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ARTICLE

Prefrontal cortex response to drug cues, craving, and current
depressive symptoms are associated with treatment outcomes
in methadone-maintained patients
Andrew S. Huhn1, Mary M. Sweeney 1, Robert K. Brooner1, Michael S. Kidorf1, D. Andrew Tompkins1,2, Hasan Ayaz3,4,5 and
Kelly E. Dunn1

Methadone maintenance is an effective treatment for opioid use disorder, yet many methadone-maintained patients (MMPs)
continue to struggle with chronic relapse. The current study evaluated whether functional near-infrared spectroscopy (fNIRS) could
identify prefrontal cortex (PFC) markers of ongoing opioid use in MMPs, and whether clinical measures of depression and self-
report measures of craving would also be associated with opioid use. MMPs (n= 29) underwent a drug cue reactivity paradigm
during fNIRS measurements of PFC reactivity. Self-reported opioid craving (measured by a visual analog scale; 0–100) was collected
before and after drug cue reactivity, and depressive symptoms were assessed via the 17-item Hamilton Depression Rating Scale
(HAM-D). Hierarchical regression and partial correlations were used to evaluate associations between weekly urine drug screens
over a 90-day follow-up period and fNIRS, craving, and HAM-D assessments. Neural response to drug cues in the left lateral PFC,
controlling for age, sex, and days in treatment was significantly associated with percent opioid-negative urine screens during
follow-up (ΔF1, 24= 13.19, p= 0.001, ΔR2= 0.30), and correctly classified 86% of MMPs as either using opioids, or abstaining from
opioids (χ2(4)= 16.28, p= 0.003). Baseline craving (p < 0.001) and HAM-D assessment (p < 0.01) were also associated with percent
opioid-negative urine screens. Combining fNIRS results, baseline craving scores, and HAM-D scores created a robust predictive
model (ΔF3, 22= 16.75, p < 0.001, ΔR2= 0.59). These data provide preliminary evidence that the fNIRS technology may have value as
an objective measure of treatment outcomes within outpatient methadone clinics. Depressive symptoms and drug craving were
also correlated with opioid use in MMPs.

Neuropsychopharmacology (2019) 44:826–833; https://doi.org/10.1038/s41386-018-0252-0

INTRODUCTION
Methadone maintenance is effective in reducing overdose deaths
and improving treatment outcomes for persons with opioid use
disorder (OUD) [1, 2]. Still, there are major hurdles regarding
methadone induction and maintenance [3]. The ability to
accurately predict which incoming patients are at highest risk
for a negative response to routine care – namely chronic relapse
to opioids – could inform clinicians on how to best allocate
resources and develop supplementary services to enhance current
treatment efforts. Continued opioid use is driven by biological,
psychological, and social factors [4]. Therefore, a robust appraisal
of treatment outcomes for methadone-maintained patients
(MMPs) must take into account human physiology, clinical
assessment, and patient feedback.
A common biological factor across substance use disorders

(SUDs) is the role of the prefrontal cortex (PFC) in impaired
response inhibition and salience attribution, i.e., abnormalities in
PFC function are associated with increased drug seeking and use
despite negative consequences [5]. Neuroimaging measurements
are particularly sensitive in distinguishing group differences in PFC

reactivity to drug cues between persons with and without SUDs
[5, 6]. Among individuals with OUD, anatomical changes such as
decreased gray matter in the PFC have been further hypothesized
to underlie abnormalities in executive function [7]. Functional
changes in PFC response to treatment-relevant stimuli have also
been observed in persons with OUD. For example, recently
withdrawn persons with OUD exhibit increased activation of the
left dorsolateral PFC (DLPFC) and/or middle/inferior frontal gyri
during drug cue exposure [8], and persons with OUD exhibit
increased activation in the adjacent left medial PFC in response to
craving memories [9]. A study of MMPs viewing heroin compared
to neutral cues found increased activation in the left inferior
frontal gyrus and bilateral ventromedial (VM) and DLPFC [10]. It is
also important to consider the timing of methadone dose in drug
cue reactivity paradigms, as acute methadone exposure reduces
neural response to drug compared to neutral cues in the VMPFC
and insula [11]. Between-group differences in neural response to
drug cues have also been identified in subcortical regions
including the bilateral nucleus accumbens and subcallosal cortex
of MMPs who relapse versus remain abstinent [12], although no
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neuroimaging studies have examined drug cue reactivity relative
to methadone dose as a predictor of treatment outcomes.
In addition to drug cue reactivity, many individuals with OUD

