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ABSTRACT

Background: Individuals with substance use disorder show impaired self-awareness of
ongoing behavior. This deficit suggests problems with metacognition, operationalized in
the cognitive neuroscience literature as the ability to monitor and evaluate the success
of one’s own cognition and behavior. However, the neural mechanisms of metacognition
have not been characterized in a drug-addicted population. Methods: Community
samples of participants with opioid use disorder (OUD) (N=27) and healthy controls
(N=29) performed a previously-validated fMRI metacognition task (perceptual decision-
making task along with confidence ratings of performance). Measures of recent drug
use and addiction severity were also acquired. Results: Individuals with OUD had lower
metacognitive sensitivity than controls (i.e., disconnection between task performance
and task-related confidence). Trial-by-trial analyses showed that this overall group
difference was driven by (suboptimally) low confidence in OUD during correct trials. In
fMRI analyses, the task engaged an expected network of brain regions (e.g.,
rostrolateral prefrontal cortex and dorsal anterior cingulate/supplementary motor area,
both previously linked to metacognition); group differences emerged in a large ventral
anterior cluster that included the medial and lateral orbitofrontal cortex and striatum
(higher activation in OUD). Trial-by-trial fMRI analyses showed group differences in
rostrolateral prefrontal cortex activation, which further correlated with metacognitive
behavior across all participants. Exploratory analyses suggested that the behavioral and
neural group differences were exacerbated by recent illicit opioid use and unexplained

by general cognition. Conclusions: With confirmation and extension of these findings,
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metacognition and its associated neural circuits could become new, promising

therapeutic targets in addiction.
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INTRODUCTION

Substance use disorder (SUD) involves taking drugs in larger amounts and for longer
periods of time than intended (1), suggesting compromised self-awareness of ongoing
behavior. In support, drug-addicted individuals exhibit problems in self-monitoring and
self-reporting their ongoing task behavior (2-14) and emotional experiences (15-17).
They also underestimate the extent of their cognitive problems when compared with the
reports of close informants (18, 19) or other independent observers (20), and they
report ambivalence about needing drug treatment despite documented impairment (21-
23).

An integrative framework for characterizing deficits of this kind is metacognition,
referring to the ability to monitor and evaluate one’s own cognition and behavior (e.g.,
successfully discriminate mistakes from successes). Laboratory studies of
metacognition have been mainly conducted in healthy controls (HC). In one
representative paradigm, participants trial-by-trial perform a simple cognitive process
(e.g., two-choice perceptual decision) and then render a confidence judgment about
their performance (24, 25). Metacognition is then operationalized as the degree to which
higher confidence correlates with better performance (26-29). Translational evidence
from human and preclinical studies has convincingly linked metacognition to functional
and structural integrity of the anterior prefrontal cortex (PFC), perhaps especially the
rostrolateral PFC (rIPFC) (24, 25, 30-41).

We suggest that metacognition and its neural mechanisms are impaired in opioid
use disorder (OUD). We previously reported metacognitive deficits in actively-using

individuals with cocaine use disorder, which were further correlated with lower gray
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matter volume in the anterior PFC (rostral anterior cingulate cortex) (9). Since then, a
different research group reported a similar metacognitive deficit in methadone-
maintained individuals with OUD (42). Importantly, deficits in metacognition-related
functions, which are referred to in the literature as ‘Type 2’ cognition, are separable from
deficits in more classically-examined cognitive functions [e.g., working memory,
sustained attention, or decision-making (43-49)], which are referred to in the literature
as ‘“Type 1’ cognition; Type 1 and Type 2 cognition have distinct psychological and
neural mechanisms in HC (26, 28, 50-53). Given this separability between Type 1 and
Type 2 cognition, we posit that metacognition could serve as a new therapeutic target in
drug addiction. However, the functional neural circuitry of metacognition impairment has
not been characterized in a drug-addicted population.

