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Abstract

Obsessive-compulsive disorder (OCD) is a disabling neuropsychiatric disorder whose
neurobiological basis remains unclear. Magnetic resonance imaging (MRI) studies have
reported functional and structural alterations of the anterior cingulate cortex (ACC) in
OCD. In this study we explored the functional activity of the ACC and effective
connectivity (EC) between ACC and the whole brain in OCD to identify subregional ACC
features that are altered and to investigate their impact on the region’s EC with other brain
structures. We performed resting-state functional MRI and Granger causality analysis
(GCA) in 31 patients with OCD and 36 healthy controls, and analyzed the amplitude of
low-frequency fluctuation (ALFF) and coefficient-based GCA. The left pregenual ACC
(pACC) in patients with OCD showed decreased ALFF relative to controls (£=0.029).
There were significantly decreased excitatory effects from the left pACC to both right
dorsal superior frontal gyrus (dSFG) (P=0.016) and left precuneus (P=0.019) in patients
compared with controls. Patients also showed a decreased inhibitory feedback flow from
left ventral SFG to the left pACC than controls (P=0.029). The ALFF and EC results were
validated and remained similar in subgroup analyses and in comparisons using the data
without global signal regression. In patients, path coefficients from left pACC to right
dSFG showed significant correlations with obsession (r=-0.387, P=0.031) and anxiety
ratings (r=-0.422, P=0.018). In OCD, decreased spontaneous neural activity, altered EC
of pACC with widely distributed cortical circuitry, and associations with clinical ratings

highlight the importance of pregenual ACC functional alteration in OCD.
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1 Introduction

Obsessive-compulsive disorder (OCD) is a chronic, heritable, and disabling
neuropsychiatric disorder with a lifetime prevalence of 2-3% (Menzies et al., 2008).
Patients with OCD are characterized by intrusive thoughts and repetitive thoughts and
behaviors (Hirschtritt, Bloch, & Mathews, 2017), resulting in an impaired quality of life.
The neurobiological basis of OCD remains to be clarified, but converging neuroimaging
and neuropsychological evidence implicate abnormalities in specific brain circuitry
(Menzies et al., 2008), particularly specific loops in the cortico-striato-thalamo-cortical
(CSTC) circuitry (Alexander, DeLong, & Strick, 1986; Graybiel & Rauch, 2000). The
CSTC circuitry comprises a series of parallel yet integrated loops that topographically
connect distinct regions of frontal cortex predominantly with striatum and thalamus
(Haber, 2003; Haber & Knutson, 2010), as well as other regions including the amygdala,
hippocampus and anterior cingulate cortex (ACC) (Menzies et al., 2008; Stern et al.,
2013). Magnetic resonance imaging (MRI) studies have provided evidence of structural
change in CSTC circuitry, notably abnormal gray matter volume in the ACC, prefrontal
cortex, striatum and thalamus (Milad & Rauch, 2012). Functional MRI (fMRI) studies
have demonstrated dysconnectivity within and between frontal and subcortical regions
(Endrass & Ullsperger, 2014; Milad & Rauch, 2012). Beyond the classical theory of
CSTC abnormality in OCD, recent studies highlight the role of widely-distributed
abnormalities within large-scale intrinsic brain networks including the default mode
network (DMN) and a fronto-parieto-limbic network (Anticevic et al., 2014; Gursel,

Avram, Sorg, Brandl, & Koch, 2018).



The ACC is a key node within CSTC circuitry and belongs to other high-priority
brain networks such as the DMN (Bush, Luu, & Posner, 2000). The ACC has 3
subdivisions: the pregenual, subgenual, and dorsal ACC. Broadly construed, the
pregenual ACC (pACC) and subgenual ACC are considered to be an “affective
subdivision” implicated in emotional responses, and the dorsal ACC (dACC) is the
“cognitive subdivision” involved in response selection and cognitive processing
(Pizzagalli, 2011). Functionally, the dACC is crucial in supporting error monitoring and
behavioral flexibility in dynamically changing environments (D'Cruz, Ragozzino,
Mosconi, Pavuluri, & Sweeney, 2011), which represent core neurocognitive
abnormalities in OCD. Pregenual and subgenual divisions of ACC may contribute to
affective features of the disorder. Indirectly supporting the ACC as a key node in OCD
are the observations that stimulation of ACC can induce compulsive goal-directed
behaviors and perseveration (Pizzagalli, 2011), that reduced volume of dACC in
preschool children with exaggerated performance monitoring increases their risk for OCD
(Gilbert, Barclay, Tillman, Barch, & Luby, 2018), and that partial surgical ablation of
ACC can in some cases relieve symptoms in treatment-refractory OCD (Kim et al., 2003).
More direct evidence includes fMRI observations in OCD of abnormal regional
functional activity in ACC (Saxena, Brody, Schwartz, & Baxter, 1998; Saxena & Rauch,
2000) and altered functional connectivity (FC) between dACC and caudate, which has
been related to symptom severity of OCD symptoms (Zhang et al., 2017). What has not
so far been systematically studied in OCD are alterations in the effective connectivity of

ACC subregions with widely distributed brain circuitry.



Typically, static FC analysis has been used to examine the correlations of activity
across brain regions, but this does not provide information on the causal influence of one
brain area on another (K. J. Friston, Frith, Liddle, & Frackowiak, 1993). Effective
connectivity (EC) analysis was developed to address this issue of the directional influence
of one region over another (Valdes-Sosa, Roebroeck, Daunizeau, & Friston, 2011).
Estimates of EC typically derive from a generative model that provides a forward
mapping from hidden neuronal circuit dynamics to observable brain signals (K. Friston,
Moran, & Seth, 2013), which exhibits information about the directionality of effects so
that it is possible to determine which brain region exerts influence or receives influence
from another. Granger causality analysis (GCA) is a widely used computational method
to calculate the EC of neural networks (Seth, Barrett, & Barnett, 2015). The basic idea
behind GCA is that if x contains information that helps predict the future of y better than
information in the past of y, we can conclude that x causes y. GCA uses systematic
temporal differences in oscillations or event-related responses from time-series data in
different regions to infer the direction and strength of the causal influence of regional
neural activity (K. J. Friston, 2011; Valdes-Sosa et al., 2011), thus holding out the promise
of determining whether the preceding neural activity in one seed region predicts

subsequent activity in another region.

