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Reproductive function has been shown to be sensitive to changes in the physical, psychosocial and chemical
environments. Although reproductive effects of occupational exposure to hazardous chemicals have been well docu-
mented in the literature, the potential effects of chemical contaminants at levels representative of contemporary
exposures in the general population are much less certain. Evidence for adverse effects of exposure to environmen-
tal contaminants is more conclusive among the lower animals than for humans where considerable controversy
remains. In addition to potential reproductive hazards of exposure to environmental contaminants, there is also
evidence for adverse reproductive effects of the physical and psychosocial environments. In this review we focus on
the difficulties involved in linking exposure to putative hazardous substances in environmental and occupational
settings to adverse reproductive outcomes, especially success of IVF procedures. We highlight the plausibility of
adverse events through animal and cell studies and the application of these results to the interpretation of human
data. We consider both the male and female partners since it is essentially their combined contributions of gametes
which may be affected by chemicals, which lead to successful outcomes.
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Introduction

Although the focus of this review is the success of IVF follow-

ing exposure to hazardous substances in the workplace, the out-

come of any attempt to achieve a live birth depends on many

factors, principally the union of putatively normal sperm with

oocytes. The Medline and PubMed databases were searched

from 1979 to 2004 for papers linking IVF successes and inferti-

lity with occupational exposures to hazardous substances. Titles

and abstracts were used to select relevant publications which

were then retrieved either through PubMed or the E-resources of

McMaster University. Links to other publications were scanned

from the full papers and bibliographies of relevant studies hand-

searched. However, there is a paucity of data linking exposure

of humans to hazardous substances and IVF success. Therefore

we will discuss the available exposure data in relation to repro-

ductive outcomes and describe their relevance to IVF.

Infertility has often been defined as failure to achieve preg-

nancy within 1 year of unprotected intercourse. Delays in the

time it takes to become pregnant or loss of pregnancy before

term have been considered as evidence for subfertility. Percep-

tion of increased prevalence of infertility together with increased

awareness of the toxicity of environmental contaminants on

reproductive function in wildlife and experimental animals has

led to increased research attention on the aetiology of infertility.

Among the factors thought to affect human fertility are the

physical environment, behavioural and socioeconomic factors as

well as environmental contaminants. Physical, behavioural and

socioeconomic factors have been reported to have an effect on

fertility. In one of the earlier reviews on the subject, Schull

(1984) reported that the evidence is inconclusive as to whether

adverse conditions at the workplace pose a risk to human ferti-

lity. Nine years later, Baranski (1993) reviewed the then recent

literature on the adverse effects of occupational factors on ferti-

lity and related reproductive outcomes, concluding that the exist-

ing data were not sufficient to support the hypothesis of

occupational exposure-induced female infertility. Lindbohm

(1999) suggested that psychological job stress is becoming an

important factor in infertility. However, research in this area is

still considered to be immature (Bonde, 1999). McElgunn (1998)

indicated that the critical period prior to conception and during

pregnancy are important periods for adverse influence on fertility

and pregnancy outcome, and that environmental tobacco smoke,

and exposures from video display terminals (VDT) and indoor

air quality, are the most common concerns of women in their
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places of work. Some of these environmental exposures may

affect IVF outcomes.

In addition to physical and psychosocial factors thought to

affect human reproductive function and fertility, there is concern

that human fertility has been adversely affected by exposure to

chemical contaminants. The impetus for expounding the causal

relationship between chemicals released in the environment and

human health came from Carson’s (1962) book Silent Spring.

She proposed that there is a connection between changes

observed in wildlife ecology and human cancers and suggested

that these effects were the consequences of the release of count-

less chemicals into the environment via manufacturing and agri-

cultural processes. It took another two decades before Colborn

advanced the environmental endocrine hypothesis which is now

widely accepted (Colborn, 1991, 1995; Colborn et al., 1993,

Colborn et al., 1996). This hypothesis states that environmental

endocrine-disrupting contaminants have more control over the

development of the offspring of exposed adults than the genes

the offspring inherit, or the training they receive.

Endocrine-disrupting chemicals (EDC) are synthetic and natu-

rally occurring chemicals that cannot be classified by any unique

physical or chemical properties but are characterized by their

ability to mimic the effects of endogenous hormones. Specifi-

cally, endocrine disrupters can: mimic (Soto et al., 1995) and

antagonize the actions of endogenous hormones (Kelce et al.,

1995, 1997); induce changes in steroidogenic enzyme expression

and/or activity (Chapin et al., 1997, Crellin et al., 2001); and

alter circulating steroid hormone levels (Lindenau et al., 1994;

Chapin et al., 1997; Diawara et al., 1999; You et al., 2001).

These characteristics of EDC have led to concerns that exposure

to these compounds may be linked to adverse health effects in

humans (Damstra et al., 2002). Endocrine disrupters have dele-

terious effects in wildlife and fish populations (Damstra et al.,

2002), though adverse health effects in the human population

have not been clearly demonstrated. To date, epidemiological

studies fail to support an association between exposure to endo-

crine disrupters and infertility or decreased fecundity (Foster and

Holloway, 2003). However, quantification of endocrine toxicants

in human ovarian follicular fluid and their association with IVF

outcomes (Younglai et al., 2002), together with observed

adverse effects in animals and in vitro studies (Gray et al.,

2001), support concerns that exposure to endocrine toxicants has

the potential to adversely impact human ovarian function.

Many reviews over the past few years have focused on

environmental factors as possible harmful influences on fertility

(Chapin et al., 1996; Daston et al., 1997; Harrison et al., 1997;

Van Oostdam et al., 1999; Cocco, 2002; Joffe, 2003), with an

emphasis either on the male (Twombly, 1995; De Celis et al.,

1996; Spira and Multigner, 1998; Cooper et al., 1999; Fisch

et al., 2000; Foster et al., 2001; Guillette and Gunderson, 2001;

Oliva et al., 2001; Sharpe, 2001; Damgaard et al., 2002; Myers

et al., 2003; Fisher, 2004; Myers, 2004) or female (Feichtinger,

1991; Kamrin et al., 1994; Sharara et al., 1998; Nicolopoulou-

Stamati and Pitsos, 2001; Foster and Holloway, 2003). These

reviews have dealt with substances such as polychlorinated

biphenyls (PCB), phthalates, pesticides, solvents, dioxins, orga-

notins, bisphenol A, as well as lifestyle habits and emotional

stress. The majority of the reviews have centred on chemicals

thought to disrupt endocrine function. In Table I are listed some

of the substances which have been implicated as having adverse

Table I. Examples of common contaminants from several different chemical classes that have been linked with adverse reproductive health effects in humans

Chemical Sources Effects References

Benzo[a]pyrene PAH in tobacco smoke

and diesel exhaust

Meiotic maturation of oocytes and DNA adducts

in sperm, oocytes and embryos of IVF patients

Zenzes et al., 1995a

PCBa Oils, electric coolant Impaired response to ovulation induction, reduced

parity, impaired lactation, and potential reduced

fecundability

Gerhard and Runnebaum, 1992;

