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Abstract

In an effort to elucidate differences in functioning brain networks between youth with obsessive-
compulsive disorder and controls, we used fMRI signals to analyze brain network interactions of
the dorsal anterior cingulate cortex (1ACC) during visually coordinated motor responses. Subjects
made a uni-manual response to briefly presented probes, at periodic (allowing participants to
maintain a “motor set”) or random intervals (demanding reactive responses). Network interactions
were assessed using psycho-physiological interaction (PPI), a basic model of functional
connectivity evaluating modulatory effects of the dACC in the context of each task condition.
Across conditions, OCD were characterized by hyper-modulation by the dACC, with loci
alternatively observed as both condition-general and condition-specific. Thus, dynamically driven
task demands during simple uni-manual motor control induce compensatory network interactions
in cortical-thalamic regions in OCD. These findings support previous research in OCD showing
compensatory network interactions during complex memory tasks, but establish that these network
effects are observed during basic sensorimotor processing. Thus, these patterns of network
dysfunction may in fact be independent of the complexity of tasks used to induce brain network
activity. Hypothesis-driven approaches coupled with sophisticated network analyses are a highly
valuable approach in using fMRI to uncover mechanisms in disorders like OCD.

1. Introduction

Obsessive-compulsive disorder (OCD) is a common neuropsychiatric disorder typically
diagnosed during childhood or adolescence that is characterized by persistent, intrusive
thoughts and urges (obsessions) and repetitive, intentional behaviors (compulsions). These
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compulsive behaviors are often, but not always, aimed at decreasing anxiety caused by
obsessions. OCD is highly prevalent in youth: 1-year incidence rates of sub-clinical and
clinical OCD in adolescents are 8.4% and 0.7%, respectively (Valleni-Basile et al., 1996),
and obsessive-compulsive traits are common and continuously distributed in the general
population (Park et al., 2016). Yet, relatively little is known about the underlying brain
network /nteractions that characterize and mediate OCD symptoms. Here we focus on
network interactions of the dorsal anterior cingulate cortex (dACC) during simple uni-
manual behavior in youth with OCD. These functional investigations are underpinned by a)
the relevance of the dACC in OCD-related pathology (Diwadkar et al., 2015; Rosenberg et
al., 2004; Szeszko et al., 2004) and b) the structure's importance in control-related
mechanisms during simple uni-manual motor responses (Asemi et al., 2015). We employed
a simple visuo-motor integration paradigm with varying chronometric and attention
demands to induce network dynamics modeling network interactions from the acquired
fMRI signals using psychophysiological interaction (PPI), a well-established method for
inferring functional connectivity in brain networks (Friston et al., 1997; O'Reilly et al., 2012;
Silverstein et al., 2016).

OCD often manifests during childhood and adolescence, an aspect of significance, given that
brain networks remain dynamic in this critical phase of the life span (Paus et al., 2008), thus
motivating our focus on youth. By implication, neurodevelopmental mechanisms are salient
in the disorder (Rosenberg and Keshavan, 1998), and indeed the emergence in youth leads to
persistent dysfunctional neural organization and longstanding behavioral symptoms of OCD
into adulthood (Tottenham and Sheridan, 2009). These patterns of dysfunction in OCD are
characterized by an inability to disengage persistent thoughts from behavior, suggestive of
impaired functioning, and dysfunctional network profiles of contro/regions of the brain,
including the dACC (Diwadkar et al., 2015), such that disordered brain network interactions
may lead to dysfunctional (i.e. plausibly exaggerated) inhibitory control (Bari and Robbins,
2013).

1.1 The dACC and motor control

The dACC occupies a highly specific role in the functional economy of the brain, reflecting
both its evolutionary history as well as its anatomical connectivity (Paus, 2001). The
structure has significant projections to the motor cortex, priming it to be an influential
modulator of core and extended motor networks (Asemi et al., 2015) as well as an interface
between sensorimotor and cognitive processing. Moreover, and as previously noted, the
structure is of particular relevance in OCD. Previous evidence suggests impairments in both
neurochemistry characterized by decreased anterior cingulate glutamate (Rosenberg et al.,
2004), and brain network function during complex tasks such as working memory
(Diwadkar et al., 2015). Notably, motor control is a more elementary psychological process
than working memory or executive control, yet behavioral and electrophysiological studies
point to impairments in OCD. During basic flanker tasks characterized by motor response
choice, individuals with OCD show increased error-related negativity (ERN) on medial
leads, suggestive of performance hyper-monitoring. This hyper-monitoring may in turn
impair mechanisms of motor control primarily by impairing behavioral inhibition
(Gritzmann et al., 2014; van den Heuvel et al., 2015; van Velzen et al., 2014). fMRI
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evidence of brain activation profiles (i.e., how brain regions are differentially activated under
different task conditions) has been slightly equivocal. For example, even when subjects
evince increased ERN, they do not necessarily show differential activity in the dorsal and
mid-cingulate cortices (Gritzmann et al., 2014). These effects suggest that network as
opposed to activation profiles may be a more sensitive marker for OCD. Indeed, recent
graph theoretic analyses (albeit of resting state fMRI signals) suggest disorganization in
“network structure” in OCD, such that more dense local connectivity, but more sparse inter-
regional connectivity, may underpin /ess efficient network profiles (Armstrong et al., 2016).

