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ABSTRACT

Objective: Resting state functional magnetic resonance imaging (fMRI) functional connectivity has been used as a tool to study
brain mechanisms associated with addictions. Recent research in substance use disorders has focused on three brain networks
termed the default mode network (DMN), salience network (SN), and executive control network (ECN). The purpose of this study
was to examine the functional connectivity of those three networks in opioid use disorder (OUD) subjects compared to healthy
control subjects (HC).

Methods: The present study investigated functional connectivity differences between OUD subjects compared to HC using
independent component analysis. This study also examined the relationship between functional connectivity and negative
urgency scores, as well as compared the functional connectivity of severe OUD to mild or moderate OUD.

Results: In OUD subjects (n=25) compared to HC (n=25), a cluster in the left dorsolateral prefrontal cortex within the left
ECN had significantly weaker functional connectivity. No significant differences were found between groups for the functional
connectivity of the DMN, SN, or right ECN. No significant associations were found between functional connectivity and negative
urgency, and no differences were found between severe OUD and mild or moderate OUD.

Conclusion: These novel preliminary results suggest that ECN functional connectivity may differ between OUD and HC. This
finding is consistent with previous research showing altered executive function in OUD and supports further examination of ECN
functional connectivity in association with treatment response in OUD. Given our relatively small sample size (50 subjects total;
25 subjects per group), our results should be treated as preliminary for hypothesis generation, and replication will be needed in

future studies.

Keywords: Opioid use disorder; Functional connectivity; Independent
component analysis; Executive control network; Resting state networks;
Negative urgency; Functional magnetic resonance imaging

Introduction

Opioid Use Disorder (OUD) represents a significant public health is-
sue, and there remains room for improvement in the understanding of
the neurobiology underlying OUD. Among the tools used for studying
OUD neurobiology are functional magnetic resonance imaging (fMRI)
studies of brain neural functional connectivity. Functional connectivity
measures the statistical dependence between brain regions of spontane-
ous fluctuations in the fMRI signal [1,2]. Resting state fMRI functional
connectivity can provide information about how the brain is organized
into functional networks and how those functional networks may differ
in OUD. Zhang and Volkow (2019) have reviewed the addiction func-
tional connectivity literature with focus on the Default Mode Network
(DMN). That review reported differences in substance users’ functional
connectivity within sub-systems of the DMN and between the DMN
and other networks, such as the Salience Network (SN) and the Execu-
tive Control Network (ECN) [3]. The DMN, SN, and ECN are three
networks possibly related to addiction and psychopathology in general
[4,5]. It has been suggested that functional connectivity within and
among the DMN, SN, and ECN is altered in substance use disorders,
possibly reflecting salient environmental cues (SN) interacting more
with circuits associated with craving (DMN) and less with circuits as-

sociated with executive control (ECN) [3,5,6].

Several studies of OUD have assessed functional connectivity within the
DMN, with inconsistent findings. While several studies found decreased
functional connectivity within the DMN, some studies found increased
functional connectivity [7-11]. Fewer studies have assessed functional
connectivity within the SN and ECN [3,12]. Both Upadhyay et al. (2010)
and Wang et al. (2016) found decreased functional connectivity within
the SN in OUD subjects relative to healthy controls. Li et al. (2018)
found increased functional connectivity between the left ECN and the
right ECN in OUD, but to our knowledge there are no published studies
which have addressed functional connectivity within the left ECN or
right ECN in OUD [13]. Furthermore, many of the above-referenced
studies used seed-based functional connectivity methods which may be
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more prone to head motion confounds than independent component
analysis (ICA) [1]. ICA allows for quantitative investigation of whole
networks without the need for selection of a seed region of interest and
can better account for artifacts compared to seed-based methods which
can be influenced by spatial confounds [1]. ICA with subsequent analy-
sis using the dual regression module of FSL software (www.fmrib.ox.ac.
uk/fsl/) considers both amplitude and shape of the signal time-course
of resting state networks [1,14]. Head motion can mimic amplitude ef-
fects, and dual regression can more accurately localize these amplitude
effects of motion and thus avoid misinterpreting them as differences in
connectivity [14].