Kostyniak et al., 1999; Buck et al., 2000

Dioxins and

polychlorinated

dibenzofurans (PCDF)a

Incineration of plastics,

automobile exhaust, and

pesticide manufacturing

Potential for change in sex ratio and increased risk

of endometriosis

Mocarelli et al., 1996,

Mocarelli et al.., 2000; Mayani et al., 1997

Hexachlorobenzenea Pesticides, fungicide Developmental abnormalities of the male reproductive

tract; increased risk of spontaneous abortion

Jarrell et al., 1998; Hosie et al., 2000

Pesticides in general Herbicide used in

combination

No apparent effects alone but decreased semen quality

and fecundity, spontaneous abortion, pre-term birth, and

small for gestational age in mixtures

Gerhard and Runnebaum, 1992;

De Cock et al., 1994;

Curtis et al., 1997, 1999; Savitz et al., 1997;

Arbuckle et al., 1999, Arbuckle et al.., 2001;

Abell et al., 2000

DDT/DDEa Reduced parity, impaired lactation, decreased semen

quality, impaired fertility, and small-for-gestational-age

babies

Kostyniak et al., 1999;

Longnecker et al., 2001;Younglai et al., 2002

Dibromochloropropane Decreased sperm counts & infertility Whorton et al., 1979; Potashnik and Porath,

1995; Slutsky et al., 1999

Lead Metals Decreased semen quality, increased time to

pregnancy, and spontaneous abortion

Cullen et al., 1984; Assennato et al., 1987;

Alexander et al., 1996; El-Zohairy et al.,

1996; Lin et al., 1998; Sallmen et al., 2000;

Telisman et al., 2000; De Rosa et al., 2003;

Tang and Zhu, 2003

PAH = polycyclicaromatic hydrocarbons; PCB = polychlorinated biphenyls; DDT/DDE ¼ dichlorodiphenyltrichloroethane/dichlorobischlorophenylethylene.
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effects on the human reproductive system. However, other fac-

tors such as gene–environment interactions, where environment

is defined as the both the physical and chemical environment,

including dietary and lifestyle factors, are thought to be involved

in IVF success. We will therefore examine the relationship

between environment and fertility. Success of assisted reproduc-

tive technology, and the possible mechanisms for adverse

effects, will be considered in three main categories:

(1) Physical

(2) Psychosocial

(3) Chemical

(a) Occupational, e.g. solvents, welding, agriculture

(b) Lifestyle, e.g. alcohol, caffeine, smoking

(c) Inadvertent, e.g. air, water, food.

Occupational exposures

Occupational exposure to a vast array of putative hazards and

adverse reproductive outcomes or fertility has been described.

These hazards include the physical environment such as VDT

and noise, psychosocial stress, as well as chemical agents. Some

of these may directly or indirectly affect IVF outcomes.

The physical environment

In a case–control study of 1583 pregnant women in Northern

California, Goldhaber et al. (1988) reported that the odds ratio

(OR) for miscarriage was 1.8, 95% confidence interval (CI) 1.2–

2.8 for working women using VDT for .20 h per week. In a

Finnish study of bank clerks and clerical workers, Lindbohm

et al. (1992) found that the OR for miscarriages in workers who

used a VDT with a high level of extremely low frequency mag-

netic fields (.0.9mT) was 3.4 (95% CI 1.4–8.6) compared to

workers using a VDT with a low level of these magnetic fields

(,0.4mT). On the other hand, no association was found

between occupationally related categories of magnetic field

exposure and male subfertility in an infertile population of 177

men attending the Yale New Haven infertility clinic (Lundsberg

et al., 1995) or in 57 Danish couples planning their first preg-

nancy (Hjollund et al., 1999).

Seasonal variation in fertility has been described (Rojansky

et al., 1992; Lam and Miron, 1994). However, the evidence sup-

porting this view was judged to be inconclusive (Bronson, 2004).

It was suggested that whereas some humans are photoresponsive,

others are not, and that the inconsistencies are due to individual

variation. Some seasonality has been observed in IVF success.

Weigert et al. (2001) reported that the lowest pregnancy rate in

8184 IVF cycles of two European centres was 25.7% in July com-

pared with 35.5% in December. Further analysis showed that the

anomalistic moon period was the most significant (Weigert et al.,

2002). This is in contrast to British (Fleming et al., 1994) and

Canadian (Yie et al., 1995) studies where no significant seasonal

variation in IVF success was observed.

Frequent changes in time zones in the workplace as experi-

enced by flight attendants seem to have a slightly increased risk

of spontaneous abortions (SA) (OR 1.3, CI 0.9–1.8) but this was

not consistent between the two time periods studied (Aspholm

et al., 1999), since in one time frame there was a positive

association but none in another time frame. Male exposure to

heat and female exposure to noise were associated with inferti-

lity in a Danish population (Rachootin and Olsen, 1983). Work

in the electronics industry was significantly associated with low

birthweight babies (OR 5.38, CI 1.42–20.46) (Lipscomb et al.,

1991). However, these studies were not conclusive and similar

adverse effects on IVF outcomes have not been reported. Thus,

as with other potential hazards to fertility, the literature is both

sparse and inconsistent.

The psychosocial environment (stress)

Psychological stress in the workplace could have an effect on

fertility (Negro-Vilar, 1993) and this factor appears to have an

effect on IVF outcomes (Eugster and Vingerhoets, 1999).

Females. Psychosocial factors such as ineffective coping strat-

egies, anxiety and/or depression are associated with a lower

pregnancy rate in IVF. In a group of 192 patients waiting for

IVF, 8% became pregnant (Jarrell et al., 1993a). In a more

recent multicentre, randomized controlled trial of 139 couples

randomized to receive IVF or no treatment for 90 days, the live

birth rate in the IVF group was 29% in the IVF-treated group

compared to 1% in the untreated group (Hughes et al., 2004). It

was not mentioned whether the untreated group received coun-

selling. In Austria where psychological counselling is legally

required before IVF, the cumulative pregnancy rate of 1156 such

patients was 56.4% (Poehl et al., 1999). Thus, stress reduction

through relaxation training or behavioural treatment improves

conception rates even before IVF is undertaken. In a prospective

study among seven clinics involving 151 patients, acute and

chronic stress did contribute to negative outcomes (Klonoff-

Cohen et al., 2001a). The negative outcomes have been attribu-

ted to the elevation of activated T cells in prolonged conditions

of stress, leading to reduced implantation rate in such women

undergoing IVF (Gallinelli et al., 2001). These conclusions were

not supported by the data of Milad et al. (1998) who found no

difference in hormonal markers of stress and adverse pregnancy

outcome in 40 patients undergoing IVF. It could be argued that

this sample size was too small. However, using spontaneous

abortion (SA) as an index of fertility, Fenster et al. (1995) found

no association with stressful work and IVF success.

