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Abstract

Aim.—To identify skeletal muscle relaxant (SMR) drug-drug-drug (3DI) signals associated with 

increased rates of unintentional traumatic injury.
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Methods.—We conducted automated high-throughput pharmacoepidemiologic screening of 

2000–2019 healthcare data for members of United States commercial and Medicare Advantage 

health plans. We performed a self-controlled case series study for each drug triad consisting of an 

SMR base-pair (i.e., concomitant use of an SMR with another medication), and a co-dispensed 

medication (i.e., candidate interacting precipitant) taken during ongoing use of the base-pair. We 

included patients aged ≥16 years with an injury occurring during base-pair-exposed observation 

time. We used conditional Poisson regression to calculate adjusted rate ratios (RRs) with 95% 

confidence intervals (CIs) for injury with each SMR base-pair + candidate interacting precipitant 

(i.e., triad) versus the SMR-containing base-pair alone.

Results.—Among 58,478 triads, 29 were significantly positively associated with injury; 

confounder-adjusted RRs ranged from 1.39 (95% CI=1.01–1.91) for tizanidine+omeprazole 

with gabapentin to 2.23 (95% CI=1.02–4.87) for tizanidine+diclofenac with alprazolam. Most 

identified 3DI signals are new and have not been formally investigated.

Conclusion.—We identified 29 SMR 3DI signals associated with increased rates of injury. 

Future etiologic studies should confirm or refute these SMR 3DI signals.
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INTRODUCTION

Skeletal muscle relaxants (SMRs) are a group of structurally diverse medications approved 

by the United States (US) Food and Drug Administration (FDA) for relieving muscle tone 

or treating acute muscle spasms [1]. US ambulatory care visits resulting in new or continued 

therapy with an SMR doubled from 15.5 million in 2005 to 30.7 million in 2016 [2]. In 

2018, approximately 1 in 15 commercially insured Americans was treated with an SMR 

[3]. This increasing and widespread SMR use is concerning, given their uncertain efficacy 

for off-label indications and high-risk safety profiles [1]. Most SMRs have central nervous 

system (CNS) sedation effects causing dizziness, ataxia, and confusion, thereby potentially 

precipitating accidental falls, unsafe operation of motor vehicles, and traumatic injuries [4–

6]. In fact, SMR use has been linked to a 5-fold increased risk of falls in multiple sclerosis 

patients [4], a 2.25-fold increased risk of fracture in older adults [5], and a 3.7-fold increased 

risk of traffic accidents in adults [6].

SMRs are frequently used with other medications [2, 3, 5]. In 2016, two-thirds of US 

ambulatory care visits that continued SMR therapy documented opioid use [2]. In a cohort 

of older US veterans newly prescribed SMRs, 72% received six or more medications [5]. 

SMR use in the setting of polypharmacy raises further concerns for unintentional traumatic 

injury, as concomitant use of SMRs with other medications may lead to pharmacokinetic 

and/or pharmacodynamic interactions and amplify SMRs’ inherent risks [7]. Previous 

research on such risks has focused on pairwise interactions (i.e., drug-drug interactions 

(DDIs)) between SMRs and a single interacting drug (i.e., precipitant drug), such as the 

SMR-benzodiazepine combination [7]. An intrinsic limitation of these studies was their 
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inability to identify higher-order interactions, such as drug-drug-drug interactions (3DIs). 

While some 3DIs could be theoretically postulated based on known pairwise DDIs, the 

interplay among the three drugs may be more complex in routine clinical practice and 

warrant independent examination [8]. Investigating SMR 3DIs is particularly vital given the 

high prevalence of polypharmacy among SMR users [5] as well as specific concern about 

the “Holy Trinity”—combined use of SMRs, opioids, and benzodiazepines [9]. Indeed, in 

a sample of state of Florida residents, 30% of SMR users received concomitant SMRs, 

opioids, and benzodiazepines, raising concerns about adverse events due to additive or 

synergistic CNS depression [10].

