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Abstract

Purpose of Review Addiction scientists have begun using ambulatory assessment methods—including ecological momentary
assessment (EMA), experience sampling, and daily diaries—to collect real-time or near-real-time reports of participants’ internal
states in their natural environments. The goal of this short review is to synthesize EMA findings from our research group, which
has studied several hundred outpatients during treatment for opioid-use disorder (OUD). (We cite pertinent findings from other
groups, but have not tried to be comprehensive.) One of our main goals in using EMA is to examine momentary changes in
internal states that proximally predict, or concurrently mark, events such as lapses to opioid use.

Recent Findings We summarize findings evaluating several classes of momentary markers or predictors (craving, stress, negative
and positive moods, and physical pain/discomfort) of lapses and other states/behaviors. Craving and some negatively valenced
mood states are concurrently and prospectively associated with lapses to opioid use during treatment. Craving is also concurrently
and prospectively associated with momentary changes in stress and mood. Convincing evidence has not yet emerged for stress as
a robust redictor of lapse to opioid use; it appears to be contributory, but neither necessary nor sufficient.

Summary Ambulatory assessment can capture changes in internal states and drug-related behaviors in situ and at high temporal
resolution. We recommend research strategies that may increase the clinical and prognostic utility of ambulatory assessment,
including denser sampling (i.e., more assessments per day) and more attention to heterogeneity across people and across
populations.

Keywords Ambulatory assessment - Opioid use disorder - Opioid addiction - Ecological momentary assessment - Momentary
predictors - Addiction

Introduction

Nearly every theory of drug use and addiction recognizes
causal roles for both external stimuli and internal states.
Traditionally, empirical studies have had to rely on external
stimuli administered in laboratory settings and on internal
states reported either in laboratory settings or in
retrospective/global accounts of daily-life occurrences.
Laboratory research offers strong experimental control but
has ecological-validity issues that can probably never be fully
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surmounted; retrospective reports are subject to considerable
biases in recall (e.g., [1-3]). Furthermore, drug-use behaviors
in real-world settings are typically discrete, episodic, and dif-
ficult to predict. Together, these features make it difficult to
fully characterize the dynamics of drug use in real-world
contexts.

To circumvent limitations of laboratory experiments and
retrospective reports, addiction scientists have begun using
ambulatory assessment methods to collect real-time reports
of a patient’s internal states in their natural environment.
These methods—which include ecological momentary assess-
ment [4], the experience-sampling method (ESM; [5]), and
daily diary methods—have provided critical insights into the
causes and consequences of substance use in real-world set-
tings, and have the potential to open up new avenues for
treatment. (A note on terminology: there is no uniform dis-
tinction between ESM and EMA, but ESM often refers to
collection of data at random or regular times not determined
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by the respondent/participant, while EMA often refers to a
combination of ESM, via “prompted” entries, with
participant-initiated data collection, via “event-contingent en-
tries” that mark moments of interest such as drug use.)

The goal of this short review is to synthesize our recent
findings using EMA to examine momentary changes that
proximally predict, or concurrently mark, instances of drug-
related behaviors in people who use opioids nonmedically
and/or have opioid use disorder (OUD). For the purpose of
this review, we will focus on internal states rather than envi-
ronmental contexts. We start by briefly describing how ambu-
latory assessment methods have been used in OUD research.
We then summarize our major published findings. (We cite
relevant findings from other groups as well but have not tried
to provide complete coverage.) We conclude with a short
synthesis of the findings and their implications.

Ambulatory Assessment in Studies of Opioid
Use or OUD

As far as we can determine, the first mobile-device-based
study of what is now called OUD was conducted by our
research group in 2005-2006 [6°] (See Table 1 for a sum-
mary of our major EMA studies). When we started that
study, EMA (with PalmPilots) had been successfully de-
ployed with large samples of cigarette smokers [3], but
had rarely been deployed to study drugs that are acutely
intoxicating. Intoxication seemed likely to preclude provi-
sion of EMA reports, and a small feasibility study in people
with alcohol use disorder (AUD) had suggested that that
was often the case [7]. However, subsequent feasibility
studies with users of MDMA [8] and crack cocaine [9] had
been more promising, at least in terms of adherence. To
study OUD with EMA, we enrolled people to whom we
were providing free daily methadone treatment (along with
weekly counseling and case management), many of whom
continued to use some heroin (and cocaine), despite indi-
vidualized dosing of methadone. We were able to use free
treatment as an incentive for adherence to study
requirements—an agreement we carefully explained to our
study participants from the first contact onwards, so as to
avoid undue influence or coercion. Our consent forms ex-
plained the spirit in which we were collecting the EMA data:

The main purpose of this study is to learn why people
may keep using cocaine and heroin when they’re trying
not to. Some researchers have studied this by talking to
people who have already started using again. But people
see things differently in hindsight. We may learn more if
we see how people’s lives are going before they start
using again. We also want to study the exact moment
that people use—or the moment when they resist the

temptation. We can do this by giving people electronic
diaries (EDs) to record where they are and what they’re
doing several times a day. EDs have been used in studies
of cigarette smokers who were trying to quit. This study
will be one of the first to use EDs in cocaine and heroin
users. You qualify for the study because you use cocaine
and heroin and are seeking treatment.

When we met with participants to review the consent form, we
emphasized that EMA was an opportunity to make their
voices heard, correcting longstanding assumptions about
OUD that investigators like us had made on the basis of lim-
ited data. This seemed to resonate with participants, and the
rates of adherence (and apparent quality of the data) were
accordingly good [6°].

As our consent-form language indicates, we collected a
combination of the following:

*  Randomly prompted entries. These were assessments of
activity, context, and mood at the moments of ran-
domly timed prompts, with the restriction that prompts
occurred only during the participant’s self-reported
typical waking hours for each day of the week. One
major purpose of random-prompt entries is to estimate
the base rates of events (e.g., being alone or watching
TV) and the background intensities of rated states
(e.g., boredom or positive mood). The resultant data
can be of inherent interest and can also flag illusory
correlations in event-driven entries (e.g., seeming as-
sociations between a behavior and a context or mood,
reflecting confirmation bias on the part of participants
or investigators).

»  Event-contingent entries. These were made at the partici-
pant’s discretion, always including heroin or cocaine use,
and, depending on the study, also including discrete in-
creases of either drug craving or stress. Unlike random-
prompt entries, they can theoretically capture every in-
stance of an event of interest, regardless of how rare it is
or whether it occurs outside random-prompt hours. In
practice, even reports of externally verifiable events (such
as drug use in participants who have agreed to thrice-
weekly urine testing) cannot be checked for completeness
or temporal precision. This could be considered a limita-
tion of EMA, but it is also the reason EMA exists. Event-
contingent entries cannot currently be obviated by contin-
uous passive monitoring with biosensors or smartphone
Sensors.

In our later studies, we also collected the following:
*  End-of day entries. These were prompted each day ap-

proximately 1 h before the participant’s self-reported
bed/sleeping time. They are useful for global assessments
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of a whole day’s events and for reports of events that
might have been unreported in real time.

One of our first objectives was to test whether instances of
drug use or craving were preceded by increases in random-
prompt reports of putative triggers. A list of such triggers,
identified using retrospective interviews, had been developed
into a much-cited taxonomy [10, 11] and subsequently oper-
ationalized into a questionnaire [12¢], from which we adapted
many of our random-prompt assessments.

In the next sections, we summarize our findings on craving
as a dynamic marker or predictor of opioid use and other
momentary states or behaviors. We then summarize our find-
ings on other internal states that may be dynamic markers or
predictors of opioid use (and other behaviors) and of craving;
most of these markers or predictors correspond to elements of
the Marlatt & Gordon taxonomy, such as stress, negative
moods, positive moods, and physical discomfort.

Momentary Self-Reported State-Based
Markers/Predictors of Opioid-Use Behaviors
and Other Momentary States/Behaviors

Discrete episodes of opioid use, like most other behaviors,
result from a complex interplay between environmental stim-
uli and internal processing of those stimuli. However, it is safe
to say that the proximal mediators of all behavioral outputs
(except reflexes) are internal states. To the extent that changes
in internal states are accessible to consciousness, one of the
best ways to capture the dynamics of those changes is through
ambulatory assessment. The next sections briefly summarize
some of the extant literature in the context of nonmedical
opiate use or OUD.

