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Abstract

Aim: To characterize early changes in developmental ability, language, and adaptive
behaviour in infants diagnosed with tuberous sclerosis complex (TSC), and deter-
mine whether clinical features of epilepsy influence this pathway.

Method: Prospective, longitudinal data were collected within the Early Development
in Tuberous Sclerosis (EDiTS) Study to track development of infants with TSC
(n=32) and typically developing infants (n=33) between 3 and 24 months of age.
Questionnaire and observational measures were used at up to seven timepoints to
assess infants' adaptive behaviour, developmental ability, language, and epilepsy.
Results: A significant group by age interaction effect showed that infants with TSC
had lower adaptive functioning at 18 to 24 months old (intercept=88.12, slope esti-
mate=-0.82, p<0.001) and lower developmental ability scores from 10 months old
(intercept=83.33, slope estimate=—1.44, p <0.001) compared to typically developing
infants. Early epilepsy severity was a significant predictor of these emerging devel-
opmental (R°=0.35, p=0.004, 95% confidence interval [CI] —0.08 to —0.01) and adap-
tive behaviour delays (R°=0.34, p=0.004, 95% CI -0.05 to —0.01]). Lower vocabulary
production (intercept=—-1.25, slope =—0.12, p <0.001) and comprehension scores (in-
tercept=2.39, slope estimate=—0.05, p<0.001) in infants with TSC at 24 months old
were not associated with epilepsy severity.

Interpretation: Divergence of developmental ability and adaptive functioning skills
occur in infants with TSC from 10 and 18 months, respectively. Associations between
early epilepsy severity and impaired development supports the importance of early
intervention to reduce seizure severity.

Tuberous sclerosis complex (TSC) is a multisystem genetic
disorder caused by a mutation in the TSCI or TSC2 gene.'
Overactivation of the mammalian target of rapamycin com-
plex 1 results in irregular cellular growth and proliferation,
causing benign tumours (hamartomas) in multiple organs.
Diagnosis of TSC occurs increasingly prenatally and is as-
sociated with a highly variable phenotypic expression.?
The term ‘TSC-associated neuropsychiatric disorders’ de-
scribes the range of cognitive, behavioural, psychiatric, and

psychosocial manifestations in TSC, affecting up to 90% of
individuals with the condition.’ The neurological impact of
TSC is also significant. Epilepsy is estimated to occur in 60%
to 90% of individuals with TSC and is highly heterogenous.*
Infantile spasms and focal seizures are among the most
common seizure presentations in early childhood,” and are
clinically important because of the comorbidity associated
with the disorder, as well as its potential to predict lower de-
velopmental outcome.®

Abbreviations: ABC, adaptive behaviour composite; ELC, early learning composite; M-CDI, MacArthur-Bates Communicative Development Inventories; MSEL, Mullen
Scales of Early Learning; TSC, tuberous sclerosis complex; VABS-II, Vineland Adaptive Behavior Scales, Second Edition.
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Prospective studies of TSC provide a unique opportunity
to identify behavioural and developmental mechanisms that
underlie such variable outcomes before their manifestation.”
However, many studies fail to employ systematic assessments of
intellectual ability and behaviour throughout early development.
Hence, questions remain regarding the characterization of early
development in TSC and the contributory role of epilepsy.

Previously reported associations between atypical neu-
rological features and development in TSC suggest shared
mechanisms underlying epilepsy, cognitive ability, and be-
haviour. Reduced adaptive functioning in infant and child
TSC cohorts®® has previously been linked to poorer long-
term outcomes.’’ A prospective longitudinal study of TSC
also found that spasm severity in the first and second year
of life was associated with reduced adaptive behaviour, high-
lighting the association between specific clinical features of
epilepsy and behaviour." Unlike this study, many others are
limited by retrospective, inaccurate parent recall, and in-
completeness of the data collected. Hence, gaps remain in
our understanding of behavioural changes during infant
years and the role of epilepsy in its presentation.

