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BACKGROUND: Cigarette smoking (CS) is a widely recognized health hazard, yet it remains prevalent in society
and the effects of environmental tobacco smoke exposure on fertility are unknown. Our objective was to measure
the effects of CS on the fertility of mainstream (MS) or sidestream (SS) smoke-exposed women compared to their
non-smoking (NS) counterparts. METHODS: This retrospective study investigated 225 female patients undergoing
IVF (n 5 97) or ICSI (n 5 128). Patients were grouped based on their smoking status for comparison. This
included: 39 MS (18 IVF and 21 ICSI); 40 SS (16 IVF and 24 ICSI); and 146 NS (63 IVF and 83 ICSI) women.
Fertility treatment outcomes including embryo quality, implantation and pregnancy rate were measured.
RESULTS: No difference in embryo quality between the three groups was observed. However, there was a signifi-
cant difference in implantation rate (MS 5 12.0%, SS 5 12.6%, and NS 5 25.0%) and pregnancy rate
(MS 5 19.4%, SS 5 20.0%, and NS 5 48.3%) per embryo transfer. CONCLUSIONS: Despite similar embryo
quality there was a striking difference in implantation and pregnancy rates of MS and SS smokers when compared
with NS. Our data demonstrate that the effects of SS smoking are equally as damaging as MS smoke on fertility.
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Introduction

Despite the fact that tobacco smoking is a widely recognized

health hazard and a major cause of preventable mortality,

smoking remains prevalent in our society. While there has

been a decrease in the incidence of smoking in the general

population, the percentage of female smokers has increased

considerably (Health Canada, 2003). What is even more

troubling is the incidence of smoking among young women.

A recent survey of high school students in southwestern

Ontario revealed that 36.2% of teenage girls smoke (Cohen

et al., 2003) and a study from the UK reports that, at the age

of 15 years, 33% of girls are regular smokers (Augood et al.,

1998).

The reproductive health effects of cigarette smoke

exposure for women are far-reaching (Seltzer, 2003). There

is a strong association between cigarette smoking and

reduced fertility, and earlier mean age of menopause (Jick

and Porter, 1977), suggesting that smoking impairs oocyte

function, viability, and depletes ovarian reserves (Zenzes,

2000). Epidemiological studies of spontaneous conception

confirm that 38% of non-smokers conceive in their first cycle

compared with 28% of smokers, with smokers being 3.4

times more likely to take .1 year to conceive compared to

their non-smoking counterparts (Baird and Wilcox, 1985).

In addition, Howe et al. (1985) reported that 10.7% of

women who smoke .10 cigarettes/day, compared to 5.4% of

non-smokers, are involuntarily childless 5 years after stop-

ping contraception. Although cigarette smoke is a recognized

reproductive hazard the impact of passive or sidesteam

smoke exposure on female fertility is unknown. Therefore,

the objective of this study was to investigate the adverse

effects of cigarette smoke exposure on fertility and ovarian

function by comparing stimulation parameters and outcomes

of mainstream (MS), sidestream (SS), and non-smoking (NS)

patients undergoing IVF procedures.

Materials and methods

Patients and methods

Approval was obtained from the Centre for Reproductive Care

(CRC) Research committee for this study. This was a retrospective

analysis of the outcomes of 225 patients (97 IVF and 128 ICSI)

being treated at the CRC for infertility between January 1, 2003 and

March 31, 2004. Smoking status and the average number of ciga-

rettes consumed daily was obtained from the patients’ preliminary

fertility assessment form completed on the first visit to the clinic.

Alcohol consumption in our study population was unremarkable.

