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Functional connectivity of the raphe nucleus as a predictor
of the response to selective serotonin reuptake inhibitors
in obsessive-compulsive disorder
Minah Kim 1,2, Seoyeon Kwak3, Youngwoo Bryan Yoon 4, Yoo Bin Kwak3, Taekwan Kim3, Kang Ik K. Cho3, Tae Young Lee1 and
Jun Soo Kwon1,2,3,5

Selective serotonin reuptake inhibitors (SSRIs) are first-line pharmacological agents for treating obsessive-compulsive disorder
(OCD). However, because nearly half of patients show insufficient SSRI responses, serotonergic dysfunction in heterogeneous OCD
patients should be investigated for precision medicine. We aimed to determine whether functional connectivity (FC) of the raphe
nucleus (RN), the major source of most serotonergic neurons, was altered in OCD patients and could predict the SSRI response. A
total of 102 medication-free OCD patients and 101 matched healthy control (HC) subjects participated in resting-state functional
magnetic resonance imaging. Among them, 54 OCD patients were treated with SSRIs for 16 weeks, resulting in 26 responders and
28 nonresponders. Seed-based whole brain FC with the RN as a seed region was compared between the OCD and HC groups, as
well as between SSRI responders and nonresponders. FC cluster values showing significant group differences were used to
investigate factors correlated with symptomatic severity before treatment and predictive of SSRI response. Compared to HCs, OCD
patients exhibited significantly larger FC between the RN and temporal cortices including the middle temporal gyrus (MTG),
paracingulate gyrus, amygdala, hippocampus, putamen, thalamus, and brain stem. Greater RN-left MTG FC was positively correlated
with OC symptom severity at baseline. In addition, larger FC of the RN-left MTG was also found in SSRI nonresponders compared to
responders, which was a significant predictor of SSRI response after 16 weeks. The FC of RN may reflect the neurobiological
underpinning of OCD and could aid future precision medicine as a differential brain-based biomarker.
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INTRODUCTION
Obsessive-compulsive disorder (OCD) is often characterized by
intrusive thoughts and repetitive behaviors. Because the current
diagnosis of OCD is based on these common symptomatic
features, OCD is largely heterogeneous not only in its
pathophysiology but also in its treatment response and
prognosis [1]. Treatment guidelines recommend selective
serotonin reuptake inhibitors (SSRIs) as a first-line medication
for moderate-to-severe OCD [2, 3]. This treatment has been
supported by previous studies showing that serotonergic
dysregulation plays a key role in OCD pathophysiology [4–6].
However, 40–60% of patients do not show sufficient therapeutic
responses to SSRIs [7–9], possibly due to heterogeneity in the
underlying pathophysiology because of the current symptom-
based diagnostic standards. Recent evidence suggests the use
of dopaminergic or glutamatergic agents in SSRI-nonresponsive
OCD patients [10–12]. However, a significant amount of time for
trial and error is needed to determine whether a patient is an
SSRI responder, which will result in additional suffering for
patients. Therefore, predicting SSRI response from the begin-
ning of treatment using brain-based biomarkers would provide
valuable information to both psychiatrists and patients in terms

of selecting first-line pharmacological agents in precision
medicine.
Changes in the brain activity associated with SSRI treatment in

OCD have been reported in previous studies using various
imaging modalities; such changes include regional brain glucose
metabolism [13–15], brain N-acetylaspartate levels [16], functional
activity during task performance [17], and the resting-state
functional brain connectome [18]. Nevertheless, the prospects
for SSRI response prediction using neuroimaging markers have
not yet been sufficiently studied. Pretreatment glucose metabo-
lism in the orbitofrontal cortex [15] and brain activation during
symptom-provoking tasks [19] are reportedly related to the
improvement of obsessive-compulsive (OC) symptom severity
after treatment. Shin et al. [18] also showed a strong correlation
between changes in the functional brain connectome and
improved OC symptoms after SSRI treatment. In addition, Yun
et al. [20] demonstrated the use of a machine learning method to
classify SSRI responders and nonresponders with high accuracy by
brain structural covariance. However, most previous studies have
targeted less specific changes in serotonergic activity, which may
be a key factor in detecting the serotonin-related pathophysiology
of OCD as well as predicting SSRI response.
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Serotonergic dysregulation in OCD pathophysiology has mainly
been shown in studies using [11C]DASB positron emission
tomography (PET) to investigate the serotonin transporter (SERT)
binding potential in specific brain regions of interest (ROIs).
Reduced SERT availability in subcortical and cortical areas
comprising the cortico-striato-thalamo-cortical (CSTC) loop in
drug-naïve OCD patients has been reported [21–23]. Because
these studies targeted specific ROIs in a relatively small number of
subjects, the functional connectivity (FC) between brain areas
comprising the CSTC circuit could not be investigated. Further-
more, Kim et al. [4] found that the decreased SERT binding
potential in medication-free OCD patients did not change after
SSRI treatment, suggesting that the SERT binding potential may
not be a sensitive predictor of SSRI response in patients with OCD.
In this context, the raphe nucleus (RN), which is the site of most