In OCD, 3 resting-state fMRI (rfMRI) studies using GCA have shown altered causal
influences between the striatum and other areas of the CSTC circuitry (Abe et al., 2015;
Dong et al., 2019; Xie et al., 2017) and 1 rfMRI study only considered causal connections

between pACC and other CSTC regions (Tadayonnejad et al., 2018). By using dynamical
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causal modeling (DCM), 1 study found task-related modulation of EC from the dorsal
ACC to the left dorsolateral prefrontal cortex (DLPFC) in the incongruent task condition
(Schlosser et al., 2010), and another task-based fMRI study showed a significantly altered
EC between the ventromedial prefrontal cortex and the orbitofrontal cortex in a reward
learning task (Alves-Pinto et al., 2019). However, these 6 EC studies in OCD had
limitations. The results of task-based fMRI studies are not comparable due to different
tasks and because they neglect the intrinsic functional influences among brain regions. In
2 rfMRI studies, patients with OCD also had comorbid psychiatric disorders such as
major depression and anxiety disorders (Dong et al., 2019; Tadayonnejad et al., 2018).
All these 4 rfMRI studies either did not report the excitatory or inhibitory influence of
identified causal influences (Dong et al., 2019; Tadayonnejad et al., 2018; Xie et al., 2017)
or only focused on excitatory effects (Abe et al., 2015), which may not reveal the full

spectrum of causal influences between the ACC and other whole brain regions in OCD.

As a data-driven method, GCA computes the information flow based on the data
itself at the level of seed regions and network, relies on fewer assumptions about the
underlying interactions, and is less computationally intensive than other EC methods such
as DCM (Chand & Dhamala, 2017; Stephan et al., 2010). Therefore, to explore whether,
in OCD, the spontaneous activity of ACC subregions is abnormal, and neural function of
ACC subregions is a primary abnormality or simply responds to abnormalities in other
brain structures, we used rfMRI and GCA to investigate the intrinsic function of ACC
subregions and the information flow between them and other brain regions in OCD. We

hypothesized first that ACC subregions would show abnormal intrinsic spontaneous
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activity, and the abnormal subregions would show significantly altered EC with brain
regions not only in the CSTC circuitry but in other networks, such as DMN. Second, we
hypothesized that these altered functional characteristics would be related to the clinical

symptoms of OCD.
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2 Materials and Methods

2.1 Subjects

The study was approved by the local research ethics committee, and written informed
consent was obtained from all participants. A total of 31 patients with OCD were recruited
(12 females; mean age [+ standard deviation] 27.1 £ 9.5 years, range 16-52 years; mean
education 13.7 £ 2.9 years, range 8-19 years; mean duration of illness 6.0 + 5.4 years,
range 1-23 years). Seventeen patients were drug-naive, while the remaining 14 previously
received psychiatric medications (4 clomipramine, 4 paroxetine, 3 fluoxetine, and 3
sertraline) and had been medication free for more than 2 weeks. Patients with OCD were
diagnosed using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-
I). Their predominant obsessions/compulsions were determined according to the five
clinical dimensions defined by Mataix-Cols et al. (Mataix-Cols, Rauch, Manzo, Jenike,
& Baer, 1999): 23 aggressive/checking, 5 contamination/cleaning, 2 symmetry/ordering
and 1 sexual/religious, and none with hoarding symptoms. Clinical symptoms of patients
with OCD were assessed using the Yale-Brown Obsessive-Compulsive Scale (Y-BOCS),
the 14-item Hamilton Anxiety Rating Scale (HARS), and the 17-item Hamilton

Depression Rating Scale (HDRS) (Table 1).

A total of 36 healthy controls (15 females; mean age 24.6 + 7.4 years, range 18-44
years; mean education 13.3 £+ 2.8 years, range 5-19 years) were evaluated using the SCID-
I/NP (Non-patient Edition) to rule out current or past psychiatric disorders. Interviews

with control participants revealed no history of psychiatric disorder in their first-degree
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relatives. Exclusion criteria for both groups included: any neurological disorder,
neurosurgery, current or past substance abuse or dependence, pregnancy, and magnetic
resonance contraindications. MR images were inspected by 2 experienced
neuroradiologists to confirm the absence of gross brain abnormalities. Thirty-one OCD
patients and 36 controls did not differ significantly with respect to age (P = 0.773), gender

(P =10.8006), and years of education (P = 0.588), and were all right-handed (Table 1).

2.2 Image acquisition and processing

Subjects underwent rfMRI with a 3T MR imaging system (Excite, GE) with an 8-channel
phased-array head coil. They were instructed to relax with eyes closed and without falling
asleep or systematic thought during scanning. MR images were obtained using a gradient-
echo echo-planar imaging sequence with these parameters: repetition/echo time, 2000/30
msec; thickness, 5 mm, with no intersection gaps; flip angle, 90°; matrix size, 64x64;
field of view, 240x240 mm?; voxel size, 3.75%3.75x5 mm?. Each volume comprised 30
axial sections to cover the whole brain, and each run contained 200 image volumes

preceded by 5 dummy volumes, leading to a total scanning time of 410 seconds.

Using DPARSF software (RRID:SCR_002372), the first 5 volumes were discarded
to allow the stabilization of longitudinal magnetization. The remaining images were
realigned to the middle volume using a 6-parameter (rigid body) linear transformation.
We then used the Friston 24-parameter model to regress out the potential effects of head

motion from the realigned data (Yan et al., 2013). For all participants, the head translation
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movement was < 1.5 mm and rotation < 1.5°. In the mean framewise displacement (FD)
(Jenkinson) of head motion (Jenkinson, Bannister, Brady, & Smith, 2002), there was no
significant difference between patients (0.046 mm =+ 0.034) and controls (0.044 mm =+
0.020) (P = 0.773). Signals of white matter, global brain signals, and cerebrospinal fluid
were regressed out in the main analyses. During this step, we retained the preprocessed
rfMRI data both with and without global signal regression (GSR), and validated the main
results, which were from the data with GSR, by using the data without GSR. Because the
blood-oxygen-level-dependent (BOLD) signal can demonstrate low-frequency drift, we
included a linear trend as a regressor. The resulting data were temporally bandpass-
filtered (0.01-0.08Hz) to reduce high-frequency physiological noise. All images were
then spatially normalized to the Montreal Neurologic Institute (MNI) template, each

3

voxel was resampled to 3x3x3 mm”, and a spatial smoothing transformation was

performed with an 8-mm full-width half-maximum Gaussian kernel.