Males. The negative outcome of IVF as a result of stress may

have arisen from fertilization with poor quality sperm. Bigelow

et al. (1998) found that there was a significant dose–response

relationship between level of perceived job stress and poor

sperm quality. Using a questionnaire to assess stress, Hjollund

et al. (2004a) found no effect on sperm quality and only those

men with low sperm concentration and high stress level had

moderately decreased fecundability. On the other hand, the

emotional burden of unsuccessful repeat IVF procedures could

lead to discontinuation of cycles even with subsidization

(Hammarberg et al., 2001; Olivius et al., 2004). Thus the ques-

tion of physical factors leading to adverse IVF outcomes cannot

be answered from studies to date.

The chemical environment: occupational

Solvents

Decreased fertility has been linked with occupational exposure

to chemical agents in several studies.

IVF success and exposure to environmental contaminants
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Females. Female dental surgeons who are constantly exposed to

mercury, chloroform and benzene have no difficulty becoming

pregnant (Dahl et al., 1999) but the level of exposure may be

too low to cause an effect. With SA as a marker for fertility, it

has been demonstrated that maternal exposures to toluene,

xylene and formalin (Taskinen et al., 1994), chloroform

(Wennborg et al., 2000) and ethylene glycol ethers (Correa et al.,

1996) can decrease fertility. There was no increased risk when

males were exposed (Correa et al., 1996). In a meta-analysis of

research papers from 1966–1994, McMartin et al. (1998) con-

cluded that there was a tendency (OR 1.25, CI 0.99–1.58)

toward an increased risk for SA with maternal exposure to

organic solvents. First trimester solvent exposure was signifi-

cantly associated (OR 5.38, CI 1.42–20.46) with SA (Lindbohm

et al., 1990; Lipscomb et al., 1991). Other workers have con-

firmed this conclusion (Taskinen et al., 1986; Khattak et al.,

1999).

Males. Using the endpoint of TTP (time to pregnancy, length of

time to achieve pregnancy), Sallmen et al. (1998) found limited

support for the hypothesis that paternal exposure to organic sol-

vents might be associated with decreased fertility. A tendency

toward increased SA was also seen when only the husbands

were exposed to organic solvents (Taskinen et al., 1989;

Lindbohm et al., 1991). However, the NTP-CERHR (National

Toxicology Program- Center for the Evaluation of Risks to

Human Reproduction) expert panel recently concluded that there

was negligible risk to human reproduction of exposure to ethyl-

ene glycol or propylene glycol, two solvents that are ubiqui-

tously released into the atmosphere (NTP-CERHR, 2004a,b).

Metals

Males. Workers in the metal industry are exposed to a number

of hazardous substances including lead and steel. In a study of

400 Danish battery workers (Bonde and Kolstad, 1997), blood

levels of lead were in the region of 35.9mg/dl but no reduction

in the birth rate (OR 0.983, CI 0.88–1.1.3) was observed over

the time period studied. Time to pregnancy is also not affected

by occupational lead exposure (Joffe et al., 2003). Welders are

constantly exposed to metals and solder vapours and their sperm

quality has been equated with fertility. These men had a greater

risk for poor sperm quality (Mortensen, 1988) and reduced ferti-

lity (OR 0.89, CI 0.83–0.97) (Bonde et al., 1990). The poor

sperm quality was confirmed in a Canadian study (Bigelow et al.,

1998) but sperm quality was not associated with decreased ferti-

lity. With SA as a marker for fertility, Hjollund et al. (1995)

reported that in 2520 pregnancies from 1715 married metal

workers, the proportion of SA was not increased for pregnancies

at risk from stainless steel welding. However, the same group

later reported (Hjollund et al., 2000) that welding of stainless

steel was associated with an increased risk of SA. It is not

known whether embryos conceived with sperm from welders by

IVF suffer the same fate. However, the opposing conclusions

from the same group demonstrate the difficulty in interpreting

data from such studies.

Pharmaceuticals

Occupational exposure to antineoplastic agents may affect

gametes as well as the developing fetus. In a study of 7094

pregnancies among 2976 pharmacy and nursing staff (Valanis

et al., 1999), exposure of the mother to, or handling of, antineo-

plastic agents during pregnancy was associated with a significant

increased risk of SA (OR 1.5, CI 1.2–1.8). Similar risks to ferti-

lity are seen for workers in biomedical research laboratories

(Wennborg et al., 2002).

Agriculture

Males. Farmers and agricultural workers are exposed to a variety

of potentially harmful chemicals. No association was previously

found between exposure to chemicals and infertility (Gerber

et al., 1988). By contrast, occupational exposure to pesticides in

fruit growers in The Netherlands (De Cock et al., 1994) was

found to have an adverse effect on TTT (OR 0.46, CI 0.28–

0.77) and male agricultural workers in Austria seeking IVF were

found to have a higher prevalence of male factor infertility com-

pared to normal controls (Strohmer et al., 1993). In addition,

impaired fertility has been documented in agricultural workers

with exposure to pesticides (De Cock et al., 1995; Fuortes et al.,

1997; Tielemans et al., 1999b). By contrast, no association was

found between male exposure to pesticides and fertility among

French and Danish men (Larsen et al., 1998; Thonneau et al.,

1999a). However, Arbuckle and Sever (1998) have emphasized

that many epidemiological studies suffer from methodological

problems, and, although the reviewed literature suggested an

increased risk of fetal death associated with pesticides in general

and maternal employment in the agricultural industry, they cau-

tioned that research must focus on specific products and

improved exposure assessment.

Depending on the endpoint used, conclusions can differ, e.g.

when TTP was assessed in the Ontario Farm Family Health

Study (OFFHS) using questionnaires, no pattern was found with

exposure to pesticides (Curtis et al., 1999) but when SA at ,12

weeks was used as an index, there was an increased risk

(Arbuckle et al., 2001). Similarly, Thonneau et al. (1999b)

found no association between TTP and male exposure to

pesticides in France and Denmark. However, with SA as the

endpoint, exposure to phenoxy herbicides was found to be hazar-

dous to pregnancy (OR 2.5, CI 1.0–6.4) (Arbuckle et al., 1999).

With the IVF population the picture is more confusing. Using

data from a generic questionnaire and the laboratory results from

inseminating oocytes in vitro, Tielemans et al. (1999a) found a

significantly lower fertilization rate among 16 Dutch couples

where the male partner had potential pesticide exposure; OR ran-

ged from 0.22 to 0.54 depending on the alleged severity of

exposure. However, within the same study group, the seven fruit

farmers with high exposure to pesticides had an increased

implantation rate (Tielemans et al., 2000). This is in contrast to

a Danish study where 128 couples, from a pool of 5879 women

who had IVF treatment, had partners with known exposure to

pesticides and growth retardants (Hjollund et al., 2004b). tment,

had partenrs where 128 couples from a pool of osure to pesti-

cides had an increased implantation rate (TiNo increased risk of

SA was found. Interestingly, there appeared to be less SA in the

exposed group of 192 pregnancies (19.7–22.2%) compared to

the control group of 2925 pregnancies (28.4%). It is therefore

not possible to conclude that pesticide exposure can lead to

adverse IVF outcomes.
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The chemical environment: lifestyle exposures

Infections, diet and obesity

Pasquali et al. (2003) have reviewed the effects of diet and obes-

ity on infertility. The general consensus is that in women, a

body mass index (BMI) .25 kg/m2 was associated with a sig-

nificant reduction in fecundity (Hassan and Killick, 2004). In

men, a BMI ,20 or .25 kg/m2 was associated with reduced

sperm quality (Jensen et al., 2004a). The reduction in female

fecundity seems to be related to the relatively high increase in

leptin levels in serum and follicular fluid (Butzow et al., 1999).

