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Abstract
Aims—This study lays the foundation for a clinical prediction model based on methamphetamine
craving intensity and its ability to predict the presence or absence of within-treatment
methamphetamine use.

Design—We used a random effects logistic approach for estimating repeated-measures,
generalized linear mixed models (GLMM) using craving as the sole predictor of
methamphetamine. A multivariate GLMM included craving, length of treatment, treatment
assignment, and methamphetamine use the previous week as covariates to control for potential
confounds. We performed receiver operating characteristic (ROC) analyses to evaluate predictive
accuracy. We investigated further whether methamphetamine craving predicted subsequent use
more accurately at intervals more proximal to versus those more distal to assessment, examining
one-week periods ending one to seven weeks after assessment of craving.

Setting—The study was part of the Center for Substance Abuse Treatment (CSAT)
Methamphetamine Treatment Project (MTP).

Subjects—Analyses were based on data from 691 methamphetamine dependent outpatients
enrolled in the MTP.

Measurements—Craving was assessed by self-report on a 0-100 scale. Self-reported
methamphetamine use was toxicologically verified. Craving and drug use were assessed weekly
for 8 weeks.
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Findings—In the univariate analysis craving predicted methamphetamine use in the week
immediately following the craving report (p<0.0001), with subject-specific use increasing 0.38%
for each 1-point increase in craving on a 0-100 scale. In the multivariate analysis the probability of
use decreased significantly by 2.45% for each week in treatment and increased significantly by
33.11% for previous methamphetamine use, the probability of methamphetamine use still
increased significantly, rising 0.28% for each one-point increase in craving score (all p<0.0001).
Predictive accuracy was strongest at the one-week time-lag and declined in magnitude the more
distal the assessment period.

Conclusions—Craving is a predictor of within-treatment methamphetamine use. Intensity of
craving is appropriate for use as a surrogate marker in methamphetamine dependence.
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methamphetamine; craving; relapse; predictive validity

Introduction
Craving as a target for treatment intervention

Several interpretations of addiction propose that craving is a primary motivation for drug use
and a principal contributor to relapse [1-9]. For example, drug craving is largely
characterized by obsessive thinking about drugs, triggering compulsive drug-seeking and
subsequent drug use [3]. Robinson and Berridge [2] state similarly that “… addicts develop
an obsessive craving for drugs, a craving so irresistible that it almost inevitably leads to drug
seeking and drug taking … drug craving is fundamental to addiction”. Craving is
experienced by most persons during withdrawal, a central feature of DSM-IV substance-
induced disorders [10]. Craving also is a key element of substance dependence [11-13] and
is included as an optional diagnostic criterion for addiction in the International Classification
of Diseases (ICD-10; [14]). Thus, drug craving has become an appropriate target for
treatment intervention [15-17] and relapse prevention [18], particularly with respect to
abstinence from ongoing drug use despite high levels of craving or the growing and
irresistible urge to use drugs.

Notwithstanding the important role that drug craving plays in research and clinical settings,
there is uncertainty whether it actually drives drug use. Experimental manipulations of
craving have been successfully modelled in research settings, yet cocaine craving did not
influence immediate cocaine-seeking behavior under laboratory conditions [19], though
acute abstinence effects such as craving may be minimal [20]. Tobacco craving has been
reliably suppressed by aversive rapid smoking in a laboratory setting, yet the intensity of
craving scores did not affect immediate smoking [21]. Self-reported cue-induced craving
obtained in the laboratory also rarely correlates with subsequent real-life relapse [22,23],
although cue-reactivity trials have demonstrated that alcohol craving in the laboratory was
modestly correlated with alcohol craving in the field, which was significantly correlated
with real-life drinking [24].

Whether craving is a determinant of drug use, however, is not the only factor in whether it is
an appropriate intervention target. No doubt, craving is a contributor to processes involved
in addiction such as progression to compulsive use, dependence, or relapse. Craving is
frequently referenced as a proxy measure of the probability of drug use [25,26] and the most
commonly targeted clinical endpoint is ongoing drug use [27,28]. To be a reliable surrogate
[29], craving must track consistently with the presence or absence of drug use. Though
alleviation of craving is sometimes expected to reduce the risk of ongoing drug use, it is not
absolutely essential that its reduction halts the progression of addictive processes. It is
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essential, however, to establish craving as a risk marker sufficiently distal from the endpoint
to provide time to intervene and prevent ongoing drug use (not necessarily target craving),
which in turn is expected to disrupt the progression of compulsive use, dependence, and
relapse. The critical issue remains whether craving is a valid predictor of the probability of
ongoing drug use [25].

The relevance of craving has been questioned
Inconsistent findings regarding the ability of craving to track ongoing drug use, however,
have led to doubts about its predictive validity. For example, craving significantly predicted
six-month relapse to drinking in an early study [30], though it did not predict alcohol and
drug use two years following substance abuse treatment in a later study by Walton and
colleagues [31]. Neither the Yale-Brown Obsessive Compulsive Scale for heavy drinking
[32], a rating of the severity of obsessive-compulsive symptoms, nor a single item visual-
analogue craving scale (VAS) was able to predict either complete abstinence or the number
of days abstinent from alcohol use [33], and other studies using the total score for craving-
related OCS on the Obsessive Compulsive Drinking Scale [34] showed limited predictive
validity for subsequent drinking at post treatment follow-up [35,36]. However, research
using the Penn Alcohol Craving Scale found significant differences in craving scores during
the initial three weeks of treatment among subjects that did and did not relapse to drinking
during treatment weeks three to twelve [37]. With respect to cue-induced craving, higher
levels of alcohol craving in response to drinking role-plays predicted increased alcohol use
six months post treatment, however, craving in reaction to beverage cues was inconsistently
predictive of outcome [38]. Another study [39] had shown that craving might actually
protect some drinkers against ongoing alcohol use.

Other studies also questioned the validity of craving as a reliable predictor of ongoing drug
use [40-45]. For example, in the context of opioid and cocaine dependence, baseline heroin
craving was not predictive of ongoing heroin use during a 21-day outpatient medically
supervised detoxification, though baseline scores on two measures of cocaine craving were
significant predictors of in-treatment cocaine use [45]. Yet, cocaine craving at baseline was
not predictive of relapse when abstinence was assessed in the last two weeks of eight weeks
of outpatient treatment [41], and was uncorrelated with sustained abstinence one year after
the craving assessment [40]. Similarly, cocaine craving was not predictive of relapse in 35
cocaine dependent inpatients when use was assessed three months after discharge [42].

Nevertheless, limitations in design may have contributed to the inconsistencies, including
the use of retrospective self-reports, insufficient statistical power, and the time lag between
assessment and endpoint [46]. For one thing, some studies used retrospective reports
following relapse [47,48], which may be inaccurate and biased by exaggerated negative
affect [49,50]. In general, retrospective studies challenged the belief that craving is
significantly associated with ongoing drug use [4,48,51]. In one influential report, subjects
were contacted one year after residential treatment for substance abuse and asked the cause
of their first relapse [48]. Only seven percent attributed their first relapse to craving;
impulsive action was the most common (21%) self-reported cause. Ludwig et al. [52]
reported that, following treatment, only one percent of subjects attributed their relapse to
craving, and more recently, only five percent of those who relapsed during treatment cited
craving as the primary reason for their alcohol or other drug use [4].

Design and sample size determine whether craving predicts drug use
In sharp contrast, a series of prospective studies have found craving to be highly predictive
of the presence or absence of ongoing smoking [53-55]. Baseline craving intensity was a
significant and independent predictor of abstinence for 11-52 weeks in a recent randomized
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clinical trial of the efficacy of sustained release bupropion [55]. In 2,645 nicotine dependent
outpatients, craving was assessed 24 to 48 hours after smoking cessation and smoking status
was assessed 1 year later. Overall, 16% of those with immediate post-cessation craving
scores in the highest quartile remained abstinent at the 12-month follow-up compared with
31% in the lowest quartile. Furthermore, more than 32% of those with high craving scores
relapsed within one week of smoking cessation [54]. In a similar study, Killen et al. [53] had
reported that only 26% of those with high initial craving remained abstinent at two-month
follow-up. Other research [56] also found that craving predicts ongoing smoking at 10- and
15-week follow-ups.