2.3 Amplitude of low-frequency fluctuations (ALFF) and GCA calculation

The ALFF represents the power in the BOLD signal within a specific low-frequency
range, reflecting spontaneous neural activity (Fox & Raichle, 2007). ALFF was calculated
using DPARSF software (RRID:SCR _002372). After data preprocessing, the time series
for each voxel was transformed to the frequency domain, and the power spectrum was
obtained; the power spectrum was square-root transformed and the averaged square root

of power in the frequency band (0.01-0.08Hz) was taken as the ALFF. For each voxel, the
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ALFF was standardized by dividing by the mean value of an individual across all voxels

of their ALFF map.

Vector autoregressive models were used to assess Granger causality. We used signed-
path coefficients (Hamilton, Chen, Thomason, Schwartz, & Gotlib, 2011; Palaniyappan,
Simmonite, White, Liddle, & Liddle, 2013; Zang, Yan, Dong, Huang, & Zang, 2012) to
infer the effects of physiological influences. In GCA, a significantly positive path
coefficient (e.g. time series of a region [x] relative to another [y]) suggests an excitatory
effect of region x on region y, while a significantly negative path coefficient indicates an
inhibitory influence of region x on region y; we call these a driving effect/flow (x to y)
and a vice versa feedback effect/flow (y to x), respectively. We performed first-order
voxel-wise coefficient-based GCA using REST software (RRID:SCR_009641), which
allows for bidirectional influences. The signed-path coefficient maps of GCA were used
for parametric statistical analysis and group-level inference (Hamilton et al., 2011;

Palaniyappan et al., 2013; Zang et al., 2012).

2.4 Statistical analysis

We compared patients and controls for age and years of education with a 2-sample #-test
and for sex ratio with a chi-square analysis in SPSS software (RRID:SCR_002865). A 2-
sample ¢-test was performed in SPM8 (RRID:SCR _007037) to explore the group
differences in the ALFF of bilateral ACC. We used the bilateral ACC masks (including

all 3 subdivisions) from the Automated Anatomical Labeling template as explicit masks
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to restrict the analysis in ACC with a threshold of P < 0.05 corrected for multiple

comparisons with the family-wise error (FWE) method at the cluster level.

Next, we selected clusters with altered ALFF within ACC in patients relative to
controls as a seed and used the GCA method to explore the directional influence between
the seed and the whole brain in a voxelwise manner. For both groups, the GCA maps were
analyzed with a 1-sample #-test to identify voxels showing significant positive or negative
Granger causality from and to the time-course of the seed, with voxel-level uncorrected
P <0.001 and cluster size of 19 to yield a cluster-level uncorrected P < 0.05. For between-
group comparison, a 2-sample #-test was used to compare GCA maps with P < 0.05
corrected with FWE at the cluster level. The between-group comparison was restricted to
the regions with excitatory or inhibitory influence from and to the seed in either patients
or controls by using a mask that comprised the union set of 1-sample #-test results of the

2 groups.

The mean FD (Jenkinson), age, and sex was used as covariates in all group-level
analyses. We reported the coordinates of regions with significant group differences in
MNI space. When the group-comparison results were significant in a brain region, the
values of ALFF and signed-path coefficients were extracted using the automated tool
Marsbar (RRID:SCR_009605). In the patient group, Pearson correlation analysis was
performed to investigate the relationship between the ALFF and EC findings with the
clinical variables (including illness duration and scores from Y-BOCS, HARS, and

HDRS). Nominal significance thresholds were used for these exploratory/heuristic
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correlation analyses (P < 0.05).
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3 Results

3.1 Between-group differences in ALFF

Compared with the controls, patients with OCD showed significantly decreased ALFF in
the left pACC (Brodmann area 32; MNI coordinates: -9, 39, 3; cluster size = 54 voxels;
peak 1 =4.08; P =0.029 at cluster level, FWE corrected) (Table 4a and Figure 1a). There

were no regions with significantly increased ALFF in bilateral ACC.

3.2 Within-group patterns of GCA

The left pACC exerted an excitatory influence (the path coefficient is significantly > 0)
on the right dorsal superior frontal gyrus (dASFG), bilateral caudate and thalamus, posterior
cingulate cortex (PCC), and precuneus in controls, and on bilateral caudate and medial
prefrontal cortex (mPFC) in patients with OCD. The left pACC exerted an inhibitory
effect (path coefficient significantly < 0) on the right inferior temporal gyrus and middle
frontal gyrus, left medial temporal gyrus and orbitofrontal cortex in both groups, and also
on the right insular, bilateral supramarginal gyrus and cerebellum in controls (Table 2a

and Figure 2a).

The left pACC received an excitatory influence (path coefficient significantly > 0)
from bilateral medial temporal gyrus and right cerebellum in both groups, and from
bilateral supramarginal gyrus and left cerebellum in controls. The left pACC received an

inhibitory influence (path coefficient significantly < 0) from the bilateral dorsolateral
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prefrontal cortex, PCC and precuneus, and left ventral superior frontal gyrus (vSFG) in

controls, and from bilateral caudate and mPFC in patients (Table 3a and Figure 3a).

3.3 Between-group differences in GCA

There was a significant difference between patients with OCD and controls in the driving
effect from the left pACC to the right dSFG (P = 0.016) (Table 4a and Figure 1b): there
was mainly an excitatory influence (path coefficient =1.27+1.6) in controls, but mainly
an inhibitory influence (path coefficient =-0.09+1.4) in patients. In the patient group, the
path coefficient of driving effect from the left pACC to the right dSFG showed significant
negative correlations with the obsessive subscale scores of Y-BOCS (r=-0.387, P=0.031)
and HARS scores (r = -0.422, P = 0.018). In addition, there was a significant between-
group difference in the driving effect of the left pACC to the left precuneus (P = 0.019)
(Table 4a and Figure Ic): there was mainly an excitatory influence (path coefficient
=1.514+2.08) in controls, but mainly an inhibitory influence (path coefficient =-0.16+£1.87)
in patients. Thus, patients with OCD had decreased driving effects (less excitatory
influence) from the left pACC to the right dSFG and left precuneus than controls,

respectively (Figure le).