Here, to test for impaired metacognition and associated neural abnormalities in
OUD, we used an fMRI metacognition task that members of our team previously
validated in HC, wherein better metacognition was correlated with stronger confidence-
related functional signals in the rlPFC (54). We hypothesized that, compared with HC,
OUD participants would show (A) worse metacognition and (B) aberrant confidence-
related signals in rIPFC. Although we focused a priori on the rIPFC as our main region
of interest (ROI), we also tested whole-brain effects. Finally, building on our prior
findings in cocaine use disorder (9), we hypothesized that (C) the behavioral and neural

measurements would correlate with recency of illicit opioid use in OUD participants.
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METHODS

Participants

We acquired data in 30 individuals with OUD and 30 HC, recruited through
advertisements, local treatment facilities, and word-of-mouth; all provided written
informed consent. Three OUD participants and one HC participant were excluded for
excessive motion during fMRI scanning [framewise displacement (FD) (55) 2 1.2mm in
210% of the task volumes during a given run, and 21.2mm in 25% of all task volumes],
resulting in a final sample of 27 OUD and 29 HC (Table 1). Due to demographic
mismatching on race between OUD and HC groups after motion-related exclusions, we
controlled for race in all analyses.

Inclusion criteria for all participants were: (A) males and females ages 18-55; (B)
English-speaking, for task and questionnaire completion; and (C) good current medical
and psychiatric health based on a medical physical and routine blood work as
determined by the study psychiatrist. An additional inclusion criterion for OUD
participants was (D) history of OUD, with ongoing treatment so that participants were
sufficiently stable for brain imaging (treatments included buprenorphine: n=18;
methadone: n=6; naltrexone/other: n=3). Exclusion criteria were: (A) head trauma with
loss of consciousness >10 minutes; (B) clinically significant medical, neurological, or
psychiatric illness that would compromise safety, study completion, or data quality, other
than additional SUD in the OUD group and/or nicotine use disorder in either group; (C)
medication use within 6 months that would alter cerebral function or otherwise adversely
affect the imaging data, except for those used to treat OUD and its sequelae (note that

we aimed to recruit a highly generalizable, community sample of OUD who are often on
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multiple medications); (D) positive urine toxicology for non-prescribed drugs of abuse
except for opioids or cannabis (see Table 1 for urine toxicology results); (E) staff
impressions of acute intoxication/impairment; (F) contraindications to MRI; and (G)
pregnancy (urine verified) or breast-feeding in women.

All participants underwent a clinical interview, which confirmed OUD diagnosis in
the patient sample (with 14 meeting past-year criteria) and lack of psychiatric diagnoses
in HC [Structured Clinical Interview for DSM-5 (SCID-5), Research Version (56)] (see
Supplement for OUD comorbidities). The clinical interview additionally included: NIDA-
Modified ASSIST v2.0 and Timeline Follow-back Calendar (57), together characterizing
illicit opioid use in the last 3 months (as a measure of recency); and well-validated
instruments of opioid severity, including the Addiction Severity Index (ASI) (58), Desires
for Drug Questionnaire (59), and Leeds Dependence Scale (60).
fMRI Task Design
During each trial, after a fixation cross, participants made a two-choice discrimination
judgment, categorizing a noisy image with varying amounts of overlaid white noise as
either a face or a house (Figure 1) [see also (54)]. Each judgment was followed by a
confidence rating. In the “Report” condition, participants rated their decision confidence
on a 6-point scale. In the “Follow” condition, instead of rating their decision confidence,
participants placed the cursor between two vertical lines, specified by the program
(active control condition with similar visual and motor demands). There were 4 runs
each containing 75 trials (5 sequences each comprised of 10 Report trials and 5
subsequent Follow trials). Task performance was adaptively controlled (staircase),

expected to converge at 71% accuracy. The entire sample approached this target
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(M=74.3%%10.3), though (Type 1) d was unexpectedly lower in OUD than HC
[F(1,50)=14.75, p<0.001] (Figure 2C). Participants responded during 288.0+£23.1 trials
(96.0%) with no group differences (p=0.96), indicating high task engagement.

MRI Acquisition

MRI scanning was performed on a 3T Prisma™ (Siemens, Erlangen, Germany) using a
64-channel head-and-neck coil. Four runs of multiband (61) BOLD-sensitive echo-
planar imaging (EPI) T2*-weighted task imaging were acquired. Each run comprised
1187 volumes, lasting 16.38min. We used: multiband acceleration of 6 and no
GRAPPA, 2mm isotropic voxels, 204mm FOV, 66 slices, 60° FA, and TR/TE=800/25ms.
A T1lw scan was also acquired using a 3D-MPRAGE sequence: TR/TE/TI
=2400/2.24/1060ms, FOV=256, voxel size=0.8x0.8x0.8 mm?, flip angle=8°, slices=208,
and GRAPPA parallel imaging factor=2 (see Supplement for more details).