Cognitive impairment is estimated to affect up to 70% of
individuals living with TSC, and has been linked to muta-
tion type TSC2, infantile spasms, and earlier age at seizure
onset.'” Significant language and nonverbal cognitive de-
lays have previously been identified in infants with TSC at
12 months old, and associated with an increased likelihood
of receiving an autism diagnosis at 36 months."*** Despite
this, few studies have assessed language development pro-
spectively in infants with TSC. A high number of seizures
close to initial epilepsy diagnosis and uncontrolled seizures
at follow-up are also potential indicators of cognitive impair-
ment."” Early detection of epileptiform discharges have been
associated with worse developmental outcome at 24 months
old, including delayed cognitive skills.'® This highlights the
need to better understand the relationship between epilepsy
and development in infants with TSC.

The present study aims to build upon existing knowledge
of neurodevelopmental profiles in TSC, by (1) examining
changes in adaptive behaviour, language, and development
in the first 2 years of life to identify a diverging pathway be-
tween TSC and typically developing infants, and (2) assess-
ing whether these differences are associated with clinical
features of epilepsy.

METHOD
Design

Data were collected via the Early Development in Tuberous
Sclerosis (EDITS) Study which longitudinally tracked behav-
ioural and neurocognitive development of infants and pre-
school children diagnosed with TSC. Families were enrolled to
take part in a minimum of three consecutive assessments at
ages 3, 5, 8, 10, 14, 18, and 24 months (referred to as ‘age time-
points’). Entry into the study was possible from birth up to

What this paper adds

o Slower acquisition of developmental skills pre-
sents from 10 to 24 months in infants with tuber-
ous sclerosis complex (TSC).

« Lower adaptive functioning is evident in infants
with TSC from 18 to 24 months.

« Parent-reported vocabulary production and com-
prehension skills are impaired at 24 months.

 Broader observed developmental and language
skills are affected within the first year in infants
with TSC.

« Early increased seizure severity is associated with
delayed adaptive functioning and developmental
ability across the first 2 years of life.

14months of age. The EDiTS Study protocol received approval
from a medical ethics committee (London Camden and King's
Cross NHS REC ref: 15/L0/1949). Written informed consent
was obtained from parents/caregivers before assessments took
place.

Protocol

Infants' development was assessed by completing a battery
of neurocognitive and behavioural assessments in families'
homes. A series of standardized online or paper parent-report
questionnaires, interviews, and child observational measures of
developmental ability, behaviour, language, and epilepsy were
completed at various timepoints. All assessments were home-
based, but infants with TSC were invited to the Centre for Brain
and Cognitive Development Research Centre at 10 months and
14 months of age for additional optional assessments.

Participants

A total of 32 infants with TSC and 33 typically developing
infants were recruited. All infants with TSC were screened
for a definite or possible TSC diagnosis, or presenting with
cortical tubers or cardiac rhabdomyoma at routine scans at
the point of study entry. Criteria for TSC study participation
included a confirmed diagnosis from the lead clinician, and
in utero or aged between birth and 14 months old. Criteria
for typically developing infants to take part included no
first-degree relatives diagnosed with epilepsy, autism, and/
or attention-deficit/hyperactivity disorder, and in utero or
aged between birth and 14 months old. It was also a require-
ment that all infants hear English from at least one parent to
ensure standardized measures were not invalidated.

Infants who met any of the following criteria based on
parent-report interviews at screening were excluded: (1) sig-
nificant uncorrected visual or hearing problems; (2) other
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serious medical or developmental conditions (e.g. cerebral
palsy); and (3) other genetic conditions, such as Down syn-
drome or Fragile X syndrome.

Measures
Demographic characteristics

Demographics data were collected via a bespoke parent-
report questionnaire at study entry. The questionnaire in-
cluded the Index of Multiple Deprivation'” which measured
relative poverty level based on families' postcodes. Decile 1
represents the 10% most deprived areas and decile 10 repre-
sents the 10% least deprived areas.

