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Abstract: Some retrospective studies suggest that psychosocial stressors trigger the onset of tics. This
study examined prospective hypothalamic–pituitary–adrenal (HPA) axis activity and perceived stress
prior to tic onset. In the present study, 259 children at high risk for developing tics were assessed for
hair cortisol concentration (HCC) and parent-on-child-reported perceived stress four-monthly over a
three-year period. We used (i) generalised additive modelling (GAM) to investigate the time effects
on HCC (hair samples n = 765) and perceived stress (questionnaires n = 1019) prior to tic onset and
(ii) binary logistic regression to predict tic onset in a smaller subsample with at least three consecutive
assessments (six to nine months before, two to five months before, and at tic onset). GAM results
indicated a non-linear increasing course of HCC in children who developed tics, and a steady HCC
course in those without tics, as well as a linear-increasing course of perceived stress in both groups.
Logistic regression showed that with a higher HCC in hair samples collected in a range of two to
five months before tic onset (which refers to cortisol exposure in a range of four to eight months),
the relative likelihood of tic onset rose. Our study suggests increased stress prior to tic onset, as
evidenced by higher HCC several months before tic onset.

Keywords: tic disorder; physiological stress marker; hair cortisol; perceived stress; onset of tics

1. Introduction

Sudden, recurrent, rapid, nonrhythmic movements such as eye blinks or vocalisations
are common phenomena in childhood, observed in up to one-fifth of children in the general
population [1–3]. Chronic tic disorders (CTDs), characterised by motor and/or vocal tics
lasting at least 1 year affect approximately 1–3% of children worldwide [4,5]. While we
previously identified certain mental and behavioural problems (such as conduct problems,
compulsions, or emotional problems) as precursors of tic onset [6], early-life psychosocial
stress is an environmental risk factor suspected to trigger the onset of tics. However, to
date, studies examining psychosocial stress (i.e., the exposure to adverse life events or the
subjective appraisal of situations as being overwhelming or very demanding) prior to the
onset of tics are limited to retrospective assessments of stressful life events [7–10], while
prospective studies including physiological markers of psychosocial stress (such as cortisol)
and perceived stress are lacking.

Individuals experience psychosocial stress when they perceive an imbalance between
demands and resources [11]. Psychosocial stress manifests physiologically as an activation
of the hypothalamic–pituitary–adrenal (HPA) axis, a multi-step biochemical pathway that
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in turn regulates the release of cortisol, the main stress hormone. Studies on other psychi-
atric disorders (e.g., postpartum depression and posttraumatic stress disorder) revealed
cumulative cortisol levels (measured by hair cortisol concentration, HCC, referring to the
stress level over the last two to three months) as a predictor of symptom onset [12–14].
Furthermore, studies indicated that the relationship between symptom severity and hair
cortisol is non-linear [15,16], which may also apply to the onset of symptoms.

So far, evidence about the relationship between tics and cortisol levels is limited, and
often, the study design did not match the complex interplay of many associated factors. For
example, there is evidence that children and adults with CTDs show a stronger activation
of the HPA axis (i.e., higher cortisol levels) compared to healthy controls when exposed to
acute psychosocial stressors [17–19]. Importantly, the mentioned studies used short-term
assessments of cortisol level changes that occur over the course of minutes to hours and
are therefore not suitable to evaluate the activation of the HPA axis over a longer period
(months). To date, there has only been one study in children and adolescents with CTDs
examining HCC as a retrospective longer-term assessment of HPA axis activity [20]. In this
study by our group, a weak-to-moderate relationship between tic severity and perceived
stress was found, but no relationship between tic severity and HCC and no difference in
HCC between affected and unaffected children. To date, there have been no prospective
data on HCC and perceived stress as a possible precursor of tic onset, despite being of
clinical interest, as future preventive efforts can be directed towards this.