MRI Preprocessing

Data were preprocessed using the HCP (62) Minimal Preprocessing Pipelines v4.2,
smoothed with a 6mm FWHM Gaussian kernel (see Supplement for full details). In
addition to the participant exclusions described above, we excluded Run 3 from one
OUD participant due to a large number of missed trials, and one HC participant only
completed two Runs due to scanner-related discomfort.

Data Analysis

Task Behavior

We used a linear mixed model (LMM), with trials nested within participants, to predict
confidence levels trial-by-trial, testing whether OUD participants are overconfident or

underconfident relative to HC, forming the basis of a metacognitive impairment. The
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LMM had the following predictors: Correctness (i.e., whether the Face/House judgment
was correct, per trial: Yes, No), Diagnosis (OUD, HC), and the CorrectnessxDiagnosis
interaction. Analyses were restricted to Report trials; Follow trials are invalid for the
computation, as they do not incorporate participants’ own confidence judgments.

To confirm the trial-by-trial analyses and to obtain person-level metrics for
correlational analyses, we also computed two summary metrics of metacognitive
accuracy (again, only incorporating the Report trials) (28, 63). Meta-d’ was fit to each
participant’s confidence rating data using maximum likelihood estimation (64). Meta-d’ is
a measure of metacognitive sensitivity (i.e., how much participants can discriminate
their own correct from incorrect judgments), expressed in the same units as Type 1
sensitivity (d) (i.e., the degree of perceptual accuracy). We also computed
metacognitive efficiency, defined as meta-d’/d’ (‘m-ratio’), which corrects meta-d’ by task
performance. Both metrics, sensitivity and efficiency, were then compared between the
groups using GLMs (which controlled for race; dummy coded). All behavioral analyses
were considered significant at p<0.05.

BOLD-fMRI Analyses

A hemodynamic response function was convolved with a boxcar function spanning the
time of the confidence rating. The boxcar was separated into two regressors, one for
Report trials and one for Follow trials. The 6 motion parameters (3 rotation, 3
translation) and their temporal first derivatives provided by the HCP preprocessing were
included as regressors of no interest.

Next, the Report regressor was parametrically modulated by participants’

confidence ratings trial-by-trial, creating the 15' Level contrasts of interest in SPM12.
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The 15t Level contrast was then analyzed at the 2" Level (group level) using an
independent t-test in SPM12 while also controlling for race. Using this model, we
examined (A) which regions activate in relation to trial-by-trial confidence across all
participants, and (B) which regions show differing trial-by-trial activations between OUD
and HC.

Finally, we used the Report and Follow regressors to create a 15t Level activation
map for the contrast of Report>Follow, a complementary analytical approach. At the 2"
Level, we similarly used an independent t-test in SPM12, controlling for race. This
contrast examined (A) which regions activate during confidence ratings in all
participants, and (B) which regions show different activations between OUD and HC. To
uncover the source of significant Report>Follow effects, posthoc analyses were
conducted which modeled the Report and Follow conditions separately.

For both analytical approaches (parametric modulation and Report>Follow), we
used both whole-brain voxelwise and ROl approaches. Voxelwise analyses were
considered significant using a p<0.001 voxelwise-uncorrected threshold and a p<0.05
cluster-corrected threshold. The ROI analyses were conducted using unbiased bilateral
8mm spheres of the rIPFC, centered at MNI coordinates x=-33, y=44, z=28 and x=27,
y=53, z=25 (Figure 3B), which are the peak coordinates from the trial-by-trial analyses
obtained from our prior study (54), thus firmly a priori. For these ROI, we conducted
one-sample t-tests and GLMs in SPSS, considered significant at p<0.05 (uncorrected).

All SPM and ROI analyses of between-group differences controlled for race.
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Correlation Analyses
First, we tested brain-behavior correlations, examining whether metacognitive sensitivity
and (separately) metacognitive efficiency correlated with the rlIPFC ROIs and/or
(extracted) whole-brain cluster-corrected activations. Second, we tested correlations of
select task variables with drug use. Specifically, the behavioral and imaging variables
which showed significant differences between the groups in the above analyses were
tested here for association with opioid craving, dependence severity, and recent use.
The rationale for restricting correlations to those variables first showing between-group
differences was: (A) to keep the number of analyses manageable overall; and (B) these
would be the behaviors/regions to provide plausible mechanisms of impairment in OUD.

