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Abstract

Background

An obstetrical paradox is that maternal smoking is protective for the development of pre-

eclampsia. However, there are no prior studies investigating the risk of preeclampsia in

women who were exposed to tobacco smoking during their own fetal period. We aimed to

study the subsequent risk of preeclampsia in women who were exposed to tobacco smoke

in utero, using a national population-based register.

Methods

Data were obtained from the Medical Birth Register of Sweden for women who were born in

1982 (smoking data first recorded) or after, who had given birth to at least one child; 153

885 pregnancies were included.

Results

The associations between intrauterine smoking exposure (three categories: non-smokers,

1–9 cigarettes/day [moderate exposure], and >9 cigarettes/day [heavy exposure]) and sub-

sequent preeclampsia (n = 5721) were assessed using logistic regressions. In models

adjusted for maternal age, parity and own smoking, the odds ratios (OR) for preeclampsia

were 1.06 [95% CI: 0.99,1.13 for moderate intrauterine exposure, and 1.18, [95% CI:

1.10,1.27] for heavy exposure. Estimates were slightly strengthened in non-smoking

women who experienced heavy intrauterine exposure (adjusted OR 1.24 [95% CI:

1.14,1.34]). Results were no longer statistically significant after adjustment for the woman’s

own BMI, gestational age and birthweight Z-scores.

Conclusion

These data revealed some evidence of a possible weak positive association between intra-

uterine smoking exposure and the risk of subsequent preeclampsia, however, results were
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not significant over all manifestations of preeclampsia and confounder adjustment. The

increased risk might be mediated through exposed women’s own BMI or birthweight.

Introduction
Preeclampsia and other hypertensive disorders during pregnancy constitute a major cause of
maternal and perinatal morbidity worldwide.[1] In spite of preeclampsia being a significant
clinical problem, affecting between 3–7% of pregnancies in industrialized countries, much
remains unclear regarding the etiology of this condition.[2]

Preeclampsia is generally considered to develop in two stages.[3, 4] The first stage is charac-
terized by defects in implantation and formation of the placenta. As a result of an impaired
blood perfusion, oxidative stress causes release of several factors that leak into the maternal cir-
culation, where they cause inflammation and general endothelial damage, that eventually give
rise to the clinical manifestations seen in stage two.[2, 4]

There is a robust body of literature that consistently has demonstrated a reduced risk of pre-
eclampsia in women who smoke when they are pregnant.[5–7] However, when preeclampsia
develops in smoking women, it is often a more severe form (earlier onset, greater hypertension
and/or greater proteinuria),[7] although this finding is not replicated in all studies.[8] Adverse
perinatal outcomes related to preeclampsia have been shown to be more prevalent in smoking
women as compared to non-smoking women with preeclampsia,[5] however, there are also
studies that report a lower risk for adverse perinatal outcomes when preeclamptic women
smoke.[9, 10]

The relationship between tobacco products and preeclampsia has been made more complex
by recent findings in women exposed to environmental tobacco smoke as well as previous
smokers, where one study showed no association with preeclampsia,[11] and another reported
an increased risk following these exposures.[12] One Swedish register study also found that
when women quit smoking sometime between the first antenatal visit (at 8–12 weeks of gesta-
tion) and the third trimester visit (at 30–32 weeks), the reduced preeclampsia risk was no lon-
ger apparent.[7] Among women using snuff (smokeless tobacco) during their pregnancy, there
are also conflicting results as to its association with preeclampsia.[7, 13]

No earlier study has examined the relationship between exposure to tobacco smoking in
utero and later risk of developing preeclampsia. This could be relevant, as intrauterine smoking
exposure repeatedly has been established as a risk factor for several adverse perinatal outcomes,
including intrauterine growth restriction and preterm birth, which in turn have been linked to
a higher risk of developing preeclampsia as well as pregnancy-induced hypertension in several
studies.[14–19] Considering the two-stage model, both placental and maternal factors are rele-
vant for the development and clinical manifestation of preeclampsia, and the condition is asso-
ciated with low-grade systemic inflammation analogous to the inflammation seen in adults
with hypertension, obesity and diabetes.[4] Rather than having an effect on implantation or
placental morphology, we hypothesized that there could be a link between intrauterine smok-
ing exposure and later preeclampsia via modification of maternal constitutional factors, result-
ing in an increased susceptibility, or less compensatory ability, to substances released by the
preeclamptic placenta.

The aim of this study was therefore to investigate the risk of preeclampsia following smok-
ing exposure during the woman’s own fetal life. We intended to examine the possible relation
between in utero tobacco exposure and both the gestational age of onset, as well as the clinical
severity, of preeclampsia in later life.
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Methods

Data selection
The data for this study come from the Medical Birth Register (MBR) of Sweden. The register,
established in 1973, covers around 97–99% of all births in Sweden.[20] Data are collected dur-
ing the free antenatal visits offered to all women in Sweden, as well as around birth of the child.
Out of the approximate ten antenatal visits, which is recommended if the pregnancy is without
complications, two contain lengthier interviews from which data are reported to the National
Board of Health and Welfare. Data reporting is mandatory, and no informed consent is
required. The first visit typically occurs at 8–12 weeks of gestation. In 1982, the register began
recording information on smoking behavior during pregnancy, hence, the cohort used here
consists of women who were born in 1982 or later, and who have subsequently given birth to at
least one child. Data were retrieved through 2013. All individuals in Sweden are assigned a
10-digit personal identification number at birth, and the MBR records both the mother’s and
infant’s number at delivery. Therefore, linkages between generations are possible within the
register. Of a total of 195,922 eligible pregnancies, those with missing data on smoking behav-
ior in either generation 1 (G1) or generation 2 (G2) were excluded, leaving 161,458 pregnancies
(82.4%). Some of the G2 women in the cohort contributed with more than one pregnancy,
n = 49,893 (32.3%).