Patients also showed a significantly greater feedback influence from the left vSFG
to the left pACC (path coefficient = 0.42 &+ 1.06) compared with controls (path coefficient
=-0.68 £ 1.09) (P = 0.029) (Table 4a and Figure 1d), suggesting a reduced inhibitory

influence from the left vSFG to the left pACC in patients with OCD relative to controls
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(Figure le).

3.4 Subgroup analyses among drug-naive and drug-free patients and controls

After extracting the value of ALFF in left pACC and path coefficient of GCA from the
left pACC to right dSFG and to the left precuneus and from left vSFG to left pACC,
respectively, for every subject, a one-way analysis of variance followed by pair-wise
comparisons with Bonferroni correction comparing drug-naive patients (n = 17),
previously medication-treated patients (n = 14), and controls (n = 36) revealed similar
group differences in ALFF and EC parameters (see below) as seen in the comparisons
between all the patients pooled and controls (Figure 4a). No significant differences were

observed between the 2 patient subgroups.

For the ALFF value of left pACC, we found a significant difference (¥ = 11.001, P
<0.001) among the 3 groups. The values of ALFF between 2 subgroups of patients with
OCD did not differ (P =0.776) and both subgroups had decreased ALFF in the left pACC
relative to controls (drug-naive patients, Cohen’s d = 0.92, P = 0.007; previously treated

patients, Cohen’s d = 1.42, P <0.001).

For the driving effect from the left pACC to right dSFG, we found a significant
difference (F' = 7.015, P = 0.002) among 3 groups. The path coefficient of EC from the
left pACC to right dSFG in the 2 subgroups of patients with OCD did not differ (P = 1)

and both subgroups had decreased path coefficient of EC from the left pACC to right
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dSFG relative to controls (drug-naive patients, Cohen’s d = 0.81, P = 0.032; previously

treated patients, Cohen’s d = 1.01, P = 0.004).

For the driving effect from the left pACC to the left precuneus, we found a significant
difference (F'=6.01, P =0.004) among the 3 groups. The path coefficient of EC from left
pACC to left precuneus between 2 subgroups of patients with OCD did not differ (P = 1)
and both subgroups had decreased path coefficient of EC from left pACC to right dASFG
relative to controls (drug-naive patients, Cohen’s d = 0.88, P = 0.007; previously treated

patients, Cohen’s d = 0.79, P = 0.045).

For the feedback influence from left vSFG to left pACC, we found a significant
difference (F' = 9.229, P < 0.001) among the 3 groups. The path coefficient of EC from
the left vSFG to the left pACC between 2 subgroups of patients with OCD did not differ
(P =10.993) and both subgroups had increased path coefficients of EC from the left vSFG
to left pACC relative to controls (drug-naive patients, Cohen’s d = 1.2, P < 0.001;

previously treated patients, Cohen’s d = 0.81, P=0.031).

3.5 Subgroup analyses for adult patients

There were 2 late adolescent patients, of whom one was 16 and the other 17 years old.
We repeated all the analyses with only the 29 adult patients with OCD (12 females; mean
age 27.8 = 9.4 years, range 18-52 years; mean education 13.9 + 2.9 years, range 8-19

years; FD 0.043 mm + 0.031) and all 36 adult healthy controls, in which the 2 groups did
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not differ significantly with respect to age (P = 0.246), gender (P = 0.554) or years of
education (P =0.342), FD (P =0.399), and were all right-handed. We performed 2-sample
t-tests for ALFF and GCA maps in SPM8 (RRID:SCR_007037) using the same covariates
and threshold as those in the main results. The statistical comparisons of 29 adult patients
with OCD and 36 controls revealed similar group differences in ALFF and EC parameters
as seen in the comparisons between all the 31 patients pooled and controls (Table 4b and

Figure 4b).

3.6 Results from data without GSR

Since previous studies showed that anticorrelations were mathematically mandated by
GSR, rendering them uninterpretable, and caused spurious correlations using GSR in
addressing physiological aliasing confounds (Murphy, Birn, Handwerker, Jones, &
Bandettini, 2009; Saad et al., 2012), we repeated all the statistical comparisons between
31 patients and 36 controls using data without GSR, with the same covariates and

threshold as those in the main results.

For the driving effect. the within-group results from the data without GSR
demonstrated that the left pACC exerted significant inhibitory effects on bilateral
occipital lobe and right superior parietal lobule (SPL) in controls and on bilateral SPL in
patients, which were not shown in the results from the data with GSR. The inhibitory
effect of pACC on bilateral temporal gyrus in patients using data with GSR was not found

in the within-group results using data without GSR (Table 2b and Figure 2b).
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For the feedback effect: the excitatory effect of the cerebellum on pACC in both
groups using data with GSR was not shown in the results using data without GSR. The
excitatory effect of inferior frontal gyrus on pACC in both groups and the inhibitory effect
of bilateral occipital lobe on pACC in patients were shown in the results using data

without GSR (Table 3b and Figure 3b).

Besides these differences between the results found using the data with and without
GSR, the results of the within-group 1-sample #-tests using data with GSR remained
similar in the results from the data without GSR in both groups. Using the data without
GSR, the 2-group comparisons of ALFF and GCA showed similar results to the main
findings, with additional decreased inhibitory feedback flow from the left thalamus and

caudate to the left pACC in patients compared to controls (Table 4c and Figure 4c).
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4 Discussion

There are 4 major findings in this study of ACC function and effective connectivity in
OCD: 1) decreased ALFF in the left pACC; 2) decreased excitatory influence from the
left pACC to the right dSFG and left precuneus; 3) decreased inhibitory feedback effect
from the left vSFG to the left pACC; and 4) significant correlations between the signed-
path coefficient from the left pACC to the right dSFG and clinical variables (the obsessive
subscale scores of Y-BOCS and HARS scores). These findings advance understanding of
the importance and consequences of pACC dysfunction both within and outside the
classic CSTC circuitry and suggest that the altered EC within the frontal lobe might be

critical in the pathophysiology of OCD.