Thus, the main aim of the present study was to examine whether HCC and perceived
stress are precursors of tic onset. It is the first study ever assessing the effect of HCC
and perceived stress on the onset of tics in a prospective manner. In the present study,
over a three-year period, we measured HCC (a marker referring to the cumulative cortisol
level indicating prolonged stress over the last two to three months) and parent-on-child-
reported perceived stress (covering the previous month) every four months and at the
time of tic onset in children at heightened risk of developing tics (siblings of children
with a CTD, who themselves had no tics before or at study entry [21]). We compared the
participating children who developed tics during the course of the study (Onset+) with
those who did not (Onset−). First, we examined the non-linear time effects on levels of
stress (HCC and perceived stress) and whether they were different between Onset+ and
Onset− children (Onset±) using generalised additive modelling over a three-year course.
Next, only children with at least three consecutive assessment points were investigated.
That is, it was of interest whether levels of stress (HCC and perceived stress) within the
three separate time periods (i.e., six to nine months before, two to five months before, and
at tic onset) would predict the likelihood of tic onset.

We expected a non-linear course of HCC and perceived stress before tic onset. We
further hypothesised that HCC and perceived stress predict tic onset, with a higher HCC
and perceived stress before tic onset.

2. Materials and Methods
2.1. Study Design and Participants

Our data are part of a longitudinal European cohort, the European Multicentre Tics
in Children Studies (EMTICS), designed to identify the genetic and environmental risk
factors of CTDs [22]. The ONSET arm of EMTICS investigates the association between
environmental and genetic factors and the onset of tics in first-degree relatives (siblings) of
individuals with a CTD. This study arm comprises 259 children aged 3–10 years (at the time
of baseline visit) who are siblings of an individual with a CTD, who themselves had no tics
before or at study entry. A total of 61 children developed tics during the three-year course
of the study (see [6]). The presence of comorbidities such as attention-deficit/hyperactivity
disorder (ADHD), obsessive–compulsive disorder (OCD), and trichotillomania were as-
sessed in a clinical interview according to DSM IV-TR criteria. Family demographic data
were also recorded. Per protocol, OCD and trichotillomania were exclusion criteria in the
ONSET cohort. Yet, some protocol breaches occurred, which resulted in 24 individuals
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with OCD and four individuals with trichotillomania still entering the ONSET arm. For
the present HCC study, these children were excluded (consistent with our previous HCC
study [20], and given the potential association between HCC and OCD), resulting in a
sample of 231 (out of 259) children (n = 54 with and n = 177 without tic onset; this sample
included 19 sibling pairs). However, at least three consecutive assessment points with
both available HCC and perceived stress within designated time windows (see statistical
analyses) were available for 72 children only (n = 13 with and n = 59 without tic onset;
this sample included seven sibling pairs; note that there was only one child with tic onset
and OCD not included in this study). Children and their families were recruited from
16 child and adolescent psychiatry, neurology, and paediatric neurology outpatient clinics
across Europe with additional study advertisement through patient organisations and other
health professionals (for more details, see [22]).

The study was approved by the Institutional Review Board of each participating centre.
Parents and their children provided written informed consent and assent as appropriate
according to local ethical regulations. While the travel costs of participating families were
reimbursed, no additional compensation was paid.

2.2. Study Procedure

At the baseline visit, parents were explained all possible symptoms indicative of a
possible onset of tics and were instructed to communicate any possible sign of tic onset
to the study centre as soon as possible. The baseline visit was followed by planned
four-monthly alternating telephone interviews (comprising a review of weekly diaries
about possible symptom onset and clinical evaluations of possible tic onset) and site
visits (comprising clinical evaluations and collection of hair). Thus, over the three-year
study period, as per protocol, children were evaluated every two months, allowing for
assessments two weeks earlier or later than according to the visit schedule. Nevertheless,
there were also larger time gaps between the two assessments due to individual scheduling
difficulties and missed visits. In addition to the scheduled assessments, parents were asked
to get in touch with the clinical centre in case of a suspected onset of tics, which could lead
to an expedited tic onset visit, thus shortening the planned inter-visit period.

The onset of tics was defined as the first occurrence of any sudden, rapid, recurrent,
nonrhythmic, involuntary motor movement and/or vocalisation noticed on at least three
consecutive or separate days within a period of three weeks. If a possible tic onset was
identified through a telephone interview, a site visit followed within one week (or at the
earliest opportunity) for a clinical evaluation to confirm or exclude the parent-observed tic
onset and for an assessment of levels of stress (HCC and perceived stress) [see Figure S1 in
the Supplementary Material for the study workflow].

