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Objective. To investigate passive smoking throughout the life course and the risk of rheumatoid arthritis (RA), 
while accounting for personal smoking.

Methods. We analyzed the Nurses’ Health Study II prospective cohort, using information collected via biennial 
questionnaires. We assessed the influence of 1) maternal smoking during pregnancy (in utero exposure), 2) childhood 
parental smoking, and 3) years lived with smokers since age 18. Incident RA and serostatus were determined by 
medical record review. Using the marginal structural model framework, we estimated the controlled direct effect of 
each passive smoking exposure on adult incident RA risk by serologic phenotype, controlling for early-life factors and 
time-updated adulthood factors including personal smoking.

Results. Among 90,923 women, we identified 532 incident RA cases (66% seropositive) during a median of 27.7 
years of follow-up. Maternal smoking during pregnancy was associated with RA after adjustment for confounders, 
with a hazard ratio (HR) of 1.25 (95% confidence interval [95% CI] 1.03–1.52), but not after accounting for subsequent 
smoking exposures. Childhood parental smoking was associated with seropositive RA after adjustment for 
confounders (HR 1.41 [95% CI 1.08–1.83]). In the controlled direct effect analyses, childhood parental smoking was 
associated with seropositive RA (HR 1.75 [95% CI 1.03–2.98]) after controlling for adulthood personal smoking, 
and the association was accentuated among ever smokers (HR 2.18 [95% CI 1.23–3.88]). There was no significant 
association of adulthood passive smoking with RA (HR 1.30 for ≥20 years of living with a smoker versus none [95% 
CI 0.97–1.74]).

Conclusion. We found a potential direct influence of childhood parental smoking on adult-onset incident 
seropositive RA even after controlling for adulthood personal smoking.

INTRODUCTION

Rheumatoid arthritis (RA) is a debilitating systemic inflamma-
tory disease characterized by prominent polyarthritis with associ-
ated morbidity and mortality (1–3). In its pathogenesis, considered 

an interplay of genetic and environmental exposures (4), lung inflam-
mation is strongly implicated as an initial site of immune dysregulation 
and RA-related autoantibody production (5–7). Thus, smoking, per-
sonal (active) and passive, has been of interest as a major modifiable 
environmental risk factor for seropositive RA, which is characterized 

The content of this article is solely the responsibility of the authors and 
does not necessarily represent the official views of the National Institutes 
of Health.

Supported by a Rheumatology Research Foundation R Bridge Award 
and the NIH (awards L30-AR-066953, K24-AR-052403, R01-AR-049880, 
R01-AR-057327, R01-AR-119246, R01-HL-034594, P30-AR-070253, P30-
AR-072577, P30-AR-069625, UM1-CA-186107, U01-HG-008685, 1OT2-
OD-026553, and R03-AR-075886). The Nurses’ Health Study II was supported 
by the NIH (awards U01-CA-176726, R01-CA-67262, and U01-HL-145386). Dr. 
Yoshida’s work was supported by a Rheumatology Research Foundation K 
Bridge Award, a Brigham and Women’s Hospital Department of Medicine 
Fellowship Award, and the National Institute of Arthritis and Musculoskeletal 
and Skin Diseases, NIH (award K23-AR-076453). Dr. Sparks’ work was 
supported by the National Institute of Arthritis and Musculoskeletal and Skin 
Diseases, NIH (award K23-AR-069688).

1Kazuki Yoshida, MD, ScD, Nathalie Marchand, ScD, Bing Lu, MD, DrPH, 
Karen H. Costenbader, MD, MPH, Elizabeth W. Karlson, MD, Jeffrey A. 

Sparks, MD, MMSc: Brigham and Women’s Hospital and Harvard Medical 
School, Boston, Massachusetts; 2Jiaqi Wang, MS, Susan Malspeis, MS, 
Lauren C. Prisco, BA, Lily W. Martin, BS: Brigham and Women’s Hospital, 
Boston, Massachusetts; 3Julia A. Ford, MD: University of Michigan, Ann 
Arbor.

Author disclosures are available at https://onlin​elibr​ary.wiley.com/actio​n/​
downl​oadSu​pplem​ent?doi=10.1002%2Fart.41939​&file=art.41939​-sup-0001-
Discl​osure​form.pdf.

Address correspondence to Kazuki Yoshida, MD, ScD, Division of 
Rheumatology, Inflammation, and Immunity, Brigham and Women’s 
Hospital, 60 Fenwood Road, no. 6016Q, Boston, MA 02115 (email: 
kazukiyoshida@mail.harvard.edu); or to Jeffrey A. Sparks, MD, MMSc, 
Division of Rheumatology, Inflammation, and Immunity, Brigham and 
Women’s Hospital, 60 Fenwood Road, no. 6016U, Boston, MA 02115 (email: 
jsparks@bwh.harvard.edu).

Submitted for publication April 7, 2021; accepted in revised form July 
29, 2021.

mailto:﻿
https://orcid.org/0000-0002-2030-3549
https://orcid.org/0000-0001-8281-681X
https://orcid.org/0000-0002-8972-9388
mailto:﻿
https://orcid.org/0000-0002-5556-4618
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.41939&file=art.41939-sup-0001-Disclosureform.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.41939&file=art.41939-sup-0001-Disclosureform.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.41939&file=art.41939-sup-0001-Disclosureform.pdf
mailto:kazukiyoshida@mail.harvard.edu
mailto:jsparks@bwh.harvard.edu


YOSHIDA ET AL2220       |

by the presence of autoantibodies such as rheumatoid factor (RF) 
and anti–citrullinated protein antibodies (ACPAs), particularly among 
genetically predisposed individuals (4,8).