4.1 Decreased ALFF in pACC

Compared with controls, patients showed decreased ALFF (i.e. less spontaneous neuronal
activity) in the left pACC. The pACC is an affective part of ACC and plays a key role in
emotional processing, affect regulation, and pain perception (Pizzagalli, 2011; Shackman
et al., 2011). Our findings parallel other evidence of pACC pathophysiology in OCD.
Structural MRI studies have reported decreased gray matter volume (Carlisi et al., 2017)
and cortical thickness (Cavanagh, Grundler, Frank, & Allen, 2010) in the pACC, the latter
correlating with a greater reduction in Y-BOCS scores after exposure therapy (Fullana et
al., 2014). fMRI studies revealed hypoactivation of pACC during tasks of interference

inhibition and task switching (Weidt et al., 2016). MR spectroscopy studies report lower
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levels in the pACC of neurotransmitters such as N-acetylaspartate (NAA) (Weber et al.,
2014), glutamate and glutamine (O'Neill et al., 2016; Rosenberg et al., 2004;
Tadayonnejad et al., 2018), these decreases being significantly correlated with clinical

symptoms of OCD (Yucel et al., 2008).

Interestingly, in OCD the pACC exhibits increased functional activity during
response-conflict tasks designed to elicit errors (Agam et al., 2014; Fitzgerald et al., 2005;
Riesel, Endrass, Kaufmann, & Kathmann, 2011), and hyperactivity with subthreshold
stimulation (Jocham & Ullsperger, 2009). Patients with OCD are often reported to have
increased performance monitoring activity (Hoffmann & Falkenstein, 2012; Mathews,
Perez, Delucchi, & Mathalon, 2012), which reflects concerns driving obsessions and
compulsions (Debener et al., 2005; Endrass & Ullsperger, 2014) and has been considered
to be an endophenotype of OCD (Gilbert et al., 2018; Riesel et al., 2011). Error-related
brain activity can be assessed in an event-related electroencephalogram by the error-
related negativity (ERN), which is a validated marker of performance monitoring
(Debener et al., 2005; Fitzgerald et al., 2005). The ACC is the generator of ERN, and
increased ERN has been found in the ACC (specifically, the pACC) in patients with OCD
(Debener et al., 2005; Fitzgerald et al., 2005; Mathews et al., 2012). Thus, pACC activity,
elevated in task states and decreased in the resting state, may reflect how patients with
OCD deal with conflict: as they over-evaluate possible conflict responses the pACC
receives intensive error-related stimulation, leading to elevated task-related activity and
generating ERN amplitudes. In the resting state, the intrinsic functional activity and

metabolism of pACC may be decreased, perhaps reflecting recovery or increased
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inhibitory input following excessive activation. Thus, the pACC may be a site of
vulnerability or regional pathology in patients with OCD, with an increase in the
excitatory/inhibitory neuronal balance with different alterations seen during exaggerated

performance monitoring and reduced activity during the resting state.

4.2 Altered EC in the CSTC circuitry

There were significantly decreased excitatory effects from the left pACC to right dSFG,
and decreased inhibitory feedback flow from left vSFG to the left pACC in patients with
OCD. The pACC and SFG are part of the CSTC circuitry. The SFG, the superior part of
the prefrontal cortex, has several subregions involved in cognitive control tasks; both the
dSFG and vSFG are engaged in cognitive control processes (Li et al., 2013). Several
studies in OCD have found structural and functional abnormalities of SFG in OCD (Fan
et al., 2018; Nakao et al., 2005; Simon, Adler, Kaufmann, & Kathmann, 2014), including
decreased gray matter volume (Carlisi et al., 2017), lower task-related functional activity
(Kocak, Ozpolat, Atbasoglu, & Cicek, 2011), and decreased FC with the pACC (Zhang
et al., 2017). Our finding of altered information flow between the pACC and SFG
supports the importance of altered functional integration within CSTC circuitry in OCD.
Causally, the decreased excitatory influence from left pACC to the right dASFG may be
attributed to the decreased spontaneous functional activity of the left pACC, while the
smaller inhibitory influence from the left vSFG to the left pACC may represent functional

compensation in OCD.
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In our patient group, the path coefficient from the left pACC to the right dSFG was
negatively correlated with Y-BOCS obsessive subscale scores, indicating that the lower
the signed path coefficient of the causal effect, the worse the clinical symptoms. A PET
study of the therapeutic effects of anterior capsulotomy reported that the more the
metabolism in the bilateral ACC and SFG decreased after capsulotomy, the more the Y-
BOCS scores improved (Zuo et al., 2013). Our correlation results support an important
role of these 2 regions in the pathophysiology of OCD. OCD has high comorbidity with
anxiety disorders (Swartz et al., 2014; Weidt et al., 2016), and the intrusive thoughts and
repetitive behaviors in OCD may in part represent efforts to reduce anxiety generated by
obsessions (Hirschtritt et al., 2017). Hypoactivation in the pACC in anxiety disorders may
reflect its inadequate performance in regulating attention (Swartz et al., 2014; Weidt et
al., 2016). The negative correlation between HARS scores and the path coefficient of
GCA (greater anxiety is associated with lower driving effect from left pACC to right
dSFG) suggests that this pathway may serve as a potential pathophysiological feature in

OCD.

Besides the EC between ACC and SFG, previous studies had found other EC
alternations in CSTC circuitry. Three rfMRI studies using selected striatum regions as
seeds found altered EC between striatum regions and frontal areas in patients with OCD
(Abe et al., 2015; Dong et al., 2019; Xie et al., 2017). A task-based study selected dorsal
ACC and rostral ACC as nodes, and found enhanced task-related modulation of EC from
the dorsal ACC to the left DLPFC (Schlosser et al., 2010). Together with our results, these

studies support the idea that abnormalities in specific loops in the CSTC circuitry play
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the important role in the neurobiology of OCD (Alexander et al., 1986; Graybiel & Rauch,
2000). One rfMRI study also selected bilateral pACC regions as seeds, finding that the
feedback influence of the right dorsal anterior midcingulate cortex on the right pACC was
decreased, which correlated with depression symptoms of OCD (Tadayonnejad et al.,
2018). In contrast we did not find EC alteration between pACC and other subregions of
cingulate cortex: this difference might be explained by the comorbid depression in the
patient group studied by Tadayonnejad et al., or the lower resolution of data in the present

study.