serotonergic neurons and projects to multiple brain regions, can
be a potent seed ROI for investigating FC that may be related to
serotonergic signaling. Preece et al. [24] showed for the first time
that elevated serotonin levels in rat brains evoked changes in the
blood oxygen level-dependent (BOLD) signal on functional
magnetic resonance imaging (fMRI) and suggested that the fMRI
method could be used as a noninvasive tool to study serotonergic
function in animal models, with the potential for clinical
application in the human brain. In healthy human volunteers,
Beliveau et al. [25] reported significant positive FC of the RN with
brain regions involved in cognitive and emotion processing,
including the anterior cingulate, amygdala, insula, hippocampus,
thalamus, basal ganglia, and cerebellum. Furthermore, they found
a significant association between the FC of the RN with those
brain regions and the regional SERT binding potential measured
by [11C]DASB PET, suggesting that FC of the RN as a seed ROI may
be useful in estimating the resting-state FC that is supposed to be
related to serotonergic activity. Despite such findings, only a few
studies have applied this method in clinical populations with
depression [26, 27], and to the best of our knowledge, there is no
related study involving patients with OCD.
In the present study, we used a large sample of OCD patients to

investigate whether resting-state FC with the RN as a seed ROI is
altered in OCD and can predict SSRI response. It was hypothesized
that compared to healthy control (HC) subjects, medication-free
OCD patients would show increased FC between the RN and brain
areas comprising the CSTC circuit. In addition, we expected that
the FC patterns of the RN would differ between SSRI responders
and nonresponders and that the FC would predict the response of
OCD patients to 16 weeks of SSRI treatment.

MATERIALS AND METHODS
Participants
A total of 102 medication-free OCD patients with moderate-to-
severe symptoms and 101 age-matched, sex-matched, and
handedness-matched HC subjects were recruited to participate
in resting-state fMRI. Forty-one of the OCD patients were drug
naïve, and 61 had not taken medication for at least one month
before the fMRI scan. All patients with OCD were recruited from
the OCD clinic at Seoul National University Hospital (SNUH) and
fulfilled the Diagnostic and Statistical Manual of Mental Disorders-
IV (DSM-IV) criteria for OCD. The HC subjects were recruited via an
online advertisement. In patients with OCD, the Yale-Brown
Obsessive Compulsive Scale (Y-BOCS) [28] was used to evaluate
the severity of OCD symptoms, and all patients showed Y-BOCS
scores >15 at the time of enrollment. Depressive and anxious
symptoms were assessed using the Hamilton Rating Scale for
Depression (HAM-D) [29] and the Hamilton Rating Scale for
Anxiety (HAM-A) [30], respectively. Symptom ratings, the duration
of illness (DOI), and comorbid psychiatric disorders were assessed
by certified psychiatrists during a clinical interview. Age of onset
was calculated by subtracting the DOI from the age at the time of

study participation. The exclusion criteria for both the OCD and HC
groups included a lifetime diagnosis of psychotic disorders,
substance abuse or dependence (excluding nicotine), neurological
disease or significant head trauma, medical illness with cognitive
sequelae, and intellectual disability (intelligence quotient [IQ] <
70).
After a baseline assessment including an fMRI scan, patients

with OCD were provided with usual treatment including an SSRI
and were reassessed for their clinical symptoms after 16 weeks. A
total of 72 patients with OCD participated in the 16-week follow-
up clinical assessment. Eighteen patients who were treated with
cognitive-behavioral therapy (CBT) or did not receive any form of
treatment were excluded from further analysis (i.e., 12 patients
received a combination of CBT and SSRIs, 2 patients received CBT
only, and 4 patients received no treatment at all). SSRI response
was defined as a patient with OCD exhibiting a ≥35% improve-
ment in Y-BOCS scores [10, 31]. Among the 54 OCD patients who
were treated with SSRIs without CBT, 26 patients met the criteria
for responders, and 28 were nonresponders after 16 weeks of
follow-up. The use of medication (including SSRIs) during the
16 weeks was ascertained from a thorough review of medical
records.
This study was conducted according to the Declaration of