2.3. Measures

Hair cortisol concentration (HCC): HCC was measured as a physiological marker
of longer-term stress. It was extracted from the two to three most proximal centimetres
of the gathered scalp hair strains, taken approximately two cm below the cranial bone.
This indicates the cortisol exposure over the past two to three months, as the growth
rate of hair is approximately one cm per month [23]. The analysis procedure followed a
protocol described in detail by Dettenborn and colleagues [24] with two changes described
previously by our group [20]. From siblings of individuals with CTDs, we collected n = 894
hair samples from the baseline until the tic onset visit or throughout participation (with
no tic onset). Unwillingness to provide a hair sample or too short of hair were the most
common reasons why hair samples were not collected. Due to insufficient weight (<4 mg)
or insufficient length (<2 cm) for laboratory analyses, 120 hair samples were excluded.
Another nine hair samples were excluded as they were HCC outliers (≥3 SD/28.8 pg/mg).
This resulted in a total hair sample size of 765 (128 of them from Onset+ children).

Perceived Stress Scale (PSS-10): As a measure of perceived stress, the parent-on-child
version of the well-established 10-item self-report version of the Perceived Stress Scale [25]
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was used. A parent rated the degree to which life situations over the past month were
experienced as stressful by the child on ten questions with a five-point response scale (range
0–40, higher scores indicated more perceived stress). The questions and scales of the parent-
on-child version were the same as in the self-report version (e.g., “In the last month, how
often has your child been upset because of something that happened unexpectedly?”). The
10-item self-report version was found to be reliable and valid (Cronbach’s alpha 0.74–0.91;
criterion validity r = 0.70) [26]. The relation between the PSS-C and the PSS-P is strong
(r = 0.51–0.59, [27]). We only used the parent-on-child version, since all children were under
or at the age of ten, and child-report measures are available only from age 11 years. A total
of 1019 PSS-10 questionnaires (190 of them from Onset+ children) were collected.

Parental education level: For the parental education level, the highest completed
level of education of the mother and/or the father was captured. If information was
available from both parents (included as a parent: biological parent, partners of divorced
parents, or adoptive parent), the higher educational level was used. If information was only
available from one parent, their education level was used. It was rated as follows: 1 = under
seven years of schooling, 2 = Junior High School/7th–9th grade, 3 = General Certificate
of Secondary Education or high school diploma, 4 = A levels or two-year college degree,
5 = four-year college/university degree, and 6 = post-graduate/graduate/professional
degree.

2.4. Statistical Analyses

Group differences in age, time (weeks) between visits, HCC, and PSS-10 were exam-
ined by independent t-tests. To identify differences in sex, the highest education of parents,
and the presence of ADHD between the two study groups, we conducted chi-square tests.
False discovery rate (FDR) correction [28] was applied for comparisons of HCC and PSS-10
to correct for multiple testing. Effect sizes were calculated using Phi and Cramer’s V for
chi-square tests and Cohen’s d for independent t-tests [29].

We applied generalised additive models (GAM) for HCC and PSS data separately,
which can be used to determine complex non-linear regression effects [30] by automatically
determining the optimal combination of non-linear basis functions [31]. For the present
data (n = 54 with and n = 177 without tic onset), a GAM offers a suitable method to examine
the time course of HCC, despite the missing values (by setting each hair sample and PSS
measure as a separate case), and is not limited to linear assumptions. To model the means
of HCC and PSS-10 as (potentially) non-linear functions of time and test for a significant
interaction effect between Onset± (group effect of Onset+ and Onset−) and time, i.e., if the
patterns across time before tic onset varied depending on Onset±, we implemented GAMs
for the two outcomes, HCC and PSS-10, with the following form:

g(outcome) = α + βX + f1(time, by = Onset±)

where α is the intercept, β is the vector of parameters associated with the set of explanatory
variables X (Onset±, Sex, and Age), and f1 is a smooth function for time (for Onset+
children: weeks to Onset; for Onset− children: weeks to last visit) by Onset± (to test the
interaction effect between Onset± and time). The smooth functions are associated with
estimated degrees of freedom (EDF) indicating a linear (EDF = 1) or non-linear (EDF > 1)
relationship with the related p-value indicating whether the shape and direction of the
effect is certain.