To fill the knowledge gap regarding higher-order SMR drug interactions, we conducted 

high-throughput pharmacoepidemiologic screening studies to identify potential signals of 

SMR 3DIs associated with unintentional traumatic injury, so that future etiologic studies can 

be prioritized accordingly to test whether these signals represent true 3DIs.

METHODS

Data source

We used Optum’s de-identified Clinformatics® Data Mart administrative data from May 1, 

2000, through June 30, 2019. The data contain individual-level information on enrollment 

status, demographics, and healthcare billing records of >71 million US commercially 

insured and Medicare Advantage beneficiaries (see details in eMethods) [11]. The study 

protocol (#831486) was approved by the University of Pennsylvania’s Office of Regulatory 

Affairs with exemption from institutional review board review.

Study design overview

We performed high-throughput pharmacoepidemiologic screening analyses to identify 

potential signals of injury associated with 3DI triads comprised of a) SMRs (i.e., object 

drugs or, primary affected drugs of 3DI triads) + co-dispensed drugs (i.e., base-pairs), and 

b) candidate interacting precipitants (i.e., primary affecting drugs of 3DI triads). For each 

of thousands of base-pairs, we conducted a self-controlled case series (SCCS) study to 

compare injury rates during triad-exposed versus base-pair-only-exposed observation time, 

and deemed triads with significantly increased injury rates as potential 3DI signals. Figure 1 

provides a graphical representation of the design.

We selected the within-person, case-only SCCS design because: a) it automatically controls 

for measured and unmeasured confounders that are stable over the observation period, such 

as sex, race, and chronic conditions; b) measured confounders that change over time can be 

addressed via statistical adjustment; c) restricting the study sample to persons experiencing 

an outcome and the lack of needing to identify control series is highly computationally 

efficient and suitable for high-throughput screening, and d) it is not prone to exposure-trend 

bias [12]. We have used this epidemiologic method to study opioid and antidepressant DDIs 

leading to injury [13, 14], insulin secretagogue DDIs leading to hypoglycemia [15–17], 

anticoagulant DDIs leading to thromboembolism [18, 19], and anticoagulant and antiplatelet 

DDIs leading to bleeding [20–22].
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Constructing the study sample for each base-pair

We constructed separate study samples for each base-pair by identifying patients aged 

≥16 years who: a) were new users of the base pair, defined as first day with supplies of 

both SMR and co-dispensed drug of the base-pair; and b) experienced an outcome while 

continuously exposed to the base-pair. The first criterion was intended to capture incident 

triad exposure and thereby minimize depletion of susceptible person-time [23]; the second 

criterion was required by the SCCS design [12]. To identify new users of the base-pair, we 

first used pharmacy claim files to identify patients initiating the following SMRs: baclofen; 

carisoprodol; chlorzoxazone; cyclobenzaprine; dantrolene; metaxalone; methocarbamol; 

orphenadrine; and tizanidine. SMR initiation was defined as filling a prescription for a given 

SMR without filling it during the prior 183-day continuously enrolled period (i.e., baseline). 

Since SMRs may be used to treat injury-induced muscle pain, to minimize reverse causation, 

we pushed the dispensing dates of SMRs forward by one day. From these SMR initiators, 

we then identified new users of the base-pair as those who received the co-dispensed drug 

during continuous periods of SMR use. Patients may have had previous exposure to an 

alternative SMR or the co-dispensed drug in the base-pair during the baseline period. We 

classified all medications using Lexicon Plus (Cerner Multum: Denver, Colorado, US).

Defining observation periods

Patients contributed person-days from new use of the base-pair until the earliest of the 

following: a) lapsed exposure to the base-pair, defined as at least one day without either 

SMR or the co-dispensed drug in the base-pair, after extending days’ supply by 20% to 

account for imperfect adherence; b) switching from solid to liquid formulation of SMR [24]; 

c) disenrollment from health plan; or d) end of the study period (June 30, 2019). To meet 

an assumption of the SCCS design [12], we did not censor upon outcome occurrence, but 

included prior outcome occurrence as a covariate.