experience comorbid major depression, which is associated with
negative treatment outcomes relative to individuals with OUD
without major depression [13–15]. Furthermore, several studies
have shown that depressive symptoms persist after withdrawal
from illicit and prescription opioids [16–18], which increases
vulnerability to relapse [19]. Similarly, MMPs exhibit high levels of
depressive symptoms during maintenance [20, 21]. Low positive
affect and high negative affect are associated with craving during
OUD recovery [16, 22]. As a result, craving reduction is an
important target for OUD treatment and persistent and/or cue-
elicited craving is thought to have prognostic value in MMPs [23],
although utilizing self-report measures of craving to predict
treatment outcomes in OUD patients has been challenging [24].
Previous neuroimaging studies aimed at predicting treatment

outcomes for individuals with SUDs have relied heavily on
functional magnetic resonance imaging (fMRI) [6, 12, 25, 26], yet
the real-world clinical application of fMRI is limited by high cost
coupled with the reality that the vast majority of addiction
treatment programs exist apart from brain-imaging centers. In
order to use neuroimaging as a clinical tool, there is a pressing
need to develop technologies that are easy to use, cost effective,
and portable. Functional near-infrared spectroscopy (fNIRS) is a
neuroimaging tool that monitors hemodynamic response in the
PFC, analogous to the blood oxygen level-dependent response
measured in fMRI [27]. Moreover, fNIRS is portable, battery
operated and wireless, and could be easily deployed in residential
or outpatient treatment facilities. The current study evaluated the
clinical utility of fNIRS to predict continued opioid use in MMPs.
Our hypothesis was that fNIRS measurements of the PFC during a
brief, clinic-based, drug cue reactivity paradigm would be
associated with 90-day opioid use in MMPs. Moreover, we
hypothesized that clinical measures of depressive symptoms and
self-report measures of drug craving would also be associated
with drug use.

METHODS
Participants
MMPs were recruited from an outpatient opioid treatment
program in Baltimore, MD from September to November 2017.
Of the 30 MMPs recruited for this study, one participant was
excluded for excessive head motion during the fNIRS session,
resulting in a study sample of N= 29. MMPs were included in the
study if they (1) were enrolled in methadone maintenance
treatment for OUD, (2) age 18 years or older, (3) were right
handed, (4) passed an intoxication test at the time of their
methadone dose and study session, which consisted of behavioral,
verbal and pupillary observation rated by a registered nurse, and
(5) were willing to comply with study protocol including 90-day
follow-up (assessed via routine chart review). Exclusion criteria
included (1) schizophrenia, bipolar disorder, any psychiatric
condition with psychotic features, or dementia, and (2) <3 weeks
or >18 months in methadone treatment or (3) a significant
problem, which, in the opinion of the treatment program director,
would compromise patient care. The Johns Hopkins Institutional
Review Board approved the study protocol and all participants
provided informed consent.

Design
MMPs were scheduled for a single study visit that began
immediately after methadone dosing and lasted approximately
3 h. During the visit, participants completed a series of ques-
tionnaires including questions about demographics, the Addiction
Severity Index [28], and questionnaires related to depressive
symptoms (described below). fNIRS testing began approximately

2 h after methadone dosing, corresponding to peak effects of
methadone [29], and ensuring experimental control over the
acute effects of dosing on drug cue reactivity and craving [11]. The
fNIRS session included measurements of neural activity in the PFC
in response to drug, natural reward, and neutral cues, as well as
self-reported ratings of drug craving before and after cue
exposure.

Study measures
Depressive symptoms. Three assessments of depressive symp-
toms were collected at the study visit. These included the 17-item
Hamilton Depression Rating Scale (HAM-D), which assesses past 7-
day depressive symptoms based on a total summary score [30].
Total HAM-D scores categorize patients as experiencing current
depressive symptoms that are normal, mild, moderate, severe, or
very severe. The Snaith-Hamilton Pleasure Scale (SHPS), a 14-item
questionnaire that measures hedonic tone on a four-point Likert
scale [31], was utilized to examine each participant’s relative
capacity to experience pleasure from natural rewards including
clinically meaningful anhedonia (as evidenced by a score ≥ 3);
results were summed into a total score. The third assessment was
the Demoralization Scale II (DS-II), a 16-item measure of
demoralization (defined as a deprivation of morale or an
existential challenge with independent components relating to
meaning and purpose and distress and coping ability). The
Demoralization scale utilizes a three-point Likert scale; results
were summed into a total score, as well as distress and coping and
meaning and purpose subscales [32].