Adaptive behaviour assessment

The parent-report Vineland Adaptive Behavior Scale,
Second Edition (VABS-II)' is a standardized caregiver in-
terview administered by researchers during home visits at
each timepoint. The scores generate an adaptive behaviour
composite (ABC) score based on communication, daily liv-
ing, and socialization skills.

Developmental ability assessment

The Mullen Scales of Early Learning (MSEL)" is a standard-
ized observational measure of child development including
language, motor, and visual reception skills. Raw scores were
converted to early learning composite (ELC) scores and verbal/
nonverbal developmental quotients. This measure was admin-
istered by assessors at each timepoint. The verbal developmen-
tal quotients include visual reception and fine motor subscales,
and verbal developmental quotients include expressive and
receptive language subscales, calculated as an average of the
age equivalent, divided by chronological age multiplied by 100.

Language assessment

The MacArthur-Bates Communicative Development
Inventories (M-CDI) Words and Gestures version?’ is a
standardized parent-report tool used to assess infants' lan-
guage production, comprehension, and gesture use at 10, 14,
and 24 months of age. Language production and comprehen-
sion scores were collected as part of a vocabulary checklist,
which generated a raw score of the number of words infants
can say and understand.

Epilepsy assessment

Detailed information on seizure history and status was
collected for infants with TSC at each timepoint, through

administration of parent-report questionnaires, including
the Early Childhood Epilepsy Severity Scale (E-Chess)”
and a bespoke medical history questionnaire. The E-Chess
is used to quantify the severity of epilepsy by collecting
information on frequency of seizures, number of seizure
types, antiseizure medication used, and treatment response.
Medical records for each infant were divided into l-year
time periods (i.e. 0-12months, 12-24 months). Information
derived from parent-report interviews, seizure diary, and
medical records were combined by an assessor (AR) to gen-
erate a global seizure severity score during the first year of
life, using the E-Chess.

Statistical analyses

Statistical analysis was performed using IBM SPSS Statistics
(version 28; IBM Corp., Armonk, NY, USA) and RStatistics
and RStudio (4.2.3; R Foundation for Statistical Computing,
Vienna, Austria). Various data points were missing, because
of either the inability to schedule a home visit with the family
or a lack of questionnaire/interview completion by parents.

Changes in developmental ability and
adaptive behaviour

A linear and a generalized mixed model were used to in-
vestigate whether (1) changes in adaptive behaviour, de-
velopmental level, and language vocabulary production/
comprehension varies between 3 and 24 months old in in-
fants with TSC (n=32) compared to typically developing in-
fants (n=33), and (2) the age at which this divergence may
present. A linear model was fit for adaptive behaviour level
and developmental ability, and a generalized linear model
(specifying a Poisson distribution used for count data) was fit
for language production/comprehension scores due to non-
normally distributed data. The dependent variables were
MSEL ELC scores measuring developmental ability, VABS-II
ABC scores summarizing adaptive functioning level, and
M-CDI number of words ‘said” and ‘understood’. Infants
with a minimum of two assessment timepoints completed
were included in these analyses to ensure data reflected
changes in development over time (two typically develop-
ing infants and one infant with TSC were removed on this
basis). Because of the age-standardized scoring systems of
MSEL and VABS-II, typically developing population-based
cohorts' scores would be expected to remain relatively con-
stant over time. However, because of sampling differences,
some variation in typically developing infants' scores over
time was anticipated. The fixed effects added to the model
were ‘group’ (i.e., infants diagnosed with TSC compared to
typically developing infants), age at assessment (in months),
and their interaction. Participant was included as a random
effect. Post hoc tests (Tukey adjusted) were run to compare
group differences between each age timepoint. A mixed ef-
fects model is a flexible method of analysis for longitudinal



+ |

LINDSAY ET AL.

data which allows for comparison of group means across
highly correlated timepoints, whilst accounting for missing
datapoints and skewed outcome variables.

Group differences of MSEL, verbal/nonverbal develop-
mental quotients, M-CDI words understood and said scores,
and VABS-II domain standard scores were also examined.
Reported p-values used 2-tailed tests of significance (p <0.01).