Given strong evidence of the involvement of the dACC in motor control and the relevant
behavioral symptoms of OCD, we investigated brain network profiles (Friston et al., 1997;
O'Reilly et al., 2012) of the dACC in OCD during a simple visuo-motor task. The task
induces network interactions by requiring uni-manual finger responses to a stimulus flashing
at different periodicities (periodic or random). Previous evidence has suggested that
variations in task demands induce differential changes in network interactions in healthy
adolescents (Asemi et al., 2015). Specifically, as evidenced from behavioral and connectivity
analyses, rhythmic tapping in response to a periodically presented stimulus resulted in
systematic functional connectivity fromthe dACC o the supplementary motor area (SMA).
These previous results motivate the value of simple manipulations of this visuo-motor
paradigm in inducing sophisticated and differential variations in network interactions in
adolescence. Our goal was to extend this rationale to the study of network interactions in
OCD. Previous evidence has established that the task induces strong directed functional
connectivity from the dACC (Asemi et al., 2015), rendering it both a) a suitable behavioral
representation for studying motor control mechanisms in OCD and b) sensitive for inducing
brain network interactions originating in the dACC.

Increased demands on cortical-striatal-thalamic (CST) circuitry during complex tasks may
undermine cortical processing in OCD (Diwadkar et al., 2015; Li and Modi, 2016). It is
plausible that the increased demands may express themselves through the dACC, given the
structure's sensitivity to task difficulty, error monitoring and cognitive control (Bakshi et al.,
2011; Carter et al., 1999). Therefore, we hypothesized increased dACC modulation of CST
targets in OCD, particularly during visuo-motor conditions with increased demand.

2. Methods

2.1 Subjects

Thirty-six participants with a diagnosis of OCD and 18 healthy controls (HC), all right-
handed, participated in fMRI studies (see Table 1). All participants and their parents were
interviewed with the Schedule for Obsessive-Compulsive and Other Behavioral Syndromes
(Hanna, 2014) and Schedule for Schizophrenia and Affective Disorders for School-Aged
Children-Present and Lifetime Version (Kaufman et al., 1997). The lifetime (maximum) and
current severity of OCD were assessed in patients with a modified version of the Children's
Yale-Brown Obsessive-Compulsive Disorder Scale (CY-BOCS)(Goodman et al., 1989;
Scahill et al., 1997). Lifetime and current Axis | diagnoses were independently confirmed by
two clinicians (DRR, GLH) according to DSM-5 criteria. Exclusion criteria for patients and
controls included lifetime history of schizophrenia, other psychotic disorder, bipolar
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disorder, substance abuse or dependence, anorexia nervosa, bulimia nervosa, epilepsy, head
injury with sustained loss of consciousness, Huntington's disease, dyskinesia, autism, mental
retardation, or a score >15 on the lifetime version of the Social Communication
Questionnaire (Rutter et al., 2003). The OCD sample included comorbidities such as general
anxiety disorder, attention deficit hyperactivity disorder, depression, oppositional defiant
disorder and autism spectrum disorder (Table 1). Additionally, some OCD subjects were
currently receiving pharmacotherapy and/or cognitive behavioral therapy at the time the
study was performed. This is also outlined in Table 1. Controls were free of
psychopathology. Parents or legal guardians provided written informed consent and children
gave written assent prior to participating in the study. The Human Subjects Investigative
committees at Wayne State University and the University of Michigan approved the protocol
and all methods.

Gradient echo EPI fMRI data acquisition was conducted at the Vaitkevicius Magnetic
Resonance Centre on a 3T Siemens Verio system using a 12-channel volume head coil (TR:
2.6s, TE: 29ms, FOV: 256x256mm2, acquisition matrix: 128x128, 36 axial slices, voxel
dimensions: 2 x 2 x 3mm3). In addition, a 3D T1-weighted anatomical MRI image was
acquired (TR: 2200ms, TI: 778ms, TE: 3ms, flip-angle=13°, FOV: 256x256mmz2, 256 axial
slices of thickness = 1.0mm, matrix=256x256). A neuroradiologist reviewed all scans to rule
out clinically significant abnormalities.

2.3 Uni-manual Motor Control Task

During the uni-manual motor task, participants were instructed to tap the forefinger of their
right hand in response to a flashing white probe (Asemi et al., 2015). Because we were
primarily interested in uni-manual responses associated with the periodicity of the motor
response, two classes of epochs were assessed (each 30 s duration): a) During Periodic
epochs, probes flashed with fixed stimulus onset asynchrony (SOA,; .5 s or 1 s) allowing
participants to maintain a motor set over the course of the epoch; b) During Random epochs,
SOA was randomly perturbed, resulting in reactive responses from participants (see
behavioral effects for validation). Across the epochs, SOAs were created by pseudo-
randomly sampling values from Gaussian distributions (4= 1.0/2.0 s; o = 0.5/1.0 s). The
lower bound on the SOA was 300 ms (to exceed typical lower limits in response latency).
The number of elicited responses during each of the Periodic and Random conditions was
held constant. During the resting control condition between epochs, participants were
instructed to fixate on a cross hair in the center of the field of vision. Finger responses were
collected from the receptive surface (extent: 33 x 33 mm) of a fiber-optic response touchpad
(Current Design Systems, Inc.) interfaced with the Presentation software package
(Neurobehavioral Systems, Inc.; Technical issues with the response collection equipment
permitted analyses of a limited sample: OCD: 15, HC: 6). During the course of the scan,
participants alternated between task and control (rest) epochs (30 s each, four epochs for
each of the Periodic and Random conditions and two rest epochs) interspersed with short
(10s) rest intervals. The task conditions are schematically depicted in Figure 1.
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2.4 fMRI Processing