Personal (active) smoking is the most well-established envi-
ronmental risk factor for the development of RA, as demonstrated 
in multiple epidemiologic studies (9–13). The potential link between 
passive smoking and incident RA is less established (14). This is 
partly due to the challenge of having a sufficiently large longitu-
dinal database with adequately granular data to capture passive 
smoking and incident RA. Among the few existing cohort studies 
of passive smoking and RA risk are a birth cohort study of mater-
nal smoking during pregnancy and childhood polyarthritis (15), an 
analysis of years living with smokers and adult incident RA in the 
Nurses’ Health Study (NHS) (11), and a population registry–based 
study of childhood passive smoking and adult incident RA (16). No 
single study to date has provided a comprehensive view of the link 
between passive smoking over the life course (maternal smoking 
during pregnancy while in utero, childhood passive smoking, and 
adulthood passive smoking) and incident RA during adulthood.

Therefore, we aimed to examine the influence of passive 
smoking at several stages of the life course while accounting for 
personal smoking behavior using a framework from the life-course 
epidemiology literature (17). We analyzed the NHSII prospective 
cohort, which provided data on both passive smoking exposure 
spanning the participants’ life course and confirmed diagnoses of 
adult incident RA with serostatus. We hypothesized that early-life 
passive smoking exposure would increase seropositive RA risk.

SUBJECTS AND METHODS

Participants and eligibility. We performed a cohort 
study based on the prospectively collected data in the NHSII. 
Briefly, the NHSII enrolled 116,429 female registered nurses ages 
25–42 years in 1989. Since then, the prospective follow-up has 
continued every 2 years to date through mailed questionnaires, 
with >90% response rates. The questionnaires collect information 
on sociodemographic characteristics, anthropometrics, behav-
iors, medications, dietary intake, and health conditions. For the 
present study, we excluded those who self-reported prevalent RA 
or connective tissue diseases before the 1989 baseline question-
naire to focus on incident RA during follow-up. Subjects missing 
childhood parental smoking status or adulthood passive smoking 
information were excluded. The study protocol was approved by 
the institutional review board of Mass General Brigham.

Passive smoking exposure variables of interest. We 
examined 3 passive smoking exposures of interest: 1) maternal 
smoking during pregnancy as an in utero exposure, 2) parental 
smoking during childhood as a childhood exposure, and 3) adult-
hood passive smoking as an adulthood exposure. Information on 
all of these passive smoking variables was collected through addi-
tional smoking behavior questionnaire items in 1999, when women 

ranged in age from 35–52 years. Maternal smoking during preg-
nancy was then classified into 3 categories: yes, no, and missing/
don’t know. For childhood parental smoking, we compared any 
childhood parental smoking (either or both parents) versus no child-
hood parental smoking. Adulthood passive smoking was asked as 
years lived since age 18 with household smokers. In 1999, when 
the passive smoking questionnaire was administered, participants 
were ages 35–52 years old. We categorized the adulthood passive 
smoking exposure levels as 0 years, 1–19 years, or ≥20 years.

Identification of incident RA outcome. Participants 
who self-reported a new physician diagnosis of RA in the main 
NHSII questionnaires received a validated follow-up questionnaire 
for connective tissue disease screening (18). For participants who 
screened positive, medical records were requested and inde-
pendently reviewed by 2 physicians to confirm the RA diagno-
sis and date of clinical onset based on the American College of 
Rheumatology (ACR) 1987 classification criteria (19) or the ACR/
European Alliance of Associations for Rheumatology 2010 classi-
fication criteria (20). RA cases were further classified as seropos-
itive (positivity for RF and/or ACPA, if available) or seronegative 
based on the results of clinical testing found in the medical record. 
RA cases were identified using all questionnaire cycles up to and 
including the 2017 questionnaire cycle.

Accounting for personal (active) smoking exposure 
in the life-course analysis framework. Our interest was in 
the direct influence of passive smoking on incident RA. Thus, we 
needed to adequately control for personal smoking exposure. 
Additionally, since personal smoking behaviors temporally occur 
after earlier-life passive smoking exposure, personal smoking may 
serve as a “mediator”. That is, the earlier-life experience of pas-
sive smoking might have influenced the uptake of later-life per-
sonal smoking, as suggested by previous studies (21–23). Such 
increased uptake of personal smoking due to earlier-life experi-
ence could then affect the risk of adult incident RA (Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology website 
at http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41939/​abstract).

In the life-course analysis framework for early-life exposure 
that may influence later-life exposure as well as adulthood health 
outcomes, several types of hypotheses can be formed (17). On 
one extreme is the “social trajectory” model, which hypothesizes 
that early-life passive smoking is important only in that it promotes 
later-life uptake of personal smoking, and it does not cause harm 
by itself. The other extreme is the “cumulative exposure” model, 
in which passive and active cigarette smoke inhalation increases 
the risk of RA by cumulative dose response. The distinction can 
be made if we examine the “direct effect” of early-life passive 
smoking, controlling for later personal smoking. If such an associ-
ation is observed, early-life passive smoking is demonstrated not 
to follow the pure “social trajectory” model. Additionally, if the early 
life is a particularly heightened risk period regarding smoking’s link 
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to later-life incident RA, the direct effect may be observed even 
when adulthood personal smoking is absent.