Associations between epilepsy, adaptive
functioning, and developmental ability

Individual intercept and slope estimates were extracted from
the generalized and linear mixed models for MSEL ELC,
VABS-II ABC, and M-CDI scores to quantify the initial level
and rate of change in development, adaptive behaviour, and
language between 3 and 24 months old. A linear regression
was used to determine whether epilepsy severity and type
in the first year of life was associated with these changes
across the first 2years, and at outcome (24months old).
Assumptions for linear regression analysis were met.

A multiple linear regression was used to examine the ef-
fect of seizure severity in the first year, age at seizure onset
(a continuous variable calculated using infants' age in days),
history of infantile spasms, and focal seizures (predictors) on
developmental ability at 24 months old.

A priori and post hoc sample size calculations for all anal-
yses are described in Appendix S1.

RESULTS

Assessment and sample clinical/genetic
characteristics

Table 1 and Table S1 show the sample demographic and as-
sessment information and Table 2 shows the genetic and
clinical characteristics of the infants with TSC.

Developmental and adaptive functioning level
changes over time

A linear mixed model revealed that there was a signifi-
cant main effect of age (slope estimate=0.93, p<0.001)
and interaction group by age effect (slope estimate =—1.44,
p<0.001) on MSEL ELC scores (intercept =83.33, p <0.001).
There was no independent group effect (p=0.29). Post
hoc comparisons of each age timepoint showed that in-
fants with TSC demonstrated significantly lower MSEL
ELC scores at 10, 14, 18, and 24 months old compared
to typically developing infants (Figure 1 and Table S2).
Group comparisons of MSEL ELC scores (Table 3) show
an increasing group divergence between 10 and 24 months
old. No significant differences were observed at 3, 5, and
8 months old. Lower MSEL ELC scores at 24 months old
in infants with TSC were also not associated with genetic

TABLE 1 Sample demographic and assessment information.
Tuberous Typically
sclerosis complex  developing
(n=32) (n=33)

Infant male:female 14:18 17:16
Assessment timepoints
completed, 7 (%)
3months 12 (38) 16 (48)
5months 19 (59) 22 (66)
8 months 20 (62) 21 (63)
10 months 27 (84) 27 (81)
14 months 29 (91) 27 (81)
18 months 25 (78) 24 (73)
24 months 29 (91) 27 (82)
Number of visits completed,
n (%)
1 visit 0 2 (6)
2 visits 0 1(3)
3 visits 6 (18) 0
4 visits 7 (22) 9(27)
5 visits 3(9) 8 (24)
6 visits 8 (25) 7 (21)
7 visits 8 (25) 6 (18)
Mean age of infant entry to 7.5 (4.3) 5.8 (3.09)
study in months (SD)
Age range of infants' firsthome  2-15 3-16
visit (months)
Mean number of assessment 5(1.56) 5(1.57)

timepoints completed (SD)

mutation type (TSCI vs TSC2) (p =0.67), presence of sube-
pendymal nodules (p=0.61), or presence of cortical tubers
(p=0.21) (Appendix S2).

Verbal developmental quotients scores (Appendix S3)
were significantly lower in infants with TSC compared to
typically developing infants from 10 months up to 24 months
old (p<0.001). Nonverbal developmental quotients scores
were also significantly delayed in infants with TSC com-
pared to typically developing infants from 8 months up to
24 months old (p <0.001) (Table S3).

There was a significant effect of age (slope=0.61,
p<0.001) and group by age (slope estimate=-0.82, p <0.001)
on VABS-II ABC scores (intercept=388.12, p<0.001). There
was no independent group effect (p=0.74). A post hoc com-
parison of each age timepoint confirmed that at 18 and
24 months old, infants with TSC presented with significantly
lower scores of adaptive functioning compared to typically
developing infants. No significant differences were observed
between 3 and 14 months old (Figure 2).