Identifying candidate interacting precipitants and categorizing observation periods

During periods of base-pair use, we identified use of candidate interacting precipitants, 

operationalized as any orally administered medications co-dispensed with the base-pair. We 

categorized each day of the observation period as candidate precipitant-exposed if covered 

by the base-pair and the candidate precipitant, and candidate precipitant-unexposed if it was 

covered by the base-pair only. Since co-dispensed drugs (e.g., A and B) used with a SMR 

can be classified as either the co-dispensed drug of the base-pair or candidate interacting 

precipitant, we examined both scenarios, i.e., 1) SMR+drug A (base-pair) with drug B 

(candidate interacting precipitant) vs. without drug B, and 2) SMR+drug B (base-pair) with 

drug A (candidate interacting precipitant) vs. without drug A.

Ascertaining outcomes

We ascertained outcomes occurring during the observation periods. The primary outcome 

of interest was unintentional traumatic injury, defined as an emergency department (ED) or 

inpatient hospitalization with principal diagnosis indicative of fracture, dislocation, sprain/

strain, intracranial injury, internal injury of thorax, abdomen, or pelvis, open wound, injury 

to blood vessels, crushing injury, injury to nerves or spinal cord, or certain traumatic 
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complications and unspecified injuries [25]. Secondary outcomes included: a) hip fracture, 

defined as having a principal inpatient discharge diagnosis indicative of typical open and 

closed hip fractures; and b) motor vehicle crash while individual was driving, defined as 

having an unintentional traumatic injury (see primary outcome above) accompanied by 

an external cause of injury code for unintended traffic or nontraffic accident. We provide 

diagnostic codes, their performances, and support for their use in eTable 1.

Measuring covariates

The SCCS design inherently controls for time-invariant, but not time-varying, confounders 

[12]. We, therefore, included in each regression model the following time-varying covariates 

assessed during each day of observation time: a) average daily dose of SMR categorized as 

≤median or >median dose; b) follow-up month categorized as 1 or ≥2; and c) ever having 

a prior traumatic injury of interest (yes/no), as prior injury is likely to increase the risk for 

subsequent injury [12].

Statistical analysis

To identify 3DI signals for each base-pair associated with an outcome, we used conditional 

Poisson regression to estimate rate ratios (RRs) and 95% confidence intervals (CIs) 

to compare outcome rates during candidate precipitant-exposed vs. candidate precipitant-

unexposed days, i.e., 
ratebase pair+candidate precipitant

ratebase pair
, adjusting for the aforementioned 

covariates. To ensure statistical stability, we only estimated RRs when: a) there were ≥5 

candidate precipitant-exposed persons; and b) the variance of the beta estimate for the 

parameter of interest (calculated using conventional asymptotic theory) was <10. To reduce 

the chance of type 1 statistical error due to testing multiple exposures simultaneously, 

we adjusted RRs using semi-Bayes shrinkage, which minimizes false-positive findings by 

shrinking the extreme effect estimates towards the overall average effect (see details in 

eMethods) [26, 27].

RESULTS

Table 1 summarizes characteristics of persons constituting SMR samples for analyses of 

unintentional traumatic injury. The majority of the study samples were Caucasian (64.2–

70.2%) and female (50.0–67.8%). For the four most used SMRs, we included 35,940, 

12,167, 7,981, and 6,054 users of cyclobenzaprine, tizanidine, baclofen, and methocarbamol, 

and observed them for a median duration of 19, 37, 37, and 19 days, respectively. In 

analyses of secondary outcomes, we included a total of 1,308 and 844 SMR users for 

typical hip fracture and motor vehicle crash, respectively; eTable 2 and eTable 3 summarize 

characteristics for persons experiencing these secondary outcomes.