We conceptualized our direct effect of interest as the “con-
trolled direct effect” in the causal inference literature (24,25). A 
controlled direct effect of earlier-life passive smoking is the direct 
impact of earlier-life passive smoking when everybody is hypo-
thetically forced to follow the same later-life personal smok-
ing pattern (e.g., everybody is forced to remain never personal 
smokers or everybody is forced to take up personal smoking). 
Since everybody is controlled to have the same later-life personal 
smoking pattern, the direct effect of earlier-life passive smoking 
is isolated.

Covariates. Variables that may affect passive and/or per-
sonal smoking exposure and incident RA risks are considered 
confounders. A variable that lies temporally prior to a smoking 
exposure can be a confounder but not a mediator. However, 
because smoking exposures span the life course, the same covar-
iate may be temporally ordered after an earlier smoking exposure 
(potential mediator), but temporally ordered before a later smok-
ing exposure (potential confounder). Thus, from the larger set of 
covariates, we defined a timeline ordering the passive smoking 
exposures of interest, personal smoking, and additional covariates 
related to RA risk (Figure 1). For example, personal smoking dur-
ing late adolescence could be considered a mediator occurring 

after the in utero smoking exposure, but be considered a con-
founder for the adulthood passive smoking exposure.

For the in utero passive smoking exposure of maternal smok-
ing during pregnancy, we considered the participant’s race and eth-
nicity, maternal and paternal education level, maternal and paternal 
occupation, home ownership, US state of birth, and family history 
of RA as confounders. For the childhood parental smoking expo-
sure, we additionally considered preterm birth status, birth weight, 
breastfeeding status, and maternal smoking during pregnancy as 
confounders. For the adulthood passive smoking exposure, we 
additionally accounted for age at menarche, body mass index 
(BMI) at age 18, childhood parental smoking, personal smoking by 
age 19, and time-varying covariates up until 1999 (ascertainment 
of adulthood passive smoking) as confounders. Earlier exposures 
were considered confounders with respect to later exposures since 
they could be associated with later exposure and incident RA.

We additionally incorporated time-varying covariates mea
sured during the NHSII cohort follow-up beginning in 1989, such 
as menopausal status and postmenopausal hormone use. Par-
ticipants’ personal parity and breastfeeding were self-reported. 
BMI was calculated as self-reported weight in kilograms/height 
in meters squared. Weekly hours of moderate-to-vigorous physical 
activity were calculated from a validated survey (26,27). Using the 
food-frequency questionnaires (28), we calculated the Alternate 
Healthy Eating Index (29,30). US residence regions were classified 

Figure 1.  Time line of passive and personal smoking variables and covariates in the Nurses’ Health Study II (NHSII). Exposures of interest 
were passive smoking exposures spanning the participants’ life course: 1) maternal smoking during pregnancy (in utero passive smoking), 2) 
childhood parental smoking (childhood passive smoking), and 3) years lived with smokers from age 18 to 1999 (ages 35–52 years; adulthood 
passive smoking). In assessing the influence of passive smoking exposures on the development of rheumatoid arthritis (RA), we accounted 
for personal (active) smoking variables, including childhood and adolescent personal smoking and adulthood personal smoking in pack-years 
(pkyr). Covariates incorporated into the analyses are shown at the bottom of the figure. BMI = body mass index.
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as New England, Mid-Atlantic, Midwest, South, and West based 
on zip code. Median household income was derived from the par-
ticipant’s address and US Census tract-level data by zip code.

Statistical analysis and modeling strategies. Partic-
ipant characteristics at baseline, stratified by the categories in 
each of the 3 passive smoking exposure variables, are summa-
rized as the mean ± SD or proportion as appropriate.

We employed several regression approaches to examine the 
total effect of passive smoking regardless of adulthood personal 
smoking and the direct effect of passive smoking accounting for 
adulthood personal smoking. We considered 3 separate outcomes 
in each analysis: all RA, seropositive RA, and seronegative RA.

First, we fit the base model using Cox proportional haz-
ards models accounting only for the age and questionnaire cycle 
(calendar time). Second, we fit the confounder-adjusted models 

using the aforementioned passive smoking exposure–specific 
set of covariates that were deemed to be temporally preceding 
the exposure using Cox proportional hazards models. Third, we 
accounted for the personal smoking variables in 2 ways: using the 
conventional time-varying regression model (model A), and using 
the inverse probability–weighted controlled direct effect model (a 
type of marginal structural model [31]) (model B). Model B is con-
sidered less biased and is preferred for estimating the controlled 
direct effect, although it tends to yield a wider confidence interval. 
Both model A and model B adjusted for the personal smoking 
variables, but they accounted for the time-varying confounders 
of personal smoking variables differently. In model A, time-varying 
covariates were also included in the regression model as further 
adjustment variables. Model A tends to yield a more precise con-
fidence interval, but it can result in an estimate biased toward null 
due to overadjustment. We fit model A with the pooled logistic 

Table 1.  Childhood and baseline adulthood characteristics of women in the Nurses’ Health Study II  
(n = 90,923), according to childhood parental smoking*

Overall  
(n = 90,923)

No childhood 
parental smoking  

(n = 32,064)

Any childhood 
parental smoking  

(n = 58,859)
Adulthood variables at baseline in 1989

Age, mean ± SD years 34.47 ± 4.66 33.95 ± 4.71 34.76 ± 4.60
White race, % 92.98 91.85 93.57
Household income, %

Quartile 1 (lowest income) 21.09 21.30 20.98
Quartile 2 34.61 35.13 34.34
Quartile 3 21.95 21.88 22.00
Quartile 4 (highest income) 22.34 21.69 22.68

