dinal data are cross-sectional at each time point. With
a larger sample size, we can investigate individual dif-
ferences in developmental trajectories that may shed
more light on the dynamic interplay of clinical, bio-
logical, and behavioral factors that lead to an ASD
diagnosis in infants with TSC.

In this prospective study, we have characterized
developmental markers of ASD in infants with TSC.
The early delay in VR and FM ability in the TSC
group, coupled with the decline in nonverbal ability
in infants diagnosed with ASD, suggests a domain-
specific pathway to ASD that can inform more targeted
interventions for these high-risk infants.
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