MR images were preprocessed and analyzed using SPM 8 (Statistical Parametric Mapping,
Wellcome Department of Imaging and Neuroscience, London, UK) using established
methods for temporal (slice timing correction) followed by spatial preprocessing. For spatial
pre-processing, the EPI images were manually oriented to the AC-PC line with the
reorientation vector applied across the EPI image set, realigned to a reference image to
correct for head movement, and co-registered to the anatomical high resolution T, image.
This high-resolution T, image was normalized to the MNI template, with the resultant
deformations subsequently applied to the co-registered EPI images for normalization. Low
frequency components were removed using a low-pass filter (128 s) and images were
spatially smoothed using a Gaussian filter (8 mm full-width half maximum; FWHM). An
autoregressive AR (1) model was used to account for serial correlation, and regressors
modeled as box-car vectors (for each of the task-related conditions: Periodic, Random and
Rest) were convolved with a canonical hemodynamic reference wave form, with the six
motion parameters included as effects of no interest.

Network interactions were modeled using psycho-physiological interaction (PPI) (Friston et
al., 1997), a basic model of functional connectivity that characterizes modulatory effects of
an a priori defined seed region (e.g., dJACC) on target regions during the specific
psychological condition of interest (e.g., Periodic or Random). The anatomy of the dACC
was motivated by previously published theoretical motivations (Paus, 2001) and empirical
evidence (Carter et al., 1998; Hoffstaedter et al., 2014; Woodcock et al., 2016)(See
Supplementary Figure 1 for definition) including the supragenual and rostral elements of
Brodmann Areas 24 and 32. For each subject, time series from the dACC (effects of interest,
p < 0.05; see Supplementary Figure 1 for anatomical definition) were extracted,
subsequently convolved with the contrasts of interest (Periodic > Rest; Random > Rest),
with the resultant interaction positively weighted to assess the facilitative effects of the
dACC in each task context. Each participant contributed two first-level PP1 maps for
subsequent group-level random effects analyses, modeled using independent sample #tests.
These separate models allowed us to quantify differences in dACC modulation between
OCD and HC during Periodic and Random conditions. Significant clusters in regions of
interest signifying differences in PPl modulation between HC and OCD were identified
using 104 Monte Carlo simulations of the data. These allowed us to identify minimum
cluster extents (0<0.05, cluster-level) (Ward, 2000), by estimating the minimum cluster
extent in order for activated clusters to be rejected as false positive (noise-only) clusters. The
Monte Carlo alpha probability simulation computes the probability of a random field of
noise (after accounting for spatial correlations of voxels based on the image smoothness
within each region of interest estimated directly from the data set). The resultant cluster size
reflects a minimum cluster extent, after the noise is thresholded at a given level. Thus,
instead of using the individual voxel probability threshold alone in achieving the desired
overall significance level, the method uses a combination of both probability thresholding
and minimum cluster size thresholding. The underlying assumption is that true regions of
activation will occur over contiguous voxels whereas noise has much less of a tendency to
form clusters of activated voxels.
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3. Results

3.1 Behavior

Available response data were analyzed to separately assess effects of condition and group on
the frequencies of missed responses, and the latencies for made responses. The percentage of
missed responses and latencies for made responses were analyzed in separate repeated
measures analyses of variance with task condition (Periodic vs. Random) as the within-
participant factor and group (OCD vs. HC) as the between-participant factor. There was no
significant effect of task condition on the percentage of missed responses [F 19) = 2.67, p>
0.05], suggesting that participants performed with similar accuracy during both task
conditions. There was a significant effect of task condition for response latencies [F 19) =
30.995, p< 0.001, two-tailed], with the latencies during the Random condition averaging 51
ms longer than the Periodic condition. There was no significant main effect of group for
response latencies [~1,19) = 0.382, p>0.05] or for percentage of missed responses [F 19) =
0.044, p> 0.05], suggesting that both OCD and HC performed similarly.

3.2 PPI Results

We present the PPI results in the following order. First, we present evidence of hyper-
modulation by the dACC in OCD compared to HC during the Periodic condition (Figure 2).
Next, we present evidence of hyper-modulation by the dACC in OCD compared to HC
during the Random condition (Figure 3). In foreshadowing the results, we note that across
both conditions, OCD participants were characterized by hyper-modulation by the dACC,
though patterns of overlap and condition-specific effects were observed (explored in Figures
5-7, Discussion). Cluster relevant information is displayed in Table 2.

3.2.1 dACC modulation: Periodic Condition—Figure 2 depicts significant clusters (p
< 0.05, cluster level) showing dACC hyper-modulation in OCD compared to HC during the
Periodic condition. This hyper-modulation by the dACC is seen in the insula, superior
temporal gyrus, putamen, thalamus, caudate, cingulate cortex, superior frontal gyrus, and
medial frontal gyrus.

3.2.2 dACC modulation: Random Condition—Figure 3 depicts clusters (0 < 0.05,
cluster level) showing dACC hyper-modulation in OCD compared to HC during the Random
condition. This hyper-modulation by the dACC is seen in the insula, superior temporal
gyrus, putamen, cingulate cortex and thalamus. The extent of these effects is exaggerated
with respect to the Periodic condition, prominently in regions such as the thalamus.

