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Motor dysfunction in youth at clinical high risk 
(CHR) for psychosis is thought to re�ect abnormal 
neurodevelopment within cortical-subcortical motor cir-
cuits and may be important for understanding clinical 
trajectories of CHR individuals. However, to date, our 
perspective of brain-behavior relationships has been in-
formed solely by cross-sectional correlational studies 
linking behavior in the lab to brain structure or respec-
tive resting-state network connectivity. Here, we assess 
movement dysfunction from 2 perspectives: study 1 inves-
tigates the longitudinal progression of handwriting var-
iability and positive symptoms in a sample of 91 CHR 
and healthy controls during a 12-month follow-up and 
study 2 involves a multiband functional magnetic reso-
nance imaging task exploring the relationship between 
power grip force stability and motor network brain ac-
tivation in a subset of participants. In study 1, we found 
that greater handwriting variability was a stable feature 
of CHR participants who experienced worse symptom 
progression. Study 2 results showed that CHR indi-
viduals had greater variability in their grip force and 
greater variability was related to decreased activation 
in the associative cortico-striatal network compared to 
controls. Motor variability may be a stable marker of 
vulnerability for psychosis risk and possible indicator of 
a vulnerable cortico-striatal brain network functioning 
in CHR participants, although the effects of antipsy-
chotic medication should be considered.

Key words:   clinical high risk/motor control/variability/
handwriting/power grip/longitudinal/functional magnetic 
resonance imaging

Introduction 

Prominent theories suggest that the development of 
psychosis is due to an already vulnerable and over-
reactive dopaminergic system leading to impaired 
cortical-striatal network functioning.1 These the-
oretical approaches have led researchers toward 
investigating motor behavior and motor brain net-
works as critical components for understanding the 
pathophysiology of  psychosis.1�4 A�large body of  work 
suggests that movement dysfunction during young 
adulthood may be associated with vulnerability for de-
veloping a psychotic disorder.5�8 Seminal studies using 
live observation and home videos have noted that for 
people who later go on to develop psychosis, movement 
dysfunction is observable from birth and is present in 
those at high risk for the disorder.9�11 Recent longitu-
dinal and prospective research of  motor dysfunction 
has bolstered the need for assessing motor dysfunction 
during the clinical high risk (CHR) period as it may 
inform risk predictions for conversion and different 
illness trajectories.12�15

 Intact motor control relies on the complex coordina-
tion of neural, cognitive, muscular, and skeletal compo-
nents: noise within this system is characterized by greater 
variability (ie, motor dysfunction).16 Past research exam-
ining motor variability from multiple perspectives in 
at-risk and schizophrenia populations highlight the use 
of instrumental measures that may detect more subtle 
spontaneous movement dysfunction independent of an-
tipsychotic medication.12,17�21 One such paradigm involves 
assessing smoothness in handwriting. Digitizing tablets 
allow researchers to capture handwriting kinematics of 
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pen movement variability such as the normalized jerk.13,22�24 
CHR individuals tend to show greater normalized jerk 
compared with healthy controls13; however, longitudinal 
investigations are needed to determine whether greater 
handwriting variability may help parse CHR participants 
based on symptom�course.

The power grip, which incorporates the force of the 
�ngers and palm to hold a drinking glass, lift a barbell, 
or use a hammer, is another important paradigm.25,26 
Greater variability and poor grip strength have been as-
sociated with aging,27 declines in cognitive performance, 
and overall health in people with schizophrenia.25,28 In 
schizophrenia patients, poor sensorimotor control may 
also be evident with greater variation during isometric 
forces (the steady-state phase of a grip) and occurs inde-
pendent of medication.29 In studies involving power grip, 
task dif�culty is often modulated so that the task mimics 
different real-world demands.30�32 Another point to con-
sider, few tasks that test motor control in CHR samples 
have been designed to see how repeated trials impact 
variability; it may be important to consider how motor 
control deteriorates over the course of a task as this may 
reveal insights into how the cortico-striatal system man-
ages performance over time.33,34