Exposure assessment
Pregnant women in both generations were interviewed by trained midwives using standardized
questionnaires and reported their current smoking behavior during their first antenatal visit.
This is categorized in the MBR as: non-smoker, 1–9 cigarettes/day or>9 cigarettes/day. There
are data on maternal smoking during the last trimester collected at around 30–32 weeks of ges-
tation. However, this variable was added later and the large amount of missing data (98.1%
missing for G1 women) precluded the use of this variable in the present study.

Definition of outcomes
Earlier evidence points towards a heterogeneity of both risk factors and clinical manifestations
of preeclampsia.[4, 21–23] Trying to account for this, we wanted to investigate G2 women’s
risk of preeclampsia, both in terms of clinical severity of the disease based on diagnosis coding,
as well as in terms of timing of onset (i.e. early- or late-onset).

MBR registers any pregnancy-related diagnoses using the Swedish version of the Interna-
tional Classification of Diseases (ICD). During the time frame studied here, the eighth revision
(ICD-8) was used until 1986, the ninth revision (ICD-9) from 1987 until 1996, and the tenth
revision (ICD-10) since 1997 and onwards.

Throughout Sweden, preeclampsia is defined as at least two measurements of a diastolic
blood pressure of�90 mmHg, in combination with proteinuria (�0.3 g/day or�1+ on a urine
dipstick). A division is made into mild and severe, where the former (ICD-8: 637.03, ICD-9:
642E and ICD-10: O14.0) is defined as a diastolic blood pressure of 90–109 mmHg combined
with proteinuria of<5 g/day or 1+ or 2+ on a urine dipstick, and the latter (ICD-8: 637.04 and
637.10; ICD-9: 642F and 642G; and ICD-10: O14.1 and O15) is defined as either a diastolic
blood pressure of�110 mmHg or proteinuria of�5 g/day, or a combination of both.

Prior classifications include preeclampsia non–ultra descriptus (ICD-8: 637.09, ICD-9:
642H and ICD-10: O14.9) and toxicosis (ICD-8: 637.99). These categories were both consid-
ered as mild preeclampsia in the present study.

Intrauterine Smoking Exposure and Preeclampsia
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Generally, a distinction is made between early-onset preeclampsia (before week 34) and
late-onset (from week 34 and onwards), where early-onset preeclampsia is associated with
more placental pathology, as well as higher maternal and fetal morbidity, whereas maternal fac-
tors are considered more important for late-onset preeclampsia.[21, 23, 24] MBR does not
record date of diagnosis, making the distinction difficult in the present setting. However, it is
clinical practice in Sweden that any woman with an early-onset preeclampsia is admitted to
hospital for evaluation, and according to international guidelines, induction of labor is recom-
mended pre-term. Therefore, registered combination of a preeclampsia diagnosis and pre-term
delivery before week 34, could constitute a proxy for early-onset preeclampsia. For all analyses
on early-onset preeclampsia, this definition was used.

Covariates
Other covariates obtained from the MBR were: (G2) woman’s age at pregnancy (three catego-
ries:<20, 20–29, and 30–39 years), parity (three categories: 1, 2, and�3), own smoking in
early pregnancy (three categories: non-smoker, 1–9 cigarettes/day, and>9 cigarettes/day),
BMI calculated from height and early pregnancy weight measured at first antenatal visit, (six
categories:<18.5 18.5–24.9, 25–29.9, 30–34.9, 35–39.9 and�40 kg/m2), G2 own birthweight
Z-scores (continuous), and own gestational age (five categories:<32, 32–34, 35–36, 37–42 and
>42 completed weeks of gestation). A conceptual model depicting how we have considered
potential confounders and intermediates in relation to the exposure and outcome is shown in
Fig 1.

In all the following analyses, only G2 women with valid data on BMI (missing n = 6,238
[3,9%]) were included. An additional n = 1,255 (0.8%) were excluded due to missing birth-
weight Z-scores, n = 27 due to missing data on parity and n = 53 on country of birth, respec-
tively, leaving a total n = 153,885 with valid data on all covariates.

Statistical analyses
The association between intrauterine smoking exposure and subsequent preeclampsia in G2
women was assessed through logistic regressions generating odds ratios (OR) with 95% confi-
dence intervals (CI).

Initial models were adjusted for woman’s (G2) age at pregnancy, parity and own smoking in
early pregnancy. As maternal BMI is a risk factor for preeclampsia, and also has been shown in
some studies to be a possible effect of intrauterine smoking exposure,[25, 26] BMI could poten-
tially act as a mediator in the causal pathway (Fig 1). In that case, it should not be included as a
confounder. The same argument could be made for the woman’s birthweight and gestational
age. We thus report analyses that included maternal BMI, and additionally gestational age and
birthweight Z-scores, as separate models.

Because there is a possible interaction between intrauterine smoking exposure (G1 smok-
ing) and woman’s own smoking in pregnancy (G2 smoking), we also considered this. An inter-
action was considered important if the p-value for the interaction term was below 0.05. If so,
separate analyses were performed among G2 women who smoked in pregnancy and among
G2 women who did not.

It has been reported previously that fetal sex might influence risk and severity of preeclamp-
sia both in singleton and twin pregnancies; it is more common to develop preeclampsia if car-
rying a male fetus, but women have a higher risk to develop a more severe form early in
gestation, with worse perinatal outcomes, if carrying a female fetus.[27–29] Since this sexual
dimorphism shows some similarities with early- versus late-onset preeclampsia, we wanted to
test if stratifying by fetal sex in the G2 pregnancy additionally supported our hypothesis that
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prenatal smoking exposure might influence later preeclampsia risk via an effect on the mater-
nal response.

To address a possible impact of heredity, we conducted separate analyses where we excluded
any subject whose mother (G1) developed preeclampsia during her pregnancy.