Craving and dependence severity were assessed with the Desires for Drug
Questionnaire and the Leeds Dependence Scale, respectively (60), using Pearson
correlations in OUD only. Recent illicit opioid use, which was our main interest
considering our prior work in cocaine use disorder (9), was ascertained using the NIDA-
Modified ASSIST drug use measure which was further cross-checked with a Timeline
Follow-back Calendar (and the medical physical if needed for final confirmation), which
both ask about drug (opioid) use in the 3 months prior to the study. Due to most OUD
reporting no drug use prior to the study, we dichotomized recent illicit opioid use in OUD
as follows: any use (OUD+: N=7) versus no use (OUD-: N=20) in the last 3 months. We
used GLMs with linear contrasts to test for graded effects in the behavioral and imaging
variables (OUD+, OUD-, HC), controlling for race.

In all analyses, correlations with metacognitive sensitivity or efficiency (primary

behavioral metrics) and with left/right rIPFC (primary imaging ROIs) were considered
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significant at p<0.05 (uncorrected), given our a priori hypotheses with these variables.
For testing correlations with additional brain activations, we applied a Benjamini-

Hochberg correction to control the false discovery rate (FDR) at 5% (g<0.05) (65).

RESULTS
Behavior
We conducted a LMM analysis with trial-by-trial confidence as the dependent variable,
and with Correctness, Diagnosis, and their interaction as predictors. There was a main
effect of Correctness [x2(1)=868.86, p<0.001; confidence, as to be expected, was higher
on correct trials than incorrect trials] but no main effect of Diagnosis [x?(1)=2.87,
p=0.09]. Of greater interest, however, the CorrectnessxDiagnosis interaction reached
significance [x?(1)=21.11, p<0.001]. Follow-up comparisons showed that OUD
participants had lower levels of confidence in their performance than HC on correct
trials [x?(1)=3.87, p=0.049] but not on incorrect trials (p=0.49). Furthermore, while all
participants showed greater confidence during correct than incorrect trials (i.e., as
demonstrated by the Correctness main effect), the difference in confidence levels
between correct and incorrect trials was greater for HC [x?(1)=541.76, p<0.001] than for
OUD [¥?(1)=329.12, p<0.001] (Figure 2A). Taken together, OUD participants
underestimated their task performance when correct, exhibiting a metacognitive deficit.
This suboptimal confidence in OUD was reflected in the metacognitive sensitivity
summary statistic, where OUD participants had lower meta-d’ than HC, as hypothesized
[F(1,50)=5.67 p=0.021] (Figure 2B). Unexpectedly, the groups did not differ on

metacognitive efficiency (meta-d’/d’) [F(1,50)=0.60 p=0.44] (Figure 2B).
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fMRI: Trial-by-Trial Parametric Modulation by Confidence (Table 2)

Across all participants, trial-by-trial confidence ratings were negatively correlated with
BOLD-fMRI activity in the left occipital and parietal cortices (Figure 3A, C-D).
Exploratory ROl analyses of the extracted activations indicated that the trial-by-trial
correlation was numerically lower, albeit not significantly so, in OUD than HC in the
inferior occipital [F(1,50)=3.26 p=0.077] and parietal [F(1,50)=4.00 p=0.051] cortices. In
rIPFC ROI analyses, all participants showed a negative trial-by-trial correlation between
confidence and brain activity in both rIPFC ROls [left: one-sample #(55)=2.11, p=0.039];
right: one-sample #(55)=2.23, p=0.030]. Of greater interest, these two rIPFC ROls
differed between the groups, where the correlation between confidence and activity was
more negative in OUD than HC [left: F(1,50)=4.35 p=0.042; right: F(1,50)=6.02 p=0.018]

(Figure 3E).