In addition to the GAMs, binary logistic regression analyses were performed to in-
vestigate whether levels of stress (HCC and PSS-10 as the independent variables) in the
months before and at tic onset had an effect on the likelihood to develop tics, with Onset±
as the dependent variable. For this purpose, we only selected children with available HCC
and PSS-10 on at least three consecutive study visits (n = 13 with and n = 59 without tic
onset). As different time spans were covered by the HCC (the past two to three months)
and PSS-10, separate analyses were run for HCC and PSS-10 (past month). For the Onset−
children, it comprised the first three visits every four months, including the baseline visit.
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For the Onset+ children, it comprised the individual’s last three visits, including the tic
onset visit. As the hair sample at tic onset indicates the cortisol exposure over the past
two to three months, the previous hair sample for this analysis had to be collected at
least two months before tic onset and at the most six months before (staying within the
four-month assessment rhythm). Hence, the study visits in the Onset+ children refer to
three time periods (T1: representing a time range of six to nine months before tic onset,
T2: representing two to five months before onset, and T3: at tic onset). Binary logistic
regression analyses were run for HCC and PSS-10, using the enter method with one block
(includes the respective stress measures, HCC or PSS-10, at the three time points), and
showing 95% Confidence Intervals. We a priori tested the independent variables (HCC and
PSS-10 over the three time periods) to verify that the assumption of the linearity of the logit
was fulfilled and that there was no multicollinearity.

Due to the skewed distribution of HCC and PSS-10 data, we applied a Box–Cox
transformation [32] with −0.50 (a reciprocal square root transformation) as the best-fitting
lambda for HCC and 0.70 for PSS-10. Transformed HCC and PSS-10 values were used for
independent t-tests and GAMs. The mgcv package [31] working in the RStudio 2022.07.2
(R 4.1.2) environment was used to conduct the GAMs, while SPSS 28 was used for all other
analyses.

3. Results
3.1. Description and Characteristics of the Total Study Sample and Subsample Used for Analyses

Sample characteristics and the results of chi-square tests and t-tests are displayed in
Table 1 regarding the children included in the present study and the smaller subsample
used for the binary logistic regression analyses (for more details on sample selection, see
Table S1 in the Supplementary Material). A total of 5 of the 177 Onset− children and 6 of
the 54 Onset+ children reported psychotropic medication use at some point during study
participation.

Table 1. Characteristics and differences between Onset+ and Onset− children of the total study
sample and the subsample used for binary logistic regression analyses.

Onset+ Onset− Test Statistic p-Value Effect Size

Children included in the present study
n 54 177
Sex, male, n (%) 33 (61%) 67 (38%) X2 (1) = 9.12 p = 0.003 ϕ = 0.19
Highest education parents, Md 5 5 X2 (4) = 1.92 p = 0.75 V = 0.09
ADHD (DSM-IV-TR), n (%) 6 (11%) 13 (7%) X2 (1) = 0.63 p = 0.43 ϕ = 0.05
Age, M (SD) 6.61 (1.83) 6.69 (2.16) t (229) = −0.25 p = 0.80 d = 0.04
Study duration in weeks, M (SD) 51.41 (40.10) 84.68 (53.07) t (114.88) = −4.92 p < 0.001 d = −0.66

Sample used for binary logistic regression
n 13 59
Sex, male, n (%) 8 (62%) 17 (29%) X2 (1) = 5.03 p = 0.03 ϕ = 0.26
Highest education parents, Md 4 4 X2 (4) = 0.15 p = 0.99 V = 0.05
ADHD (DSM-IV-TR), n (%) 0 (0%) 7 (12%) X2 (1) = 1.71 p = 0.19 ϕ = 0.15
Age, M (SD) 6.94 (1.89) 7.27 (2.32) t (70) = −0.48 p = 0.63 d = 0.15
Weeks between T1 and T2,
M (SD)
Range

17.24 (2.05)
14–20

17.02 (1.87)
12–22

t (70) = 0.37 p = 0.72 d = 0.11

Weeks between T2 and T3,
M (SD)
Range

14.15 (4.47)
6–20

16.63 (2.06)
10–23

t (13.14) = −1.95 p = 0.07 d = −0.93

Note. ADHD = attention-deficit/hyperactivity disorder, includes all children with inattentive or hyperactive
or combined type. Highest parental education level according to six categories: 1 = under seven years of
schooling, 2 = Junior High School/7th–9th grade, 3 = General Certificate of Secondary Education or high
school diploma, 4 = A levels or two-year college degree, 5 = four-year college/university degree, and 6 = post-
graduate/graduate/professional degree. Onset+ = children with the onset of tics during study participation;
Onset− = children without the onset of tics during study participation. The time ranges of T1, T2, and T3 are
described in Table 2.
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Table 2. Description of visits used for the binary logistic regression analyses of stress measures (HCC
and PSS-10) between the children with tic onset (Onset+) and the children without tic (Onset−).