Further, the following sensitivity analyses to evaluate the robustness of the results were per-
formed: i) including only primiparous G2 women, ii) including only singleton pregnancies, iii)
including only Swedish-born G1 women, and iv) excluding any G2 women with previous
hypertension (chronic or pregnancy-induced). To account for clustering of data (G2 sisters
within the same G1 mother), we also performed all analyses including only independent G2
mothers giving birth for the first time.

All analyses were carried out using SPSS version 21.0 (SPSS Inc., Chicago, IL, USA).

Results
This study covers all births in Sweden between 1997 and 2013, by women born 1982 or later.
Table 1 shows selected perinatal characteristics in the G2 generation by their exposure to G1
pregnancy smoking. G2 women who were exposed to smoking in utero were younger, had
higher BMI and smoked more often when they gave birth themselves, compared to non-
exposed mothers (p for all covariates< 0.001). The G2 generation was younger at childbirth
(age range 13–30 years), and more likely to be primiparous compared to G1 (S1 Table). There
was also a higher prevalence of overweight mothers in G2. The prevalence of preeclampsia in
G2 was 3.7%. Among the mothers with early-onset preeclampsia, 45% also had a diagnosis
code denoting severe preeclampsia. In 21.3% of the preeclamptic G2 mothers, preeclampsia
was seen in combination with a child being small-for-gestational age.

G1 women with missing data on smoking during pregnancy were similar to those with com-
plete smoking data regarding perinatal characteristics (S2 Table); for G2, a high proportion of
those with missing smoking data also had missing data on BMI.

Fig 1. Conceptual frame-work regarding potential confounders and intermediates for the association
between prenatal smoking exposure and risk of preeclampsia. Figure notes: G1—first generation G2—
second generation

doi:10.1371/journal.pone.0144207.g001
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For moderate intrauterine smoking exposure, there was no evidence of an association with
preeclampsia risk, except for late-onset preeclampsia (Table 2). In the heavily exposed group,
the adjusted odds ratio (aOR) was 1.18 (95% CI: 1.10–1.27) for any type of preeclampsia. The
association was attenuated and lost statistical significance when G2 BMI and own gestational
age and birthweight Z-scores were added to the models (Table 2). For late-onset preeclampsia,
odds ratios remained significant also when BMI was adjusted for (aOR = 1.08 [95% CI: 1.00,
1.18]).

Table 1. Characteristics in the second generation (G2) pregnancy by first generation (G1) smoking.
Numbers are shown in n and (%).

G1 Non-smoking G1 Smoking

Women total n = 95,763 n = 58,122

Age at childbirth (yrs)

<20 6,339 (6.6) 5,837 (10.0)

20–29 88,649 (92.6) 51,997 (89.5)

30–39 775 (0.8) 288 (0.5)

Body mass index (kg/m2)

<18.5 3,389 (3.5) 1,838 (3.2)

18.5–24.9 59,043 (61.7) 31,386 (54.0)

25–29.9 22,112 (23.1) 15,015 (25.8)

30–34.9 7,907 (8.3) 6,549 (11.3)

35–39.9 2,419 (2.5) 2,399 (4.1)

�40 893 (0.9) 935 (1.6)

Parity

1 65,904 (68.8) 38,088 (65.5)

2 25,425 (26.5) 16,454 (28.3)

�3 4,434 (4.6) 3,580 (6.2)

Number in birth

Singleton 93,962 (98.1) 56,952 (98.0)

Twins/multiple 1,801 (1.9) 1,170 (2.0)

Smoking during pregnancy

Non-smoker 88,214 (92.1) 45,086 (77.6)

1–9 cigarettes/day 6,359 (6.6) 10,229 (17.6)

>9 cigarettes/day 1,190 (1.2) 2,807 (4.8)

Preeclampsiaa

Mild 2,458 (2.6) 1,535 (2.6)

Severe 1,075 (1.1) 653 (1.1)

Hypertension

Chronic 165 (0.2) 95 (0.2)

Pregnancy-induced 1,091 (1.1) 682 (1.2)

Gestational diabetes 445 (0.5) 440 (0.8)

Non-gestational diabetesb 610 (0.6) 309 (0.5)

aMild preeclampsia was defined as a diastolic blood pressure of 90–109 mmHg combined with proteinuria

of <5 g/day and severe preeclampsia as either a diastolic blood pressure of �110 mmHg or proteinuria of

�5 g/day or both.
bIncludes both type 1 and type 2 diabetes as the Swedish Medical Birth Register does not distinguish

between the two types.

doi:10.1371/journal.pone.0144207.t001
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There was an interaction between G1 and G2 smoking during pregnancy (p<0.05). Strati-
fied analyses according to smoking behavior in G2 are shown in Table 3. In non-smoking G2

Table 2. Odds ratios (OR) with 95% confidence intervals (CI) for the associations betweenmaternal smoking during pregnancy and daughters’
risk of preeclampsia.

Cases Non-
cases

Crude OR
(95% CI)

Adjusteda (without
BMI) OR (95% CI)

Adjustedb (with BMI)
OR (95% CI)

Adjustedc (with birthweight and
gestational age) OR (95% CI)

Women total
(n = 153885)

Preeclampsia (any)

Non-smokers 3,533 92,230 1.00
(reference)

1.00 (reference) 1.00 (reference) 1.00 (reference)

1–9 cigarettes/day 1,240 32,759 0.99 (0.93,
1.06)

1.06 (0.99, 1.13) 0.98 (0.92, 1.05) 0.93 (0.87, 0.99)

>9 cigarettes/day 948 23175 1.07 (0.99,
1.15)

1.18 (1.10, 1.27) 1.07 (0.99, 1.15) 0.99 (0.92, 1.07)

Preeclampsia
(mild)d

Non-smokers 2,258 93,305 1.00
(reference)