Because of the small number of observations used in the analyses, several studies may have
lacked sufficient statistical power to detect significant results [19-21,35,36,45]. As noted by
Shiffman and colleagues [57], longitudinal studies should concentrate on within-subject
variation, and take advantage of repeated measurements. Investigations utilizing those
methods have demonstrated that ongoing cigarette use was associated with real-life exposure
to smoking-associated cues [57,58]. Another design issue involves the time lag between
self-reported craving and the subsequent assessment of alcohol or other drug use [59]. Many
researchers assessed drug use several months after craving was measured [40-43]. Such
assessment periods are appropriate when craving scores are used solely as an outcome
measure (craving reduction as treatment success), but shorter intervals may be appropriate to
test the hypothesis that craving is predictive of subsequent drug use. For example, cocaine
craving significantly predicted drug-use outcomes during treatment independently of the
pretreatment quantity of cocaine use [17]. Craving also significantly predicted relapse to
drinking, with more proximal assessment (within a prior eight-week period) substantially
improving predictive power [30]. In addition, Killen and others [53,54] have shown that
ongoing tobacco use for high cravers occurred rapidly, often within a one week period
following craving assessment.

The few studies that have addressed these design limitations have consistently yielded
significant relationships between craving and drug use. For example, Flannery et al. [60]
used generalized estimating equations (GEE; [61]) methodology to determine whether three
craving instruments could successfully predict drinking during treatment. Craving was
assessed weekly or bi-weekly during a nine-month, double-blind placebo-controlled trial of
naltrexone and psychosocial intervention. Each of the three instruments used to assess
craving significantly predicted drinking in the subsequent treatment week. Interestingly,
craving was a stronger predictor of subsequent drinking than was drinking during the prior
week. Using GEE methodology in a 24-week trial of 449 cocaine dependent outpatients, a
higher score on a three-item Cocaine Craving Scale was a statistically significant predictor
of cocaine use in the subsequent treatment week; each 1-point increase on the composite
score of the craving scale was associated with a 10% increase in the risk of using cocaine in
the next week [62]. However, among patients who received individual plus group drug
counseling, the treatment condition with the best overall cocaine use outcome, increased
craving scores were not associated with greater likelihood of cocaine use in the subsequent
treatment week.

It is important to note that GEE methodology yields population-based analyses [63], which
are useful in outcome evaluations (e.g., within-subjects designs with more than one
treatment; extended pre-post [panel data] designs) and in clinical trials or comparative
studies for helping identify pharmacological and nonpharmacological interventions with
possible therapeutic value for specific patient groups. What is missing from the argument,
however, is that craving should be a “good” risk (prognostic) marker of the probability of
ongoing use for a specific patient [29], apart from the particular treatment that patient
receives, the length of intervention, or a history of prior drug use.
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Previous work examining the role of craving as a predictor of methamphetamine use
Hartz and colleagues [46] were the first group to examine the role of craving in predicting
the probability of subject-specific drug use in a prospective, repeated-measure, within-
subject analysis using a time-lagged design. Thirty-one individuals in treatment for
methamphetamine dependence were asked to indicate once each week for 12 weeks the
intensity of craving they had experienced during the previous 24 hours using a 100-mm
VAS. Methamphetamine use was self-reported at each visit and toxicologically verified. A
repeated measures, generalized linear mixed model (GLMM) was fit to binary outcomes
(use and nonuse) indicating correct verification. Methamphetamine craving significantly
predicted methamphetamine use in the week immediately following each craving
assessment, such that for the typical subject the probability of use in the subsequent
treatment week increased by 0.35% for each 1-point increase in craving score. Using a
median-split cut-off point, the relative risk of subsequent use was also 2.1 times greater for
craving scores in the upper half compared with scores in the lower half. Furthermore,
craving scores preceding use were also 2.7 times higher than scores that preceded nonuse.
Craving also remained a highly significant predictor in multivariate GLMM models after
controlling both for pharmacological intervention and for methamphetamine use during the
previous week. Findings have promising therapeutic implications for craving as a risk
marker, given that a one week time lag is sufficiently distal from the endpoint to identify a
patient at greater risk of ongoing drug use that could benefit from a more tailored treatment
strategy.

Thus, the purpose of this study is to set the foundation for a clinical prediction model based
on methamphetamine craving intensity and its ability to track the presence or absence of
within-treatment methamphetamine use. Reproducibility is essential but lacking in the
literature, thus we replicated first the findings of Hartz et al. [46] to determine if
methamphetamine craving is a valid and reliable predictor of the probability of ongoing
methamphetamine use. Another issue is the strength of prediction [25] or the ability of the
craving to distinguish correctly patients that do from those that do not use. Following
Hughes' recommendations, we derived next sensitivity, specificity, and other indices of
predictive accuracy to determine whether craving is a potential prognostic marker for
subject-specific methamphetamine use. In the absence of systematic research examining the
time-lag between craving and drug use endpoints, we investigated further whether the
intensity of self-reported methamphetamine craving predicted subsequent methamphetamine
use more accurately at intervals more proximal to assessment of use compared to those more
distal to assessment of use, examining biochemically-verified end points ranging from one
to seven weeks post-craving assessment.

Methods
Study Design

The present study was part of the Center for Substance Abuse Treatment (CSAT)
Methamphetamine Treatment Project (MTP), the largest randomized clinical trial of
behavioral treatments for methamphetamine dependence [64]. MTP was conducted in eight
community outpatient settings: the coordinating center was at the University of California,
Los Angeles (UCLA), while the other seven investigative teams conducted the study at eight
sites in Northern and Southern California, Hawaii, and Montana. Subjects were randomly
assigned to receive either the manualized Matrix Model or treatment-as-usual (TAU) at each
site [64-67]. Research assistants at each site were trained and certified in standard operating
procedures, data collection, and instrument administration. Craving and drug use were
assessed once weekly. Subjects gave written informed consent according to guidelines for
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the protection of human research volunteers of the U.S. Department of Health and Human
Services. Each local Institutional Review Board approved the study.

Subjects
Subjects (n=691) were recruited by advertisement, referrals from community agencies
(medical, substance abuse, mental health, and criminal justice) and by word of mouth.
Subjects were included if they were at least 18 years of age, methamphetamine dependent
per DSM-IV criteria, willing to complete forms and provide urine samples, provide
informed consent, able to understand scales and instructions, able to understand English, and
participate in all aspects of either treatment condition. Subjects were excluded if they had
not used methamphetamine in the past 30 days (unless in a controlled environment such as
jail or prison in which case the requirement was methamphetamine use in the past 45 days),
required medical detoxification from opioids, alcohol and other drugs, were enrolled in
another treatment program in the past 30 days, or had medical, legal, housing, or
transportation issues precluding safe and consistent participation. In a preliminary
investigation, no significant differences in drug use and functioning had been found between
Matrix and TAU subjects, at either discharge or six-month follow-up [64]. Matrix Model
subjects, however, had better treatment retention and completion rates, and were more likely
to have methamphetamine-free urine test results while in treatment compared to TAU
subjects. In this study, characteristics of the subject population (see Table 1) were consistent
with clinical treatment samples studied previously [68,69]. The majority of the subjects were
female (52%) and Caucasian (63%). Self-reports and urinalysis confirmed that subjects most
often used methamphetamine, marijuana, and alcohol throughout the duration of the study.
The subjects had on average five years of frequent or problematic methamphetamine use,
and 12 days of methamphetamine use in the past 30 days. Smoking was the usual route of
methamphetamine administration for most (61%) of the subjects. Subjects were recruited by
advertisement, referrals from community agencies (medical, substance abuse, mental health,
and criminal justice) and by word of mouth. Subjects were included if they were at least 18
years of age, methamphetamine dependent per DSM-IV criteria, willing to complete forms
and provide urine samples, provide informed consent, able to understand scales and
instructions, able to understand English, and participate in all aspects of either treatment
condition. Subjects were excluded if they had not used methamphetamine in the past 30 days
(unless in a controlled environment such as jail or prison in which case the requirement was
methamphetamine use in the past 45 days), required medical detoxification from opioids,
alcohol and other drugs, were enrolled in another treatment program in the past 30 days, or
had medical, legal, housing, or transportation issues precluding safe and consistent
participation.