On the other hand, Brannian et al. (2001) showed that there was

no correlation between BMI and IVF outcomes, although the

leptin:BMI ratio was predictive of IVF success, with low lep-

tin:BMI ratio associated with successful pregnancies. More

recently, it was demonstrated that high, but not low, BMI was

associated with poor IVF outcomes (Fedorcsák et al., 2004). No

studies have looked at the effects of diet on IVF outcomes.

Although infections may be acquired through environmental

conditions, they are not associated with occupational exposures.

However, it may be mentioned that viral infections such as

human immunodeficiency virus, hepatitis B or C virus are not

contraindicated in IVF (Steyaert et al., 2000; Baker et al., 2003;

Cleary-Goldman et al., 2003).

Caffeine and alcohol consumption

The consumptionof three or more cups of decaffeinated coffee

was associated with an increased risk for SA whereas drinking

caffeinated beverages had no effect (Fenster et al., 1997).

Tolstrup et al. (2003a) also reported that high intake of caffeine

prior to pregnancy seemed to be associated with increased risk

of SA. However, Signorello and McLaughlin (2004) reviewed

15 epidemiological studies on caffeine consumption during preg-

nancy and the risk of SA. They concluded that the evidence for

such a link was inconclusive based on all studies which did not

have IVF cases. They mentioned one study on IVF (Klonoff-

Cohen et al., 2002) which showed a significant association

between female but not male caffeine consumption and live

births (OR 3.1, CI 1.1–9.7). Using fecundability (the monthly

probability of conception) as an endpoint, Curtis et al. (1997)

showed that a decrease was present in women who were coffee

drinkers and men who were heavy tea drinkers. TTP was also

significantly extended in females when coffee or tea intake was

.6 cups per day or when the male partner consumed .20 alco-

hol units per week (Hassan and Killick, 2004), suggesting a

dose-dependent effect. Klonoff-Cohen et al. (2003) also found

an association between alcohol consumption among partners and

adverse IVF outcomes. Alcohol intake has been associated with

female infertility (Juhl et al., 2003; Tolstrup et al., 2003b;

Eggert et al., 2004). However, no such association was found

among 2607 planned pregnancies and alcohol use over a 30 year

period (Curtis et al., 1997). Further work is needed to confirm

or dispute these associations in light of the recent review

(Signorello and McLaughlin, 2004).

Smoking

The adverse effects of cigarette smoking on human health have

been well documented and will therefore be covered in more

depth. Cigarette smoking during pregnancy is associated with an

increased risk of a number of adverse obstetric and fetal out-

comes including spontaneous miscarriage, placenta previa, pre-

mature rupture of the membranes, preterm birth and low

birthweight (Ness et al., 1999; Shiverick and Salafia, 1999;

Andres and Day, 2000). Furthermore there is a significant associ-

ation between smoking and reduced fertility among female smo-

kers (Hughes and Brennan, 1996; Curtis et al., 1997; Augood

et al., 1998; Hull et al., 2000; Lindbohm et al., 2002; Greenlee

et al., 2003). Therefore it is generally accepted that women who

smoke should be counselled to quit prior to attempting to

become pregnant. Smoking by men and passive and active

smoking by women were associated with a longer TTP (Hull

et al., 2000). These authors reported that smoking .20 ciga-

rettes per day by either partner was associated with longer TTP.

Little evidence of any trend was seen with smoking from one to

14 cigarettes per day. A similar result was found by Hassan and

Killick (2004) who noted that TTP was significantly longer if

either the woman or partner smoked .15 cigarettes per day.

However, these results must be tempered by the observation that

when cotinine levels were measured to assess exposure, no

differences could be detected in pregnancy rates in women with

cotinine levels #20 ng/ml (non-smokers), compared to 20–

50 ng/ml (passive smokers) and .50 ng/ml (active smokers)

(Sterzik et al., 1996).

Smoking and assisted reproductive technology

Females. Although the impact of smoking on IVF success has

been less well documented, there have been reports of an associ-

ation between smoking and decreases in the success rates of

IVF. Meta-analyses that have examined the effects of smoking

on the outcome of pregnancies achieved via IVF have suggested

that smokers require approximately twice as many IVF cycles to

conceive as non-smokers (Feichtinger et al., 1997; Augood et al.,

1998; Klonoff-Cohen et al., 2001b). In an earlier meta-analysis,

Hughes and Brennan (1996) reported that in 13 studies of natural

conception there was a small but clinically significant detrimen-

tal effect of female smoking but not male smoking on IVF suc-

cess. This effect in the female may be a result of a combination

of decreased fertilization rates, reduced number of oocytes

retrieved, decreased pregnancy rates, and/or increased miscar-

riage rates in women who smoke (Harrison et al., 1990; Zenzes

et al., 1995a; Van Voorhis et al., 1996; Ness et al., 1999;

Klonoff-Cohen et al., 2001b; Neal et al., 2003).

Decreased success rates with assisted reproductive technology

in couples who smoke may be a result of adverse effects of the

constituents of cigarette smoke on the follicular microenviron-

ment. Cotinine, the metabolite of nicotine, and cadmium, a

heavy metal in cigarette smoke, have been detected in the fol-

licular fluid of women who smoke (Zenzes et al., 1995b;

Drbohlav et al., 1998; Younglai et al., 2002), demonstrating that

the chemicals present in cigarette smoke have access to the

developing follicle. It was also demonstrated in IVF patients that

estradiol concentrations in the follicular fluid (Paszkowski,

2001) or serum (Sterzik et al., 1996) were significantly lower in

women who smoked compared to non-smokers. Taken together

these data suggest that components of cigarette smoke which

have been detected in follicular fluid from IVF patients may

impair follicular steroidogenesis. The estradiol:testosterone ratio

in follicles is predictive of the maturity and quality of

IVF success and exposure to environmental contaminants
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the oocytes retrieved for IVF (Xia and Younglai, 2000). There-

fore reduced estradiol production in the follicles from women

who smoke could adversely affect oocyte quality and maturity

and ultimately decrease the chance of the success of assisted

reproduction treatment. Although impaired follicular steroido-

genesis in women who smoke may significantly reduce the suc-

cess of assisted reproduction treatment, it has also been

suggested that cigarette smoking can alter folliculogenesis via

other pathways as well. Paszkowski et al. (2002) have demon-

strated that active smoking alters the pro-oxidant/antioxidant

balance in follicular fluid such that there is oxidative stress in

the growing follicle. Oxidative stress may in turn lead to cell

damage and cytotoxicity in the oocyte and granulosa cells.