These data were routinely collected on all patients using a standar-

dized history form. Patients were classified into one of three groups:
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(1) mainstream smoke (MS, n = 39: 18 IVF and 21 ICSI); (2)

sidestream smoke (SS, n = 40: 16 IVF and 24 ICSI); or (3) non-

smoking (NS, n = 146: 63 IVF and 83 ICSI). Mainstream smoke

was defined as the smoke that is inhaled by the smoker; while

patients with sidestream smoke exposure were defined as those

women self-identifying that they live with a partner that regularly

smokes. Non-smoking patients were defined as someone not

exposed in either of the previous two categories. Former smokers

(ceased smoking .6 months prior to treatment) were considered

with non-smokers since several studies have shown that the fertility

of ex-smokers resembles that of non-smokers, rather than that of

current smokers (Baird and Wilcox, 1985; Howe et al., 1985; Phipps

et al., 1987).

IVF stimulation and outcomes

Female patients each received subcutaneous injections of GnRH

analogue, leuprolide acetate (Lupron; Abbott, Toronto, ON, Canada)

1 mg daily, from day 21 of the previous menstrual cycle for pituitary

down-regulation. Recombinant rFSH (Gonal F; Serono, Oakville,

ON, Canada) was used for all patients in this study and was initiated

after the onset of menses after ovarian suppression was confirmed

by a serum estradiol of ,150 pmol/ml and no ovarian cysts were

observed upon ultrasound examination. Dosage of rFSH was

adjusted based on the rise in estradiol levels measured by radio-

immunoassay, and the numbers of growing follicles were tracked by

transvaginal ultrasound. Ovulation was triggered, when at least three

follicles were $18 mm in diameter, by administering 10 000 IU i.m.

of hCG (Profasi; Serono). Oocytes were retrieved using transvaginal

ultrasound-guided aspiration 34–36 h after the hCG injection.

Antibiotics were routinely administered intravenously to patients

with blocked tubes only at the time of retrieval (Paavonen and

Eggert-Kruse, 1999). Medication use by patients in all three groups

was assessed and there was no difference in the types or amounts of

medications used between the groups.

Semen samples were provided by the male partner and processed

by standard swim-up procedures. Insemination for conventional IVF

or ICSI was performed 4–6 h after oocyte retrieval. Oocytes and

embryos were cultured in 60ml drops of human tubal fluid medium

(HTF; Irvine Scientific, Santa Ana, CA, USA) supplemented with

10% synthetic serum substitute (SSS; Irvine Scientific). Fertilization

was determined by the presence of two pronulcei 16–18 h after inse-

mination or ICSI. Fertilization rate was calculated as the number of

zygotes divided by the total number of oocytes retrieved for each

patient.

The stimulation parameters, number of oocytes retrieved, fertili-

zation, meiotic maturity based on the presence of the first polar

body at the time of ICSI, embryos transferred, embryos frozen,

cumulative embryo score (CES), implantation and pregnancy rates

were compared between the three groups. CES was calculated as the

product of blastomere number and embryo grade based on percen-

tage fragmentation (descending scale of 5 to 1) at the 48 and 72 h

period of assessment. Higher CES indicates a better morphological

appearance of the embryo (Joesbury et al., 1998; Terriou et al.,

2001). Based on our clinic policy, a maximum of two embryos were

transferred to women aged ,34 years of age, and a maximum of

three embryos to those women $34 years of age, on day 3 of cul-

ture. Assisted hatching was not performed on any of the transferred

embryos. Three patients in the MS group did not have adequate

embryos for transfer, and one patient in the NS group had all of her

embryos frozen due to severe ovarian hyperstimulation syndrome

and thus their data was used only for stimulation and embryo devel-

opment outcomes and was excluded from the pregnancy analysis

since no embryo transfer occurred. A positive pregnancy test was

characterized by an elevated b-hCG 14 days after transfer, and con-

firmed by a doubling in value 3 days later. Clinical pregnancy was

confirmed by a positive fetal heartbeat by ultrasound, 6.5 weeks

after a positive pregnancy test (b-hCG). The number of fetal sacs

with a positive heartbeat divided by the total number of embryos

transferred was used to calculate the implantation rate.

