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Background: Chronic pain is the leading cause of disability world-
wide and is strongly associated with the epidemic of opioid overdos-
ing events. However, the causal links between chronic pain, opioid 
prescriptions, and mortality remain unclear.
Methods: This study included 13,884 US adults aged ≥20 years who 
provided data on chronic pain in the National Health and Nutrition 
Examination Survey 1999–2004 with linkage to mortality databases 
through 2015. We employed the generalized form of the front-door 
formula within the structural causal model framework to investigate 
the causal effect of chronic pain on all-cause mortality mediated by 
opioid prescriptions.
Results: We identified a total of 718 participants at 3 years of follow-
up and 1260 participants at 5 years as having died from all causes. 
Opioid prescriptions increased the risk of all-cause mortality with 
an estimated odds ratio (OR) (95% confidence interval) = 1.5 (1.1, 
1.9) at 3 years and 1.3 (1.1, 1.6) at 5 years. The front-door formula 
revealed that chronic pain increased the risk of all-cause mortality 
through opioid prescriptions; OR = 1.06 (1.01, 1.11) at 3 years and 
1.03 (1.01, 1.06) at 5 years. Our bias analysis showed that our find-
ings based on the front-door formula were likely robust to plausible 
sources of bias from uncontrolled exposure–mediator or mediator–
outcome confounding.

Conclusions: Chronic pain increased the risk of all-cause mortality 
through opioid prescriptions. Our findings highlight the importance 
of careful guideline-based chronic pain management to prevent death 
from possibly inappropriate opioid prescriptions driven by chronic pain.

Keywords: Bias analysis; Chronic pain; Front-door formula; 
G-computation; Mortality; NHANES; Opioids
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Chronic pain is a common health problem and the leading 
cause of disability worldwide.1,2 In 2019, an estimated 

20.4% of US adults reported suffering from chronic pain.3 In 
addition to the health burden of chronic pain itself, an emerg-
ing dangerous aspect is its association with the epidemic 
of opioid overdosing events causing approximately 49,860 
deaths in the US in 2019.4 Due to challenges in chronic pain 
management, the effectiveness of opioids in relieving many 
types of chronic pain, and the limited availability of thera-
peutic alternatives, opioids have been one of the commonly 
prescribed pain medications in the US.5
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Access to prescription opioids through physicians is one 
of the major risk factors for opioid abuse, dependence, and 
overdose.6 While the use of heroin and illicitly manufactured 
fentanyl has largely contributed to this crisis, prescription opi-
oids are involved in approximately 40% of all opioid overdoses 
and are common triggers for illicit opioid use.7,8 In 2016, the 
Centers for Disease Control and Prevention (CDC) published 
chronic pain management guidelines that recommended a pref-
erence for nonopioid treatment of chronic pain and using opi-
oids only when the benefits are expected to outweigh the risks.9 
Despite efforts aimed at controlling the misuse of opioids,10 
the opioid overdose epidemic is still ongoing and even worsen-
ing, thus, requiring additional attention and investigation.11,12 
Although the magnitude of the effect of chronic pain on mortal-
ity mediated through physicians’ opioid prescription is critical 
information to support the current guideline and policies limit-
ing opioid prescriptions, inferring causality from observational 
data remains difficult and may contribute to a reluctance of the 
medical profession to act more forcefully. This is partly due to 
the possibility that observational studies are biased by uncon-
trolled (and unmeasured) confounding that affects the chronic 
pain and death associations. Such confounding factors include 
social, physiologic, and psychologic factors13 resulting in a 
biased estimate when using traditional statistical methods; that 
is, it is hard to measure and control for all of these risk factors 
for both chronic pain and death in the observational study.

Pearl introduced the front-door formula to estimate the 
effect of an exposure or treatment on an outcome by combin-
ing the effect of the exposure on the mediator (that fully medi-
ates the exposure-outcome effect) and the effect of the mediator 
on the outcome when there is no direct effect of the exposure on 
the outcome. Pearl’s formulation only allows for identification and 
estimation of the fully mediated total effect of the exposure on 
the outcome.14 One of the most important aspects of the front-
door formula is that we can estimate the effect of interest even 
in the presence of unmeasured confounders for the association of 
exposure and outcome.14–18 Another feature of this method is that 
it can be used to estimate the path-specific effect—the effect of 
the exposure on the outcome through some specific mediator(s)—
even in the presence of the direct effect of the exposure on the 
outcome. Fulcher et al.18 laid out a form of the front-door formula 
as ‘the generalized front-door formula’. Given that chronic pain 
may have direct effects on death not mediated through opioids 
(e.g., through affecting mental health and physical activity levels), 
such a generalized form of the front-door formula (rather than the 
original form of the front-door formula) can be applied to answer 
the important public health question: “is there an effect of chronic 
pain on death mediated through physicians’ opioid prescriptions?”