Notably for both conditions, effects were not observed in core regions of the motor system
including the primary-, pre- and supplementary motor cortices. Moreover, the regions with
exaggerated modulation in OCD are recognized for psychological functions associated with
attention and attention gating, and externally guided motor responses.

3.2.3 Developmental effects on network profiles—To characterize age-related
effects across the study groups, for each condition and group, the first level PPI maps were
submitted to regression modeling, with age as the single regressor of interest. Figure 4
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depicts clusters (p < 0.05, cluster level) where age exerted significant statistical effects (both
positive and negative) in each group and condition (Cluster relevant information is displayed
in Table 3). In general, HC were characterized by a more developmentally articulated
relationship between age and patterns of JACC modulation, whereas these effects are
moderate to absent in OCD. Moreover, in HC age-related effects were differentially
mediated by condition, with a greater developmental effect observed in the random
condition in HC.

4. Discussion

Previous studies have used more complex working memory tasks to study OCD (Diwadkar
et al., 2015; Li and Modi, 2016), and have shown complex compensatory increases in
modulation of cortical-striatal activity by the dACC. Here we extend these concepts in two
ways: 1) First, we use more basic sensorimotor paradigms that do not rely on complex
behavioral processing and can be more tractably performed across adolescence and 2) We
demonstrate that network effects generalize, suggesting a “trait-related” pattern of network
dysfunction in OCD that may be relatively independent of task complexity.

In this study, we studied the modulation of sensorimotor networks by the dACC during a
simple uni-manual visuo-motor task with varying demands. The effects of these demands
were revealed in the behavioral data, such that the random condition resulted in longer
response latencies, and in more missed responses than the periodic condition. Moreover, the
absence of main effects of group are important in suggesting that task compliance and
performance was similar for OCD and HC. This null effect permits interpretation of the
fMRI results without the confounds of generalized performance deficits that can affect
clinical fMRI studies (Carter et al., 2008), and allow us to interpret exaggerated modulation
effects from the perspective of compensatory network responses in OCD.

The differences in network profiles were clear: 1) OCD participants were characterized by
increased dACC modulation of cortical regions, regardless of the demands of the task.
Notably, increased modulation was evident in core regions of the executive attention
network including the middle frontal and cingulate gyri, the basal ganglia and the thalamic
nuclei (Visintin et al., 2015; Xuan et al., 2016), but not in regions that lie in core motor sub-
networks (including regions such as the primary-, pre- and supplementary motor cortices);
2) The degree of “hyper”-modulation varied as a function of the sensorimotor demands of
the task. During random epochs, where the task demands induced greater attention
processing by virtue of the unpredictable demands of the task, dACC hyper-modulation was
more pronounced.

The study was not optimized to assess neurodevelopmental differences, yet our cross-
sectional explorations revealed interesting developmental patterns across study groups
(Figure 4). Most generally, the results suggested that age predicted dACC network profiles
differently in OCD and HC. Specifically, during random epochs, participant age in HC was a
strong positive predictor of dACC profiles, more so than in OCD (Figure 4, right panels). In
HC, these effects were observed in bilateral striatal, thalamic, frontal, insular, parietal and
visual regions; In OCD, the effects were circumscribed, restricted to the pre-cuneus and

Psychiatry Res. Author manuscript; available in PMC 2017 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Friedman et al.

Page 8

bilateral caudate nuclei. By comparison, in HC negative correlations with age were observed
in the inferior frontal cortex. Age was less of a predictor of dACC profiles for the periodic
condition (Figure 4, left panels) with no effects observed in OCD, and relatively
circumscribed clusters in HC. Because OCD is considered to be neurodevelopmental in
origin, age should be less predictive of fMRI-estimated changes in brain function through
the adolescent developmental window. Indeed, these general effects are consistent with
previous evidence of neurodevelopmental deviations in OCD (Boedhoe et al., 2016;
Fitzgerald et al., 2011). The specific nature of these developmental differences will need
more detailed modeling of developmental trends (Stanley et al., 2008), but the results
support the notion that age is generally a poorer predictor of brain profiles in illness than in
health (Keshavan et al., 2005; Shaw et al., 2011). These statistical effects may reflect a lack
of age-related synchrony in network interactions that may result from or drive clinical
disorders.

The absence of effects in motor regions, and the pronounced presence of effects in attention
regions, highlights the effectiveness of this simple task in discovering dysfunction in “higher
order” networks in OCD. The effects suggest that the patterns of dysfunction are directed
towards brain sub-networks that are most germane to the psychological sub-processes of
interest, in this case attention. Below, we highlight the relevance of extant studies of brain
networks in OCD, and place our result in an overall framework that relates to the biological
bases of the disorder.

In analyzing the effects of the task condition on dACC related network profiles, three classes
of brain regions could be identified: a) regions that were characterized by hyper-modulation
during both periodic and random conditions, and therefore suggestive of task-independent
network impairment in OCD (shown in Figure 5); b) regions of specific hyper-modulation
during periodic (but not random epochs)(shown in Figure 6), and most extensively c) regions
of specific hyper-modulation during random (but not periodic epochs)(shown in Figure 7)
that highlight demand related effects on network dysfunction.

4.1 Common substrates of network dysfunction in OCD

During both conditions, OCD participants were characterized by dACC hyper-modulation of
a network of regions, including the superior temporal gyrus, putamen, insula, anterior and
posterior cingulate cortices, cingulate gyrus, and thalamus (Figure 5). The putative functions
of these regions reinforce the idea that generalized network dysfunction in OCD may be
sensitive to attention-related effects associated with the paradigm.