Helsinki and was approved by the Institutional Review Board of
SNUH. Each subject received a complete description of the study
and provided written informed consent before participation. For
the minors who participated in this study, informed consent was
obtained from both the participants themselves and their
caretakers.

Image acquisition and preprocessing
Functional and structural images were obtained with a 3.0-tesla
Trio MRI scanner (Siemens Magnetom Trio, Erlangen, Germany)
with a 12-channel head coil. T1-weighted structural images were
acquired with the following parameters: echo time (TE)= 1.89 ms;
repetition time (TR)= 1670ms; field of view (FOV)= 250 mm; flip
angle= 9°; matrix= 256 × 256; voxel size= 1.0 × 0.98 × 0.98 mm3;
and 208 slices. Resting-state fMRI images were acquired with the
following parameters: TE= 30ms; TR= 3500ms; FOV= 240mm;
flip angle= 90°; matrix= 128 × 128; voxel size= 1.9 × 1.9 × 3.5
mm3; and 35 slices. Participants were instructed to relax with their
eyes closed but not to fall asleep. A questionnaire was
administered to the participants after the scan to ensure that
they had not fallen asleep. To minimize possible motion artifacts,
we stabilized the subjects’ heads with head cushions, and we
asked the subjects to move as little as possible during image
acquisition. Resting-state fMRI images were acquired for 6 min and
58 s. After image acquisition, all acquired images were visually
inspected by independent radiologists for any problems that
could have occurred during acquisition.
The first 4 resting-state fMRI scans were discarded to allow for

magnetic field saturation. The remaining images were processed
using the software Statistical Parametric Mapping (SPM) version
12 (Wellcome Department of Cognitive Neurology, London, UK)
and the CONN-fMRI FC toolbox (https://www.nitrc.org/projects/
conn) version 17.f [32]. The 112 remaining functional images were
realigned and unwarped to correct for head motion, and we
confirmed that no subjects exceeded the head motion criteria, i.e.,
translation > 2mm and rotation > 2° in any direction. After motion
correction, each image underwent slice-timing correction. Artifact
Detection Tools (ART)-based functional outlier detection and
scrubbing (global-signal Z-value= 3, subject mean motion= 0.05
mm) were carried out to minimize the effect of artifacts, including
spiking and motion [33]. Then, functional images were coregis-
tered to each participant’s respective T1-weighted structural
images. The images were segmented into gray matter (GM),
white matter (WM) and cerebrospinal fluid (CSF); spatially
normalized to Montreal Neurological Institute (MNI) space; and
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Table 1. Demographic and clinical characteristics of patients with obsessive-compulsive disorder (OCD) and healthy controls (HCs) as well as a
comparison of responders and nonresponders after 16 weeks of selective serotonin reuptake inhibitor (SSRI) treatment of OCD patients

OCD HC Statistical analysisa

(n= 102) (n= 101)

Mean SD Mean SD χ2 or T p

Sex (male/female) 68/34 62/39 0.614 0.467

Handedness (right/
left)

94/8 94/7 0.062 1.000

Age (years) 25.3 6.5 25.4 6.9 −0.035 0.972

IQ 111.2 11.0 113.3 12.4 −1.248 0.213

Education (years) 14.2 2.1 14.5 1.8 −1.127 0.261

Duration of illness
(years)

6.9 5.5 – – – –

Age of onset
(years)

18.4 6.8 – – – –

Y-BOCS scores

Total 27.4 5.5 – – – –

Obsession 14.3 2.9 – – – –

Compulsion 13.2 3.4 – – – –

HAM-D score 12.1 6.0 – – – –

HAM-A scoreb 11.1 6.0 – – – –

Comorbidityc

Depressive
disorder

36 (35.3) – – – –

Bipolar disorder 3 (3.0) – – – –

Personality
disorder

6 (6.0) – – – –

Respondersd Nonresponderse Statistical analysis

(n= 26) (n= 28)