Using the front-door formula within the structural 
causal model framework, we aimed to investigate the effect 
of chronic pain on death mediated by opioid prescriptions in 
the general population of the US. This involved estimating the 
effect of chronic pain on opioid prescriptions and the effect of 
opioid prescriptions on mortality.

METHODS

Data Sources and Study Population
We used data from the US National Health and Nutrition 

Examination Survey (NHANES) that has been linked to a 
national mortality database through 2015 for passive follow-
up. The NHANES is conducted by the National Center for 
Health and Statistics (NCHS) at the CDC using a stratified, 
multistage probability sampling design that enables the rep-
resentation of the noninstitutionalized US civilian population. 
Participants complete structured interviews and a physical 
examination, and some provide urine and/or blood samples.19 
We rely on data from three cycles of 2 years (1999–2000, 
2001–2002, and 2003–2004) which included a section on 
“Miscellaneous Pain” in the questionnaires. Among adults 
enrolled in NHANES, the unweighted response rates for the 
household interview in 1999–2000 was 82%, in 2001–2002 
84%, and in 2003–2004 79%.20 The analytic sample included 
all NHANES respondents aged 20 years or older who com-
pleted the household interview with the Miscellaneous Pain 
Questionnaire (n = 13,903). After excluding participants with-
out death records (n = 19), the final analytical sample includes 
13,884 participants.

MEASUREMENT OF VARIABLES

Exposure: Chronic Pain
This household-administered interview collects infor-

mation on the duration and location of self-reported pain from 
respondents 20 years of age or older. Participants are asked: 
“During the past month, have you had a problem with pain 
that lasted more than 24 hours?”. Those who answered affir-
matively were subsequently asked: “For how long have you 
experienced this pain?”. We defined chronic pain as having 
reported experiencing pain for at least 3 months according to 
the International Association for the Study of Pain criteria.21 
Then, participants reporting pain were handed cards that listed 
32 bodily regions and were asked to identify all regions where 
they experienced pain. Finally, we organized these regions into 
the following seven pain locations: (1) back pain (lower back, 
upper back, spine, shoulder, and neck), (2) legs/feet pain, (3) 
arms/hands pain, (4) headache/migraine pain, (5) abdominal 
pain, (6) face/teeth pain, and (7) chest pain according to the 
previous studies.22,23 In our analyses, we combined locations 
5–7 into one category as “other” due to the small sample size.

Mediator: Opioid Prescriptions
Data on prescription medications used in the past 30 days 

were collected in the household interview. Participants were 
asked the following question: “In the past 30 days, have you 
used or taken medication for which a prescription is needed?”. 
Those who answered affirmatively were asked to show their 
prescription medication containers to the interviewer and 
report details related to their use. The interviewer examined 
the containers and recorded the exact product names from 
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their labels. If containers were not available, the participants 
verbally reported this information. The collection methodol-
ogy was consistent throughout each NHANES cycle.24 The 
NCHS classified the prescription medications based on the 
therapeutic classification scheme of Cerner Multum’s Lexicon 
Plus propriety database.25

Based on previous reports,26,27 we identified the fol-
lowing opioids using generic drug codes; codeine, meperi-
dine, pentazocine, propoxyphene, tramadol, hydrocodone, 
morphine, tapentadol, fentanyl, hydromorphone, methadone, 
oxycodone, and oxymorphone. We also defined the last eight 
opioids (i.e., hydrocodone, morphine, tapentadol, fentanyl, 
hydromorphone, methadone, oxycodone, and oxymorphone) 
as opioids equivalent to or stronger than morphine.26,27 We did 
not include dihydrocodeine in the present study because it is 
a narcotic cough suppressant and may not be related to pain. 
Respondents who reported using two or more opioid analge-
sics in the past 30 days (about 6% of opioid users) were cat-
egorized into user groups according to the strongest opioid 
they reported.

Outcome: Mortality at 3 and 5 Years
The outcome of the present study was all-cause mortal-

ity during 3-year and 5-year follow-ups after the NHANES 
household interview. We estimated the short follow-up peri-
ods given that opioid overdose can cause death in such a short 
duration. To evaluate the effect of chronic pain and opioid 
prescriptions each on mortality for these two different follow-
up periods, we used binary outcomes throughout the analy-
sis. Mortality data were ascertained by the NCHS from death 
certificate information provided by the National Death Index 
after record matching by social security number, name, date of 
birth, race/ethnicity, sex, state of birth, and state of residence.