Table 2 provides summary data on RRs for unintentional traumatic injury, before and 

after confounder adjustment. For the four most used SMRs—cyclobenzaprine, tizanidine, 

baclofen, and methocarbamol—we examined 16610, 12330, 9363, and 3223 sets of triads 

in confounder-adjusted analyses, and observed a total of 29 sets (i.e., 9, 14, 5, and 1, 

respectively) to have statistically significantly elevated RRs after semi-Bayes shrinkage. No 

elevated RRs were observed for triads involving other SMRs. Therefore, we deemed these 
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29 triads as potential 3DI signals. Volcano plots in Figure 2 graphically depict semi-Bayes 

shrunk confounder-adjusted RRs for the unintentional traumatic injury of these four most 

used SMRs; secondary analyses using an alternative variance parameter for semi-Bayes 

shrinkage yielded similar findings (eFigure 1). We present results of secondary outcomes in 

supplemental materials. eTable 4 and eTable 5 provide summary data on RRs for typical hip 

fracture and motor vehicle crash, respectively; eFigure 2 and eFigure 3 depict semi-Bayes 

shrunk confounder-adjusted RRs for motor vehicle crash for cyclobenzaprine—the only 

SMR sample with statistically stable models for this outcome, using two different variance 

parameters for semi-Bayes shrinkage. No statistically stable models were generated for hip 

fracture; thus, plots were not produced for this outcome.

Table 3 lists the 29 potential 3DI signals by therapeutic category. The most common 

potentially interacting co-dispensed drugs in the base-pair with candidate interacting 

precipitants were CNS with CNS agents (N=8), CNS with anti-infective agents (N=7), 

and cardiovascular with CNS agents (N=3). Statistically elevated adjusted RRs for 

unintentional traumatic injury after semi-Bayes shrinkage ranged from 1.39 (95% CI=1.01–

1.91) for tizanidine+omeprazole with gabapentin (vs. tizanidine+omeprazole without 

gabapentin) to 2.23 (95% CI=1.02–4.87) for tizanidine+diclofenac with alprazolam (vs. 

tizanidine+diclofenac without alprazolam).

DISCUSSION

We conducted high-throughput pharmacoepidemiologic screening using real-world health 

care data to identify potential 3DIs involving SMRs that were associated with increased rates 

of unintentional traumatic injury. Among 58,478 base-pairs (i.e., SMR plus concomitant 

medication) coupled with a candidate interacting precipitant, we identified 29 potential 

signals of 3DIs, all involving one of the four most used SMRs (cyclobenzaprine, tizanidine, 

baclofen, and methocarbamol).

Despite the high prevalence of polypharmacy among SMR users [5], few prior studies have 

examined 3DIs involving SMRs. One exception includes investigations of the combination 

of SMRs, opioids, and benzodiazepines, which has been associated with an elevated risk of 

overdose and ED visits, compared with use of two of these drugs alone [3, 28]. Aligned with 

these findings, we found that use of clonazepam was associated with a 1.7-fold increased 

rate of unintentional traumatic injury among patients receiving tizanidine+oxycodone. 

Interactions among tizanidine, oxycodone, and clonazepam are biologically plausible given 

additive or synergistic pharmacodynamic effects (e.g., CNS depression) from all three drugs, 

and the potential pharmacokinetic interplay between clonazepam and oxycodone. Indeed, 

concomitant clonazepam was theorized to increase the plasma concentration of oxycodone 

by inhibiting its metabolism via the cytochrome P450 (CYP) 3A4 isozyme [29], potentially 

enhancing the pharmacodynamic interactions between oxycodone and tizanidine. We also 

identified several other SMR-opioid-benzodiazepine triads with numerically elevated, yet 

statistically imprecise, rates of injury (e.g., baclofen+morphine with alprazolam, RR=1.47, 

95% CI=0.72–3.02, data not shown; carisoprodol+diazepam with hydrocodone, RR=1.37, 

95% CI=0.79–2.38, data not shown). The lack of expected signaling for these triads was 

likely driven by the limited sample of individuals on these drug triads. On the other 
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hand, this may imply that our approach to semi-Bayes shrinkage was conservative in that 

specificity was prioritized over sensitivity. Given our aim was to generate hypotheses for 

future etiologic studies, such conservativeness may be appropriate.