Craving

Drug craving—commonly defined as a conscious, reportable
urge to use drugs—is one of the most frequently researched
constructs in the opioid use literature. Despite craving’s cen-
tral role in many contemporary theories of addiction and re-
lapse (e.g., [13—15]), there is still debate about the extent to
which craving is causally associated with use. Ambulatory
assessment alone cannot resolve the debate, but can ground
it more firmly in data that show how changes in craving ac-
company instances of use, including the circumstances under
which the two are dissociable.

Craving and Drug-Use Outcomes
Ambulatory assessment studies of drug craving in people with

OUD have found increases in craving in the days, hours, or
minutes preceding use. However, the robustness of these
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associations appears to depend on the substance specificity
of the craving (e.g., opioid vs. psychostimulant craving, as
many study participants use drugs from both classes) and the
time elapsed between the assessment of craving and use.

We found that higher levels of opioid craving predicted
next-day opioid use [16, 17]; others have found that opioid
craving intensity predicted opioid use in the next 4 h [18] and
that higher levels of opioid craving were associated with con-
current ratings of opioid use [18]. We have shown that levels
of heroin craving (and cocaine craving) were higher on the
days when patients reported cocaine use than on days of ver-
ified cocaine abstinence [19].

During a 7-day inpatient treatment study, Marhe et al. [20]
found that between-person differences in heroin (or cocaine)
craving were associated with earlier relapse after discharge;
however, within-person increases in craving did not predict
the timing of relapses. Finally, a randomized trial in our clinic
showed that clonidine augmentation of buprenorphine main-
tenance protected against stress-induced lapses to opioid
use—but when use did occur during clonidine augmentation,
it was predicted by especially strong increases in craving the
previous day [17]. This finding illustrates how ambulatory
assessment can be integrated into randomized trials to offer
clues as to how and when an experimental treatment works (or
does not).

In short, ambulatory assessment studies have found a ro-
bust link between craving and subsequent drug use, with the
strongest evidence observed for opioids. Although momen-
tary increases in craving can predict drug use on multiple
timescales, the strength of the relationship appears to increase
as the lag decreases. However, the decay of this relationship is
still not well understood, and we are only aware of one study
[18] that has directly examined associations between craving
and drug use at different timescales within the same sample.
Future research should further clarify how the strength of as-
sociation between craving and drug use changes at different
timescales within the same or similar samples.

Craving and Non-drug Use Outcomes

In medication-assisted treatment for OUD, we found that both
opioid and cocaine craving increase in the hours leading up to
participant-initiated reports of discrete increases in stress [21e,
22e, 23¢]. Serre et al. [18] found that higher craving intensity
was associated with higher concurrent ratings of sad or anx-
ious moods, along with higher negatively valenced ratings of a
recent event.

Stress
In this review, we discuss stress separately from the overlap-

ping concept of “negative affect,” partly because stress has
been singled out as a causal factor in most theories of the
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development and persistence of OUD and other SUDs (in-
cluding theories that are better known for emphasizing crav-
ing, e.g., [24]). Where negative affect is usually defined to
include both high-arousal and low-arousal states (such as sad-
ness), stress is usually defined as a high-arousal state, and its
emotional valence is not exclusively negative [25]. In ambu-
latory assessment of OUD, stress has been studied both as a
fluctuating “background” state (via randomly prompted en-
tries) and as a discrete event (via participant-initiated entries).

Stress and Drug-Use Outcomes

Most studies of stress as a momentary predictor of opioid use
have focused on patients in medication-assisted treatment.
Results have tended to be less conclusive than those for crav-
ing as a momentary predictor.

In two studies from our group, higher levels of stress in
random-prompt entries predicted greater likelihood of co-
caine or opioid use in the next 2 days [16, 17]. During
days of cocaine (but not opioid) use, stress levels ap-
peared to continually increase over the course of the day
[19]. On a time scale of 5 h before instances of opioid use
(during which other predictors of use show robust linear
increases, as discussed in a later section), we have never
found a linear increase in random-prompt ratings of stress
[19, 21e, 22, 23+, 26]. At most, we have seen more com-
plex associations, such as higher stress 2 h before use,
with a decrease 1 h before use [21e, 22¢, 23¢]. We cannot
tell whether this reflects a true nonlinear change over
time, because we gave participants no more than five ran-
dom prompts per day (and often fewer), so our inferences
about temporal trends were based on data aggregated
across participants in multilevel models. There were al-
most no instances in which one participant contributed
stress data at two closely spaced time points (e.g., hours
—2 and — 1) before a specific instance of drug use. We
discuss that issue toward the end of this paper.

We have also assessed stress as a discrete event, telling
participants to make an EMA entry “whenever you feel
more stressed, anxious, or overwhelmed than usual” (and
asking, as part of the entry, which adjectives apply). We
looked for associations between stress-event entries and
subsequent drug use, using a time scale of days rather than
hours, because the data were less dense than random-
prompt data [27¢]. We did not find an increase in the number
of stress reports in the 3 three days leading up to opioid (or
cocaine) use. However, the self-reported severity of the
stressor increased in the 3 days before cocaine use, but not
heroin use. In a separate sample of participants (from the
randomized trial of clonidine maintenance cited above), we
found that higher levels of random-prompt stress predicted
opioid use on a time scale of 2 days [17].

Stress and Non-drug Use Outcomes

In patients with OUD, we found that increases in random-
prompt ratings of stress were associated with concurrent
increase in craving for opioids (along with craving for
cocaine and tobacco) [21e, 22, 23+, 26, 28, 29].
Furthermore, participant-initiated reports of stress events
were rated higher in severity when accompanied by in-
creases in opioid (or cocaine) craving [29, 30]. However,
we did not find a linear increase in random-prompt ratings
of stress in the 5 h leading up discrete episodes of opioid
craving [26].

We have found that momentary ratings of stress were
associated with concurrent self-reported negative-affect
states (e.g., tired, bored, irritated, frustrated, worried, un-
comfortable, sad) and inversely associated with positive-
affect states (e.g., happy, relaxed). Higher stress ratings
were also associated with increases in thoughts about drugs
(e.g., “wanting to see what would happen if I tried cocaine/
heroin,” “was tempted out of the blue to use”) [26].
Background stress levels appeared to change in a complex
manner in the 5 h preceding a stress event, first decreasing,
and then increasing [21¢, 22+, 23+]; again, we cannot be sure
that this reflects a true within-person pattern. Finally, more
frequent reports of stress events were associated with end-
of-day reports of feeling angry, annoyed, or afraid, and in-
versely associated with end-of-day reports of feeling con-
tent [21e, 22+, 23¢].

We have found preliminary evidence that the association
between stress states and craving at the momentary level is
moderated by sex and by medication status. For example,
momentary stress was more strongly associated with concur-
rent ratings of opioid craving in women than in men (while the
association between stress and cocaine craving was greater for
men than women) [29]. In our clonidine trial, increases in
stress were associated with higher concurrent levels of heroin
craving, and this relationship was attenuated for patients ran-
domized to clonidine maintenance [28¢].

Positive and Negative Affect

A note on terminology: several different distinctions, not en-
tirely compatible with each other, have been made between
affect and mood. In this review, we use them interchangeably
to refer to valenced states that, in EMA studies, are usually
assessed by participant ratings of adjectives (happy, sad, an-
gry, afraid, etc.) at study-specific timescales such as “right
now.”

Positive affect (PA) and negative affect (NA), whether
assessed as composite constructs or as individually la-
beled moods, can each influence opioid-related behaviors
[31, 32-].
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Affect and Drug-Use Outcomes

We have found that higher ratings of boredom, irritation, and
tiredness predicted opioid (and cocaine) use during the next
2 days [16, 17]—as did lower ratings of relaxation or happi-
ness [16, 17]. We also found that negative mood states—
including feeling bored, worried, sad, criticized, annoyed,
hopeless, discouraged, uneasy, uncomfortable, fatigued, or
worn out—increased in the hours before cocaine or opioid
use [6e, 21e, 22+, 23¢]. Reports of having been “in a good
mood...in the past hour” increased in the hours preceding
cocaine use, but not opioid use [6°].

We have found some evidence that the proximal effect of
PA and NA on drug use can be moderated by sex, medication
type, and, unexpectedly, by hepatitis C status. Men were more
likely than women to attribute their heroin use (or cocaine use)
to feeling uncomfortable [33¢]. In our randomized trial of
clonidine augmentation, opioid use in the next 2 days was
predicted by higher levels of feeling tired, bored, and irritated,
and by lower levels of happiness [17]. Finally, we found that
patients with hepatitis C (largely asymptomatic in our sample)
were more likely than others to attribute their heroin use (and
cocaine use) to several of the triggers from Marlatt’s taxono-
my, including feeling bored, uncomfortable, worried, sad,
feeling like others were being critical of them, or being in a
good mood [34]; we do not know the mechanism of this
difference.

Two studies by other investigators have examined changes
in NA and PA and drug use among patients being treated for
chronic pain. One study found that NA (measured by a com-
posite of anxiety and depression questionnaires) was associ-
ated with misuse of prescription opioids [35¢]. Another study,
which examined the effect of a mindfulness-based interven-
tion to reduce pain and opioid misuse, found that improve-
ments in PA were associated with a reduction in the likelihood
of misusing opioids [36].

Affect and Non-drug Use Outcomes

Higher momentary levels of NA are associated with higher
levels of craving and sometimes stress. For example, we found
that higher levels of NA in the past hour were concurrently
linked with higher momentary cocaine craving and stress, and
an increase in participant-initiated reports of stress events [2 1,
22,23+, 33¢]. NA states, such as feeling worried, criticized by
others, bored, or angry, increased linearly in the 5 h preceding
a report of a heroin-craving event [6¢]. In our randomized
study of clonidine augmentation, higher momentary ratings
of feeling tired, bored, or irritated were associated with higher
concurrent ratings of heroin craving [28¢].

Two studies by other investigators—one conducted among
patients in residential treatment for OUD and the other among
patients in treatment for nonmedical use of prescription
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drugs—found that opioid craving levels increased on days
when NA was higher than usual [37, 38].

In one other study by other investigators, higher negatively
valenced ratings of a recent event were predictive of lower
ratings of opiate craving approximately 4 h later [18]. This
was the only study we found that reported an inverse associ-
ation between NA and craving.

Our group and others have also found that momentary rat-
ings of PA can predict higher craving, but this seems to apply
mostly to cocaine craving, not opioid craving [6+, 33¢]. In our
randomized clonidine study, higher ratings of momentary PA
were associated with decreases in concurrent opioid craving
[28¢]. Other investigators have also found that opioid craving
was lower on days when PA is higher than usual [38], and this
relationship appears to be especially strong for patients with
low overall levels of PA during treatment [37]. Finally, we
have found some evidence that sex can moderate the effect of
PA and NA on stress and craving. Past-hour NA is more
strongly associated with momentary ratings of stress and co-
caine craving in women than in men, and some past-hour PA
states (such as “good mood”) are more strongly associated
with cocaine craving in women than in men [33¢].

A few studies by other investigators have evaluated PA and
NA in relation to opioid-related outcomes for patients with
chronic pain. Two studies found that higher levels of baseline
or momentary NA were associated with heightened levels of
opioid craving [35¢, 39]. Another found that increases in mo-
mentary PA were associated with decreased concurrent levels
of opioid craving [40].

Pain

Iatrogenic addiction to opioids is a low-probability event in
relative terms, but is nonetheless prevalent because opioids
have been so widely prescribed for pain [41-43].
Furthermore, a large proportion of patients in methadone
maintenance treatment for OUD report chronic pain condi-
tions (e.g., [44, 45]). Nonetheless, our group’s work with am-
bulatory assessment in this area has been limited, so we focus
here on work from other investigators.

Day-to-day elevations in pain are concurrently associat-
ed with increases in ratings of opioid craving—but not very
strongly. For example, in a 14-day study of chronic-pain
patients, Martel et al. [39] found that within-person changes
in pain intensity explained less than 5% of the variance in
patients’ momentary ratings of craving. On the other hand,
in a daily-diary study of chronic-pain patients conducted
over 1 day, Martel etal. [35¢] found no relationship between
pain intensity and opioid craving in the past 24 h. However,
Martel et al. [35¢] did find that pain intensity was associated
with prescription opioid misuse (measured by the Current
Opioid Misuse Measure; [46]) and NA (in the past 24 h).
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Conclusion and Future Directions

Findings from ambulatory-assessment studies underscore the
value of capturing changes in internal states and drug-related
behaviors in situ and at high temporal resolution, as a probe
for subtle, unexpected associations, and as a test for long-
presumed associations.