Mean SD Mean SD χ2 or T p

Sex (male/female) 17/9 20/8 0.228 0.771

Handedness (right/left) 25/1 28/0 1.097 0.223

Age (years) 21.0 4.0 27.2 6.5 −4.206 <0.001**

IQ 110.0 9.4 110.4 11.2 −0.152 0.880

Education (years) 13.4 1.9 14.4 1.8 −2.156 0.036*

Duration of illness (years) 4.6 4.0 10.0 7.0 −3.474 0.001**

Age of onset (years) 16.3 4.8 17.2 7.6 −0.468 0.642

Baseline Y-BOCS scores

Total 26.6 5.2 29.0 5.3 −1.693 0.096

Obsession 14.1 2.8 15.0 2.5 −1.237 0.222

Compulsion 12.5 3.2 14.0 3.2 −1.767 0.083

Baseline HAM-D score 11.5 6.2 12.6 5.8 −0.677 0.501

Baseline HAM-A score 9.9 5.2 12.3 6.3 −1.471 0.147

16 weeks Y-BOCS scores

Total 12.4 3.8 23.7 5.5 −8.785 <0.001**

Obsession 6.7 2.3 12.4 2.9 −7.997 <0.001**

Compulsion 5.7 2.0 11.3 2.9 −8.133 <0.001**

16-week HAM-D score 3.7 3.2 8.8 5.8 −3.950 <0.001**

16-week HAM-A scoref 3.3 3.5 7.4 5.1 −3.259 0.002**

Medication useg

Antipsychotics 2 (7.7) 1 (3.6) 0.436 0.509

Mood stabilizers 0 (0.0) 2 (7.1) 1.929 0.165

Benzodiazepines 3 (11.5) 6 (21.4) 0.949 0.330

Comorbidityh

Functional connectivity of the raphe nucleus as a predictor of the. . .
M Kim et al.

2075

Neuropsychopharmacology (2019) 44:2073 – 2081



resampled to 2 × 2 × 2mm3 voxels. A spatial smoothing window
with a 4-mm full width at half-maximum (FWHM) isotropic
Gaussian kernel was applied. The kernel with a 4-mm FWHM
was chosen due to the small size of the RN [34].
The smoothed images underwent nuisance correction with the

CompCor method, which regresses out signals from the WM and
CSF, motion realignment parameters and their first derivatives. In
addition, the CompCor method has been reported to effectively
reduce noise from physiological fluctuations [35]. The linear trend
was removed throughout the time course, and a temporal
bandpass filter of 0.008–0.09 Hz was subsequently applied.

Functional connectivity analysis
The whole-brain FC patterns were measured with the RN as a seed
ROI. The location of the RN was determined from the Harvard
Ascending Arousal Network (HAAN) Atlas [36]. Pearson’s bivariate
correlation analyses were performed to calculate the connection
from the RN to other voxels in the whole brain using CONN 17.f.
Using a generalized linear model (GLM), the between-group
differences in the RN FC patterns were examined by one-way
analysis of variance (ANOVA). A false discovery rate (FDR)-
corrected threshold of p < 0.05 was applied to report statistically
significant clusters.

Statistical analysis
The demographic and clinical characteristics of the participants
were compared across groups using independent-samples t-tests
or, if the variances were not equal, Welch’s t-tests. The χ2 test or
Fisher’s exact test was used to analyze the categorical data.
Exploratory Pearson’s correlation analysis was performed to assess
the relationship between aberrant RN FC found in OCD patients
and OC symptom severity measured by total Y-BOCS scores. To
identify factors predictive of the SSRI response, we used binary
logistic regression with a backward selection method. A multiple
regression analysis with the backward selection method was used
to identify the factors that significantly predicted the percent
improvement in OC symptom severity during the SSRI treatment
period. The independent variables in both the binary logistic
regression and the multiple regression analysis included the
following: Altered FC of the RN in SSRI nonresponders compared

to responders; demographic characteristics that showed differ-
ences between the two groups (i.e., age, IQ, years of education,
DOI); and baseline scores on the Y-BOCS, HAM-D, and HAM-A.