Almost one-third (8 of 29) of the identified 3DI signals were SMR+CNS agent with 

another CNS agent. The most obvious mechanism underlying these signals may be the 

pharmacodynamic interaction among the three drugs, i.e., the addition or synergy of the 

CNS depressant effects. In select cases, these pharmacodynamic effects may be compounded 

by the pharmacokinetic interplay between the interacting CNS drug with either the SMR 

or the co-dispensed drug in the base-pair. For example, the observed RR of 2.15 for 

cyclobenzaprine+trazodone and celecoxib may be plausible if celecoxib increases the 

serum concentration of trazodone by inhibiting its metabolism via CYP2D6 [30, 31], and 

potentiates the pharmacodynamic interaction between trazodone and cyclobenzaprine. The 

plausible biological mechanism of these observed 3DI signals supports the overall validity 

of our screening approach.

Several identified 3DI signals deserve further investigation, given their relatively high RRs 

and biological plausibility. We discuss these signals based on putative mechanisms. First, 
pharmacodynamic effects of the candidate interacting precipitant alone may contribute 

to injury risk. For example, the observation that gabapentin was identified as the 

candidate interacting precipitant in several 3DI signals (e.g., cyclobenzaprine+fenofibrate 

with gabapentin, RR=2.00; cyclobenzaprine+furosemide with gabapentin, RR=1.69) may 

be explained by the side effects such as dizziness, somnolence, sedation, and ataxia 

from gabapentin administration, which could worsen the symptoms of CNS depression 

from SMR. Second, the candidate interacting precipitant may pharmacodynamically and 

pharmacokinetically interact with the co-dispensed drug in the base-pair, thereby adding to 

SMRs’ inherent injury risks. For example, the RR of 1.79 for cylobenzaprine+metformin 

with levofloxacin can be explained by: a) glucose-lowering effects from levofloxacin, which 

potentially magnifies the risk of hypoglycemia from metformin use [32, 33]; and b) a 

pharmacokinetic interaction between metformin and levofloxacin, in which levofloxacin 

inhibits the organic cation transporters [34] of metformin and potentially increases the serum 

concentration of and risks from metformin use; both pathways may compound the risk of 

injury resulting from cyclobenzaprine use. As the resources to formally examine the risks 

associated with 3DIs are likely limited, future etiologic studies may be prioritized to study 

the above interactions with relatively high RRs and intuitive biologic pathways.

We also identified signals with an anti-infective as the candidate interacting precipitant, at 

least one of which may be supported by a plausible biologic mechanism. Ciprofloxacin 

may increase the concentration and CNS depressant effects of escitalopram by inhibiting 

[35, 36] its metabolism via CYP3A4 [37] and potentiate the pharmacodynamic interaction 

between escitalopram and cyclobenzaprine, potentially explaining our finding of a RR of 

2.20. However, mechanisms underlying most SMR-anti-infective signals remain unknown. 

Reverse causation may partially explain such signals, since infection and pain may result 

from traumatic injury that warranted anti-infective use and SMR treatment, respectively. 

In addition, protopathic bias may have resulted if anti-infectives were prescribed for 
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prophylaxis of infection due to an injury that later resulted in ED presentation or 

hospitalization.

Our study has notable strengths. First, the very large sample size allowed us to study the 

3DIs associated with traumatic injury that are hard to study in smaller settings. Second, 

by comparing the individuals to themselves, we eliminated between-person and decreased 

within-person confounding. Third, we focused on signals potentially leading to traumatic 

injury, a clinically relevant outcome identified by validated algorithms. Finally, we were able 

to reduce type I errors and increase the specificity of our findings via semi-Bayes shrinkage.

Our hypothesis-generating screening should be interpreted in light of several limitations. 