Onset+
n = 13

Onset−
n = 59 Test Statistic p-Value Effect Size

T1

Description of the
visit and time range

Second last visit before tic onset
with valid hair sample and PSS-10
(visit occurred 6–9 months before
onset)

Baseline visit with
a valid hair sample

HCC, M (SD) 1 4.93 (5.22) 2.94 (3.84) t (70) = 1.43 p = 0.16 d = 0.44
PSS-10, M (SD) 1 11.38 (7.14) 10.38 (6.56) t (70) = 0.45 p = 0.66 d = 0.14

T2

Description of the
visit and time range

Last visit before tic onset with valid
hair sample and PSS-10
(visit occurred 2–5 months before
onset)

First follow-up
visit with a valid
hair sample

HCC, M (SD) 1 5.62 (5.48) 2.26 (1.94) t (70) = 2.63 p = 0.01 2 d = 0.81
PSS-10, M (SD) 1 11.23 (6.62) 10.70 (7.98) t (70) = 0.32 p = 0.75 d = 0.10

T3

Description of the
visit and time range

At onset with valid hair sample and
PSS-10

Second follow-up
visit with a valid
hair sample

HCC, M (SD) 1 3.31 (2.71) 2.61 (3.24) t (70) = 1.16 p = 0.25 d = 0.36
PSS-10, M (SD) 1 11.23 (6.62) 10.70 (7.98) t (70) = 0.67 p = 0.51 d = 0.20

Note. HCC = hair cortisol concentration; PSS-10 = parent-on-child-reported Perceived Stress Scale. Note that only
subjects with three consecutive visits of available HCC and perceived stress were included in these groups. 1 for
the mean and standard deviation, untransformed values were displayed, while test statistics were calculated by
transformed values. 2 result was significant after FDR correction (10%), six comparisons.

We found no significant differences regarding parental education, ADHD, or age
between Onset+ and Onset− children (see Table 1). A small effect was found for sex
between the two study groups (Onset+ children were more likely to be male).

According to the study protocol, further evaluations stopped after tic onset, while
Onset− children were evaluated for up to three years. Therefore, the duration of study
participation (for Onset+ this equates to the time until onset) differs significantly between
the groups (see Table 1). Since in the smaller subsample, the two included visits before tic
onset could be within a time span of four months (T1: visit occurred six to nine months
before onset; T2: visit occurred two to five months before onset), it was checked whether
the time between the two measures differed between the groups. The mean number of
weeks between the visits used for the analyses did not differ between the two groups (see
Table 1).

Table 2 shows both stress measures in the smaller subsample used for binary logistic
regression. HCC at T2 was significantly higher in the Onset+ children compared to the
Onset− children, while all other stress measures (HCC and PSS-10 at T1 and T3 and PSS-10
at T2) did not differ significantly between the groups.

Across the total study sample and all measurements, there was no significant correla-
tion between HCC and PSS-10, r (726) = −0.02, p = 0.55.

3.2. Non-Linear Time Effects

As seen in Figure 1, Onset+ children showed a different pattern of HCC across time
(time to Onset) than Onset− children (time to last visit). While Onset− children showed
rather steady HCC values, Onset+ children showed lower levels one to two years before
onset, followed by an increase above the level of Onset− children. However, for Onset+
children in the study, the confidence interval longer than two years before onset was very
large (due to the low sample size of hair samples collected more than two years before tic
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onset). The GAM estimation indicated, through the EDF score of 2.25 for the smooth term
of Onset+ specific time effects (weeks to onset/last visit), a non-linear course of HCC for
Onset+ children.
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Figure 1. Estimated curves for HCC (of 128 Onset+ hair samples and 637 Onset− hair samples)
during study participation in Onset+ and Onset− children, with shading of the 95%-level confidence
region. Note. The Onset+ end point was at tic onset and the Onset− end point was the last visit.