Both periodic and random conditions required the integration of visual stimuli and the
output of motor function, demanding extended periods of attention commitment to
sequences of briefly presented visual stimuli. The thalamus is an important center that gates
sensory inputs and projects outputs to cortical and subcortical targets (Haber and Calzavara,
2009), and studies suggest that the activity of thalamic nuclei are highly susceptible to
descending frontal inputs (Haber and McFarland, 2001), and that descending network effects
are detectable with network modeling (Jagtap and Diwadkar, 2016). Thus, the hyper-
modulation of the thalamus across conditions suggests plausibly exaggerated mechanisms of
“top-down” control of frontal-thalamic processing units in OCD. This may reflect a
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compensatory attention mechanism in brain networks in OCD regardless of the extent of the
attention demands of the task. The superior temporal gyrus is activated during externally
guided finger tapping tasks (Adhikari et al., 2013; Witt et al., 2008), suggesting its
fundamental role in finger movements. Moreover, studies demonstrate that the structure is
also engaged during obligatory attention tasks (Alho et al., 2014), suggesting that the
common bases of hyper-modulation reflects an interface between exaggerated motor and
attention control in OCD. The basal ganglia have been previously implicated in both finger-
tapping tasks (Witt et al., 2008) and in the executive attention network (Diwadkar et al.,
2011). Studies indicate that the basal ganglia are activated during rhythmic finger
movements to externally guided stimuli (Bednark et al., 2015), suggestive of complimentary
functionality to the core motor system. Moreover, the basal ganglia and the putamen are
implicated in OCD: The size and shape of the putamen has been correlated with obsessive
and compulsive symptoms, with marked bilateral hypertrophy accompanying traits of OCD
(Kubota et al., 2016). Our results show dACC hyper-modulation of the putamen in OCD,
suggesting dysfunctional network interactions involving extended motor regions.

Previous evidence has also supported abnormalities of the anterior and posterior cingulate
cortices in OCD, including lower gray matter density (Tang et al., 2013) and lower
glutathione levels suggestive of increased oxidative stress (Brennan et al., 2016). From a
functional perspective, aspects of the cingulate cortex have been implicated in the pacing of
auditory temporal predictions in finger tapping tasks (Hoffstaedter et al., 2013; Pecenka et
al., 2013), suggesting a functional relevance for its hyper-modulation regardless of task
condition. Moreover, the anterior cingulate cortex plays a key role in attention and
performance monitoring during finger tapping tasks (Wesley and Bickel, 2014), and in the
context of OCD, previous studies have shown greater activity of the anterior cingulate cortex
in OCD in relation to error processing correlated with disease severity (Fitzgerald and
Taylor, 2015) and during working memory (Diwadkar et al., 2015).

Finally, across conditions, OCD were characterized by hyper-modulation of the insula. The
insula is part of the extended motor circuit, known to play a role in the sensorimotor
synchronization of visually-paced finger tapping, as well as movement of the hands (Witt et
al., 2008). The structure has also been implicated in OCD, with anatomical (Pujol et al.,
2004; Valente et al., 2005) and functional abnormalities (van den Heuvel et al., 2005;
Velikova et al., 2010). These patterns of condition-independent hyper-modulation may
reflect network impairment that is central to the attention and motor demands that are
common across both periodic and random conditions.

4.2 Network dysfunction during specific task conditions

During the Periodic condition, OCD were characterized by dACC hyper-modulation of sub-
areas in the superior temporal gyrus, caudate, cingulate gyrus and superior and medial
frontal gyri (Figure 6). Previous evidence suggests that motor responses to periodically
presented external stimuli assist in the development of a motor set, facilitated by the
establishment of stable control processes within core motor sub-networks (Asemi et al.,
2015). The dACC may play a particularly salient role in mediating this automated control of
motor movements in an efficient and autonomous manner (Paus, 2001), and as confirmed in
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an analysis of behavioral latencies, responses during the periodic condition were more
efficient (on average 51 ms faster than the random condition). We expect that the hyper-
modulatory effects of the dACC may reflect a compensatory network signature on visual
motor and attention sub-networks to maintain efficient motor control.

The Random condition is noted for the presentation of unpredictable visual onsets, that pre-
empt the establishment of motor sets in responding, lead to correspondingly increased
attention demand, and subsequent decrement in performance (51 ms slower than the periodic
condition). We expect these behavioral effects to be reflected in network profiles in OCD,
and indeed as depicted in Figure 7, the random condition induced highly exaggerated dACC
modulation in multiple brain regions including aspects of the cingulate cortices, the
putamen, and most notably the thalamus (Figure 7).

The highly exaggerated pattern of bilateral thalamic modulation extends evidence from
Figure 5, with these extensive effects, reiterating the importance of the thalamus in attention
gating (McAlonan et al., 2008), and suggesting that in OCD, compensatory descending
hyper-modulation serves to underpin task performance. These implications generalize to
both the cingulate gyrus and the putamen, each of which have been implicated in attention
processing, finger tapping, or both (Diwadkar et al., 2011; Fan et al., 2005; Ullen et al.,
2003).

The behavioral data provide partial support for the speculation that attention demands may
drive many of the observed network effects. It is evident that OCD did not differ from HC in
terms of response times. While this lack of a difference may be attributed to a relatively
small sample size, the literature is equivocal in this regard. Studies using tasks with
substantial attention demands have reported both a slowing in OCD youth (Hirschtritt et al.,
2009), but also no differences between OCD and HC (Cocchi et al., 2012). In general
however, the latency data from the available behavioral responses unequivocally suggest that
the random condition was more challenging (though the data on miss rates did not). This
notion that our observed effects relate to attention remain speculative as does the possibility
that our results might be a result of impairments in OCD related to predicting error
likelihood or in predictive coding.