fMRI: Group Activation Mapping Differences for Report>Follow

The Supplement provides the activations and deactivations to the Report>Follow
contrast across all participants. When specifically examining group differences to
Report>Follow, OUD had greater activation than HC in a large cluster of primarily left
ventral and anterior brain areas, with the strongest signal observed in the left
orbitofrontal cortex (OFC) extending into the striatum (Figure 4B). Posthoc analyses
suggested that this group difference was mostly driven by less deactivation in HC during
the Follow condition. However, this posthoc analysis did not reach cluster-level
significance and therefore is not interpreted further. Similarly, the rIPFC ROls for the

contrast Report>Follow did not differ between the groups (both F<0.17, p>0.68).
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Correlation Analyses

Brain-Behavior Correlations

Metacognitive sensitivity was tested for association with the OFC/striatal ROI (from the
Report>Follow analyses) and bilateral rIPFC ROIs (from the parametric modulation
analyses). Across all participants, metacognitive sensitivity was positively correlated
with the right rIPFC signals: the less negative the trial-by-trial correspondence between
brain activation and confidence, the greater the behavioral metacognition (r=0.27,
p=0.044) (Figure 3E). The correlation was not significant in either OUD or HC groups
considered separately (both p>0.21). A follow-up robust regression analysis, conducted
given the presence of potential outliers, confirmed the correlation across the sample
(b=0.46, SE=0.23, p=0.049). The left rIPFC showed a similar, but nonsignificant trend
(r=0.22, p=0.108). Finally, there was a similar, but not FDR-corrected correlation
between parietal-confidence signals and metacognition (r=0.30, p=0.023).
Relationships with Recency and Severity of lllicit Opioid Use

For recent drug use, significant linear contrasts (groups: OUD+, OUD-, HC) emerged for
metacognitive sensitivity (Mai=0.55, SE=0.17, p=0.002), Report>Follow OFC/striatal
activation (Mui=0.62, SE=0.14, p<0.001), left rIPFC parametric modulation (Mair=0.40,
SE=0.10, p<0.001), and right rIPFC parametric modulation (Mui=0.39, SE=0.10,
p<0.001) (Figure 5). Whereas the OFC/striatum Report>Follow linear effect reflected a
case-control difference, the other linear effects reflected modulation by recent drug use.
That is, compared with OUD-, OUD+ participants had lower metacognitive sensitivity
(p=0.031), more strongly negative left rIPFC confidence signals (p=0.002), and more

strongly negative right rlPFC confidence signals (p=0.007).
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In contrast, neither severity of dependence (Leeds) nor craving (DDQ) was
correlated with metacognitive sensitivity, OFC Report>Follow activation, or left/right

rlPFC confidence signals (all p>0.098).

DISCUSSION

Using a previously validated fMRI task (54), we hypothesized and found that individuals
with OUD had worse metacognitive sensitivity than HC, reflecting a poorer trial-by-trial
mapping between task accuracy and confidence in that accuracy. Unexpectedly, the
groups only differed on metacognitive sensitivity, not efficiency. That is, when controlling
for subtle differences in first-order performance (d’) between the groups, the group
differences in metacognitive sensitivity were no longer apparent. This result was
unexpected because prior addiction studies, including our own, had reported group
differences in metacognitive efficiency (9, 42). One key difference between our study
and prior studies is the current fMRI component, which necessitated a task design
where the decision-making (Type 1) portion of the trial was not self-paced. Slow
performance, which was registered as “incorrect” on our fMRI task, could have been
one reason for lower task performance in OUD participants. Future studies could
incorporate additional practice trials outside the scanner, to better calibrate the
staircase. Nevertheless, our study, which uses a laboratory-based task, extends
research on “metacognitive beliefs.” This parallel body of research uses self-reports to
ask people to reflect on whether their thoughts are controllable and affect subsequent
behavior (66, 67), investigated in the context of alcohol consumption (68, 69), smoking

dependence (70), and problematic use of cannabis (71). Our study, which uses a
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laboratory-based task of metacognition reduces concerns about demand characteristics
(72) and socially desirable responding (73).