Covariates
Demographic variables included respondents’ age, sex 

(male and female), race/ethnicity (non-Hispanic White, non-
Hispanic Black, Mexican-American, or others), and edu-
cation status (less than high school, high school or General 
Education Degree, or more than high school). We calculated 
the poverty–income ratio (the ratio of household income to the 
poverty threshold) by dividing family income by the poverty 
guidelines specific to the reporting year and the participants’ 
state. Health insurance coverage, marital status, active smok-
ing status, alcohol consumption, coronary heart diseases, 
cancer, and arthritis were self-reported. Illicit drug use during 
the past 6 months was also self-reported but only participants 
aged 20–59 years were asked this question. Antidepressant 
use was defined as taking at least one prescribed antidepres-
sant medication in the past 30 days, using the same approach 
as for opioids.

Causal Effect of Interest
Our causal effect of interest is the path-specific front-

door effect, that is, the effect of chronic pain on mortality 

mediated through opioid prescription. In our generalized form 
of Pearl’s front-door formula, the path-specific front-door 
effect is estimated by calculating the change in potential out-
comes that follows a change in the mediator (opioid) which 
was caused by changing the exposure (chronic pain). Similar 
to mediation analysis, our approach requires the assumption 
that there is no uncontrolled confounding of the effect of the 
exposure on the mediator and of the effect of the mediator 
on the outcome. However, our approach does not require 
another key assumption for mediation analysis that there be 
no uncontrolled confounding of the effect of the exposure on 
the outcome; for example, the severity of underlying diseases 
that cause both chronic pain and death (and opioid prescrip-
tions only through chronic pain) cannot be fully captured in 
observational studies. More details on this approach and the 
required assumptions are described in eText 1; http://links.
lww.com/EDE/B916.

Statistical Analyses
Descriptive and missing data analyses preceded multi-

variable data analyses aimed at addressing our core research 
objective. We handled missing data for education (n = 56), 
health insurance coverage (n = 222), smoking (n = 29), marital 
status (n = 505), and poverty (n = 1393) by multiple imputa-
tions by chained equations (logistic regression models) that 
included all variables in the final analytic models using “mi 
impute chained” command in Stata.28,29

We employed the g-computation algorithm, a general-
ization of standardization,30,31 to estimate the path-specific 
front-door effect for 3-year and 5-year mortality, implementing 
a substitution estimator for the front-door formula (Table 1). 
We employed logistic regression models adjusting for poten-
tial confounders based on our causal diagram (Figure). In 
our main analysis, we adjusted for age (continuous including 
squared term), gender, race/ethnicity, education status, pov-
erty-income ratio, health insurance coverage, marital status, 
active smoking, alcohol intake, and antidepressant medication 
prescription. We first fit two logistic regression models; (1) 
a model for the effect of the exposure (chronic pain) on the 
mediator (opioid prescriptions) adjusting for the above-men-
tioned covariates, and (2) a model for the effect of the media-
tor (opioid prescriptions) on the outcome (mortality) adjusting 
for the abovementioned covariates and the exposure (chronic 
pain). We then used the regression coefficients obtained from 
these models to predict the values of the potential mediators 
and subsequently of the potential outcomes under a hypo-
thetical intervention on the exposure. Robust 95% confidence 
intervals (CIs) were estimated by repeating these analyses on 
1000 bootstrapped samples. We also estimated risk differences 
using the same g-computation algorithm to interpret the effect 
on the additive scale.

We conducted four additional analyses. First, to investi-
gate whether the observed associations differ by the strength of 
the opioid medication or the pain location, we performed the 

http://links.lww.com/EDE/B916
http://links.lww.com/EDE/B916
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same analysis for the opioids equivalent to or stronger than mor-
phine as the mediator of interest (reference: non-use of opioid 
prescriptions) or each pain location as the exposure of interest 
(reference: without chronic pain). Second, given the poten-
tial heterogeneity of the effect of opioid prescriptions on death 
between participants with and without chronic pain, we also 
included the exposure-mediator interaction in our g-computation 
algorithm. Third, we applied survey weights in the above two 
logistic regression models to account for unequal probabilities of 
selecting NHANES participants as well as nonresponse of those 
eligible and approached.32 Fourth, we compared the estimated 
path-specific front-door effect using our front-door formula with 
the estimated natural indirect effect using mediation analysis 
under the additional assumption that there are no uncontrolled 
confounders between the exposure and the outcome.

We also performed four sensitivity analyses to assess the 
robustness of our findings from the front-door formula: (1) we 
performed a complete case analysis (i.e., excluding all subjects 
with missing values instead of using multiple imputations), (2) 
we performed the main analysis excluding subjects with a his-
tory of cancer, (3) we additionally adjusted for illicit drug use 
and comorbidities which may cause chronic pain, such as coro-
nary heart diseases, cancer, and arthritis restricting participants 
to those aged 20–59 years (as illicit drug use was reported only 
by participants in this age group), and (4) we performed the 
main analysis assuming that antidepressant use was affected 
by chronic pain (i.e., only adjusted for antidepressant use to 
estimate the effect of opioid prescriptions on death).

