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Abstract

Objective—Phenotypic heterogeneity in Tourette syndrome (TS) is partly due to complex genetic
relationships between TS, obsessive-compulsive disorder (OCD) and attention deficit/
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hyperactivity disorder (ADHD). Identifying symptom-based endophenotypes across diagnoses
may aid gene-finding efforts.

Method—3494 individuals recruited for genetic studies were assessed for TS, OCD, and ADHD
symptoms. Symptom-level factor and latent class analyses were conducted in TS families and
replicated in an independent sample. Classes were characterized by comorbidity rates and
proportion of parents. Heritability and TS-, OCD-, and ADHD-associated polygenic load were
estimated.

Results—We identified two cross-disorder symptom-based phenotypes across analyses:
symmetry (symmetry, evening up, checking obsessions; ordering, arranging, counting, writing-
rewriting compulsions, repetitive writing tics) and disinhibition (uttering syllables/words,
echolalia/palilalia, coprolalia/copropraxia and obsessive urges to offend/mutilate/be destructive).
Heritability estimates for both endophenotypes were high (disinhibition factor= 0.35, SE=0.03, p=
4.2 x10734; symmetry factor= 0.39, SE=0.03, p= 7.2 x1073L; symmetry class=0.38, SE=0.10,
p=0.001). Mothers of TS probands had high rates of symmetry (49%) but not disinhibition (5%).
Polygenic risk scores derived from a TS genome-wide association study (GWAS) were associated
with symmetry (p=0.02), while risk scores derived from an OCD GWAS were not. OCD
polygenic risk scores were associated with disinhibition (p =0.03), while TS and ADHD risk
scores were not.

Conclusions—We identified two heritable TS-related endophenotypes that cross traditional
diagnostic boundaries. The symmetry phenotype correlated with TS polygenic load, and was
present in otherwise “TS-unaffected” mothers, suggesting that this phenotype may reflect
additional TS (rather than OCD) genetic liability that is not captured by traditional DSM-based
diagnoses.

Keywords

Tourette syndrome; attention-deficit/hyperactivity disorder; obsessive-compulsive disorder;
genetics; cross-disorder; latent variable modeling

Introduction

Tourette syndrome (TS) is highly heritable(1), yet etiological and phenotypic heterogeneity,
including high rates of co-occurrence with attention deficit/hyperactivity disorder (ADHD)
and obsessive-compulsive disorder (OCD)(2-4), have hampered gene-finding efforts(5-7).
Decreasing the observed phenotypic heterogeneity, for example using latent variable
modeling, may improve efforts to clarify TS pathophysiology and genetic architecture by
identifying more homogeneous TS-related endophenotypes(8). In particular, the
simultaneous use of distinct and complementary latent modeling approaches, such as
exploratory factor analysis, to identify subsets of symptoms that group together, and latent
class analysis, to identify subgroups of individuals based on patterns of symptom expression,
can provide convergent evidence in support of a novel phenotypic subtype (endophenotype)
that might better capture the underlying genetic liability and/or neural circuitry of complex
disorders such as TS(9).
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Only a few studies have previously used these multivariate methods to explore TS-associated
symptom patterns(10-15). These studies identified three to five symptom groups including
simple tics, complex tics, compulsive behaviors (or OCD), aggressive behaviors (or ADHD),
and self-injurious behaviors (summarized in (16)). However, prior studies have been small,
and have not used the full range of potentially relevant symptoms(16). In addition, few
examined familial patterns of the identified factors, and no information exists about the
heritability of the derived symptom subtypes or their genetic relationships to categorical TS
and OCD diagnoses (16). Thus, the aims of this study were to: 1) identify and characterize
unique TS-related endophenotypes with tic, OCD, and ADHD symptom data using
exploratory factor and latent class analyses in a large sample of TS-affected families, 2)
replicate the identified factors and latent classes in an independent sample, and 3) estimate
their prevalence in parents of TS-affected probands, heritability, as well as their TS- and
OCD-associated polygenic burden to determine their utility for genetic studies of TS and/or
OCD.