The VABS-II communication subdomain scores were sig-
nificantly lower in infants with TSC from 10months up to
24 months old, whereas daily living and socialization skills
were significantly lower in TSC from 14 months and 18 months
old respectively (Table S4 and Figure S1, S2, and S3).
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TABLE 2  Genetic and clinical characteristics of tuberous sclerosis ®» 1104
0 I
complex sample. E /+ %
100
n (%) » +—+/
= / Group
Genetic information o 901 N
= ~J - TD
Mutation 0 +
TSCI 8 (25) m Tse
TSC2 19 (59) k5
Unknown/no mutation identified 5(16) §
MRI/CT scan® 5' 1IO 1I5 2'0 25
Cortical tubers 14 (44) Age (months)
Subependymal nodule 14 (44)
SEGA 2(6) FIGURE 1 Longitudinal changes in developmental ability level
scores (+ standard error) between 3 and 24 months in infants with TSC
Results unknown 9 (28) and typically developing (TD) infants.
Ultrasonography®
Cardiac rhabdomyoma 12 (38) Associations with epilepsy
Cardiac harmartoma 9 (28)
Ultrasonography results unknown 8 (25) Out of the infants with TSC enrolled, 24 infants received
Skin lesions® a diagnosis of epilepsy. Eleven had a history of infan-
, tile spasms, 13 had focal seizures, and seven had both.
Hypopigmented macules 12 (38) . . . . R
Twenty infants experienced seizures in their first year of
Shagreen patch 2(60) life. Severity scores were higher in infants with focal sei-
Skin lesion history unknown 6 (19) zures (mean =8.76, SD =4.53) compared to infantile spasms
Seizure information (mean=7.2, SD=4.98). Two infants were removed from the
Received an epilepsy diagnosis 24 (75) analyses as global epilepsy severity scores were not available.
History of infantile spasms 11 (46)
Epilepsy onset in 1st year 20 (83) . s
preRsy ’ Epilepsy and developmental ability
>1 seizure type in 1st year 6 (25)
et e ) There was a significant association between increased epilepsy
Mean age of seizure onset in months (SD) 6(6.5) severity in the first year of life and declining developmental
Seizure type® ability slope estimates between 3 and 24 months old in infants
Infantile spasms 11 (46) with TSC and a history of seizures (R?=0.35, F(1, 20)=10.84,
Tonic clonic 3313) B=-0.05, p=0.004, 95% confidence interval [CI] -0.08 to —0.01)
N e (Table S7). In the infantile spasms subgroup, the association was
weaker but showed a trend toward significance (R*=0.32, F(1,
S RS 1364 8)=3.81, p=—0.04, p=0.087, 95% CI -0.10 to 0.008). Increased
Febrile convulsions 4(17) seizure severity in the first year of life predicted lower develop-
Atonic 1(4) mental ability scores at 24 months old in infants with TSC and a
Myoclonic jerks 1(4) history of seizures (R”=0.30, F(1, 18)=7.78, f=-1.81, p=0.012,
Maultiple seizure types B 95% CI -3.18 to —0.440) (Figure S4).

*Not mutually exclusive.
Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging;
SEGA, subependymal giant cell astrocytoma.

Language profile

There was a significant group by age interaction effect on
the number of words infants produced (intercept=-1.25,
slope=-0.12, p<0.001) and understood (intercept=2.39,
slope estimate=-0.05, p<0.001). The TSC group demon-
strated a significantly lower number of words said and un-
derstood at 24 months old compared to typically developing
infants. No significant differences were observed at 10 and
14 months old (Table S5 and Table S6).

Epilepsy severity in the first year of life, age at seizure onset,
history of infantile spasms, and focal seizures were entered
together as predictors of developmental ability at 24 months
old. The model was statistically significant (R*=0.42, F(4,
16) =2.94, p=0.05). Increased epilepsy severity in the first year
was associated with lower developmental ability at 24 months
old (95% CI -4.44 to —0.74, p=0.007); however, age at seizure
onset (p=0.09), history of infantile spasms (p=0.15), and his-
tory of focal seizures (p=0.33) were not.