1.00 (reference) 1.00 (reference) 1.00 (reference)

1–9 cigarettes/day 875 33,124 1.00 (0.93,
1.08)

1.07 (0.99, 1.16) 0.99 (0.92, 1.07) 0.94 (0.87, 1.02)

>9 cigarettes/day 660 23,463 1.07 (0.98,
1.17)

1.18 (1.08, 1.29) 1.05 (0.96, 1.15) 0.99 (0.90, 1.08)

Preeclampsia
(severe)d

Non-smokers 1,075 92,230 1.00
(reference)

1.00 (reference) 1.00 (reference) 1.00 (reference)

1–9 cigarettes/day 365 32,759 0.96 (0.85,
1.08)

1.03 (0.91, 1.16) 0.97 (0.85, 1.09) 0.90 (0.79, 1.01)

>9 cigarettes/day 288 23,175 1.07 (0.94,
1.22)

1.19 (1.04, 1.36) 1.09 (0.95, 1.25) 0.99 (0.87, 1.14)

Preeclampsia (early
onset)e

Non-smokers 814 94,949 1.00
(reference)

1.00 (reference) 1.00 (reference) 1.00 (reference)

1–9 cigarettes/day 258 33,741 0.89 (0.78,
1.03)

0.95 (0.82, 1.09) 0.88 (0.76, 1.02) 0.83 (0.72, 0.96)

>9 cigarettes/day 209 23,914 1.02 (0.88,
1.19)

1.11 (0.95, 1.30) 1.00 (0.86, 1.17) 0.93 (0.79, 1.09)

Preeclampsia (late
onset)

Non-smokers 2719 92,230 1.00
(reference)

1.00 (reference) 1.00 (reference) 1.00 (reference)

1–9 cigarettes/day 982 32,759 1.02 (0.94,
1.10)

1.09 (1.01, 1.17) 1.01 (0.94, 1.09) 0.96 (0.89, 1.03)

>9 cigarettes/day 739 23,175 1.08 (0.99,
1.18)

1.20 (1.10, 1.31) 1.08 (1.00, 1.18) 1.01 (0.93, 1.10)

aModel adjusted for woman’s (G2) age at childbirth, parity, and own smoking during early pregnancy.
bModel adjusted for G2 age at childbirth, parity, own smoking during early pregnancy and BMI in early pregnancy.
cModel adjusted for G2 age at childbirth, parity, own smoking during early pregnancy, BMI and own gestational age and own birthweight Z-scores.
dMild preeclampsia was defined as a diastolic blood pressure of 90–109 mmHg combined with proteinuria of <5 g/day and severe preeclampsia as either

a diastolic blood pressure of �110 mmHg or proteinuria of �5 g/day or both.
ePresence of preeclampsia and delivery of a child before gestational week 34 used as a proxy for early-onset preeclampsia.

doi:10.1371/journal.pone.0144207.t002
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women, point estimates were strengthened (aOR = 1.24 [95% CI: 1.14, 1.34]) and there were
significant positive associations for heavy intrauterine smoking exposure with preeclampsia
through all confounder adjustment except when gestational age and birthweight Z-scores were
included (Table 3).

When stratifying the analyses according to fetal sex, odds ratios remained unchanged when
only women carrying female fetuses were included, compared to both sexes analyzed together,
but were somewhat higher when the corresponding analyses were made for male fetuses
(OR = 1.13 [95% CI: 1.03,1.25] and aOR = 1.25 [95% CI: 1.13,1.38] in the heavily exposed
category.)

Excluding G1 women with preeclampsia marginally strengthened the results (data not
shown). When including only primiparous G2 women, only singleton pregnancies, only Swed-
ish-born G1 women, and when excluding G2 women with previous chronic or pregnancy-
induced hypertension, the results remained unchanged through all analyses (data not shown).

When including only independent women in the G2 generation giving birth for the first
time (n = 103,387), estimates did not change in any of the analyses (data not shown).

Discussion
Our analyses provided some evidence of a potential weak positive association between prenatal
smoking exposure and developing some manifestations of preeclampsia, however, this associa-
tion was not significant over all confounder adjustments. The associations were most apparent
when considering G2 non-smoking women who were exposed to>9 cigarettes/day during
their fetal life, and for late-onset preeclampsia. Including women’s BMI, birthweight or

Table 3. Odds ratios (OR) with 95% confidence intervals (CI) for preeclampsia by exposure to intrauterine tobacco smoking, stratified according
to own smoking in generation 2 (G2).

G2 Non-smokers (n = 133,300)

Cases Non-cases Crude OR
(95% CI)

Adjusteda (without
BMI) OR (95% CI)

Adjustedb (with BMI)
OR (95% CI)

Adjustedc (with birthweight and
gestational age) OR (95% CI)

Preeclampsia (any)

Non-smokers 3,313 84,901 1.00
(reference)

1.00 (reference) 1.00 (reference) 1.00 (reference)

1–9 cigarettes/day 1,070 26,174 1.05 (0.98,
1.12)

1.07 (1.00, 1.15) 0.99 (0.93, 1.07) 0.94 (0.87, 1.01)

>9 cigarettes/day 797 17,045 1.20 (1.11,
1.30)

1.24 (1.14, 1.34) 1.10 (1.02, 1.20) 1.03 (0.95, 1.12)

G2 Smokers (n = 20,585)d

Cases Non-cases Crude OR
(95% CI)

Adjusteda (without
BMI) OR (95% CI)

Adjustedb OR (with
BMI) OR (95% CI)

Adjustedc OR (with birthweight and
gestational age) OR (95% CI)

Preeclampsia (any)

Non-smokers 220 7,329 1.00
(reference)

1.00 (reference) 1.00 (reference) 1.00 (reference)

1–9 cigarettes/day 170 6,585 0.86 (0.70,
1.05)

0.87 (0.71, 1.06) 0.85 (0.69, 1.04) 0.78 (0.63, 0.96)

>9 cigarettes/day 151 6,130 0.82 (0.67,
1.01)

0.84 (0.68, 1.03) 0.81 (0.66, 1.00) 0.74 (0.59, 0.91)

aModel adjusted for woman’s (G2) age at childbirth and parity.
bModel adjusted for G2 age at childbirth, parity and BMI in early pregnancy.
cModel adjusted for G2 age at childbirth, parity, BMI and own gestational age and own birthweight Z-scores.
d � 1 cigarettes/day.

doi:10.1371/journal.pone.0144207.t003
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gestational age in the statistical models resulted in risk estimates loosing statistical significance,
suggesting that these variables could potentially mediate some of the associations.