While the experiment (and our analysis) is not specifically designed to address issues of
predicting error likelihood (Brown and Braver, 2005) or predictive coding (Friston et al.,
2014), it is highly plausible that the exaggerated network profiles of the dACC do indeed
reflect aberrations in either or both of those mechanisms in OCD. Because behavioral errors
and the realization of errors are highly salient, expectedly the dACC and its network
signatures are highly sensitive to errors particularly on tasks involving choice between
competing responses (Ham et al., 2013). Indeed impaired error monitoring is associated with
OC dimensions (O'Toole et al., 2012). However, in our paradigm, a finger response was
simply evoked by a binary response cue (the presentation of the visual probe), suggesting
more likely that the task evoked principles of predictive coding in the motor system (Adams
et al., 2013). In our case, it is plausible that descending predictions from the motor system
are adjusted to the incoming sensory inputs that generate an ascending prediction error (from
the visual system), that themselves are sensitive to the descending predictions. The
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reiterative adjustment of motor prediction to the visual inputs may be a mechanism that
optimizes neural responses to sensory inputs (Friston, 2009). Impaired prediction error is an
emerging framework for understanding dysfunction in illnesses such as schizophrenia
(Friston et al., 2016), and it is plausible that clinical obsessions distort neural mechanisms
for optimizing prediction error in OCD. Because the uncertainty of sensory onsets in the
random condition is certainly greater than those in the periodic condition, it is certainly true
that participants are operating under a higher degree of uncertainty (reflected in the response
profiles for the periodic and random conditions). However, it is also plausible that the
relatively brief condition blocks are too short for the system to learn that the onsets in the
periodic condition have certainty. In sum, it is wholly plausible that the exaggerated network
profiles of the dACC reflect an aberrant or compensatory network signature of dysfunctional
error prediction mechanisms in OCD, though we note the challenge in conclusively stating
this. Therefore, these considerations remain speculative and must await more detailed
experimental designs that permit more powerful and appropriately tailored analyses of the
fMRI signals.

4.3 Conclusions and Limitations

Understanding brain network dysfunction is of particular interest in clinical neuroscience.
As suggested by the National Institute of Mental Health (Insel et al., 2010), understanding of
network profiles and patterns of dysfunction can better describe mechanisms underlying the
behavioral phenotypes seen in clinical psychiatric illness. Additionally, brain network
profiles may be indicative of neurochemical dysfunction which characterizes psychiatric
disease (Almeida et al., 2009; Diwadkar et al., 2012; Schmidt et al., 2013). From this
perspective, fMRI is a useful tool for probing task-induced brain network dynamics assessed
at the macroscopic scale (Passingham et al., 2013)(Silverstein et al., 2016). The spatial and
temporal resolutions of the technique are blind to multiple and specific neuronal signals
(Logothetis, 2008), and the fMRI or BOLD (Blood Oxygen Level Dependent) response has
been characterized as a “sink” into which a multiplicity of neuronal mechanisms contribute
signals (Singh, 2012). Having participants perform well-specified paradigms that induce
variations in the temporal signals of brain regions can dynamically perturb the agglomerated
BOLD signals. When modeled with appropriate time-domain related connectivity techniques
(Friston, 2011), it is possible to discover patterns of task-induced brain network interactions
that distinguish clinical (e.g., OCD) from healthy populations.

Inferring brain function (and dysfunction) from fMRI data presents a non-trivial challenge,
largely because fMRI signals are overt manifestations of hidden brain states that must be
recovered through the quantitative modeling (or “reverse engineering”) of those signals
(Friston, 2009)(Silverstein et al., 2016). From that perspective, the current work was
explicitly guided by the value of using uni-manual motor control tasks to assess the network
profiles of the dACC, a region that has previously been theoretically and experimentally
linked to motor control. These strengths allow us to interpret our results from the perspective
of network dysfunction in OCD, and how this dysfunction is manifest under basic uni-
manual tasks. In that sense, the task, the analyses and the results provide a simple, yet
logically (and perhaps clinically) useful framework for assessing network dysfunction in
OCD, complementing previous assessments using more complex paradigms (Diwadkar et
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al., 2015). Although these more complex paradigms have previously demonstrated
compensatory cortico-striato-thalamo-cortical circuitry in OCD (Diwadkar et al., 2015; Li
and Mody, 2016) and inefficient neural recruitment in frontoparietal networks (de Vries et
al., 2013), the present study is able to extend our understanding of more general network
profiles in OCD.

PPIs constitute a limited framework for modeling simple network interactions based on
those very signals. In part, PPIs depend on the use of well-motivated tasks that in turn
dovetail with well-motivated choices for seed regions the modulatory effects of which must
be assessed (O'Reilly et al., 2012). It is not possible to ascertain precise neuronal correlates
of these effects in OCD, because the analytic method's basis is statistical (Friston et al.,
1997), in effect simply characterizing contributions of activity in one region to that in
another. Therefore, the effects observed do not disambiguate whether OCD participants are
characterized by hyper-“signaling” by the dACC, or the effects are amplified at the target by
intermediate (and un-modeled effects). Moreover, issues of causality are somewhat
orthogonal to these analyses given the emphasis on purely statistical effects, and the hidden
(and potentially common) mediation of these effects by other regions cannot be ascertained.