It has also been suggested that cigarette smoking can

adversely affect gamete quality (Van Voorhis et al., 1996;

Weigert et al., 1999; Zenzes, 2000) and follicle reserve (El-

Nemr et al., 1998). It has been reported that, of the oocytes that

fail to fertilize after in vitro insemination, ,25% have chromo-

somal abnormalities (Plachot, 2001). Zenzes et al. (1995a) have

reported that women who smoke have an increased frequency of

oocytes with a diploid chromosome complement compared to

non-smokers. They suggested that this difference occurred due

to the prevention of first polar body extrusion, suggesting that

there is an effect of maternal cigarette smoking on oocyte matu-

ration (Zenzes et al., 1995a). Similarly, Neal et al. (2003) have

shown that the percentage of oocytes that were meiotically

mature as determined by the presence of the first polar body at

the time of ICSI was lower in female patients who were smoking

at the time of assisted reproduction treatment. This effect on

oocyte maturity was more pronounced in smoking women aged

.30 years (Zenzes et al., 1997). In men, Shi et al. (2001) have

demonstrated that cigarette smoking is associated with an

increased risk of aneuploidy in sperm, but that this effect

appears to be chromosome specific. Cigarette smoking may also

increase the risk for DNA damage in ovarian cells and sperm.

Benzo-[a]-pyrene, a potent mutagen and carcinogen found in

cigarettes, has been shown to form DNA adducts in granulosa–

lutein and sperm cells which may increase the risk for DNA

damage in these cells (Zenzes et al., 1998, 1999a). The higher

level of DNA adducts in the embryo following fertilization with

such sperm (Zenzes et al., 1999b) may contribute to failed

implantation following fertilization.

Males. Interestingly, although most of the epidemiological evi-

dence linking infertility and cigarette smoking has focused on

the female partner, Neal et al. (2003) have reported that com-

pared to women who do not smoke, fertilization rates and preg-

nancy rates in an assisted reproduction treatment clinic were

decreased not only in women who smoked but in women who

were exposed to cigarette smoke because their partner actively

smoked at home. Similar results were obtained by Zitzmann

et al. (2003) who found a significantly decreased pregnancy rate

(22%), in women with smoking male partners compared to 38%

with non-smoking partners for both IVF and ICSI. This obser-

vation has now been confirmed in an animal model where

Kapawa et al. (2004) have demonstrated that paternal exposure

to cigarette smoke significantly reduced the number of live off-

spring in relation to the number of transferred oocytes following

IVF and ISCI techniques, suggesting that paternal cigarette

smoke affects implantation. Taken together these data

demonstrate that cigarette smoking may be deleterious to the

outcome of assisted reproductive technology.

Cigarette smoking has been associated with a significant

decrease in sperm density, total sperm count, and the total num-

ber of motile sperm (Pacifici et al., 1993; Vine et al., 1996;

Kunzle et al., 2003). Normal sperm morphology is also

decreased significantly in active smokers (Ratcliffe et al., 1992).

Reduced sperm quality has been reported for males born to

mothers who smoked during pregnancy (Jensen et al., 2004b)

with the threshold being .10 cigarettes per day (Storgaard et al.,

2003). Experimental studies have shown that whole animal

exposure to cigarette smoke or exposure of human sperm to coti-

nine, the metabolite of nicotine, in vitro can decrease the percen-

tage of motile sperm, the percentage of viable sperm and the

ability of sperm to penetrate the oocyte (Gandini et al., 1997;

Sofikitis et al., 2000; Kapawa et al., 2004). Furthermore, Wong

et al. (2000) have reported that cotinine concentrations in semi-

nal plasma are positively associated with abnormal sperm mor-

phology. When combined with alcohol, the effects of smoking

on sperm parameters were magnified (Martini et al., 2004).

These data suggest that paternal smoking may also have a sig-

nificant impact on gamete quality and therefore the success of

assisted reproduction treatment. Therefore, both partners should

be counselled to stop smoking prior to undertaking infertility

treatment. In spite of the large body of data available, the mech-

anism of cigarette smoke effects on fertility are unknown and

identification of the chemical agents responsible for these effects

are similarly unknown.

Whereas effects of environmental contaminants on human

reproduction remain controversial, the evidence for cigarette

smoke-induced changes in reproductive function is more certain.

However, the contaminants in cigarette smoke responsible and

the mechanisms of action have not been defined. Of the thou-

sands of chemical contaminants present in cigarette smoke, the

majority of research has focused on nicotine.

The chemical environment: inadvertent exposure

to environmental contaminants

Humans are continually exposed to pollutants in the air, food

and water. In recent years the role of EDC in adverse reproduc-

tive outcomes has received attention because of their persistence

and ability to mimic natural hormones. These compounds are

capable of long distance transport through the air and food

chain. A comprehensive list of chemicals thought to be EDC can

be found in Myers (2004). Chemicals on this list include a wide

variety of xenoestrogens, alkylphenolic chemicals, phthalates

and pesticides which possess estrogenic activity and could have

biological effects. These chemicals are ubiquitous in the

environment and everyone experiences some degree of exposure.

While routes of exposure vary, the majority of human exposure

is inadvertent and through our food (Schecter et al., 1994, 2001,

Schecter et al., 2003). Exposure to environmental contaminants

has been suggested to play a role in the pathobiology of adverse

reproductive health effects, including decreased semen quality,

subfertility, change in birth sex ratio, and an increase in the

prevalence of developmental abnormalities of the male reproduc-

tive tract (Carlsen et al., 1992; Colborn et al., 1993; Swan et al.,

1997, 2000; Marcus et al., 1998; Allen et al., 1997; Hosie et al.,
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2000; Toft et al., 2004). Adverse effects on human fertility are

suggested from several distinct lines of evidence. In a retrospec-

tive study of the Hutterite population in Pennsylvania, total ferti-

lity rates were calculated for each 5 year period beginning with

1901–1905 and ending with 1981–1985, and a decrease in age-

specific fertility rates was demonstrated (Nonaka et al., 1994).

These data suggest a tendency towards decreasing fertility rates

in this population that appears to correspond with the rise of

chemical production and use in North America. Furthermore,

TTP was found to be longer in couples where the female partner

was exposed to EDC (Gerhard et al., 1999; Toft et al., 2004).

Consumption of sport-caught fish from the Great Lakes has been

linked with an increased TTP (Courval et al., 1999; Buck et al.,

2000). Overall these reports provide evidence of a tendency

towards lower fertility and fecundity rates that may be associated

with exposure to environmental chemicals.