BMI, mean ± SD kg/m2 24.01 ± 4.99 23.57 ± 4.69 24.25 ± 5.12
Physical activity, %†

<3 METs/week 14.73 14.59 14.81
≥3 METs/week 85.27 85.41 85.19

Menopausal status and PMH use, %
Premenopausal 97.81 98.20 97.61
Postmenopausal and never used PMH 0.10 0.09 0.11
Postmenopausal and any PMH use 2.09 1.71 2.28

Smoking status, %
Never smoker 65.88 73.67 61.65
Past smoker 21.64 18.25 23.48
Current smoker 12.47 8.08 14.87

Pack-years among ever smokers, mean ± SD 11.30 ± 8.14 9.6 ± 7.56 11.88 ± 8.2
Childhood variables

Mother’s occupation, %
Professional 9.62 10.29 9.24
Other 70.98 71.05 70.97
Missing 19.40 18.67 19.79

Father’s occupation, %
Professional 23.08 25.83 21.55
Other 57.16 55.15 58.28
Missing 19.75 19.02 20.16

Maternal smoking during pregnancy, %
No 64.98 94.56 48.84
Yes 24.87 1.39 37.78
Don’t know/missing 10.15 4.05 13.38

* See Supplementary Table 2, available on the Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.
com/doi/10.1002/art.41939/​abstract, for a complete list of variables. BMI = body mass index; METs = metabolic 
equivalents; PMH = postmenopausal hormone use. 
† Data were missing for <1% of subjects. 
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regression approach to ensure comparability to model B. This 
approach approximates Cox regression with a rare outcome such 
as incident RA. The adulthood pack-year variable was incorpo-
rated as a 4-level ordinal time-varying covariate (0 pack-years, 
>0 to 10 pack-years, >10 to 20 pack-years, or >20 pack-years).

In model B, these time-varying covariates were handled 
through stabilized inverse probability weights (32), which aimed 
to eliminate their confounding upon the subsequent personal 
smoking variables while allowing for their mediating roles with 
respect to preceding passive smoking variables. We constructed 
stabilized inverse probability weights for each smoking variable 
using a weight denominator model, which included all covariates 
preceding the smoking variable (including those prior to birth), 
and a weight numerator model, which included only the covari-
ates prior to birth. Both weight models were used to predict the 
probability of the smoking variable as actually observed. Adulthood 
personal smoking during the cohort follow-up was modeled as a 
pack-year ordinal variable (0 pack-years, >0 to 10 pack-years, 
>10 to 20 pack-years, or >20 pack-years) in ordinal logistic regres-
sion models. The final stabilized inverse probability weights were 
constructed as the cumulative product of the stabilized inverse 
probability weights over time. To avoid extreme weights, we con-
ducted “weight truncation” at the 1st and 99th percentiles (32). 
We fit a weighted pooled logistic regression for the incident RA 
outcome using the generalized estimating equation procedure.

For both models A and B, we also conducted analyses 
stratified by the personal smoking status (lifelong never smoker 

stratum versus any personal smoking stratum) for passive smok-
ing exposures that demonstrated associations with the incident 
RA outcome in the overall unstratified analyses. For the adulthood 
passive smoking exposure, we additionally conducted a sensitivity 
analysis excluding participants who were younger than 28 years in 
1989, since they could not have been in the ≥20 years category. 
Analyses were conducted in SAS version 9.4 (33). We provided 
point estimates and their 95% confidence intervals (95% CIs).

RESULTS

Participants and descriptive analyses. Our analysis 
sample included 90,923 participants. Table 1 shows adulthood 
(1989 baseline questionnaire) and childhood characteristics 
of the participants according to childhood parental smoking. 
The mean ± SD age at baseline was 34.5 ± 4.7 years. The 
characteristics were mostly similar between those reporting no 
childhood parental smoking and those exposed to any child-
hood parental smoking. Smoking-related variables did exhibit 
some differences. Personal smoking at baseline was higher 
among those reporting any childhood parental smoking (38% 
were current or past smokers versus 26% of those with no 
childhood parental smoking). Maternal smoking during preg-
nancy was reported for 38% of those who reported any child-
hood parental smoking but only 1.4% of those who reported 
no childhood parental smoking. See Supplementary Tables 1–
3, available on the Arthritis & Rheumatology website at http://

Table 2.  Hazard ratios for incident RA, overall and by serologic phenotype, among women in the Nurses’ Health Study II (n = 90,923), 
according to maternal smoking during pregnancy (in utero exposure)*

No. of RA cases/
no. of person-

years Base model† Confounders‡

Adulthood personal 
smoking and covariates 
(conventional model)§

Controlled 
direct effect 

model¶
All RA

No maternal smoking 325/1,524,879 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Maternal smoking 153/578,896 1.23 (1.02–1.49)# 1.25 (1.03–1.52)# 1.14 (0.92–1.41) 1.10 (0.76–1.57)
Don’t know/missing 54/236,559 1.03 (0.77–1.37) 1.04 (0.78–1.39) 0.98 (0.73–1.32) 1.01 (0.64–1.58)

Seropositive RA
No maternal smoking 209/1,523,144 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Maternal smoking 104/578,180 1.31 (1.03–1.66)# 1.34 (1.06–1.70)# 1.12 (0.86–1.46) 1.04 (0.67–1.61)
Don’t know/missing 39/236,345 1.16 (0.82–1.64) 1.21 (0.86–1.70) 1.07 (0.75–1.52) 1.01 (0.58–1.75)