Whether with or without using GSR for the data preprocessing, in controls the left
pACC exerted a significant excitatory influence on thalamus/caudate, and the
thalamus/caudate exerted a significant inhibitory effect on the left pACC; this may
represent a normal pattern of EC between pACC and thalamus/caudate keeping the
functional stability between these regions in the CSTC circuit. Although this pattern still
existed in OCD, our finding using the data without GSR supported the idea that an
attenuated thalamus/caudate-to-pACC inhibitory effect has an important role in OCD.
The thalamus acts as a central convergent hub for the rest of the brain, and nerve fibers
project out of the thalamus to the cerebral cortex including the ACC (Ward, 2013). The
caudate interconnects with the ACC and other cortical networks, and dysfunction of
caudate and associated cortico-striatum circuits is considered to be a common neural
feature of OCD (Graybiel & Rauch, 2000). This is consistent with reports of decreased
volume in thalamus (Tang et al., 2016) and left striatum (Dogan, Ertekin, Turkdogan,

Memis, & Sevincok, 2019) in OCD. They also parallel the findings from fMRI studies in
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OCD which found decreased fractional ALFF (Qiu et al., 2017) and regional homogeneity
(Niu et al., 2017) in thalamus, and decreased ALFF in caudate (Tang et al., 2016), the
hypofunction of which were correlated with symptom severity of OCD (Dogan et al.,
2019; Qiu et al., 2017). This might lead to the attenuated inhibitory influence of the left

thalamus/caudate on the left pACC in the present study.

Regarding the technical issue of GSR, Hannes et al. founded small or negligible to
effects of GSR on EC, and reported that data without GSR were more informative, while
the precision of posterior estimates was greater after GSR (Almgren, Van de Steen, Razi,
Friston, & Marinazzo, 2020). Since the influence of GSR on analysis of fMRI data

remains a topic of debate, the present results should be treated with caution.

4.3 Altered EC in DMN

We also found less excitatory influence from the left pACC to the left precuneus in the
OCD group. The precuneus in the medial parietal cortex is believed to be involved in
higher-order cognitive functions including self-centered mental imagery and episodic
memory retrieval (Cavanna & Trimble, 2006). Disruption in episodic memory is one of
the most consistent neuropsychological findings in OCD (Savage et al., 2000). A popular
explanation considers that memory deficits in OCD are related to the
encoding/acquisition stage of memory, in which patients fail to ignore irrelevant
information during encoding, resulting in impaired retrieval of relevant content (Konishi,

Shishikura, Nakaaki, Komatsu, & Mimura, 2011). Previous studies have confirmed the
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extensive anatomical and functional connections between the precuneus and ACC, both
of which are implicated in the classic episodic memory network (Batistuzzo et al., 2015;
Cavanna & Trimble, 2006). Our finding of decreased inhibitory influence from the pACC
to precuneus may, therefore, reflect the impairment of episodic memory retrieval in OCD.
Further studies using GCA focusing on episodic memory retrieval are needed to test this

hypothesis.

The DMN is a group of highly-interacting brain regions serving as the neurological
basis for a variety of self-referential processes (Andrews-Hanna, 2012), which includes
both the ACC and precuneus. The anteromedial SFG is also considered a part of DMN
since it has an anatomical connection with the ACC through the cingulum and is
functionally correlated with areas in the DMN (Li et al., 2013). In OCD, DMN alteration
1s hypothesized to mediate difficulties in sustaining attention toward external stimuli and
disengaging from internally generated obsessional thoughts (Norman et al., 2017). rfMRI
studies in OCD report widespread increased FC (mainly between the anteromedial SFG
and the mid-cingulate cortex) (Hou et al., 2012) or functional dysconnectivity (between
the ventromedial prefrontal cortex and the ACC) (Gursel et al., 2018) within the DMN,
indicating an impaired balance between internally and externally focused thought in
patients (Jang et al., 2011). Adding to these non-directional FC findings with our EC
analysis, we found aberrant causal information flow within DMN regions, i.e. an
abnormal driving influence of the left pACC on the left precuneus in OCD patients. This
suggests a causal connectivity-based pathophysiologic process in OCD highlighting the

role of pACC pathology. Notably, this EC alteration impacted not only CSTC circuitry in
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OCD which is the major circuitry in current network models but also the DMN.

4.4 Limitations

Our sample size of patients was relatively small, and 14 out of 31 patients were previously
receiving psychopharmacological treatment, which may be a confounding factor due to
potential drug effects on brain function. Although we reported no significant differences
in ALFF and path coefficient of EC between drug-naive and currently off-medication
patients with OCD, the potential influences of prior medication on brain function could
not be completely excluded. Longitudinal studies with controlled treatment are needed to
establish medication effects on parameters investigated in the present study. Studies with
larger samples may have more power needed to detect more subtle effects in regional
ALFF change or EC. Second, we found decreased ALFF and disturbed EC of pACC and
significant correlations between Granger causality metrics from pACC to dSFG and
obsession and anxiety ratings in patients with OCD. However, structural and functional
deficits of pACC have also been reported in other psychiatric disorders (Rosenberg et al.,
2004; Swartz et al., 2014; Weidt et al., 2016). Further research is needed to explore
whether the ALFF of pACC and alterations of modulation by pACC of SFG and
precuneus are specific to OCD or are transdiagnostic features reflecting general
psychopathology. This may be of particular interest regarding disorders such as autism
where repetitive thinking and behavior are also common and related to ACC dysfunction

(D'Cruz, Mosconi, Ragozzino, Cook, & Sweeney, 2016). From the methodological point
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of view, the resolution of rfMRI data in our study is relatively low. Further research with
a 32- or 64-channel head coil and multi-band accelerated echo-planar imaging sequences
will be needed. Another issue is GSR in data preprocessing. Although previous studies
showed that anticorrelations and aliasing confounds might be caused by GSR, we found
similar and comparable results using data with and without GSR. It remains controversial
whether GSR is necessary for rfMRI data. Further work is needed, and different
preprocessing approaches might offer complementary information about the brain's

functional organization (Murphy & Fox, 2017).

5 Conclusion

In summary, in patients with OCD, the pACC had decreased ALFF, and its altered
Granger causality effect with components of neural networks including the CSTC and
DMN suggests that pACC might be a primary functional abnormality underlying the
pathophysiology of OCD. Supporting this idea is the correlation between the GCA results

from the left pACC to the right dSFG and its relation to clinical symptom ratings.
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Table 1. Demographic and clinical characteristics of patients with obsessive compulsive

disorder and healthy controls.