Data was based on a study population of 691 subjects. Craving data was available for 864
subjects enrolled in the MTP. Because of the time-lagged nature of the design, subjects had
to contribute at least one craving-methamphetamine use lagged pair. We focused on the 8-
wk time frame that is common to clinical trials. Observations from 11 subjects enrolled in
16-wk treatment were excluded because they did not return for a visit until 8-16 wks
subsequent to the initial assessment. Observations from 114 subjects were also excluded
because they attended only once and 48 subjects could only contribute craving-
methamphetamine use lagged pairs for wks 2-7.

In a preliminary investigation, no significant differences in drug use and functioning had
been found between Matrix and TAU subjects, at either discharge or six-month follow-up
[64]. Matrix Model subjects, however, had better treatment retention and completion rates,
and were more likely to have methamphetamine-free urine test results while in treatment
compared to TAU subjects. In this study, characteristics of the subject population (see Table
1) were consistent with clinical treatment samples studied previously [68,69]. The majority
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of the subjects were female (52%) and Caucasian (63%). Self-reports and urinalysis
confirmed that subjects most often used methamphetamine, marijuana, and alcohol
throughout the duration of the study. The subjects had on average five years of frequent or
problematic methamphetamine use, and 12 days of methamphetamine use in the past 30
days. Smoking was the usual route of methamphetamine administration for most (61%) of
the subjects.

Measures
Subjects self-reported the most severe craving experience on the previous day on a 0-100
scale. Endpoints anchors were “no craving” and “most craving ever experienced”. Craving
was defined as “an urgent desire, longing, or yearning, not just a passing thought”. Self-
report of methamphetamine use was assessed by eliciting reports of the number of days of
use since the previous assessment. Urine samples were tested weekly for methamphetamine
by immunoassay screening and gas chromatography/mass spectroscopy (GC/MS)
confirmation and quantification. Weeks were classified as non-use weeks if no
methamphetamine was used per self-report and the urinalysis was negative for
methamphetamine; weeks were classified as use weeks if the self-report indicated
methamphetamine use or if the GC/MS result was greater than or equal to 1,000 ng/ml.
Craving and drug use were assessed once weekly.

Data Analyses
Following Hartz et al. [46], we used a random effects logistic approach for estimating the
clinical prediction model based on methamphetamine craving intensity and its ability to
track the presence or absence of ongoing methamphetamine use. Consistent with previous
research on more proximal assessment of rapid return to ongoing drug use [30,53,54], we
restricted the analysis to an eight-week assessment period. Figure 1 depicts examples of the
time-lag from craving assessment to methamphetamine use or abstinence (endpoint). We
estimated first a univariate, repeated-measures, generalized linear mixed model [70] with
craving as the sole predictor of methamphetamine use (coded positive [presence] and
negative [absence]) during the week immediately following each craving assessment (i.e.,
week one craving was paired with week two methamphetamine use, week two was paired
with week three methamphetamine use, …, and week seven was paired with week 8
methamphetamine use; see Figure 1, 1a and 1b). Each subject could therefore contribute up
to seven lagged pairs to the analysis. Total observations consisted of 2,742 time-lagged data
point pairs (approximately 4 observations per subject), which were randomly split (33%/
67%) for the purpose of double cross-validation to guard against overfitting the data,
estimate internal replicability, and reduce capitalization on chance [71,72]. Models were fit
using the GLIMMIX macro in SAS [73], specifying a binomial error structure and logit link
function, with subjects as a random factor and craving as a fixed effect (predictor). We
pooled observations from all sites and modeled length of treatment (weeks) as a random
effect (quadratic trend) to account for unobserved (residual) heterogeneity. Next, we
estimated three univariate, repeated-measure GLMMs, with either length of treatment,
treatment assignment (TAU or Matrix Model), or biochemically-verified methamphetamine
use the previous week as the only fixed effect. We also combined craving, length of
treatment, treatment assignment, and biochemically-verified methamphetamine use the
previous week in a multivariate GLMM model to control for potential confounds.

To evaluate strength of prediction, we used receiver operating characteristic (ROC) analyses
and methods for estimating the area under the ROC curve (AUC) for correlated data
(repeated-measure ROC; [74]). Next, optimal cut-off points for classifying positives
(predicted use) and negatives (predicted nonuse) were derived by rounding the value
yielding the maximum sum of sensitivity (Sn) and specificity (Sp) corresponding to the
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shoulder at the top left of the ROC curve. Then, we assessed predictive accuracy using
several summary statistics [75], including the main outcome measures, AUC, Sn, Sp, and
positive (LR+) and negative likelihood ratios (LR-). The rule-of-thumb for classification
accuracy is AUC ranging .90-1 = excellent, .80-.90 = good, .70-.80 = fair, .60-.70 = poor,
and < .60 = inadequate [76]. Conventional standards for sensitivity and specificity are 95%
and 80%, respectively [77]. LR > 1 indicate increased probability of methamphetamine use,
while LR < 1 indicate decreased probability of methamphetamine use, and general
guidelines for interpreting likelihood ratios [78] are LR+ or LR- = 1, < 2 or > 0.5, 2-5 or
0.2-0.5, 5-10 or 0.1-0.2, and >10 or < 0.1 correspond with no, minimal, small, moderate, and
large increased or decreased risk, respectively. Likelihood ratios also are used to calculate
predictive efficiency, the difference between pre-assessment and post-assessment probability
of ongoing methamphetamine use, which is an effective measure of whether using risk
marker can improve clinical decision-making for individual patients. For purposes of
comparison with Hartz et al. [46], we also examined the relative risk of subsequent
methamphetamine use for craving scores preceding use compared to those that preceded
abstinence as well as for scores above vs. below the cut-off point. All summary statistics
were derived from formulas identified in the literature [77-80], and calculations were
performed using customized Excel spreadsheet software [81].

To examine the predictive accuracy of proximal vs. distal predictions, we estimated six
additional GLMMs (one for each of the two to seven week time-lags) using craving as the
sole predictor of ongoing methamphetamine use (i.e., week one craving was paired with
week three methamphetamine use, week two craving was paired with week four
methamphetamine use, …, week six craving was paired with week eight methamphetamine
use [two weeks distal]; week one craving was paired with week four methamphetamine use,
week two craving was paired with week five methamphetamine use, …, week five craving
was paired with week eight methamphetamine use in [three weeks distal]; …; and week one
craving was paired with week eight methamphetamine use [seven weeks distal]; see Figure
1, 1c and 1d). For comparative purposes, we also performed ROC analyses to estimate
AUCs, derived optimal cut-off points, and calculated summary statistics for each of the six
prediction models. To facilitate interpretation, this was followed by visual inspection of
normalized trends produced by robust locally weighted regression [82] using SAS PROC
LOWESS [83], which fit a line estimating the mean number of uses per assessment period
as a function of the same range of craving scores (0-100) for each time lag (seven total).

Results
Internal and External Reproducibility

For the double cross-validation, the two-thirds sample of one-week time-lagged observations
of methamphetamine use and non-use was predicted using the optimal cut-off point derived
from the GLMM estimate for the one-third sample, then the one-third sample of one-week
time-lagged observations of methamphetamine use and non-use was predicted using the
optimal cut-off point derived from the GLMM estimate for the two-thirds sample. AUC
was .70 and the optimal cut-off for the intensity level of methamphetamine craving was 27
regardless of which model was used to estimate them, therefore we combined observations.
Overall use rate (prevalence) was 30% (813/2,742). The mean (SD) craving score was 17
(31), and 69% of reported values of craving were zero (1,902/2,742).