RESULTS
Participant characteristics
There was no difference in sex, handedness, age, IQ, or years of
education between the OCD and HC groups at baseline. Table 1
summarizes the demographic and clinical characteristics of OCD
patients and HCs and of the SSRI responders and nonresponders
at baseline and after 16 weeks of treatment. Responders were
younger (t=−4.206, p < 0.001), less educated (t=−2.156, p=
0.036), and had a shorter DOI (t=−3.474, p= 0.001) than
nonresponders. The severity of OC symptoms, depression, and
anxiety did not differ between responders and nonresponders
before the start of SSRI treatment. At the time of the 16-week
follow-up clinical assessment, escitalopram (10–60mg per day)
was prescribed for 48 patients, fluoxetine (30–80mg per day) for 9
patients, a combination of escitalopram (50 mg per day) and
fluoxetine (20 mg per day) for 1 patient, and paroxetine (40 mg
per day) for 1 patient. Neither the use of medication other than
SSRIs during the 16-week follow-up period nor the presence of
comorbid psychiatric disorders assessed at baseline differed
between responders and nonresponders. In addition, a compar-
ison of patients with OCD who participated (n= 72) and did not
participate (n= 30) in the follow-up assessment at 16 weeks and a
comparison of patients who were included (n= 54) and not
included (n= 48) in the SSRI responder analysis are shown in
Tables S1 and S2 in the Supplementary Material.

FC analysis results
The results of the FC analysis are summarized in Table 2.
Compared to HCs, patients with OCD showed greater connectivity
between the RN and various brain regions including the inferior
temporal gyri (ITGs) and middle temporal gyri (MTGs) of both
hemispheres, the right temporal pole/insular cortex, the para-
cingulate gyrus, the left amygdala/hippocampus/putamen, right
putamen/caudate, thalamus, and brain stem. The FC between the
RN and left occipital pole was smaller in OCD patients than in HCs

Table 1 continued

Respondersd Nonresponderse Statistical analysis

(n= 26) (n= 28)

Mean SD Mean SD χ2 or T p

None 17 (65.4) 16 (57.1) 0.385 0.535

Depressive disorder 9 (34.6) 8 (28.6) 0.228 0.633

Bipolar disorder 0 (0.0) 3 (10.7) 2.950 0.086

Personality disorder 0 (0.0) 1 (3.6) 0.946 0.331

SD standard deviation, IQ intelligent quotient, Y-BOCS Yale-Brown Obsessive-Compulsive Scale; HAM-D Hamilton rating scale for depression, HAM-A Hamilton
rating scale for anxiety
*The mean difference is significant at the 0.05 level
**The mean difference is significant at the 0.005 level
aIndependent t-test or Welch’s t-test if the variances were not equal, χ2 analysis or Fisher’s exact test for categorical data
bThe number of missing data was 1
cNumber (percentage) of patients who were diagnosed with each comorbid psychiatric disorder; major depressive disorder (MDD) was 6, depressive disorder,
not otherwise specified (NOS) was 30, bipolar ii disorder was 2, bipolar disorder, NOS was 1, schizotypal personality disorder was 3, obsessive-compulsive
disorder was 2, and paranoid personality disorder was 1
dPatients with OCD who showed ≥35% reduction in the Y-BOCS total score after 16 weeks of SSRI treatment
ePatients with OCD who showed <35% reduction in the Y-BOCS total score after 16 weeks of SSRI treatment
fThe number of missing data was 2 in the responder group and 2 in the nonresponder group
gNumber (percentage) of patients who were prescribed each medication during the 16-week follow-up period
hNumber (percentage) of patients who were diagnosed with each comorbid psychiatric disorder; MDD was 3, depressive disorder, NOS was 5, bipolar ii
disorder was 2, and obsessive-compulsive personality disorder was 1
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(Fig. 1). In addition, a comparison of patients with OCD who were
included in the SSRI responder analysis (n= 54) and those who
were not included (n= 48) yielded no significant clusters with
group differences in the FC analysis.
In the exploratory correlation analysis, the FC between the RN