Craving measures. Craving scales were collected at baseline (e.g.,
baseline) or following a cue reactivity task (e.g., cue elicited). The
following three craving scores were self-reported and measured
on a 100-point visual analog rating scale; (1) “How much do you
want to use right now?”, (2) “How much do you want to
avoid using right now?”, and (3) “How much control do you feel
you have over using right now”. Scales were considered to
represent the following craving domains: (1) Wanting (higher
scores correspond to higher craving), (2) Avoidance (lower scores
correspond to higher craving), and (3) Control (lower scores
correspond to higher craving).

Cue reactivity task. Following questionnaire completion, a block-
design, visual cue reactivity paradigm was administered during
fNIRS monitoring of the PFC. The cue reactivity paradigm consisted
of drug cues, hedonically positive stimuli, and emotionally neutral
stimuli. Drug cues were chosen from an internet search of
prescription opioids, which were used in lieu of heroin imagery
because (1) all participants had a history of prescription opioid use,
suggesting that prescription opioids would elicit drug craving, and
(2) the outpatient clinic preferred not to utilize heroin imagery.
Natural reward and neutral images were sourced from the
International Affective Picture System, similar to previous studies
[17, 33]. Participants viewed imagery in an upright, seated position
via a 16-inch monitor (75 Hz refresh rate) on which visual cues were
delivered via E-Prime software (Psychology Software Tools Inc., PA).
Five pictures from a single category (drug, positive reward, neutral)
were presented in 25-s blocks (5 pictures/block, each picture
displayed for 5 s). The order of images within blocks and the order
of blocks within the experiment were randomized for each
individual and counter-balanced across individuals. Between
blocks, a crosshair centered on a black screen was displayed for
10–15 s to allow hemodynamic flow to return to baseline.

fNIRS measurement
fNIRS measurements were collected during completion of the cue
reactivity task. Regional changes in cerebral blood flow (an
indirect measure of neural activity) were measured via fNIRS
detection of infrared light spectra for oxygenated and
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deoxygenated hemoglobin [34]. In the current study, data were
recorded using a continuous wave system (Model 1200, fNIR
Devices, LLC, USA) and a pad containing 16 optode (4 LED light
sources and 10 photodetectors) and recorded data at 2 Hz
throughout the experimental protocol using COBI Studio [35].
Sensors were aligned at the bottom row of optodes with the
International 10–20 sites F7, FP1, FP2, F8 line [36]. This placement
situated the sensor over bilateral rostral PFC (Brodmann Area 10)
and bilateral ventrolateral/DLPFC [37].

fNIRS signal processing
fNIRS data processing used raw light intensity from 16 optodes
with two wavelengths that were low-pass filtered with a finite
impulse response, with a linear phase filter with order 20 and a cut-
off frequency of 0.1 Hz (to attenuate high frequency noise,
respiration, and cardiac cycle effects) in Matlab (The Mathworks,
Inc., Sherborn, MA) [35]. All data were inspected for potential
saturation (defined as light intensity at the detector being greater
than the analog-to-digital converter limit) and motion artifact
contamination by means of a coefficient of variation based
assessment [38]. Data were then corrected for motion artifact,
and each task block was extracted and hemodynamic changes for
each of the 16 optodes were calculated separately for each block
of drug, positive reward, or neutral cues using the Modified Beer
Lambert Law. Output consisted of mean deoxygenated hemoglo-
bin (HbR), mean oxygenated hemoglobin (HbO2), and mean total
hemoglobin (total Hb). HbO2 change was extracted for the
duration of each 25-s block (drug cue, positive, and neutral) with
baseline correction to the beginning of the block for local baseline
approach. Analyses in this study were calculated using mean HbO2.

Treatment outcomes
Continued opioid and other illicit drug use was assessed via
weekly urinalysis results for 90 days following the experimental
study visit according to clinic electronic health records. All urine
specimens were collected via direct observation and subject to
temperature testing to reduce falsified specimens. The primary
study outcome was continued opioid use within the 90-day
monitoring period. The secondary outcome was continued use of
any illicit substance, including opioids and also cocaine, benzo-
diazepines, marijuana, and amphetamines. Opioid or any drug use
was treated as a binary (any positive urine drug screen) and
continuous (e.g., percent negative urine drug screens) variable
during the 90-day follow-up period. One patient who dropped out
of treatment during that period was included in the analyses as
having continued opioids and any illicit substance use. Baseline
drug use was assessed via the addiction severity index and urine
drug screens in the 4 weeks leading up to the study session.