In the univariate analysis, methamphetamine craving significantly predicted
methamphetamine use in the week immediately following each craving assessment (p <
0.0001). The probability of methamphetamine use for the average participant increased by
0.38% for each one-point increase in craving score. Relative risk of subsequent use also was
2.5 times greater for craving scores in the upper portion of the scale (RR = .52) relative to
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scores in the lower portion (cf. RR = .21) using this cut point. Similar to Hartz et al. [46]
findings, craving scores preceding use (mean = 34.9) were 2.7 times higher (cf. 2.7 in Hartz
et al.) than scores that preceded abstinence (cf. mean = 12.7). Univariate analyses also
indicated that length of treatment and biochemically-verified methamphetamine use the
previous week (both p < 0.0001), but not treatment assignment (p > 0.10), significantly
predicted use, such that the probability of methamphetamine use in the week immediately
following each craving assessment decreased by 2.45% for each week in treatment and
increased by 33.11% for methamphetamine use the previous week. When controlling for
length of treatment and methamphetamine use the previous week, the probability of
methamphetamine use still increased significantly (p < 0.0001), rising 0.28% for each one-
point increase in craving score.

Predictive accuracy
Table 2 presents the summary statistics used to evaluate whether methamphetamine craving
is a potential risk marker for ongoing methamphetamine use during treatment. At the one
week endpoint in Hartz et al. ([46]; Table 2, column 1a), craving scores equaled or exceeded
the median split cut-off point (marker predicted positive) for 122/243 observations and fell
below the median split cut-off point (marker predicted positive) for 121/243 observations.
The number of actual (biochemically verified) positives and negatives was 110 and 133,
respectively, for methamphetamine use in the week immediately following each craving
assessment. Two groups were classified correctly: predicted positive and actual positive
(true positives; n=75) and predicted negative and actual negative (true negatives; n=87).
Two groups were classified incorrectly: predicted positive but actual negative (false
positives; n=46) and predicted negative but actual positive (false negatives; n=75).

The sensitivity (.68) indicated that the levels of methamphetamine craving above the cut-off
were accurate at identifying true positives more than two-thirds of the time, while the
remaining 32% were false negatives, classified incorrectly as negative when in fact they
were positive. Specificity, the proportion of true negatives correctly identified, was 65%,
and the remaining 35% were false positives that were incorrectly classified as positive
though they did not use methamphetamine in the week immediately after the craving
assessment. The likelihood of predicting methamphetamine use in the subsequent treatment
week increased 17%, rising from .45 (prevalence) to .62 (positive predictive value). The
likelihood of predicting nonuse in the subsequent treatment week rose from 55% to 71%
(negative predictive value), with a corresponding 16% decrease in the likelihood of actual
use despite the marker predicting nonuse. Craving scores (marker) greater than or equal to
the optimal were twice (positive likelihood ratio = 1.97) as likely to come from observations
indicating actual use than those indicating nonuse.

Of 2,742 observations at the one-week endpoint in the current study (Table 2, column 1b),
382 were true positives, 1579 were true negatives, 350 were false positives, and 431 were
false negatives. Craving accurately detected 47% of the true positives, with the remaining
53% classified incorrectly as negative. The proportion of true negatives, however, was 82%;
only 18% were incorrectly classified as positive. The likelihood of predicting
methamphetamine use increased 22%, rising from 30% (use prevalence) to 52% (positive
predictive value). While the likelihood of predicting nonuse increased from 70% (nonuse
prevalence) to 79% (negative predictive value), such that there was a corresponding 9%
decrease in the likelihood of actual use despite the marker predicting nonuse in the
subsequent treatment week. Marker results at or exceeding the optimal cutoff were nearly
three (positive likelihood ratio = 2.59) times more likely to result in use than nonuse.
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Proximal vs. distal assessment
Table 2 also presents the summary statistics used to evaluate whether craving predicted
methamphetamine use more accurately during weeks that were more proximal to the
assessment of craving compared to those that were more distal to the assessment of craving
(Table 2, columns 1b-7b). GLMM indicated that methamphetamine craving significantly
predicted methamphetamine use across all time lags (all p < 0.036; not shown); however,
AUCs declined in magnitude the more distal the assessment period. Optimizing cut-off point
values also did not offset the decline in AUCs the more distal the week for which use was
predicted.

Predictions based on normalization using LOWESS curves exhibited similar declines in
accuracy in relationship to the number of weeks post-craving assessment as craving scores
increased (Figure 2). The ratio of craving scores preceding use to craving scores preceding
abstinence declined from 2.7 to 1.4 for the intervals ending one to seven weeks after the
craving assessment, respectively (Figure 3). Additionally, the closer in time to the initial
assessment, the higher the relative risk of subsequent methamphetamine use for scores
above the cut-off, suggesting further that the more proximal assessment yielded better
estimates of the relationship between craving and methamphetamine use (Figure 4).

AUCs below 0.70 indicated that methamphetamine craving was inaccurate at predicting
methamphetamine use beyond two weeks following each craving report. Sensitivity also
declined precipitously after two weeks, (48% to 26%), while the corresponding false
negative rate (1-sensitivity) increased 52% to 74% the more distal the endpoint. Highest
positive likelihood ratio for the most proximal assessment suggests that the potential of
craving as a marker of methamphetamine use is strongest for the one-week assessment
interval.

Discussion
This longitudinal study set out to determine the potential utility of methamphetamine
craving as a prognostic marker of the probability of methamphetamine use during treatment
of methamphetamine dependence. Using a prospective, time-lagged, repeated-measure
GLMM, within-subject design, we reproduced methods developed by Hartz and colleagues
[46] and replicated their original finding that methamphetamine craving was a significant
predictor of methamphetamine use in the subsequent treatment week. For internal
reproducibility, we also performed double cross validation and obtained the same results.
Overall, craving scores preceding use (mean = 34.9) were 2.7 times higher than scores that
preceded abstinence (mean = 12.7). For the average participant, the probability of ongoing
methamphetamine use increased by 0.38% for each 1-point increase in craving score
(0-100).

Finding that treatment and methamphetamine use the previous week also significantly
predicted ongoing methamphetamine use is consistent with research demonstrating
improved retention and treatment adherence in the Methamphetamine Treatment Project
[64]. Nevertheless, methamphetamine craving remained a significant predictor of
methamphetamine use in the subsequent treatment week after controlling for time in
treatment, treatment assignment, and methamphetamine use during the prior week. Taken
together, results are very similar to, and in some instances, match exactly the findings of
Hartz et al. [46].

Building upon Hartz et al., we examined the strength of prediction using recently developed
methods of ROC analysis for repeated measures [74] to derive an optimal cut-off point,
rather than utilizing a median split cut-off. Multiple measures of predictive accuracy
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indicated substantial improvements compared to the initial method. GLMM estimates can be
heavily biased for small samples [84], thus another advantage of this study was the large
sample size. Another advantage was that GLMM allows cases with missing data points to be
retained without replacement through estimation or substitution, assuming that they are
randomly missing [70]. Missing data resulted in unbalance in the distribution of craving-
methamphetamine use lagged pairs. In the randomly-split double cross validation, the 1/3
sample had approximately twice as many missing observations than the 2/3 sample. Yet we
found the same cut-off value (27) for both samples, in effect, validating the prediction model
with both a small and large number of “unknowns” [72] and suggesting further that the cut-
off values were not seriously biased by missingness. ROC analyses also will establish a
common metric for comparing the predictive accuracy of variables in our future studies or
with variables utilized by other investigators, whether they use similar or different craving
measures, methods, and designs [85].

We took the additional step of comparing the strength of prediction at one to seven week
endpoints following the craving self-report (post-assessment), and found a statistically
significant association between craving and subsequent methamphetamine use across all
time lags, though the strength of prediction was weakest seven weeks post-assessment.
These findings were also consistent across different methods of analysis. For example, the
relative risk and odds ratios of subsequent methamphetamine use showed the same decline
in values the more distal the assessment (see Figures 3 and 4). Sensitivity decreased from
0.47 (47%) to 0.26 (26%) at one to seven weeks after the craving report, respectively,
indicating a decrease in the probability of detecting true positives the more distal the
assessment. Furthermore, marked decreases in the use predictions (61% to 35%) were also
observed at maximal LOWESS estimates (score=100). Overall, predictive accuracy declined
dramatically after two weeks, though predictive performance was strongest for the
subsequent treatment week. Results support the need to assess methamphetamine use within
one week of the craving report [46]. Similarly, alcohol, cocaine, and smoking studies have
demonstrated that craving was associated with a greater likelihood of use during the
subsequent treatment week [53, 54, 60, 62].