We did not initially anticipate that the metacognition impairment in OUD would be
driven by underconfidence. Gambling addiction and intoxicated driving, for instance,
have been linked to overconfidence (74, 75). Our findings could reflect a distinctive
treatment-seeking OUD phenotype, where for example heroin users show less risk-
taking than cocaine users (76), especially among those who initiate medications for
opioid use disorder (MOUD) (77). Our current OUD sample also may have been
experiencing residual withdrawal, stress reactivity, and dysphoria/negative emotionality
[i.e., hyperkatifeia (78)], and many patients have low confidence that they can manage
such symptoms (79). This direction of effects is also consistent with data acquired in
individuals with anxiety and depression symptoms (but without OUD), who show
metacognitive underconfidence (80) that is rescued by cognitive behavioral therapy
(81). Future studies will need to confirm underconfidence in OUD while also examining
relationships with other laboratory tasks and real-world functioning. For example,
underconfidence in OUD may be related to suboptimal information-seeking (82), a form
of impaired self-regulation. Underconfidence may also affect quality-of-life, recognized
as an important clinical outcome that is complementary to drug abstinence (83).
Underconfidence in OUD could relate to outcomes such as greater self-stigma,
unwarranted hesitancy to take adaptive risks (e.g., accepting a job promotion, starting a
family, etc.), or low self-efficacy in the ability to cope with life challenges or remain in

drug treatment (84-87).
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In the fMRI data, parametric modulation analyses showed significant (negative)
correlations between activation and confidence in the left occipital and parietal cortices
across all participants. These findings agree with a recent study showing that negative
confidence during task performance tracked with activation in the parietal cortex (88). A
subsequent coordinate-based meta-analysis similarly identified the parietal cortex as
parametrically correlating with confidence (37). Although our study showed no whole-
brain between-group differences in these regions (or others), group effects did emerge
in rIPFC ROI analyses. These rIPFC ROI analyses also showed negative correlations
(i.e., significantly less than 0) in all participants, consistent with prior work (54, 89, 90),
but in this region the activations correlating with confidence were especially negative in
OUD, resulting in a case-control difference. Furthermore, the weaker (less negative) the
trial-by-trial correspondence between (right) rIPFC activation and confidence, the better
was the metacognition in all participants. This is opposite to what we previously
observed in HC (54), where better metacognitive sensitivity was linked to stronger
(more negative) modulation of rIPFC activity by confidence. The reason for this
difference is unclear, but we note here that it was the OUD group, not the HC group,
which showed a baseline negative rlIPFC BOLD signal in relation to confidence.
Furthermore, interpreting mass-univariate differences in PFC activation in relation to
metacognition is nuanced by findings that the multivariate voxel pattern in both medial
and lateral anterior PFC also tracks confidence (33). Despite these variations in
directionality, our collective results suggest that confidence-PFC signals, which are
critical for effective metacognition as shown in basic research (24, 25, 30-41), are

disrupted in OUD, possibly providing a neural basis for the behavioral impairment.
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Additional BOLD-fMRI analyses revealed that confidence judgments activated a
diverse network of brain regions across all participants (Supplement), which were
consistent with the prior report of this task (54). With respect to differences between
OUD and HC on this Report>Follow contrast, we observed a large cluster with peak
activation in the left lateral OFC extending to the medial PFC/ventromedial PFC,
subgenual ACC, striatum, and parahippocampal gyrus. Emerging research has pointed
toward ventral prefrontal and/or striatal regions as having a role in confidence (74, 88-
93), self-performance estimates (94), and metacognition (95). One interpretation is that
this activation, especially in the more ventromedial PFC portions of the cluster, could be
pointing to case-control differences in the neural circuits subserving self-awareness (6,
96), which is needed for intact metacognition.

Finally, a subset of the behavioral and neural effects were modulated by past 3-
month illicit opioid use. OUD+ participants were the most impaired on metacognitive
sensitivity and most dissimilar from HC in their bilateral rIPFC-confidence signals.
Interestingly, this modulation was specific to recency of drug use, not seen for severity.
These results highlighting recent use effects on metacognition agree with our prior work
in cocaine use disorder (9). Metacognition and related functions are also impaired
among acutely-intoxicated users of cannabis (97) and alcohol (98), though in our study
participants were not acutely intoxicated. Importantly, recent drug use and
metacognition are both modifiable variables; metacognition can be trained, and the
effects may generalize to additional tasks and self-regulatory domains (99, 100). It
remains an open question whether enhancements in metacognition behavior and

associated circuits drive functional improvement in psychopathology (i.e., as part of a
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causal model, as we would hypothesize) or whether metacognitive enhancements
simply track with an otherwise successful treatment response. Future clinical trials can
test metacognitive training as a potential adjunctive treatment for OUD, which could
help adjudicate between these competing hypotheses and also potentially have clinical
benefit.