 Movement variability observed in the lab has been as-
sociated with abnormal brain structure and functional 
connectivity in the motor brain network (comprising 
cortico-striatal and cortico-cerebellar circuits).12,35�38 
Interestingly, greater grip strength can result in greater 
force variability and brain activation within the cortico-
striatal network,39,40 although people with schizophrenia 
do not show the expected increase in brain activity in so-
matosensory areas with greater levels of force.41 There 
is little research in task-based functional neuroimaging 
examining motor function during the CHR period, lim-
iting our understanding of brain-behavior relationships 
in cortico-striatal and cortico-cerebellar brain regions.42 
Grip force stability experiments are easily administered in 
a magnetic resonance environment and research in healthy 
individuals point toward the involvement of cortico-
striatal and cortico-cerebellar brain networks,31,32,40,43,44 
providing a powerful method for examining motor be-
havior and motor network associations prior to the onset 
of psychosis. 

Here, we present 2 studies investigating movement 
variability from a sample of  116 right-handed CHR 
(n�=�60) and healthy control (n�=�56) young adults. In 
study 1, we examine a group of  91 participants (n�=�45 
CHR and n�=�46 healthy control) who returned for a 
12-month follow-up assessment. The CHR group was 
separated into groups based on either a stable/im-
proved or worsening positive symptom progression. We 
examined baseline and follow-up differences in hand-
writing kinematics between CHR clinical subgroups. In 
study 2, a subsample of  37 participants (n�=�18 CHR 
and n�=�19 healthy control), participants completed a 

functional magnetic resonance imaging (fMRI) power 
grip paradigm. The fMRI task modulated grip dif�-
culty under 2 different conditions corresponding to 
a light and hard grip strength. In theory, normalized 
jerk handwriting kinematics may be considered analo-
gous�and are thought to share neurobiological mech-
anisms in schizophrenia patients�to force stability 
paradigms.45 Thus, the 2 studies were conceptualized 
as complementary approaches to understanding motor 
variability mechanisms. In study 1, based on the re-
search showing movement dysfunction in people who 
later develop psychosis,7,10,12,46 we hypothesized that 
greater pen movement variability at baseline would be 
worse in participants with worsening symptom progres-
sion compared with those who remain stable/improved 
after 1�year. In study 2, we hypothesized that the CHR 
group would show greater force instability in both con-
ditions during the task, force instability would increase 
over the course of  the task, and CHR individuals would 
show lower brain activation within the motor network 
related to worse performance on the task.

Methods and Materials

Participants
Data for both studies were obtained from a total of 116 
right-handed adolescent and young adults (n�=�60 CHR 
and n� =� 56 healthy controls) between 12 and 24� years 
of age who consented to participate in a longitudinal 
study at the Adolescent Development and Preventive 
Treatment (ADAPT) research program. The Structured 
Interview for Psychosis-Risk Syndromes (SIPS) was ad-
ministered to diagnose a psychosis-risk syndrome within 
the past 2�months or rule out the presence of a syndrome 
in healthy controls.47 The Structured Clinical Interview 
for Axis-I DSM-IV Disorders (SCID) was administered 
to determine the presence of a psychotic disorder diag-
nosis.48 The protocol and informed consent procedures 
were approved by the University Institutional Review 
Board.

