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BACKGROUND: Risk of overdose, suicide, and other ad-
verse outcomes are elevated among sub-populations pre-
scribed opioid analgesics. To address this, the Veterans
Health Administration (VHA) developed the Stratification
Tool for Opioid Risk Mitigation (STORM)—a provider-
facing dashboard that utilizes predictive analytics to
stratify patients prescribed opioids based on risk for over-
dose/suicide.
OBJECTIVE: To evaluate the impact of the case review
mandate on serious adverse events (SAEs) and all-cause
mortality among high-risk Veterans.
DESIGN: A 23-month stepped-wedge cluster randomized
controlled trial in all 140 VHA medical centers between
2018 and 2020.
PARTICIPANTS: A total of 44,042 patients actively pre-
scribed opioid analgesics with high STORM risk scores
(i.e., percentiles 1% to 5%) for an overdose or suicide-
related event.
INTERVENTION: A mandate requiring providers to per-
form case reviews on opioid analgesic-prescribed patients
at high risk of overdose/suicide.
MAIN MEASURES: Nine serious adverse events (SAEs),
case review completion, number of risk mitigation strate-
gies, and all-cause mortality.
KEYRESULTS:Mandated review inclusion was associat-
edwith a significant decrease in all-causemortalitywithin
4 months of inclusion (OR: 0.78; 95% CI: 0.65–0.94).
There was no detectable effect on SAEs. Stepped-wedge
analyses found that mandated review patients were five
times more likely to receive a case review than non-
mandated patients with similar risk (OR: 5.1; 95% CI:
3.64–7.23) and received more risk mitigation strategies
than non-mandated patients (0.498; CI: 0.39–0.61).

CONCLUSIONS: Among VHA patients prescribed opioid
analgesics, identifying high risk patients and mandating
they receive an interdisciplinary case review was associ-
ated with a decrease in all-cause mortality. Results sug-
gest that providers can leverage predictive analytic-
targeted population health approaches and interdisci-
plinary collaboration to improve patient outcomes.
TRIAL REGISTRATION: ISRCTN16012111
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INTRODUCTION

Growing concerns about risks associated with prescribed
opioids have motivated efforts to improve opioid safety.1–3

These efforts have typically focused on all patients with cer-
tain characteristics associated with risk,4–8 including mental
health diagnoses, substance use disorder, medical complexi-
ty,9–13 care coordination challenges,14 treatment disengage-
ment,15 and interacting pharmacotherapies.16,17 While opioid
safety initiatives can improve outcomes18,19, their effective-
ness is limited by clinician time20,21 and they potentially invite
undertreatment of pain 22,23 and/or disengagement from care.
The proactive identification of patients at high risk of adverse
outcomes from opioid prescriptions and the provision of tar-
geted, interdisciplinary case review could address these chal-
lenges and promote improvement in patient outcomes.
In 2018, the Veterans Health Administration (VHA) man-

dated a case review intervention that targeted opioid analgesic
prescribed patients at high risk of adverse outcomes.11 The
national VHA policy governing the intervention required pro-
viders with expertise in the treatment of common key risk
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factors to collaborate on a coherent treatment strategy to
augment care for specific high-risk patients. Those patients
were identified for providers in a clinical decision support
system—the Stratification Tool for Opioid Risk Mitigation
(STORM) (see Appendix A, B). Providers conducting case
reviews were encouraged to use the STORM dashboard to
evaluate each patient’s risk factors and determine the need for
treatment plan revisions or care augmentation.
The intervention was implemented with a stepped-wedge

cluster randomized design. Specifically, the case review man-
date applied first to patients with the top 1% of predicted risk
of experiencing an overdose or suicide-related event in the
next year. Then, at different times at randomly selected med-
ical centers, the threshold was raised to 5%. Our study exploits
this randomized policy intervention to address the following
three questions: (1) Does a risk-targeted interdisciplinary case
review mandate have an impact on the probability of experi-
encing serious adverse events? (2) Does the mandate have an
impact on all-cause mortality? And (3) does the mandate
increase the probability that targeted patients receive an inter-
disciplinary case review?