OCD Controls P value
(n=31) (n=36)

Age, years 27.149.5 24.6£7.4 0.773
Gender, male/female 19/12 21/15 0.806
Education, years 13.742.9 13.3+2.8 0.588
Illness duration, years 6.0£5.4 - -
Total YBOCS score 22.9+5.2 - -

Obsessive subscale score 17.24+4.5

Compulsive subscale score 5.8+5.8
HARS 7.9+3.1
HDRS 9.8+£2.7

Note: for the patients with OCD, the range of total score of Y-BOCS was 16-33 and the
range of the obsessive and compulsive subscale scores was 10-28 and 0-16, respectively;
the range of HARS scores was 3-19 (from normal level to moderate anxiety) and the range
of HDRS scores was 5-17 (from normal level to moderate depression). Mean values +

standard deviation unless stated.

Abbreviations: OCD, obsessive compulsive disorder; Y-BOCS, Yale-Brown Obsessive
Compulsive Scale; HARS, 14-item Hamilton Anxiety Rating Scale; HDRS, 17-item

Hamilton Depression Rating Scale.
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Table 2. One-sample #-tests (voxel-level uncorrected P < 0.001 and cluster-level uncorrected P < 0.05) of normal controls and patients with obsessive compulsive disorder
(OCD), respectively, for the driving effects FROM the left pregenual anterior cingulate cortex (pACC) to the whole brain. Regions listed are at peak maxima of clusters in the
Montreal Neurological Institute (MNI) space.

The results from the data WITH global signal regression (panel a) The results from the data WITHOUT global signal regression (panel b)

Regions MNI Cluster size t Regions MNI Cluster size t
X y z (voxels) value X y z (voxels) value
Positive causal outflow FROM the left pACC to the whole brain

Controls Controls
Bilateral caudate and rostral ACC -12 24 -3 108 7.40 Bilateral caudate, rostral ACC, thalamus, posterior -15 30 -3 1639 8.18
Left dorsal superior frontal gyrus -24 -9 63 137 5.87 cingulate cortex, and dorsal superior frontal gyrus
Bilateral posterior cingulate cortex -3 -39 24 130 5.75 Bilateral dorsal medial superior frontal gyrus 3 42 60 103 5.68
Right dorsal superior frontal gyrus 30 3 57 66 5.54 Bilateral medial prefrontal cortex -3 66 18 62 4.98
Bilateral thalamus 0 -6 9 47 5.17 Bilateral precuneus 3072 42 71 4.24
Bilateral precuneus -3 72 39 173 4.71

Patients with OCD Patients with OCD
Bilateral caudate and rostral ACC -6 18 3 88 6.79 Bilateral dorsal medial prefrontal cortex 3 54 48 340 7.75
Bilateral ventral medial prefrontal cortex 3 51 12 27 5.62 Bilateral caudate and rostral ACC -15 21 12 376 6.48
Bilateral dorsal medial prefrontal cortex -3 48 48 53 5.16 Cerebellar vermis 0 -42 3 56 532
Cerebellar vermis 0 -63 -9 20 4.94 Bilateral ventral medial prefrontal cortex 0 57 12 110 4.85

Negative causal outflow FROM the left pACC to the whole brain

Controls Controls
Right middle frontal gyrus 39 51 24 33 6.1 Right supramarginal gyrus 66  -18 24 1215 6.6
Left medial temporal gyrus and left cerebellum -39 36 -33 68 5.43 Left supramarginal gyrus -66  -36 33 512 6.4
Left orbitofrontal cortex -39 30 -9 84 5.17 Right superior parietal lobule 42 -51 63 202 577
Right inferior frontal gyrus 51 24 6 34 4.75 Right anterior insular, middle and inferior frontal gyrus 42 51 21 764 5.57
Right anterior insular and orbitofrontal cortex 36 18 -12 34 4.43 Left orbitofrontal cortex -36 30 -12 108 53
Right supramarginal gyrus 66  -15 27 165 4.36 Left medial temporal gyrus and left cerebellum 36 42 27 120 527
Left supramarginal gyrus -63 -39 36 32 425 Left occipital lobe -33 72 -3 439 491
Right inferior temporal gyrus and right cerebellum 39 -39 27 44 4.24 Right occipital lobe 24 -84 18 194 4.25

Patients with OCD Patients with OCD
Right inferior temporal gyrus 45 -33 21 24 4.29 Left superior parietal lobule -48 45 60 139 597
Left medial temporal gyrus -42 -39 21 73 4.14 Right middle frontal gyrus 51 48 15 26 4.48
Right middle frontal gyrus 51 45 15 56 3.88 Right superior parietal lobule 51 -33 60 23 4.22
Left orbitofrontal cortex -42 27 -9 42 3.81 Left orbitofrontal cortex -45 15 -6 19 3.93
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Table 3. One-sample #-tests (voxel-level uncorrected P < 0.001 and cluster-level uncorrected P < 0.05) of normal controls and patients with obsessive compulsive disorder
(OCD), respectively, for feedback effects from the whole brain TO the left pregenual anterior cingulate cortex (pACC). Regions listed are at peak maxima of clusters in the

Montreal Neurological Institute (MNI) space.

The results from the data WITH global signal regression (panel a)

The results from the data WITHOUT global signal regression (panel b)