We have consistently observed that craving and some neg-
atively valenced mood states (negative affect) are concurrent-
ly and prospectively associated with instances of drug use in
patients with OUD. In turn, craving (for multiple drug classes)
is concurrently and prospectively associated with momentary
changes in stress and mood (with the direction of the associ-
ation depending on the valence of the reported mood).
Positive mood states also appear to be associated with cocaine
craving and use in OUD; however, more research is needed to
clarify these associations.

Perhaps surprisingly, convincing evidence has not yet emerged
for stress as a robust predictor of lapse to opioid use. Although we
have found increased stressor severity in the days (not hours)
preceding opioid (and cocaine) use, the heterogeneity in this as-
sociation is as prominent as the association itself. We believe that
clearer conclusions about stress and lapse likely depend on mod-
erators at both the within-person level (e.g., momentary appraisals
of stress) and the between-person level (e.g., trait-like levels of
chronic stress or reactivity to stress), and also on a clearer charac-
terization of the dynamic relationship between momentary stress
and the mediators of its relationship to lapse. One such mediator
could be craving; there is convincing laboratory evidence that
stressors increase craving in patients with OUD (e.g., [47, 48]).
Furthermore, our group and others have found that increases in
momentary stress are associated with concurrent increases in crav-
ing for opioids (e.g., [28+, 29]). However, to our knowledge,
ambulatory assessment studies have yet to directly examine the
temporal ordering of these associations around lapse events.
Preliminary analyses from our group also suggest that the lapse-
relevant effects of momentary changes in stress levels during
treatment may depend on longer-term between-person differences
in stress levels. We recommend that future ambulatory research
further clarify these interdependencies.

We agree with other authors (e.g., [49¢]) that the prognostic
value of stress, craving, and other momentary state-based predic-
tors will only be realized after clearer characterization of the factors
that moderate the relationship between these constructs and drug
use. Consequently, we encourage researchers interested in using
ambulatory assessment for OUD research to focus on testing po-
tential moderators drawn from both the extant ambulatory-
assessment work and laboratory research (e.g., stressor predictabil-
ity; see e.g., [50, 51]). Translating laboratory research to more
ecologically valid contexts is vital for refining theories of addiction
and disease maintenance and can inform targets for just-in-time
adaptive interventions. Taken together, results from ambulatory
assessment studies in patients with OUD suggest that the

relationships between internal states and behavioral outcomes are
rarely independent, and are instead bidirectional and multiplicative
(see [21e, 22+, 23¢]). Measures of dynamic processes such as in-
stability, temporal dependence, or oscillation (e.g., [52¢, 53]) may
help further clarify these dynamic relationships.

For within-person processes, care should be taken when
drawing conclusions about dynamic associations at
timeframes narrower than whole days. Our group—Ilike
others—has typically collected random-prompt reports from
participants no more than five times per day. This means that
when we examine associations on time scales of a few hours,
we do so by aggregating data both across and within partici-
pants. Thus, associations are composed of heterogeneous
patient-types and heterogeneous contexts (e.g., weekday vs.
weekend responses). Multilevel modeling can go only so far
in disaggregating within-person from between-person effects.
To assess the true functional form of the relationships of in-
terest (e.g., whether drug use is best predicted by a nonlinear
change in stress severity over hours, perhaps U-shaped or
even more complex), we suggest the use of denser sampling
schemes [54] and shorter survey’s with more targeted ques-
tions (see e.g., [55]). Measurement tools that collect data types
that require little to no participant burden are likely to be the
most efficient way to collect dense data at a more fine-grained
temporal resolution. Some examples of useful approaches that
have been implemented by our group and others include GPS
tracking [56], smartphone accelerometer data to sense intoxi-
cation [57], and mobile phone keystroke metadata (e.g., [58]).

No matter how dense the sampling and no matter how fine-
grained the data, no theory is likely to comport with observed
relationships among mood/stress, craving, and lapse across
people and situations if the theory is framed universally or
inflexibly. As noted by Davis-Stober and Regenwetter [59],
theories of behavior will be most robust when they explicitly
incorporate the inescapable observation that not everyone re-
sponds identically to identical circumstances. This appears to
be as true for drug-related behaviors in people with SUDs as it
is for other behaviors in essentially any population. EMA can
elucidate this heterogeneity, but only if the data are collected
and analyzed with heterogeneity in mind.
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