Statistical analysis

Values are expressed as mean ^ SD where applicable. Rates were

expressed as percentages and the significance of differences

between rates were determined using the classical x2-test. Data

were checked for homogeneity of variance and normal distribution

before analysis by one-way analysis of variance. Differences

between group means were determined by Dunnett’s method. Stat-

istical analysis was performed using SigmaStat (SPSS, Chicago,

IL, USA). For all statistical procedures performed, P ,0.05 was

considered significant.

Results

Smoke exposure

Women in the MS category consumed a mean (^SEM) of

11.0 ^ 1.2 cigarettes/day and their partners reported smoking

a mean of 10.7 ^ 2.0 cigarettes/day. Of the male partners of

MS cigarette smoke-exposed women, eight were non-

smokers, 12 smoked ,12 cigarettes/day, and 15 smoked .12

cigarettes/day. Four male partners were reported to be smo-

kers but the daily consumption was not available. Male

partners of the women in the SS group smoked 10.8 ^

1.0 cigarettes/day. Of this group, 20 partners smoked ,12

cigarettes/day whereas 16 consumed .12 cigarettes/day.

Frequency of smoking and number of cigarettes smoked was

unavailable for four of the male partners. When the pregnancy

outcomes were compared based on male smoking habits,

there was no difference in the number of cigarettes/day

consumed by the male partner between the pregnant and

non-pregnant groups in both the MS and SS categories.

Furthermore, there was no difference in the pregnancy rate of

the MS group when the partners’ smoking status was con-

sidered (NS versus smoker), thus indicating that cigarette

smoke exposure in the male partner was not solely responsible

for the negative impact on pregnancy.

Clinical outcomes

There was no difference in the age of patients, units of

FSH used for stimulation, estradiol level on the day of hCG

injection, number of oocytes retrieved, nuclear maturity,

number of embryos transferred, and embryos available for

freezing between the three groups (Table I). Fertilization

rates were similar in the MS (57%), SS (58%) and NS (63%)

groups. Despite no difference in embryo quality, assessed by

CES at 48, 72 h, and of the embryos being included for trans-

fer (Figure 1), there was a significant difference (P ,0.001)

in pregnancy rate per embryo transfer between the MS

(19.4%), SS (20.0%) and NS (48.3%) groups. Implantation

rate was also different (P ,0.01) between the MS (12.0%),

SS (12.6%) and NS (25.0%) groups.
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Discussion

The objective of the present study was to investigate the

effect of side-stream cigarette smoke exposure compared to

mainstream exposure and no exposure (non-smoking women)

on fertility in female patients attending the Centre for Repro-

ductive Care. The most striking finding is that despite no

difference in morphological appearance and development

rate of preimplantation embryos from MS, SS and NS

women, there is a significant decrease in the ability of

embryos from MS and SS smokers to implant and/or main-

tain a pregnancy when compared to their NS counterparts.

Our data are consistent with previous studies that demon-

strate reduced fertility in female smokers (Pattinson et al.,

1991; Rosevear et al., 1992; Rowlands et al., 1992; Hughes

et al., 1994; Seltzer, 2003) and expands the literature by

demonstrating that the reproductive consequences of side-

stream smoking are as great as those seen in mainstream

smokers.

In the present study, no evidence of either a dose–

response (SS versus MS exposure) or an additive effect (both

partners were smokers) of cigarette smoke exposure on preg-

nancy could be found. The women in our study were divided

into groups of MS, SS and NS on the basis of self-reported

smoking habits for themselves and their partners, thus raising

the potential for misclassification errors. In prospective

studies, smoking status can be confirmed biochemically by

measuring cotinine, a metabolite of nicotine, as cotinine con-

centrations correlate with the number of cigarettes smoked

(Zenzes et al., 1996). However, as the present study was ret-

rospective in nature we did not have the benefit of confirming

smoking status or testing for potential dose-related effects.