Seronegative RA
No maternal smoking 116/1,521,421 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Maternal smoking 49/577,267 1.09 (0.78–1.53) 1.10 (0.78–1.53) 1.17 (0.79–1.72) 1.23 (0.65–2.32)
Don’t know/missing 15/235,895 0.79 (0.46–1.35) 0.75 (0.44–1.30) 0.80 (0.46–1.39) 1.00 (0.47–2.14)

* Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† Adjusted for age and questionnaire cycle. 
‡ Additionally adjusted for race and ethnicity, maternal and paternal education, maternal and paternal occupations, home ownership, US state of 
birth, and family history of rheumatoid arthritis (RA; temporally preceding confounders for the maternal smoking during pregnancy exposure). 
§ Additionally adjusted for adulthood personal smoking pack-years, childhood parental smoking, adulthood passive smoking (years lived with a 
smoker since age 18), and temporally preceding covariates (birth weight, preterm birth, breastfeeding, age at menarche, body mass index [BMI] 
at age 18, menopausal status and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], Alternate Healthy Eating 
Index, residence, and census income). 
¶ Controlling for adulthood personal smoking pack-years, childhood parental smoking, adulthood passive smoking (years lived with a smoker 
since age 18) via conditioning and inverse probability weighting using temporally preceding covariates (birth weight, preterm birth, breastfeeding, 
age at menarche, BMI at age 18, menopausal status and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], 
Alternate Healthy Eating Index, residence, and census income). 
# P < 0.05. 
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onlin​elibr​ary.wiley.com/doi/10.1002/art.41939/​abstract, for a 
full listing of characteristics stratified by each passive smoking 
exposure. During a median of 27.7 years of follow-up since 
1989, there were a total of 532 confirmed incident RA cases. 
Of these, 352 incident RA cases were determined to be sero-
positive, whereas the remaining 180 were seronegative.

Maternal smoking during pregnancy (in utero  
exposure) (exposure 1). Table 2 presents the results for mater-
nal smoking during pregnancy. This exposure was associated 
with all incident RA after adjustment for temporally preceding con-
founder variables (hazard ratio [HR] 1.25 [95% CI 1.03–1.52]). The 
HR was slightly higher for seropositive incident RA (HR 1.34 [95% 

Table 3.  Hazard ratios for incident RA, overall and by serologic phenotype, among women in the Nurses’ Health Study II (n = 90,923), 
according to childhood parental smoking*

No. of RA cases/
no. of person-

years Base model† Confounders‡

Adulthood personal 
smoking and covariates 
(conventional model)§

Controlled 
direct effect 

model¶
All RA

No parent smoked 160/829,934 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Any parent smoked 372/1,510,400 1.24 (1.03–1.49)# 1.18 (0.96–1.46) 1.11 (0.90–1.38) 1.27 (0.84–1.92)

Seropositive RA
No parent smoked 95/829,037 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Any parent smoked 257/1,508,631 1.46 (1.15–1.84)# 1.41 (1.08–1.83)# 1.30 (0.99–1.70) 1.75 (1.03–2.98)#

Seronegative RA
No parent smoked 65/828,417 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Any parent smoked 115/1,506,166 0.93 (0.68–1.26) 0.86 (0.60–1.22) 0.85 (0.60–1.21) 0.77 (0.40–1.45)

* Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† Adjusted for age and questionnaire cycle. 
‡ Additionally adjusted for race and ethnicity, maternal and paternal education, maternal and paternal occupations, home ownership, US state of 
birth, family history of rheumatoid arthritis (RA), birth weight, preterm birth, breastfeeding, and maternal smoking during pregnancy (temporally 
preceding confounders for the childhood parental smoking exposure). 
§ Additionally adjusted for adulthood personal smoking pack-years and adulthood passive smoking (years lived with a smoker since age 18) and 
temporally preceding covariates (birth weight, preterm birth, breastfeeding, age at menarche, body mass index [BMI] at age 18, menopausal 
status and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], Alternate Healthy Eating Index, residence, and 
census income). 
¶ Controlling for adulthood personal smoking pack-years and adulthood passive smoking (years lived with a smoker since age 18) via conditioning 
and inverse probability weighting using temporally preceding covariates (birth weight, preterm birth, breastfeeding, age at menarche, BMI at age 
18, menopausal status and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], Alternate Healthy Eating Index, 
residence, and census income). 
# P < 0.05. 

Table 4.  Hazard ratios for incident RA, overall and by serologic phenotype, among women in the Nurses’ Health Study II (n = 90,923), 
according to childhood parental smoking stratified by adulthood personal smoking status*

Lifelong never personal smokers  
(n = 58,707)†

Ever personal smokers  
(n = 32,216)‡

No. of RA 
cases/no. 
of person-

years

Adulthood 
covariates 

(conventional 
model)§

Controlled 
direct effect 

model¶

No. of RA 
cases/no. 
of person-

years

Adulthood personal 
smoking and covariates 
(conventional model)§

Controlled 
direct effect 

model¶
All RA

No parent smoked 115/604,161 1.00 (referent) 1.00 (referent) 45/225,773 1.00 (referent) 1.00 (referent)
Any parent smoked 188/915,414 0.99 (0.75–1.31) 0.84 (0.41–1.70) 184/594,986 1.35 (0.94–1.92) 1.43 (0.89–2.32)

Seropositive RA
No parent smoked 67/603,473 1.00 (referent) 1.00 (referent) 28/225,565 1.00 (referent) 1.00 (referent)
Any parent smoked 128/914,492 1.15 (0.81–1.65) 0.90 (0.31–2.61) 129/594,139 1.55 (0.99–2.43) 2.18 (1.23–3.88)#