TABLE 1.  Steps in the G-Computation Under the Generalized Form of the Front-Door Formula

Generalized Form of the Front-Door Formula

Notation: X = Exposure (binary; x and x*), M = Mediator (binary), Y = Outcome (binary), C = Measured confounders, X’ = using X for confounding 

adjustment at the Y-stage of the front-door formula, U = uncontrolled confounders between X and Y.

E(YMx) = E(YX’Mx) = Σm, cP(M = m | X = x, C = c)Σx’E (Y | M = m, X’ = x’, C = c)P(X’ = x’, C = c)

Path-specific frontdoor effect (PSFDE): the contrast between E(YMx) and E(YMx*),

with E(YMx) = E(YX’Mx) = Σx’E(Yx’Mx)P(x’) = E(YxMx)P(x) + E(Yx*Mx)P(x*)

where the equality hold if no U-M interaction.

Step 1: Obtain Empirical Parameters

  Step 1a. Model for the mediator given the exposure and the confounders:

 P(M = m | X = x, C = c)

  Step 1b. Model for the outcome given the exposure, the mediator, and the confounders:

 E(Y | M = m, X’ = x’, C = c)

Step 2: Simulate the Potential Mediator and the Potential Outcome

  Step 2a. Create two copies of the original sample

  Step 2b. Simulate the exposure variable that is marginally independent of the confounders

  Step 2c. Simulate the mediator variable as a function of its parents (the simulated exposure in step 2b and the confounders) using empirical parameters 

obtained in step 1a.

  Step 2d. Simulate the outcome variable as a function of its parents (the original exposure [not the simulated exposure in step 2b]), the simulated mediator 

in step 2c, and the confounders) using empirical parameters obtained in step 1b.

Step 3: Fit the Final Marginal Structural Model

Regress the simulated outcome in step 2d on the simulated exposure in step 2b to obtain point estimates of marginal effect using the pooled data with two 

copies of the original sample. Bootstrap can be used to obtain 95% confidence intervals.

Details in the distinction between Pearl’s original formula, Fulcher et al.’s generalization, and our approach are described in eText 1; http://links.lww.com/EDE/B916.

FIGURE.  Causal diagram for the plausible relations between 
chronic pain, opioid prescriptions, and mortality in the pres-
ence of measured and unmeasured confounders. aChronic 
pain (X) was self-reported and defined as reporting to have 
experienced pain for at least three months. bOpioids (M) 
include codeine, dihydrocodeine, meperidine, pentazocine, 
propoxyphene, tramadol, hydrocodone, morphine, tapen-
tadol, fentanyl, hydromorphone, methadone, oxycodone, 
and oxymorphone. cMeasured covariates (C): Age, sex, 
race, education levels, poverty-income ratio, health insur-
ance coverage, marital status, smoking, alcohol intake, and 
anti-depressant medication prescription. Illicit drug use was 
additionally adjusted for in a sensitivity analysis because the 
information was only available for participants aged 20-59 
years. In the sensitivity analysis, we additionally adjusted for 
comorbidities such as cardiovascular diseases, cancer, and 
arthritis.

http://links.lww.com/EDE/B916
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Last, we investigated the potential impact of uncontrolled 
confounding by unmeasured confounders of the following two 
effects: (1) the effect of chronic pain (exposure) on opioid pre-
scriptions (mediator), and (2) the effect of opioid prescriptions on 
all-cause mortality at 3 years (outcome) (eFigure 1; http://links.
lww.com/EDE/B916). Based on the associations of smoking and 
antidepressant use with chronic pain, opioid prescriptions, and 
mortality calculated using our data (as these two variables are 
major confounders), we assigned several plausible bias values. 
Using these assigned values, we computed the adjusted odds 
ratio (OR) and 95% CI, externally adjusting for the unmeasured 
confounders (eTable 1; http://links.lww.com/EDE/B916). More 
details about the bias analysis methods for uncontrolled con-
founding are given elsewhere.33 We also investigated the potential 
impact of misclassification (5% or 10%) of the mediator (opioid 
prescriptions) among participants with chronic pain given the 
possibility that some of them might have used illicit opioids and 
therefore did not report the use of opioid prescriptions.