The discovery sample included 3,850 individuals from 1,365 families collected by the
Tourette Syndrome Association International Consortium for Genetics for genetic studies
between 1992 and 2011. Participants were referred from TS specialty clinics in the United
States, Canada, Great Britain, and the Netherlands, and from the US Tourette Association of
America (formerly the Tourette Syndrome Association). Probands were defined as the first
identified TS-affected individual in the family. Additional family members were
subsequently recruited and assessed. Inclusion criteria for probands were: age =6 years old,
established TS diagnosis, and availability of living parents for family-based genetic
analyses. Exclusion criteria included: intellectual disability and tics caused by neurologic
disorders other than TS. For children, parents and children were interviewed jointly or
separately, depending on the family’s preference. For adults, parents were interviewed
whenever possible to corroborate data. Families were ascertained as affected sib-pairs (two
or more TS-affected siblings plus parents; N=283) or trio families (TS-affected individuals
plus both parents; N=1082). The sib-pair families analyzed in our previous study are
included in the current study(11). Due to the design of the original genetic study, sib-pair
families were excluded at the time of enrollment if both parents had chronic tics or OCD. No
such exclusions were made for trio families. Probands were excluded from analysis if they
were missing all responses for any diagnostic subset of items (e.g., all responses to tic
symptom items). Family members were excluded if they were missing all responses
regarding tics. Additionally, cases were excluded if family role data was missing (e.g.,
unknown whether individual was a proband or parent) or symptom data were not verified by
clinicians (ST1shows final N for each analysis). Missing data patterns did not differ by site.

A replication sample derived from the same sources under the same protocol was used for
independent replication of the findings. This sample included 906 individuals from 565
families collected between 2003 and 2013.
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All participants provided written informed consent (parental consent and written assent were
obtained for individuals under 18). This study was approved by the Institutional Review
Boards of all participating sites.

Research staff administered clinical assessments using a standardized protocol.
Demographic data, tic, OCD, and ADHD symptoms were assessed using a comprehensive,
validated, semi-structured interview, the Tic and Comorbid Symptom Inventory (6, 17)
(ST2). Psychiatric diagnoses were validated using a best-estimate process (SA1)(18).

Statistical Analyses

Descriptive statistical analyses were calculated using SPSS version 19. MPlus version 7.1
was used for latent variable modeling(19). PLINK was used to generate polygenic risk
scores(20). Statistical analyses were conducted with R (v2.1). The R package “stats” (Im)
was used to calculate R2 reported for polygenic risk score analyses. Significance for the
analyses to characterize the latent classes and heritability analyses was conservatively set at
£P<0.005 to account for multiple testing. Given the fact that the majority of tests were highly
correlated with one another, a strict Bonferroni correction would be overly conservative. As
such, we elected to set our selection threshold to p<0.005 to account for multiple testing.
Because the polygenic burden analyses were exploratory in nature, they were not corrected
for multiple testing.

Exploratory factor analyses—Exploratory factor analyses were conducted on symptom
data using robust weighted least squares estimation, as recommended for dichotomous
variables(21), and oblique rotation (geomin). Data were limited to probands to examine
independent cases. The factor solution was chosen based on the following criteria: “elbow”
of the scree plot, eigenvalue >1, clinical interpretability, the presence of minimal cross-
loading (i.e., a single item loading on =1 factor at =0.40), and fit statistics (SA2) (22-24).
Within each factor model, items were retained if factor loadings were >0.40; items that
loaded =0.40 on two factors were retained on both. Items with loadings <0.40 were excluded
from the final model. Items that failed to load on any factor were excluded. Cronbach’s
alpha was calculated for each factor.

Latent class analyses—Models with 2—6 classes were fit in probands and replicated
with probands plus family members for heritability analyses. The lowest Bayesian
Information Criterion and results of the Lo, Mendel, and Rubin likelihood ratio test were
used to determine the number of classes to retain(24). Specifically, the lowest Bayesian
Information Criterion and a significant likelihood ratio test (p<0.05) were used to indicate
good fit. If these criteria left the model choice unclear, the clinical interpretability of the
solutions was examined (i.e., if clinically relevant patterns distinguished the classes in one
solution but not another). Classes were labeled according to the group of symptoms that
individuals in the class endorsed with a high frequency. We compared the rates of
psychiatric comorbidity and rates of parents between classes using the auxiliary variable
function of MPIlus.
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Replication sample analyses—Confirmatory factor analysis employing robust
weighted least squares estimator was used to examine whether the best factor model fit the
replication data among probands. Goodness of fit was evaluated using the comparative fit
index, the non-normed fit index, and the root mean square error of approximation (25). To
replicate the latent class results, we followed the same procedures used with the discovery
sample.

Heritability estimates—Heritability estimates were calculated for factor sum scores and
class membership within the discovery sample using the Sequential Oligogenic Linkage
Analysis Routine (SOLAR) statistical package(26). SOLAR employs a variance component
approach and calculates kinship coefficients using information from all available family
members across generations. Families were only included if a proband was present.
Although the majority of the families consisted of affected sibling pairs, there were 91
unaffected siblings, and 26 families had additional family members (including grandparents,
uncles or aunts, and cousins). However, we note that, because most of the sample consisted
of sibling pair families, we cannot with confidence separate shared genetic from shared
environmental effects in these analyses. SOLAR automatically corrects for proband status to
minimize potential ascertainment bias. Age, sex, and sex*age were used as covariates. To
allow for generalization of the data and for the heritability analyses, mean factor sum scores
were calculated for each participant by dividing the number of items the individual endorsed
by the total number of items answered in the factor(27). We inverse normalized all mean
sum scores because of the skewed distribution of the raw data. Because the probability
distributions from the latent class analyses (i.e., probabilities that an individual will belong
to each class from 0 [no probability] to 1 [100% probability]) approximated a binary
distribution, we assigned each individual to his/her most likely class. Class membership was
categorical and mutually exclusive.

Polygenic burden analyses—Polygenic burden analyses were conducted in the sample
of probands who had both detailed phenotype data and genotype data to test for associations
between multiple genes of small effect implicated in TS, OCD, or ADHD pathogenesis from
genome-wide association study (GWAS) data (28-31) and phenotypes of interest identified
from the latent variable modeling (SA3). The polygenic risk score was calculated as the sum
of the number of risk alleles at each locus weighted by the allele effect size estimated from
the GWAS of the discovery sample. The SNPs used in polygenic risk analyses were linkage
disequilibrium pruned (r2<0.2) and their GWAS p values passing predetermined significance
thresholds (p<0.01, 0.1, 0.2, 0.3, 0.4, and 0.5). A cross-validation approach was used in
calculating the TS polygenic risk score to avoid overfitting. The factor sum scores for the
phenotype of interest in the target sample were regressed on the polygenic risk scores and
potential confounders (principal component factors that capture the population stratification
and genotyping/imputation platforms) to assess the association between the novel
phenotypes identified by the factor and/or latent class analyses and genomic variants
implicated in TS, OCD, or ADHD risk (in aggregate) from genome-wide association studies
(GWAS).
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Results

Sample Characteristics

The final discovery sample included 1191 probands (254 from sib-pair families, 937 from
trios) and 3494 total participants (1147 from sib-pair families and 2347 from trios) (Table 1).

Exploratory Factor Analyses

We fit exploratory factor models with up to 10 factors using all 126 tic, OCD, and ADHD
items simultaneously (SF1). The 8-factor model demonstrated the best fit (ST2, SF1), but
substantial crossloading on this, as well as other higher factor models, cast doubt on the
stability of this model. Since the ADHD items consistently crossloaded on all models tested,
we subsequently fit factor models using the 108 tic and OCD items only. The 4-factor model
demonstrated the best fit (Table 2, ST3-ST4, SF1): [factor 1] tics, [factor 2] OC symptoms,
[factor 3] disinhibited symptoms, [factor 4] symmetry symptoms. The first factor includes
most simple and complex tics as well as the OCD item, “needs to touch, tap, or rub things.”
The disinhibited factor (factor 3) includes rude or obscene gestures and words, echolalia,
palilalia, and animal/bird noises, plus hoarding and OCD items regarding urges to harm or
offend. The symmetry factor (factor 4) includes tic items on repeatedly writing things and
slower movements and OCD items on repeating routines, ordering, evening-up, and
symmetry. The OCS factor (factor 2) contains the remainder of the OCD items. Fifteen items
(7 OCD, 8 tics) failed to load on any of the factors. The internal consistency was good
(Cronbach’s alpha was 0.77 to 0.92).

Latent Class Analyses

In the latent class analyses, a 4-class solution was the best fit for TS probands (ST5 & SF2).
Probands in class 1 were likely to endorse symptoms from all three disorders (TS+OCD
+ADHD). Probands in class 2 tended to endorse primarily OCD symmetry symptoms (about
20% of this class also endorsed a few simple tics, e.g., eye blinking). Class 3 probands
endorsed high rates of tic and ADHD symptoms but minimal OCD symptoms. Finally, class
4 probands endorsed only tics. When the latent class analyses were repeated including
family members, a 5-class solution was the best fit (ST5, SF2; Figure 1) and replicated the
classes in the probands-only analysis, with the addition of an unaffected relative class.

Significant differences in comorbidity rates were observed between classes (detailed in
Figure 2): OCD (x 2= 1709.34, df= 4, A<.001), ADHD (x = 2796.01, df= 4, P<.001), mood
(x?=71.17, df= 4, A<.001), anxiety (y?= 62.42, df= 4, P<.001), and disruptive behavior
(x?= 60.31, df= 4, P<.001) disorders). The proportion of mothers (x %= 833.81, df= 4, Fx<.
001) and fathers (XZ: 426.12, df= 4, P<.001) also differed between the classes; most
mothers and fathers were in the unaffected (47% and 45%) and symmetry classes (49% and
29%) (Figure 2).

Replication Analyses

Characteristics of the 882 participants (527 probands and 355 family members) included in
the replication analyses were similar to those of the discovery sample (Table 1). The
confirmatory factor analysis of the 4-factor model with probands demonstrated a good fit
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(root mean square error of approximation = 0.02; comparative fit index = 0.93, non-normed
fit index = 0.93). The results of the latent class analyses in the replication sample paralleled
(confirmed) the original findings in the discovery sample using probands and parents: a 5-
class solution was the best fit and identified a distinct “symmetry” class in addition to TS
+0OCD+ADHD, TS+ADHD, tics only and unaffected classes (ST5 and SF2-SF3).

Heritability Analyses

Heritability estimates were calculated for the 4-factor and the 5-class latent class solutions
(excluding the “unaffected” classes; Table 3). Heritabilities for the factors ranged from 0.25
t0 0.38 (all A-values<2.6 x10713). Heritabilities for the classes ranged from 0.28 (class 4,
TS-only, P=.001) to 0.63 (class 5, TS+OCD+ADHD, A= 2.0x10713),

As we identified two non-traditional patterns of symptom endorsement that might be useful
for future studies of TS pathophysiology, symmetry in both the factor analyses and the latent
class analyses, and disinhibited symptoms in the factor analyses, we conducted additional
post-hoc heritability and polygenic burden analyses. For symmetry, we combined the classes
endorsing these symptoms at high rates (i.e., class 1 and class 2). 997 individuals (29%)
endorsed symmetry symptoms at high rates; the heritability for symmetry was 0.53 (SE=
0.09, A= 6.3x10710). Only the TS+OCD+ADHD endophenotype had a higher heritability
estimate (h2r= 0.63, Table 3). As noted above, the heritability for disinhibited symptoms,
which was seen in the factor analyses but not the latent class analyses, was 0.35 (Table 3).

Polygenic Burden

We examined the association between TS, OCD, and ADHD polygenic burden and the two
novel phenotypes, symmetry and disinhibition, in 947 TS probands with available genotype
data (no genotype data are yet available on relatives). Both phenotypes were defined as
continuous factor sum scores from the exploratory factor analysis. For exploratory purposes,
the disinhibition phenotype was defined in two ways; 1) including the presence of hoarding
symptoms in the factor sum score, and 2) excluding hoarding symptoms, as these symptoms
consistently factored out from the other disinhibition symptoms in higher factor solutions.
The symmetry phenotype was positively associated with TS polygenic risk score (R? =
0.57%; P=0.02) but not with OCD or ADHD polygenic risk scores (R? = 0.19% (negative
correlation), p = 0.18 and R? = 0.13% (negative correlation), p = 0.26, respectively) (ST6
and SF4). In contrast, the disinhibition phenotype was significantly associated with OCD
polygenic risk score ((R2 = 0.52%; P=0.026) but was not significantly associated with TS or
ADHD polygenic risk scores (R2 = 0.18%, p = 0.19 and R2 = 0.23%, p = 0.14, respectively).
The disinhibition phenotype excluding hoarding symptoms was also significantly associated
with OCD polygenic risk score (R = 0.56%, p = 0.021), and had a positive but not
statistically significant correlation with TS and ADHD polygenic risk scores (R? = 0.27%, p
=0.11 and R% = 0.30%, p = 0.10, respectively)(ST6 and SF4).

Discussion

This is the first study to use multiple modeling approaches on symptom-level data in a large
sample of TS-affected individuals and family members to identify heritable TS-associated
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endophenotypes. The use of factor and latent class analyses in the same dataset provides an
opportunity to thoroughly examine these complex phenotypes; the complementary findings
across the approaches are notable. These analyses extend previous work and highlight two
TS-related endophenotypes (disinhibition and symmetry symptoms) of potential use in
future research. The heritability and polygenic burden analyses, which are also
complementary, provide insight into the possible biological underpinnings of these cross-
disorder phenotypes, and their likely utility in future genetic studies aimed at identifying TS-
related susceptibility variants.

The symmetry phenotype was seen in both the factor and latent class analyses, and parallels
and refines the chronic tics + OCD class identified in our previous work using categorical
diagnoses(11). We note that OCD + tics is now a specifier for OCD in the DSM-5,
acknowledging the growing awareness that the co-occurrence of tic symptoms represents a
specific subtype of this disorder(32). The identification of this endophenotype is also
consistent with previous literature suggesting that individuals with TS are more likely to
have symmetry symptoms, which are associated with specific neural correlates in motor and
limbic circuits(33), rather than other OCD symptoms. Of note, symmetry scores were
positively associated with TS aggregated polygenic risk scores but not with OCD polygenic
risk score, even though these symmetry symptoms are derived from the Yale-Brown
Obsessive Compulsive Scale and traditionally considered to be OC-related. This finding is
also consistent with previous GWAS analyses demonstrating that OCD with and without tics
have some degree of non-overlapping genetic risk(30), as well as with the clinical
observations that symmetry symptoms seem to be driven by the need for things to feel “just
right” (similar to premonitory urges for tics) rather than classic anxiety symptoms(34).

Additionally, in the latent class analysis, the symmetry class stood in contrast to all other
classes, where categorical diagnoses appeared to be a bigger driver than symptom-level
variation. Of note, the higher rate of mothers (including otherwise “unaffected” mothers of
TS probands) in the symmetry class compared to the other affected classes (Figure 2) fits
with prior observations that females in TS families are more likely to have OCD than tics,
and suggests that symmetry may represent an alternative TS-susceptibility phenotype that
may be influenced by sex(35). The high heritability of this phenotype, and the increased TS,
but not OCD, polygenic risk burden in symmetry-positive individuals, provides further
support for this symptom-based cross-disorder phenotype as an appropriate substrate for
further genetic analyses aimed at identifying TS-associated genetic variation.

The disinhibition phenotype was identified only in the factor models; however, it was
identified in a “tic-only” item level latent class analyses in the same sample (36).
Interestingly, the disinhibition factor is similar to an aggressive tic factor found in a previous
TS study, as well as an aggressive symptom cluster identified previously in OCD-affected
individuals, combined with religious and sexual symptoms to form a “taboo” factor (12, 27).
The heritability of this phenotype was among the highest identified, and although the
polygenic risk score patterns were less clear for the disinhibition phenotype than for
symmetry, there was some evidence for association between TS, OCD, and ADHD
polygenic risk scores and the disinhibition phenotype, particularly when excluding hoarding
symptoms. Although not meeting criteria for statistical significance, and clearly requiring
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replication in larger samples, this pattern of association between disinhibition and increased
polygenic burden for TS, OCD, and ADHD suggests that this endophenotype, rather than
being specific for TS, may reflect deficits in top-down cognitive control that is seen across
all three of these disorders (37-40).

Additional studies, including larger scale GWAS studies, are needed to confirm and further
parse the genetic and neurobiological relationships of the disinhibition phenotype to TS,
OCD, and ADHD. This phenotype may also be of particular interest for neuroimaging
studies of TS and OCD, again potentially correlating with impairment in top down cortical
control/response inhibition, and associated patterns of dysfunctional cortico-striatal-
thalamo-cortical circuitry in these disorders.(37-39)

As noted, both the symmetry and disinhibition phenotypes are relevant for future genetic
studies, as both had high heritabilities and capture specific elements of the TS phenotype
that might have different risk genes and/or pathophysiology than TS (or OCD) as defined
using standard diagnostic criteria. Future research might also explore whether individuals
endorsing these symptoms differ clinically (e.g., in terms of tic persistence or prognosis),
pathophysiologically (e.g., severity of frontostriatal circuit disruption), or in treatment
response.

The primary limitation in these analyses reflects the fact that data were collected over an
extended time period at many different sites. This limitation may also represent an
advantage: the sample’s heterogeneity is likely to increase the generalizability of the
findings. Also, statistical power was limited for some analyses, particularly for the polygenic
burden analyses. Additionally, the small number of unaffected family members other than
parents may limit the interpretation of the heritability estimates, as we cannot confidently
separate shared genetic from shared environmental effects in the current sample.
Nevertheless, the consistency of our findings across analytic approaches is striking, and
provides a novel and likely fruitful avenue of investigation for future genetic and
neurobiological studies of TS and its co-occurring disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Probabilities of endorsing symptoms in original latent class analyses with probands &

family members
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Figure 2.

Rates of parents (a) and comorbidity (b) for classes of probands & family members.
Note: Letters above bars indicate pairwise comparisons that are not significantly different /<
0.05. Significant differences were found for all diagnoses: OCD (X2=1709.34, df=4, p=<.
001), ADHD (x2=2796.01, df=4, p<.001), and mood (y?=71.17, df=4, p<.001), anxiety
(?=62.42, df=4, p<.001), and disruptive behavior (x?=60.31, df=4, p<.001) disorders.
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Heritability estimates for classes of probands & family members.

Latent Class Analyses H2r SE p-value
Class 1: TS&OCD&ADHD 0.63 0.09 2.0x10713
Class 2: Symmetry symptoms  0.38 0.10 0.001
Class 3: TS & ADHD 047 0.08 3.3x1072°
Class 4 TS only 0.28 0.08 0.001
Class 5: Unaffected - - -

Exploratory Factor Analyses
Factor 1-Tics 025 0.04 26x10713
Factor 2-OCS 046 034 8.6x10™4
Factor 3-Disinhibited 0.35 0.03 4.2x1073
Factor 4-Symmetry 0.39 0.03 7.2x1073

Note: All analyses included sex, age, and sex*age as covariates. H2r is the heritability estimate.
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