Nevertheless, we propose that SS cigarette smoke exposure is

as hazardous as that of MS smoke. Support for this proposal

is derived from the observation that the polycyclic aromatic

hydrocarbons (PAH) produced by the inefficient combustion

from the tip of the smoldering cigarette resulted in a 10-fold

higher concentration of PAH in SS compared with MS

smoke (Lodovici et al., 2004). Of the contaminants present

in cigarette smoke, the PAH have been shown to induce a

broad range of adverse health effects on reproductive out-

comes in rodent and human studies (Borman et al., 2000;

Zenzes, 2000). Therefore, it is not surprising that the toxic

effect of SS exposure, measured by reduced fecundity, is

similar to that seen in women who smoke.

The mechanism underlying the reduced fertility success in

women exposed to cigarette smoke is unknown. Toxicants

can impair reproduction by acting in the male, female, or

both (Stillman et al., 1986). Several studies have focused on

the effect of paternal cigarette smoke exposure on spermato-

genesis (Sofikitis et al., 1995; Yamamoto et al., 1998), sperm

function and early embryonic development (Kapawa et al.,

2004). Sofikitis et al. (2000) demonstrated that cotinine (a

metabolite of nicotine) concentrations similar to that seen in

heavy smokers (.400 ng/ml) reduced sperm performance

with respect to in vitro tests (including: hyperosmotic swel-

ling test, sperm penetration assay, % motility and hyperacti-

vation), but did not affect fertilization of hamster ova when

ICSI was employed. Results from our study did not reveal

any reduction in sperm function as indicated by similar IVF

fertilization rates of men exposed to mainstream or side-

stream smoke compared with non-smokers. We propose that

in our study cotinine levels are unlikely to have achieved

high enough levels to elicit a sperm effect since none of our

patients were considered heavy smokers. Moreover, ICSI fer-

tilization rates were similar, which is supported by the work

of Sofikitis et al. (2000). Paternal smoking results in a

significantly higher percentage of sperm with DNA abnorm-

alities in the semen samples of smokers compared to

non-smokers (Sofikitis et al., 1995). Sperm with a high per-

centage of DNA fragmentation are often found in cases of

repeated IVF failures (Sakkas et al., 2004; Tesarik et al.,

2004). Adverse paternal effects can appear as early as the

pronuclear zygote stage or later in preimplantation develop-

ment (Tesarik et al., 2002). Since embryos were transferred

on day 3 in this study it is not clear whether a late paternal

effect could influence blastocyst development if the culture

period was extended an additional 2 days. However, our

results demonstrate that despite no difference in morphologi-

cal appearance and development rate of preimplantation

embryos from MS, SS and NS women, there is a significant

decrease in the ability of embryos from MS and SS smokers

Table I. Clinical summary, mean ^ SD by smoking status

Variable Mainstream
(n = 39)

Sidestream
(n = 40)

Non-smoking
(n = 146)

Age (years) 33.56 ^ 3.84 33.45 ^ 3.35 34.57 ^ 3.95
Ampoules for
stimulation

29.18 ^ 14.25 30.23 ^ 16.25 32.40 ^ 14.88

Estradiol on day of
hCG (pmol/L)

7142 ^ 3388 7921 ^ 4179 7316 ^ 3721

Oocytes retrieved 11.26 ^ 5.32 11.55 ^ 5.64 11.09 ^ 5.70
Nuclear maturity (%)a 80.0 ^ 19.0 78.0 ^ 18.0 77.0 ^ 17.0
Embryos transferred 1.92 ^ 0.81 2.18 ^ 0.50 2.32 ^ 0.87
Embryos frozen 1.82 ^ 2.91 1.58 ^ 2.57 1.53 ^ 2.02

aNuclear maturity was only measured in ICSI procedures.