However, the smooth term did not reach the significance level of <0.05 (p = 0.07),
meaning there was some complexity in the HCC-course of Onset+ children but also some
uncertainty about the shape and direction of the effect. In contrast, the EDF score of 1 for
the smooth term of Onset− specific time effects (time to last visit) indicated a linear course
of HCC for Onset− children, but even this smooth term does not reach the significance
level of <0.05 (p = 0.08). The difference between the estimated smooth terms did not reach
a significance level of <0.05 (EDF = 1.00, p = 0.08), meaning that the difference between the
HCC pattern in Onset+ and Onset− children did not reach significance (due to the large
confidence interval).

Both groups showed a linear pattern of PSS-10, indicated by the EDF score of 1, for
the smooth term of Onset± specific time effects (weeks to onset/last visit). As can be
seen in Figure 2, higher perceived stress was implied in Onset+ children in the months
before onset. Again, the confidence interval longer than two years before onset in Onset+
children was large and both smooth terms did not reach the significance level of <0.05
(Onset+ p = 0.09; Onset− p = 0.05). The difference between the estimated smooth terms
was also not significant (EDF = 1.00, p = 0.06), meaning that the difference between the
PSS-10 pattern in Onset+ and Onset− children did not reach significance (due to the
large confidence interval). Furthermore, the linear term of age was significant (p = 0.04),
indicating a linear relationship between age and PSS-10.

All coefficients of the generalised additive models can be seen in Table S2 in the
Supplementary Material. Repeating the GAM for HCC and PSS-10 without sibling pairs
(by either excluding the Onset- children in Onset+/Onset− pairs, or the younger and male
children in Onset−/Onset− pairs) did not change the patterns of the smooth terms (see
Table S3 in the Supplementary Material). An additional repetition of the analysis with a
case-control matched sample (without sibling pairs) also did not change the patterns of the
smooth terms (see Table S4 in the Supplementary Material).
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3.3. Effects of Stress up to Twelve Months before the Onset of Tics on the Likelihood of
Developing Tics

To examine whether HCC and PSS-10 levels before the onset of tics increased the
likelihood of tic onset, we conducted binary logistic regression analyses with tic onset as
the dependent variable and HCC (for HCC model) or PSS-10 (for PSS-10 model) at T1, T2,
and T3 as independent variables.

The assumption of the linearity of the logit was given for all independent variables
(log interaction term: HCC at T1 p = 0.36; HCC at T2 p = 0.80; HCC at T3 p = 0.23; PSS at
T1 p = 0.71; PSS at T2 p = 0.36; and PSS at T3 p = 0.74) and there was no multicollinearity
(variance inflation factors: HCC at T1 = 1.1; HCC at T2 = 1.14; HCC at T3 = 1.04; PSS at
T1 = 2.5; PSS at T2 = 3.3; and PSS at T3 = 2.1).

The overall binary logistic regression model for HCC was significant, χ2(3) = 10.13,
p = 0.02. The model explained 21.5% (Nagelkerke R2, which is equivalent to an effect size of
f 2 = R2

NK/(1 − R2
NK) = 0.27 and thus a medium effect) of the variance in tic onset with an

overall correct prediction rate of 84.7%. HCC at T2 was a significant predictor of tic onset
at T3, Wald = 5.47, p = 0.02. With each 1 pg/mg higher HCC at T2, the relative likelihood of
tic onset at T3 rose by 30.1% (CI 1.04–1.62). The other two predictors were not significant
(HCC at T1: Wald = 0.22, p = 0.64; HCC at T3: Wald = 0.02, p = 0.88). For PSS-10, the binary
logistic regression model was not significant, χ2(3) = 0.83, p = 0.84.