Data analysis
MMPs (N= 29) were dichotomized into Any Opioid Use (n= 12) or
Abstinent (n= 17) groups based upon provision of ≥ 1 opioid-
positive urine samples during the 90-day monitoring period.
Demographic and questionnaire data were then compared
between the groups using independent Student's t-tests for
continuous or chi-square analysis for dichotomous variables.
Given that age, sex, and days in treatment were significantly
different between MMPs who used any opioids versus those who
abstained, all further analyses on primary and secondary
treatment outcomes controlled for these variables. Partial correla-
tions, controlling for age, sex, and days in treatment were used to
examine associations between baseline and cue-induced craving,
depressive symptoms, and percent negative opioid and illicit drug
screens. fNIRS data were considered significant if ≥ 3 optodes were
clustered and correlated to opioid use at p < 0.01. Hierarchical
regression was used to analyze the unique contribution of change
in mean HbO2 in response to drug cues as a predictor of percent
negative opioid drug screens, including the control variables age,

sex, and days in treatment in model 1, and neural response to
drug cues in model 2. Given that the change in ΔR2 was significant
in this model, a second hierarchical multiple regression was
performed, including control variables in model 1 and the
strongest predictors across the domains PFC activity, depressive
symptoms, and self-reported craving (namely left dorsolateral/
ventrolateral [hereafter referred to as left lateral] PFC response to
drug cues, HAM-D scores, and baseline drug Wanting). PFC activity
was also used to predict treatment outcome (any opioid use) as a
binary variable via logistic regression, controlling for age, sex, and
days in treatment. Hierarchical and logistic regression models
were also performed on a subgroup of participants who were in
treatment for fewer than 4 months (n= 19), to examine whether
PFC response to drug cues was associated with continued opioid
use in early recovery. Alpha levels for partial correlations were
Bonferroni corrected to p < 0.008 for craving scales and p < 0.017
for depressive symptoms scales. Unless stated otherwise, alpha
levels for all other significant findings were set at p < 0.05.
Statistical analyses were conducted using SPSS version 24.0 (IBM,
Armonk, NY).

RESULTS
Participant characteristics
MMPs included in these analyses (N= 29) had a mean (SD) age of
42.1 (13.5) years, were 58.6% male, and 86.2% white (Table 1). In
the 4 weeks leading up to the study session, 51.7% of MMPs
provided at least one positive urine drug screen for opioids and
62.1% provided at least one positive urine drug screen for any
illicit substance; during the 90-day follow-up period, 41.4% of
MMPs provided at least one positive urine drug screen for opioids
and 58.6% provided at least one positive urine drug screen for any
illicit substance (Table 1).

Depressive symptoms and treatment outcomes
Mean score for depressive symptoms on the HAM-D for the overall
sample was 10.3 (SD= 8.4) (Table 1). Though HAM-D scores were
not significantly different between the Any Opioid Use and
Abstinent groups (Table 1), MMPs who used any substance (a
secondary treatment outcome) during the 90-day follow-up period
had significantly higher scores on the HAM-D (M= 13.2, SD= 9.0)
than patients who abstained (M= 6.0, SD= 5.2; t(27)=−2.48,
p= 0.02). At the experimental session, 24% of MMPs reported a
severe or very severe level of depressive symptoms, as indicated by
a HAM-D score ≥ 19. MMPs with severe or very severe depressive
symptoms were more likely to use any illicit substance (100%) than
MMPs with normal, mild, or moderate levels of depressive
symptoms (45.4%; χ2(1)= 6.51, p= 0.01), including cocaine (100
versus 31.8%, respectively; χ2(1)= 9.89, p= 0.002), but were not
significantly more likely to use opioids (57.1 versus 36.4%,
respectively; χ2(1)= 0.95, p= 0.33). Higher HAM-D scores were
significantly associated with lower percent opioid-negative urine
drug screens and lower percent illicit drug-negative urine screens
during the 90-day follow-up period (Table 2).
On the SHPS, 31% of MMPs endorsed abnormal hedonic tone at