METHODS

Intervention: STORM Dashboard and Case
Review Program

STORM is a population management dashboard that uses
predictive analytics to stratify patients according to risk
for an overdose- or suicide-related event within the next
year and provides decision support based on clinical prac-
tice guideline recommendations. The predictive algorithm
has been previously validated, and incorporates multiple
factors in modeling risk for adverse events, including
mental health and substance use disorders, high-dose opi-
oid prescriptions, prior adverse events, previous detoxifi-
cation treatments, and emergency department encounters,
among others11. STORM provides risk estimates, risk
factor summaries, tracking of recommended risk mitiga-
tion interventions, and information to support care coor-
dination across providers and medical centers.11 Absolute
risk model estimates (presented as percentages) are aug-
mented by a categorical rating of risk level as “very high,”
“high,” “medium,” or “low.”
On March 8, 2018, VHA issued Notice 2018-08, which

mandated development of interdisciplinary teams to conduct
case reviews for all patients categorized as “very high” risk on
the STORM dashboard (see Appendix A). At the time of
Notice issue, “very high” risk was defined as having a pre-
dicted risk greater than a cutoff of 16.56%, equivalent to being
in the top 1% of predicted risk scores nationally at the time of
study design. The mandated case review required a review of a
patient’s SAE risk, prescriptions, and risk mitigation strate-
gies, and was documented in the medical record.

Trial Design

The STORM trial was a 23-month, stepped-wedge cluster
randomized trial designed to evaluate the impact of the tar-
geted interdisciplinary case review program. Two patient
cohorts were created for this study: a treatment cohort who
received “very high” risk categorization on the dashboard, and
a control cohort who did not. To create the treatment cohort,
VHA randomly assigned facilities to expand the “very high”
risk designation threshold over time from a cutoff equivalent
to within the top 1% nationally to a cutoff equivalent to within
the top 5% nationally (i.e., an estimated risk greater than
6.09%).24

Randomization

All 140 VHA medical centers were included in the study and
were allocated to one of two clusters (i.e., early versus late
expansion of the “very high” risk cohort from top 1% to top
5%) using permuted block randomization.24 All medical cen-
ters were blinded to assignment and received the treatment by
the end of the study (Figure 1). Each medical center entered
the study on 4/18/2018 in the control condition and randomly
switched to the treatment condition in two waves: 2/12/2019
(study month 11) or 8/13/2019 (study month 17). The last day
of patient enrollment was 9/9/2019, but follow-up data collec-
tion continued for an additional 127 days until 3/15/2020, at
which point the global SARS-Covid pandemic began altering
VHA utilization patterns.25

Participants

Eligible participants were VHA patients with an active pre-
scription for opioids at any point during the study timeframe
with a predicted risk of an overdose or suicide-related event

excluded from the trial, as they were expected to benefit from
treatment, were always designated “very high” risk, and thus
never experienced variation in treatment over the course of the
study.
The trial protocol was previously published by BMJ Open

and registered at isrctn.com with registration number
ISRCTN16012111.24 Randomized rollout of the risk-
expansion occurred as part of national clinical operations
program implementation, and evaluation of the randomized
rollout was approved by the VA Boston Healthcare System
IRB and R&D Committees (Protocol#3069; approved
March 2017).

Outcomes and Data Collection

The primary outcomes of interest were incidence of nine
different SAEs that may be impacted by opioid use within
127 days following the first day of “very high” risk designa-
tion. SAEs included motor vehicle accident, other accidents,
accidental falls, opioid overdose, other drug overdose,

376 Strombotne et al.: STORM Impact on Patients Prescribed Opioids JGIM

between the top 1 and 5% of all patients nationally. Partic-
ipants with a risk score between the top 0.01% and 1% were
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sedative overdose, acetaminophen overdose, possible and
confirmed suicide-related events, and opioid detoxification
(see Appendix C for International Classification of Diseases
(ICD)-10 codes, noting that accident and fall codes were
filtered to exclude those where the patient’s own behavior
was unlikely to contribute to risk). In addition, we included a
measure to capture experiencing any of the nine SAEs.
Secondary study outcomes included a dichotomous indica-

tor of case review completion and the number of risk mitiga-
tion strategies received following the first day of “very high”
risk designation, all documented in a patient’s EHR. Risk
mitigation strategies included receipt of a Naloxone kit, opioid
informed consent, timely follow-up, timely drug screen, psy-
chosocial assessment, psychosocial treatment, prescription
drug monitoring program, suicide safety plan, substance use
disorder treatment, and medication-assisted treatment.
The exploratory outcome was all-cause mortality, which

was collected from the Corporate Data Warehouse (CDW)
administrative mortality files. All outcome measures were
censored at 127 days, death, or when a control patient’s facility
switched from control to treatment condition (i.e., from the 1%
to the 5% threshold—see Figure 1).

Statistical Analysis

The analysis of a stepped-wedge randomized trial is conducted
by comparing all data in steps before treatment (controls) with
the steps after treatment.27 This approach leverages within-
cluster and between-cluster information to avoid confounding

the treatment effect with changes over time.28 Unlike in a
simple randomized controlled trial, controlling for time in a
stepped-wedge design is important to avoid confounding the
treatment effect with secular trends.
Statistical analysis was based on the principle of intention to

treat. A patient-level, binary logistic mixed model regression
was used to estimate the impact of treatment on the likelihood
of all outcomes. Time fixed effects (month indicators) were
included in the model to adjust for national variations in out-
comes over time throughout the study. Facility effects were
included to control for time-invariant differences between
medical centers. Ordinary least squares regression was used
to model the number of risk mitigation strategies. All models
controlled for individual baseline covariates, including socio-
demographic characteristics (i.e., sex, race, age, marital status,
homelessness) and co-morbidities (e.g., liver disease, hypo-
thyroidism). A complete list of covariates is available in Ap-
pendix D.
A statistically significant estimated treatment effect indi-

cates that the risk of experiencing an SAE or all-cause mor-
tality was affected by inclusion in the “very high” risk cohort
subject to mandated review. Standard errors were clustered at
the facility level.29

As a preliminary check on randomization, control and treat-
ment baseline patient characteristics were compared using
standardized differences.30 All statistical analyses were per-
formed using Stata 14.

Changes to Trial Protocol

Two important changes in methodology were made after trial
commencement. First, our original protocol outlined our in-
tention to use time-to-event Cox proportional hazards mod-
els.24 However, the proportional hazard assumption was vio-
lated by the differential impact of treatment on outcomes over
time.31 Nevertheless, results from informal analyses using
Cox models were similar to those presented in this manuscript
(Appendix E). Second, we included one additional outcome in
exploratory analyses: all-cause mortality. We examine mortal-
ity because it is universally recorded in our data and is not

Step 0 (All Control)
April 2018-January 2019

Step 1 (Treatment for Medical 

Centers 1-70 Only)

February 2019-July2019

Step 2 (Treatment All Medical 

Centers)

August 2019-March 2020

Medical 

Centers 1-70

Medical 

Centers 71-

140

Timeline 

(month)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Figure 1 Stepped-wedge allocation of medical centers. Notes: Shaded cells represent treatment periods (5% threshold). White cells represent
control periods (1% threshold). The trial start date was April 18, 2018. Step wedge 1 occurred on Feb 12, 2019 (month 11) and step wedge 2
occurred on August 13, 2019 (month 17). The last day of patient enrollment was Nov 9, 2019 (end of month 19). Data collection continued for

127 days until March 15, 2020 (month 23)
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Sample Size

The target sample size was 140 medical centers with an
average of 352 patients, or 49,280 patients in total. Assuming
an intra-cluster correlation coefficient of 0.01 and an alpha of
0.05 provided at least 80% power to detect a relative differ-
ence of 15% between treatment and control groups (i.e., rate
differences at least as large as 0.009). Sample size calculations
were made using the Stata -steppedwedge- command and
accounted for changes in the composition of the treatment
group over time and clustering of observations by facility24,26.



subject to administrative documentation bias inherent in the
SAE records, which are only captured if a patient utilizes VHA
facilities. No additional outcomes were examined beyond
mortality.

Sensitivity Analyses

The design of this trial involved an open cohort, in which
a substantial number of individuals were identified and
designated as “very high” risk on the first day of the trial,
and other participants became eligible over the course of
the study.32 As such, many participants were exposed to
both control and treatment conditions if their medical
center transitioned from control to treatment during the
127 days of a patient’s follow-up window. In sensitivity
analyses, participants who entered into the study during a
control condition were allowed to contribute data to both
treatment and control conditions if their medical center
switched into the treatment condition and their underlying
risk scores were still within treatment (1–5%) range. In
sensitivity analyses, we expanded the cohort to include
patients who had risk scores eligible for “very high” risk
prior to the STORM trial start date. In additional analyses,
to test for the possibility that effect estimates are con-
founded by time trends in outcomes, we test the sensitiv-
ity of our estimates to the inclusion and exclusion of
different time periods over the 23-month study.

Role of the Funding Source

This work is supported by the VHA Office of Research and
Development (HSR&D SDR 16-196; QUERI PEC 16-001).

RESULTS

Participant Characteristics

A total of 44,042 unique patients were included in the study
(32,197 in the control condition and 11,845 in the treatment
condition). The characteristics of patients and their distribution
across control and treatment conditions are reported in Table 1.
The standardized differences suggest no major imbalances
among the control and treatment participants for sex, age, race,
marital status, homelessness, number of comorbidities, or
underlying predicted risk scores. Of the 28 individual comor-
bidities examined, only standardized differences in alcohol
abuse were greater than 0.10.

Primary Outcome: Serious Adverse Events

The unadjusted prevalence of any SAE (composite) during
the study period was 12.2% in both the control and treat-
ment groups (Table 2). Documentation of the nine specific
SAEs was relatively rare, ranging from 0.03% for acet-
aminophen overdose to 7.3% for accidental falls. Al-
though there were small differences in the risk of Other

Accidents and Suicide-Related Events in the unadjusted
logistic models between control and treatment groups
(Table 3), these differences disappeared in the fully ad-
justed model.

Table 1 Baseline Characteristics of Patients in the STORM Stepped
Wedge Cluster Randomized Controlled Trial in 140 VHA Medical

Centers, 2018–2020

Control Treatment Std.
difference

Patients (n) 32,197 11,845
Male sex (%) 85.4 86.1 0.018
Age in years, mean (std.
dev.)

58.4
(13.6)

59.1 (14.1) -0.039

Race (%)
White 69.7 71.3 0.036
Black 24.0 22.4 0.036
Other 6.4 6.3 0.005

Ethnicity Hispanic or
Latino

6.8 7.4 0.022

Marital status (%)
Married 40.8 40.7 0.003
Single/never married 15.3 15.3 0.001
Divorced/separated/

widowed
43.5 43.6 0.003

Missing 0.4 0.4 0.004
Homelessness (%) 12.8 10.6 0.069
Raw risk score, mean (sd) 0.082

(0.024)
0.081
(0.024)

0.012

Comorbidities (%)
0 to 3 26.3 28.1 0.042
4 to 5 27.5 26.6 0.021
6 to 7 21.9 22.3 0.012
8+ 24.3 22.9 0.034
Congestive heart failure 19.1 18.7 0.011
Cardiac arrhythmias 26.5 26.8 0.007
Valvular disease 6.8 7.1 0.011
Pulmonary circulation

disorders
4.7 4.7 0.003

Peripheral vascular
disease

14.1 14.4 0.008

Hypertension
uncomplicated

59.8 59.6 0.005

Hypertension
complicated

11.4 11.0 0.015

Paralysis 2.9 3.1 0.012
Neurological disorders 17.7 17.0 0.019
Chronic pulmonary

disease
34.1 34.0 0.002

Diabetes w/o chronic
complication

31.3 30.6 0.015

Diabetes w/ chronic
complication

29.2 28.6 0.013

Hypothyroidism 10.3 10.4 0.002
Renal failure 14.5 14.3 0.005
Liver disease 16.3 15.2 0.031
Chronic peptic ulcer

disease
1.6 1.5 0.006

HIV and AIDS 1.8 1.8 0.001
Lymphoma 2.0 2.1 0.007
Metastatic cancer 6.1 7.0 0.036
Solid tumor without

metastasis
15.3 16.8 0.039

Rheumatoid arthritis 4.1 4.3 0.012
Coagulation deficiency 5.4 4.9 0.020
Obesity 23.4 22.0 0.034
Weight loss 8.3 8.3 0.000
Fluid and electrolyte

disorders
22.6 22.2 0.009

Blood loss anemia 1.8 1.7 0.011
Deficiency anemias 10.6 10.4 0.008
Alcohol abuse 34.2 27.6 0.145*

Standardized differences represent the difference in means in units of the
pooled standard deviations. Differences above 10% are starred (*)
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Secondary Outcomes: Case Review and
Number of Risk Mitigation Strategies

The overall rate of case review was 4.2% in the control group
and 29.8% in the treatment group (Table 2). The unadjusted
odds of receiving a case review were 9.7 in the treatment
group relative to the control group (CI: 9.09–10.40), and 5.1
in the fully adjusted model (CI: 3.64–7.23). Adjusted linear
regression models reveal that treatment patients received on
average 0.5 (CI: 0.385–0.610) risk mitigation strategies more
than control patients.

Exploratory Outcome: Mortality

The unadjusted mortality rate during the study period was
6.7% in the control group and 6.9% in the treatment group
(Table 2). In the fully adjusted logistic regression model, the
odds of all-cause mortality for treatment patients relative to
control patients was 0.78 (95% CI: 0.65, 0.94) (Table 3).
Unadjusted differences in odds ratios between treatment and
control patients are reported in column 1.

Sensitivity Analysis

Findings from the primary specification were robust to cohort
definition sensitivity analyses except for the relationship be-
tween treatment inclusion and sedative overdose, which was
not statistically significant in the primary analysis. These
findings are presented in Appendix F. Results remained direc-
tionally similar in analyses where the data were restricted to a
subset of study month periods, presented in Appendix G.

DISCUSSION

To our knowledge, this is the first study to evaluate the impact
of a predictive model-targeted prevention program on reduc-

ing adverse outcomes in high-risk patients on opioid analge-
sics, specifically by providing interdisciplinary case review
guided by guideline-based clinical decision support. Using a
stepped-wedge randomized design, we estimated the effec-
tiveness of a VHA policy mandate for case reviews of patients
identified as “very high” risk by the provider-facing STORM
dashboard and its impact on SAEs and mortality among these
patients.
We found that being identified as a “very high” risk

(treatment) patient was associated with 22% lower odds of
all-cause mortality relative to control patients. Mortality
impacts of this magnitude are on par with medication inter-
ventions for common medications for heart disease preven-
tion.33,34 Comparisons to studies of existing system-wide opi-
oid safety initiatives are challenging, as prior studies typically
lack the sample size needed to observe enough variation in
mortality outcomes and may also lack access to administrative
mortality data that can be linked to patient records during the
study period.35,36

We found no statistically significant changes in the risk of
having a medical record documented SAE.We also found that
treatment patients were more than five times as likely to
receive a case review and received an average of 0.5 more

Table 2 Unadjusted rates of 10 outcomes in the STORM Stepped
Wedge Cluster Randomized Controlled Trial in 140 VHA Medical

Centers, 2018–2020

Control Treatment p-value

Patients (n) 32,197 11,845
Mortality (n, %) 2,145

(6.70)
820 (6.90) 0.33

Serious adverse events (n, %)
Motor vehicle accident 320 (0.99) 137 (1.16) 0.14
Other accidents 194 (0.60) 72 (0.61) 0.95
Accidental falls 2226 (6.91) 869 (7.34) 0.12
Opioid overdose 328 (1.02) 120 (1.01) 0.96
Other drug overdose 136 (0.42) 41 (0.35) 0.26
Sedative overdose 138 (0.43) 41 (0.35) 0.23
Acetaminophen overdose 10 (0.03) 5 (0.04) 0.57
Suicide-related event 226 (0.70) 115 (0.97) <0.01*
Opioid detoxification 495 (1.54) 157 (1.33) 0.10
Any SAE 4,827

(11.5%)
2,644
(11.5%)

0.910

Case review (n, %) 1347 (4.20) 3531
(29.80)

<0.001***

Number of risk mitigation
strategies (mean, sd)

2.65 (1.55) 2.99 (1.69) <0.001***

***p<0.001; **p<0.01; *p<0.05

Table 3 Results from regression analyses of serious adverse events
and mortality outcomes in the STORM Stepped Wedge Cluster

Randomized Controlled Trial in 140 VHA Medical Centers, 2018–
2020

Unadjusted Fully adjusted

OR CI OR CI

Mortality 1.042 0.959–
1.132

0.782** 0.654–
0.935

Serious adverse events
Motor vehicle

accident
1.166 0.953–

1.425
1.282 0.843–

1.950
Other accidents 1.009 0.769–

1.323
1.151 0.665–

1.992
Accidental falls 1.066 0.982–

1.156
1.093 0.921–

1.297
Opioid overdose 0.994 0.806–

1.227
1.182 0.807–

1.731
Other drug

overdose
0.819 0.577–

1.162
0.813 0.409–

1.619
Sedative overdose 0.807 0.569–

1.144
0.694 0.368–

1.308
Acetaminophen

overdose
1.359 0.464–

3.977
1.005 0.128–

7.876
Suicide-related

event
1.387** 1.107–

1.737
0.589 0.332–

1.045
Opioid

detoxification
0.860 0.718–

1.031
0.820 0.524–

1.284
Any SAE 1.002 0.939–

1.068
0.995 0.875–

1.132
Case review 9.719*** 9.086–

10.395
5.128*** 3.639–

7.226
Linear
effect

CI Linear
effect

CI

Num. of risk
mitigation strategies^

0.345*** 0.311–
0.379

0.498*** 0.385–
0.610

The fully adjusted model contains month indicators, facility random
effects and individual patient baseline characteristics. OR is odds ratio.
CI is confidence interval. ***p<0.001; **p<0.01; *p<0.05
^Effects for this outcome are calculated using linear regression models
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risk mitigation strategies relative to control patients. This leads
to the hypothesis that a mechanism of reduced mortality risk
could be receipt of care arising from case review or risk
mitigation strategies. Additional hypothesized mechanisms
include changes in utilization patterns or the probability of
engaging in care at the VHA or changes in the patterns of
opioid prescribing as a result of high-risk designation.
This study’s major contribution to understanding the impact

of the targeted case review program depended on its stepped-
wedge cluster randomized design. This design is particularly
appropriate for studying interventions implemented in large
health systems.37 Each facility acted as its own control and
provided data in both the control and treatment stages. The
stepped-wedges also provided the opportunity to control for
the effects of time trends on mortality and SAEs.32

Limitations

Our study has several limitations. First, expansion of the
cohort required for case review (i.e., treatment) strained clini-
cian resources and exacerbated logistical challenges in many
medical centers, triggering efforts to streamline and improve
the case review process. The medical centers that expanded
the cohort later in the trial may have learned efficiencies from
experiences of colleagues in early treatment sites and expand-
ed case review practices to a broader population before the
required expansion. If true, contamination would bias the
treatment effect sizes towards zero. A second limitation is that
SAEs were only captured if documented in the VHA medical
record.38 This recording issue would affect treatment and
control patients equally, unless treatment patients are more
likely to visit a VHA physician as a result of receiving a case
review. This latter possibility may account for the null findings
of treatment on SAEs, as the intervention is likely to increase
detection and documentation of adverse events by VHA med-
ical providers. By contrast, mortality is universally recorded in
patient records available to our study.
A third limitation is the short time-frame for outcome

assessment. Case reviews were expected to improve care
coordination with a particular focus on behavioral health con-
cerns. Clinical interventions to address substance misuse or
maladaptive coping strategies, and facilitate engagement in
recovery or rehabilitative activities, may produce delayed
benefits that may not be apparent within the first 4 months.
A fourth limitation is that predictive algorithms used to gen-
erate risk scores may change over time. Although the baseline
risk scores between control and treatment groups in this study
are nearly identical, it is possible that changes in model per-
formance may influence true underlying risk over time and in
different populations. Finally, we are unable to generalize our
findings to patients in the highest risk thresholds (0.01–1%) as
these groups never experienced variation in treatment assign-
ment and were thus excluded from the trial. Future work
should examine the impact of STORM for multiple patient
groups across the distribution of risk scores.

CONCLUSIONS

In conclusion, this is the first national study to provide evidence
from a randomized trial that a predictive model-targeted pre-
vention program, focused on improving coordination of treat-
ment among a complex patient population, had a substantial
impact on mortality risk for patients prescribed opioids. Results
suggest that combining risk identification via predictive mod-
eling with clinical decision support-guided interdisciplinary
case review can improve patient outcomes in a high-risk patient
population. This trial demonstrates the potential for enhance-
ment of care for high-risk patients and interdisciplinary care
coordination approaches to help stem the national opioid crisis.
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