This is the first study investigating intrauterine smoking exposure and later preeclampsia
risk. Maternal smoking during pregnancy is known to increase the risk of low birthweight and
preterm birth, which in turn have been found in several studies to be associated with pre-
eclampsia or gestational hypertension.[14–19] Considering this, we hypothesized that there
might be an association between smoking exposure in utero and preeclampsia risk, either
working along similar pathophysiological pathways as the association with birthweight, or
independently. We supposed that an effect would be mainly through a modification of mater-
nal factors increasing the risk of an adverse systemic response to released placental factors
reaching the maternal circulation, rather than an effect on placental implantation. We found
slightly stronger estimates for late-onset preeclampsia, which was expected according to our
hypothesis. This finding might reflect earlier reports regarding maternal constitutional factors
being more important for late-onset preeclampsia and the second stage of disease develop-
ment.[3, 21, 30] We argue that this was further supported by the finding in these data of higher
risk estimates for G2 women carrying male fetuses, which has been shown to be associated
with preeclampsia manifestations more similar to late-onset preeclampsia.[29]

Maternal BMI is an established important risk factor for preeclampsia, and our data indicate
that it could potentially mediate the association with prenatal smoking exposure, although this
variable might also have captured mediation through the woman’s birthweight. There are ear-
lier findings indicating that intrauterine smoking exposure, independent from an effect via
birthweight, increases the risk of being obese or over-weight among adult women.[25, 26] If
BMI does lie on the causal pathway as an intermediate, its inclusion as a confounder in the
models could be questioned, however, how to treat this variable is debatable, as noted in Fig 1.
That birthweight and gestational age lie on the causal pathway seems probable, and inclusion
of these covariates is not necessarily justified. However, when included, statistically significant
associations were absent in all outcome models.

We found no evidence of an association with early-onset preeclampsia, consistent with our
hypothesis, as this would require a more pathological placenta. A prior study, also using the Swed-
ish Medical Birth register, examining preeclampsia risk where being born small-for-gestational
age was considered as the determinant, found higher risk estimates for severe than for mild pre-
eclampsia.[14]We did not find any notable differences in risk estimates when stratifying on sever-
ity of the disease as noted by diagnostic codes in our study. Other reports on fetal growth and
subsequent preeclampsia risk have not made any distinctions as to type or severity of preeclamp-
sia,[15, 16, 18] but some have considered other hypertensive disorders during pregnancy.[17]

Smoking during pregnancy has in previous research consistently been shown, in a dose-
response manner, to reduce the risk of preeclampsia,[5–7] however not if the woman quit
smoking before the last trimester.[7] Smoking women who do develop preeclampsia, however,
tend to develop severe preeclampsia with worse perinatal outcomes,[5] although there are stud-
ies finding the contrary.[9, 10] One suggested explanation for the lowered risk among smokers
is that the carbon monoxide in tobacco smoke lowers circulating anti-angiogenic proteins.[31]
If every woman is considered to have a threshold for angiogenic imbalance, and a severe form
of preeclampsia requires greater alterations in angiogenic proteins, it seems logical that smok-
ing would be less potent in protecting those women physiologically pre-disposed for a severe
form of preeclampsia, thus shifting the proportion of preeclamptic smoking women to the
more severe category.[31] If carbon monoxide is a key element it could also help explain why
smokeless tobacco, such as snuff, has not been seen to reduce preeclampsia risk in the same
manner.[7]
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The present study has some important strengths. First, all data come from a robust nation-
wide register which reduces the risk of selection bias. Second, the outcome is based on clinical
diagnoses, using the same diagnostic criteria over the whole country. Since practically all preg-
nant women in Sweden participate in the free maternal health care, and home deliveries are
rare,[32] the coverage of women with preeclampsia should be relatively complete. Third, it has
been previously validated that the exposure variable in this study (maternal self-report) is accu-
rate and useful for estimating exposure during pregnancy.[33] The validation study, based on a
randomly selected sub-sample from the MBR with serum measurements of cotinine taken at
delivery, found a high agreement between self-reported smoking data and serum cotinine lev-
els, as well as high correlations between maternal and umbilical cord levels.[33] Additionally,
the study showed that the majority (87%) of the women who smoked in early pregnancy, also
smoked at the time of delivery. This is supported by data from this cohort, where the propor-
tion of smoking G2 women in late pregnancy (week 32) were 10.4% as compared to 13.4% at
the first antenatal visit. The proportion of heavy smokers was also similar between the two vis-
its (2.6% compared to 2.0%). Unfortunately, these numbers were only available from the G2
generation since the variable has been added later to the MBR.

However, this study has limitations. We lack information on exposures and life-style factors
for a large part of these women’s lives, such as change of partner, exposure to second-hand
smoking, and socio-economic status. Although there is an evident socio-economic gradient in
smoking behavior, previous studies have not been able to consistently show that socio-eco-
nomic status is relevant for the risk of hypertensive disorders during pregnancy.[34–36] In
studies on fetal growth as a predictor of preeclampsia, no effect modification was seen by
including maternal education,[15–17] and another study using maternal education as a proxy
of socio-economic status found that the effect on gestational hypertension was largely mediated
though maternal BMI.[37] We also lacked information on genetic factors other than a presence
of preeclampsia in the G1 generation. Excluding these women, however, only marginally
changed the estimates.