4. Discussion

This study is the first to prospectively examine the three-year course of hair cortisol and
perceived stress and whether levels of stress (up to one year prior to onset) are predictors
of the onset of tics in children with a heightened risk of developing tics (i.e., siblings of
individuals with a CTD). The results of the generalised additive model (GAM) suggest a
non-linear increasing pattern of HPA axis activity before tic onset, although there is some
uncertainty about the shape and direction of the effect. A visual inspection of the model
implies higher HCC levels in the five months before tic onset compared to Onset− children.
In comparison, Onset− children showed a rather steady HPA axis activity. Notably, for hair
samples collected within a range of two to five months before tic onset (which refers to the
cortisol exposure in a range of four to eight months before tic onset), with each 1 pg/mg
higher HCC, the relative likelihood of tic onset rose by 30%. Similarly, HCC levels in the
Onset+ group were significantly higher two to five months before tic onset compared to the
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Onset− group. This is in line with the non-linear increasing pattern of HPA axis activity
before tic onset identified by GAM. For perceived stress, the GAM results suggest a linear
increasing pattern for both Onset+ and Onset− children, and a visual inspection of the
model indicates higher perceived stress in Onset+ children in the five months before onset.
However, for the three separate time periods of the binary logistic regression analyses (T1:
six to nine months, T2: two to five months before, and T3: at onset), we did not find any
effects of perceived stress on the likelihood of developing tics.

Given the results of the binary logistic regression analysis regarding HCC, it is rather
surprising that no effect of perceived stress on the likelihood of developing tics was found.
It was also unexpected that there was no association between HCC and perceived stress. In
this context, however, it must be considered that results on the relationship between HCC
and psychosocial stress in humans are also inconsistent (for a meta-analysis see [33]), which
could relate to different types of measured psychosocial stress (e.g., daily/weekly hassles,
adverse life events), different reporting perspectives (e.g., self, parent, and partner), and
the time lag between physiological and psychosocial measures. For example, in a study of
37 adult couples, self-reported weekly hassles predicted HCC with a time lag of about four
weeks. Meanwhile, the authors found no association between HCC and partners’ reports
of weekly hassles (frustrating demand of everyday transactions) [34], as well as self and
partner reports on the perceived stress scale or chronic stress scale, even with a time lag of
about four weeks [35]. This underlines the complexity of the relationship between HCC
and psychosocial stress—with HCC as a retrospective physiological marker of longer-term
stress in terms of time and perspective.

Therefore, besides the small sample size for the binary logistic regression analyses
with limited power for a general conclusion, we see two further limitations in our study
design that might explain our findings of the medium effect of HCC and not of perceived
stress on tic onset. First, different time spans were covered by HCC and the PSS-10. In
the present study using four-monthly assessments, HCC represented the cortisol level
covering the past two to three months prior to its assessment, whereas the PSS-10 reflected
the perceived stress of the last month. Stressful episodes longer than one month but less
than three months ago could thus have led to increased HCC but may not have been
captured by the PSS-10. In other words, the PSS-10 may not have indicated the chronicity
of stress needed to be related to tic onset. Ideally, both stress measurements (HCC and
PSS-10) should have been carried out more frequently, but compliance would have probably
decreased considerably if hair samples were taken even more frequently (e.g., every eight
weeks). However, instead of carrying out the HCC measurements more frequently, the
HCC could also be analysed in much smaller increments. For instance, the samples could
be subdivided into 1 cm sections, each capturing ~1 month of cortisol. For future studies,
it could, therefore, be helpful to combine cortisol measures of hair (subdivided into 1 cm
sections), saliva, and sweat (measured by wearables) as physiological measures of stress
and to capture perceived stress by a mobile application every four weeks. Second, children’s
perceived stress was measured by parental ratings. Consequently, episodes perceived as
stressful by the children may not have been identified if parents judged them as less severe
or not stressful at all. For example, parents may judge a tic exacerbation of their CTD
child as stressful for this child. However, a tic exacerbation could also be perceived as
stressful for the unaffected sibling. Unfortunately, an insufficient number of child ratings
was available for analysis.