Nevertheless, within a clinical framework, these methods allow a quantitatively and
objectively characterized glimpse into brain network dysfunction in OCD. In our ongoing
analyses, we are attempting stronger connectivity analyses employing fuller measures of
effective connectivity (Friston et al., 2003; Jagtap and Diwadkar, 2016), and are exploring
relationships between the degree of network dysfunction in OCD and clinical dimensions.
We also note that we are limited in addressing the correspondence between the observed
behavioral effects (see Results) and the compelling fMRI network effects as we are
compromised by the smaller sample size of the behavioral analyses. The observed
behavioral effects do constitute a partial replication of previously published results in an
independent sample (Asemi et al., 2015), but more extensive replication in OCD will be
valuable. Finally, these analyses are an initial step in a more general program of research
that will seek to systematically relate network analyses of fMRI signals to clinical
dimensions in OCD. As such (see Table 1), our OCD sample was characterized by
comorbidities including general anxiety disorder, attention deficit hyperactivity disorder,
depression, oppositional defiant disorder and autism spectrum disorder, and we are not yet in
a position to systematically assess the effects of symptom dimensions on the assessed
network profiles. Moreover, the absence of effects within core motor circuitry is notable,
given that OCD appear to be characterized by reduced resting and active motor thresholds
(Khedr et al., 2016). Recent work in larger samples has suggested that OCD subjects show
altered network profiles in supplementary motor and primary motor networks (Armstrong et
al., 2016) though other studies have not reported similar effects (Harrison et al., 2009). It is
likely that the specific effects in motor regions may well be mediated by the degree of
obsessive and compulsive symptoms, and understanding these relationships is an ongoing
focus of our work.

It has been argued that network-based and a priori approaches must necessarily be applied
with fMRI data if mechanisms of brain function and dysfunction are to be divined (Stephan
and Roebroeck, 2012). We place our efforts as consistent with these prescriptions.
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We studied youth with OCD compared to healthy controls using fMRI data
acquired during a simple uni-manual motor response paradigm.

fMRI data were modeled using functional connectivity techniques to assess
network profiles of the dorsal anterior cingulate cortex (dAACC) across task
conditions.

OCD were characterized by exaggerated network modulation by the dACC,
particularly in brain regions associated with attention and executive
processing.

These results imply that basic visuo-motor paradigms can serve as powerful
modulators of underlying brain network function, and by corollary,
successfully define aberrant brain network profiles in OCD.
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A. Periodic B. Random

Figure 1.
The experimental design is depicted for the (A) periodic and (B) random tasks. The stimulus

onset asycnchrony (SOA) was held constant for the periodic task at either .5sor1s, as
shown by the equal spacing between the squares representing the flashing white probe.
During the random task, the SOA was randomly perturbed, illustrated by the variable
spacing in time of the probe represented by the squares. The subjects were instructed to tap
their right forefinger in response to each stimulus, and the responses were collected for
analysis.
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OCD > HC Periodic

Figure 2.
The maps depict regions of exaggerated dACC modulation in OCD during the Periodic

condition. The significant clusters (p<0.05, cluster level) are depicted across a mosaic of
axial slices. This hyper-modulation by the dACC is seen in the anterior cingulate cortex
(ACC), insula (Ins), superior temporal gyrus (STG), putamen (Put), thalamus (Thal), caudate
(Caud), posterior cingulate cortex (PCC), superior frontal gyrus (SFG), medial frontal gyrus
(MFG), and cingulate gyrus (CG). The inset in the upper left of the figure depicts the task
condition, with the squares representing the presentation of visual stimuli across time.
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OCD > HC Random peo.or

Figure 3.
The maps depict regions of exaggerated dACC modulation in OCD during the Random

condition. The significant clusters (p<0.05, cluster level) are depicted across a mosaic of
axial slices. This hyper-modulation by the dACC is seen in the anterior cingulate cortex
(ACC), insula (Ins), superior temporal gyrus (STG), putamen (Put), thalamus (thal),
posterior cingulate cortex (PCC), and cingulate gyrus (CG). The inset in the upper left of the
figure depicts the task condition, with the squares representing the presentation of visual
stimuli across time.
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Periodic Random
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Figure 4.
The maps depict regions of dACC modulation in OCD and HC regressed positively and

negatively by age during both the Periodic and Random conditions. The significant clusters
(p<0.05, cluster level) are depicted across a mosaic of axial slices. The peak clusters are
listed in Table 3.
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OCD > HC: Periodic and Random

Figure 5.
Regions characterized by dACC hyper-modulation during both Periodic and Random

conditions are shown. These clusters are based on a union of the clusters sets in Figures 2
and 3 and depict common patterns of hyper-modulation in the anterior cingulate cortex
(ACC), insula (Ins), superior temporal gyrus (STG), putamen (Put), thalamus (Thal),
posterior cingulate cortex (PCC), and cingulate gyrus (CG).
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OCD > HC: Periodic not Random

Figure 6.
Regions characterized by dACC hyper-modulation during the Periodic but not Random

conditions are shown. These clusters depict the difference between the clusters sets in Figure
3 from Figure 2, and are evident in regions of the anterior cingulate cortex (ACC), superior
temporal gyrus (STG), caudate (Caud), posterior cingulate cortex (PCC), superior frontal
gyrus (SFG), medial frontal gyrus (MFG), and cingulate gyrus (CG).
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OCD > HC: Random not Periodic