The present study used ICA to test for functional connectivity differ-
ences between OUD subjects and non-drug using healthy control sub-
jects (HC) within the DMN, SN, and ECN. Previous research using
ICA has shown the ECN to be lateralized as left ECN (LECN) and right
ECN (RECN) components, and therefore we studied both LECN and
RECN components in our ICA analysis [15]. The present study also
tested for associations of functional connectivity with negative urgency
scores (NU) across all subjects. NU is an aspect of impulsivity, which
has been linked to executive control, and is described as the tendency
to act rashly in response to negative affect [16,17]. NU has been associ-
ated with greater opioid use and future opioid use in a chronic pain pa-
tient sample, but has not yet been studied in association with functional
connectivity in OUD [18].

We hypothesized that OUD subjects would have lower within-network
DMN and lower within-network SN functional connectivity relative
to HC, based on previous findings in OUD individuals who were ac-
tively using illicit opioids and/or taking methadone or buprenorphine
[19,20]. We hypothesized that OUD subjects would score higher in NU,
similar to previous findings in opioid users and other substance users
[18,21]. We also hypothesized that NU scores would negatively cor-
relate with SN functional connectivity of both groups based on a pre-
vious study using tobacco users and the proposed associations of the
SN with salience detection and evaluation [22,23]. We also performed
exploratory analyses of associations between NU scores and the with-
in-network functional connectivity of the DMN, LECN, and RECN.
We also planned exploratory analyses to compare between groups the
within-network functional connectivity of the LECN and RECN. All
of these hypotheses were registered with the Open Science Framework
(OSF) prior to any data analysis in this study [24]. The present study
also compared post-hoc the functional connectivity of OUD subjects
with different levels of OUD severity. To investigate the effects of het-
erogeneity of our OUD sample, we also performed post-hoc analyses
of functional connectivity of OUD with urine drug screens positive
for buprenorphine or methadone compared to OUD with urine drug
screens positive only for illicit opioids. Also, to investigate the effects of
heterogeneity, we examined the relationship between functional con-
nectivity and time since last opioid use in the OUD subjects. Given our
relatively small sample size (50 subjects total; 25 subjects per group),
our results should be treated as preliminary for hypothesis generation,
and replication will be needed in future studies.

Materials and Methods
Subjects and procedures

All study procedures were approved by the Virginia Commonwealth
University Institutional Review Board. OUD subjects were recruited
from the Richmond, Virginia, community outpatient setting by using
flyers and in-person recruitment at addiction treatment clinics. To ob-
tain a more representative sample of the OUD population that could

be seen clinically, no restrictions regarding current drug use were im-
posed during recruitment. HC subjects were recruited by using flyers
and other advertisements. Written informed consent and a thorough
screening were obtained, including a medical history, physical exami-
nation, and psychiatric and substance use histories conducted using
the Mini International Neuropsychiatric Interview (MINI) for Diag-
nostic and Statistical Manual version 5 (DSM-5) [25]. Inclusion cri-
teria were DSM-5 diagnosed OUD (for OUD only) and age between
18 and 70 years. Exclusion criteria were any history of schizophrenia,
seizure disorder, significant head trauma, any changes to psychoactive
medications within 30 days prior to the study period, any other DSM-
5 Substance Use Disorder with a severity diagnosis greater than the
subject’s DSM-5 OUD severity diagnosis (Mild, Moderate, Severe), or
DSM-5 Severe Alcohol Use Disorder. In addition, HC subject exclusion
criteria were any history of substance use disorder. Subjects were seen
for a screening visit and three additional visits in which they completed
several behavioral measures, an MRI screening and mock MRI session,
and an MRI scan. Participants were asked to refrain from smoking 1
hour before and drinking caffeine 3 hours before their MRI scan. Urine
drug screens (UDS) and alcohol breath screens were obtained during
each visit. 25 OUD and 25 HC subjects were included in the final analy-
sis. Greater detail regarding the subjects and procedures is presented in
Supplementary File.

Behavioral measures

Negative urgency: NU scores were extracted from a short form of the
UPPS-P scale (Urgency, lack of Premeditation, lack of Perseverance,
Sensation Seeking, and Positive Urgency scale) [26,27].