Regional differences in infertility rates also suggest that

environmental toxicants may be contributing factors (Juul et al.,

1999; Karmaus and Juul, 1999; Jensen et al., 2001; Carpenter

et al., 2001). Analysis of health trend data such as infertility

rates are frequently used as an indicator of potential adverse

health effects of environmental toxicants including EDC, but

these studies have not provided consistent results. For example,

in the USA, the pregnancy rate in 1996 was 9% lower than that

in 1990 (Ventura et al., 2000) whereas in Sweden, an analysis of

birth registries has shown that the number of infertile couples

(failure to conceive after 1 year of unprotected intercourse)

decreased from 12.7% in 1983 to 8.3% in 1993 (Akre et al.,

1999). Analysis of fertility rates on a population basis has the

weakness of missing potential regional differences. For example,

several studies conducted in a number of European cities have

documented regional differences in TTP (Juul et al., 1999;

Karmaus et al., 1999; Jensen et al., 2001). The greatest inci-

dence of subfecundity was found in northern Italy, Germany and

Denmark (Juul et al., 1999; Karmaus et al., 1999), whereas the

highest fecundity was observed in southern Italy and northern

Sweden (Juul et al., 1999). In another study (Carpenter et al.,

2001), the incidence of infertility was greater in couples residing

in heavily polluted areas (Superfund sites) compared to several

reference populations who resided in relatively unpolluted areas

in the rest of New York State. These studies therefore support

the notion that subfecundity may be linked to exposure to

environmental toxicants.

Drinking water subjected to chlorination procedures contains

by-products such as trihalomethanes and trichloroethylene which

appear to have a moderate association with SA, one of the end-

points used for assessing fertility (Bove et al., 2002). Using a uti-

lity-wide average total trihalomethane exposure assessment

method, together with variance-based weights and subsets

(Waller et al., 2001), demonstrated that a dose response is present

between SA and exposure to drinking water pollutants. However,

an international workshop on assessing exposure to disinfection

by-products in drinking water concluded that more collaboration

and further work are needed before the risks can be properly

assessed (Arbuckle et al., 2002). In addition, a newly emerging

concern is the impact of pharmaceuticals being released into the

aquatic environment from widespread use (Daston et al., 2003) or

the rapidly expanding field of nanotechnology where nanoparti-

cles could affect cell membranes (Service, 2004).

Females. Actual toxicant exposure data in relation to fertility are

limited; however, persistent organochlorine chemicals with

documented endocrine-disrupting activity have been measured in

ovarian follicular fluid of women undergoing IVF (Trapp et al.,

1984; Baukloh et al., 1985; Schlebusch et al., 1989; Jarrell et al.,

1993b; Foster et al., 1996; Younglai et al., 2002). In one study

(Jarrell et al., 1993b), levels of persistent organochlorine con-

taminants in ovarian follicular fluid were determined in women

attending fertility clinics in three Canadian cities. Although

some geographical differences in body burdens were observed,

there was no association between exposure and adverse out-

comes. In a larger study in Germany (Gerhard et al., 1999), elev-

ated concentrations of chlorinated organic compounds with

endocrine-disrupting characteristics, including pentachlorophe-

nol, polychlorinated biphenyls (PCB), dichlorodiphenyltrichlor-

oethane (DDT) and hexachlorobenzene (HCB), were found in

infertile women. In the Trapp et al. (1984) study, oocyte recov-

ery and embryo cleavage rates were inversely related to chlori-

nated hydrocarbon concentrations. In a similar study from IVF

centres in six Canadian cities (Foster et al., 1996), there were

regional differences in the amounts of pollutants found but

several chemicals were detected in the majority of subjects:

hexachloroethane, 1,2,4-trichlorobenzene, dichlorobischlorophe-

nylethylene ( p,p’-DDE), the organochlorine pesticide mirex,

and the PCB 138, 153, and 180. Some of these pesticides persist

in maternal adipose tissue and may be transported to the fetus

(Foster et al., 2000). Of the contaminants measured in serum by

Foster et al. (1996) and adverse outcomes studied (number of

oocytes recovered, fertilized, cleavage rates), only endosulfan

levels were positively associated with irregular menstrual cycles.

In the three Canadian cities study by Jarrell et al. (1993b), no

adverse outcome was observed in association with contaminant

levels.

Males. In men, a pilot study by Hauser et al. (2002) suggested

there may be a correlation between PCB and DDE in serum and

sperm quality. However, the results of a more detailed study

failed to support this association (Hauser et al., 2003). The

Ministry of Public Health in Mexico in collaboration with Laval

University (Ayotte et al., 2001) found that there was an associ-

ation between high serum levels of DDE and abnormal sperm.

DDE is a metabolite of DDT which was used for the eradication

of mosquitoes and banned in the USA since 1972, but is still

being used sporadically in Mexico. The Mexican men examined

by Ayotte et al. (2001) had DDE serum levels of 77.9 mg/kg

lipids, a value some 350-fold higher than that documented by

the same laboratory in Canadians exposed to background

environmental levels. The lack of correlation between DDE and

PCB 153 levels in serum and sperm quality was also demon-

strated in 195 Sweden fishermen (Rignell-Hydbom et al., 2004).

Younglai et al. (2002) found limited amounts of contaminants in

seminal plasma from 21 men. In a more recent study (Swan

et al., 2003) high levels of a number of pesticides were associ-

ated with poor semen quality. A similar association was found in

men with high phthalates (Duty et al., 2003). This study by

Duty et al. (2003) and that of Storgaard et al. (2003) prompted

Swan (2003) to suggest that the hypothesis that environmental

agents do affect semen quality must be taken seriously. Taken

together these reports demonstrate that there are regional differ-

ences in fertility rates and that EDC reach the ovary and can be
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measured in seminal plasma and ovarian follicular fluid, raising

concern that these chemicals may be toxic to gametes.

Biological plausibility: animal studies

While there is still controversy (Joffe, 2001) regarding the

effects of environmental contaminants on fertility, occupational

exposure to chemicals together with experimental evidence sup-

port possible mechanisms of action and biological plausibility

for the association between exposure and effect on fertility.

Although environmental chemicals and environmental estrogens

in particular have been suggested as causes of adverse reproduc-

tive outcomes (Sharpe and Skakkebaek, 1993; Sharara et al.,

1998), attempts to establish a link between adverse reproductive

outcomes and environmental chemicals are inconclusive due lar-

gely to the failure to document exposure. However, the biologi-

cal plausibility of the hypothesis that environmental

contaminants are linked to impaired semen quality has been

shown in animal studies. Sharpe et al. (1995) have demonstrated

that gestational and lactational exposure of rats to xenoestrogens

results in reduced testicular size and sperm production, illustrat-

ing a possible mechanism by which reduced sperm density in

men could occur. However, Feichtinger (1991) noted that

although pollutants such as hexachlorobenzene (HCB) and PCB

were found in seminal plasma, no correlation was observed with

semen quality. Oliva et al. (2001) have also concluded that

although men may be exposed to many environmental toxicants,

the number of substances which have been proven to be deleter-

ious to human spermatogenesis is very small. Guo et al. (2000)

found that children exposed in the womb to PCB had increased

abnormal sperm and motility, further highlighting the fact that

contaminants could have different actions depending on the win-

dow of exposure and the stage of development of the individual.