Figure 1. Comparison of Cumulative Embryo score (CES) between
Mainstream (MS), Sidestream (SS) and Nonsmoking patients’
embryos at 48 h, 72 h, and transfer.
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to implant and/or maintain a pregnancy when compared to

their NS counterparts. Therefore, we propose that implan-

tation and embryogenesis are the most sensitive stages of

development for the adverse effects of cigarette smoke. This

may occur as a result of a late paternal effect (Sakkas et al.,

2004; Tesarik et al., 2004) or might be due to an alteration

of ovarian function and/or impaired oocyte competence from

exposure to toxic compounds. Cigarette smoke may induce

changes in oocyte quality through the deleterious effect of

ovarian toxicants present in the follicular fluid. Zenzes

(2000) observed the formation of DNA adducts in the ovarian

cells and embryos of smokers, indicating a potential risk of

genetic damage such as spindle disturbances, or structural

and numerical chromosomal aberrations. These types of

subtle disruptions to the genome of the gamete or zygote

may allow for normal-appearing preimplantation embryo

development as we observed (Figure 1) but may be lethal at

the peri-implantation stage leading to reduced implantation

rates. Also, PAH such as benzo-[a]-pyrene have been shown

to markedly decrease proliferation, cell attachment and tro-

phoblast invasion (Charles et al., 2000) which may account

for the poor implantation rates and early pregnancy loss

observed in our study. Poor IVF outcomes may also be attri-

buted in part to defects in the sperm as a result of exposure

to smoke-related toxicants (Joesbury et al., 1998). However,

our data reveal no difference in pregnancy rate when the

smoking habit of the male partner is considered. Therefore,

our data suggest that exposure to toxicants contained in ciga-

rette smoke, whether from MS or SS exposure, adversely

affects implantation success and maintenance of pregnancy.

Fortunately, for women who seek medical attention, a recent

randomized controlled trial found that a simple explanation

of the reproductive consequences of cigarette smoking was

as effective as a structured intervention in achieving smoking

cessation (Hughes et al., 2000).

Cigarette smoke toxicants may induce toxic effects and

compromise fertility through several direct or indirect mech-

anisms. However, in the present study there was no evidence

of an adverse effect of cigarette smoke exposure on ovarian

function as shown by similar ovarian stimulation response

and serum estradiol levels between the MS, SS and NS

groups. Our findings are in contrast to prior studies in which

decreased serum estradiol levels of female smokers compared

to non-smokers were reported (Van Voorhis et al., 1992).

However, Van Voorhis et al. (1992) did note that there was a

similar estradiol concentration per follicle, so our observation

may be a reflection of number of oocytes recruited by our

stimulation protocol. Other studies have reported similar out-

comes in stimulation parameters such as estradiol level and

oocytes retrieved between smoking and non-smoking women

undergoing infertility treatment (Hughes et al., 1994; Sterzik

et al., 1996). Furthermore, cigarette smoke has been shown

to affect critical control mechanisms of intra-follicular pro-

cesses such as oocyte maturation and cumulus expansion

(Vrsanska et al., 2003). Earlier studies have shown that

aqueous tobacco smoke extracts inhibit granulosa cell aroma-

tase activity (Barbieri et al., 1986). This, taken together with

our recent finding that granulosa cell aromatase activity is

related to pregnancy potential (Neal et al., 2004), suggests

that toxicants from cigarette smoke may be interfering with

this process of estrogen production by blocking aromatase

activity. Inhibition of granulosa-luteal cell function may lead

to corpus luteal deficiency, which could be one underlying

mechanism to explain the higher rate of early pregnancy loss

in women exposed to smoke (Shiverick and Salafia, 1999).

Results of the present study demonstrate that the clinical

pregnancy rate in women exposed to side-stream smoke is

similar to that of women with mainstream cigarette smoke

exposure and significantly lower than for non-smokers. As

there was no difference in pregnancy rate when the smoking

status of the partner was considered, we conclude that the

reproductive consequences of SS smoking are as great as

those observed in active smokers. Although important, these

results will need to be confirmed in a prospective study with

more objective measures of cigarette smoke exposure. Fur-

thermore, while there have been numerous studies of the

effects of cigarette smoke exposure on the male gamete, our

results suggest that similar investigations should be extended

to the female.
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