Epilepsy severity and adaptive behaviour

Increased epilepsy severity in the first year of life was associ-
ated with declining VABS-II ABC slope estimates between
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TABLE 3 Mean (SD) developmental, behavioural, and language scores of infants with TSC and typically developing infants between 3 and
24 months old.
TSC Typically developing
M-CDI words M-CDI words M-CDI words M-CDI words
Timepoint MSEL VABS-II said understood MSEL VABS-II said understood
3months 86.90 (10.11) 88.92 (12.79) 89.73 (13.16) 89.06 (8.97)
n 10 12 14 15
5months 77.42 (10.80) 94.11 (11.30) 85.47 (10.11) 91.95 (11.84)
n 18 19 22 19
8months 74.87 (17.25) 90.30 (14.28) 82.84(12.98) 91.75 (14.48)
n 16 20 19 19
10 months 72.54% (19.29) 81.68" (16.02) 6.25 (13.91) 57.92 (87.06) 97.37° (14.37) 92.00% (6.46) <1 (1.59) 23.55 (22.82)
n 27 25 16 12 26 25) 21 20
14months 70.04% (20.78) 89.96" (12.71) 27.41 (56.60) 72.91 (87.85) 97.32° (15.54) 99.44" (11.03) 20.88 (21.98) 103.63 (68)
n 26 23 24 22 25 27 22 24
18 months 69.65" (17.10) 80.08" (13.94) 106.17* (16.60) 105.71% (11.55)
n 23 24 23 24
24months 63.00% (16.40) 83.57° (14.75) 73.29°(122.55)  160.00° (128.64)  105.73" (19.03) 101.26° (13.01)  268.78% (146.56)  323.24° (88.69)
n 26 23 16 16 26 27 18 17

Abbreviations: M-CDI, MacArthur-Bates Communicative Development Inventories (words said/understood raw scores); MSEL, Mullen Scales of Early Learning composite
scores; TSC, tuberous sclerosis complex; VABS-II, Vineland Adaptive Behavior Scales, Second Edition adaptive composite scores.

*Significance at p<0.01.
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FIGURE 2 Longitudinal changes in adaptive functioning level
scores (+ standard error) between 3 and 24 months in infants with TSC
and typically developing (TD) infants.

3 and 24 months old in infants with TSC and a history of
seizures (R?=0.34, F(1, 20) = 10.43, f=-0.03, p=0.004, 95%
CI -0.05 to —0.01) (Table S7), and in the infantile spasms
subgroup (R*=0.52, F(1, 8)=8.75, $=-0.03, p=0.018, 95%
CI -0.05 to —0.007). At outcome, increased epilepsy sever-
ity in the first year was associated with lower VABS-II ABC
scores at 24 months old in infants with TSC and a history of
seizures (R°=0.48, F(1, 16) = 14.87, f=-2.07, p<0.001, 95%
CI -3.21 to —0.93) (see Figure S5).

Epilepsy severity and language development

Epilepsy severity was associated with the number of words
understood at 14months of age (R=0.24, F(1,19)=9.96,

p=-4.70, p=0.008, 95% CI -7.93 to —1.48); however there
was no association between early epilepsy severity and num-
ber of words produced at 14 months and 24 months of age.

DISCUSSION

The present study tracked longitudinal changes in adap-
tive functioning, developmental ability, and language to
identify when delays begin to emerge in TSC, and tested
associations with epilepsy. When accounting for age
by group interactions, developmental ability (between
10-24 months old) and adaptive functioning with speci-
ficity to socialization skills (between 18-24 months old)
increased at a considerably slower rate in infants with TSC
compared to typically developing infants, and relative to
population-specific norms. Parent-reported vocabulary
production and comprehension skills were lower in the
TSC group compared to typically developing infants at
24 months old, whereas observed broader receptive and
expressive development became delayed from as early as
10 months old.