Destruction of growing follicles and oocytes has been

observed in several animal models following treatment with

endocrine disrupting chemicals. Dicofol, an estrogenic organo-

chlorine pesticide induced a significant decrease in healthy fol-

licles and the number of estrous cycles (Jadaramkunti and

Kaliwal, 1999). Follicle destruction has also been reported for

PCB-exposed rhesus monkeys (Muller et al., 1978). Specific

PCB congeners, 153 (estrogenic) and 126 (dioxin-like), were

shown to alter oocyte maturation and blastocyst development in

bovine oocytes in culture (Krogenaes et al., 1998). Although

PCB 153 did not affect oocyte maturation, the highest concen-

tration reduced the number of oocytes that cleaved. By contrast,

PCB 126 had an adverse effect on oocyte maturation at the high-

est concentration, as well as on blastocyst development at all

concentrati ons tested. The organochlorine pesticides, methoxy-

chlor, lindane and dieldrin have been shown to alter oocyte

maturation in the mouse (Picard et al., 2003). In a review of

organochlorine chemicals known as persistent organic pollutants,

because of their persistence in the environment, Pocar et al.

(2003) concluded that they disrupt mammalian oocyte matu-

ration in every mammalian species studied to date. These data

provide insight into the potential mechanisms of contaminant

action, but are of limited value, since the oocyte develops in a

complex mixture of hormones, growth factors and environmental

agents. Campagna et al. (2001) evaluated the effect of a mixture

of environmental contaminants and demonstrated a dose-related

decrease in the quality of cumulus expansion, a decrease in the

viability of cumulus cells, and an increase in the number of

incompletely matured oocytes. It has also been reported that

there are adverse effects of Aroclor-1254 (Kholkute et al.,

1994a), polybrominated biphenyls and polychlorinated terphe-

nyls (Kholkute et al., 1994b) on IVF in the mouse. Embryotoxi-

city has also been demonstrated for Aroclor-1260 in the rabbit

(Lindenau and Fischer, 1996) and the organochlorine pesticides

methocychlor, DDT and hexachlorocyclohexane in the mouse

(Alm et al., 1996). Taken together, these data suggest that

environmental toxicants may impair human fertility via altered

gamete quality and/or embryo development.

Problems interpreting exposure studies

In reviewing progress over the last decade, several authors have

concluded that although much has been accomplished, much

more needs to be done (Damstra, 2003; Daston et al., 2003;

Nelson, 2003). Some of the more pressing issues are highlighted

in the review by Daston et al. (2003) of the nine questions posed

as data gaps in the US Environmental Protection Agency’s

research strategy, and they include: the magnitude of the endo-

crine disrupter problem; the development of standard validated

screening tests for the .70 000 chemicals regulated by the

Toxic Substances Control Act; resolution of non-monotonic

dose–response curves; effects of exposure to multiple EDC; and

new potential hazards such as pharmaceuticals in the aquatic

environment. Despite the advances made in this area, the appli-

cation of the precautionary principle should be mandatory

(Cairns, 1999). The difficulty of implementing the precautionary

principle and where to set limits remain.

The need for sensitive and convenient screening tools in con-

ducting epidemiological research related to adverse reproductive

outcomes was raised in the 1980s by Levin (1983) and Baird

et al. (1986). Some of these problems include inadequate data-

bases, selection and reporting bias, and outcomes chosen for

observation. Savitz and Harlow (1991) suggested that when

selecting endpoints, several characteristics must be considered:

severity (with a proper balance between clinical severity and

statistical or biological sensitivity); the relative sensitivity of

outcomes and their interrelationships; baseline frequency of

adverse outcomes; evidence from reproductive toxicology and

specificity of effects. They also indicated that practical consider-

ations such as frequency of occurrences, statistical power, amen-

ability to retrospective analysis, and burden of measurement on

the population being studied are necessary. In studies based on

questionnaires, there is a high potential for miscalculation of

occupational exposure (Blatter et al., 1997). For example, while

72% of pregnant subjects reported no exposure to tobacco

smoke, almost all had detectable levels of cotinine (DeLorenze

et al., 2002). Confirmation of exposure from another data source

such as medical records could increase the power of a study

(Hemminki et al., 1995). Observations that suggest freedom

from risk are often insufficient to conclude they are not due to

chance and observed clinical effects often suffer from small

sample size (Schull, 1984). Furthermore, the effects of exposure

to environmental contaminants may be completely different

depending on the age of the individual. Therefore, the lack of

effects of environmental chemicals present in human follicular
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fluid or seminal plasma on IVF outcome does not necessarily

mean no effect, because effects on the genome will not be mani-

fest in such a short time. On the other hand, adverse IVF out-

comes despite apparently morphologically normal oocytes and

sperm may be the result of longstanding exposure.

In classical pharmacological studies adverse effects are

measured in terms of dose–response and sometimes immediate

changes. However, in studying the effects of environmental con-

taminants and particularly endocrine disrupters, the classical

dose–response is not always applicable since effects may be

observed at extremely low concentrations and none at higher

concentrations (Krimsky, 2000). Moreover, the toxicological

notion that a threshold value exists, below which no effect can

be seen, is being challenged in the contemporary literature.

Exposure to low levels over extended periods of time is another

complicating factor. Timing and duration of exposure, as well as

dose, dictates the kinds of effects that can be induced and the

severity of the lesions (Gray et al., 2001).

There is often a window of susceptibility when exposure can

have effects which are manifested later in development. For

example, the seminal papers by Vom Saal (Vom Saal and Bron-

son, 1980; Vom Saal et al., 1983) demonstrated that the ‘posi-

tioning effect’ of fetal mice, a male mouse positioned between

two females or a female between two males in utero, profoundly

affected their physiology and behaviour as adults. This interge-

nerational effect became obvious with the discovery that when

the xenobiotic estrogen diethylstilbestrol (DES) was given to

pregnant mothers, their daughters developed clear cell adenocar-

cinoma of the vagina (Herbst and Scully, 1970; Herbst et al.,

1971) and the sons had abnormalities in their sex organs and

sperm quality (Herbst et al., 1971; Stillman, 1982). More than

30 different drugs can have an effect on the developing fetus if

taken during pregnancy (Schardein, 1993).

Is there cause for concern?

Whereas this review has concentrated on the adverse reproduc-

tive effects of occupational and environmental contaminants, the

opposite view can be proposed. The ubiquitous environmental

contaminant with known toxicity, TCDD (2,3,7,8-tetrachlorodi-

benzo-p-dioxin), was released into the atmosphere in Seveso,

Italy in 1976, resulting in the highest known TCDD exposure in

a human residential population (Eskenazi et al., 2003). No

change in fertility was observed, neither was the rate of spon-

taneous abortions increased (OR 0.8, CI 0.6–1.2). In India,

Africa and parts of Mexico where DDT (Attaran and Maharaj,

2000; Ayotte et al., 2001) is still being applied to control mos-

quitoes, there has not been a report of a decline in fertility. Simi-

larly, no significant decline in fertility was observed in those

countries where the DDE levels in tree bark, an index of

exposure, were elevated (Cocco, 2002; Garcia, 2003). The argu-

ment that developed countries with heavy industries produce

more pollutants which are associated with decline in fertility is

tempered by two studies showing that human fertility is not

declining in Sweden (Akre et al., 1999) nor in Great Britain,

where it is increasing (Joffe, 2000) despite evidence of declining

sperm counts (Lunenfeld and Van Steirteghem, 2004).