This study has several limitations. First, most OUD participants were taking
medications (MOUD and others, such as antidepressants), and most OUD participants
had drug-related and/or psychiatric comorbidities (Table 1; Supplement). This limitation
is balanced, though, by the generalizability of this community sample, reflecting the
kinds of patients seen in clinics. Second, task accuracy unexpectedly differed between
the groups. Future studies could increase response windows and/or include a pre-scan
staircasing phase. Third, future studies need to verify the recent drug use effects, using
larger samples with more equally-balanced OUD subgroups. Fourth, this study cross-
sectional study cannot speak to whether the metacognition behavioral and neural
abnormalities predate or follow drug use. Fifth, we only examined metacognition for
perceptual decision-making. Although current evidence indicates that metacognition is
at least partially domain-general (33) — that is, all types of metacognition invoke
behavioral self-evaluation in the form of ‘propositional confidence’ (29) — future studies
in OUD will need to examine other metacognitive domains, such as confidence in one’s
memory, subjective value assessments, or action capability. Such efforts will aid clinical
characterization and eventual intervention.

In conclusion, we showed metacognitive and associated neural abnormalities in

a community-based, generalizable sample OUD. Individuals with OUD, and especially
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OUD+, were underconfident in their ongoing task performance, a deficit which was
linked with aberrant confidence-related activation patterns in the rIPFC, a region critical
for metacognition. If these findings are (A) confirmed with larger samples, (B) verified to
be dissociable from Type 1 cognition, (C) predictive of real-world functional outcomes,
and (D) modifiable with drug abstinence, then metacognition could ultimately become a

promising therapeutic target for OUD.
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Figure Captions

Figure 1. Task schematic of the fMRI metacognition task. During “Report” trials,
participants indicated their confidence trial-by-trial after making a perceptual decision
about whether a fuzzy image with varying amounts of white noise is either a face or a
house. In the “Follow” condition, all aspects of the trial are identical except that
participants do not rate their confidence on a trial, but rather are asked to move the
cursor between two blue bars to a location determined by sampling from previous
Report trials.

Figure 2. Behavioral results. (A) Trial-by-trial analyses, using a linear mixed model
(LMM) with trials nested within participants, showed that individuals with opioid use
disorder (OUD) have lower confidence than healthy controls during correct trials,
indicating unwarranted pessimism about their performance. (B) This translates into
lower metacognitive sensitivity, which reflects a poorer mapping between task accuracy
and confidence, though we did not observe group differences in metacognitive efficiency
(sensitivity normalized by accuracy). (C) One potential explanation for lack of
metacognitive efficiency group differences is that task accuracy () also differed
between the groups. Asterisks denote p<0.05. Estimated marginal means and standard
errors are shown.

Figure 3. Trial-by-trial imaging results. Here, activations during the “Report” condition,
during which active confidence judgments were made, were parametrically modulated
by confidence ratings trial-by-trial. (A, C) Across all participants, there were whole-brain
corrected results in the left occipital and parietal cortices, where activations in these

regions were negatively correlated with confidence ratings. (B, D) In a priori ROI
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analyses, the bilateral rostrolateral prefrontal cortex (rlPFC), a well-established region
subserving metacognition, also showed negative trial-by-trial correlations with
confidence in all participants, and these effects were more pronounced in individuals
with opioid use disorder (OUD), resulting in a significant group difference. Estimated
marginal means and standard errors are shown. (E) Scatterplot showing that the less
negative the trial-by-trial correlation in the rIPFC, the better the metacognition in all
participants.

Figure 4. Imaging data for the fMRI contrast of Report>Follow, as modeled during the
confidence reporting phase of each trial. (A) Activations across all participants. (B)
Group differences in a large (predominantly left) ventral cluster, with peak activation in
the left orbitofrontal cortex and extending to the striatum. Estimated marginal means
and standard errors are shown.

