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ABSTRACT

We report on the ongoing project “The New Tics Study: A Novel Approach
to Pathophysiology and Cause of Tic Disorders,” describing the work
completed to date, ongoing studies and long-term goals. The overall goals
of this research are to study the pathophysiology of Provisional Tic
Disorder, and to study tic remission (or improvement) in a prospective
fashion. Preliminary data collection for the project began almost 10 years
ago. The current study is nearing completion of its third year, and has
already reported several novel and important results. First, surprisingly,
at least 90% of children who had experienced tics for only a mean of 3
months still had tics at the 12-month anniversary of their first tic, though
in some cases tics were seen only with remote video observation of the
child sitting alone. Thus almost all of them now had a DSM-5 diagnosis of
Tourette’s Disorder or Persistent (Chronic) Tic Disorder. Baseline clinical
features that predicted 12-month outcome included tic severity,
subsyndromal autism spectrum symptoms, an anxiety disorder, and a
history of 3 or more phonic tics. Second, we found that poorer tic
suppression ability when immediately rewarded for suppression
predicted greater tic severity at follow-up. Third, striatal volumes did not
predict outcome as hypothesized, but a larger hippocampus at baseline
predicted worse severity at follow-up. Enrollment and data collection
continue, including functional connectivity MRI (fcMRI) imaging, and
additional analyses are planned once the full sample is enrolled.

KEYWORDS: Provisional Tic Disorder; tic disorders; Tourette syndrome;
prognosis; anxiety; tic suppression; inhibition (psychology); hippocampus;
MRI
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ABBREVIATIONS

TS, Tourette syndrome; CTD, Persistent (Chronic) Motor or Vocal Tic
Disorder; PTD, Provisional Tic Disorder; CBIT, Comprehensive Behavioral
Intervention for Tics; NIH, National Institutes of Health; YGTSS, Yale
Global Tic Severity Scale; TTS, total tic score from the YGTSS; MRI,
magnetic resonance imaging; fMRI, functional MRI; fcMRI, functional
connectivity fMRI; rs-fcMRI, resting state functional connectivity fMRI;
CPT, Continuous Performance Test; DCI, Diagnostic Confidence Index; ASL,
arterial spin labeling perfusion fMRI; BOLD, blood oxygen level-
dependent fMRI signal; VBM, voxel-based morphometry; SVM, support
vector machine; SVR, support vector regression; DRO, differential
reinforcement of other behavior; NCR, noncontingent reward; SRS, Social
Responsiveness Scale; CBCL, Child Behavior Checklist; DESR, deficient
emotional self-regulation; ERP, exposure and response prevention

INTRODUCTION
Background

Tics are brief movements or noises, repeated many times a day that
may look intentional but serve no useful purpose [1]. Common tics include
forceful blinking, raising the eyebrows, turning the head, shrugging,
sniffing, or grunting. Tics in a few patients are attributable to another
disease, such as stroke or Huntington disease, but usually no such
secondary cause is found [2]. Tics almost always begin in childhood, most
often ages 3 to 10 years, and on average, tics are most severe around ages
9 to 11 [3]. Chronic tic disorders are defined by the persistence of tics for
at least 12 months (meaning tics collectively, because individual tics come
and go over time). If both movements and vocalizations have been present,
childhood-onset idiopathic chronic tics are diagnosed as Tourette’s
Disorder (Tourette syndrome, TS), whereas if all tics are silent the
diagnosis is Persistent (Chronic) Motor Tic Disorder (CTD) [4,5]. The terms
and definitions have changed somewhat over time, and for children who
have had tics for less than a year, the nosology has been confusing. For
instance, DSM-IV, DSM-IV-TR, and DSM-5 define quite different, though
overlapping, groups of children with tics for less than a year (see Appendix
1 in ref. [6]). The current nosology defines Provisional Tic Disorder (PTD)
by the presence of tics not better explained by another brain or systemic
illness, with no tic prior to 1 year ago.

Despite increasingly intensive efforts, our understanding of the
etiology and pathophysiology of TS/CTD remains fragmentary [7-9].
Furthermore, studies that find an association of TS with a particular
biological marker usually are unable to determine whether the association
is causal, and if so whether the marker is a consequence or cause of the
disease. Treatment is entirely symptomatic, and despite ongoing discovery
efforts, many patients remain frustrated with the limited efficacy of
available treatments [10]. In short, in reviewing this state of affairs, we
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concluded that a new approach to the study of tic disorders might be
needed. The new approach was suggested by epidemiological data.

A number of careful, independent epidemiologic studies have shown
that chronic tic disorders affect at least 2-3% of children, including TS in
about 0.5-1% of all children 5-14 years old [11]. These rates may be
underestimates: in one study, after parent, teacher and child had reported
no tics in 8 children, and an expert visiting the classroom had observed no
tics, tics were nevertheless observed during an office visit in 3 of the 8 [12].
In any case, it clearly appears much more common for children to have
tics for less than the 12 months required for a diagnosis of TS/CTD. Several
studies that used direct clinical ascertainment reported tic prevalence as
~20% [13,14], a rate also found in groups of younger children only [15].
One of the most careful studies to date used a defined population, stratified
sampling, assessment procedures with tested reliability, and personal
examination by a neurologist of all probable cases and of a number of
screen-negatives [16]. This study found a DSM-IV-TR tic disorder in 17% of
mainstream school children ages 6-17. In another study, during 8 visits
over a single school year, trained raters directly observed a motor tic in
24% of all children in an elementary school, including 49% of all first-
graders [17]. Our recent review concluded that most children probably
have a tic at some point in time [6]. So what happens to most of these
children with tics, if tics last for a year in only ~2-5% of children? Clinical
lore suggests that most children who just started ticcing will remit within
a few months [5,18-25]. However, lore is not data.

Remarkably, almost no research has been done on this “pre-Tourette”
population, setting up the scientific premise of the current research study.
Prospective outcome data are sparse and contradictory [6]. Shapiro et al
reported outcomes based on selected clinical features [24] (p. 371-374 and
Table 10 in Chapter 12). Bruun and Budman reported telephone follow-up
on 58 children who had presented with tics lasting less than a year [26].
Carter and colleagues [27] performed a 4-year high-risk follow-up study in
first-degree relatives of TS probands. Spencer et al prospectively
monitored the appearance and disappearance of tic disorders over the
course of 4 years in boys with or without ADHD who did not have Tourette
syndrome at study entry [28]. Peterson et al. [15] followed for up to 15
years a large sample of children with chronic or recent-onset tics,
diagnosed initially by parental report only; the follow-ups used direct
examination for diagnosis. A few other studies report limited prospective
data [29-31]. However, all these studies report only clinical information at
baseline. Several superb studies did follow patients after tics were chronic
[32-40]; although these follow-up studies of chronic tics do not address
why some tics fade before TS can be diagnosed, they help identify
reasonable hypotheses [6].