In line with previous work, a slower increase in develop-
mental ability and nonverbal skills was observed in infants
with TSC from 10 and 8 months old, respectively. Existing
longitudinal work has also identified early cognitive delays
by 9months old in infants with TSC, with relative speci-
ficity to nonverbal skills at age 6 months.> Our findings
contribute to indications that nonverbal skills may be one
of the first cognitive domains impacted in TSC-specific
development, which could affect later social behaviours.
The utility of the study measures to detect early changes in
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development may be influencing the reported divergence.
The MSEL has been shown to lack sensitivity to detect be-
havioural changes before 12 months old in infants with
autism;** however other studies have shown its sensitivity
from as young as 6 months old in TSC, and for assessing
changes in developmental trajectory from 12 months old.®
Diverging developmental ability is also likely to reflect
atypical brain development and subsequent seizure emer-
gence. The data showed that seizure severity in the first
year of life was strongly associated with lower develop-
mental ability scores over the 2-year period, and predicted
lower scores at 24 months old. Recent investigations sug-
gest a cascading risk pathway from TSC diagnosis to long-
term intellectual disabilities which is mediated in part by
early life seizure severity."!

It should be highlighted that parent-reported vocabulary
production and comprehension ability in infants with TSC
begins to diverge comparatively later (at 24 months) than ob-
servational measures of nonverbal and verbal developmental
ability (from 8 and 10 months respectively). Previous investi-
gations have shown infants with TSC present with lower re-
ceptive and expressive language skills from as early as 6 and
8 months old respectively.">** As such, it may be less likely to
be evidence of an isolated skill impacted later in infancy, and
instead possibly a methodological difference that is inherent
to parent report versus observational measures of develop-
mental ability.

Importantly, these findings confirm and extend evidence
that there is a link between early epilepsy severity and con-
siderably slowed development across the first 2 years of life.
In an infant study of TSC, seizure frequency measured at
6, 12, 18, and 24 months old was negatively correlated with
subsequent performance across all developmental domains
from 12 months up to 24 months old.® Contrary to existing
literature, seizure severity was the only epilepsy variable as-
sociated with a poorer developmental outcome at 24 months
old. Longitudinal investigations have observed associations
between earlier age at seizure onset, infantile spasms, and
later impaired intellectual and adaptive functioning by
24 months old in infants with TSC.>*'® These investigations
have important implications for the timely use of antiseizure
medication to attenuate or eliminate seizure-related risk in
infants. Recent clinical trials investigating early treatment
before the onset of seizures suggest this may inhibit progres-
sion of epileptogenesis and seizure onset, hence improving
long term developmental outcomes.*

Some limitations were evident because of the study design.
Smaller sample sizes, in particular at the 3-month timepoint,
within the epilepsy subgroups and those diagnosed with ge-
netic, heart, or brain abnormalities, were statistically under-
powered. Subsequent analysis was treated as exploratory and
may limit the conclusions that can be drawn. The present
study also did not include data on autism-related traits or
diagnostic outcomes and how this relates to neurodevelop-
ment in TSC. The co-occurrence of epilepsy and autism is
well established,?® and the greatest risk factor for autism in
patients with TSC is earlier age at seizure onset.”” Given that

infants with TSC who develop autism have been found to
demonstrate social communication deficits by 9 months of
age,”® the first year of life may be critical for identifying neu-
rodevelopmental markers of emerging autism. Although not
within the scope of the current study, it will be important
to follow the sample beyond 24 months old, to examine the
evolution of early development in light of epilepsy status and
continued seizure management.

Various external factors, such as frequency and duration
of hospitalization, rehabilitation, and preschool attendance,
may serve as protective and risk factors against slower ac-
quisition of skills in TSC.* Data were not systematically
collected on these factors; however, we acknowledge their
potential to impact development during a period of exuber-
ant neuroplasticity, and encourage consideration of these
variables in future longitudinal studies of TSC.

The infant years are a critical period for detection of
variable and significant developmental delays in TSC. The
findings highlight the need for early, repeated neurodevel-
opmental assessments of infants before the age of 2 years to
identify risk factors for the manifestation of such delays. The
link between early epilepsy severity and impaired domains
of development suggest that early treatment of seizures is
important to improve developmental outcomes.
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