Figure 5. Modulation by recent illicit opioid use. Individuals with opioid use disorder who
used illicit opioids in the past 3 months (Opioid+) had the (A) most impaired
metacognition and (B-D) most abnormal (i.e., most different from healthy controls) brain
activations in the (B) orbitofrontal/striatal cluster, (C) left rostrolateral prefrontal cortex
(rlPFC), and (D) right rIPFC. In all four metrics, individuals with OUD who did not use
illicit opioids within months (Opioid-) were intermediate between Opioid+ participants

and healthy controls. Estimated marginal means and standard errors are shown.



Table 1. Demographics and clinical characteristics of the study sample at baseline

assessment.
Measure Opioid Use Healthy Statistical
Disorder Controls Test
(N=27) (N=29)
Gender (M/ F) 16/11 15/14 Xx°=0.32
Age (M £ SD) 34.4+4.8 32.4+£9.4 t=1.01
Race X°=9.38*
White N (%) 24 (88.9) 22 (75.9)
Black N (%) 0 (0.0) 3 (10.3)
Asian N (%) 0 (0.0) 2 (6.9)
Pacific Islander N (%) 0 (0.0) 1(3.4)
More than one race N (%) 3(11.1) 1(3.4)
Ethnicity (Hispanic / Not Hispanic) 4/23 3/26 Xx°=0.26
Cigarette and nicotine use
Any nicotine use N (%) 23 (85.2) 8 (27.6) X?=20.17*
Cigarette smoker N (%) 18 (66.7) 8 (27.6) X°=8.81*
Cigarettes per day (in smokers) 10.4 £8.7 17.4+£11.6 t=1.71
Patient Health Questionnaire 9.0+6.8 2.3+2.4 t=4.38*
Matrix 10.3+2.7 12922 t=3.71*
Verbal Reasoning 42+16 47+1.8 t=1.10
Cannabis urine status (+/ -) 8/19 -- --
lllicit opioid urine status (+/ -) 3/24 -- -
Opioid-related medication 18/6/3 - --
(buprenorphine, methadone, other?)?
Leeds Dependence Scale 20.3+8.7 -- --
Desires for Drug Questionnaire 34.0+19.2 -- --

Notes. Chi-square tests used the likelihood ratio, as a conservative measure; ¥Two
participants had been prescribed naltrexone, and another was prescribed gabapentin
for managing opioid-related symptoms; POUD participants also took the following
prescribed medications at the time of study participation: antidepressants (N=12),
muscle relaxers (N=1), anticonvulsants (N=6), stimulants (N=4), and benzodiazepines

(N=5). *p<0.05.




Table 2. fMRI metacognition task whole-brain results.

Region | BA  [Side]| Voxels [Peak T|Pouster | x | vy | z
Report>Follow: Opioid>Control
Inf, Sup, Med OFC / 38,28,25,| L 981 5.47 |<0.001 | -26 16 | -24
Parahippocampus / Ventral 11
and Dorsal Striatum / Gyrus
Rectus / sgACC / Olfactory
Bulb
-20 2 | -26
4 10 | -6
-10 36 | -18
-14 42 | -18
-10 36 | -18
-8 12 | -12
(Negative) Correlation with Report Condition (Parametric Modulation): All Participants
Mid & Sup Occipital Cortex 18 L 312 5.25 1 0.003 | -24 | -92 | 22
-12 | 92 | 14
Sup & Inf Parietal Cortex 7 L 460 5.20 |<0.001 | -16 -70 | 50
-32 | -56 | 52
Cerebellum 37 R 220 4.29 [0.018 | 22 -54 | -22
42 -60 | -30
Inf Occipital Cortex & 19, 18 L 191 420 {0.033 | -32 | -78 | 4
Cerebellum
-24 | -78 | -18

Note. All results were significant at p<0.05 cluster-corrected (>180 contiguous voxels),

with a search threshold (voxel-wise significance) of p<0.001 uncorrected (T>3.25). BA =
Brodmann Area, DLPFC = dorsolateral prefrontal cortex, dJACC = dorsal anterior

cingulate cortex, SQACC = subgenual anterior cingulate cortex, SMA = supplementary

motor area, OFC = orbitofrontal cortex, Inf = inferior, Sup = superior, Mid = middle, Med

= medial. For results of Report>Follow across all participants, see the Supplement.
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1500 ms
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3500 ms
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A. Whole-Brain Significant B. A Priori ROIs
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BOLD Parameter Estimate (a.u.)
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