Regions MNI Cluster size t Regions MNI Cluster size t
X y z (voxels) value X y z (voxels) value
Positive causal inflow from the whole brain TO the left pACC
Controls Controls
Left supramarginal gyrus =57 -39 27 20 5.6 Right inferior frontal gyrus 48 27 0 104 5.42
Left cerebellum 42 42 -36 42 532 Right supramarginal gyrus 69 -24 36 105 4.75
Left medial temporal gyrus -30  -36 -9 71 5.29 Left supramarginal gyrus -57 -39 30 54 4.47
Right cerebellum 24 72 48 39 5 Left insular -39 0 -6 33 3.98
Right medial temporal gyrus 42 -39 27 55 4.79 Left medial temporal gyrus =30 42 -12 20 3.65
Right supramarginal gyrus 63 -18 24 19 4.24
Patients with OCD Patients with OCD
Left medial temporal gyrus -33 33 -18 25 4.09 Left inferior frontal gyrus =57 -12 21 155 4.71
Right cerebellum 18 -75 45 36 3.83 Left medial temporal gyrus -30 -51 -6 80 4.44
Right medial temporal gyrus 45  -36  -21 29 38 Right temporal pole 30 12 45 40 3.81
Right inferior frontal gyrus 63 -9 21 34 3.6
Right medial temporal gyrus 30 -36 -I5 19 3.41
Negative causal inflow from the whole brain TO the left pACC
Controls Controls
Bilateral thalamus 0 -3 12 23 5.02 Bilateral caudate and thalamus -15 30 -3 1160 7.74
Right dorsal superior frontal gyrus 12 15 54 74 5.01 Bilateral dorsal medial superior frontal gyrus 0 54 48 99 5.46
Bilateral posterior cingulate cortex 0 -30 27 27 4.61 Bilateral ventral medial and left ventral superior -3 69 12 75 521
Bilateral precuneus 0 -81 42 93 4.54 frontal gyrus
Left inferior parietal lobule 36 57 45 31 433 Left middle frontal gyrus -33 0 66 31 3.88
Left middle frontal gyrus -30 0 57 31 4.27 Cerebellar vermis and posterior cingulate cortex -6 -39 -3 92 4.55
Cerebellar vermis 0 -75 -9 27 4.08 Bilateral precuneus 3 -81 42 37 3.84
Left ventral superior frontal gyrus 24 57 6 36 3.82
Patients with OCD Patients with OCD
Bilateral dorsal medial prefrontal cortex 0 48 45 56 4.98 Bilateral occipital lobe 18 93  -I5 134 6.78
Bilateral ventral medial prefrontal cortex 0 48 12 74 4.87 Bilateral dorsal and ventral medial prefrontal cortex 6 54 45 473 6.73
Bilateral caudate and rostral ACC -6 18 3 35 4.44 Right caudate 15 20 6 160 6.23
Cerebellar vermis 0 -63 -6 48 4.01 Left caudate -12 21 12 50 433
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Table 4. Differences between patients with obsessive compulsive disorder and controls
for amplitude of low-frequency fluctuation and causal influence from and to the left

pregenual anterior cingulate cortex.

Regions MNI Cluster size P ALFF value or path coefficient

X y zZ (voxels) value Controls OCD patients

Results from data WITH global signal regression between 31 patients and 36 controls (panel a)
Amplitude of low-frequency fluctuation

Left pregenual ACC -9 39 3 54 0.029 1.56+0.31 1.26+0.21
Causal outflow from left pregenual ACC

Right dorsal SFG 30 3 54 22 0.016 1.27£1.6 -0.09+1.4

Left precuneus -12 -69 36 8 0.019 1.51£2.08 -0.16+1.87
Causal inflow to left pregenual ACC

Left ventral SFG 24 57 12 20 0.029  -0.68+1.09 0.42+1.06

Results from data WITH global signal regression between 29 adult patients and 36 controls (panel b)
Amplitude of low-frequency fluctuation

Left pregenual ACC -9 39 3 34 0.013 1.46+0.29 1.15+£0.17
Causal outflow from left pregenual ACC

Right dorsal SFG 30 3 54 16 0.017 1.13+1.36 0.21£1.32

Left precuneus 9 72 39 22 0.027 1.77+2.2 0.514+2.04
Causal inflow to left pregenual ACC

Left ventral SFG -24 57 12 21 0.032 -0.68+1.09 0.42+1.04

Results from data WITHOUT global signal regression between 31 patients and 36 controls (panel ¢)
Amplitude of low-frequency fluctuation

Left pregenual ACC -6 39 9 20 0.045 1.48+0.3 1.26+0.21
Causal outflow from left pregenual ACC

Right dorsal SFG 15 18 48 21 0.029 0.46+0.86 -0.14+0.83

Left precuneus -12 -66 39 17 0.039 0.71+1.45 -0.39+1.68
Causal inflow to left pregenual ACC

Left thalamus and caudate -6 -6 12 40 0.041 -1.75+1.42 0.2242.14

Left ventral SFG 27 63 12 33 0.02 -0.36+0.77 0.18+0.65

Regions listed are at peak maxima of clusters in the Montreal Neurological Institute (MNI)
space. amplitude of low-frequency fluctuation (ALFF) values and path coefficients are
given as mean value + standard deviation. P values calculated by 2-sample #-test, family-
wise error corrected P < 0.05 at cluster level.

Abbreviations: ACC, anterior cingulate cortex; OCD, obsessive compulsive disorder;

SFG, superior frontal gyrus.
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Figure Legends

Figure 1. In (a) the blue area shows the location of lower amplitude of low-frequency
fluctuations in the left pregenual anterior cingulate cortex (pACC) in patients than
controls. In (e) there are reduced driving effects of Granger causality effective
connectivity (blue arrow, meaning a less excitatory influence) from the left pACC to the
right dorsal superior frontal gyrus (SFG) (also shown in panel b) and to the left precuneus
(also shown in panel c), respectively; greater feedback effect (red arrow, meaning a less
inhibitory influence) from the left ventral SFG (also shown in panel d) to the left pACC

in patients compared to controls.
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Figure 2. The effective connectivity of Granger causality analysis from the left pregenual
anterior cingulate cortex (ACC) to the whole brain in patients and controls, respectively.
The within group results of 1-sample #-tests are from the data with (a) and without (b)

global signal regression, respectively.
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Figure 3. The effective connectivity of Granger causality analysis from the whole brain
regions to the left pregenual anterior cingulate cortex (ACC) in patients and controls,
respectively. The within group results of 1-sample #-tests are from the data with (a) and

without (b) global signal regression, respectively.

The results from the data WITH The results from the data WITHOUT
global signal regression (panel a) global signal regression (panel b)
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Figure 4. (a) The results of 3-group comparisons regarding amplitude of low-frequency
fluctuation (ALFF) and effective connectivity (EC) of left pregenual anterior cingulate
cortex (pACC) were consistent with the results compared between all the patients and
controls (*, P <0.05; **, P <0.001). (b) The statistical comparisons of 29 adult patients
with obsessive compulsive disorder and 36 controls revealed similar group differences in
ALFF and EC as seen in the main results. (c) The results from the data without global
signal regression are similar to the main results, with additional greater feedback effect
from the left thalamus and caudate to the left pACC in patients compared to controls.
Abbreviation: d/vSFG, dorsal/ventral superior frontal gyrus. Note: the blue/red arrow in

panel ¢ means the same as in Figure 1.
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