We conducted statistical analyses using STATA ver-
sion 15 and R version 4.1.0. R code examples with each step 

are described in eAppendix 1; http://links.lww.com/EDE/
B916. The NCHS Research Ethics Review Board approved 
NHANES study protocols with all participants providing 
informed written consent.34

RESULTS
The mean age ± standard deviation (SD) of participants 

was 50.9 ± 19.6 years and 47% were males (Table 2). Of the 
participants reporting chronic pain, 18% reported opioid pre-
scriptions, compared with 3% of the participants who did not 
report chronic pain. Among participants who reported chronic 
pain, the most frequently reported pain location was the back 
(58%) followed by pain in the legs or feet (45%), headache 
or migraine (41%), arm or hand pain (39%), abdominal pain 
(9%), pain in the face or teeth (5%), and chest pain (5%).

Chronic Pain and Opioids Prescriptions
Self-reported chronic pain was strongly associated with 

opioid prescriptions [OR (95% CI) = 6.1 (5.1, 7.5)] (Table 3). 
We observed stronger associations of chronic pain with 

TABLE 2.  Baseline Clinical Characteristics in NHANES 1999–2004 With Mortality Followed Through 2015

Variable Total
Participants Who Reported 

Chronic Pain
Participants Who Did Not Report 

Chronic Pain

N 13884 2168 11716

Age, mean (sd) 50.9 (19.6) 53.3 (17.7) 50.4 (20.0)

Male, N (%) 6579 (47) 922 (43) 5657 (48)

Race/ethnicity, N (%)    

  Non-Hispanic White 6951 (50) 1274 (59) 5677 (48)

  Non-Hispanic Black 2654 (19) 393 (18) 2261 (19)

  Mexican American 3112 (22) 333 (15) 2779 (24)

  Other Race 1167 (8) 168 (8) 999 (9)

Education years, N (%)    

  <9th grade 2287 (17) 316 (15) 1971 (17)

  9–11 grade 2356 (17) 401 (19) 1955 (17)

  High school graduate 3296 (24) 561 (26) 2735 (23)

  College degree or above 5889 (43) 882 (41) 5007 (43)

Poverty income ratio, mean (sd) 2.6 (1.6) 2.4 (1.6) 2.6 (1.6)

Health insurance coverage, N (%) 11038 (81) 1774 (83) 9264 (80)

Marital status (married), N (%) 7425 (56) 1142 (54) 6283 (56)

Smoking, N (%) 6655 (48) 1270 (59) 5385 (46)

Alcohol, N (%) 7937 (57) 1303 (60) 6634 (57)

Anti-depressant medication prescription, N (%) 1038 (7) 372 (17) 666 (6)

Illicit drug usea, N (%) 1419 (16) 299 (23) 1120 (15)

Comorbidities, N (%)    

  Coronary heart diseases 639 (5) 184 (9) 455 (4)

  Cancer 1247 (9) 283 (13) 964 (8)

  Arthritis 2375 (17) 735 (34) 1640 (14)

Opioid prescriptions, N(%)    

  Total opioidsb 683 (5) 382 (18) 301 (3)

  Opioids equivalent to or stronger than morphinec 360 (3) 223 (10) 137 (1)

aIllicit drug use was only asked for participants aged 20–59 years (N = 8630).
bTotal opioids included codeine, dihydrocodeine, meperidine, pentazocine, propoxyphene, tramadol, hydrocodone, morphine, tapentadol, fentanyl, hydromorphone, methadone, 

oxycodone, and oxymorphone.
cOpioids equivalent to or stronger than morphine included hydrocodone, morphine, tapentadol, fentanyl, hydromorphone, methadone, oxycodone, and oxymorphone.

http://links.lww.com/EDE/B916
http://links.lww.com/EDE/B916
http://links.lww.com/EDE/B916
http://links.lww.com/EDE/B916
http://links.lww.com/EDE/B916
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prescription opioid use equivalent to or stronger than morphine 
than with any opioid prescriptions [OR (95% CI) = 8.0 (6.1, 
11)]. Results did not substantially change in models using sur-
vey weights (eTable 2; http://links.lww.com/EDE/B916).

Opioid Prescriptions and Mortality
During each follow-up period (i.e., 3-year, and 5-year), 

deaths from all causes were identified in 718 (5%) and 1260 
(9%) participants, respectively. Adjusted all-cause mortality 
odds were higher for participants who reported opioid pre-
scriptions compared to those who did not [OR (95% CI) = 
1.5 (1.1, 1.9) at 3 years and 1.3 (1.1, 1.6) at 5 years; Table 4]. 
We found similar results for participants who reported opi-
oids equivalent to or stronger than morphine prescription 
compared to those who either did not report using opioid pre-
scriptions or reported having opioid prescriptions weaker than 
morphine. The estimated ORs were larger for the participants 
with stronger opioid prescriptions compared to those with any 
opioid prescriptions over any follow-up period. When strati-
fied by pain status, we estimated larger ORs for participants 
without chronic pain than for those with chronic pain (eTable 
3; http://links.lww.com/EDE/B916). Results did not substan-
tially change in the models using survey weights (eTable 4; 
http://links.lww.com/EDE/B916).