Opioid use: The number of subjects with at least one UDS positive for
different categories of opioids and non-opioid drugs are reported for
descriptive purposes.

OUD severity: OUD severity was obtained from the DSM-5 severity
diagnosis (Mild, Moderate, Severe).

Time since last opioid use in hours was obtained by a clinician inter-
view conducted immediately prior to the participant’s MRI scan.

Behavioral and demographic data were analyzed using JMP statistical
software (JMP, Version 14. SAS Institute Inc., Cary, NC, 1989-2019).
Greater detail regarding the behavioral measures is presented in Sup-
plementary File.

MRI acquisition

MRI scans were acquired using the Philips Medical Systems (Best, Neth-
erlands) Ingenia wide-bore dStream 3T MRI scanner, with a 32-chan-
nel receive head coil. Single shot gradient-echo echoplanar imaging
(EPI) was used for acquiring fMRI data. The fMRI acquisition param-
eters were: SENSE in-plane acceleration factor 1.5, multiband factor 3,
repetition time 1625 ms, echo time 30 ms, flip angle 52°, field of view
240 mm (anterior-to-posterior) x 240 mm (left-to-right) x 125.70 mm
(foot-to-head), in-plane resolution 2.5 mm x 2.5 mm, 45 axial slices,
slice thickness 2.5 mm, interslice gap 0.30 mm, 420 repetitions per run
after 12 dummy acquisitions, and total duration 11 minutes 22 seconds.
Subjects completed the resting state fMRI scan with eyes open while
looking at a black fixation cross on a white screen. Greater detail re-
garding MRI acquisition parameters is available in Supplementary File.

MRI preprocessing

Initial removal of signal outliers, heart rate physiologic noise correc-
tion, slice timing correction, spatial smoothing, and registration toa T1
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anatomical scan were performed. Susceptibility-induced off-resonance
field correction was conducted by FSL "topup" software (www.fmrib.
ox.ac.uk/fsl/). Quality control for head motion was performed by elim-
inating fMRI runs which did not meet the Parkes et al. (2018) stringent
criteria [28]. Head motion re-alignment and signal correction was per-
formed using the FSL MCFLIRT motion-correction program and ICA-
AROMA, respectively [29-31]. Further denoising was performed using
the aCompCor procedure implemented in CONN software (www.ni-
trc.org/projects/conn, RRID:SCR_009550), and ICA components with
possible motion-related structured noise are regressed out during the
FSL dual regression procedure [32,33]. The denoised fMRI timeseries
was transformed into MNI space. High pass filtering (cutoff=125 s), but
not low pass filtering, was performed. Greater detail in the preprocess-
ing steps is presented in Supplementary File.

Functional connectivity analysis

Group ICA maps were created using all subjects in both groups by
FSL MELODIC (Multivariate Exploratory Linear Decomposition into
Independent Components) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ME-
LODIC) with 30 components, the output of which was visually inspect-
ed to identify the DMN, SN, LECN, and RECN networks [34]. Dual
regression analysis was then performed in FSL to obtain the subject-
specific component maps of parameter estimates of functional connec-
tivity, which were then used as the input to non-parametric permuta-
tions statistical tests using FSLs Permutation Analysis of Linear Models
(PALM) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM) for comparison
between groups [14,35]. The FSL standard Threshold Free Cluster En-
hancement (TFCE) was used to identify statistically significant clusters
of voxels while maintaining family-wise-error (FWE) control [36]. We
analyzed the regression of the subject-specific functional connectivity
on NU scores for all subjects in both groups, and we also compared the
functional connectivity of subjects with severe OUD to subjects with
mild or moderate OUD. All reported p-values of functional connectiv-
ity results are FWE corrected for the number of voxels, the number of
contrasts, and the 4 networks examined.

To examine the effects of heterogeneity in our OUD sample, we also
performed two post-hoc analyses. In the first analysis, we compared
OUD subjects with at least one UDS positive for buprenorphine or
methadone to OUD subjects with UDS positive for illicit opioids only.
In the second analysis, we analyzed the regression of the subject-spe-
cific functional connectivity on self-reported time since last opioid use,
measured in hours.