Research has understandably focused on those with chronic tics. But
ironically, there are important questions about TS that cannot be
addressed in people already diagnosed with TS. For instance, are there
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abnormalities of brain function when tics first appear? Why do tics usually
disappear? What is different about children whose tics persist? And
perhaps of greatest interest, could early intervention in those at highest
risk prevent tics from becoming chronic? The present study targets just
these questions.

Another way of framing the problem is to realize that two steps occur
in every child who develops TS/CTD: first tics appear; then they fail to
remit. Given the 10-fold difference in accepted prevalence between PTD
and TS/CTD, the second step may be more important. Importantly, this
second step can be observed prospectively, minimizing the biases inherent
in retrospective study designs. Equally important, studying persistence vs.
remission may identify causative factors missed by studies of established
TS, in which onset and persistence are confounded and often remote.
Studying this earliest phase of tic disorders may revolutionize etiology,
prevention or treatment.

Studying pathophysiology of recent-onset tics has been considered
laudable but impracticable, as recent-onset tics may not be identified as
such nor bring the child to medical attention. For instance, in one study
the estimated delay between tic onset and first clinical contact was 10
years [41]. However, by intensive recruitment efforts, we have been able
to recruit at an adequate pace children who had tics for less than 6 months
(more recently allowing up to 9 months; hereinafter “New Tics”). We now
have 12-month outcome data on 63 children with New Tics. We have
discovered fascinating clinical results, and are beginning to identify
biological predictors of outcome.

Impact

Chronic tic disorders have substantial public health significance [23],
and the proposed research may have substantial benefits for TS/CTD. The
clearest benefits are that it may identify entirely new directions for further
etiologic and pathophysiological research, and it can clarify the causality
of associations we find.

Take new directions first. In addition to the specific hypotheses we are
testing, we will perform data-driven analyses to identify potential new
findings. Newly identified brain regions can later be studied with
electrophysiological methods or in the limited available number of TS
autopsy specimens. The information this study can provide on causality is
also very important. Take the example of brain regions whose volume is
smaller in adults with TS compared to control adults. This finding may
indicate areas whose development was atypical, causing tics to develop.
Alternatively, they could be compensatory changes to help suppress tics
[42,43]. Or, both volumetric changes and clinical symptoms could reflect
some other root cause. Cross-sectional studies generally cannot distinguish
these three possibilities. By contrast, the proposed prospective study,
starting before tics become chronic, can isolate the disappearance of tics.
For example, brain regions in which abnormal volume at baseline predicts
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improvement of tics have a much clearer causative link with tic
remission [36]. As another example, abnormalities in TS/CTD that are also
present in the New Tics group are unlikely to reflect chronicity or
adaptation.

The New Tics population is also important in its own right. Children
with recent-onset tics are seen commonly in pediatrics or child neurology
practices. “Most parents want predictions of the future for their child,”
wrote one clinician, adding, “This, however, is one of the more challenging
aspects of caring for the child with [tics]” [18]. Clinical lore is that new-
onset tic disorders usually remit, but published follow-up studies tell a
different story: the mean remission rate is only 32% (Table 1 in ref. [6]). In
the largest such study, children whose tics disappeared within the first
year were followed up after 2-14 years, and only 17% had remained tic-
free throughout [26]. Regardless of the true remission rate, some New Tics
children do go on to have years of clinically problematic tics. Since at
present there is almost no information to determine which of them will
need long-term treatment, the proposed study will be important for the
clinical outcome data alone.

More importantly, this population offers the tantalizing possibility of
prevention of TS (or, if one prefers, secondary prevention of tic disorders).
Now that large randomized, controlled trials have demonstrated the
efficacy of CBIT, a specific behavior therapy for tics with no known side
effects [44], it becomes entirely plausible to envision providing CBIT to
those children with New Tics who are at highest risk of TS/CTD.
Conceivably such early treatment could prevent progression to TS. The
proposed work takes preliminary but necessary steps toward that
possibility.

We include the neurobiological measures to help us begin to
understand the mechanisms of tic disappearance. If we understood those
mechanisms better—if we knew why tics improve in many of these
children—we could hope to design rational, mechanism-based treatments
for patients who do have persistent tics. Blomarkers that predict remission
of New Tics may conceivably speed medication discovery. They may even
identify targets of treatment. For instance, the association of ADHD at
baseline with later tic persistence [15] may indicate aggressive treatment
of ADHD in new tic patients (or may not; as with other links we may
uncover to tic outcomes, this association may not indicate causation and
will need to be tested).

Hypotheses and Aims

Here we discuss the hypotheses and specific aims for the project
currently funded by the National Institutes of Health (NIH) as “The New
Tics Study: A Novel Approach to Pathophysiology and Cause of Tic
Disorders” (grant RO1IMH104030). Briefly, we hypothesized that specific
features would differentiate the New Tics participants from tic-free
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controls, and predict worse outcome at the one-year anniversary of tic
onset (the accepted minimum duration for diagnosis of TS/CTD).

Given the paucity of knowledge in this area and the substantial effort
required to recruit these children, we are collecting a rich set of data.
However, to ensure rigor and reproducibility we focused our analyses on
a limited number of hypotheses that the available evidence best supports.

The available literature on New Tics suggests a few hypotheses for our
proposed large, prospective study [6]. In a previous prospective study, tic
disorders were much more common in boys with ADHD (37% by study end)
than in boys without ADHD (7%) [28]. Similarly, ADHD at baseline was
associated with later tic persistence [15]. In a cross-sectional prevalence
study, children with tics for less than a year had lower severity, later age
of onset, and were less likely to have vocal tics than did children with TS
or CTD [45]. Our preliminary data suggest that children with New Tics who
can suppress tics better to verbal request may have better outcome at the
12-month anniversary of tic onset [46].

Although only indirectly relevant, many more studies have examined
children after tics have become chronic, and these studies suggest some
relevant hypotheses about New Tics.

Children who were less able to suppress tics, with or without
immediate reward, tended to have more severe symptoms [47]. Omission
errors on the Connors’ Continuous Performance Test (CPTII) were
negatively correlated (r = -0.63) with suppression ability [48]. About half
of TS adolescents exceeded the clinical cut-off point for hyperactivity and
anxiety on the Child Behavioral Checklist (CBCL) subscales even though
only 22.5% met DSM-IV criteria for ADHD and 7.5% met criteria for anxiety
disorders [49]. Relatively impaired manual dexterity (Purdue Pegboard
test) was associated with outcome an average of 8 years after diagnosis of
TS [50]. Subjects with TS performed significantly worse on a “weather
prediction” probabilistic classification test, a form of habit learning [51].

Kurlan et al. noted that “there seems to be a strong relationship
between the experience of premonitory sensations and the ability to
suppress tics” [52]. That relationship was recently confirmed empirically
[53]. In addition, premonitory urges are generally reported later in the
course of TS than are simple motor tics, and they are associated with
thinner insula and sensorimotor cortex [54]. More relevant, in TS, tics
preceded by a premonitory urge tended to remain worse after
psychotherapy [55]. One can reasonably argue about the direction of the
association, but premonitory urges are likely to be important in predicting
tic outcome.

When our grant proposal was submitted, reduced caudate volume was
arguably the most consistent structural neuroimaging finding in TS [9].
The likely etiological relevance of this finding was shown by a study of 43
children with established TS, in which a smaller caudate nucleus in
childhood predicted more severe tics and other symptoms an average of
7.5 years later [36]. A number of other structural changes have been
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implicated in TS, including smaller ventral prefrontal cortex (vPFC),
thinning of sensorimotor cortex, and increased gray matter volume in
thalamus and midbrain [56,57].

A handful of studies used [**"Tc]JHMPAO SPECT to measure blood flow
in TS, as reviewed elsewhere [9]. Two of the largest included 38 children
with TS and 18 controls [58] and 50 children with TS and 20 controls [59].
Decreased left caudate blood flow was found in most studies, including
both of these. Decreased flow in prefrontal regions was also common.
Blood flow can also be measured with MRI using arterial spin labeling
(ASL). The most important potential advantage of ASL over BOLD (blood
oxygen level-dependent fMRI) is its signal stability over time: comparisons
of brain activity between two conditions (such as at screening versus at
follow-up) can be performed most directly using perfusion imaging. We
are not aware of published studies applying ASL imaging to TS, but we
have substantial prior experience with ASL in other patient populations
[60-63].

We previously published data from a resting state functional
connectivity fMRI (rs-fcMRI) experiment in 33 children with TS (DSM-IV-
TR), age 10-16, and 42 controls [64,65], and compared results to over 200
healthy subjects from age 7 through adulthood [66]. However, more
recently we and others have documented substantial artifactual effects of
even small, repeated head movements on fcMRI [67], and our site has been
a leader in developing analysis methods that avoid such artifacts to the
limits of detection [68-70]. We recently reported results of an rs-fcMRI
study of TS in which we applied the best available methods to minimize
movement-related artifact [71]. We applied a multivariate machine
learning technique—support vector machine (SVM) classification—to test
whether patterns in brain network activity, measured with rs-fcMRI,
differed between 42 children with TS (8-15 years) and 42 unaffected
controls matched for age, IQ, and in-scanner head movement. Univariate
tests identified no significant group differences, but SVM could distinguish
TS from control brains with ~70% accuracy (p <0.001). These results
suggest that multivariate methods can better capture the complexity of
some brain disorders. The pattern of brain activity that distinguished the
TS and control groups was complex, but rs-fcMRI within and between
somatomotor and higher-level control networks (fronto-parietal, cingulo-
opercular, salience, dorsal attention, and ventral attention
networks) produced classification reliability closest to that of the complete
data set. Other investigators have demonstrated improved SVM
classification accuracy by combining different data types [72,73], so we
expect improved accuracy by combining rs-fcMRI, structural MRI, and
behavioral/clinical data in the current study.

Bohlhalter et al. identified brain regions in which BOLD signal began to
increase during the 2 seconds prior to a tic [74]. These regions included
supplementary motor cortex (SMA), known to be involved in movement
generation, as well as anterior cingulate (ACC) and insular regions that
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have been implicated in processing unpleasant sensations. Hampson et al
found that the SMA activation begins earlier and persists longer than SMA
activation in controls voluntarily performing movements similar to
patients’ tics [75].

Building on previous work in adults [76], we described developmental
changes in functional connectivity between basal ganglia voxels and
functionally defined rs-fcMRI cortical systems [77]. Cortical-basal ganglia
connections differed most significantly between children and adults in the
functional connectivity of the posterior putamen and pallidum with the
somatomotor “face” network. This correlation decreased significantly
from ages 7 to 13 years, and remained low throughout adulthood. We
hypothesize that the higher correlation seen in younger children may also
be a marker for tic diagnosis or severity.

The deficient emotional self-regulation profile from the Child Behavior
Checklist (CBCL-DESR) consists of scores on the Anxiety/Depression,
Aggression and Attention subscales of the CBCL [78,79]. This scale was
intended to be sensitive to dysregulation in multiple domains, including
affect (anxiety/mood), behavior (disruptive), and cognition (attention) and
has been thought to represent a global deficit in self-regulation related to
processes of effortful control as defined by Eisenberg and Spinrad [80].
Although this subscale has not been reported in TS, it is postulated to
associate with deficient central inhibitory processes, which may predict
greater difficulty suppressing tics.

Summary of hypotheses

Of the numerous reasonable hypotheses one could make about a New
Tics sample [6], we focus on five primary hypotheses to limit Type I error.
We propose that the following features are more likely to be present in the
New Tics group than in the tic-free control group (Aim 1a, below), will be
associated with worsening of tics (or less improvement in tics) at 12
months after tic onset (Aim 2a), and if present at baseline will predict
worse 12-month outcome (Aim 2b).

1. Lesser ability to suppress tics to verbal request (Tic Suppression
Paradigm)

2. More omission errors during sustained attention (Continuous
Performance Test)

3. Smaller caudate nucleus after correction for total brain volume

4. Greater severity of tics at screening (YGTSS total tic score, rated after
observation during the Tic Suppression Paradigm)

5. More premonitory urges (higher score on the PUTS scale)

In addition to this disciplined hypothesis-testing approach, given that
so little work has been done in this area, we will also examine the full set
of data using machine learning methods. Specifically, we will perform
SVMs (for group comparisons) and SVRs (for correlations in Aim 2). Using
the full data set (clinical, neuropsychological, and structural and
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functional MRI), we will perform SVMs for group comparisons and SVRs
for correlations with improvement in YGTSS total tic score (TTS), as an
indication of clinically relevant symptom change from the screening visit
to the 12-month visit. We will then interrogate the SVM and SVR results to
identify features that drive the group differences or correlations, to
identify novel or multivariate findings relevant to pathophysiology or
prognosis. This data-driven approach to hypothesis generation motivates
our collecting the other planned clinical and imaging data.

Aim 1. Study pathophysiology of recent-onset tics.

Aim 1a. Identify clinical, neuropsychological, and brain imaging features
that differentiate children with recent tic onset (“New Tics” group) from

tic-free controls. We will test a priori hypotheses including tic suppression,
inattentiveness, caudate nucleus volume, tic severity, and premonitory
urges (see “Summary of hypotheses”). Secondary analyses will apply
support vector machine (SVM) learning to a rich set of data to discover
novel, multivariate differences in the New Tics group [71,81]. These data
will also include tic phenomenology, psychiatric diagnosis, habit learning,
motor dexterity, structural MRI, perfusion MRI, and rs-fcMRI.

Aim 1b. Compare New Tics subjects to a group of children who are
matched for age but have already had tics for >1 year (“Existing TS/CTD”).
Since both groups have tics, this comparison will highlight abnormalities
that cannot be explained by the mere current presence of tics, including
markers of chronicity or adaptation.

Aim 2. Prospective study of tic remission.

We will reevaluate New Tics subjects at the 1-year anniversary of tic
onset. The primary dependent variable was chosen to be the change in tic
symptom severity (ATTS = change in YGTSS Total Tic Score from baseline
to follow-up). We focus on outcome as a continuous variable because no
reliable estimate exists for how many New Tics subjects will remit versus
go on to diagnosis with TS/CTD. Remission rate also depends on definition
and on the thoroughness of the follow-up evaluation [6].

Aim 2a. Study the physiology of tic remission by identifying changes in
clinical, neuropsychological, and brain imaging variables that correlate

with changes in clinical tic severity (ATTS). This Aim benefits from

prospective observation and within-subject comparisons. The primary
analysis will focus on any markers identified in Aim 1. A secondary
analysis will apply machine learning methods for a data-driven approach
(support vector regression, SVR).

Aim 2b. Identify predictors of improvement or worsening, i.e., clinical,
neuropsychological, and brain imaging features at study entry that

correlate significantly with ATTS. The 2 primary analyses will relate
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clinical outcome (ATTS) to tic suppression ability and caudate volume at
study entry. Secondary analyses will examine other predictors using an
SVR machine learning approach.

MATERIALS AND METHODS
Overview

The original grant proposals, and the current study protocol with
additional methodological details, are archived on the Open Science
Framework at https://osf.io/y5vxj/.

The work described herein was approved by the Washington
University Human Research Protection Office (IRB), protocol numbers
201109157 and 201707059. Each child assented and a parent (guardian)
gave informed consent. Data shared from other projects were shared after
appropriate human subjects review and consent.

New Tics subjects have clinical, neuropsychological and MRI
assessments within 6 months of tic onset and again at the 12-month
anniversary of their first tic. Tic-free control children, matched to the New
Tics subjects on age, sex, handedness, and if possible ADHD, will have
clinical and MRI assessments at screening and a clinical follow-up visit
without MRI. Children with Existing TS/CTD will likewise be matched to
the New Tics subjects and have MRI at baseline and clinical follow-up
without MRI.

Figure 1 shows the general outline of initial study participation for
children in the New Tics group. Briefly, children are brought in as soon as
possible after their first tic. Effort is expended to identify as closely as
possible the date of that first tic, as described in one of our early
publications [82]. Thorough clinical assessment is accompanied by
selected psychological tests and multimodal MRI (details are provided
below). These results can be compared to those of tic-free control or
existing TS/CTD participants to identify differences and begin to sort out
their timing. The children then return at the 12-month anniversary of their
first tic, when TS/CTD can first be diagnosed. Their clinical status at that
visit, especially the total tic score from the YGTSS, allows us to determine
which features present at the baseline visit best predict outcome at this
follow-up visit a median of 3.5 months later.

Several important project features are not shown in Figure 1. First is
that New Tics participants are followed up again, in person, at 1, 2 and 3
years after the 12-month follow-up visit. Second, the New Tics group has a
second MRI session at 12 months, identical to their first session. Third, tic-
free controls are not shown. Their participation is identical to that of the
New Tics group, except that in-person visits end after the initial follow-up
visit. Their “12-month” visit is timed to be the same duration after the
baseline visit as that of the New Tics participant to whom they are best
matched. Its primary purpose is to find out how many of them, if any, have
developed tics during the follow-up period. Fourth, Existing TS/CTD
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participants are not shown in Figure 1; their participation is similar to that
of the control group.

Provisional Tic Disorder Tourette’s Disorder

——

—f—

Tic onset 0-9 months 12 months

Baseline
Tic history

Clinical

assessment

Tic suppression
YGTSS
Psychological
measures

MRI

12 mo. Follow-up

* Tic suppression
* YGTSS

Worse Tic Outcome

6 65 7 75 8 BS

Predictor variable

Figure 1. Overall study design. Children are examined thoroughly at a baseline visit no more than 9
months after their first tic (median 3.5 months). The follow-up visit occurs as close as possible to the one-
year anniversary of their first tic, when DSM-5 Tourette’s Disorder can first be diagnosed.

Subjects

The primary study sample consists of 110 children with New Tics,
including those previously studied and 70 newly enrolled subjects. We
examine each of them within 9 months of tic onset using carefully selected
clinical, neuropsychological, and MRI methods. They return at the 1-year
anniversary of tic onset for clinical and MRI evaluation, and yearly
thereafter for clinical follow-up only. For data analysis, the subjects
studied in the pilot study will be added to those studied under this project.

To reduce unwanted variance in the sample, we limit our subjects to ages
5-10 at enrollment. This corresponds to the age of highest risk for onset of TS
[3,71,83,84]. Chronic tic disorder and transient tic disorder also tend to start
within this window (mean age of onset 7.4-8.5 years) [45]. The
neuropsychological tests we are using are not normed for children under age
5, and very few 3- or 4- year olds could complete the awake MRI session. The
upper age limit is arbitrary, but on a practical level, although our pilot study
accepted children age 5-17, almost all subjects were age 6-9 at screening.

There are two comparison groups. The first consists of 70 tic-free control
children who additionally have no first-degree relative with tics by parental
history. We match these subjects 1:1 to New Tics subjects with good 12-month
MRI data, based on age, sex and handedness. We also enrich this group for
ADHD such that the proportion of tic-free children with ADHD will match
that of the New Tics group. Most matches will be drawn from existing data
from our labs; we have structural and rs-fcMRI studies from over 100 healthy
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controls [56,64-66,71]. Assuming a 74% rate of good MR scans in this group
(estimated from our preliminary data) means scanning 54 new tic-free
control children (41 with ADHD, 13 without) to yield 40 with good MRI data.
Also, the added 54 control subjects will have identical diagnostic information
as we will have on the New Tics group. These control subjects will also return
for a “12-month” follow-up visit. Since they have no tic onset date to calculate
the 12 months from, their follow-up visit will occur at the same time after
screening as did the follow-up visit in their matched New Tics subject. The
primary purpose of this clinical follow-up visit is to check whether or not
they develop tics in the intervening months since screening. If needed, we
can also request data from the TAA Neuroimaging Consortium, which has
rs-fcMRI data from 88 TS subjects and 70 controls in addition to the data from
our site, or from the Human Connectome Project, for which Dr. Schlaggar is
a co-investigator.

The last group consists of 70 children who at the time of screening
already have TS/CTD (“Existing TS/CTD group”). We will follow the same
strategy as for the tic-free controls, leveraging existing data from our labs,
including >100 children with structural and rs-fcMRI data. All of these
subjects were personally examined by authors KJB or BLS, and
additionally completed standard symptom rating scales. We add 25 new
Existing TS/CTD subjects with good MRI data, requiring us to scan about
34. They also return for a clinical follow-up visit at the same interval after
screening as their matched New Tics subject.

Inclusion and Exclusion Criteria

Inclusion criteria for all subjects are: Age 5-10 at screening. New Tics
group: tics now, but developed them only in the past 9 months. Exclusion
criteria: secondary tics, another neurological disorder (not counting
migraine), structural brain disease, severe systemic illness, lack of
proficiency in the English language, and psychiatric illness including
mental retardation, autism, substance dependence, current substance
abuse, primary psychotic illness, bipolar disorder and current major
depression. Psychoactive medications are allowed if their dose has not
changed in the past month.

Inclusion criteria for Existing TS/CTD control group are: children who
meet DSM-5 criteria for TS or CTD at enrollment, matched to children from
the New Tics group on age (within 1 year), sex, handedness, and ADHD
status. (Matching is not required if the children were thought to be in the
New Tics group before the face-to-face screening visit.) Exclusion criteria
are the same as for the New Tics group.

Inclusion for tic-free controls are: matched to children from the New
Tics group on age (within 1 year), sex, handedness, and ADHD status.
Exclusion criteria: current or past tic disorder in the subject or a first-
degree relative, plus the exclusions listed for the New Tics group. We do
not exclude OCD or ADHD; such exclusion would introduce another
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unwanted variable into the tics vs no-tics comparisons. However, both
disorders are assessed thoroughly at screening.

Clinical and Neuropsychological Measures

Data recorded includes demographics, brief IQ estimate (K-BIT II), the
Child Behavior Checklist (CBCL), manual dexterity (Purdue Pegboard
test) [50], attention (CPT II) [48], a “weather prediction” test of probabilistic
classification kindly shared with us by Dr. Marsh [51,85], psychiatric
comorbidity (DSM-5 diagnoses by K-SADS, confirmed by Dr. Black using all
data), quantitative autistic traits (Social Responsiveness Scale [86]), quality
of life (PedsQL; [87]), history of birth complications and maternal smoking
during pregnancy, and family history. Dr. Black performs a neurological
and psychiatric examination, reviews the parental self-report measures,
rates current symptom severity (YGTSS [88], Children’s Yale-Brown
Obsessive-Compulsive Scale (CY-BOCS) [89], ADHD Rating Scale [90]), and
makes a final diagnosis of tic disorders, OCD, and ADHD using all data.

The following measures are also completed for subjects with tics: best
estimate date of onset, typical features of TS according to the Diagnostic
Confidence Index (DCI) [91], the Premonitory Urge for Tics Scale
(PUTS) [92], and a standardized tic suppression paradigm (TSP) [47]. The
TSP includes two 5-minute blocks of each of 3 conditions, seated alone in
an exam room with a microphone and video camera: baseline (no tic
suppression), verbal request to suppress tics, and differential
reinforcement of zero-rate ticcing (DRO) using a remote-controlled token
dispenser [82]. Video recordings are made of each 5-minute block to check
scoring offline. The first 3 sessions are done completed in that order, then
repeated in random order (that same order is maintained for future visits
with that participant). More recently, we have prepended one 5-minute
observation session with a staff member sitting quietly in the room with
the participant, to measure social influence on tic suppression [93-95].
Children without tics will be similarly observed but will only complete the
baseline condition (no tic suppression).

MRI Methods

At the screening visit, we introduce each child to a mock scanner, which
is equipped to give immediate feedback to the child on head motion. To
enhance subject comfort and quality of scans, we use MRI acclimation
materials adapted from the DirecNet MRI study of Typel diabetes,
including an introductory video and a holding-still game to practice at
home with a parent [96].

No caffeine intake is allowed before scans on study days. Subjects are
monitored by video recording for offline identification of any visible tic
during the 45 min of functional data collection. These data can be used to
model or ignore fcMRI or ASL frames temporally related to the tics. Subjects
who only partially complete adequate scans in the time allotted are invited
to return, as soon as feasible, to complete the scans. We have adopted the
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FIRMM system to monitor head movement during scan sessions, allowing
rapid assessment of whether more resting BOLD frames are needed [97].

We acquire 1 mm?3 T1-weighted MP-RAGE images with volumetric
navigators (vNavs) for prospective motion correction [98], and T2-
weighted images. BOLD data are from a whole-brain BOLD-sensitive
asymmetric spin echo EPI sequence, during which participants are asked
to rest quietly and watch a fixation crosshair. For perfusion imaging, we
use a pulsed ASL sequence originally validated in children [99].

Image Analysis

Using MP-RAGE structural MRI, we measure the volume and shape of
the putamen, caudate, nucleus accumbens, globus pallidus, and thalamus
using our published automated method involving high dimensional brain
mapping [100]. We measure cortical thickness and volumes using
Freesurfer software. In addition to these tests of a priori hypotheses, we
plan a 3D analysis using standard voxel-based morphometry (VBM)
methods that we have used previously [56,101-103].

BOLD pre-processing and rs-fcMRI analyses are carried out as
previously described [64,71,104-106]. We use very stringent criteria for
BOLD fMRI data quality [69], since even small-amplitude head motion can
cause spurious changes in rs-fcMRI analysis [67,107]. Quantitative
measures of frame-to-frame head displacement (FD) are used to reduce
motion artifact using the following criteria: we will include BOLD-
sensitive data volumes only in temporally contiguous sets of at least 5
volumes with framewise displacement <0.2 mm each, including BOLD
runs only if they retained a minimum of 30 such volumes. Justification of
these parameters, which may change with improved methodological
research, appears with additional technical details in ref. [71]. We will
similarly remove tic-related activity (using the audiovisual recordings
acquired during scans). Next, we extract resting state time series from seed
ROIs, correlate the BOLD time series region by region [108], combine
correlation coefficients (r) across participants [109,110], and test whether
correlation coefficients are significantly different from zero (2-tailed ¢t
tests, corrected). Interregional correlations are measured over different
thresholds and using network measures (e.g., participation coefficient,
local clustering). Group differences will be analyzed using graph analysis
tools [111,112], including quantitative (network modularity [113]) and
qualitative methods (Social Network Image Animator [114] with spring
embedding algorithms as in ref. [115]).

Statistical Analysis

The primary approach to analyzing each main hypothesis is a general
linear model; we include nuisance variables if they explain a significant
portion of the total variance (e.g., total intracranial volume, age, sex, and
handedness). The independent variable was originally planned to be
change in YGTSS total tic score from screening to follow-up (“ATTS”); we
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have since focused on follow-up TTS score as being more clinically
meaningful, and control for baseline TTS score.

We will also perform multivariate analyses to account for the large
quantities of high-dimensional data using support vector machine (SVM)
classification. SVMs are algorithms that take a training set of labeled
samples, each with a series of measurements called features, and learn
properties and weights of the features that characterize the labels. Once a
decision function is learned based on the training data, it can be used to
predict the class label of a new, previously unseen, test sample. Support
Vector Regression (SVR) extends SVM to dimensional regression in order
to predict a continuous measure for an individual, rather than a class label.
Here we apply methods previously used in our lab [77,81,116-118]. See [119-
122] for mathematical descriptions of SVMs. We use the Spider Machine
Learning Toolbox for computations [123]. We will use SVM in several ways.
First, we will apply it in Aim 1 as a method primarily for exploratory analysis.
In this case the training data will include all subjects in each of the two
groups being compared. An estimate of reliability of accuracies can be
computed testing on the same data set using a leave-one-out cross validation
approach, as previously described [71,81]. We hypothesize that classification
accuracy will be higher for an SVM based on the full data set (clinical data,
structural MRI, perfusion MRI, tic-triggered fMRI, and rs-fcMRI data), in
which the features will include assessment scores, regional volumes,
voxelwise rCBF, tic-related BOLD activity, and interregional temporal
correlations, than for an SVM based on one data type alone. Similarly, we
will use SVR in Aim 2 as an exploratory approach to identify patterns in the
rich clinical and MRI data set that best predict follow-up symptom severity
(TTS), rather than categorical outcome.

We will also use SVM as a primary approach to identifying features that
predict which New Tics subjects will progress to TS/CTD (or SVR, to predict
who will progress to more vs. less symptomatic). This approach will train
the SVM on the Existing TS/CTD and Tic-free Control data sets, and then
test baseline data from individual New Tics subjects to “diagnose” them as
more like Existing TS/CTD or more like Tic-free Control subjects. The
hypothesis is that this SVM approach will identify significantly better than
chance which New Tics subjects will remit (or become asymptomatic) and
which will be diagnosed with TS/CTD (or remain symptomatic).

RESULTS
Study Progress

Recruitment sources and follow-up success

In the New Tics group, 33% of participants came from clinical referrals,
while 54% were recruited by advertising (via local school districts, online,
or in traditional media).

Of the 82 New Tics participants who have completed a first visit, 65
have returned for the 12-month follow-up visit and an additional 9 are still
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awaiting return visits, leaving only 8 (9.6%) who dropped out or were lost
to follow-up. After the first 44 participants, we began to invite New Tics
subjects to return at 24, 36 or 48 months after their first tic. As of April,
2020, we have completed 31 24-month, 10 36-month and 6 48-month visits.

A number of other children were brought in by parents who originally
reported a tic duration of only a few months, but definite tics more than a
year ago were discovered on review of history or on examination, giving
them a DSM-5 diagnosis of Tourette syndrome. These children were
invited to participate in the Established TS/CTD group. For 9 children, the
baseline tic duration fell in the range of 9-11.5 months; these few are being
followed under separate funding, with a first follow-up visit scheduled 3
months after the baseline visit.

Sample characteristics

Vigorous recruitment efforts have led to a sample that on average has
relatively mild symptoms and was seen within a few months of their first
tic (see Table 1, which includes only the children who have already
completed a follow-up visit). However, the range of severity is wide, and
the distribution of time since onset of tics is fairly smooth (Figure 2). Most
of the children have experienced several motor tics and at least one phonic
tic by the baseline visit (though some of these were not previously
identified by the children or their parents).

Table 1. Participant characteristics at baseline among those who completed a 12-month visit. Values
indicate number or mean + SD unless indicated otherwise.

Sample characteristic

Baseline

N
Age
Sex (M:F)
Handedness (R:not R)
Non-white (N = 63)
Barratt SES
IQ estimate (K-BIT)
Non-tic K-SADS diagnosis
ADHD
OCD
Anxiety disorder
Medication
SRS total T scores

65
7.81 +2.03
44:21
57:8
5
52.03 +10.521
108.94 + 12.31
53
23
6
33
122
49.72 + 9.48

1 Highest possible score 66. 2 Includes only daily or more frequent brain-active medications.

At the follow-up visit, on average tic severity has improved, though
often other tics have appeared in the interim (Table 2). Other classic TS
features have also often appeared, such as premonitory urges or
intentional suppression, so DCI score generally has increased.
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Figure 2. Tic duration at study entry and follow-up visits. The horizontal axis represents days since first
tic. Individual participants are shown as horizontal lines, with their first study visit marked by an open
circle and their 12-month follow-up visit marked by a filled circle. The solid red line marks the current mean
duration at the baseline study visit, the dashed red line marks the original 6-month cutoff for enrollment,
the thick black line marks the current 9-month cutoff, and the thin black vertical line marks 1 year after the
first tic.
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Table 2. Change in tic characteristics among those who completed a 12-month visit. Values in parentheses

indicate mean + SD unless indicated otherwise.

Sample characteristic Baseline 12-month
Days since tic onset 112.28 + 56.44 374.17 + 16.51
YGTSS total 24.72 +12.33 17.92 + 12.83
Total tic score 17.06 + 5.89 13.62 +7.39
Motor 10.55 + 3.89 8.91 + 4.57
Phonic 6.49 + 4.50 4.71 + 4.19
Impairment 7.66 £ 8.00 4.31+6.84
DCI score 32.63 £13.01 43.14 + 15.36
Ever had a phonic tic 53 56
Ever had a complex tic 30 41
DSM-IV TS or CTD 0 21
DSM-IV-TR TS or CTD 0 581
DSM-5 TS or CTD 0 64 2

1 The other 7 children had a reported interim remission of 3 months or more, for a diagnosis of a repeated episode of

Transient Tic Disorder. See discussion in ref. [124].

2 The remaining child had experienced several phonic tics but only one motor tic [125].

MRI data quality

Neuroimaging studies in clinical samples of children often have
relatively high rates of data loss [126], and we knew that collecting quality
rs-fcMRI data would be difficult in children with tics as young as age 5,
many with ADHD. Our initial efforts reflected that concern, with adequate
quality data for rs-fcMRI analysis in only 3 of the first 14 subjects enrolled.
Therefore, we consulted with colleagues and implemented several steps to
improve quality. These included more extensive subject preparation [96],
training in a mock MRI scanner with immediate head movement feedback,
and allowance for a possible second scan day. Since implementing these
changes, we have collected adequate rs-fcMRI data in 34 of the remaining
47 subjects scanned (72%). For the structural MRI scans, we have high
quality images (based on standardized manual ratings) from 41 of 54
children scanned (76%).

Reward Enhances Tic Suppression in Children with PTD

Our first publication from this project came from the first 21 children
enrolled [82]. That report discusses in detail our decisions about dating the
first tic. Tic suppression was well known in TS/CTD, and was known to
improve in the presence of an immediate, contingent reward for periods
with no tics (differential reinforcement of other, DRO). However, given
how TS/CTD were defined, children in those previous studies had
experienced tics for at least a year, so whether tic inhibition was present
initially or learned over time was not known. Results showed that these
children, studied on average 3.5 months after onset of tics, generally could
suppress tics, especially in the DRO condition. More than half suppressed
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tics (i.e., had more 10-s tic-free periods) with a verbal request to suppress
tics, or with a control condition in which rewards were given regardless
of whether the child was ticcing (noncontingent reward, NCR). All but 3 of
them suppressed tics during the DRO condition. Time since tic onset did
not correlate significantly with suppression ability. In other words, these
children, like children with TS/CTD, do have some capacity to suppress tics,
and immediate reward enhances that capacity.

Data from that report also contributed substantially to a multi-site
summary of individual participant data on voluntary tic suppression in
children with PTD or TS/CTD [127]. Since then, we have confirmed the key
findings from that initial report in a later superset of patients [128].

Transient Tics Aren’t

DSM-IV and DSM-IV-TR diagnosed children who had been ticcing for
less than a year with Transient Tic Disorder. Despite the name, tics in these
children did not always prove to be transient, as every child with TS/CTD
originally had tics for less than a year. (This observation was one
motivation for creating the PTD diagnosis in DSM-5; see discussion in ref.
[6]). As reviewed above, professional consensus had been that these tics
would almost always disappear, though the limited available data did not
confirm that consensus.

We reported clinical outcomes for the New Tics children enrolled in our
preliminary data [124]. These first 43 children comprise the largest ever
prospective study of PTD. At the baseline visit, although tics were
relatively mild for most children (only 9 showed a TTS > 20, indicating
moderate or severe tic severity), the symptoms generally concerned
parents; 12 of 15 families who were asked reported they had taken or
would be taking their child to a doctor because of the tics (this question
was added midway through the study).

Thirty-nine of the 43 (90%) returned for the 12-month follow-up visit.
To our surprise, every child still had tics. Tics were observed at the visit in
all but one child, sometimes only when observed alone (by audio-video
feed) during the tic suppression paradigm. The remaining child had tics
reported by parents in the past week, and was observed to tic on a later
encounter. Thus at follow-up, the DSM-5 diagnosis was Persistent (Chronic)
Motor Tic Disorder in 3 children and Tourette’s Disorder in all the rest. DCI
scores had increased by a mean of 9 points, showing gradual accumulation
of more classic TS features. These results call into doubt the general
assumption of complete remission for PTD. Even if all 4 of the participants
lost to follow-up remitted completely, at least 90% (39/43) of the total
sample still showed tics at the one-year anniversary of tic onset. That
fraction implies 95% confidence that the population remission rate at 12
months is <22%.

On the other hand, on average tics had improved. Only six participants
met DSM-IV criteria for Tourette’s Disorder, which required impairment
in a life role or marked distress, and only two had mild or greater
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impairment in a life role. We asked 29 parents if they were planning to see
a doctor for further management of their child’s tics, and only 3 said yes.
In fact, several children and parents felt the tics were gone. In some cases
(at least 9 of 28), no tics were seen at the 12-month visit during a typical
neurological history and physical exam supplemented by information
needed for YGTSS rating. In routine clinical practice, these children would
have been considered remitted.

In a practical sense, the news is still good for these families, as the tics
were only clinically problematic at follow-up in 5% (mild impairment or
more) to 10% (planning to seek further clinical care). The difference from
previous clinical consensus appears most likely to be in the fact that many
of these patients would not be seeing a doctor for clinical follow-up, and
in the thoroughness of the history and exam at follow-up.

An alternative explanation could be that tics usually do completely
remit, but after the 1-year mark. To begin to explore that possibility, we
are continuing the planned 24-, 36- and 48-month follow-up visits. Thus far,
almost every such visit has continued to show evidence of tics, though they
have apparently completely remitted in a small number of cases. We look
forward to completing these visits in a few years.

This report also identified several clinical features at the baseline visit
that predicted better tic outcome at follow-up. Not surprisingly, baseline
TTS was correlated with TTS at follow-up, so additional analyses controlled
for baseline severity. Worse outcomes were predicted by the following
features at baseline: higher Social Responsiveness Scale (SRS) score, higher
DCI score, higher CBCL-DESR score, the presence of an anxiety disorder,
and a history of 3 or more phonic tics. In a stepwise multiple regression
analysis, a model with TTS, SRS score, and anxiety disorder, at baseline,
explained nearly half the variance in the 12-month TTS score. An elevated
SRS score indicates a greater number of features associated with autism
spectrum disorder, though in this sample all the SRS scores were in the
normal range.

Tic Suppression Ability Predicts Outcome

We had hypothesized that better tic suppression would predict better
clinical outcomes [82]. Last year, we reported a test of this hypothesis on
the first 45 children to complete their 12-month visits [128]. Those children
with better tic suppression in the presence of a reward had lower tic
burden (TTS scores) at the 12-month follow-up visit. Additionally, children
with more premonitory urges tended to suppress tics more successfully.
This report identifies another potential predictor of clinical outcome in
PTD and suggests one mechanism that may help reconcile the persistence
of tics, with careful observation when the child is alone, with the
improvement in clinical status. Specifically, clinical improvement is
driven in large part by less frequent or less severe tics when around other
people, and perhaps the experience of social rewards for tic suppression
lead over time to (perhaps unintentional) tic suppression around others.
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To begin to measure social influence on tic suppression, recently we have
added a session to the tic suppression protocol. A staff member sits with
the child without engaging in conversation and without any explicit
direction to suppress tics; this setting was shown to decrease tic expression
compared to the child sitting alone [93-95].

Other Behavioral Measures

In the first 58 children to complete the 1-year follow-up visit, we tested
the predictive value of several other cognitive or motor tasks we examined
based on past studies in TS/CTD, namely the Purdue Peghoard Test
(measuring dexterity and bimanual coordination), the Continuous
Performance Test (measuring attention and response inhibition), and a
weather prediction task (intended to quantify a form of habit learning).
None significantly predicted 1-year tic outcome, and none correlated
significantly with tic suppression ability after controlling for age [129].

Subcortical Volumetry

One of our primary hypotheses was that caudate volume would
correlate inversely with tic severity at follow-up. We recently submitted
for publication results from testing this hypothesis in the 41 children with
good-quality structural MRI data at baseline and had completed the follow-
up visit by December, 2019 [130]. We used a method that simultaneously
and reliably quantified the volume of several subcortical structures.
Caudate volume was not a significant prognostic factor. However, a larger
hippocampus at baseline predicted higher tic severity at 12-month follow-
up (p = 0.002). Notably, this result was confirmed in a subgroup of 25
children whose MRI was performed using prospective motion correction
to minimize artifactual changes to regional brain volumes induced by
head movement during the scan. In this group, baseline hippocampal
volume and baseline TTS explained over half the variance in 12-month TTS
score. Although we did not include hippocampal volume in our hypotheses
for this project, previous studies have identified larger hippocampal
volume in children with TS [131], and both the PTD and TS groups tended
to have greater volume in our study as well. The hippocampus is involved
in memory consolidation for motor habit learning as well as declarative
learning [132], and in youth with TS, there is evidence that those with more
severe tics have more persistent motor memory, in that they take longer
to unlearn a previously learned pattern of behavior [133]. These
observations allow the hypothesis that greater hippocampal volume may
mediate relatively inflexible habit learning, leading to greater persistence
of tics between the initial assessment and the 1-year mark.

Other Contributions

As part of our efforts to recruit children early in the course of PTD, we
undertook an observational study at a local elementary school, similar to
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a previous study by Snider and colleagues [17]. Experienced raters
including authors KJB and DJG observed various classrooms for at least an
hour, noting children with probable tics observed at least 3 times in the
hour. These children were approximately 5-11 years old. Ratings were
done on visits to the school in each of 3 months (March, April and May).
Initial results suggest that tics were noted in 10-25% of children,
depending on the month, roughly consistent with the mean cross-sectional
tic frequency of 24% noted by Snider et al.

We developed software to facilitate recording of the timing of tics
during the TSP, and to automate delivery of rewards under the DRO and
NCR conditions, and have made it freely available [134]. Some of the
participants in this study signed a separate consent to let their video
recordings be used for the “VISIT-TS,” which is a video-enhanced
screening instrument to ask people if they (or their children) have tics
after showing them a 5-minute video with nearly 100 video clips of tics
[135].

DISCUSSION

Many children have tics at least briefly, whereas few are diagnosed
with a chronic tic disorder. This observation inspired the present project,
in which the disappearance (or improvement) of tics can be observed
prospectively. Most previous studies on PTD were retrospective, and most
enrolled children in a clinical setting, introducing bias for severity and
treatment availability. However, understanding why tics usually improve
over the first year after their appearance may provide clues to alleviating
chronic tics.

Thus far, with vigorous outreach and advertising, we have maintained
adequate recruitment of children with recent onset of tics (mean <4
months), a population that has been difficult to enroll. We confirmed that,
like children with a chronic tic disorder, tic suppression is possible within
the first few months after tic onset and is improved by providing
immediate, contingent rewards for successful tic suppression. More
important and more surprising, we have demonstrated that the course of
PTD is almost always one of improvement rather than disappearance of
symptoms at the 12-month mark that defines chronicity in the current
nosology. We have further identified several indicators at initial
enrollment that predict worse or better clinical tic status at 12 months.
Some of these are clinical measures that are relatively easily assessed,
including baseline tic severity and variety, subsyndromal autistic features,
and anxiety. Better intentional tic suppression under conditions of
immediate reward proved to be another relatively straightforward
indicator of improvement at follow-up. Finally, we identified hippocampal
volume as a novel prognostic biomarker over the first year of tic symptoms.
All of these are novel results with potential clinical relevance. The project
continues enrollment, but we have reported important, clinically relevant
results from what is already the largest prospective study of PTD.
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The primary limitation of our work is that our sample was not a purely
representative epidemiological sample. Such a sample would be extremely
difficult to study, since a relatively large number of children would need
to be thoroughly screened, and since most would be asymptomatic,
limiting child and parent enthusiasm for participation. The most obvious
concern related to representativeness is that we may be likely to
oversample children with severe tics or from families better positioned to
access medical care. However, we feel that our sample is fairly
representative. Tic severity was fairly low at study entry, with a mean TTS
< 20; about a third of the children came from families experienced with
tics (positive family history or a physician parent); and disadvantaged
minorities are represented at or above the frequency predicted from
regional demographics.

Remaining work includes first completing enrollment of the full sample,
which was predicted to provide adequate power for the remaining
analyses, especially rs-fcMRI, voxel-based morphometry, perfusion fMRI,
and the machine learning analyses. Other planned analyses include a
shape deformation analysis of basal ganglia, thalamus and hippocampus
by our colleague Dr.Lei Wang from Northwestern University
[100,136,137]. We are also eager to find out how often tics completely remit
by 2, 3 and 4 years after tic disorder onset.

One possible future direction may be to test whether it is possible to
effectively reduce future tic severity by a randomized controlled trial of
behavior therapy in the New Tics children most likely to need continuing
clinical attention. Potentially this approach would produce secondary
prevention of TS/CTD. The prognostic indicators we have identified will
allow directing treatment to those children most likely to benefit from
intervention, a resource allocation benefit in this population with
relatively good outcomes overall. The best proven behavioral treatment
for chronic tic disorders is CBIT, but alternatives that may lend themselves
well to children of this age, early in the course of illness, include CBIT-]Jr,
which focuses more on family accommodation and attention to tics [138],
or exposure and response prevention (ERP) [139]. For ERP we have
proposed a modification, based on the tic suppression results described
above, that may facilitate participation by young children [140].
Alternatively, perhaps a cognitive remediation strategy could focus on
improving the ability to unlearn habitual maladaptive motor sequences.
Of course, novel results after completion of enrollment may point us in
different directions.
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