From Chronic Pain to Mortality Through 
Opioids

We estimated that chronic pain appeared to increase the 
risk of all-cause mortality mediated by opioid prescriptions 
[path-specific front-door effect; 3-year, OR (95% CI) = 1.06 
(1.01, 1.11); and 5-year, OR (95% CI) = 1.03 (1.01, 1.06); 
Table 5]. We observed almost the same magnitude of the effect 
for participants who reported having opioid medications equiv-
alent to or stronger than morphine prescriptions. Results were 
also consistent on the risk difference scale (eTable 5; http://
links.lww.com/EDE/B916), across pain locations (eTable 6; 
http://links.lww.com/EDE/B916), and in the model includ-
ing the exposure-mediator interaction in our model (eTable 7; 
http://links.lww.com/EDE/B916). The estimated natural indi-
rect effects using the mediation analysis were larger than the 
estimated path-specific front-door effect using the front-door 
formula (eTable 8; http://links.lww.com/EDE/B916).

Results of Sensitivity Analyses
The results did not substantially change in the complete 

case analysis (eTable 9; http://links.lww.com/EDE/B916), 
analysis excluding participants with a history of cancer (eTable 
10; http://links.lww.com/EDE/B916), additional adjustment 
for comorbidities related to other types of diseases or pain, 

TABLE 3.  Odds Ratio (95% Confidence Interval) for the Estimated Effects of Chronic Pain on Opioid Prescriptions

  N of Opioids Use/N of Participants Adjusted OR (95% CI)a 

 Pain (+) Pain (-) Age + Sex Adjusted Main Modelb

Total opioids 382/2168 301/11716 7.5 (6.3–9.1) 6.1 (5.1–7.5)

Opioids equivalent to or stronger than morphinec 223/2009 137/11552 9.8 (7.6–13) 8.0 (6.1–11)

a1000 iterations were performed for bootstrapping to estimate 95% confidence interval.
bAdjusted for age, sex, race, education levels, poverty-income ratio, health insurance coverage, marital status, smoking, alcohol intake, and anti-depressant medication 

prescriptions. (Logit (Opioid | pain, covariates) = β0 + βpain*Pain + βage*Age + βagesq*Age2 + βsex*Sex + βrace*Race + βedu*education + βpir*PIR + βins*Insurance + βmarital*Marital + 
βsmoke*Smoke + βalc*Alcohol + βantidep*Antidepressant)

cTotal N is different from total opioids because we excluded opioids weaker than morphine from this analysis.
CI indicates confidence interval; OR, odds ratio.

TABLE 4.  Odds Ratio (95% Confidence Interval) for the Estimated Effects of Opioid Prescriptions on All-Cause Mortality at 3 
and 5 Years

  N of Death/N of Participants Adjusted OR (95% CI)a 

 Opioids (+) Opioids (−) Age + Sex Adjusted Main Modelb

A) Total opioids     

  3-year mortality 77/683 641/13201 1.7 (1.3–2.1) 1.5 (1.1–1.9)

  5-year mortality 117/683 1143/13195 1.5 (1.2–1.8) 1.3 (1.1–1.6)

B) Opioids equivalent to or stronger than morphinec

  3-year mortality 36/360 641/13201 1.8 (1.2–2.4) 1.6 (1.1–2.2)

  5-year mortality 56/360 1143/13195 1.6 (1.2–2.1) 1.4 (1.1–1.8)

a1000 iterations were performed for bootstrapping to estimate 95% confidence interval.
bAdjusted for age, sex, race, education levels, poverty-income ratio, health insurance coverage, marital status, smoking, alcohol intake, anti-depressant medication prescription and 

chronic pain. (Logit (Mortality | opioids, covariates) = β0 + βopi*Opioids + βpain*Pain + βage*Age + βagesq*Age2 + βsex*Sex + βrace*Race + βedu*education + βpir*PIR + βins*Insurance 
+ βmarital*Marital + βsmoke*Smoke + βalc*Alcohol + βantidep*Antidepressant)

cTotal N is different from total opioids because we excluded opioids weaker than morphine from this analysis.
CI indicates confidence interval; OR, odds ratio.
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such as arthritis, diabetes, cardiovascular diseases, and can-
cer, and illicit drug use among participants aged 20–59 years 
(eTable 11; http://links.lww.com/EDE/B916), and analysis 
assuming that antidepressant use was affected by chronic pain 
(eTable 12; http://links.lww.com/EDE/B916). The bias analy-
sis for uncontrolled confounding indicated that some, but not 
all, of the observed effect of chronic pain on all-cause mor-
tality at 3-years mediated through opioid prescriptions could 
be explained by uncontrolled confounding if the controlled 
confounders have similar associations in size and direction 
with our study exposure, mediator, and outcome as smoking 
or antidepressant use have (eTable 13; http://links.lww.com/
EDE/B916). The estimated effect assuming misclassification 
of opioid prescriptions among participants with chronic pain 
was slightly larger than the estimated effect in the original 
analysis (eTable 14; http://links.lww.com/EDE/B916).