Although the weight of evidence to date suggests that DDE

may have an inhibitory effect on physiological processes, the

highly controversial position could be taken that DDE is ben-

eficial based on the following evidence. In a follow-up study,

Hauser et al. (2003) were not able to confirm their earlier pre-

liminary results (Hauser et al., 2002) showing an association

between DDE serum levels and abnormal sperm parameters. In

the study by Cohn et al. (2003), 16% of the women studied

showed a beneficial effect of DDE, i.e. TTP was reduced in

women with elevated serum levels of DDE. DDE was shown to

stimulate the aromatase enzyme system of human granulosa

cells and to have a synergistic effect with FSH (Younglai et al.,

2004a). This could be interpreted as having a beneficial effect or

as having an adverse effect through premature production of

estradiol which is implicated in oocyte maturation. However, we

have recently found that DDE stimulates calcium uptake in

human granulosa cells (Younglai et al., 2004b), again pointing

to a putative beneficial effect since calcium is necessary for

many physiological processes such as sperm capacitation and the

acrosome reaction. Further evidence is seen from the studies by

Tielemans et al. (2000) who reported that paternal pesticide

exposure was significantly associated with increased implan-

tation rates in IVF and Hjollund et al. (2004b) who found an

average of 20.7% spontaneous abortions in Danish IVF pregnan-

cies where 192 of the male partners were exposed to herbicides,

fungicides, pesticides and growth retardants. This was in contrast

to the reference group of 2925 pregnancies where the spon-

taneous abortion rate was 28.4%.

In another IVF study (Jarrell et al., 1993b) there was a strong

positive relationship of embryo cleavage with HCB levels

(r ¼ 7.10), suggesting that HCB may actually stimulate cleavage

rates. This is reminiscent of a study in which heavy female

smoking was associated with more previous pregnancies and

higher fertilization rate in IVF when compared with non-

smokers (Hughes et al., 1992, 1994). Similarly, Zenzes and

Reed (1996), in a study of 147 couples and 1094 embryos,

found that smokers produced higher rates of best quality

embryos and that there was a positive correlation between high

cotinine levels and good embryo quality. More mature oocytes

were found in younger female smokers compared to non-smo-

kers (Zenzes et al., 1997). The data from our laboratory

(Younglai et al., 2002) revealed two unusual and unexpected

positive correlations: (i) between follicular fluid PCB 49 and

pregnancy; and (ii) between seminal plasma mirex and follicular

fluid cadmium in the fluids of the couples who became pregnant

but were not detectable in the group where no fertilizations

occurred. These positive correlations of environmental contami-

nants with favourable outcomes point to the difficulties associ-

ated with interpreting the significance of conflicting findings and

multiple potential interpretations.

Summary and conclusions

This review highlights the paucity of studies on the exposure of

couples to environmental insults including environmental con-

taminants and the association with IVF success, the problems

associated with the interpretation of such data sets and the need

for further well-designed studies. Across each domain examined

in this review there is little consistency among study findings.

Moreover, the paucity of literature makes it difficult to draw any

firm conclusions other than to suggest that, despite growing
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concern, the evidence linking environmental factors and

impaired human fertility is weak. In order to advance this field

of study and establish a link between environmental contaminant

exposure and effects on fertility several steps must be accom-

plished. These include but are not limited to: (i) definitive

exposure data preceding adverse effects followed by confir-

mation in animal studies; (ii) evidence that levels present in the

environment as mixtures could have effects; (iii) geographic,

gender and ethnic differences in response to exposures. Such

studies could provide data to conclude that occupational

exposure to environmental hazards pose a real risk for adverse

IVF outcomes. Even with increasing information and better-

designed studies to assess exposure, the rapidly advancing

technological field and production of new pharmaceuticals will

present more challenges.
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Gerhard I, Monga B, Krähe J and Runnebaum B (1999) Chlorinated hydro-
carbons in infertile women. Environ Res 80,299–310.

Goldhaber MK, Polen MR and Hiatt RA (1988) The risk of miscarriage and
birth defects among women who use visual display terminals during
pregnancy. Am J Ind Med 13,695–706.

Gray LE, Ostby J, Furr J, Wolf CJ, Lambright C, Parks L, Veeramachaneni
DN, Wilson V, Price M, Hotchkiss A et al. (2001) Effects of environ-
mental antiandrogens on reproductive development in experimental ani-
mals. Hum Reprod Update 7,248–264.

Greenlee AR, Arbuckle TE and Chyou PH (2003) Risk factors for female
infertility in an agricultural region. Epidemiology 14,429–436.

Guillette LJ Jr and Gunderson MP (2001) Alterations in development of
reproductive and endocrine system of wildlife populations exposed to
endocrine-disrupting contaminants. Reproduction 122,857–864.

IVF success and exposure to environmental contaminants

53



Guo YL, Hsu PC, Hsu CC and Lambert GH (2000) Semen quality after pre-
natal exposure to polychlorinated biphenyls and dibenzofurans. Lancet
356,1240–1241.

Hammarberg K, Astbury J and Baker HWG (2001) Women’s experience of
IVF: a follow-up study. Hum Reprod 16,374–383.

Harrison KL, Breen TM and Hennessey JF (1990) The effect of patient
smoking habit on the outcome of IVF and GIFT treatment. Aust NZ J
Obstet Gynaecol 30,340–342.

Harrison PT, Holmes P and Humfrey CD (1997) Reproductive health in
humans and wildlife: are adverse trends associated with environmental
chemical exposure? Sci Total Environ 205,97–106.

Hassan MAM and Killick SR (2004) Negative lifestyle is associated with a
significant reduction in fecundity. Fertil Steril 81,384–392.

Hauser R, Altshul L, Chen Z, Ryan L, Overstreet J, Schiff I and
Christiani DC (2002) Environmental organochlorines and semen quality:
results of a pilot study. Environ Health Persp 110,229–233.

Hauser R, Singh NP, Chen Z, Pothier L and Altshul L (2003) Lack of an
association between environmental exposure to polychlorinated biphe-
nyls and p,p’-DDE and DNA damage in human sperm measured using
the neutral comet assay. Hum Reprod 18,2525–2533.

Hemminki K, Lindbohm ML and Kyyronen P (1995) Validity aspects of
exposure and outcome data in reproductive studies. J Occup Environ
Med 37,903–907.

Herbst AL and Scully RE (1970) Adenocarcinoma of the vagina in adoles-
cence: a report of 7 cases including 6 clear cell carcinoma so-called
mesomephromas. Cancer 25,74–757.

Herbst AL, Ulfelder H and Peskanzer DC (1971) Adenocarcinoma of the
vagina: association of maternal stilbestrol therapy with tumour appear-
ances in young women. New Eng J Med 284,878–891.

Hjollund NH, Bonde JP and Hansen KS (1995) Male-mediated risk of spon-
taneous abortion with reference to stainless steel welding. Scand J Work
Environ Health 21,272–276.

Hjollund NH, Skotte JH, Kolstad HA and Bonde JP (1999) