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Smoking Is Associated with Higher Disease Activity in
Rheumatoid Arthritis: A Longitudinal Study
Controlling for Time-varying Covariates
Milena A. Gianfrancesco, Laura Trupin, Stephen Shiboski, Mark van der Laan, 
Jonathan Graf, John Imboden, Jinoos Yazdany, and Gabriela Schmajuk�

ABSTRACT.  Objective. Prior studies around the relationship between smoking and rheumatoid arthritis (RA) disease
activity have reported inconsistent findings, which may be ascribed to heterogeneous study designs
or biases in statistical analyses. We examined the association between smoking and RA outcomes
using statistical methods that account for time-varying confounding and loss to followup.

                       Methods. We included 282 individuals with an RA diagnosis using electronic health record data
collected at a public hospital between 2013 and 2017. Current smoking status and disease activity
were assessed at each visit; covariates included sex, race/ethnicity, age, obesity, and medication use.
We used longitudinal targeted maximum likelihood estimation to estimate the causal effect of
smoking on disease activity measures at 27 months, and compared results to conventional longitudinal
methods. 

                       Results. Smoking was associated with an increase of 0.64 units in the patient global score compared
to nonsmoking (p = 0.01), and with 2.58 more swollen joints (p < 0.001). While smoking was
associated with a higher clinical disease activity score (2.11), the difference was not statistically signifi-
cant (p = 0.22). We found no association between smoking and physician global score, or C-reactive
protein levels, and an inverse association between smoking and tender joint count (p = 0.05). Analyses
using conventional methods showed a null relationship for all outcomes.

                       Conclusion. Smoking is associated with higher levels of disease activity in RA. Causal methods may
be useful for investigations of additional exposures on longitudinal outcome measures in rheumatologic
disease. (First Release December 1 2018; J Rheumatol 2019;46:370–5; doi:10.3899/jrheum.180262)
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Rheumatoid arthritis (RA) is a chronic inflammatory disease
that commonly leads to functional limitation and physical
disability1. Smoking is considered one of the strongest
environmental risk factors for RA. A metaanalysis demon-
strated that the odds of developing RA for smokers were
nearly 2-fold compared to nonsmokers2. 
    The relationship between smoking and RA outcomes is
less clear. While previous studies have shown strong associ-
ations between smoking and nodule formation3,4,5,6,7,8, others
have shown conflicting results. For example, Mattey, et al
showed a significant increase in radiographic damage in
smokers compared to nonsmokers5, while other studies found
no association9,10, including a longitudinal study of over 2000
individuals10.
    Inconsistent findings in disease activity measures may be
ascribed to heterogeneous study designs, measurement error
in key variables, or biases in statistical analyses. Observa-
tional studies may be biased in sampling, and cross-sectional
studies may not be able to assess the timing or “dose” of the
exposure and the outcome. Within longitudinal study designs,
improper adjustment for time-varying variables (i.e., changes
in exposure status or covariates over time) can lead to biased
results, specifically when a covariate serves as both a
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confounder and an intermediate variable. Standard regression
techniques may lead to biased estimates in this context11, but
other methods, such as inverse probability weighted (IPW)
estimators12 and longitudinal targeted maximum likelihood
estimation (LTMLE)13, can yield unbiased estimates that also
have a valid causal interpretation given certain assumptions.
    We used LTMLE, a doubly robust, maximum-likelihood–
based estimator that accounts for time-varying covariates and
potentially informative missingness, to examine the associ-
ation between current smoking status and RA disease activity
at 27 months. We also conducted analyses using conventional
methods as a comparison.

MATERIALS AND METHODS
Study population. We included individuals with at least 2 rheumatology
clinic visits within 12 months, each coded with a diagnosis of RA
(International Classification of Diseases, 9th ed diagnosis code: 714.0)
between January 1, 2013, and July 30, 2017, from the electronic health
records (EHR) of a public hospital (n = 391). We restricted the sample to
patients who had at least 2 observations of one of the disease activity
measures analyzed (n = 307); 43 individuals did not have any outcomes
recorded, while 41 had only 1 disease activity measure documented. We also
excluded 16 individuals with “uninformative” datapoints (i.e., only 2 visits,
within 30 days, because these patients had inadequate longitudinal followup)
and 9 individuals with missing body mass index values that could not be
recovered in chart review (final n = 282). 
      Observation windows during the study period were defined in 3-month
intervals, which is the standard followup interval for patients with RA in our
health system. If there were no available data for the 3-month interval, we
expanded the observation window to ± 30 days; otherwise, the observation
was designated as a missed visit. The exposure (current cigarette smoking,
yes/no) was assessed at each timepoint through EHR for each clinic visit.
Outcomes included disease activity measured by the Clinical Disease
Activity Index (CDAI)14 and its components: patient’s global assessment
(PtGA), physician’s global assessment (PGA), and 28 tender (TJC) and
swollen joint counts (SJC). We also examined C-reactive protein (CRP)
laboratory values. Laboratory values that included a minimum or maximum
value (e.g., “< 3” or “> 200”) were replaced with the number (e.g., “3,”
“200”). In our sample, laboratory values were generally assessed on the same
day of a patient’s clinic visit, and therefore can be directly linked with the
EHR visit data. If multiple values were recorded for a disease activity
measure within a 3-month interval, an average of the scores was used. In
circumstances where outcomes were missing, we expanded the observation
window to ± 30 days; if the outcome was still missing, we imputed using
last value carried forward and generated a variable to indicate whether the
outcome value was imputed to record any informative missingness.
      Baseline covariates included sex, race/ethnicity (white non-Hispanic,
black non-Hispanic, Asian non-Hispanic, Hispanic), age at first observation,
smoking status prior to index date (ever/never), obesity status (body mass
index > 30 kg/m2), rheumatoid factor (RF) status, and anticyclic citrullinated
peptide (anti-CCP) status. Disease-modifying antirheumatic drugs
(DMARD) were assessed at each timepoint and coded as synthetic DMARD
(yes/no) or biologic/small molecule DMARD (yes/no; Supplementary Table
1, available with the online version of this article). Current smoking
(exposure of interest) and disease activity measures (outcome) were
measured at baseline and each timepoint.
      Patients were observed from baseline (the second of 2 encounters within
12 months) until loss to followup, nine 3-month intervals (following the
baseline observation), or on July 31, 2017, whichever occurred first. We
chose a maximum study period of 27 months of observation because the
proportion of patients followed longer than 27 months dropped sharply 
(> 40% censored). Continuing the study period would have reduced statis-
tical power.

Statistical analyses. Within longitudinal study designs, estimation of
exposure effects based on improper adjustment for time-varying con-
founding variables can lead to biased results, specifically when a covariate
serves as both a confounder and an intermediate variable for an exposure of
interest11. An example of this is medication use, which serves as both a
confounder and an intermediate variable in the relationship between smoking
and disease activity: adjusting for this variable may attenuate the estimated
association between exposure and outcome because it lies in the causal
pathway as an intermediate variable; but not adjusting for it can lead to
biased results because it can still represent a confounder. Conventional
regression fails to appropriately account for this type of bias, but other
methods, such as IPW12,15,16 and LTMLE13, allow for the estimation with a
valid causal interpretation. Similar to the conventional approach, validity
relies on assumptions that important confounding influences are identified,
measured, and properly accounted for in analyses. In particular, IPW and
LTMLE approaches require that the sequential randomization (i.e., condi-
tional on the observed covariate and exposure history, the exposure is
assigned completely at random) and positivity (i.e., smokers and nonsmokers
are present in each covariate stratum) assumptions are met17. 
      We used LTMLE to estimate the marginal association of current smoking
status on disease activity as measured by CDAI, PtGA, PGA, SJC, TJC, and
CRP values at 27 months13. Our causal quantity of interest is defined using a
marginal structural working model to summarize how the mean counterfactual
outcome at 27 months varies as a function of the intervention rule (always
smoke and not censored vs never smoke and not censored), baseline covariates,
and time-varying covariates (Supplementary Data 1, available with the online
version of this article). LTMLE estimates both outcome and exposure mecha-
nisms using semiparametric techniques, making the resulting estimates doubly
robust against misspecification of either of these mechanisms alone. 
      In our study, LTMLE estimated the cumulative effect of smoking while
accounting for censoring and time-varying covariates, including missed visit
status and medication18. As expected in EHR data, not all patients were seen
every 3 months (± 30 days). Rather than censoring at the time of first missed
visit, which would substantially reduce the number of individuals in our
dataset, LTMLE was used to control for the possibly informative
measurement process; that is, to account for missing timepoints that may
have been influenced by time-varying covariates. Individuals were
considered censored only if they were no longer observed in the clinic at
any time during the followup period.
      Time-dependent covariates, such as medication and missed clinic visits,
may affect both the outcome, as well as censored status. These covariates
may also be influenced by the exposure. Therefore, time-dependent
confounding is present and standard regression methods are likely to yield
biased estimates. Alternate methods, such as LTMLE, allow us to estimate
the statistical parameter best approximating our causal parameter of interest.
LTMLE analyses were conducted with the “ltmle” package in R19.
      Chart reviews were conducted for missing data not automatically
extracted through EHR tables. For remaining missing values, information
was imputed using last value carried forward. Additionally, indicator
variables were created to represent whether an individual’s outcome was
imputed (e.g., in situations where the patient was present in the clinic, but
an outcome value not recorded), and whether an individual missed a visit,
but was not yet censored (e.g., patient returned before end of followup).
These 2 variables were included as covariates in analyses.
      A conventional longitudinal analysis approach for estimation of marginal
effects, specifically, generalized estimating equations (GEE)20, was also used
to model the longitudinal association between current smoking status and
disease activity measures over the study period. GEE estimates the expected
difference in disease activity for a unit change in the predictor (i.e.,
comparing smokers to nonsmokers) over the whole population. We modeled
the association using an exchangeable working correlation structure and
robust standard errors. Non-normally distributed outcomes, such as CDAI,
PGA, and CRP values, were also modeled with square root–transformed
values. β coefficients were estimated with smoking as the primary predictor
of each multivariate model adjusted for appropriate covariates. 
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      Our exposure of interest, current smoking status, and outcomes (disease
activity as measured by CDAI, PtGA, PGA, SJC, TJC, and CRP level) were
measured at baseline and each timepoint. Analyses using LTMLE and GEE
controlled for baseline covariates including sex, race/ethnicity, age, obesity
(yes/no), previous smoking status (ever/never), RF status, anti-CCP status,
and baseline disease activity. Time-varying covariates included synthetic
DMARD, biologic/small molecule DMARD, whether the outcome value
was imputed, and missed visit status. LTMLE results additionally accounted
for censored status. Analyses were conducted in R (v.3.3.1) or Stata (v.15.0).
We created 95% CI and conducted 2-sided hypothesis tests controlling the
type I error rate at 5% (α = 0.05). The study was approved by the Committee
on Human Research at the University of California, San Francisco,
California, USA (study number:10-04740). 

RESULTS
Patient demographic and disease characteristics at baseline.
Demographic and disease characteristics of patients with RA
at baseline are described in Table 1. Patients were predomi-
nately female (83%), with a mean age of 59.4 ± 11.9 years,
and 91% were racial/ethnic minorities. Over 30% of patients
were prescribed a biologic or small-molecule DMARD, and
91% were prescribed a synthetic DMARD. About 10% of
patients were current smokers at baseline, while 11% reported
smoking at some time in the past. The percentage of current
smokers over the study period varied between 8 and 11%
(data not shown). 
    There were no significant differences in disease activity
measures (CDAI, PtGA, PGA, SJC, TJC, and CRP level)
between current smokers compared to nonsmokers at
baseline (p > 0.05, data not shown).

LTMLE results. LTMLE results demonstrating the expected
mean differences in disease activity scores between current
smokers and nonsmokers at 27 months are shown in Table 2.
We found a significant marginal effect between current
smoking status and PtGA score (p = 0.01); current smokers
on average had a PtGA score 0.64 units higher than
nonsmokers (current smokers = 4.82 vs nonsmokers = 4.19).
Additionally, current smokers had on average 2.58 more
swollen joints than nonsmokers (current smokers = 5.91 vs
nonsmokers = 3.33; p < 0.001). Smoking was associated with
a 2.11 increase in CDAI score compared to nonsmoking, but
the difference was not statistically significant (p = 0.22).
There was no significant association between current
smoking and PGA score (p = 0.63) or CRP levels (p = 0.61).
In contrast, we detected an inverse relationship between
current smoking and TJC (–1.09, 95% CI –2.16 to –0.02; 
p = 0.05).
Conventional longitudinal analysis results. Table 3 demon-
strates the expected difference in disease activity measures
over time comparing current smokers to nonsmokers using a
conventional longitudinal method, GEE. There were no
significant differences found using GEE (p > 0.10). Analyses
using transformed values for non-normal outcome variables
(i.e., CDAI, PGA score, and CRP) demonstrated similar
results (data not shown).

DISCUSSION
We found current smoking status to be associated with higher
levels of disease activity as measured by PtGA score and SJC
using LTMLE. To our knowledge, this is the first study to
examine the longitudinal effect of smoking on disease
activity using semiparametric methods that account for
time-varying confounding and potentially informative
missingness. 
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Table 1. Baseline characteristics of patients with rheumatoid arthritis
included in the study (n = 282).

Characteristics                                                           N (%) or Mean ± SD

Female                                                                                234 (83)
Age, yrs                                                                           59.40 ± 11.93
Race/ethnicity                                                                            
    White, non-Hispanic                                                         25 (9)
    Asian, non-Hispanic                                                        83 (29)
    Black, non-Hispanic                                                         22 (8)
    Hispanic                                                                          152 (54)
Previous smoker                                                                   31 (11)
Current smoker                                                                    28 (10)
Obese (BMI ≥ 30 kg/m2)                                                    106 (38)
Prescribed biologic or small-molecule DMARD                95 (34)
Prescribed synthetic DMARD                                            256 (91)
RF-positive, n = 280                                                           221 (79)
Anti-CCP, n = 280                                                              249 (89)
Clinical Disease Activity Index (range 0–76)                15.13 ± 11.61
PtGA (range 0–10)                                                            4.73 ± 2.75
PGA (range 0–10)                                                             2.71 ± 2.30
Swollen joint count (0–28)                                               4.50 ± 5.29
Tender joint count (0–28)                                                 3.70 ± 5.45
CRP, mg/l                                                                        10.03 ± 17.63

BMI: body mass index; DMARD: disease-modifying antirheumatic drugs;
RF: rheumatoid factor; anti-CCP: anticyclic citrullinated peptide; PtGA:
patient’s global assessment; PGA: physician’s global assessment; CRP: 
C-reactive protein.

Table 2. Longitudinal targeted maximum likelihood estimation results
demonstrating the expected mean difference in disease activity scores
between smokers and nonsmokers at 27 months. 

Variables           Smokers     Nonsmokers            Mean Difference
                          Estimate         Estimate                    (95% CI), p 

CDAI                   14.77              12.66        2.11 (–1.26 to 5.47), p = 0.22
PtGA                     4.82               4.19            0.64 (0.16–1.12), p = 0.01
PGA                      2.43               2.23         0.20 (–0.61 to 1.01), p = 0.63
Swollen joints       5.91                3.33           2.58 (1.28–3.89), p < 0.001
Tender joints         1.53                2.62       –1.09 (–2.16 to –0.02), p = 0.05
CRP, mg/l            13.22             12.26        0.96 (–2.74 to 4.66), p = 0.61

The estimated causal effect of smoking on disease activity at 27 months was
adjusted for baseline covariates (sex, age, race/ethnicity, past smoking,
disease activity, obesity, RF status, anti-CCP status) and time-varying
covariates (biologic/small molecule DMARD, synthetic DMARD, whether
the outcome value was imputed, and missed visit status). CDAI: Clinical
Disease Activity Index; PtGA: patient’s global assessment; PGA: physician’s
global assessment; CRP: C-reactive protein; RF: rheumatoid factor;
DMARD: disease-modifying antirheumatic drugs; anti-CCP: anticyclic
citrullinated peptide. 
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    Previous studies have shown strong evidence for an
association between smoking and RA nodule forma-
tion3,4,5,6,7,8; however, additional measures of RA disease
severity and activity are mixed. More radiographic damage
was found in smokers compared to nonsmokers5, but not
replicated in other studies9,10. Saag, et al found that erosions
were associated with pack-years of smoking21, but a later
study found a null association4. Some studies have demon-
strated no difference in disease activity scores (28-joint count
Disease Activity Score) between smokers and non-
smokers22,23,24. While other results showed that current
smokers have higher CDAI scores than former or never
smokers22,25, no significant differences were found between
former and continuing smokers in a longitudinal study25.
None of these studies incorporated methods to account for
time-varying confounding or informative missingness. 
    Our findings show that interpretations surrounding the
association between smoking and RA disease activity may
differ dramatically depending on the type of statistical
analysis conducted. We found no association between
current smoking and any disease activity measure using
conventional parametric methods (GEE). These findings are
consistent with a longitudinal study that found no association
between smoking and disease activity measures (SJC and
TJC, and pain score) after 24 months9. Differences in results
between conventional analytic methods and methods that
properly adjusted for time-varying confounding, such as
IPW, have been demonstrated in previous studies in other
fields26,27. A review found substantial differences between
causal models and conventional analyses in studies where
time-varying confounding was suspected; IPW estimates
differed from conventional estimates by at least 20% in
about 40% of exposure-outcome associations in which the
direction of the effect was the same27. Further, about 11%

of papers showed opposite interpretations between the 2
types of analyses.
    An unexpected finding was that current smoking over time
was inversely associated with TJC. This is in contrast to our
finding that current smoking was significantly associated
with a higher number of swollen joints. Discordance between
the 2 measures has been previously described28. Michelsen,
et al found that a patient’s perspective on disease evaluation
may differ from a physician’s, which may affect disease
activity measures such as TJC28. Authors attribute the
difference to level of pain, which may be influenced by
comorbid conditions such as fibromyalgia or psychosocial
factors. Future studies are needed examining the association
between smoking and TJC while adjusting for these
additional factors. 
    We did not find an association between current smoking
and CRP levels, in agreement with previous studies. While
smoking has been associated with higher levels of CRP
compared to nonsmokers in non-RA populations29, other
studies have shown a null relationship30,31. One study in an
RA population found that CRP levels were not associated
with smoking status, and over time, CRP levels decreased in
ever, never, and former smokers with no significant
difference at any timepoint between groups9. CRP may be
influenced by a number of factors independent of disease
activity, including subtle synovitis not detected through
clinical joint examinations, chronic inflammation at extra-
articular sites, infection, and adipose tissue32. 
    Our study has several strengths, including a large, diverse
population drawn from an integrated public hospital, longi-
tudinal data, and robust methods that account for 
time-varying confounding and informative missingness.
Limitations include the possibilities of uncontrolled bias, due
to unmeasured confounding factors, inadequate control for
missing data, and misspecification of exposure. Our approach
to missing value imputation is based on the last value carried
forward method, which, although relatively standard in longi-
tudinal data analyses, could result in misclassified covariate
values. We also note that social desirability bias is another
possible source of misclassification of exposure data. We
attempted to address the possibility of informative missing-
ness and selection bias through adjustment for indicator
variables for both missed visits and visits where imputations
were made. However, there may be additional unmeasured
time-dependent covariates that influence whether a patient
was present in the clinic. In total, smoking was imputed for
~20% of all observations over the study period of 27 months.
    As expected, there was loss to followup in this real-world
clinical population over the study period. While we
controlled for the potentially informative missing process
with LTMLE, the smaller number of observed individuals
may also contribute to a higher potential for violations of
statistical assumptions. Continuous measure of obesity, rather
than just baseline, may also improve estimation. Stratified
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Table 3. Generalized estimating equation results demonstrating the expected
difference in disease activity measures comparing smokers to nonsmokers
over the study period.

Variables                                                        β (95% CI), p

CDAI                                                 0.36 (–1.51 to 2.24), p = 0.71
PtGA                                                4.62 (–1.02 to 10.26), p = 0.11
PGA                                                 –0.09 (–4.41 to 4.23), p = 0.97
Swollen joint count                           0.08 (–0.73 to 0.90), p = 0.84
Tender joint count                             0.42 (–0.35 to 1.18), p = 0.29
CRP, mg/l                                         –1.64 (–5.30 to 2.02), p = 0.38

An expected difference in disease activity for a unit change in the predictor
(i.e., comparing smokers to nonsmokers) over the population, adjusted for
baseline covariates (sex, age, race/ethnicity, past smoking, disease activity,
obesity, RF status, anti-CCP status) and time-varying covariates
(biologic/small molecule DMARD, synthetic DMARD, whether the
outcome value was imputed, and missed visit status). CDAI: Clinical Disease
Activity Index; PtGA: patient’s global assessment; PGA: physician’s global
assessment; CRP: C-reactive protein; DMARD: disease-modifying
antirheumatic drugs; RF: rheumatoid factor; anti-CCP: anticyclic citrulli-
nated peptide. 
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analyses based on variables such as RF and anti-CCP status,
as well as race/ethnicity, were not feasible owing to small
sample size and low power, which would have resulted in a
higher probability of positivity violations using LTMLE.
Additional studies are needed to examine how these variables
may modify the association between smoking and RA disease
activity. Lastly, we were unable to measure the effect of
smoking on nodule formation or radiographic changes, or to
examine associations beyond 27 months. 
    We rigorously examined the effect of current smoking
status on disease activity using methods that account for 
time-varying confounding and potentially informative
missingness. We found evidence that smoking is associated
with higher levels of disease activity as measured by PtGA
score and SJC. Methods used in our study may be useful for
investigations of additional exposures on longitudinal
outcome measures in rheumatologic disease.

ONLINE SUPPLEMENT
Supplementary material accompanies the online version of this article.
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