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Neurobiology of Disease

The Neural Signature of Impaired Inhibitory Control in
Individuals with Heroin Use Disorder
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Heroin addiction imposes a devastating toll on society, with little known about its neurobiology. Excessive salience attribution
to drug over nondrug cues/reinforcers, with concomitant inhibitory control decreases, are common mechanisms underlying
drug addiction. Although inhibitory control alterations generally culminate in prefrontal cortex (PFC) hypoactivations across
drugs of abuse, patterns in individuals with heroin addiction (iHUDs) remain unknown. We used a stop-signal fMRI task
designed to meet recent consensus guidelines in mapping inhibitory control in 41 iHUDs and 24 age- and sex-matched
healthy controls (HCs). Despite group similarities in the stop-signal response time (SSRT; the classic inhibitory control mea-
sure), compared with HCs, iHUDs exhibited impaired target detection sensitivity (proportion of hits in go vs false alarms in
stop trials; p = 0.003). Additionally, iHUDs exhibited lower right anterior PFC (aPFC) and dorsolateral PFC (dIPFC) activity
during successful versus failed stops (the hallmark inhibitory control contrast). Lower left dIPFC/supplementary motor area
(SMA) activity was associated with slower SSRT specifically in iHUDs and lower left aPFC activity with worse target sensitiv-
ity across all participants (p < 0.05 corrected). Importantly, in iHUDs, lower left SMA and aPFC activity during inhibitory
control was associated with shorter time since last use and higher severity of dependence, respectively (p < 0.05 corrected).
Together, results revealed lower perceptual sensitivity and hypoactivations during inhibitory control in cognitive control
regions (e.g., aPFC, dIPFC, SMA) as associated with task performance and heroin use severity measures in iHUDs. Such neu-
robehavioral inhibitory control deficits may contribute to self-control lapses in heroin addiction, constituting targets for pre-
vention and intervention efforts to enhance recovery.
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Heroin addiction continues its deadly impact, with little known about the neurobiology of this disorder. Although behavioral
and prefrontal cortical impairments in inhibitory control characterize addiction across drugs of abuse, these patterns remain
underexplored in heroin addiction. Here, we illustrate a significant behavioral impairment in target discrimination in individ-
uals with heroin addiction compared with matched healthy controls. We further show lower engagement during inhibitory
control in the anterior and dorsolateral prefrontal cortex (key regions that regulate cognitive control) as associated with
slower stopping, worse discrimination, and heroin use measures. Mapping the neurobiology of inhibitory control in heroin
addiction for the first time, we identify potential treatment targets inclusive of prefrontal cortex-mediated cognitive control
amenable for neuromodulation en route to recovery.
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core symptoms of drug addiction indeed indicate lower prefron-
tal cortex (PFC) functioning during inhibitory control (Luijten et
al,, 2014; Zilverstand et al., 2018; Ceceli et al., 2022a), especially
in the cognitive control network of the brain inclusive of the dor-
solateral PFC (dIPFC), inferior frontal gyrus (IFG), supplemen-
tary motor area (SMA), and anterior cingulate cortex (ACGC;
Cole and Schneider, 2007).

Specifically, functional MRI (fMRI) studies in individuals
with drug addiction mostly used Go/No-Go tasks that approxi-
mate components of inhibitory control processes, reporting
hypoactivations in dIPFC, IFG, and ACC in nicotine (Nestor et
al., 2011; Luijten et al., 2013); dIPFC, ACC, and anterior PFC
(aPFQC) in cannabis (Eldreth et al., 2004; Kober et al., 2014) and
alcohol (Czapla et al,, 2017); and dIPFC, IFG, SMA/pre-SMA,
ACC, and aPFC in cocaine (Kaufman et al., 2003; Hester and
Garavan, 2004) use disorders. The evidence for similarly altered
inhibitory control-related neural function in individuals with
heroin use disorder (i(HUDs), or any other opioid, is limited. A
study in 13 individuals with opioid use disorder (not heroin
specific) reported Go/No-Go false-alarm-related ACC hypoac-
tivity (Forman et al., 2004). Lower cognitive control network
activity during a modified Go/No-Go task was associated with
higher addiction severity in 26 individuals with opioid use dis-
order (Shi et al., 2021). In heroin use disorder, a single study
used a Go/No-Go block design in 30 abstinent individuals in
treatment and 18 healthy controls (HCs), reporting lower
dIPFC, IFG, and ACC activity during Go/No-Go compared
with only Go blocks and slower response times to the Go stim-
uli in the former group (Fu et al., 2008).

Although the Go/No-Go task is a well-validated and appro-
priate paradigm for capturing response selection (Raud et al.,
2020), the No-Go signal onset does not induce a competition
between response selection and suppression, rendering the
task incomplete in estimating stopping ability following the
initiation of a response—a core element of cognitive control
(Aron, 2007) and the drug addiction phenomenology (Ersche
et al., 2012; for review, see Goldstein and Volkow, 2002). The
stop-signal task (SST) creates a competition between response
initiation and inhibition (the horse-race model of go/stop
processes; Logan and Cowan, 1984), allowing to effectively
estimate the neurobehavioral signatures of inhibitory control
(Verbruggen and Logan, 2008). The SST has informed the
neural processes underlying stopping in substance use disor-
ders, showing lower activation in the dorsomedial PFC/ACC
in nicotine (de Ruiter et al., 2012), dIPFC and SMA in alcohol
(Li et al., 2009; Sjoerds et al.,, 2014; Hu et al.,, 2015), and
dIPFC, aPFC, SMA, and ACC (as well as in their networks) in
cocaine (Li et al., 2008; Wang et al., 2018; Zhang et al., 2018;
Ceceli et al., 2022b) addictions. However, these PFC impair-
ments and their behavioral and drug-use-related correlates
have yet to be extended to iHUDs. Here, we used an SST
designed accordingly to previously published consensus pa-
rameters (Verbruggen et al., 2019) administered during fMRI
to inpatient iHUDs compared with matched HCs. We fo-
cused on three core hypotheses; that is, compared with
HCs, (1) iHUDs would exhibit impaired behavioral per-
formance (stopping latency or another relevant task mea-
sure, signal detection sensitivity); (2) iHUDs would exhibit
hypoactivations in inhibitory control PFC signaling, which
would also be associated with worse behavioral perform-
ance; and within iHUDs, (3) inhibitory control behavior
and/or PFC activity abnormalities would be associated with
higher heroin use severity measures.
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Table 1. Sample profile

HGs iHUDs
Variable (n=24) (n=41) Significance test
Age N7(113) 4099200  fuge = 030, p = 0.764
Sex Fisher's exact p = 0.368
Female 9 (37.5%) 9 (22.0%)
Male 15 (62.5%) 31 (75.6%)
Other 0 (0.0%) 1 (2.4%)
Race x> (2,59) = 6.84, p = 0.033
Black 7 (29.2%) 2 (4.9%)
White 13 (54.2%) 29 (70.7%)
Other 3(125%)  5(12.2%)
Unreported 1 (4.17%) 5(12.2%)
Education 16.5 (3.1) 121 (2.1) t@es1 = 6.14, p < 0.001*
Verbal 1Q M1(76)  93(11.8)  teg = 6.78, p < 0.001*
Nonverbal 1Q 12.1(33) 10.1 (3.4) taoa6) = 2.34, p = 0.024
Handedness (right/left) 19/5 33/8 X (1,65) = 0.02, p = 0.898
Beck’s Depression 3.0 (45) 134 (121)  tis5.78 = 4.98, p < 0.001%
Inventory-Il
Smoking status (current/ 1/3/20 40/1/0 Fisher's exact p << 0.001%
past/never)
Regular marijuana use in 0.88 (1.78)  7.50 (8.38)  tus.s0) = 4.87, p < 0.001*
years
Alcohol use (to intoxica- 575(113)  5.85(8.14)  tz701) = 0.04, p = 0.969
tion) in years
Lifetime heroin use in - 11.0 (7.32)
years
Days since last heroin use ~ — 187 (229)
Heroin Craving - 42.0 (16.1)
Questionnaire
Subjective Opiate - 3.12 (3.35)
Withdrawal Scale
Severity of Dependence - 10.9 (3.66)
Scale
Heroin use (days) in past ~ — 0.29 (1.12)
30d

Significant group differences (corrected for familywise error, o = 0.05/10 = 0.005; cigarette smoking
excluded from correction given the almost parallel distribution matching group identity) are flagged with an
asterisk. Values in parentheses denote SD. Dashes in Table 1 represent “not applicable” as the heroin use
variables do not pertain to the HCs.

Materials and Methods

Participants

A total of 41 iHUDs (40.9, SD = 9.2 years, 9 women) were recruited
from an inpatient drug addiction rehabilitation facility (Samaritan
Daytop Village, Queens, New York) and 24 age- and sex-matched HCs
(41.7, SD = 11.3 years, 9 women) were recruited through advertisements
and word of mouth in the surrounding community for matching pur-
poses. Table 1 provides a complete sample profile. The Icahn School of
Medicine at Mount Sinai Institutional Review Board approved study
procedures, and all participants provided written informed consent.

A comprehensive clinical diagnostic interview was conducted, con-
sisting of the Mini International Neuropsychiatric Interview, seventh
edition (Sheehan et al., 1998), and the Addiction Severity Index, fifth edi-
tion (McLellan et al., 1992), to assess the severity of lifetime and recent
alcohol- and drug-related problems. Craving and withdrawal symptoms
were determined using the Heroin Craving Questionnaire (a modified
version of the Cocaine Craving Questionnaire; Tiffany et al., 1993) and
the Subjective Opiate Withdrawal Scale (Handelsman et al, 1987),
respectively. The severity of drug dependence was measured using the
Severity of Dependence Scale (Gossop et al., 1992). Severity of nicotine
dependence was measured using the Fagerstrom Test for Nicotine
Dependence (Heatherton et al., 1991). All iHUDs met criteria for HUD
(primary route of administration, 24 intravenous; 13 nasal; 3 smoked/
inhaled; 1 oral). Other comorbidities in iHUDs included cocaine use dis-
order (n = 9), major depressive disorder (n = 8), post-traumatic stress
disorder (n = 5), sedative use disorder (n = 5), alcohol use disorder (n =
3), polysubstance use disorder (i.e., dependence on at least three groups



Cecelietal. o Inhibitory Control in Heroin Addiction

Go trial (75%)

~= Go signal
== Inter-trial interval

~= Go signal

~= Stop signal

Figure 1.

of substances, not including nicotine and caffeine, in the past 12 months,
with no single substance predominating; n = 3), generalized anxiety disor-
der (n = 2), marijuana use disorder (n = 2), meth/amphetamine use disor-
der (n = 2), panic disorder (n = 2), and obsessive-compulsive disorder (n =
1). All substance-use-related comorbidities commonly observed in individ-
uals with drug addiction (27, 28) were either in partial or sustained remis-
sion at the time of the study. No current comorbidities were found in the
HC group. All iHUDs were under medication-assisted treatment (as clini-
cally determined), with urine toxicology positive for methadone (n = 34),
buprenorphine ( = 6), or methadone and buprenorphine (1 = 1).

Exclusion criteria for all participants were the following: (1) Diagnostic
and Statistical Manual of Mental Disorders, fifth edition (DSM-5) diagno-
sis for schizophrenia or neurodevelopmental disorder (e.g., autism); (2)
history of head trauma with loss of consciousness (>30 min); (3) history
of neurologic disorders including seizures; (4) cardiovascular disease and/
or other medical conditions, including metabolic, endocrinological, onco-
logical, or autoimmune diseases, and infectious diseases such as Hepatitis
B and C or HIV/AIDS; and (5) metal implants or other MR contraindica-
tions (including pregnancy). We did not exclude for DSM-5 diagnosis of a
drug use disorder other than opiates as long as heroin was the primary
drug of choice/reason for treatment seeking as iHUDs commonly use
other drugs of abuse. Criteria for the HCs were the same, except current
or a history of any drug use disorder was exclusionary. Forty of the 41
iHUDs and a single HC were current cigarette smokers (cigarettes smoked
per day in iHUDs, 2.2, SD = 2.1; mean nicotine dependence score in
iHUDs, 3.8, SD = 1.6). Neither group reported significant marijuana use
in the past month (two recent users in HCs and one in iHUDs); however,
the groups differed significantly in years of regular marijuana use
(reported by seven HCs and 27 iHUDs; Table 1). The groups did not differ
in years of alcohol use to intoxication (Table 1).

Experimental design and statistical analysis

The stop-signal task

Participants underwent a recently revised version of the SST STOP-IT
(Verbruggen et al., 2008), which abides by the latest consensus guidelines
in estimating inhibitory control (Verbruggen et al., 2019), that we modi-
fied for the fMRI context and presented via the JavaScript library jsPsych
(de Leeuw, 2015; Fig. 1). In brief, participants were instructed to respond
to the direction of the white arrows (left or right) that appeared on the
screen over a black background using the corresponding buttons on the
MR-compatible response glove (index or middle finger presses for right-
handed, the reverse for left-handed; HCs, n = 5; iHUDs, n = 8 participants;

Stop trial (25%)

’ Inter-trial interval

The stop-signal task. Participants are instructed to make directional responses as quickly and accurately
as possible to the white arrow stimuli and suppress their responses when the arrow color turns to red after a vari-
able delay (i.e., SSD). Figure adapted from Verbruggen et al. (2019) with permission. RT: response time; s: seconds.
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no significant differences between groups in handed-
ness, p = 0.898) as quickly and accurately as possible.
Participants had a maximum response window of
1500 ms. These go trials comprised 75% of the task
(144 trials). In the remaining 25% (48 trials), the
white arrow (the go signal) changed to red (the
stop signal) after a variable delay [the stop-signal delay
(SSD)], to which participants were instructed to stop
their response. The SSD was set to an initial duration
of 200 ms and adjusted in parallel to the participant’s
stopping ability so that when the participant success-
fully stopped, the SSD increased by 50 ms (making the
next stop trial more difficult), and when the partici-
pant failed to stop, the SSD decreased by 50 ms (mak-
ing the next stop trial easier). Trials were separated by
a jittered intertrial interval during which a fixation
point was displayed (mean duration, 2750 ms; range,
1500-4000 ms) to minimize anticipatory effects and
improve signal detection (Hagberg et al., 2001; Wager
and Nichols, 2003). The task was administered over
two fMRI scan runs, separated by a brief interval in
which we displayed performance feedback in the form
of average response time (RT) in ms, proportion of
missed go trials, and proportion of correct stops.
Participants were then reminded to avoid waiting
for the stop signals and to respond quickly and
accurately to the direction of the arrows before
progressing to the next run to minimize task noncompliance
(Verbruggen et al., 2019).

MRI data acquisition. MRI scans were acquired using a Siemens 3.0
Tesla Skyra with a 32-channel head coil. Anatomical T1-weighted images
were obtained using the following parameters: 3D Magnetization-
Prepared Rapid Gradient-Echo (MPRAGE) sequence with 256 x 256 x
179 mm> FOV, 0.8 mm isotropic resolution, TR/TE/TI = 2400/2.07/
1000 ms, 8° flip angle with binomial (1, —1) fat saturation, 240 Hz/pixel
bandwidth, 7.6 ms echo spacing, and in-plane acceleration [GRAPPA
(generalized autocalibrating partially parallel acquisitions)] factor of 2,
approximate acquisition time of 7min. The blood-oxygen-level-de-
pendent (BOLD) fMRI responses were measured as a function of time
using T2*-weighted single-shot multiband accelerated (factor of 7) gra-
dient-echo echoplanar image sequence [TE/TR = 35/1000 ms, 2.1 iso-
tropic mm resolution, 70 axial slices without gaps for whole-brain
coverage (147 mm), FOV 206 x 181 mm, matrix size 96 x 84, 60° flip
angle (approximately Ernst angle), blipped CAIPIRINHA (Controlled
Aliasing in Parallel Imaging Results in Higher Acceleration) phase-
encoding shift = FOV/3, 1860 kHz/pixel bandwidth with ramp sam-
pling, echo spacing 0.68 ms, and echo train length 84 ms]. Each of the
two functional runs were ~6 min 30 s (total task duration ~13 min).
The 1.5 h scan session included additional structural and functional
procedures to be reported elsewhere.

MRI data preprocessing. Raw functional and structural MRI data in
DICOM (Digital Imaging and Communications in Medicine) format
were converted to NIFTI (Neuroimaging Informatics Technology
Initiative) using the dem2niix tool (Li et al., 2016). These data were pre-
processed via the Nipype-based fMRIPrep pipeline (version 20.2.3;
Gorgolewski et al., 2011; Esteban et al., 2019). FMRIPrep is an fMRI pre-
processing pipeline that uses tools from well-established neuroimaging
software [e.g., Functional MRI of the Brain (FMRIB) Software Library
(FSL), FreeSurfer, and Advanced Normalization Tools (ANTSs)] for opti-
mal and standardized fMRI preprocessing; Esteban et al, 2019].
Structural images were intensity normalized and skull stripped using
ANTs (Tustison et al., 2010). These images were spatially normalized to
the International Consortium for Brain Mapping 152 nonlinear asym-
metrical template using ANTs via nonlinear registration (Avants et al.,
2008; Fonov et al., 2009). Brain tissue segmentation was conducted using
FSL FAST (FMRIB Automated Segmentation Tool; Zhang et al., 2001)
to derive white matter, gray matter, and cerebrospinal fluid estimates.
Functional data were corrected for motion artifacts using FSL MCFLIRT
(FMRIB Linear Image Registration Tool with motion correction) and
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for distortion using spin-echo field maps acquired in opposing phase
encoding directions via the AFNI (Analysis of Functional Neuro
Images) 3dQwarp function (Cox, 1996; Jenkinson et al., 2002). Motion-
and distortion-corrected images were coregistered to the participant’s
structural images using boundary-based registration with nine degrees
of freedom via FSL FLIRT (Jenkinson and Smith, 2001; Fonov et al.,
2009). These correction, transformation, and registration steps were in-
tegrated into a single-step transformation workflow using ANTs,
resampled to isotropic voxels of 2 mm. The following confounds were
extracted from fMRIPrep as time-series for each BOLD scan run: six
translation and rotation parameters (x, y, and z for each) as motion
regressors, global CSF and white matter components, and cosine regres-
sors for high-pass filtering (128 s cutoff) to ignore low-frequency drift
related to scanner and physiological noise. The preprocessed data from
the fMRIPrep pipeline were spatially smoothed using a Gaussian kernel
(5 mm full-width at half-maximum) to improve signal-to-noise ratio.
Groups were significantly different in motion during the task (iHUDs
greater than HCs; mean framewise displacement in iHUDs = 0.259 mm;
in HCs = 0.197 mm, ¢(57) = 2.00, p = 0.020). Framewise displacement did
not correlate with inhibitory control brain activity in HCs (p = 0.696) or
iHUDs (p = 0.849).

Behavioral data analysis. The estimation of inhibitory control via the
stop-signal RT (SSRT) relies on the assumption that the go and stop
processes compete for control over behavior (i.e., the horse-race model
of response inhibition; Logan and Cowan, 1984). To ensure a valid esti-
mate of inhibitory control, we followed well-established parameters for
upholding the validity of the horse-race model in SST data analyses
(Verbruggen et al.,, 2019). In compliance with these recommendations,
we calculated SSRT using the package Analyze-it (Verbruggen et al,
2019). Using the integration method, Analyze-it identifies the nth RT in
the Go RT distribution (n being the number of Go RTs multiplied by the
proportion of incorrect stops). The nth RT represents the end of the stop-
ping process, improving on practices that use mean RT to represent this
marker (Verbruggen et al.,, 2019). SSRT is then calculated by subtracting
mean SSD from the nth RT, with higher SSRT indicating slower stopping
latency (worse performance). We further inspected SST performance via
signal detection theory (Stanislaw and Todorov, 1999), supplementing the
degree of inhibitory control quantified by SSRT with d’, a measure of sen-
sitivity in detecting targets (here, go trials) over nontargets (stop trials).
We calculated d’ by Z-transforming hit (proportion of correct responses
to go trials) and false alarm (proportion of responses following a stop-sig-
nal) rates, with higher d’ values reflecting higher sensitivity.

We compared behavioral performance in the stop-signal task (i.e.,
stop accuracy, go accuracy, SSRT, SSD, go RT, and d') between groups,
corrected for familywise error (a = 0.05/6 = 0.008) using Welch’s two-
sample f tests to minimize Type I error in unbalanced samples (Ruxton,
2006; Derrick and White, 2016). We calculated go accuracy rates as cor-
rect go responses divided by the total of correct and incorrect go
responses (i.e., accounting for directional errors). We further explored
via linear models potential associations between the SSRT and d’ with
heroin use severity measures of interest in Table 1 (i.e., lifetime heroin
use, days since last use, heroin craving, withdrawal, and severity of de-
pendence, corrected for familywise error, @ = 0.05/5 = 0.01). Because of
lack of variability in frequency of recent heroin use (all iHUDs resided in
an inpatient setting with most reporting no recent use in the past
month), we did not inspect correlations with this variable. Within
iHUDs, correlations were also inspected with nicotine dependence and
cigarettes smoked per day to determine whether these variables of no in-
terest significantly contributed to the results. To account for the contri-
bution of other potentially explanatory variables, we first compared
iHUDs and HCs in demographic, neuropsychological, and commonly
used drug measures outlined in Table 1 (i.e., age, sex, race, education,
verbal IQ, nonverbal IQ, handedness, depression symptoms, regular use
of marijuana, and years of alcohol use to intoxication) using Welch’s
two-sample £ tests, chi-square tests, or Fisher’s exact tests, where appro-
priate, corrected for familywise error (a = 0.05/10 = 0.005; cigarette
smoking measures were excluded given the almost parallel distribution
matching group identity). Those variables showing significant group dif-
ferences were tested for their potential correlation with SSRT and d'.
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Variables that showed significant group differences and correlations with
behavior were used as covariates in linear mixed models (SSRT or d’ as de-
pendent variable, group and the covariates as fixed factors, and participant
as random factor) to correct for their potential contributions to the findings.

BOLD fMRI data analyses. Parameter estimates for each of the four
task events (Go Success for successful go responses, Go Fail for missed go
trials or directional errors, Stop Success for successful inhibitions follow-
ing a stop signal, and Stop Fail for failed inhibition following a stop signal)
and their temporal derivatives were modeled and entered into a general
linear model (GLM) using FSL FEAT (fMRI Expert Analysis Tool; version
5.98; Woolrich et al,, 2001). These regressors were sampled from the onset
of the go signals of the corresponding trials (the white arrow) using 1.5 s
events and convolved with a canonical hemodynamic response function.
Intertrial intervals contributed to the task baseline (Aron and Poldrack,
2006). We used Go Fail events and fMRIPrep confound time series (details
provided in the section MRI data preprocessing) as regressors of no interest.

In each run, we calculated the hallmark inhibitory control contrast,
Stop Success > Stop Fail, in our first-level analyses to represent inhibi-
tory control brain activity. Next, these run-level contrast estimates were
entered into a fixed-effects model to average across runs to yield subject-
level parameter estimates. To test group-level analyses of inhibitory con-
trol (HCs > iHUDs and iHUDs > HCs), we used FSL FLAME (FMRIB
Local Analysis of Mixed Effects) 1 and 2, which improves variance esti-
mations using Markov Chain Monte Carlo simulations and permits bet-
ter population inferences (Beckmann et al., 2003). To minimize Type I
error, we selected a priori a cluster defining threshold of p < 0.001, cor-
rected to a cluster-extent threshold of p < 0.05, per recommended prac-
tices (Eklund et al., 2016).

To inspect the PFC activity related to behavioral inhibitory control
performance, we separately performed similar higher-level analyses (i.e.,
same variance estimation and thresholding parameters) with the addi-
tion of SSRT and d’ as covariates of interest. Given our a priori interest
in the prefrontal correlates of inhibitory control, and after conducting
the whole-brain analyses as described above for our main group level
comparisons, we restricted the SSRT and d’ correlation results to the
PFC using small-volume correction and an anatomically defined PFC
mask. This PFC mask of 37,876 voxels (20.8% of the whole-brain mask)
encompassed the ventromedial PFC (vmPFC; inclusive of frontal medial
and frontal orbital cortices), dorsomedial PFC/paracingulate, IFG (inclusive
of pars opercularis and triangularis subregions), dIPFC/middle frontal
gyrus, and aPFC/frontal pole, derived from the Harvard-Oxford Cortical
Atlas with a 25% probabilistic threshold applied to each region. Comparing
slopes to inspect regions that showed iHUD- or HC-specific correlations,
we tested for group differences in these task-behavior/PFC correlations; we
also inspected correlations across all participants for potential general rela-
tionships with behavioral estimates. Finally, we followed the steps outlined
above (under correlations with task performance) for inspecting the poten-
tial influence on PFC activity during inhibitory control (using the same
PFC mask) of the select demographic, neuropsychological, and commonly
used drugs (listed above). Specifically, correlations among the variables that
showed significant differences between the groups were inspected with peak
BOLD activity during inhibitory control; those showing significant associa-
tions were entered into the GLMs as covariates. Nicotine dependence and
the number of cigarettes smoked per day were similarly inspected in the
iHUDs. We further inspected potential PFC associations with heroin use
variables in separate higher-level GLM analyses to avoid multicollinearity
(corrected for familywise error, a = 0.05/5 = 0.01). Across all analyses, val-
ues that were 2 SDs above or below the mean were identified as outliers,
and the affected tests are reported with and without their inclusion.
Correlational analyses including these outliers were supplemented with ro-
bust regression coefficients for completeness. Behavioral- and heroin-use-
related correlations were repeated using a whole-brain mask for exploratory
inspections of potential associations outside our PFC focus.

Results

Participants

The groups were comparable in age, sex, race, and nonverbal IQ.
Significant group differences were noted in years of education,
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Table 2. Behavioral performance in the stop-signal task
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Variable HGs (n = 24) iHUDs (n = 41) Significance test Effect size (Cohen's d) 95%

Stop accuracy 0.48 (0.04) 0.47 (0.07) ti62.99) = 0.59, p = 0.556 d=0.134 —0.02, 0.03
Go accuracy 0.98 (0.02) 0.95 (0.05) tigo.0z) = 2.95, p = 0.004* d = 0640 0.01, 0.04
SSRT 277 (40.9) 276 (67.0) t2.85) = 0.05, p = 0.960 d=10.012 —26.10, 27.40
SSD 288 (94.8) 313 (143) teron = 083, p = 0412 d=10.191 —83.50, 34.60
Go RT 585 (83.3) 633 (131) ticaa = 179, p = 0.078 d=0411 —100.71, 5.51
d 0.62 (0.04) 0.57 (0.08) tie2s0) = 3.07, p = 0.003* d=0683 0.02, 0.08

Significant group differences (corrected for familywise error, a = 0.05/6 = 0.008) are flagged with an asterisk. Values in parentheses denote SD. Go accuracy was calculated as go responses divided by the total of correct and

incorrect go responses.
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Whole-brain analyses that interrogated
group differences in inhibitory control brain
activity revealed significantly lower Stop
Success > Stop Fail signaling in iHUDs
compared with HCs in the right lateral aPFC
(BA 10; Montreal Neurological Institute
[MNI] space 26, 60, 0; peak Z = 4.49, p =
0.001, 97 voxels; Fig. 4, middle) and the right
dIPFC (BA 9; MNI space 36, 26, 32; peak Z =
4.49, p = 0.015, 65 voxels; Fig. 4, right). No
region showed significantly higher activity in

.
.

HC iHUD HC

Figure 2.

verbal IQ (HCs greater than iHUDs), depression symptoms
(iHUDs greater than HCs), nicotine smoking status, and regular
marijuana use (all p values < 0.001; a = 0.005; Table 1).

Behavioral results

A Welch’s two sample t test revealed significantly lower mean go
accuracy in iHUDs compared with HCs, t(0.92) = 2.95, p = 0.004
(e = 0.008), Cohen’s d = 0.640. Nevertheless, all subjects met the
recommended performance thresholds (i.e., mean go accuracy
greater than or equal 60%, mean stop accuracy greater than or equal
25 andless than or equal to 75%, and SSRT greater than 0). There
were no significant differences between iHUDs and HCs in SSRT,
te2s) = 0.05, p = 0.960, Cohen’s d = 0.012 (Fig. 2, left). However,
iHUDs exhibited significantly lower sensitivity in detecting targets
over nontargets, fss) = 3.07, p = 0.003 ( = 0.008), Cohen’s d =
0.683 (Fig. 2, right, Table 2 for all behavioral performance meas-
ures). Neither SSRT nor d’ correlated with the heroin use severity
measures (all p values > 0.184). Education, verbal IQ, depression
symptoms, or years of regular marijuana use did not significantly
correlate with SSRT (all p values in iHUDs > 0.440, all p values in
HCs > 0.155) or d’ (all p values in iHUDs > 0.296, all p values in
HCs > 0.331). Similarly, neither SSRT (all p values > 0.138) nor
d' (p > 0.219) significantly correlated with nicotine dependence
scores or number of cigarettes smoked/day in iHUDs.

BOLD fMRI results

Inhibitory control brain activity. Whole-brain analyses that
interrogated the inhibitory control contrast (Stop Success > Stop
Fail) across all participants revealed significant activations in the
classical inhibitory control-associated regions including the right
SMA/dIPFC [Brodmann’s area (BA) 6], bilateral lateral aPFC
(BA 10), left vmPFC/orbitofrontal PFC (BA 11), among others
(Fig. 3, Table 3).

iHUD

Stop-signal task performance. 4, B, iHUD and HC participants’ (4) SSRT (the dlassic inhibitory control measure
of stopping latency), indicating no significant group differences (p = 0.960) and (B) target detection sensitivity (d'), indicat-
ing significantly lower d" in iHUDs compared with HCs (p = 0.003). Swarm plots indicate individual data points. Error bars
indicate SEM. No data points were 3 SDs above or below the mean. Significant group difference flagged with an asterisk.

iHUDs compared with HCs.

Education, verbal IQ, depression symptoms,
or years of regular marijuana use did not signif-
icantly correlate with inhibitory control brain
activity (all p values in iHUDs > 0.531,
all p values in HCs > 0.276). Similarly,
nicotine dependence scores or number of ciga-
rettes smoked/day in iHUDs did not correlate
with inhibitory control brain activity (all p values > 0.751).

Brain and behavioral performance correlations. Using our a
priori mask, we found that lower activations in the left dIPFC/
SMA (BA 6; MNI space —38, 0, 64; peak Z = 4.84, p = 0.020, 41
voxels) and right IFG, pars opercularis (BA 44; MNI space 50,
14, 28; peak Z = 4.13, p = 0.037, 35 voxels), were associated with
slower SSRT in iHUDs compared with HCs. This difference
between slopes was driven by the association between lower left
dIPFC/SMA activity (BA 6; MNI space —30, 6, 62; peak Z = 4.62,
p = 0.028, 38 voxels) and slower SSRT in iHUDs (Fig. 5; no sig-
nificant clusters driven by the HC group), suggesting that dIPFC/
SMA engagement may be especially important in driving stop-
ping latency in iHUDs. SSRT did not correlate with inhibitory
control prefrontal activity across all participants.

Exploratory whole-brain correlations of SSRT revealed that
lower activity in the right supramarginal gyrus (BA 7; MNI space
38, —44, 42; peak Z = 5.19, p = 0.011, 69 voxels) was associated with
slower SSRT in iHUDs compared with HCs. When inspected
within each group, no significant correlations survived in HCs,
whereas the iHUDs showed a significant relationship between lower
activity in the right lateral occipital cortex (BA 19; MNI space 38,
—84, 24; peak Z = 4.27, p = 0.001, 101 voxels) and slower SSRT.
Whole-brain correlations did not reveal significant associations
with SSRT across all participants.

Using our mask, we also searched for PFC correlations with
d’ during inhibitory control. There were no significant group dif-
ferences in associations between inhibitory control brain activity
and d'. Across all participants, lower activity in the left lateral
aPFC (BA 10; MNI space —20, 58, 16; peak Z = 4.99, p = 0.013,
46 voxels) correlated with lower d’ (worse sensitivity; Fig. 6).

Exploratory whole-brain correlations of d' revealed that lower
activity in the right lateral occipital cortex (BA 39; MNI space 34,
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56, 40; peak Z = 4.93, p < 0.001, 116 vox-
els) and left supramarginal gyrus (BA 39;
MNI space —32, —50, 40; peak Z = 5.20,
p = 0.006, 77 voxels) were associated with
lower d’ in HCs compared with iHUDs.
When inspected within each group, the
HCs showed a significant relationship be-
tween lower activity in the right lateral
aPFC/dIPFC (BA 9; MNI space 32, 36, 22;
peak Z = 4.36, p = 0.003, 78 voxels) and in
the right lateral occipital cortex (BA 39;
MNI space 34, —56, 40; peak Z = 4.26, p =
0.014, 59 voxels) and lower d’, whereas
no significant correlations were found in
iHUDs. Whole-brain correlations did not
reveal significant associations with d’ across
all participants.

Heroin use severity and inhibitory con-
trol brain activity in iHUDs. Fewer days
since last use was associated with lower left SMA activity (BA 6;
MNI space —4, 12, 62; peak Z = 3.82, p = 0.003, 62 voxels) in
iHUDs (Fig. 7A). The exclusion of two outliers in days since last
use did not substantially affect these results (R* = 0.34, p <
0.001), and the exclusion of one outlier in SMA activity reduced
this association to a trend level when accounting for five heroin
use severity measures, R* = 0.16, p = 0.012, & = 0.01. However, a
robust regression conducted on this relationship that included
the outliers revealed it remained significant when assuming a
normal ¢ distribution (¢ = 4.908, 8 = 1.147, SE = 023, p <
0.001). Higher severity of dependence scale scores were associ-
ated with lower activity in the left medial aPFC (BA 10; MNI
space —16, 64, 10; peak Z = 3.99, p < 0.001, 133 voxels) and dor-
sal ACC (BA 32; MNI space 0, 52, 6; peak Z = 4.23, p = 0.006, 55
voxels).

Supporting our main findings using
our a priori mask, the parallel explora-
tory whole-brain analyses revealed that
fewer days since last use was associated
with lower left SMA activity at a trend
level when corrected for familywise error

6.05

31

Figure 3.

(a = 0.01; BA 6; MNI space —8, 10, 60; 2
peak Z = 4.27, p = 0.011, 69 voxels) in <
iHUDs. Also consistent with the main

findings, higher severity of dependence —
scale scores were associated with lower ™

activity in the left medial aPFC (BA 10;
MNI space —16, 64, 10; peak Z = 3.99,
p < 0.001, 151 voxels) and dorsal ACC
(BA 32; MNI space 0, 52, 6; peak Z =
4.23, p = 0.006, 55 voxels). No brain
regions significantly correlated with
heroin withdrawal, lifetime heroin use, or
craving.
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Inhibitory control brain activity recruited by the task. Across all participants, the stop-signal task elicited higher
activity in the right supplementary motor area/dorsolateral prefrontal cortex, right lateral anterior prefrontal cortex, and left
ventromedial/orbitofrontal prefrontal cortex, among others (Table 3) during successful versus failed stops (the hallmark inhib-
itory control contrast). Significant results were detected using a cluster-defining threshold of Z > 3.1, corrected to p <
0.05. The labels below each slice indicate x-axis coordinates in the MNI-152 space.

Table 3. Inhibitory control brain activity (stop success > stop fail) across all
participants

Region Side Voxels PeakZ p X y z BA

8 BA10
—6 BA 10
0 BA10

59 422 0.025 —26 68
83 46 0.004 30 62
179 497 <<0.001 —34 56
Ventromedial prefrontal cortex 127 457 <0.001 —4 50 —16 BA 11
(audate 105 492 <<0.001 6 10 -8 -

Anterior prefrontal cortex, lateral L
R
L
L
R

Superior temporal gyrus, anterior R~ 90 429  0.002 60 —2 —10 BA 22
R
R
R
L
L

Anterior prefrontal cortex, lateral
Anterior prefrontal cortex, lateral

Supplementary motor area 179 513 <0.001 32 —4 48 BAG6
Lateral occipital cortex, superior 435 505 <<0.001 28 —60 56 BA7
Lateral occipital cortex, inferior 1534 6.05 <€0.001 44 —64 —14 BA 19
Lateral occipital cortex, superior 77 446  0.006 —36 —70 52 BA7
Lateral occipital cortex, inferior 1396 596 <<0.001 —32 —88 18 BA 19

Coordinates are in the MNI-152 space. Data are resampled to isotropic voxel size of 2 mm. R, right; L, left.
Dash represents “not applicable” as BA labels do not extend to the caudate.
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Figure 4.  Group differences in inhibitory control brain activity. iHUDs, compared with HCs, exhibited significantly lower right lateral
anterior PFC (left plot) and right dorsolateral PFC (right plot) activity during successful versus failed stops (the hallmark inhibitory control

contrast). Significant results were detected using a dluster-defining threshold of Z > 3.1, corrected to p << 0.05. Bar plots indicate pa-

Discussion

Although lower inhibitory control PFC
signaling in drug addiction is consistently
reported across drug classes (for review,
see Luijten et al., 2014; Zilverstand et al.,
2018; Ceceli et al,, 2022a), these patterns
were yet to be extended to heroin (or any opioid) addiction. Here,
using a well-accepted and optimized SST (Verbruggen et al,

rameter estimates from the voxel with the peak Z score in each cluster. The right dorsolateral PFC cluster is depicted using its center of
gravity for visualization purposes. Swarm plots indicate individual data points. Error bars denote SEM. No data points were 3 SDs above
or below the mean. Coordinates are in the MNI-152 space. Significant group differences are flagged with an asterisk.

2019), we mapped the neurobiological substrates of inhibitory
control deficits in iHUDs. The task elicited cognitive control net-
work activity across all participants as expected, with comparable
SSRT between groups. Importantly, in support of our hypotheses,
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SMA inhibitory control activity, and higher
severity of dependence was associated with
lower left medial aPFC activity, together
suggesting that these abnormalities in in-
hibitory control PFC signaling are related
to heroin use severity.

Although iHUDs may be generally
expected to exhibit slower stopping latency
than HCs, evidence in individuals with
opioid use disorder that is based mostly on
Go/No-Go tasks is both for (Fu et al,
2008; Rezvanfard et al., 2017) and against
(Verdejo-Garcia et al.,, 2007; Yang et al,
2009; Ahn and Vassileva, 2016) this expec-
tation. In our study, the intact stop latency
- but impaired sensitivity in iHUDs alludes

group

A to a speed-accuracy trade-off, such that the

iHUDs performed comparably to the HCs

200

Figure 5.

in the MNI-152 space.

300
SSRT

Prefrontal cortex correlations with stop-signal response time in iHUDs and HCs. A significant relationship
between slower SSRT (the classic inhibitory control measure of stopping latency) and lower left dIPFC/supplementary motor
area activity during successful compared with failed stops (the hallmark inhibitory control contrast) was evident specifically
in iHUDs compared with HGs. Significant results were detected within a small volume corrected PFC mask, using a cluster-
defining threshold of Z > 3.1, corrected to p << 0.05. No data points were 3 SDs above or below the mean. Coordinates are

400 in stopping latency at the expense of target
detection accuracy, as also evident in their
impaired go accuracy. This finding is sup-
ported by comparable response latency but
lower sensitivity in 13 methadone-main-
tained individuals with opioid addiction
compared with 13 HCs as estimated using
a Go/No-Go task (Forman et al., 2004). It
is possible that medication-assisted treat-
ment masks inhibitory slowing; although
individuals with opioid dependence in
protracted abstinence show prolonged
SSRT compared with HCs, this deficit is

L R not observed in those taking methadone
(Liao et al., 2014). A closer inspection of
the effects of medication-assisted treatment
8 on SSRT will require larger samples includ-
< left lateral anterior PFC (-20, 58, 16) ing non-treatment-secking {HUDs as well
) as those abstaining with and without medi-
R?=0.25, p <0.001 . .

200 cation assistance.
— £ 2 Importantly, for the first time we reveal
m £ o att, lower PEC (specifically right lateral aPFC
. O group and dIPFC) engagement during inhibitory
5 LA ';', J ¢ Lo control in iHUDs, complementing the in-
§.1oo s 5, hibitory control-related PFC hypoactiva-
3 ik = © tions commonly reported in other drug
200 °e addictions (Li et al., 2008; de Ruiter et al.,
5053 2012; Sjoerds et al., 2014; Hu et al., 2015;

o

Figure 6.

3 SDs above or below the mean. Coordinates are in the MNI-152 space.

(1) sensitivity to targets over nontargets was significantly lower in
iHUDs compared with HCs, revealing an inhibitory performance
impairment in the former; (2) right lateral aPFC and dIPFC activ-
ity was significantly lower in iHUDs compared with HCs. Lower
left lateral aPFC and dIPFC/SMA signaling was associated with
less sensitivity (across all subjects) and slower SSRT (specifically in
iHUDs), respectively, suggesting that recruitment of these regions
is key for behavioral performance, with the left dIPFC/SMA specif-
ically regulating stopping speed in the iHUDs; and (3) in the
iHUDs, fewer days since last use was associated with lower left

Prefrontal cortex correlations with target detection sensitivity in iHUDs and HCs. A significant relationship
between worse target detection sensitivity (d’) and lower left lateral aPFC activity during successful compared with failed
stops (the hallmark inhibitory control contrast) was evident across all participants. Significant results were detected within a
small volume corrected PFC mask, using a cluster-defining threshold of Z > 3.1, corrected to p << 0.05. No data points were

Wang et al., 2018; Ceceli et al., 2022b). The
aPFC in particular has been implicated in
maintaining task rules and cognitive con-
trol over complex tasks (Braver et al,
2003; Sakai and Passingham, 2006; Cai
and Leung, 2011). Individuals with canna-
bis or alcohol addiction exhibit lower
aPFC signaling compared with HCs dur-
ing the Stroop Color and Word Test (Kober et al., 2014; Hu et
al., 2015), whereby one must override the prepotent reading
response for color naming (Jensen and Rohwer, 1966). Although
it is not a task that captures the stopping of an already initiated
response, the Stroop task may overlap with the SST in maintain-
ing task goals related to overriding prepotent responding. A
related explanation for lower aPFC activity in our study invokes
the role of this region in managing goals and subgoals (Koechlin
et al., 1999). The SST demands participants to make quick
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directional decisions in each trial (primary
goal) with occasional suppressions of this
response contingent on a stop signal (sub- o
goal). Combined with the impaired target
detection sensitivity in iHUDs, further show-
ing a significant positive correlation with the
aPFC in both groups, the inhibitory control-
related aPFC hypoactivation may be a marker
of a compromised ability to maintain multi-
ple goals during a cognitively demanding,

3.1
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detection sensitivity specifically in the HCs.
These regions are implicated in attentional
processes (Murray and Wojciulik, 2004;
Vossel et al., 2014) and show similar correla-
tions with SSRT in the general population
(Congdon et al, 2010; Ghahremani et al.,
2012). The iHUDs may be engaging these
attentional networks to maintain comparable
stopping latency to that of the HCs, with
no such compensatory mechanism in aiding
target detection sensitivity, potentially con-
tributing to the d' impairment in this group.
However, these exploratory results beyond
our PFC focus should be interpreted with
caution and replicated in future investigations.

The lower inhibitory control activity in the dIPFC in iHUDs
further suggests an altered neural signature of cognitive control in
this group. As part of the dorsal attentional network, the dIPFC is
thought to exert top-down modulation of selective attention to
task-relevant perceptual input, as demonstrated in regulating con-
trol over conflicting visual stimuli (Egner and Hirsch, 2005;
Gbadeyan et al., 2016). Inhibitory control-related dIPFC func-
tion is generally impaired in drug addiction (for review, see
Zilverstand et al., 2018; Ceceli et al., 2022a), as characterized by
hypoactivations during the SST and Stroop task in individuals
with alcohol (Hu et al., 2015), cannabis (Kober et al., 2014), and
cocaine use disorders (Moeller et al., 2014; Ceceli et al.,
2022b). The lower dIPFC function in the iHUDs may under-
lie a maladaptive allocation of attentional resources to task-
relevant information, which in real-world contexts may drive
lapses in self-control, especially when drug cues bias atten-
tional resources away from non-drug-related stimuli. The
association between slower SSRT and lower dIPFC/SMA
function in iHUDs is consistent with prior similar results in
cocaine use disorder (Li et al., 2008). These results suggest a
compensatory effect, where iHUDs may require higher
dIPFC/SMA engagement to match HCs in stopping latency
(but at the expense of accuracy). Reduced activations in the
SMA, a region central to regulating inhibitory control (Aron
and Poldrack, 2006; Cole and Schneider, 2007) and specifi-
cally driving motor planning (Tanji and Shima, 1994), as a
function of fewer days since last heroin use suggest that the cog-
nitive control network deficits in iHUDs may be labile and

Figure 7.

5 10
days since last use severity of dependence

Prefrontal cortex correlations with heroin use severity measures in iHUDs. 4, B, Fewer days since last use
was associated with lower SMA activity (A), and higher severity of dependence was associated with lower aPFC activity
(B) during successful compared with failed stops (the hallmark inhibitory control contrast) in iHUDs. Significant results
were detected within a small volume corrected PFC mask, using a cluster-defining threshold of Z > 3.1, corrected for
familywise error for five heroin use severity measures (p << 0.05/5 = 0.01). In A two participants’ days since last use
were 3 SDs above the mean. Excluding these outlier data points did not substantially affect the results (R* = 0.34, p <
0.001). One participant's SMA activity was identified as an outlier, and excluding this data point reduced this correlation
to a trend level when accounting for five heroin use severity measures (R* = 0.16, p = 0.012, & = 0.01). Nevertheless,
a robust regression including the outliers supported the significant effect when assuming a normal ¢ distribution (t =
4908, B = 1.147, SE = 0.23, p < 0.001). The SMA outlier data point is denoted in gray, with the regression line
reflecting all data points. Coordinates are in the MNI-152 space.

normalize with abstinence, as remains to be tested in larger and
longitudinal efforts. Of note, inhibitory control group differences
showed right-lateralized effects, consistent with the predominant
recruitment of the right hemisphere by inhibitory control (for
review, see Aron et al., 2014; but see also a lesion study suggesting
the opposite, Swick et al., 2008). In contrast, the correlations with
performance and heroin use severity measures were mostly local-
ized to the left hemisphere (with bilateral subthreshold effects for
correlations between higher severity of dependence/fewer days
since last use and inhibitory control PFC activity). Goal mainte-
nance during inhibitory control tasks may involve covert speech
(e.g., inner reiteration of task goals; Tullett and Inzlicht, 2010; for
review, see Alderson-Day and Fernyhough, 2015), which may
have contributed to the left-lateralized inhibitory performance
correlations and remains to be formally tested in drug addiction.
Several limitations should be considered when interpreting
these findings. The groups showed significant differences in years
of education, verbal IQ, depression scores, cigarette smoking, and
years of regular marijuana use. Although these variables did not
correlate with our dependent variables and thus could not have
substantially contributed to the results, larger, more closely
matched (e.g., in demographics, smoking status) samples may
better tease apart the potential contributions of these individual
differences. Although significant, the target detection sensitivity
impairment in iHUDs was subtle as indicated by the medium
effect size and should be replicated in future efforts. The need for
larger sample sizes is especially pertinent for our correlational
results. Although we generally found consistency between PFC-
targeted and whole-brain correlations with the heroin use sever-
ity measures, the detection of whole-brain correlations with
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behavioral performance measures may require higher pow-
ered studies, as brain and behavior associations have been
show to require very large samples (Marek et al., 2022). As the
PFC regions highlighted in these results encompass large,
functionally heterogonous brain structures (Orr et al., 2015),
further investigations are also needed to tease apart their addi-
tional functional roles. Future studies should also include
more women to examine potential sex differences in inhibi-
tory control function in iHUDs. Finally, the iHUDs were
exclusively recruited from treatment facilities; future efforts
should extend these results to both non-treatment-seeking and
abstinent iHUDs to improve the generalization of findings.

To the best of our knowledge, this study marks the first inves-
tigation in iHUDs of inhibitory control performance and brain
function, a core substrate underlying the human drug addiction
experience. Our results indicate that consistent with impaired in-
hibitory control functions in substance use disorders across drug
classes, iHUDs exhibit impaired inhibitory processes, that is,
intact SSRT but impaired (yet subtle) sensitivity to detect targets
over nontargets in an SST as associated with lower aPFC func-
tion when stopping, which in turn correlated with higher severity
of dependence. Hypoactivations in the dIPFC (and SMA) corre-
lated with slower (yet intact) stopping latency and with shorter
time since last drug use. Overall, these results point to the neuro-
biological mechanisms that may underlie self-control lapses in
individuals with heroin addiction. Importantly, these results
identify potential treatment targets for improving inhibitory con-
trol functions in iHUDs, such as PFC-mediated cognitive strat-
egies and/or neuromodulation to restore PFC cognitive control
function en route to recovery.
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