For baseline variables (NU, education, and mean framewise displace-
ment (mFD)) that statistically significantly differed between the two
groups, we conducted a preliminary analysis of the regression of func-
tional connectivity on the baseline variable to determine whether that
variable should be included as a covariate in an analysis of covariance
(ANCOVA) based on recommendations from a standard statistics text-
book [37]. Given that 17/25 OUD subjects were tobacco users while
0/25 HC subjects were tobacco users, we were unable to perform AN-
COVA but instead compared the functional connectivity of tobacco us-
ing OUD subjects to non-tobacco using OUD subjects.

Greater details of our functional connectivity analysis steps are in Sup-
plementary File.

Results
Demographic and behavioral results

Demographics: The mean, standard deviation, and range of age,
years of education, and mFD of OUD and HC subjects are listed in
Table 1. Age did not significantly differ between groups (t=1.19, df=48,
p=0.240). Years of education were significantly lower by 2.5 years in
the OUD subjects (t=5.08, df=48, p<0.001) relative to HC. mFD was
significantly higher by 0.03 mm in the OUD subjects (t=3.53, df=48,
p<0.001) relative to HC. 10 out of the 25 OUD subjects were female
and 12 out of the 25 HC subjects were female. A Chi-Square Test de-
termined the groups did not differ significantly in sex (¥2=0.33, df=1,
p=0.569). 16 out of 25 OUD subjects self-reported smoking tobacco
products compared to 0 of the 25 HC subjects.

HC (n=25) OUD (n=25) Difference
Mean (SD) Range Mean (SD) Range Statistic
Age 34.2 (14.9) 21 to 68 39 (10.5) 21to 57 t=1.19, df=48, p=0.24
Education 15.2 (1.85) 12 to 21 12.7 (1.65) 10 to 18 t=5.08, df=48, p<0.0001**
mFD 0.08 (0.02) 0.05to 0.12 0.11 (0.03) 0.06 to 0.15 t=3.53, df=42, p=0.001**
NU 6.5(2.4) 4to11 8.8 (3.5) 4to 16 t=2.70, df=48, p=0.010*
Ethnicity 10 ﬁﬁé{lzlf’ 2 16 AA,9C
Sex 12F X?=0.33, df=1, p=0.57
Tobacco Use 0/25 users 16/25 users

Table 1: Sample Demographic information. K2=Chi-Square statistic, mFD=mean framewise displacement, NU=negative urgency, C=Caucasian,
H=Hispanic, AA=African American, A=Asian, F=female. *p<0.05 **p<0.01
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OUD urine drug screens: All 25 OUD subjects had at least one UDS
positive for any opioid (including buprenorphine or methadone). UDS
results for OUD subjects are listed in Table 2.

Number of subjects with at
least one positive UDS

Any Opioids including Bup or

MTD 25/25

Opioids excluding Bup & MTD 20/25

Bup or MTD 16/25

Bup (7/12 self-reported in treat- 12/25
ment)

MTD (0/4 self-reported in treat- 425
ment)

Non-opioid illicit drug 15/25

Number of subjects with OUD
severity diagnosis

Severe 18/25
Moderate 6/25
Mild 1/25
Time since last opioid use (in
hours)
Median (IQR) 24 (3.5-72)
Range 2-2,352

Table 2: Drug use in Opioid Use Disorder subjects. UDS=urine drug
screen,Bup=buprenorphine, MTD=methadone, Non-opioid illicit
drugs were: cocaine, methamphetamine, marijuana, or barbiturates.
The proportions do not add to unity because more than one drug could
sometimes be detected per each screening sample. The median and
interquartile range (IQR) are reported for time since last opioid use
because the data were not normally distributed.

Behavioral results: The mean, standard deviation, and range of NU
scores of OUD and HC subjects are listed in Table 1. OUD subjects
scored significantly higher in NU than HC subjects (t=2.70, df=48,
p=0.010). The proportions of OUD subjects with severe, moderate, and
mild OUD are listed in Table 2. The median, interquartile range (IQR),
and range of hours since last opioid use are listed in Table 2.

Functional connectivity between groups

Component maps for the DMN, SN, LECN, and RECN, generated by
FSL MELODIC from both groups combined, are displayed in Figure 1.
As displayed in Figure 2, dual regression analysis showed that the OUD
group had significantly weaker within-network functional connectiv-
ity relative to HC in a cluster (30 voxels; cluster peak at MNI coordi-
nates (x=-16, y=19, z=52) mm) within the LECN (Cohen’s d=1.455,
p=0.022 after FWE correction for voxels, contrasts, and the 4 networks
examined). According to the Harvard-Oxford Cortical Structural At-
las (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases), this cluster was in
the left superior frontal gyrus. According to the histological study of
Rajkowska and Goldman-Rakic (1995), the entire cluster was within
the coordinates of their broadly defined dorsolateral prefrontal cortex
(dIPFC), with approximately half of the voxels in the cluster falling
within their conservatively defined dIPFC [38]. The mean functional
connectivity parameter estimates output from stage 2 of the Dual Re-

gression procedure for HC and OUD are listed in Table 3. OUD func-
tional connectivity was not greater than HC (p greater than 0.998)
within the LECN. OUD and HC did not significantly differ in the with-
in-network functional connectivity for any of the other 3 networks (p
greater than 0.562).

Coordi-
OouUD . nates of
HC (n=25) (n=25) Difference | o ol with
Peak
Mean
(Standard t=5.04, _ _
Deviation) | 9.06 (2.86) | 3.78 (2.42) df=48, X_Sj_’gz_ 2
Parameter p=0.035* a
Estimate

Table 3: Mean functional connectivity parameter estimates for HC and
OUD. Mean parameter estimates for the statistically significant cluster
in the LECN with weaker functional connectivity in OUD relative to
HC. The parameter estimate (beta value) of the regression coefficient at
each voxel constitutes the subject-specific spatial map of relative func-
tional connectivity across the network. The functional connectivity pa-
rameter estimates at each voxel are the output of stage 2 of the Dual
Regression procedure and quantitatively represent the relative magni-
tude of functional connectivity of a given voxel with the subject specific
fMRI timecourse that is characteristic of the entire network. T-statistic
and p-value are the mean T-statistic and p-value, respectively, across
the cluster. p-value is FWE-corrected for the number of voxels in the
brain, contrasts (OUD>HC and HC>OUD), and number of networks
examined (4). *p<0.05.

Figure 1: Group template maps generated from FSL MELODIC ICA for all sub-
jects thresholded arbitrarily at Z > 4 for display purposes. Units are Z-scores cal-

culated by dividing the original component connectivity strength at each voxel
by the standard deviation of the residual noise. The left side of the brain is on the
viewer’s right side for the axial and coronal images. Color depictions and MNI
coordinates (mm) of the slice location of each image: DMN - green [sagittal
slice: x=-2], [transverse slice: z=29], SN - yellow [coronal slice: y=18], [trans-
verse slice: z=-10], LECN - red [transverse slice: z=36], RECN - blue [transverse
slice: z=36]
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Figure 2: Displayed in red is the significant TFCE cluster within the left superior
frontal gyrus (Harvard-Oxford Cortical Structural Atlas) within the LECN for
the OUD<HC contrast thresholded at FWE corrected p<0.05. MNI coordinates
of cluster peak are [x=-16, y=19, z=52] mm; number of voxels in cluster=30. The

left side of the brain is on the viewer’s right side of the axial and coronal images.
Regression with NU

The regression of functional connectivity on NU score was not signifi-
cant for any of the 4 networks (p greater than 0.473) nor were there any
significant NU x group interaction effects in any of the 4 networks (p
greater than 0.454).

OUD severity functional connectivity comparison

Given that there was only one OUD subject with a DSM-5 diagnosis
of mild severity, mild and moderate severity OUD subjects were com-
bined into one subgroup. Severe OUD and mild/moderate OUD did
not significantly differ in functional connectivity within any of the 4
networks (p greater than 0.696).

Post-hoc analysis

OUD with at least one UDS positive for buprenorphine or methadone
(n=16) and OUD with UDS positive for only illicit opioids (n=9) did
not significantly differ in functional connectivity within any of the 4
networks (p greater than 0.179). The regression of functional connec-
tivity on time since last opioid use was not significant for any of the 4
networks (p greater than 0.313).

Head motion and education regressions

The regression of functional connectivity on mFD was not significant
for any of the 4 networks (p greater than 0.246). The regression of func-
tional connectivity on education was not significant for any of the 4
networks (p greater than 0.294). Thus, none of the baseline variables
mFD, education, or NU met the criteria for inclusion as a covariate in
ANCOVA, due to lack of a significant relationship of these variables
with functional connectivity in this sample [37].

Discussion

Our results provide preliminary evidence that LECN functional con-
nectivity may be weaker in OUD subjects compared to HC subjects.
Differences in LECN resting state fMRI functional connectivity have
been shown in cocaine use disorder and alcohol use disorder subjects
relative to controls, but to our knowledge, this is the first published
study to show differences in LECN resting state fMRI functional con-
nectivity in OUD relative to HC [39-41]. These results need to be rep-
licated, but if LECN functional connectivity can be shown to consis-
tently differ in OUD subjects compared to HC, it may represent a neu-
robiological underpinning of impaired executive functioning observed
in OUD [42]. Future studies should examine the association between
LECN functional connectivity and addiction-related behaviors and
treatment response in OUD.

The ECN is proposed to play a role in executing goal-directed behavior.

Dysfunction in the ECN has been linked to multiple psychopatholo-
gies, including substance use disorders [4,43]. Reese et al. (2019) found
weaker functional connectivity within the LECN in cocaine use dis-
order subjects compared to healthy controls [39]. Two studies found
contrasting results in alcohol use disorder - Weiland et al. (2014) found
weaker functional connectivity within the LECN in alcohol use disor-
der subjects relative to healthy controls, while Zhu et al. (2017) found
stronger functional connectivity in the LECN in alcohol use disorder
subjects relative to healthy controls [40,41]. The opposing findings of
Zhu et al. (2017) may be because their reported region within the LECN
with increased functional connectivity was in the left posterior parietal
cortex, while the region with significantly weaker LECN functional
connectivity from our study was in the left dIPFC [41]. Although both
Reese et al. (2019) and Weiland et al. (2014) found weaker functional
connectivity in the LECN, they did not report which specific region
within the LECN showed decreased functional connectivity [39,40].

The dIPFC node within the ECN has been proposed to play a key role
in directing and sustaining attention during goal directed behavior and
working memory [44,45]. While there is currently no universally ac-
cepted interpretation of stronger or weaker resting state fMRI func-
tional connectivity, one suggestion proposed by some of the authors
of the FMRIB Software Library (FSL) is that weaker within-network
functional connectivity in a given set of voxels or regions may reflect
weaker synchrony with the processes of a given network [33]. While
speculative, weaker functional connectivity of the dIPFC within the
LECN may be related to impaired recruitment of the dIPFC within the
LECN during the initiation of goal directed behavior. This impaired
recruitment may relate to the impaired attentional control and impul-
sivity found in substance use disorders [45]. Executive control deficits
in OUD have been well documented and may be partially improved by
drug abstinence and medication therapies [42]. If ECN functional con-
nectivity is shown to relate to executive control deficits in OUD, it may
serve as a target for OUD treatment studies.

Impulsivity is proposed to relate to increased substance use by an
increased proclivity to act on the immediate reward associated with
substance use without consideration of the long-term consequences of
substance use [46]. NU may be related to increased drug use because of
susceptibility to impulsive action in response to the stress of drug with-
drawal and craving [21]. However, the results in the present study do
not support a significant association between NU and functional con-
nectivity of the LECN. It is possible that our sample size was too small
to detect a subtle association between LECN functional connectivity
and NU. Future work should further investigate whether LECN func-
tional connectivity is associated with impulsivity and executive control
task performance in larger samples of HC and OUD subjects.

DMN functional connectivity did not differ between groups. The
lack of a significant difference in DMN functional connectivity may
be related to previous findings suggesting that DMN functional con-
nectivity may be influenced by recent drug use, although recency of
last opioid use was unrelated to DMN functional connectivity in our
post-hoc analysis [5]. It is also possible that different sub-systems and
sub-regions of the DMN may be differentially affected by chronic drug
use [3]. Our findings also showed that SN and RECN functional con-
nectivity did not differ between OUD and HC, and we were unable to
find previous published studies using ICA that compared OUD and
HC within these networks. Our results do not support any statisti-
cally significant differences in functional connectivity of any of the 4
networks examined between severe OUD and mild or moderate OUD
subgroups, although this subgroup analysis was underpowered due to
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small subgroup sample size.