Why craving's predictive power would diminish over time is unknown. It has been
suggested that withdrawal severity declines from a high initial peak within 24 hours of the
last use of methamphetamine through the first two week of abstinence [86]. Following this
phase, episodes of increased methamphetamine craving may reemerge [87]. Animal models
predict the reemergence of craving following intial abstinence from stimulants, but suggest
further that craving does not decay, but rather increases progressively, over a two-month
withdrawal period [88]. In a recent study [89], both treatment arms (assertive follow-up and
coordinated care approaches) showed an increase in desire for methamphetamine during the
past 24 hours at 6-months post-treatment compared to baseline measures following the acute
treatment of methamphetamine-induced psychosis. Studies regarding the decay of craving
during the treatment of methamphetamine dependence are needed.

At the one-week endpoint, AUC suggests that methamphetamine craving was a fair
predictor [76] of ongoing methamphetamine use. In a similar in-treatment population, for
example, for every 100 observations, 30 (prevalence) would be true positives (actual
subsequent use). With substandard sensitivity of 47%, craving would detect only 14 (hits) of
those 30, leaving 16 undetected (misses). With good sensitivity (82%), of the 70 negatives
(actual subsequent nonuse), craving would detect 57 (true negatives) and incorrectly classify
13 as positive (false positives). In absolute numbers, assessment would result in slightly
more hits than false positive results (false alarms).
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Several factors may have mitigated against the detection of true positives. Analyses may
have been limited due to the high percentage of observations with craving scores equal to 0
or the low overall use rate. There may have been more actual use, but the relatively
infrequent (weekly) toxicological verification used in this study may have contributed to the
low prevalence of ongoing methamphetamine use. Still, the low sensitivity of craving
suggests the need for improved ways to measure the immediate antecedents of actual
methamphetamine use. One approach would be to measure craving and methamphetamine
use more often than once per week. Electronic technology, e.g., ecological momentary
assessment [90] via interactive voice response (IVR) over cellular telephones [91] could
make real-time assessment both practical and advantageous. Another way to increase
sensitivity without sacrificing specificity would be a parallel testing strategy, assessing
simultaneously and using several valid predictors rather than one. For example, variables
could be included in the prediction model to assess the predictive accuracy of craving and
other variables believed to be relevant, such as stress [92], withdrawal [93], mood [94], and
cue exposure [95].

Subjects also were users of alcohol, cigarettes, and marijuana in addition to
methamphetamine. Concurrent use of substances other than drug of choice has been a valid
predictor of ongoing use in outpatient treatment for cocaine dependence [59], while craving
for one substance may be associated with increased craving for other dugs [96,97]. A recent
study [98], however, showed that most of the time methamphetamine was used alone,
cigarette smoking was not associated with using methamphetamine, and neither alcohol nor
marijuana increased the likelihood of ongoing methamphetamine use.

This study may also have been limited by the assessment of craving using a single item
[99,100]. Craving is commonly assessed in this manner, but a more recent trend has been the
development of multifactorial scales [26], such as the Desires for Speed Questionnaire [101]
and the Amphetamine Withdrawal Questionnaire [102] that could address multidimensional
craving for methamphetamine. Flannery et al. [60] reported that craving as measured by
multiple scales (the Penn Alcohol Craving Scale, the Alcohol Urge Questionnaire, and items
1-6 of the Obsessive Compulsive Drinking Scale) was a stronger predictor of subsequent
drinking than was drinking during the prior week. When comparing 14 craving instruments,
however, a single item VAS was found to be more accurate at assessing weekly fluctuations
in cocaine craving than a multidimensional questionnaire [44]. A single item also is simple
and efficient to use. Therefore, a single item was thought to provide an accurate assessment
of craving in the present study.

In addition, the use of the term “craving” in a single-item questionnaire has previously been
thought to produce an excess of false positive effects [25,103]. But, a major finding in this
study is the low number of false alarms. VAS craving also displayed consistently good
specificity, such that the proportion of false alarms (false positive rates) did not increase as
the number of observations increased and remained low across all assessment periods. The
negative predictive value at the one week endpoint indicated further that for 79 out every
100 observations that fell below the cut-off, no actual use of methamphetamine took place.
This suggests craving would be useful in a sequential screening paradigm [77], e.g., to select
candidate medications for the treatment of methamphetamine disorders prior to conducting
large scale clinical trials [104].

Furthermore, though predictions exhibited declines in accuracy in relationship to the number
of weeks post-craving assessment as craving scores increased (Figure 2), craving scores
closer to 0 showed consistent accuracy in predicting nonuse of methamphetamine over the
same endpoints. These findings suggest lower levels of craving might be more meaningful
than elevated scores, which may have been mediated or moderated by factors not included in
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the prediction model. For example, little is known about patients' ability to cope with these
desires as time passes ([26]), including the learning of skills to manage craving and lifestyle
changes that reduce the urge to use to use methamphetamine. Whether the craving
assessments themselves served as a deterrent to ongoing methamphetamine use should be a
topic for further study.

On the other hand, the significant findings on temporal proximity and craving suggest that
some patients and clients were at short-term risk for relapse. A craving score (marker) at or
above the cut-off provided some evidence for early detection (59% post-assessment
probability of use), a 29% increase in predictive efficiency (cf. 30% prevalence). In this
case, clinicians may decide to increase intervention intensity. In instances where the marker
was below the cut-off value, clinicians might decide not to alter the treatment plan of a
patient who had only a one-in-five chance (22% post-assessment probability) of
methamphetamine use in the subsequent week.

Prediction, however, is not explanation. Whereas craving may predict the occurrence or
nonoccurrence of methamphetamine use during treatment, the model does not help explain
whether craving is a causal or contributing factor to ongoing methamphetamine use, whether
use engenders craving, or both. Craving served as a surrogate for ongoing use, however,
self-reported craving could be a proxy for withdrawal [10], signal drug availability [25], or
reflect cognitive processes, such as conflict between the inclination to approach use and the
inclination to avoid relapse [105] or planning and intention to use [106] methamphetamine.
Many other more salient and temporally linked factors may also contribute to drug seeking
and serve as motivational factors for methamphetamine use, for days or weeks after the
craving experience. Clues have been provided by other researchers [107,108], who have
proposed that an important set of contributing factors of methamphetamine use is the
unpleasant emotional and cognitive impairments that accompany the abstinence syndrome
for days to months after methamphetamine use is stopped. Stress also may play a significant
role in methamphetamine use [109,110]. Another underdeveloped area is positive
expectancies [111], which has been recently implicated as a key factor in methamphetamine
use [112]. Having included these measures might speak to convergent or discriminant
validity of the single-item craving construct in this study as well as provide a possible
alternative explanation for what appears to be the influence of craving here.

Nevertheless, clinical decisions and contemporary practice are informed by systematic
evidence. We found a linear time-lagged correlation between craving intensity scores and
drug use, such that use followed craving independent of time in treatment or recent use of
methamphetamine. Put another way, craving is a potential risk marker sufficiently distal
from the endpoint to provide time to intervene and prevent ongoing drug use. Findings also
suggest that the optimal window of opportunity for intervention is within one, or perhaps
two, weeks. Markedly elevated craving scores also may indicate a worsened prognosis for as
long as two months. We hypothesize that interventions that reduce craving will reduce
subsequent methamphetamine use. Time-limited (brief), cognitive-behavioral therapy has
been efficacious in improving patients' confidence in their ability to resist craving to use
methamphetamine [113]. Whether or not treatments for methamphetamine dependence are,
in addition to increasing confidence about resisting craving, also able to suppress craving
and thereby prevent the ensuing use of methamphetamine warrants investigation.