Seronegative RA
No parent smoked 48/603,055 1.00 (referent) 1.00 (referent) 17/225,362 1.00 (referent) 1.00 (referent)
Any parent smoked 60/913,236 0.76 (0.48–1.21) 0.79 (0.43–1.45) 55/592,930 1.02 (0.56–1.84) 0.74 (0.33–1.66)

* Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† No adjustment for the level of personal smoking was required since it uniformly remained 0. 
‡ Further adjustment for the level of adolescent and adulthood personal smoking was conducted. 
§ Adjusted for age, questionnaire cycle, race and ethnicity, maternal and paternal education, maternal and paternal occupations, home ownership, 
US state of birth, family history of rheumatoid arthritis (RA), birth weight, preterm birth, breastfeeding, maternal smoking during pregnancy, 
adulthood personal smoking pack-years (only among adulthood personal smokers), adulthood passive smoking (years lived with a smoker since 
age 18), and temporally preceding covariates (menopausal status and hormone use, parity/breastfeeding, body mass index, physical activity [≥3 
metabolic equivalents], Alternate Healthy Eating Index, residence, and census income). 
¶ Controlling for adulthood personal smoking and adulthood passive smoking (years lived with a smoker since age 18) via conditioning and 
inverse probability weighting using the same covariates listed above for the conventional model. 
# P < 0.05. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41939/abstract
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CI 1.06–1.70]). Accounting for later-life personal smoking further 
reduced the point estimates toward null in all incident RA and in 
seropositive incident RA. Estimates were similarly unremarkable for 
the seronegative incident RA analyses. These direct effect estimates 
were similar across the conventional approach (more precise) and 
the controlled direct effect approach (considered less biased and 
preferred).

Childhood parental smoking (exposure 2). Table 3 
presents the results for childhood parental smoking. This expo-
sure was associated with seropositive incident RA after adjust-
ment for temporally preceding confounder variables (HR 1.41 
[95% CI 1.08–1.83]). There was no association for all RA (1.18 
[95% CI 0.96–1.46]). Accounting for later-life personal smoking by 
the conventional approach resulted in an HR of 1.30 for seropos-
itive incident RA (95% CI 0.99–1.70). In contrast, the controlled 
direct effect analysis indicated a potential direct influence (HR 1.75 
[95% CI 1.03–2.98]). Both approaches gave similar nonsignificant 
results for seronegative incident RA.

We further conducted analyses stratified by adulthood per-
sonal smoking status: lifelong never personal smokers (n = 58,707) 
and ever personal smoking at any time (n = 32,216). We con-
ducted both the conventional and controlled direct effect analyses 
in these 2 strata (Table 4). Increased risk of incident RA was not 
detected among the lifelong never personal smokers. In contrast, 
controlled direct effect analysis indicated a significantly increased 

risk of seropositive incident RA among the adulthood personal 
smokers (2.18 [95% CI 1.23–3.88]), also controlling for smoking 
pack-years. Results of the corresponding conventional analyses 
were not significant.

Adulthood passive smoking (exposure 3). Table 5 
presents the results for adulthood passive smoking, defined as 
years lived with household smokers from age 18 through 1999 
(ages 35–52 years). This exposure at the level of 1–19 years had 
no association with all RA or seropositive RA after adjustment for 
temporally preceding confounder variables. At the level of ≥20 
years, the point estimates were increased but were not signifi-
cant. Accounting for later-life personal smoking using the conven-
tional approach and the controlled direct effect model gave null 
results for both exposure levels. A sensitivity analysis that included 
only participants who were ≥28 years old in 1989 (n = 83,336) 
yielded similar results (Supplementary Table 4, available on the 
Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41939/​abstract).

DISCUSSION

In this large cohort study of women, we found that passive 
smoking exposure during childhood was associated with adult-
onset seropositive RA, suggesting a direct influence of early-life 
exposures on RA risk. We performed our study using a statistical 

Table 5.  Hazard ratios for incident RA, overall and by serologic phenotype, among women in the Nurses’ Health Study II (n = 90,923), 
according to years lived with a smoker since age 18*

No. of years lived 
with a smoker

No. of RA cases/
no. of person-

years Base model† Confounders‡

Adulthood personal smoking 
and covariates (conventional 

model)§

Controlled 
direct effect 

model¶
All RA

None 267/1,314,937 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
1–19 years 194/821,678 1.12 (0.93–1.35) 1.00 (0.82–1.23) 0.92 (0.75–1.13) 1.00 (0.69, 1.44)
≥20 years 71/203,719 1.59 (1.22–2.08)# 1.30 (0.97–1.74) 0.99 (0.73–1.35) 1.26 (0.73–2.17)
P for trend – <0.001 0.10 0.91 0.40

Seropositive RA
None 169/1,313,506 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
1–19 years 136/820,861 1.26 (1.00–1.58)# 1.07 (0.84–1.37) 1.00 (0.78–1.28) 1.15 (0.76–1.75)
≥20 years 47/203,301 1.74 (1.25–2.42)# 1.34 (0.94–1.93) 1.05 (0.72–1.53) 1.62 (0.84–3.15)
P for trend – <0.001 0.11 0.82 0.15

Seronegative RA
None 98/1,312,174 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
1–19 years 58/819,399 0.89 (0.65–1.24) 0.87 (0.61–1.24) 0.79 (0.54–1.14) 0.77 (0.38–1.57)
≥20 years 24/203,011 1.36 (0.86–2.14) 1.24 (0.76–2.05) 0.89 (0.52–1.54) 0.79 (0.31–1.98)
P for trend – 0.32 0.50 0.61 0.61

* Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† Adjusted for age and questionnaire cycle. 
‡ Additionally adjusted for race and ethnicity, maternal and paternal education, maternal and paternal occupations, home ownership, US state 
of birth, family history of rheumatoid arthritis (RA), birth weight, preterm birth, breastfeeding, maternal smoking during pregnancy, childhood 
parental smoking, age at menarche, body mass index (BMI) at age 18, personal smoking by age 19, and adulthood covariates during the Nurses’ 
Health Study II follow-up (menopause and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], Alternative 
Healthy Eating Index, residence, and census income; all updated until 1999). 
§ Additionally adjusted for adulthood personal smoking pack-years and temporally preceding covariates during the Nurses’ Health Study II 
follow-up (fully time-updated). 
¶ Controlling for adulthood personal smoking via conditioning and inverse probability weighting using the covariates listed above for the model 
including confounders and the conventional model. 
# P < 0.05. 
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framework that accounted for the complex confounding or medi-
ating effects of variables that occur throughout the life course. To 
our knowledge, ours is the first study to comprehensively apply 
the life-course epidemiology framework (17,25,31) to examine 
RA risk using a large prospective cohort with repeated measures 
of exposures and covariates, and lengthy follow-up. Our findings 
suggest that early-life inhaled exposures such as passive ciga-
rette smoking could predispose individuals to develop RA not 
explained by later personal smoking behaviors. These results add 
to the mucosal paradigm of RA pathogenesis (5–7), where inhal-
ants in pulmonary mucosa may trigger biologic processes that 
contribute to RA-related autoantibody production years before 
clinical RA symptoms emerge.

Personal smoking is one of the most well-established mod-
ifiable risk factors for incident RA, whereas the influence of pas-
sive smoking is less well understood (14). In a prospective cohort 
study utilizing the Finish Medical Birth Registry, Jaakkola and 
Gissler (15) examined the association of maternal smoking dur-
ing pregnancy with incident RA and other polyarthritis, defined 
as health care utilization with relevant International Classification 
of Diseases, Ninth Revision codes during the first 7 years of life. 
They found an elevated odds ratio of developing disease (2.10 
[95% CI 1.30–3.40]) for those exposed to maternal smoking dur-
ing pregnancy. There was no consideration of childhood paren-
tal smoking, which could be another major source of passive 
smoking.

Although we did examine maternal smoking during preg-
nancy as one of the exposures of interest in the present study, 
a direct comparison to the study by Jaakkola and Gissler is dif-
ficult, since our outcome was later-life incident RA, which does 
not overlap with the early-life incident RA outcome used in their 
study. In our analysis, maternal smoking during pregnancy as an 
in utero exposure was almost exclusively reported by those who 
reported childhood parental smoking. The lack of a clear associ-
ation between maternal smoking and later-life incident RA, after 
accounting for childhood passive smoking and personal smok-
ing, in our study may be partly due to the strong correlation of 
these 2 early-life passive smoking exposures. The fact that mater-
nal smoking during pregnancy affects the fetus through placental 
transfer, and not through direct inhalation, may also explain some 
of the differences between this passive smoking exposure and 
the others.

In a past study utilizing the NHS prospective cohort, Costen-
bader et al (11) examined the association between years lived with 
smokers and adult all incident RA, adjusting for variables includ-
ing personal smoking pack-years. They found suggestive results 
for both lifelong never smokers (HR 1.46 [95% CI 0.92–2.32] for 
≥30 years lived with smokers) and ever adult smokers (HR 1.59 
[95% CI 0.92–2.74] for ≥30 years lived with smokers). Childhood 
parental smoking was not associated with incident RA using con-
ventional analysis in that study, since personal smoking was the 
exposure of interest.

Since the study by Costenbader et al utilized the older NHS 
cohort (ages 30–55 years in 1976; ages 36–61 years at passive 
smoking assessment in 1982), childhood parental smoking expo-
sure in that study occurred in the 1930s–1950s, which was dif-
ferent from the life experience of the more contemporary NHSII 
cohort, whose childhood parental smoking exposure occurred in 
the 1960s–1970s, when the negative health effects of smoking 
were more widely accepted. Such societal change may explain 
the difference in results between the 2 cohorts. Also, our study 
had a shorter possible duration of years lived with a smoker due 
to the earlier age at assessment of this exposure (ages 35–52 
years). For the exposure “years lived with a smoker” (≥20 years 
category), we did find elevated point estimates in the controlled 
direct effect analyses (1.26 [95% CI 0.73–2.17] for all RA and 1.62 
[95% CI 0.84–3.15] for seropositive RA), although they did not 
reach statistical significance.

Another more recently published prospective cohort study 
utilized the French E3N cohort, a general population cohort of 
98,995 French women convened in 1990 (age range at baseline 
40–65 years) (16). Seror et al examined the association of child-
hood and adulthood passive smoking exposures with RA, defined 
by self-report (collected in 2008, 2011, and 2014) with billing code 
confirmation. To account for adulthood personal smoking, they 
stratified the analyses into lifelong never smokers and ever smok-
ers. Compared to the reference group of no passive or personal 
smoking exposure, the lifelong never smoker with childhood pas-
sive smoking exposure had an HR of 1.43 [95% CI 0.97–2.11]. 
The ever-smoker with childhood passive smoking exposure had 
an HR of 1.67 [95% CI 1.17–2.39], whereas the ever-smoker with-
out childhood passive smoking exposure had an HR of 1.38 [95% 
CI 1.10–1.74]. Within the ever-smoker stratum, the comparison of 
childhood passive smoking exposure versus none should yield an 
HR of 1.67/1.38 = 1.21.

Similar to our results, adulthood passive smoking was not 
associated with RA in the study by Seror et al (16). Their results 
are consistent with ours, in that childhood passive smoking expo-
sure in conjunction with adulthood personal smoking were asso-
ciated with the most evidently increased risk of RA, whereas the 
childhood passive smoking exposure alone was less clearly asso-
ciated. Our study’s contribution is clarifying that the association 
was significant only for seropositive RA, which we ascertained 
through detailed medical record review, in addition to the more 
formal evaluation through the controlled direct effect approach.

A case–control study from the Swedish Epidemiological 
Investigation of Rheumatoid Arthritis examined the association of 
passive smoking and RA (34) among only lifelong never smokers. 
The authors did not find a significant association. The distinction 
between childhood and adulthood passive smoking was not made 
clearly, although a distinction was made between passive smok-
ing within or before 10 years of the diagnosis of RA. Our findings 
suggest little influence of adulthood passive smoking (from age 
18 years up to ages 35–52 years) on RA risk when accounting 
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for preceding confounding factors. Another case–control study 
used the Mayo Clinic Biobank repository (Minnesota and Florida) 
to study the association between RA outcome and several expo-
sures, including passive smoking (35). Although the association of 
passive smoking and incident RA was not evident, they found that 
the highest pack-years of passive smoking exposure may sub-
ject individuals to an elevated risk of incident RA. Our study adds 
to this literature by investigating more granular passive smoking 
information over participants’ life course using repeated measures 
of variables collected from a prospective cohort and using causal 
inference methods.

The potential biologic effects underpinning the association 
between early-life passive smoking exposures and adult-onset RA 
deserve further study. One possibility could be that passive smok-
ing results in epigenetic modifications as a “first-hit” in individu-
als genetically predisposed to develop RA, and that subsequent 
triggers, including personal smoking, influence loss of immune 
tolerance and the production of RA-related autoantibodies years 
before clinical RA symptoms develop. Our controlled direct effect 
analyses are particularly appropriate for examining this possibility, 
because it enabled us to examine the influence of early-life passive 
smoking while conceptually intervening on the later-life personal 
smoking status.

A hypothetical, perfectly designed observational cohort study 
investigating the direct influence of passive smoking on incident 
RA would enroll participants at conception and record passive and 
personal smoking status as well as other covariates in granular 
detail as they occurred during the entire childhood and adulthood 
of participants. No such study exists to date, and this is unlikely to 
happen in the future. Our study has several limitations compared 
to such hypothetical perfection. One is the adult cohort nature of 
the NHSII, which enrolled subjects at ages 25–42 years. Since 
our ability to ascertain incident RA was limited to the period after 
enrollment, we could not study early-life RA cases. This limitation 
is the case for all existing studies (11,16,34,35), except one (15), 
which did not study adult RA cases since this would have required 
very lengthy surveillance. Our window of observation does cap-
ture the age range in which adult incidence of RA progressively 
increases (36).

One limitation of our analysis of adulthood passive smoking 
exposure was the time point of exposure assessment at ages 
35–52 years, since the NHSII only included these questions on a 
single questionnaire. Longer duration of passive smoking expo-
sure could be associated with increased RA risk. Also, postex-
posure enrollment poses a potential for selection or recall bias; 
that is, earlier exposure could theoretically bias enrollment of 
exposed and unexposed individuals if the exposure affects early 
deaths and attitudes toward participation. Since deaths attrib-
utable to passive smoking before our enrollment are likely rare 
and the NHSII was not initiated to study smoking (but rather to 
study oral contraceptives), we consider such biased enrollment 
to be minimal.

The determination of RA serostatus was based on med-
ical record review of routine care laboratory data. As such, 
we could not conduct an analysis that distinguished patients 
with RF-positive RA from patients with ACPA–positive RA 
among those with seropositive RA, since patients diagnosed 
as having RA prior to the 2000s did not have ACPA checked 
for clinical purposes. Therefore, it is unclear whether the 
association of passive smoking with seropositive RA may 
have been different if RF and ACPA serostatus were analyzed 
separately.

The major strength of the NHSII is in the detailed collection 
of data on adulthood personal smoking (pack-years of smoking 
collected every 2 years) as well as other known risk factors, such 
as diet and BMI. This enabled us to conduct the controlled direct 
effect analysis that accounted for such a rich set of time-varying 
variables in the inverse probability weight construction. The ben-
efit of this analytical approach appeared in the childhood parental 
smoking analysis, where the conventional time-varying regres-
sion model produced borderline results, likely due to overadjust-
ment by including mediators in the model, whereas the controlled 
direct effect approach depicted a clearer picture of the increased 
risk of incident RA associated with childhood parental smoking, 
controlling for adulthood smoking status and pack-years. How-
ever, the potential for residual confounding still exists in our obser-
vational study.

To summarize, we found an increased risk of medical 
record–confirmed incident seropositive RA associated with 
early-life passive smoking from childhood parental smoking 
when combined with adulthood personal smoking, even after 
controlling for adulthood smoking pack-years. Our observations 
are most compatible with the “cumulative exposure” model in life-
course epidemiology, in which both childhood parental smoking 
and later-life personal smoking increase the risk of adult incident 
seropositive RA. In particular, childhood passive smoking may 
be a risk factor that further amplifies the influence of adulthood 
personal smoking.
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