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Synopsis

Individuals with opioid use disorder (OUD) exhibit impairment of neurocognition, yet neural
mechanisms underlying these deficits are still being uncovered. Using functional near-infrared
spectroscopy (fNIRS), we examined brain—behavior efficiency across inhibitory control, working
memory, and planning tasks in individuals with OUD (vs. non substance-using controls).
Behavioral efficiency scores were related to prefrontal oxygenated hemoglobin (HbO) activity
across task demands. Efficiency-based analyses revealed task-dependent neural inefficiency in
OUD, with robust load-dependent effects during planning, moderate effects during working
memory, but minimal effects during simple inhibition. These findings suggest that neural
inefficiency in OUD emerges selectively under higher-order cognitive control demands.

Background

Neurocognitive difficulties are a significant problem in opioid use disorder (Wollman et al., 2019;
Regier et al., 2024); in addiction generally, they are implicated in maladaptive decision-making,
behavioral control, and relapse vulnerability (Goldstein and Volkow, 2011). Neuroimaging studies
of addiction consistently suggest prefrontal abnormalities are related to impaired inhibition and
salience attribution (Ceceli et al., 2022); however, findings based on activation magnitude alone
often show inconsistent relationships with behavioral performance. From a neuroergonomics
perspective, cognitive performance depends not only on neural engagement but also on the
efficiency with which neural resources are translated into behavior (Curtin and Ayaz, 2019).

Neural efficiency frameworks emphasize brain—-behavior coupling, particularly under increasing
cognitive demand (Nau et al., 2024). Functional near-infrared spectroscopy (fNIRS) provides a
practical tool for assessing prefrontal activation during cognitive tasks in a more naturalistic
setting (Ayaz et al., 2013). Here, we apply efficiency-based metrics to examine whether OUD is
characterized by disruptions in brain-behavior efficiency across cognitive domains varying in
demand, including inhibitory control (Go/No-Go), working memory (n-back), and planning (Tower
of London).

Methods

In a preliminary dataset, individuals with OUD (n=63) and (non-substance-using) controls (n=33)
completed several cognitive tasks while undergoing fNIRS recording. The tasks included varying
levels of cognitive load and probed different cognitive domains: lower demand Go-NoGo for
inhibition and higher load N-Back and Tower of London for working memory and planning,
respectively. Each task included at least two conditions (i.e., lower and higher cognitive load).
fNIRS Acquisition and Regions: Prefrontal HbO activity was measured with the model 2000s fNIR
Device, LLC, flexible headband, resulting in measurements from 16 optodes, collapsed across left
lateral (optodes 1-4), left medial (optodes 5-8), right medial (optodes 9-12), and right lateral
(optodes 13-16). Behavioral Efficiency Metrics: Behavioral efficiency scores (BES) were computed




by combining standardized accuracy and reaction time measures (ACC-RT), and HbO activity was
z-scored within task conditions. Neural efficiency was established from the relationship of brain
and behavior (HbO x BES coupling); and residual-based efficiency metrics were derived from
normative brain/behavior models (i.e., controls). Statistical Analysis: linear mixed-effects models
were used to test effects of group, condition, and their interaction on behavioral and neural
measures, as well as on efficiency metrics. Participant-level random intercepts and slopes were
included where appropriate.

Results

Traditional analyses revealed modest and task-dependent group differences in accuracy, reaction
time, and prefrontal HbO. Go/No-Go performance showed small overall behavioral differences
between groups but minimal condition-related modulation of prefrontal activation. The n-back
task produced moderate group differences with limited evidence of load-dependent brain—
behavior coupling. In contrast, efficiency-based analyses during the Tower of London task
revealed a robust group-by-load interaction on neural efficiency (p <.001). Individuals with OUD
demonstrated significantly reduced behavioral efficiency relative to prefrontal activation under
higher cognitive demands, indicating diminished translation of neural resources into performance.
This inefficiency was attenuated under lower cognitive demands. Across tasks, neural inefficiency
seemed to scale with cognitive demand, emerging least strongly during simple inhibition and most
strongly during planning and decision-making.

Discussion

These findings demonstrate that neural inefficiency in OUD is not uniform across cognitive
domains but instead may emerge more selectively under higher-demand conditions during
complex cognition. While simple inhibition and working memory elicited minimal brain-behavior
decoupling, planning and problem solving revealed pronounced inefficiency in OUD. This pattern
suggests that prefrontal engagement alone may be insufficient to explain cognitive deficits in
OUD; rather, load-dependent brain—-behavior coupling may be more informative. Efficiency-based
metrics may provide a more sensitive framework for identifying task conditions under which
cognitive systems are more impaired. These results highlight the importance of considering
cognitive demand and brain-behavior coupling when evaluating functional impairments and
informing clinical interventions.
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Figure 1. Task-dependent brain-behavior efficiency across neurocognitive domains. Group-level mean (* SEM) relationships
between prefrontal oxygenated hemoglobin (HbO; x-axis) and behavioral efficiency scores (BES; y-axis) are shown for (a) Tower of
London, (b) Go—NoGo, and (c) n-back tasks, separated by prefrontal region. Circle and rriangle points represent lower- and higher-
load conditions, respectively. Across tasks, individuals with opioid use disorder (OUD, red) exhibited reduced behavioral efficiency
and prefrontal activation relative to non-substance-using controls (HC, blue), with the largest group differences observed during
planning demands and minimal separation during simple inhibition. Dashed lines indicate z = 0 reference values.
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