Acknowledgments
Data collection was funded by the Center for Substance Abuse Treatment, Substance Abuse and Mental Health
Services Administration, US Department of Health and Human Services (grant numbers TI 11410, TI 11411, TI
11425, TI 11427, TI 11440, TI 11441, TI 11443, TI 11484). Data analysis was funded by the National Institute on
Drug Abuse, National Institutes of Health, US Department of Health and Human Services (grant number P50

Galloway et al. Page 13

Subst Abuse. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DA018179). We wish to thank the investigators and staff of the Methamphetamine Treatment Project for
assembling the dataset and Roxanne D. Ryan for extensive editing of the manuscript.

References
1. Markou A, et al. Animal models of drug craving. Psychopharmacology (Berl). 1993; 112(2-3):163–

82. [PubMed: 7871016]
2. Robinson TE, Berridge KC. The neural basis of drug craving: an incentive-sensitization theory of

addiction. Brain Res Brain Res Rev. 1993; 18(3):247–91. [PubMed: 8401595]
3. Ciccocioppo R. The role of serotonin in craving: from basic research to human studies. Alcohol

Alcohol. 1999; 34(2):244–53. [PubMed: 10344784]
4. Marlatt GA. Taxonomy of high-risk situations for alcohol relapse: evolution and development of a

cognitive-behavioral model. Addiction. 1996; 91(Suppl):S37–49. [PubMed: 8997780]
5. Marlatt GA. Do animal models provide a valid analogue for human drug lapse and relapse?

Comment on Leri and Stewart (2002). Exp Clin Psychopharmacol. 2002; 10(4):359–60. discussion
364-6. [PubMed: 12498331]

6. Everitt BJ, Robbins TW. Second-order schedules of drug reinforcement in rats and monkeys:
measurement of reinforcing efficacy and drug-seeking behaviour. Psychopharmacology (Berl).
2000; 153(1):17–30. [PubMed: 11255926]

7. See RE. Neural substrates of conditioned-cued relapse to drug-seeking behavior. Pharmacol
Biochem Behav. 2002; 71(3):517–29. [PubMed: 11830186]

8. Weiss F. Neurobiology of craving, conditioned reward and relapse. Curr Opin Pharmacol. 2005;
5(1):9–19. [PubMed: 15661620]

9. Volkow ND, et al. Cocaine cues and dopamine in dorsal striatum: mechanism of craving in cocaine
addiction. J Neurosci. 2006; 26(24):6583–8. [PubMed: 16775146]

10. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. 4th.
Washington, DC: American Psychiatric Association; 1994. Revised (DSM-IV)

11. Drummond DC, Phillips TS. Alcohol urges in alcohol-dependent drinkers: further validation of the
Alcohol Urge Questionnaire in an untreated community clinical population. Addiction. 2002;
97(11):1465–72. [PubMed: 12410786]

12. de Bruijn C, et al. The craving withdrawal model for alcoholism: towards the DSM-V. Improving
the discriminant validity of alcohol use disorder diagnosis. Alcohol Alcohol. 2005; 40(4):314–22.
[PubMed: 15883129]

13. Thomas SE, Drobes DJ, Deas D. Alcohol cue reactivity in alcohol-dependent adolescents. J Stud
Alcohol. 2005; 66(3):354–60. [PubMed: 16047524]

14. International Statistical Classification of Diseases and Health Related Problems (The). ICD-10.
Second Edition. World Health Organization. Geneva, Switzerland: World Health Organization;
2005.

15. O'Brien CP, et al. Conditioning factors in drug abuse: can they explain compulsion? J
Psychopharmacol. 1998; 12(1):15–22. [PubMed: 9584964]

16. Da Silveira DX, et al. Predicting craving among cocaine users. Addict Behav. 2006; 31(12):2292–
7. [PubMed: 16574330]

17. Rohsenow DJ, et al. Cocaine craving as a predictor of treatment attrition and outcomes after
residential treatment for cocaine dependence. J Stud Alcohol Drugs. 2007; 68(5):641–8. [PubMed:
17690796]

18. Marlatt, GA. Cognitive factors in the relapse process. In: Marlatt, GA.; Gordon, JR., editors.
Relapse Prevention: Maintenance Strategies in the Treatment of Addiction Behaviors. Guilford;
New York: 1985. p. 128-200.

19. Dudish-Poulsen S, Hatsukami D. Dissociation between subjective and behavioral responses after
cocaine stimuli presentations. Drug Alcohol Depend. 1997; 47:1–9. [PubMed: 9279492]

20. Dudish-Poulsen S, Hatsukami DK. Acute abstinence effects following smoked cocaine
administration in humans. Exp Clin Psychopharmacol. 2000; 8(4):472–82. [PubMed: 11127419]

Galloway et al. Page 14

Subst Abuse. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



21. Houtsmuller EJ, Stitzer ML. Manipulation of cigarette craving through rapid smoking: efficacy and
effects on smoking behavior. Psychopharmacology (Berl). 1999; 142(2):149–57. [PubMed:
10102767]

22. Carter BL, Tiffany ST. Meta-analysis of cue-reactivity in addiction research. Addiction. 1999;
94(3):327–40. [PubMed: 10605857]

23. Tiffany ST, Conklin CA. A cognitive processing model of alcohol craving and compulsive alcohol
use. Addiction. 2000; 95 2:S145–53. [PubMed: 11002909]

24. Litt MD, Cooney NL, Morse P. Reactivity to alcohol-related stimuli in the laboratory and in the
field: predictors of craving in treated alcoholics. Addiction. 2000; 95(6):889–900. [PubMed:
10946438]

25. Hughes J. Craving as a Psychological Construct. British Journal of Addiction. 1987; 82:38–9.
26. Singleton EG, Gorelick DA. Mechanisms of alcohol craving and their clinical implications. Recent

Dev Alcohol. 1998; 14:177–95. [PubMed: 9751946]
27. Vocci F, Ling W. Medications development: successes and challenges. Pharmacol Ther. 2005;

108(1):94–108. [PubMed: 16083966]
28. Epstein DH, et al. Toward a model of drug relapse: an assessment of the validity of the

reinstatement procedure. Psychopharmacology (Berl). 2006; 189(1):1–16. [PubMed: 17019567]
29. Cohn JN. Introduction to surrogate markers. Circulation. 2004; 109(25 Suppl 1):IV20–1. [PubMed:

15226247]
30. Miller WR, et al. What predicts relapse? Prospective testing of antecedent models. Addiction.

1996; 91(Suppl):S155–72. [PubMed: 8997790]
31. Walton MA, et al. Individual and social/environmental predictors of alcohol and drug use 2 years

following substance abuse treatment. Addict Behav. 2003; 28(4):627–42. [PubMed: 12726780]
32. Modell JG, et al. Obsessive and compulsive characteristics of alcohol abuse and dependence:

quantification by a newly developed questionnaire. Alcohol Clin Exp Res. 1992; 16(2):266–71.
[PubMed: 1590548]

33. Connor JP, Feeney GF, Young RM. A comparison of the Yale-Brown Obsessive Compulsive Scale
for “heavy drinking” with a single item craving measure: construct validity and clinical utility.
Subst Use Misuse. 2005; 40(4):551–61. [PubMed: 15830736]

34. Anton RF, Moak DH, Latham P. The Obsessive Compulsive Drinking Scale: a self-rated
instrument for the quantification of thoughts about alcohol and drinking behavior. Alcohol Clin
Exp Res. 1995; 19(1):92–9. [PubMed: 7771669]

35. Kranzler HR, et al. Validity of the Obsessive Compulsive Drinking Scale (OCDS): does craving
predict drinking behavior? Alcohol Clin Exp Res. 1999; 23(1):108–14. [PubMed: 10029210]

36. Bottlender M, Soyka M. Impact of craving on alcohol relapse during, and 12 months following,
outpatient treatment. Alcohol Alcohol. 2004; 39(4):357–61. [PubMed: 15208171]

37. Flannery BA, Volpicelli JR, Pettinati HM. Psychometric properties of the Penn Alcohol Craving
Scale. Alcohol Clin Exp Res. 1999; 23(8):1289–95. [PubMed: 10470970]

38. Monti PM, Rohsenow DJ, Hutchison KE. Toward bridging the gap between biological,
psychobiological and psychosocial models of alcohol craving. Addiction. 2000; 95(Suppl
2):S229–36. [PubMed: 11002917]