The proportion of women who had missing data on smoking behavior was not even
between the two generations, with most missing being in G1. However, the total number of G2
women with missing smoking data was small (n = 7,607 [3.9%] of a total of 195,922 eligible
pregnancies), and the prevalence of preeclampsia as well as other perinatal characteristics were
very similar between the groups.

Last, the weakly increased risks presented in this study should be interpreted with caution,
especially taking the lack of significance for some manifestations and the possibility of residual
confounding in the present setting into account. In terms of explaining the etiology of pre-
eclampsia in a clinical context, intrauterine smoking exposure might carry little information in
the light of other risk factors.

Conclusion
In conclusion, these data presented some evidence of a possible weak positive association
between heavy intrauterine smoking exposure and the risk of subsequent late-onset preeclamp-
sia, however, associations were not significant over all preeclampsia manifestations and con-
founder adjustments. The increased risk might be mediated through exposed women’s own
BMI or birthweight.

Supporting Information
S1 Table. Characteristics of included women with complete smoking data in both genera-
tions. Smoking was recorded in the Medical Birth Register beginning in 1982. Numbers are

Intrauterine Smoking Exposure and Preeclampsia

PLOS ONE | DOI:10.1371/journal.pone.0144207 December 2, 2015 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144207.s001


shown in n and (%).
(DOCX)

S2 Table. Characteristics of women in first generation (G1) and second generation (G2),
according to available information on smoking during pregnancy in the Swedish Medical
Birth Register. Numbers are shown in n and (%).
(DOCX)

Acknowledgments
All authors contributed to study concept and design. KK contributed to acquisition of data;
KM did the statistical analyses and drafted the manuscript; LR and ARH obtained funding; LR
contributed to study supervision. All authors contributed to the interpretation of data, critical
revision of the manuscript for important intellectual content and approved of the final manu-
script for publication.

Author Contributions
Conceived and designed the experiments: KM KK ARH SRH TFM DEC LR. Analyzed the
data: KM. Wrote the paper: KM KK ARH SRH TFM DEC LR. Acquisition of data: KK.
Obtained funding: ARH LR. Interpretation of data and revision for intellectual content: KM
KK ARH SRH TFM DEC LR. Supervision of study: LR.

References
1. Duley L. The global impact of pre-eclampsia and eclampsia. Semin Perinatol. 2009; 33(3):130–7. doi:

10.1053/j.semperi.2009.02.010 PMID: 19464502

2. Hansson SR, Naav A, Erlandsson L. Oxidative stress in preeclampsia and the role of free fetal hemo-
globin. Front Physiol. 2014; 5:516. doi: 10.3389/fphys.2014.00516 PMID: 25628568

3. Roberts JM, Hubel CA. The two stage model of preeclampsia: variations on the theme. Placenta. 2009;
30 Suppl A:S32–7. doi: 10.1016/j.placenta.2008.11.009 PMID: 19070896

4. Redman CW, Sargent IL. Latest advances in understanding preeclampsia. Science. 2005; 308
(5728):1592–4. doi: 10.1126/science.1111726 PMID: 15947178

5. Conde-Agudelo A, Althabe F, Belizan JM, Kafury-Goeta AC. Cigarette smoking during pregnancy and
risk of preeclampsia: a systematic review. American journal of obstetrics and gynecology. 1999; 181
(4):1026–35. PMID: 10521771

6. England L, Zhang J. Smoking and risk of preeclampsia: a systematic review. Frontiers in bioscience: a
journal and virtual library. 2007; 12:2471–83.

7. Wikstrom AK, Stephansson O, Cnattingius S. Tobacco use during pregnancy and preeclampsia risk:
effects of cigarette smoking and snuff. Hypertension. 2010; 55(5):1254–9. doi: 10.1161/
hypertensionaha.109.147082 PMID: 20231527

8. Beste LA, England LJ, Schisterman EF, Qian C, Yu KF, Levine RJ. Pregnancy outcomes in smokers
who develop pre-eclampsia. Paediatr Perinat Epidemiol. 2005; 19(1):12–8. doi: 10.1111/j.1365-3016.
2004.00617.x PMID: 15670103

9. Engel SM, Janevic TM, Stein CR, Savitz DA. Maternal smoking, preeclampsia, and infant health out-
comes in New York City, 1995–2003. Am J Epidemiol. 2009; 169(1):33–40. doi: 10.1093/aje/kwn293
PMID: 19001134

10. Kahn SR, Almeida ND, McNamara H, Koren G, Genest J Jr., Dahhou M, et al. Smoking in preeclamptic
women is associated with higher birthweight for gestational age and lower soluble fms-like tyrosine
kinase-1 levels: a nested case control study. BMC Pregnancy Childbirth. 2011; 11:91. doi: 10.1186/
1471-2393-11-91 PMID: 22074109

11. Engel SM, Scher E, Wallenstein S, Savitz DA, Alsaker ER, Trogstad L, et al. Maternal active and pas-
sive smoking and hypertensive disorders of pregnancy: risk with trimester-specific exposures. Epidemi-
ology (Cambridge, Mass). 2013; 24(3):379–86. doi: 10.1097/EDE.0b013e3182873a73