DISCUSSION
In this cohort study of a nationally representative data-

base in the US, we found that chronic pain increased the risk 
of all-cause mortality through opioid prescriptions using the 
front-door formula. The estimated causal effects did not dif-
fer by chronic pain location. Moreover, the estimated causal 
effects of opioid prescriptions on all-cause mortality were 
slightly higher for the shorter follow-up periods and partici-
pants using stronger opioid (equivalent to or stronger than 
morphine) prescriptions.

To the best of our knowledge, this is the first study to 
estimate the causal effect of chronic pain on all-cause mor-
tality specifically mediated by opioid prescriptions among 
noninstitutionalized US adults. Chronic pain is one of the 
most common symptoms related to poor physical and mental 
health.35–37 However, the relationship between chronic pain 
and long-term adverse outcomes is not yet well understood 
and the results from previous studies are inconsistent, partially 
due to uncontrolled confounders.13,38–40 For example, a previ-
ous cohort study conducted in the United Kingdom reported 
a moderate size crude association between chronic pain and 
all-cause mortality (Hazard Ratio [HR] = 1.3, 99% CI = 1.1, 
1.5) but the observed association disappeared after adjusting 
for socio-demographic factors and comorbidities (HR = 0.90, 
99% CI = 0.74, 1.1) suggesting the presence of strong con-
founding bias due to these factors.40 Moreover, we focused on 

the path-specific effect (rather than total effect) of chronic pain 
on death “mediated by opioid prescriptions” in the era of the 
opioid crisis, a question that is challenging to answer with tra-
ditional statistical approaches. The estimated effect size in our 
study may have non-ignorable policy implications because 
one-fifth of US adults suffer from chronic pain3 and prescrip-
tions of drugs by physicians for this common symptom should 
not increase mortality risk.

This study is also one of few empirical applications 
of Pearl’s front-door formula. In 1993, Pearl developed the 
front-door formula, which provides unbiased estimates under 
conditions where there are uncontrolled confounders for the 
association of the exposure and the outcome.14 Despite the 
difficulty of finding appropriate mediating variables, the front-
door formula has two major strengths: (1) by using mediating 
variables that lie on the path from the exposure to the outcome 
of interest, it focuses on a specified mechanism of the exposure 
effect under study without necessarily requiring us to identify 
and estimate the average total effect of the exposure, and (2) it is 
a general method that applies to both parametric and nonpara-
metric settings.14,15,18 Fulcher et al.18 introduced the concept of 
the generalized front-door formula to estimate the population 
indirect intervention effect by taking the contrast of observed 
population prevalence, E[Y], and the outcome E(YMx*), where 
YMx* denotes the potential outcome if the exposure had taken its 
observed value and M had been set to Mx* (the potential media-
tor if the exposure had taken value X = x*; notation can be found 
in Table  1 and eText 1; http://links.lww.com/EDE/B916).18 
Here, we similarly applied the generalized form of the front-
door formula but to estimate the path-specific front-door effect 
by taking the contrast of two potential outcomes; that is, YMx 
and YMx* where Mx denotes the potential mediator if the expo-
sure had taken value X = x, and YMx is the potential outcome 
if M had been set to Mx (eText 1; http://links.lww.com/EDE/
B916). These two different approaches can be used when we 
are interested in path-specific effects in the presence of a direct 
effect of the exposure on the outcome. Of note, as shown in our 
study and the previous study,41 the pure natural indirect effect 
can be identified even when there are uncontrolled confounders 
between the exposure and the outcome if there is no interaction 
between uncontrolled confounders and the mediator, although 
mediation analysis does not work in such a scenario due to the 
violation of the conditional exchangeability assumption.