a level indicative of anhedonia. Although there were no significant
group differences in SHPS scores between the Any Opioid Use and
Abstinent groups, higher SHPS scores were significantly associated
with lower percent illicit drug-negative urine screens during the
90-day follow-up period (Table 2).
MMPs in the Any Opioid Use (M= 12.3, SD= 8.6) compared with

the Abstinent (M= 6.7, SD= 6.9) group reported marginally higher
scores on the DS-II (t(27)=−2.0, p= 0.06); on the Distress and
Coping subscale, MMPs in the Any Opioid Use group (M= 8.1,
SD= 4.7) reported significantly higher scores compared
with MMPs in the Abstinent group (M= 4.5, SD= 4.4; t(27)=−2.1,
p= 0.04) (Table 1). MMPs who used any illicit substance compared
with those who abstained reported significantly higher scores on
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the DS-II (M= 11.9, SD= 8.3 versus M= 4.8, SD= 5.7, respectively;
t(27)=−2.56, p= 0.02), and on the Distress and Coping subscale
(M= 8.0, SD= 4.8 versus M= 3.1, SD= 3.0; t(27)=−3.14, p=
0.004). Higher DS-II scores were significantly associated with lower
percent negative opioid drug screens and percent negative illicit
drug screens during the 90-day follow-up period (Table 2).

Craving and treatment outcomes
Higher baseline ratings of craving based on Wanting were
significantly associated with lower percent opioid-negative urine
drug screens and percent illicit drug-negative urine screens during

the 90-day follow-up period (Table 2). In addition, cue-elicited
ratings of craving for Avoidance were significantly associated with
percent illicit drug-negative urine screens at 90 days (Table 2).
Craving scores based on Control were not associated with
treatment outcomes. Several measures of craving were also
associated with measures of depressive symptoms as shown in
Table 2.

fNIRS association with treatment outcomes
The Any Opioid Use group displayed a trend toward increased
neural response to drug cues in the left lateral PFC relative to the

Table 1. Participant characteristics

All MMPs (N= 29) Any opioid use (n= 12) Abstain from opioids (n= 17) t or χ2 (p-value)

Age M (SD) 42.1 (13.5) 48.6 (13.3) 37.5 (11.9) −2.36 (0.03)

Sex (% male) 58.6 83.3 41.2 5.15 (0.02)

Race (% white) 86.2 83.3 88.3 0.14 (0.71)

Ethnicity (% Hispanic) 3.4 0 5.9 0.73 (0.39)

Years education M (SD) 12.5 (2.8) 11.4 (2.6) 13.2 (2.8) 1.73 (0.10)

Living Situation (% homeless) 6.9 8.3 5.9 0.07 (0.80)

Methadone dose mg M (SD) 75.8 (23.0) 72.9 (23.9) 77.8 (22.9) 0.56 (0.58)

Days in treatment M (SD) 125.9 (75.8) 99.5 (125.4) 239.7 (199.7) 2.15 (0.04)

Past 30-day heroin use M (SD) 2.8 (6.8) 6.3 (9.7) 0.3 (0.8) 2.13 (0.06)

Past 30-day prescription opioid use M (SD) 0.6 (1.9) 1.1 (0.6) 0.0 (0.0) −1.85 (0.13)

Lifetime heroin use M (SD) 6.3 (7.9) 8.3 (8.4) 4.9 (7.6) −1.13 (0.27)

Lifetime prescription opioid use M (SD) 6.7 (7.1) 5.3 (7.0) 7.7 (7.1) 0.89 (0.38)

Lifetime diagnosis depression (%) 34.5 33.3 35.3 0.01 (0.91)

CNS-active medications (%)

SSRI 17.2 16.7 17.6 0.01 (0.95)

Trazodone 20.7 33.3 11.8 1.99 (0.16)

Gabapentin 13.8 16.7 11.8 0.14 (0.71)

Ham-D total score M (SD) 10.3 (8.4) 13.3 (8.7) 8.1 (7.7) −1.67 (0.11)

SHPS total score M (SD) 1.7 (2.0) 2.3 (2.4) 1.4 (1.7) −1.02 (0.32)

Demoralization scale II total score M (SD) 9.0 (8.1) 12.3 (8.7) 6.7 (6.9) −1.96 (0.06)

Meaning and purpose subscore 3.0 (3.6) 4.3 (4.2) 2.2 (2.9) −1.56 (0.13)

Distress and coping subscore 6.0 (4.8) 8.1 (4.7) 4.5 (4.4) −2.14 (0.04)

Demographics and self-report/clinical assessments of depressive symptoms in methadone-maintained patients who had any opioid use versus those who
remained abstinent during the 90-day follow-up period. Group comparisons utilized independent t-tests for continuous variables and chi-squared for discrete
variables. Significant differences in bold
MMPs methadone-maintained patients, M mean, SD standard deviation, CNS central nervous system, SSRI selective serotonin reuptake inhibitor, HAM-D
Hamilton Depression Scale, SHPS Snaith-Hamilton Pleasure Scale, Demoralization Scale II

Table 2. Associations between craving, depressive symptoms, and outcomes

Baseline craving Cue-elicited craving

Wanting Avoidance Control Wanting Avoidance Control HAM-D SHPS DS-II

% Opioid-negative samples −0.66 0.38 0.35 −0.45 0.35 0.28 −0.52 −0.41 −0.47

% Illicit drug-negative samples −0.60 0.44 0.48 −0.51 0.53 0.42 −0.65 −0.51 −0.61

HAM-D 0.46 0.05 −0.79 0.52 −0.39 −0.67 1 −0.65 0.78

SHPS 0.26 −0.13 −0.15 0.34 0.10 −0.20 0.40 1 0.54

DS-II 0.37 −0.10 −0.59 0.53 −0.10 −0.41 0.78 −0.61 1

Partial correlations (r values) between baseline craving, cue-elicited craving, Hamilton Depression Scale (HAM-D), Snaith-Hamilton Pleasure Scale (SHPS),
Demoralization Scale II (DS-II), and percent of urine samples testing negative for opioids and/or any illicit substance (defined as opioid, cocaine,
benzodiazepines, marijuana, amphetamines) during the 90-day follow-up period. Wanting refers to desire to use opioids, Avoidance refers to desire to avoid
using opioids, and Control refers to perceived control over opioid use. All correlations with relapse to opioids or relapse to any substance controlled for age,
sex, and days in treatment. Correlations for craving scales considered significant at p < 0.008, and correlations for depressive symptom scales considered
significant at p < 0.017 (Bonferroni correction for multiple comparisons). Significant findings in bold
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Abstinent group (t(27)=−2.0, p= 0.06). Hierarchical linear
regression revealed that increased neural response to drug cues
in the left lateral PFC was significantly associated with decreased
percent opioid-negative urine drug screens during the 90-day
follow-up period (F4, 23= 5.02, p= 0.004, R2= 0.46), and left lateral
PFC response was a unique contributor to this model (ΔF1, 24=
13.19, p= 0.001, ΔR2= 0.30) (Fig. 1). Hierarchical multiple linear
regression of neural response in the left lateral PFC, HAM-D total
score, and baseline Wanting significantly predicted percent
opioid-negative urine drug screens during the 90-day follow-up
period (F6, 22= 10.62, p < 0.001, R2= 0.74), and predictor variables
were unique contributors to the model (ΔF3, 22= 16.75, p < 0.001,
ΔR2= 0.59) (Table 3). Hierarchical regression was also performed
on a subgroup of patients who were in treatment for fewer than
4 months (n= 19) to determine whether fNIRS measurements
could predict continued opioid use among individuals in early
recovery. Neural response to drug cues in the left lateral PFC was
associated with percent negative opioid drug screens in this

subgroup, explaining unique variance over the control
variables age, sex, and days in treatment (ΔF1, 14= 5.82, p= 0.03,
ΔR2= 0.28).
Logistic regression further suggested that neural response in

the left lateral PFC was associated with any opioid use as a binary
variable (χ2(1)= 5.77, p= 0.016); the model including controlling
variables was significant (χ2(4)= 16.28, p= 0.003), explaining
57.9% (Nagelkerke R2) of the variance in opioid use and correctly
classifying 86.2% of cases as having either used or abstained from
opioids at 90 days (sensitivity= 83.3%, specificity= 88.2%). In
persons in treatment for fewer than 4 months (n= 19), left
lateral PFC activity was only marginally associated with any opioid
use as a binary variable (χ2(1)= 2.99, p= 0.083). Left lateral
PFC response that predicted use was not correlated with any
self-reported ratings of baseline or cue-induced opioid craving
and only marginally associated with HAM-D total scores (R2= 0.11,
p= 0.09); neural response to natural rewards was not associated
with treatment outcomes based on the a priori criteria for fNIRS
cluster inclusion.

DISCUSSION
The current study evaluated objective and subjective predictors of
treatment outcomes among MMPs. Study results demonstrated
that fNIRS measurement of increased neural activity in the left
lateral PFC in response to drug cues was associated with lower
percentage of opioid-negative urine drug screens during a 90-day
follow-up period (Fig. 1). In addition, left lateral PFC activity
correctly classified 86.2% of MMPs as using or abstaining from
opioids during the 90-day follow-up. These data are highly
encouraging because neuroimaging markers of treatment out-
comes could be developed as an aid in clinical decision-making
regarding the course of treatment and allocation of resources for
MMPs. Relative to more conventionally evaluated imaging
techniques, such as fMRI, fNIRS is a clinic friendly, portable, and
easy to use neuroimaging device. Evidence that it can accurately
predict treatment outcomes within OUD patients would support
its use (1) as an objective treatment outcome assessment tool in
OUD treatment settings, and (2) in the development of and testing
of specific risk reduction interventions. Response to drug cues in
the left lateral PFC was also associated with opioid-negative drug
screens in MMPs who were in the early stages of recovery (fewer
than 4 months), providing further evidence of the potential
benefits of fNIRS in early detection of persons at risk for continued

Fig. 1 Association between functional near-infrared spectroscopy measures of deoxygenated hemoglobin in response to opioid cues and
percent opioid-negative urine drug screens during 90-day follow-up in methadone-maintained patients. Hierarchical regression model
controlled for age, sex, and days in treatment in model 1, and included neural response in the left lateral prefrontal cortex (PFC) in model 2.
The total model was significant (F4, 23= 5.02, p= 0.004, R2= 0.46), with a unique contribution from the left lateral PFC response (ΔF1, 24=
13.19, p= 0.001, ΔR2= 0.30)

Table 3. Hierarchical multiple regression

Model 1 Model 2

Variables B SE B β B SE B β

Sex −16.68 12.0 −0.32 −16.56 7.23 −0.32*

Age −0.17 0.4 −0.09 0.17 0.26 0.08

Days in treatment 0.01 0.03 0.06 0.01 0.02 0.07

Lateral PFC
response to drug
cue

−45.14 11.85 −0.44**

HAM-D −0.30 0.41 −0.96

Baseline craving −0.55 0.14 −0.53***

R2 0.16 0.74***

Adjusted R2 0.06 0.67

F 1.56 10.62***

ΔR2 0.59

ΔF 16.75***

Hierarchical multiple regression analysis predicting percent opioid-
negative urine drug screens during the 90-day follow-up period
Significant findings in bold: *p < 0.05, **p < 0.01, ***p < 0.001
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illicit opioid use. Moreover, when left lateral PFC responses were
evaluated in combination with HAM-D total scores and self-
reported baseline Wanting, the predictive power was robust and
explained 59% of the variance in percent opioid-negative urine
drug screens during the 90-day follow-up.
A previous fMRI study conducted among MMPs who did and

did not use opioids during a 90-day follow-up reported significant
group differences in drug cue reactivity that were relegated to the
bilateral nucleus accumbens and subcallosal cortex, although
MMPs in that study displayed increased activity in the VM/DLPFC
relative to controls [12]. These results differ from the current study,
in that group differences in drug cue reactivity were found in
subcortical versus cortical brain regions; while the current study
found marginal group differences in the lateral PFC between
MMPs in the Any Opioid Use versus Abstinent groups during
follow-up, hierarchical regression, and logistic regression were
utilized to predict opioid use. It is likely that cohort effects and
differences in treatment approach affect treatment outcomes in
MMPs. It is also likely that subcortical regions known to mediate
reward may be significantly associated with treatment outcomes.
Broadly speaking, the DLPFC is involved in substance use-

related decision making, allocation of attention, and reward
processing [5], and drug cue exposure studies have reported
increased activation among persons using nicotine, alcohol, and
cocaine who are not in treatment in the left DLPFC and/or middle/
inferior frontal gyri [39–42], and in the bilateral VM/DLPFC and left
inferior frontal gyrus of MMPs [10]. Functional variations in
subcortical regions such as the nucleus accumbens, caudate, and
subthalamic nucleus have also been associated with cue-elicited
craving following withdrawal from opioids [8, 43], and similar
studies have reported increased activity in the adjacent left medial
PFC in response to craving memories [9]. In the current study, we
focused on PFC activity that was associated with opioid use and
not craving; indeed, the variability in left lateral PFC response was
associated with opioid use, and not all participants in this study
displayed increased activation to drug versus neutral cues (Fig. 1).
In addition to fNIRS outcomes, the current study found that