Even if speculative, the present results of higher HCC before tic onset could point to
an overactivation of the HPA axis, perhaps as an inflammatory stress-related phenomenon,
such as increased proinflammatory cytokine levels that enhance activation of the HPA
axis (e.g., the overproduction of the corticotropin-releasing hormone, CRH), reflecting
an enhanced response to stress [36]. However, caution is warranted for interpretation
as further factors (e.g., emotional problems, compulsions, or oppositional symptoms [6])
could lead to changes in HPA axis measures before tic onset, rather than the association
being mediated by (psychosocial) stress. However, there is growing evidence of aberrant
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proinflammatory cytokine levels in individuals with CTDs and indications that cytokine
levels in patients with CTDs are related to the severity of tics [37–39]. Furthermore, a
stronger HPA axis activation in terms of elevated CRH levels in the cerebrospinal fluid has
been found in individuals with CTDs compared to healthy controls (+28%) and in those
with OCD (+31%) [19]. Both animal and human studies (e.g., [40,41]) have shown that
CRH (which increases as a response to stress) modulates dopamine release, and dopamine,
for its part, affects motor circuits in the brain, which can potentially lead to hyperkinetic
symptoms such as tics (e.g., [42]). Although dopamine is not the only neurotransmitter
involved in the cortical–striatal–thalamic–cortical circuits, it is further involved in immune-
mediated mechanisms [36,43,44]. A hyper-dopaminergic state has been proposed in CTDs
to exert immunomodulatory effects, e.g., upregulated proinflammatory immune responses,
hence, elevated physiological stress responses, and thereby enhancing tic symptoms [36,44].

The suggestion of overactivation of the HPA axis is consistent with growing evidence
about multimodal hypersensitivity to external stimuli related to altered central sensory pro-
cessing in individuals with CTDs [45]. For example, a large proportion of individuals with
CTDs report heightened sensitivity to external stimuli, and while the detection threshold is
unchanged compared to healthy controls [46], sensorimotor gating is deficient [47]. Similar
processes may also be involved in relation to tic onset.

Strikingly, in a previous study by our group, we found no relationship between tic
severity and HCC at baseline in individuals with CTDs and also no difference in HCC
between individuals with CTDs and unaffected siblings [20].

Additional limitations should be acknowledged. In the present study, siblings of
children with CTDs who are at increased risk for developing tics were examined. Therefore,
results from this study suggest that higher HCC several months before tic onset, at least in
those with genetic risk factors, does play a role in the onset of tics, yet the results cannot be
generalised to non-familial CTDs. While, in line with expectations, a group size of 61 out of
259 children with tic onset within the three-year study period was achieved, only 13 of them
had conjoint valid hair and perceived stress samples at tic onset and at two previous visits
before tic onset. Although generalised conclusions from a sample of 13 Onset+ children are
limited, the patterns of HCC and PSS-10 identified by the GAMs in the larger sample point
in the same direction as the results of the binary logistic regression in the small sample.
Furthermore, the study design does not allow for causal interpretations, as increased stress
levels may be related to increased psychopathological symptoms found prior to tic onset [6].
However, the present results provide an important first prospective insight into HPA axis
activity and psychosocial stress before and at the time of tic onset.

5. Conclusions

In sum, the present study provides the first prospective data on HPA axis activity and
perceived stress prior to onset. Results show a non-linear increasing course of HPA axis
activity in the year before the onset of tics and, in particular, a higher hair cortisol concentra-
tion within the five months before tic onset, indicating that an increase in stress over months
predicts a subsequent tic onset rather than an acute increase. Furthermore, the present
results offer an indication that a dysregulation within the HPA axis might be a factor in the
mechanism of tic onset, whereas it is still unclear whether a microbiologically triggered
immune response, an infection-triggered stress response, or perhaps fronto-subcortical
networks with immune-mediated insult might be causal for the dysregulation (for an
overview, see [14,15]). To date, there is a lack of research on how dysregulation within
the HPA axis may be related to tics and hippocampal volume. Further research is needed
on the role of stress and the regulation of the HPA axis in individuals with CTDs or at
high risk of developing tics. In particular, the interaction and mediation effects of HCC
and self-reported perceived stress in relation to the onset of tics should be investigated
in future research. For example, future studies could use wearables and apps to collect
real-time data on physiological and psychosocial stress by leveraging more extensive and
fine-tuned data. Such technologies may also be used in clinical practice as low-threshold
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instruments to monitor stress reports and markers in high-risk individuals. In addition,
prevention programmes for high-risk individuals such as mindfulness-based stress reduc-
tion could be implemented in clinical practice; mindfulness-based stress reduction appears
to improve the severity of tics and tic-related impairments in people with CTDs [48]. Thus,
not only children with CTDs but also their siblings could benefit from a mindfulness-based
stress reduction programme, which could be extended by a mindfulness-based parenting
programme.
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of the generalized additive models to test the moderating effect of Onset on the relationship between
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