and left ITG/MTG was significantly related to OC symptom
severity, as assessed by total Y-BOCS scores at baseline (r=
0.209, p= 0.035; Fig. S1 in the Supplementary Material). The FC
between the RN and the right MTG showed a trend-level
correlation with total Y-BOCS scores (r= 0.195, p= 0.049). A
partial correlation analysis controlling for baseline scores on the
HAM-D and HAM-A still showed a trend-level correlation between
FC of the RN with the left ITG/MTG and OC symptom severity (r=
0.197, p= 0.050), whereas the correlation between FC of the RN
with the right MTG and OC symptom severity was not significant
(r= 0.175, p= 0.084).
Patients with OCD who did not respond to 16 weeks of SSRI

treatment (i.e., nonresponders) showed significantly larger FC
between the RN and the left MTG/superior temporal gyrus (STG)
than that of responders (Fig. 2). According to the binary logistic
model, smaller FC of the RN with the left MTG/STG and younger
age were significant predictors of the response to 16 weeks of
SSRI treatment. Multiple regression analysis revealed that
smaller FC of the RN with the left MTG/STG and a shorter DOI
significantly predicted a subsequent improvement in OC
symptom severity (Table 3; Fig. 2c). The baseline severity of
OC, depressive, and anxious symptoms was not included in
the significant predictive models produced by regression
analyses.

DISCUSSION
This study is the first to elucidate dysfunctional brain connectivity
of the RN, which is a major source of serotonergic neurons, and its
usefulness as a predictor of SSRI response in patients with OCD.
Medication-free patients with OCD showed greater FC between

the RN and various brain regions comprising the CSTC circuit,
including temporal cortices, and larger FC between these areas
was correlated with OC symptom severity. Furthermore, OCD
patients who did not exhibit a sufficient response to 16 weeks of
SSRI treatment showed greater FC between the RN and the left
MTG/STG than that of SSRI responders. Furthermore, the altered
FC was one of the significant predictors of the SSRI response in
patients with OCD when controlling for demographic and clinical
characteristics at baseline. Our results not only add to previous
literature on the key role of dysfunctional serotonergic activity in
OCD pathophysiology but also highlight the possibility of using
the FC of the RN as a biomarker of the SSRI response in patients
with OCD.
A dysfunctional CSTC circuit in patients with OCD has been

consistently shown in previous studies, suggesting that a
neurocircuitry approach, updated with recent findings from
the temporal cortex and cerebellum applied to the traditional
CSTC model, would be a suitable method to elucidate OCD
pathophysiology [37–41]. Although previous studies have
reported that overactivation of brain areas comprising the CSTC
circuit in OCD is decreased after successful treatment [42, 43],
network-level alterations of the CSTC circuit have not yet been
sufficiently studied in terms of the serotonin-related pathophy-
siology and treatment response. An animal study conducted by
Ahmari et al. [44] revealed that repeated stimulation of the
corticostriatal loop produced OCD-like behavior and hyperacti-
vation of striatal neurons in mice, which were reversed by
chronic fluoxetine exposure, supporting the hypothesis that
serotonin signaling in the CSTC circuit plays an important role in
the pathophysiology of OCD. Consistent with that report, the
greater RN-left ITG/MTG FC was positively correlated with the
symptomatic severity of OCD as measured by the Y-BOCS before
treatment in this study. As it has been shown that various brain
regions functionally connected to the RN are related to the SERT
distribution, which reflects serotonergic activity [25], the results
of the current study may suggest altered FC of the RN with brain

Table 2. Regions where functional connectivity (FC) with the raphe nucleus (RN) was significantly altered in patients with obsessive-compulsive
disorder (OCD) compared to healthy controls (HCs) as well as a comparison of responders and nonresponders after 16 weeks of selective serotonin
reuptake inhibitor (SSRI) treatment of OCD patients

Brain region MNI coordinate Size of clusters Statistics

(x, y, z) (Number of voxels) T score Cluster p value (FDR corrected)

Regions where FC with the RN was larger in OCD (OCD > HC)

Left ITG, MTG −52, −44, −22 126 6.62 0.007

Right ITG, MTG +60, −42, −10 201 5.81 <0.001

Right MTG +70, −24, −16 104 5.41 0.013

Right temporal pole, insular cortex +40, +14, −18 97 5.41 0.015

Paracingulate gyrus +02, +42, +26 74 4.37 0.036

Left amygdala, hippocampus, putamen −20, −22, −20 155 6.02 0.003

Right putamen, caudate +14, +06, +06 120 5.51 0.007

Thalamus −02, −16, +10 92 4.58 0.017

Brain stem +00, −32, −18 553 15.56 <0.001

Regions where FC with the RN was larger in HC (HC > OCD)