TABLE 5.  Odds Ratios (95% Confidence Interval) for the Estimated Path-Specific Front-Door Effects of Chronic Pain on All-
Cause Mortality Through Physicians’ Opioid Prescription at 3 and 5 Years Using the Front-Door Adjustment

  N of Death/N of Participants Adjusted OR (95% CI)a,b 

 Pain (+) Pain (–) Through Total Opioids Through Opioids Equivalent to or Stronger Than Morphine
3-year mortality 157/2168 561/11716 1.06 (1.01–1.11) 1.05 (1.01–1.09)

5-year mortality 261/2168 999/11710 1.03 (1.01–1.06) 1.03 (1.00–1.06)

aAdjusted for age, sex, race, education levels, poverty-income ratio, health insurance coverage, marital status, smoking, alcohol intake, and anti-depressant medication prescription.
b1000 iterations were performed for bootstrapping to estimate 95% confidence interval.
CI indicates confidence interval; OR, odds ratio.
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Our bias analysis revealed that our findings based on the 
front-door formula were likely robust to uncontrolled confound-
ing. Given the inter-physician variation in opioid prescribing 
behavior for pain management across geographical areas and 
physician characteristics including their relationship with the 
pharmaceutical industry,42–44 the lack of this information might 
have induced confounding bias. However, it is less likely that 
such bias explains our findings away even if these factors were 
confounders as strong as smoking or antidepressant use. The 
positivity assumption also holds in our analysis because par-
ticipants could have received opioid prescriptions even without 
chronic pain due to a lack of adherence to the clinical guidelines.

We found that opioid prescriptions were associated with 
an increased risk of all-cause mortality as previously sug-
gested. The estimates were slightly larger in the shorter-term 
follow-up periods and among participants who reported stron-
ger opioid prescriptions. Ample evidence exists that the dura-
tion of an opioid’s action and the prescribed opioid doses are 
associated with the risk of overdose and related deaths.45–47 
Given that the percentage of adults using opioids stronger than 
morphine is increasing,26 the risk of developing opioid use 
disorders is greater.9 While it is still unclear whether reducing 
the inappropriate prescription of opioids alone is an effective 
strategy for addressing the opioid crisis,48,49 our findings high-
light the importance of considering the strength of opioids 
as well as the duration of opioids’ actions and the prescribed 
doses for overdose-related death. Moreover, we found an asso-
ciation of larger magnitude between opioid prescriptions and 
mortality among people without chronic pain rather than those 
with chronic pain. Because the affinity for the opioid receptor 
is different for each opioid50,51 and the risk of opioid addiction 
or dependence may vary by socioeconomic status, underly-
ing medical conditions, and prescribing patterns,45,52,53 further 
subgroup analyses with a larger sample size are needed to 
clarify whether these factors act as effect measure modifiers.

Limitations of the Study
The present study has several limitations. First, as chronic 

pain was self-reported, we might have misclassified the expo-
sure. Particularly, some participants with chronic pain might 
have not reported opioid prescriptions as they used opioids illic-
itly. However, assuming that these people may have a high mor-
tality risk, such misclassification induces bias toward the null as 
shown in our sensitivity analysis. Second, while the front-door 
formula does not require the assumption of no uncontrolled 
confounders between the exposure and the outcome, we need 
to assume that there are no uncontrolled confounders between 
the exposure and the mediator and between the mediator and 
the outcome. Third, although we assumed that increased mor-
tality risks related to opioid prescription were mainly due to 
inappropriate prescription by physicians or nonmedical use of 
prescription opioids by patients,7,8 our data did not have infor-
mation on whether physicians’ prescription and patients’ use of 
opioids were clinically appropriate. Fourth, given the different 
ways in which chronic pain levels could arise or persist, there 

is a possibility of violating the consistency assumption for this 
exposure. The consistency assumption could also be violated 
for the mediator given that duration and dose of opioid intake 
drive opioid-related death53 and several alternatives to opioids 
for chronic pain management exist. Thus, our findings do not 
suggest the effectiveness of a specific intervention. These should 
be the subject of further research with more detailed informa-
tion on chronic pain and opioids. Fifth, we estimated the risk 
of mortality during the follow-up periods after the household 
interview; that is we did not have information about how long 
and how much of the prescribed drugs they had taken before 
the interview. Therefore, we cannot negate the possibility that, 
for some respondents, the reported chronic pain might be in 
response to prior opioid prescriptions or withdrawal from such 
prescriptions. Nonetheless, one would expect that opioids are 
not directly inducing chronic pain. Furthermore, prior opioid 
prescriptions most likely would have reduced the likelihood of 
chronic pain given its primary role as a painkiller. Finally, it is 
important to note that the obtained estimate is the path-specific 
effect of chronic pain on death mediated by opioid prescriptions. 
Therefore, our findings may not be generalizable to the effect of 
acute pain or the overall effect of chronic pain through other 
paths or mechanisms including non-medical use of opioids.

CONCLUSIONS
In conclusion, using a nationally representative data-

base in the US and implementing the front-door formula, we 
found that self-reported chronic pain increased the risk of all-
cause mortality through opioid prescriptions. The opioid pre-
scriptions increased the risk of all-cause mortality and effect 
sizes are stronger in the shorter-term follow-up periods and 
for stronger opioids. Our findings support the current CDC 
guidelines for pain management9 to prevent death from possi-
bly inappropriate opioid prescriptions driven by chronic pain.
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