Study�1
Sample Characteristics.  Study 1 included 91 participants 
(n�=�45 CHR and n�=�46 healthy controls) who completed 
both clinical and handwriting assessments at baseline and 
follow-up, thus representing a 22% attrition rate for the 
entire sample. CHR participants were separated into 2 
groups based on the symptom progression of the SIPS 
positive symptom domain at a 12-month follow-up clin-
ical interview. Worsening illness progression was de�ned 
as an increase of 1 point on any of the positive symptom 
dimension scales of the SIPS. The groups were de�ned 
by a stable/improved psychosis-risk syndrome (CHR-S/I) 
or worsening illness progression (CHR-W). Twenty-nine 
(63.04%) of the 45 CHR participants with a follow-up 
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assessment over the 12-month period experienced 
worsening illness progression. Three of the CHR-W par-
ticipants (6.6%) converted to a psychotic disorder within 
12�months of their baseline assessment (see table�1).
Handwriting.  Handwriting kinematics was acquired 
using Neuroscript MoveAlyzer software (http://www.
neuroscript.net) installed on a Fujitsu Lifebook T901 
tablet computer with a non-inking pen. Participants drew 
8 concentric circles continuously in a clockwise direction 
within a 2-cm boundary line using their right hand over 
3 separate trials. A�measure of pen movement smooth-
ness, average normalized jerk (ANJ), was extracted from 
MoveAlyzer software. More details are described in the 
supplemental material and elsewhere.13,14,22,23,49

Statistical Analysis.  One-way analysis of variance 
(ANOVA) and chi-squared tests were run in R (v.3.6.1) 
and used to compare continuous and categorical demo-
graphic data, respectively. A�repeated-measures ANOVA 
was run to con�rm positive symptom changes between 
CHR subgroups across time points.

ANJ was averaged across trials. In order to assess 
changes to ANJ, a 3�× 2 repeated measures analysis of 
variance (ANOVA) with group (CHR-S/I and CHR-W 
and healthy control participants) as a between-subjects 
factor and timepoint (baseline and follow-up) as a within-
subject factor was run. Post hoc testing between groups 
involved Tukey honest signi�cant difference (HSD) cor-
rection for multiple comparisons using the Multcomp 
package. 

Study�2
Sample Characteristics.  A total of 41 right-handed ad-
olescent and young adult CHR (n�=�20) and healthy con-
trol (n�=�21) participants were recruited opportunistically 
during and following the longitudinal data collection to 
complete the fMRI power grip task for study 2.�Four par-
ticipants (n�=�2 CHR and n�=�2 healthy controls) were 
excluded from the analysis because of technical errors 
during the task leaving a total of 37 participants (n�=�18 
CHR and n�=�19 healthy controls). See table�2.

Power Grip Force Stability fMRI Task.  The force sta-
bility device is pressure sensitive and built from 2 
polymer rods that clamp down on a compressible, 
polyvinyl air tube. The participant held the device in 
their right hand while viewing a squeeze gauge with 
a line indicating how much force should be applied. 
Visual feedback was presented throughout the trial for 
2 different conditions, light and hard, with a total of 
30 trials per condition over 3 blocks of  trials with 20 
trials per block (see �gure� 1). Grip trials were separ-
ated by rest trials lasting between 2 and 10 seconds; 
rest trials were jittered and randomly presented based 
on a Gaussian distribution of  time intervals. Handgrip 
strength was quanti�ed by the average reading of  3 
trials of  maximum grip using a force dynamometer, 
following the scanning procedure, in order to rule out a 
potential covariate between�groups.

The behavioral data for the grip force stability task 
were processed according to similar procedures as past 
studies.12,17,18,37 Based on visual inspection of the data, the 
initial 3 seconds of the trial were removed in the anal-
ysis to focus on the steady-state phase of isometric con-
traction (see �gure� 1). A� coef�cient of variation (CV), 
a unitless measurement of variability, for each trial and 
participant was calculated by dividing the standard de-
viation by the mean amplitude of the force waveform. 
A� linear coef�cient measuring the change in CV across 
the 30 trials (larger values indicate worsened perfor-
mance) was calculated for each condition to examine the 
change in variability over the course of the�task.