Left occipital pole −12, −100, +10 123 5.11 0.010

Regions where FC with the RN was larger in SSRI nonresponders (nonrespondersa > respondersb)

left MTG, STG −60, −08, −20 98 5.58 <0.001

Regions where FC with the RN was larger in SSRI responders (respondersb > nonrespondersa)

None

MNI Montreal Neurological Institute, FDR false discovery rate, ITG inferior temporal gyrus, MTG middle temporal gyrus, STG superior temporal gyrus
aPatients with OCD who showed <35% reduction in the Y-BOCS total score after 16 weeks of SSRI treatment
bPatients with OCD who showed ≥35% reduction in the Y-BOCS total score after 16 weeks of SSRI treatment
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regions comprising the CSTC circuit as a reflection of the
pathophysiological mechanism in patients with OCD.
However, considering that nearly half of patients with OCD

show an insufficient therapeutic response to SSRIs and that
neurotransmitter systems other than serotonin are also involved in
OCD pathophysiology [8, 9, 45], patients with OCD under the
current symptom-based diagnostic standard may be heteroge-
neous in the degree of serotonergic dysfunction and its
contribution to the improvement of OC symptoms. For example,
Lee et al. [46] reported that early-onset OCD patients on
escitalopram treatment showed less serotonergic pathology, as
reflected by the SERT binding potential, than late-onset OCD
patients, suggesting that there is significant heterogeneity of
serotonergic dysfunction among OCD patients with a symptom-
based diagnosis. Therefore, investigating brain-based biomarkers

to predict SSRI responders would facilitate overcoming those
heterogeneities and selecting an appropriate pharmacological
agent from the beginning of treatment. We consistently found
greater FC between the RN and the left MTG/STG in SSRI
nonresponders than in responders, suggesting that altered FC of
the RN with the temporal cortices may be a useful brain-based
biomarker of the SSRI response. Specifically, in regression models,
FC between the RN and left MTG/STG was a significant predictor
of the SSRI response, as well as the percent improvement in OC
symptom severity after 16 weeks of SSRI treatment, when
controlling for the demographic and clinical characteristics
measured at baseline. This result is in line with our previous
study, which reported individual structural covariance involving
the perisylvian area as a predictive factor of SSRI response in
patients with OCD [20]. Furthermore, the present results showing

Fig. 1 Statistical maps of the regions where functional connectivity (FC) with the raphe nucleus (RN) was significantly altered in patients with
obsessive-compulsive disorder (OCD) compared to healthy controls. The regions where FC with the RN was greater in OCD are marked in red-
yellow and include the a left amygdala/hippocampus/putamen, right putamen/caudate, thalamus, brain stem, and b left and right inferior
temporal gyri (ITG)/middle temporal gyri (MTGs). The region where FC with the RN was smaller in OCD is marked in blue-green and contains
the c left occipital pole. All the results are displayed at a false discovery rate (FDR)-corrected threshold of p < 0.05. The left hemisphere is
depicted on the left in the axial and coronal slices
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differential FC of the RN with the left temporal cortex across SSRI
responders and nonresponders may indicate a brain-based
biomarker of differential serotonergic contributions to OC
symptoms under general serotonergic dysfunction shared by
heterogeneous OCD groups with a symptom-based diagnosis.
Notably, we found that greater FC between the RN and left

temporal cortex not only predicted nonresponse to SSRI treatment
but also showed a positive correlation with OC symptom severity
measured before treatment. Therefore, it is pertinent to discuss the
importance of the temporal cortex, which is also suggested to be part
of the CSTC circuit in recent models [37, 47], in both the
pathophysiology of OCD and its response to treatment. Previous
studies have reported structural and functional abnormalities of the
temporal cortex in OCD patients, suggesting that rich connections of
the temporal cortex to OCD-related brain regions may cause those
abnormalities [48, 49]. Furthermore, a recent multicenter volumetric
mega-analysis study reported a relative loss of brain volume in the
temporal cortices in OCD patients with increasing age in relation to
chronic stress and the exacerbated emotional response seen in OCD
[47]. The association between temporal cortex pathology and OC
symptoms was also indicated in the high comorbidity of OC
symptoms in patients with temporal lobe epilepsy (TLE) [50].