39. Monti PM, et al. Naltrexone's effect on cue-elicited craving among alcoholics in treatment.
Alcohol Clin Exp Res. 1999; 23(8):1386–94. [PubMed: 10470982]

40. Negrete JC, Emil S. Cue-evoked arousal in cocaine users: a study of variance and predictive value.
Drug Alcohol Depend. 1992; 30(2):187–92. [PubMed: 1321711]

41. Margolin A, Avants SK, Kosten TR. Cue-elicited cocaine craving and autogenic relaxation.
Association with treatment outcome. J Subst Abuse Treat. 1994; 11(6):549–52. [PubMed:
7884838]

42. Weiss RD, Griffin ML, Hufford C. Craving in hospitalized cocaine abusers as a predictor of
outcome. Am J Drug Alcohol Abuse. 1995; 21(3):289–301. [PubMed: 7484980]

43. Weiss RD, et al. Early prediction of initiation of abstinence from cocaine. Use of a craving
questionnaire. Am J Addict. 1997; 6(3):224–31. [PubMed: 9256988]

Galloway et al. Page 15

Subst Abuse. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



44. Singleton, E., et al. Craving and drug use during treatment. In: Harris, L., editor. Problems of drug
dependence 1998: Proceedings of the 60th Annual Scientific Meeting, the Committee on Problems
of Drug Dependence, Inc. Government Printing Office; Washington, D.C.: 1999.

45. Heinz AJ, et al. Heroin and cocaine craving and use during treatment: measurement validation and
potential relationships. J Subst Abuse Treat. 2006; 31(4):355–64. [PubMed: 17084789]

46. Hartz DT, Frederick-Osborne SL, Galloway GP. Craving predicts use during treatment for
methamphetamine dependence: a prospective, repeated-measures, within-subject analysis. Drug
Alcohol Depend. 2001; 63(3):269–76. [PubMed: 11418231]

47. Shiffman S. A cluster-analytic classification of smoking relapse episodes. Addict Behav. 1986;
11(3):295–307. [PubMed: 3739816]

48. Miller NS, Gold MS. Dissociation of “conscious desire” (craving) from and relapse in alcohol and
cocaine dependence. Ann Clin Psychiatry. 1994; 6(2):99–106. [PubMed: 7804394]

49. Hammersley R. A digest of memory phenomena for addiction research. Addiction. 1994; 89(3):
283–93. [PubMed: 8173494]

50. Shiffman S, et al. Remember that? A comparison of real-time versus retrospective recall of
smoking lapses. J Consult Clin Psychol. 1997; 65(2):292–300. [PubMed: 9086693]

51. Ludwig AM, Wikler A, Stark LH. The first drink: psychobiological aspects of craving. Arch Gen
Psychiatry. 1974; 30(4):539–47. [PubMed: 4131353]

52. Ludwig A, Wikler A. “Craving” and relapse to drink. Quarterly Journal of Studies on Alcoholism.
1974; 35:108–130.

53. Killen JD, et al. Prospective study of factors influencing the development of craving associated
with smoking cessation. Psychopharmacology (Berl). 1991; 105(2):191–6. [PubMed: 1796127]

54. Killen JD, Fortmann SP. Craving is associated with smoking relapse: findings from three
prospective studies. Exp Clin Psychopharmacol. 1997; 5(2):137–42. [PubMed: 9234050]

55. Killen JD, et al. Extended treatment with bupropion SR for cigarette smoking cessation. J Consult
Clin Psychol. 2006; 74(2):286–94. [PubMed: 16649873]

56. Harrington N. The craving factor in the treatment of smoking. Br J Soc Clin Psychol. 1978; 17(4):
363–71. [PubMed: 698505]

57. Shiffman S, et al. First lapses to smoking: within-subjects analysis of real-time reports. J Consult
Clin Psychol. 1996; 64(2):366–79. [PubMed: 8871421]

58. Shiffman S, Waters AJ. Negative affect and smoking lapses: a prospective analysis. J Consult Clin
Psychol. 2004; 72(2):192–201. [PubMed: 15065954]

59. Alterman AI, et al. Baseline prediction of 7-month cocaine abstinence for cocaine dependence
patients. Drug Alcohol Depend. 2000; 59(3):215–21. [PubMed: 10812282]

60. Flannery BA, et al. Alcohol craving predicts drinking during treatment: an analysis of three
assessment instruments. J Stud Alcohol. 2003; 64(1):120–6. [PubMed: 12608492]

61. Zeger SL, Liang KY. Longitudinal data analysis for discrete and continuous outcomes. Biometrics.
1986; 42(1):121–30. [PubMed: 3719049]

62. Weiss RD, et al. The relationship between cocaine craving, psychosocial treatment, and subsequent
cocaine use. Am J Psychiatry. 2003; 160(7):1320–5. [PubMed: 12832248]

63. Hardin, JW.; Hilby, JM. Generalized Estimating Equations. Boca Raton, FL: Chapman & Hall/
CRC; 2002.

64. Rawson RA, et al. A multi-site comparison of psychosocial approaches for the treatment of
methamphetamine dependence. Addiction. 2004; 99(6):708–17. [PubMed: 15139869]

65. Galloway GP, et al. Treatment-as-usual in the methamphetamine treatment project. J Psychoactive
Drugs. 2000; 32(2):165–75. [PubMed: 10908004]

66. Huber A, et al. The CSAT Methamphetamine Treatment Program: Research design
accommodations for “real world” application. J Psychoactive Drugs. 2000; 32(2):149–56.
[PubMed: 10908002]

67. Obert JL, et al. The matrix model of outpatient stimulant abuse treatment: history and description. J
Psychoactive Drugs. 2000; 32(2):157–64. [PubMed: 10908003]

68. Huber A, et al. Integrating treatments for methamphetamine abuse: a psychosocial perspective.
Journal of Addictive Diseases. 1997; 16(4):41–50. [PubMed: 9328808]

Galloway et al. Page 16

Subst Abuse. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



69. Rawson R, et al. Methamphetamine and cocaine users: differences in characteristics and treatment
retention. J Psychoactive Drugs. 2000; 32(2):233–8. [PubMed: 10908013]

70. McCullagh, P.; Nelder, JA. Generalized Linear Models. 2nd. London: Chapman & Hall; 1989.
71. Reinhardt, B. Estimating result replicability using double cross-validation and bootstrap methods.

Annual Meeting of the American Educational Research Association; San Francisco, CA. 1992.
72. Thompson B. The use of statistical significance tests in research: Bootstrap and other alternatives.

Journal of Experimental Education. 1993; 61(4):361–377.
73. Littell, RC., et al. SAS® System for Mixed Models. Cary, North Carolina: SAS Institute, Inc.;

1996.
74. Liu H, et al. Testing Statistical Significance of the Area under a Receiving Operating

Characteristics Curve for Repeated Measures Design with Bootstrapping. Journal of Data Science.
2005; 3:257–278.

75. Swets JA. Measuring the accuracy of diagnostic systems. Science. 1988; 240(4857):1285–93.
[PubMed: 3287615]

76. Hosmer, D. Applied logistic regression. 2nd. L, S., editor. New York: John Wiley & Sons, Inc.;
2000. p. 160-167.

77. Derogatis, LR.; Lynn, LL. Psychological Tests in Screening Psychiatric Disorders. In: Maruish,
ME., editor. The Use of Psychological Testing for Treatment Planning And Outcome Assessment.
Lawrence Erlbaum Associates; Mahwah: 1999. p. 41-80.

78. Sackett DL. The fall of “clinical research” and the rise of “clinical-practice research”. Clin Invest
Med. 2000; 23(6):379–81. [PubMed: 11152406]

79. Akobeng AK. Understanding diagnostic tests 1: sensitivity, specificity and predictive values. Acta
Paediatr. 2007; 96(3):338–41. [PubMed: 17407452]

80. Akobeng AK. Understanding diagnostic tests 2: likelihood ratios, pre- and post-test probabilities
and their use in clinical practice. Acta Paediatr. 2007; 96(4):487–91. [PubMed: 17306009]

81. Corporation, M. Excel. Microsoft Corporation; 2003.
82. Cleveland WS. LOWESS: A Program for Smoothing Scatterplots by Robust Locally Weighted

Regression. Amer Stat. 1981; 35:54.
83. Friendly, M. SAS Macro Programs for Statistical Graphics: LOWESS Version: 2.2. 2003.