Intrauterine Smoking Exposure and Preeclampsia

PLOS ONE | DOI:10.1371/journal.pone.0144207 December 2, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144207.s002
http://dx.doi.org/10.1053/j.semperi.2009.02.010
http://www.ncbi.nlm.nih.gov/pubmed/19464502
http://dx.doi.org/10.3389/fphys.2014.00516
http://www.ncbi.nlm.nih.gov/pubmed/25628568
http://dx.doi.org/10.1016/j.placenta.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19070896
http://dx.doi.org/10.1126/science.1111726
http://www.ncbi.nlm.nih.gov/pubmed/15947178
http://www.ncbi.nlm.nih.gov/pubmed/10521771
http://dx.doi.org/10.1161/hypertensionaha.109.147082
http://dx.doi.org/10.1161/hypertensionaha.109.147082
http://www.ncbi.nlm.nih.gov/pubmed/20231527
http://dx.doi.org/10.1111/j.1365-3016.2004.00617.x
http://dx.doi.org/10.1111/j.1365-3016.2004.00617.x
http://www.ncbi.nlm.nih.gov/pubmed/15670103
http://dx.doi.org/10.1093/aje/kwn293
http://www.ncbi.nlm.nih.gov/pubmed/19001134
http://dx.doi.org/10.1186/1471-2393-11-91
http://dx.doi.org/10.1186/1471-2393-11-91
http://www.ncbi.nlm.nih.gov/pubmed/22074109
http://dx.doi.org/10.1097/EDE.0b013e3182873a73


12. Luo ZC, Julien P, Wei SQ, Audibert F, Smith GN, Fraser WD. Plasma cotinine indicates an increased
risk of preeclampsia in previous and passive smokers. American journal of obstetrics and gynecology.
2014; 210(3):232.e1–5. doi: 10.1016/j.ajog.2013.09.041

13. England LJ, Levine RJ, Mills JL, Klebanoff MA, Yu KF, Cnattingius S. Adverse pregnancy outcomes in
snuff users. American journal of obstetrics and gynecology. 2003; 189(4):939–43. PMID: 14586330

14. Zetterstrom K, Lindeberg S, Haglund B, Magnuson A, Hanson U. Being born small for gestational age
increases the risk of severe pre-eclampsia. BJOG. 2007; 114(3):319–24. doi: 10.1111/j.1471-0528.
2006.01231.x PMID: 17261123

15. a Rogvi R, Forman JL, DammP, Greisen G. Women born preterm or with inappropriate weight for ges-
tational age are at risk of subsequent gestational diabetes and pre-eclampsia. PloS one. 2012; 7(3):
e34001. doi: 10.1371/journal.pone.0034001 PMID: 22479500

16. Innes KE, Marshall JA, Byers TE, Calonge N. A woman's own birth weight and gestational age predict
her later risk of developing preeclampsia, a precursor of chronic disease. Epidemiology (Cambridge,
Mass). 1999; 10(2):153–60.

17. Innes KE, Byers TE, Marshall JA, Baron A, Orleans M, Hamman RF. Association of a woman's own
birth weight with her subsequent risk for pregnancy-induced hypertension. Am J Epidemiol. 2003; 158
(9):861–70. PMID: 14585764

18. Dempsey JC, Williams MA, Luthy DA, Emanuel I, Shy K. Weight at birth and subsequent risk of pre-
eclampsia as an adult. American journal of obstetrics and gynecology. 2003; 189(2):494–500. PMID:
14520224

19. Klebanoff MA, Secher NJ, Mednick BR, Schulsinger C. Maternal size at birth and the development of
hypertension during pregnancy: a test of the Barker hypothesis. Arch Intern Med. 1999; 159(14):1607–
12. PMID: 10421284

20. Cnattingius S, Ericson A, Gunnarskog J, Kallen B. A quality study of a medical birth registry. Scand J
Soc Med. 1990; 18(2):143–8. PMID: 2367825

21. Lisonkova S, Joseph KS. Incidence of preeclampsia: risk factors and outcomes associated with early-
versus late-onset disease. American journal of obstetrics and gynecology. 2013; 209(6):544.e1–.e12.
doi: 10.1016/j.ajog.2013.08.019

22. Rana S, Schnettler WT, Powe C, Wenger J, Salahuddin S, Cerdeira AS, et al. Clinical characterization
and outcomes of preeclampsia with normal angiogenic profile. Hypertens Pregnancy. 2013; 32(2):189–
201. doi: 10.3109/10641955.2013.784788 PMID: 23725084

23. Nelson DB, Ziadie MS, McIntire DD, Rogers BB, Leveno KJ. Placental pathology suggesting that pre-
eclampsia is more than one disease. American journal of obstetrics and gynecology. 2014; 210(1):66.
e1–7. doi: 10.1016/j.ajog.2013.09.010

24. Lisonkova S, Sabr Y, Mayer C, Young C, Skoll A, Joseph KS. Maternal morbidity associated with early-
onset and late-onset preeclampsia. Obstet Gynecol. 2014; 124(4):771–81. doi: 10.1097/aog.
0000000000000472 PMID: 25198279

25. Cupul-Uicab LA, Skjaerven R, Haug K, Melve KK, Engel SM, Longnecker MP. In utero exposure to
maternal tobacco smoke and subsequent obesity, hypertension, and gestational diabetes among
women in the MoBa cohort. Environ Health Perspect. 2012; 120(3):355–60. doi: 10.1289/ehp.1103789
PMID: 22128036

26. Mattsson K, Kallen K, Longnecker MP, Rignell-Hydbom A, Rylander L. Maternal smoking during preg-
nancy and daughters' risk of gestational diabetes and obesity. Diabetologia. 2013; 56(8):1689–95. doi:
10.1007/s00125-013-2936-7 PMID: 23699990

27. Vatten LJ, Skjaerven R. Offspring sex and pregnancy outcome by length of gestation. Early HumDev.
2004; 76(1):47–54. PMID: 14729162

28. Steen EE, Kallen K, Marsal K, Norman M, Hellstrom-Westas L. Impact of sex on perinatal mortality and
morbidity in twins. Journal of perinatal medicine. 2014; 42(2):225–31. doi: 10.1515/jpm-2013-0147
PMID: 24222256