The fMRI data were acquired on a Siemens Magnetom 
TIM Trio (3T) MRI scanner with a 32-channel head coil. 
fMRI data analysis was carried out using the FMRIB 
Software Library 5.0.10 (FSL) FMRI Expert Analysis 
Tool v6.0 (FEAT). Four �xed-effects models comparing 
grip > rest were de�ned at the second level to examine 
brain activation as a function of an average across blocks 
of trials (ie, block 1�=�block 2�=�block 3)�or as a linear 
change in activation across blocks (ie, block 1�< block 2�< 
block 3)�for each condition separately. See supplemental 
material.

Table 1.  Demographic Characteristics of Study 1 

Study 1 Sample

CHR-S/I CHR-W Healthy Control Statistic P �

Age 18.2 (2.01) 18.6 (1.99) 18.6 (2.24) F(2,�88)�=�0.23 NS
Sex
  Male 6 22 18   
  Female 10 7 28   
  Total 16 29 46 X2�=�10.92 .004
Education (years) 12.3 (1.89) 12.6 (2.28) 12.1 (2.07) t(114)�=�1.27 NS
Parent education 15.6 (2.50) 16.0 (2.10) 15.8 (2.61) t(114)�=�0.77 NS

Note: NS indicates P > .05. Mean (SD). CHR-S/I refers to the stable/improved group and CHR-W refers to the CHR participants with a 
worsened symptom progression.
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Statistical Analysis.  Independent samples t-tests and 
chi-squared tests were used to compare continuous and 
categorical demographic data, respectively.

Comparison of force stability (ie, CV) between CHR 
and healthy controls involved a 2�× 3�× 2 repeated meas-
ures ANOVA with group as a between subject�s factor 
and block and condition as within-subject factors. A�2�× 
2 repeated-measures ANOVA was also used to examine 
the change in force stability (ie, CV linear coef�cient) be-
tween group and condition.

Group comparisons of brain activation were conducted 
in FEAT for each second level model. Results used the 
standard threshold, z > 3.1, PFWE < .05. Effect size maps 
were created with fslmaths for exploratory analysis 
of�whole brain group comparisons and thresholded at 
d > 0.5.50

Region of interest (ROI) analysis involved anatomical 
masks of bilateral caudate, putamen, thalamus, whole 
cerebellum, supplementary motor area, and primary and 
secondary motor cortex from the Harvard-Oxford and 
Montreal Neurologic Institute (MNI) structural atlases 
in FSL. Mean brain activation in each ROI was extracted 
using group-level whole brain cope images in Featquery. 
A�series of 4 repeated measures ANOVAs were used to 
examine between-group differences within ROI for each 
second level model separately. For each ANOVA, inter-
action and main effects used a Bonferroni-corrected � 

< .0125 to control for multiple comparisons followed by 
Tukey HSD correction in post hoc�tests.

Brain-behavior relationships within motor network 
ROIs were assessed using a linear mixed model procedure 
(lmer package) to test the interaction between group, 
brain region, and CV. P-values were obtained using the 
car package. The average CV for each condition was used 
as a predictor; in models 3 and 4, the CV change in slope 
was used as a predictor according to the second level 
models de�ned above. For each linear mixed model, in-
teraction and main effects used a Bonferroni-corrected � 
< .0125 to control for multiple comparisons followed by 
Tukey HSD correction in post hoc tests.

Results

Study�1
Sample Characteristics.  There were no group differences 
between CHR subgroups and healthy controls in terms 
of age, years of education, or parent education; however, 
CHR subgroups and healthy controls differed with regard 
to sex. A� total of 11 CHR participants were prescribed 
antipsychotic medication (4 CHR-W at baseline, and 1 
CHR-S/I and 8 CHR-W at follow-up). Consistent with 
what would be expected given the grouping strategy, there 
was a signi�cant group by timepoint interaction in positive 
symptom change between CHR subgroups F(1,43)�=�35.08, 

Fig. 1.  Power grip device, paradigm, and raw subject data. Panel A�shows the custom grip device. Panel B shows an example of the task 
paradigm (light [green] and hard [red] conditions). Panel C shows 2 examples of a single participant power grip functional magnetic 
resonance imaging (fMRI) experiment. 
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