Available at:
http://209.85.165.104/search?q=cache:qzYXq3x7C9QJ:www.math.yorku.ca/SCS/sssg/
lowess.html+SAS+PROC+LOWESS+Friendly+2003&hl=en&ct=clnk&cd=1&gl=us

84. Cordeiro GM, McCullagh P. Bias correction in generalized linear models. Journal of the Royal
Statistical Society. 1991; B 53:629–643.

85. Metz CE. Basic principles of ROC analysis. Semin Nucl Med. 1978; 8(4):283–98. [PubMed:
112681]

86. Hillhouse MP, et al. The nature, time course and severity of methamphetamine withdrawal.
Addiction. 2005; 100:1320–1329. [PubMed: 16128721]

87. SAMHSA. Treatment Improvement Protocol (TIP) Series 33. Treatment for Stimulant Use
Disorders: Methamphetamine & Cocaine. SAMHSA Substance Abuse and Mental Health Services
Administration; Rockville, MD: 1999.

88. Grimm JW, et al. Neuroadaptation. Incubation of cocaine craving after withdrawal. Nature. 2001;
412(6843):141–2. [PubMed: 11449260]

89. McIver, C., et al. Management of Methamphetamine Psychosis. Parkside, South Australia: Drug &
Alcohol Services; 2006.

90. Lin JL, et al. A high-level specification for adaptive ecological momentary assessment: real-time
assessment of drug craving, use and abstinence. AMIA Annu Symp Proc. 2005:455–9. [PubMed:
16779081]

91. Simpson TL, et al. Telephone self-monitoring among alcohol use disorder patients in early
recovery: a randomized study of feasibility and measurement reactivity. Drug Alcohol Depend.
2005; 79(2):241–50. [PubMed: 16002033]

Galloway et al. Page 17

Subst Abuse. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://209.85.165.104/search?q=cache:qzYXq3x7C9QJ:www.math.yorku.ca/SCS/sssg/lowess.html+SAS+PROC+LOWESS+Friendly+2003&hl=en&ct=clnk&cd=1&gl=us
http://209.85.165.104/search?q=cache:qzYXq3x7C9QJ:www.math.yorku.ca/SCS/sssg/lowess.html+SAS+PROC+LOWESS+Friendly+2003&hl=en&ct=clnk&cd=1&gl=us


92. Tata DA, Yamamoto BK. Interactions between methamphetamine and environmental stress: role
of oxidative stress, glutamate and mitochondrial dysfunction. Addiction. 2007; 102 1:49–60.
[PubMed: 17493053]

93. Ling W, et al. Management of methamphetamine abuse and dependence. Curr Psychiatry Rep.
2006; 8(5):345–54. [PubMed: 16968614]

94. Jaffe A, et al. Depression ratings, reported sexual risk behaviors, and methamphetamine use: latent
growth curve models of positive change among gay and bisexual men in an outpatient treatment
program. Exp Clin Psychopharmacol. 2007; 15(3):301–7. [PubMed: 17563217]

95. Bruehl AM, et al. Craving and control: methamphetamine users ' narratives. J Psychoactive Drugs.
2006 3:385–92. [PubMed: 17357530]

96. Frosch DL, et al. Associations between tobacco smoking and illicit drug use among methadone-
maintained opiate-dependent individuals. Exp Clin Psychopharmacol. 2000; 8(1):97–103.
[PubMed: 10743909]

97. Taylor RC, et al. Tobacco craving: intensity-related effects of imagery scripts in drug abusers. Exp
Clin Psychopharmacol. 2000; 8(1):75–87. [PubMed: 10743907]

98. Chudzynski, J., et al. Naturalistic observations of polysubstance use among methamphetamine
abusers. Annual Meeting of CPDD; Miami, FL. 2003.

99. Sayette MA, et al. The measurement of drug craving. Addiction. 2000; 95 2:S189–210. [PubMed:
11002914]

100. Tiffany ST, Carter BL, Singleton EG. Challenges in the manipulation, assessment and
interpretation of craving relevant variables. Addiction. 2000; 95 2:S177–87. [PubMed:
11002913]

101. James D, Davies G, Willner P. The development and initial validation of a questionnaire to
measure craving for amphetamine. Addiction. 2004; 99(9):1181–8. [PubMed: 15317639]

102. Srisurapanont M, Jarusuraisin N, Jittiwutikan J. Amphetamine withdrawal: I. Reliability, validity
and factor structure of a measure Aust N Z. J Psychiatry. 1999; 33(1):89–93.

103. Kozlowski LT, Wilkinson DA. Use and misuse of the concept of craving by alcohol, tobacco, and
drug researchers. Br J Addict. 1987; 82(1):31–45. [PubMed: 3470042]

104. Nell, PG.; Mundt, SM. Chemoinformatic tools for high-throughput screening data analysis. In:
Hüser, J., editor. High-Throughput Screening in Drug Discovery. Wiley-VCH; Berlin, Germany:
2007.

105. Breiner MJ, Stritzke WG, Lang AR. Approaching avoidance. A step essential to the
understanding of craving. Alcohol Res Health. 1999; 23(3):197–206. [PubMed: 10890815]

106. Tiffany ST. A cognitive model of drug urges and drug-use behavior: role of automatic and
nonautomatic processes. Psychol Rev. 1990; 97(2):147–68. [PubMed: 2186423]

107. Rawson RA, et al. Status of methamphetamine users 2-5 years after outpatient treatment. J Addict
Dis. 2002; 21(1):107–19. [PubMed: 11831496]

108. Simon SL, et al. The effect of relapse on cognition in abstinent methamphetamine abusers. J
Subst Abuse Treat. 2004; 27(1):59–66. [PubMed: 15223095]

109. Soderpalm A, Nikolayev L, De Wit H. Effects of stress on responses to methamphetamine in
humans. Psychopharmacology (Berl). 2003

110. Sinha R, Li CS. Imaging stress- and cue-induced drug and alcohol craving: association with
relapse and clinical implications. Drug Alcohol Rev. 2007; 26(1):25–31. [PubMed: 17364833]

111. Wilson SJ, et al. Instructed smoking expectancy modulates cue-elicited neural activity: a
preliminary study. Nicotine Tob Res. 2005; 7(4):637–45. [PubMed: 16085533]

112. Ogai Y, et al. Development and validation of the Stimulant Relapse Risk Scale for drug abusers in
Japan. Drug Alcohol Depend. 2007; 88(2-3):174–81. [PubMed: 17118576]

113. Yen CF, et al. Effects of brief cognitive-behavioral interventions on confidence to resist the urges
to use heroin and methamphetamine in relapse-related situations. J Nerv Ment Dis. 2004;
192(11):788–91. [PubMed: 15505525]

Galloway et al. Page 18

Subst Abuse. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Examples of craving-methamphetamine use lagged pairs
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Fig. 2.
LOWESS analysis of craving vs. methamphetamine use

Galloway et al. Page 20

Subst Abuse. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Relationships between craving and subsequent methamphetamine use
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Fig. 4.
Probability of use of methamphetamine after minimal and maximal craving scores
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Table 1

Demographic and Clinical Characteristics

Age, years Mean (SD) 32.7 (8.2)

Female N (%) 355 (51.5)

Ethnicity N (%)

  Caucasian 430 (62.6)

  Hispanic 81 (11.8)

  Asian 48 (7.0)

  Pacific Islander 45 (6.5)

  Multiracial 45 (6.5)

  Native American 15 (2.2)

  African American 13 (1.9)

  Other 10 (1.5)

 Usual Route of methamphetamine administration N (%)

  Smoking 419 (61.3)

  Insufflation 169 (24.7)

  Injection 83 (12.1)

  Oral 13 (1.9)

Days of methamphetamine use, past 30 Days Mean (SD) 12.4 (9.7)

Years of lifetime methamphetamine use Mean (SD) 5.4 (5.1)
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