29. Elsmen E, Kallen K, Marsal K, Hellstrom-Westas L. Fetal gender and gestational-age-related incidence
of pre-eclampsia. Acta Obstet Gynecol Scand. 2006; 85(11):1285–91. doi: 10.1080/
00016340600578274 PMID: 17091404

30. Ness RB, Roberts JM. Heterogeneous causes constituting the single syndrome of preeclampsia: a
hypothesis and its implications. American journal of obstetrics and gynecology. 1996; 175(5):1365–70.
PMID: 8942516

31. Karumanchi SA, Levine RJ. How does smoking reduce the risk of preeclampsia? Hypertension. 2010;
55(5):1100–1. doi: 10.1161/HYPERTENSIONAHA.109.148973 PMID: 20231524

Intrauterine Smoking Exposure and Preeclampsia

PLOS ONE | DOI:10.1371/journal.pone.0144207 December 2, 2015 12 / 13

http://dx.doi.org/10.1016/j.ajog.2013.09.041
http://www.ncbi.nlm.nih.gov/pubmed/14586330
http://dx.doi.org/10.1111/j.1471-0528.2006.01231.x
http://dx.doi.org/10.1111/j.1471-0528.2006.01231.x
http://www.ncbi.nlm.nih.gov/pubmed/17261123
http://dx.doi.org/10.1371/journal.pone.0034001
http://www.ncbi.nlm.nih.gov/pubmed/22479500
http://www.ncbi.nlm.nih.gov/pubmed/14585764
http://www.ncbi.nlm.nih.gov/pubmed/14520224
http://www.ncbi.nlm.nih.gov/pubmed/10421284
http://www.ncbi.nlm.nih.gov/pubmed/2367825
http://dx.doi.org/10.1016/j.ajog.2013.08.019
http://dx.doi.org/10.3109/10641955.2013.784788
http://www.ncbi.nlm.nih.gov/pubmed/23725084
http://dx.doi.org/10.1016/j.ajog.2013.09.010
http://dx.doi.org/10.1097/aog.0000000000000472
http://dx.doi.org/10.1097/aog.0000000000000472
http://www.ncbi.nlm.nih.gov/pubmed/25198279
http://dx.doi.org/10.1289/ehp.1103789
http://www.ncbi.nlm.nih.gov/pubmed/22128036
http://dx.doi.org/10.1007/s00125-013-2936-7
http://www.ncbi.nlm.nih.gov/pubmed/23699990
http://www.ncbi.nlm.nih.gov/pubmed/14729162
http://dx.doi.org/10.1515/jpm-2013-0147
http://www.ncbi.nlm.nih.gov/pubmed/24222256
http://dx.doi.org/10.1080/00016340600578274
http://dx.doi.org/10.1080/00016340600578274
http://www.ncbi.nlm.nih.gov/pubmed/17091404
http://www.ncbi.nlm.nih.gov/pubmed/8942516
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.148973
http://www.ncbi.nlm.nih.gov/pubmed/20231524


32. Hildingsson IM, Lindgren HE, Haglund B, Radestad IJ. Characteristics of women giving birth at home in
Sweden: a national register study. American journal of obstetrics and gynecology. 2006; 195(5):1366–
72. doi: 10.1016/j.ajog.2006.03.050 PMID: 16707081

33. Mattsson K, Kallen K, Rignell-Hydbom A, Lindh CH, Jonsson BA, Gustafsson P, et al. Cotinine Valida-
tion of Self-Reported Smoking During Pregnancy in the Swedish Medical Birth Register. Nicotine Tob
Res. 2015. doi: 10.1093/ntr/ntv087 PMID: 25895950

34. Saftlas AF, Rubenstein L, Prater K, Harland KK, Field E, Triche EW. Cumulative exposure to paternal
seminal fluid prior to conception and subsequent risk of preeclampsia. J Reprod Immunol. 2014; 101–
102:104–10. doi: 10.1016/j.jri.2013.07.006 PMID: 24011785

35. Heshmati A, Mishra G, Koupil I. Childhood and adulthood socio-economic position and hypertensive
disorders in pregnancy: the Uppsala Birth Cohort Multigenerational Study. J Epidemiol Community
Health. 2013; 67(11):939–46. doi: 10.1136/jech-2012-202149 PMID: 23729327

36. Lawlor DA, Morton SM, Nitsch D, Leon DA. Association between childhood and adulthood socioeco-
nomic position and pregnancy induced hypertension: results from the Aberdeen children of the 1950s
cohort study. J Epidemiol Community Health. 2005; 59(1):49–55. doi: 10.1136/jech.2004.020560
PMID: 15598727

37. Silva L, Coolman M, Steegers E, Jaddoe V, Moll H, Hofman A, et al. Maternal educational level and risk
of gestational hypertension: the Generation R Study. J Hum Hypertens. 2008; 22(7):483–92. doi: 10.
1038/jhh.2008.22 PMID: 18418401

Intrauterine Smoking Exposure and Preeclampsia

PLOS ONE | DOI:10.1371/journal.pone.0144207 December 2, 2015 13 / 13

http://dx.doi.org/10.1016/j.ajog.2006.03.050
http://www.ncbi.nlm.nih.gov/pubmed/16707081
http://dx.doi.org/10.1093/ntr/ntv087
http://www.ncbi.nlm.nih.gov/pubmed/25895950
http://dx.doi.org/10.1016/j.jri.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/24011785
http://dx.doi.org/10.1136/jech-2012-202149
http://www.ncbi.nlm.nih.gov/pubmed/23729327
http://dx.doi.org/10.1136/jech.2004.020560
http://www.ncbi.nlm.nih.gov/pubmed/15598727
http://dx.doi.org/10.1038/jhh.2008.22
http://dx.doi.org/10.1038/jhh.2008.22
http://www.ncbi.nlm.nih.gov/pubmed/18418401