baseline and cue-elicited craving was independently associated
with percent opioid and illicit drug-negative urine screens during
the 90-day follow-up period (Table 2). Baseline craving might
represent tonic (or persistent) craving that is still present during
the peak effects of methadone dose, and cue-elicited craving
might model the reaction to drug cues in the natural environment.
Although methadone is known to reduce some aspects of general
opioid craving [44], MMPs are still prone to opioid use during
treatment and it is possible that specific cue-elicited craving may
underlie this risk [45]. It is also possible that long-term methadone
maintenance may result in reregulation of subcortical regions
previously responsible for craving in response to opioid cues [46];
this is supported in part by the fact that MMPs classified as
Abstinent in this study tended to have been in treatment longer
than MMPs who had Any Opioid Use (Table 1). Moreover, baseline
and cue-elicited craving were associated with depressive symp-
toms (Table 2), consistent with previous studies that examined
similar relationships between reduced positive affect, increased
negative affect, and craving in persons with OUD [16, 22].
Several domains of depressive symptoms were associated with

continued opioid or any illicit substance use in this study. The
HAM-D, a clinical assessment of depressive symptoms, was
associated with treatment outcomes, as well as baseline and
cue-elicited drug Wanting and lack of Control over drug use
(Table 2). Individuals with severe or very severe depression
appeared to be at significant risk for ongoing drug use; while they
were not more likely to use opioids specifically, 100% of these
individuals relapsed to any substance of abuse including cocaine.
Ongoing cocaine use is a significant and well-documented issue in
MMPs that has been the focus of several independent studies
[47, 48].

Furthermore, higher scores on the Demoralization Scale II Total
Score was associated with treatment outcome and craving
measures including cue-elicited Wanting and baseline Control;
MMPs classified in the Any Opioid Use group also had higher
scores than those in the Abstinent group on the Meaning and
Purpose subscale (Table 1). This might be particularly relevant in
persons with low socioeconomic status who live in urban areas
where drug use is rampant. Finally, the current study extends
research on the relationship between anhedonia and OUD by
demonstrating that higher levels of anhedonia are associated with
continued illicit drug use. Previous neuroimaging research has
shown that anhedonia is associated with decreased neural
response to positive cues in persons in recovery from OUD
[8, 17]. As predictive models for treatment outcomes become
more refined, independent components of depressive symptoms
should continue to be evaluated, as various domains of
depression might explain unique risk in persons with OUD who
also have comorbidities such as major depressive disorder or
chronic pain.
It is important to note that reduction of illicit opioid use can be

considered a positive treatment outcome for persons on
methadone maintenance [49]. The current study conceptualized
both reduced opioid use and abstinence from opioid use as
positive treatment outcomes. While study results were presented
as risk factors for negative outcomes (e.g., more drug use versus
any drug use), it is equally important to understand the
neuroscience of healthy recovery [50], including the nuance that
reduction of illicit substance use reflects a positive step and good
therapeutic goal for MMPs, and abstinence from illicit substance
use might reflect an ideal goal for long-term, comprehensive
recovery.
This study has some limitations. The fNIRS technology does not

include an anatomical scan and therefore lacks the spatial
resolution of fMRI; however, this study demonstrated that a
relatively large area of the left lateral PFC predicted treatment
outcome and the downside of reduced spatial resolution might be
outweighed by the upside of practicality and clinical utility. In
addition, the sample size was relatively small, though consistent
with similar imaging-based predictive studies [6, 12, 26]. Another
limitation is that MMPs in the Any Opioid Use and Abstinent
groups had been in treatment for different lengths of time;
however, this is also consistent with other studies [11, 12] and is
mitigated by the fact that outcomes were significant despite
controlling for this variable – which suggests it did not drive study
results.

CONCLUSION
Results from this study suggest that fNIRS response to a drug cue
reactivity task, clinical markers of depressive symptoms, and
subjective markers of drug craving were independently correlated
with 90-day opioid use in MMPs. Furthermore, combining left
lateral PFC response to drug cues, HAM-D scores, and self-
reported baseline craving created a robust predictive model.
These data provide strong preliminary evidence that the fNIRS
technology may have value as an objective measure of treatment
outcomes within outpatient OUD clinics, and that the develop-
ment and testing of targeted evidence-based interventions to
address negative treatment outcomes could advance the use of
precision medicine approaches for OUD.
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