Specifically, in line with the left lateralization found in the current
study, OC symptoms were more prevalent in left-sided TLE patients
than in right-sided TLE patients [51]. In addition, Sanematsu et al. [19]
showed that pretreatment activation in the left STG during symptom
provocation was predictive of improved OC symptoms after
treatment using fluvoxamine. Although little is known about the role
of the left temporal cortex in the serotonin-related pathophysiology
of OCD to date, the results of our study suggest that greater FC
between the RN and left temporal cortex may be a candidate
biomarker for predicting SSRI response as well as a neurobiological
underpinning of OCD.
This study has several limitations. First, although we used the

RN as a seed ROI in the FC analysis based on a previous report
showing that this FC is correlated with the SERT distribution [25],
the FC of the RN may not exclusively reflect the activity of
serotonergic neurons because approximately half of the neurons
within the RN are nonserotonergic [52]. The relationship between
FC of the RN and serotonergic signaling is speculative considering
the current state of the evidence; thus, the results of this study
should be interpreted with caution. Second, the RNs occupy a very
small region near the brain stem, which makes them susceptible
to motion and physiological noise [53]. Although we had taken

Fig. 2 a Statistical maps of the regions where functional connectivity (FC) with the raphe nucleus (RN) was significantly larger in patients with
obsessive-compulsive disorder (OCD) who did not respond to 16 weeks of selective serotonin reuptake inhibitor (SSRI) treatment
(nonresponders) than in patients who showed a sufficient response (responders). The region where FC with the RN was larger in SSRI
nonresponders is marked in red-yellow and comprises the left middle temporal gyrus (MTG)/superior temporal gyrus (STG). The results are
displayed at a false discovery rate (FDR)-corrected threshold of p < 0.05. The left hemisphere is depicted on the left in the axial and coronal
slices. b FC between the RN and the left MTG/STG across SSRI responders and nonresponders. The horizontal lines in the group indicate the
means, and the vertical lines in the group indicate the 10th to 90th percentiles. c Correlation between the percent improvement in scores on
the Yale-Brown Obsessive Compulsive Scale (Y-BOCS) after 16 weeks of SSRI treatment and FC between the RN and the left MTG/STG at
baseline
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steps to minimize these effects, including strict exclusion criteria
based on motion estimates and the implementation of a tool for
correcting physiological noise [25], the remaining physiological
noise after those rigorous efforts could have been a potential
confounder. Third, we could not acquire the resting-state fMRI
data in patients with OCD after finishing 16 weeks of SSRI
treatment. The relationship between the symptomatic improve-
ment and the change in FC of the RN to brain areas, the latter of
which was suggested as a predictor of the SSRI response in the
current study, could be supported by a future study with
longitudinal imaging data. Fourth, the participants’ resting-state
fMRI was acquired with the eyes closed, which might have led to
them falling asleep. Although we instructed the participants not to
fall asleep and used a questionnaire after the scan to ensure that
they had not fallen asleep, the protocol could be stated as a
limitation. Finally, the serotonin system is closely related not only
to OC symptoms but also to depression and anxiety symptoms.
Furthermore, it is known that symptomatic severity and related
comorbidities may affect treatment outcomes in addition to brain
connectivity [54]. Although the altered FC patterns found in OCD
patients were correlated with baseline OC symptom severity and
predictive of the SSRI response when baseline depression and
anxiety symptoms were controlled as covariates, insufficient
consideration of comorbidities, such as not using the Structured
Clinical Interview for the Diagnostic and Statistical Manual of
Mental Disorders (SCID), remains a limitation of the current study.
Alterations of FC between the RN and brain regions comprising

the CSTC circuit in medication-free OCD patients highlighted the
presence of common serotonergic dysfunctions in OCD patho-
physiology. Among those FC changes, greater FC between the RN
and left temporal cortex in SSRI nonresponders than in responders
may reflect the varying degree and contribution of serotonergic
dysfunctions in heterogeneous groups of OCD patients under the
current symptom-based diagnostic standards. The results of our
study suggest that FC of the RN may be a brain-based biomarker
in patients with OCD for future precision medicine.
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