Figure 7.
Regions characterized by dACC hyper-modulation during the Random but not Periodic

conditions are shown. These clusters depict the difference between the clusters sets in Figure
2 from Figure 3, and are evident in the anterior cingulate cortex (ACC), putamen (Put),
thalamus (Thal), posterior cingulate cortex (PCC), and cingulate gyrus (CG).
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Demographics for healthy control (HC) and OCD participants.
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M/F Mean age | Range | Height (in.) | Weight (Ibs) | CY-BOCS Comorbidities Current Treatment

Healthy 13/5 | 17.3(2.88) | 12-21 67.3(4.8) 154.0 (55.5) Grooming disorder - 1 None

controls

(n=18)

OCD (n | 16/20 | 16.8(3.14) 9-21 65.1 (4.4) 139.3 (49.3) | T:29/18 GAD -11 SSRI - 18

=36) (6.8/8.7) Separation anxiety — Buspirone — 2

0:15/9 11
(3.7/4.2) Grooming disorder —
C: 14/9 1
(1.0/4.9) Motor/vocaltic — 11

ADHD -9

Social phobia -8
Specific phobia — 6
Depression — 6
Enuress — 4
Tourette's — 2
Panic attacks/disorder
Encopresis - 1
ODD-1
Agoraphobia -1
ASD -1
Dysthymia — 1

Groups did not differ in terms of age (t = 0.65, p = 0.671), height (t = 1.499, p = 0.375), weight (t = 0.918, p > 0.05), or gender (XZ =3.724,p>
0.05). Values in parentheses represent standard deviation. For lifetime CY-BOCS (lifetime/current): T = Total symptoms, O = Obsessive symptoms,
C = Compulsive symptoms. The numbers of subjects with diagnosed comorbidities are listed. GAD: General anxiety disorder; ADHD: attention
deficit hyperactivity disorder; Grooming disorder includes nail biting, skin picking; Depression includes major depressive disorder and depression
not otherwise specified; ODD: oppositional defiant disorder; ASD: autism spectrum disorder. Number of subjects receiving listed treatments is also

noted. SSRI: selective serotonin reuptake inhibitors, includes citalopram, sertraline, fluoxetine.
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Table 2

Information on clusters of significance and peaks showing increased modulation by the dACC in OCD
compared to HC (Figures 2 and 3).

Region (nearest gray matter) | MNI coordinates (X, Y, z) | Z score | Cluster Extent | p (peak)
Periodic

Superior frontal gyrus 20 38 37 3.27 1247 0.001
Posterior cingulate cortex -12 -54 6 3.24 826 0.001
Anterior cingulate cortex 10 42 9 3.20 1758 0.001
Superior temporal gyrus -56 0 -3 3.14 2109 0.001
Caudate 12 15 15 2.76 770 0.003
Thalamus =27 =31 1 2.69 2109 0.004
Putamen 27 -9 15 2.68 770 0.004
Superior temporal gyrus 44 -25 3 2.58 574 0.005
Medial frontal gyrus -6 38 40 2.47 1247 0.007
Insula -40 -19 6 2.42 2109 0.007
Cingulate gyrus -4 -51 42 2.23 837 0.013
Random

Thalamus -14 =27 6 3.47 8213 0.000
Posterior cingulate cortex -14 -52 6 3.27 4117 0.001
Putamen 20 -7 -3 3.13 8213 0.001
Insula 30 -28 10 2.98 8213 0.001
Anterior cingulate cortex -14 42 -3 2.97 1966 0.001
Cingulate gyrus 8 -49 31 2.53 4117 0.006
Superior temporal gyrus -54 -3 4 2.20 8213 0.01
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Information on clusters of significance and peaks showing positive and negative age regressions for OCD and
HC during Periodic and Random tasks (Figure 4).

Region (nearest gray matter) | MNI coordinates (X, Y, z) | Z score | Cluster Extent | p (peak)

OCD: Periodic — no clusters of significance

OCD: Random — positive regression

Precuneus -16 -49 39 3.24 4148 0.001
Caudate 21 20 10 2.96 1585 0.002
Extra-nuclear =21 5 15 2.57 2833 0.005
OCD: Random — negative regression — no clusters of significance

HC: Periodic — positive regression

Precentral gyrus 63 6 3 3.67 2439 0.001
Midbrain -12 =27 -14 3.37 719 0.001
Insula -42 5 -9 3.24 2068 0.001
Inferior frontal gyrus -40 26 12 2.97 1486 0.001
Insula 39 -3 -9 2.97 790 0.002
Sub-gyral 15 42 -14 2.06 632 0.020
HC: Periodic — negative regression

Posterior cingulate | 4 | 52 | 10 | 287 | 764 0.002
HC: Random - positive regression

Putamen 24 12 -6 4.75 81822 0.001
Postcentral gyrus =57 -16 21 4.42 19076 0.001
Middle temporal gyrus -45 -57 3 4.23 6419 0.001
Insula -42 -19 19 3.92 1839 0.001
Caudate 16 9 15 391 296 0.001
Middle frontal gyrus 36 44 16 3.75 21528 0.001
Supplementary motor area 9 12 48 3.74 21528 0.001
Thalamus -16 -12 18 3.05 374 0.001
HC: Random — negative regression

Medial frontal gyrus -14 52 -5 3.60 2780 0.001
Inferior frontal gyrus 52 28 3 2.93 394 0.002
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