All but 2 of the OUD subjects in this study were current users accord-
ing to their DSM-5 diagnosis, and therefore this study was unable to
compare former opioid users with current opioid users. Future studies
should include subjects with past OUD to compare the effects of former
vs. current OUD on network connectivity. On the other hand, the time
since last opioid use was analyzed in the present study and showed no
significant effects on functional connectivity in the networks analyzed.
We also compared OUD subjects who were UDS positive for buprenor-
phine or methadone with OUD subjects who were UDS positive for
only illicit opioids and found no statistically significant differences
between the two subgroups. However, this subgroup analysis was also
underpowered because of small subgroup sample size.

Limitations

Alimitation of our study was the relatively small sample size. Recent re-
search has highlighted the importance of large sample sizes in promot-
ing reliability and reproducibility of resting state fMRI research [47].
Given our relatively small sample size, our results should be interpreted
with caution and treated as preliminary for hypothesis generation. Rep-
lication of our results is needed. Another limitation of our study was
the heterogeneity of our OUD sample. While our heterogenous OUD
sample may be more representative of the OUD population, it is un-
clear exactly how differences in treatment adherence, recency of drug
use, and polysubstance use may influence functional connectivity. Fu-
ture studies with larger sample sizes should examine the effects of these
factors systematically. Additionally, our sample size was underpowered
to determine group interactions with sex; further work is needed to
analyze the influence of sex on functional connectivity in OUD. Addi-
tionally, there was a range of time lag between the date of assessment of
OUD severity and the date of the MRI scan that may have led to inac-
curacy in estimating the actual OUD severity at the time of the scan.

Another limitation is that the OUD group had significantly higher mFD,
education, and NU than the HC group. However, the mFD difference
between groups was only 0.03 mm, and all subjects in both groups met
the stringent motion criteria for inclusion in the analysis (Supplemen-
tary File) [28]. Furthermore, the effects of head motion on the fMRI
signal had been corrected with the CompCor method and the ICA-
AROMA method, and ICA components with possible motion-related
structured noise are regressed out during the dual regression procedure
[31-33]. Despite all of these correction procedures and the very small
difference in head motion between groups, it is crucial to rule out varia-
tions in head motion as driving group differences in functional connec-
tivity, and if there are group differences in head motion, then investiga-
tors should perform a check whether motion is correlated with func-
tional connectivity in their study [28]. In our sample, when conducting
this check, there was no statistically significant correlation between
mFD and functional connectivity in any of the 4 networks analyzed.
Education and NU were also not statistically significantly related to
the functional connectivity of any of the 4 networks analyzed. Another
limitation is that 16 of the OUD subjects were tobacco users while none
of our HC subjects were tobacco users. Tobacco-using OUD subjects
did not statistically significantly differ from non-tobacco-using OUD
subjects in functional connectivity of any of the 4 networks analyzed,
although this analysis was underpowered. Future studies comparing
OUD to HC should aim to balance subject groups for years of educa-
tion attained, NU, and tobacco use. Due to the small sample size, dif-
ference in baseline demographic variables between OUD and HC sub-
jects, and heterogeneity in drug use and treatment status in the OUD
subjects, our results should be interpreted with caution and treated as

preliminary. Furthermore, our results do not provide evidence regard-
ing any specific behavioral correlates of the weaker LECN resting state
fMRI functional connectivity in OUD relative to HC. Future studies
should examine the addiction-related behavioral associations of LECN
functional connectivity differences between OUD and HC.

Conclusion

These novel preliminary results suggest that ECN functional connectiv-
ity may differ between OUD and HC. This finding is consistent with
previous research showing altered executive function in OUD and
supports further examination of ECN functional connectivity in as-
sociation with treatment response in OUD. Given our relatively small
sample size (50 subjects total; 25 subjects per group), the statistically
significant difference in demographic variables between groups, and
the heterogeneity within our OUD group, our results should be treated
as preliminary for hypothesis generation. Replication of these results
will be needed in future studies.
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