First, the pharmacy claims capture only prescription dispensings reimbursed by health 

insurance without information on over-the-counter medications and contain no data on 

whether individuals took the drug as directed. Lack of such information may introduce 

exposure misclassification and preclude us from controlling for time-varying use of over-

the-counter medications that may interact with the base-pair. Second, our primary analysis 

focused on injury rates during SMR base-pair time while exposed vs. unexposed to a 

candidate interacting precipitant. Some observed signals may represent pairwise interactions 

between the candidate interacting precipitant and the co-dispensed drug of the base-pair, or 

the effect of candidate interacting precipitant itself, rather than a true 3DI. Third, given the 

high-throughput nature of our hypothesis-generating work, it was infeasible to differentiate 

the initiating order between SMR, co-dispensed drug of the base-pair, and the candidate 

interacting precipitant drug. Future etiologic studies that examine the robustness of these 

potential 3DI signals should consider different initiating orders of the SMR triads. Fourth, 

analyses for secondary outcomes were underpowered, due to insufficient number of eligible 

samples experiencing these events. Fifth, one key assumption of SCCS is that the outcome 

does not alter the probability of subsequent exposure [12]. Given that traumatic injury may 

result in death, there is a chance that this probability is brought down to zero, resulting in 

bias in either direction. However, using disenrollment from health plans as a proxy measure 

for death, we estimated the proportion of possible deaths following an injury was <3.8% 

in our sample. Due to this low mortality rate from injury, bias from possible violation of 

the assumption is likely negligible [12]. Finally, given that the median duration of SMR use 

was relatively short in our study sample, our findings may not be generalizable to long-term 

SMR users.

CONCLUSION

We identified 29 potential SMR-related drug-drug-drug interactions that are associated 

with elevated rates of unintentional traumatic injury. These signals involved the four most 

used SMRs—cyclobenzaprine, tizanidine, baclofen, and methocarbamol. Our findings may 

provide important targets to guide hypothesis generation and prioritize future etiologic 

investigations into higher-order SMR interactions and risk for unintentional traumatic injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject?

• Skeletal muscle relaxants (SMRs) are commonly co-prescribed with 

potentially interacting medications that may contribute to increased risk of 

unintentional traumatic injury.

• Prior research mainly focused on health outcomes of pairwise SMR drug-drug 

interactions.

• Health outcomes of drug-drug-drug interactions involving SMRs remain 

understudied.

What this study adds?

• We conducted high-throughput pharmacoepidemiologic screening to generate 

hypotheses regarding potential drug-drug-drug interactions involving skeletal 

muscle relaxants (SMRs).

• Among 58,478 drug triads examined, 29 showed increased rates of 

unintentional traumatic injury.

• These 29 SMR drug triads may suggest potential drug-drug-drug interactions 

that warrant future research.
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List of Hyperlinks for Crosschecking

baclofen https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1084

carisoprodol https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7610

chlorzoxazone https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2322

cyclobenzaprine https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7152

dantrolene https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4172

metaxalone https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7609

methocarbamol https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6829

orphenadrine https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7251

tizanidine https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7308
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Figure 1. Example of skeletal muscle relaxant object + co-dispensed drug of the base-pair 
episode eligible for inclusion.
CP-E=candidate interacting precipitant-exposed; CP-U=candidate interacting precipitant-

unexposed; SMR=skeletal muscle relaxant.

For each eligible SMR initiator (defined as having a ≥183-day washout period without 

SMR use before the first SMR prescription dispensing), the observation period began on 

the first day with supplies of both the SMR and the co-dispensed drug of the base-pair. 

The observation period consisted exclusively of days with continuous base-pair use. Days 

were categorized as candidate interacting precipitant exposed (CP-E) or unexposed (CP-U) 

based on whether the study individual had or did not have supply of a candidate interacting 

precipitant. The study individual was also required to experience a traumatic injury during 

the observation period. The comparison of interest was the rate of injury during CP-E days 

versus CP-U days.
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Figure 2. Commonly prescribed skeletal muscle relaxant + co-dispensed drug of the base-pair 
with candidate interacting precipitant associations with unintentional traumatic injury.
Panels A–D depict associations between 3DIs and unintentional traumatic injury when 

the object skeletal muscle relaxant of interest was cyclobenzaprine, tizanidine, baclofen, 

and methocarbamol, respectively. Semi-Bayes shrinkage prespecified a variance of 0.25, 

assuming that 95% of true rate ratios would fall within an unspecified 7-fold range of 

each other. The x-axis is the log base 2 of the semi-Bayes shrunk adjusted rate ratio (RR) 

comparing skeletal muscle relaxant + co-dispensed drug of base-pair + candidate interacting 

precipitant vs. skeletal muscle relaxant + co-dispensed drug of base-pair. The value of 

the X represents the magnitude of the RR, whereas the value of Y represents the level 

of statistical significance. Data points in the upper right quadrant represent statistically 

significant elevated rate ratios for the association between skeletal muscle relaxant + co-

dispensed drug of base-pair + candidate interacting precipitant (vs. skeletal muscle relaxant 

+ co-dispensed drug of base-pair) and injury (i.e., putative 3DI signals).
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Table 3.

Skeletal muscle relaxant drug-drug-drug interaction signals with statistically significantly increased rates of 

unintentional traumatic injury, by commonly used object drug, by therapeutic category of co-dispensed drug of 

the base-pair

Object
Therapeutic 
Category

Co-Dispensed Drug of 
the Base-Pair

Candidate 
Interacting 
Precipitant

Rate ratio, 
semi-Bayes 
shrunk and 

adjusted
a 95% confidence 

interval

BACLOFEN Cardiovascular lisinopril alprazolam 1.82 1.04–3.18

Central nervous 
system

duloxetine fluconazole 2.03 1.00–4.10

gabapentin azithromycin 1.80 1.13–2.87

hydrocodone duloxetine 1.94 1.06–3.55

Gastrointestinal omeprazole furosemide 1.65 1.05–2.62

CYCLOBENZAPRINE Cardiovascular fenofibrate gabapentin 2.00 1.07–3.73

Central nervous 
system

duloxetine gabapentin 1.64 1.10–2.44

escitalopram ciprofloxacin 2.20 1.10–4.39

etodolac hydrocodone 1.57 1.04–2.37

meloxicam furosemide 1.87 1.07–3.27

naproxen fluconazole 2.00 1.03–3.88

trazodone celecoxib 2.15 1.03–4.49

Endocrine and 
metabolic

metformin levofloxacin 1.79 1.03–3.12

Renal and 
genitourinary

furosemide gabapentin 1.69 1.17–2.46

METHOCARBAMOL Central nervous 
system

hydrocodone ondansetron 2.14 1.13–4.09

TIZANIDINE Cardiovascular atorvastatin gabapentin 1.45 1.06–1.98

losartan amoxicillin 1.77 1.08–2.91

metoprolol omeprazole 1.59 1.03–2.46

Central nervous 
system

citalopram trimethoprim 1.92 1.08–3.44

diclofenac alprazolam 2.23 1.02–4.87

duloxetine dicyclomine 2.00 1.08–3.69

oxycodone clonazepam 1.71 1.08–2.70

pregabalin sulfamethoxazole 1.95 1.03–3.68

pregabalin trimethoprim 2.00 1.06–3.79

trazodone gabapentin 1.44 1.01–2.07

trazodone ranitidine 2.08 1.11–3.92

Gastrointestinal omeprazole gabapentin 1.39 1.01–1.91

Renal and 
genitourinary

hydrochlorothiazide levofloxacin 1.80 1.02–3.17

Respiratory montelukast trazodone 1.97 1.00–3.87
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a
Rate ratio was calculated as outcome rates during candidate precipitant-exposed person-time divided by outcome rates during candidate 

precipitant-unexposed days, i.e., 
rateSMR base‐pair+candidate precipitant

rateSMR base‐pair
, adjusting for the following time-varying covariates: average daily 

dose of SMR, follow-up month, and ever having a prior traumatic injury of interest.

Br J Clin Pharmacol. Author manuscript; available in PMC 2023 November 01.


	Abstract
	INTRODUCTION
	METHODS
	Data source
	Study design overview
	Constructing the study sample for each base-pair
	Defining observation periods
	Identifying candidate interacting precipitants and categorizing observation periods
	Ascertaining outcomes
	Measuring covariates
	Statistical analysis

	RESULTS
	DISCUSSION
	CONCLUSION
	References
	Table T4
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.

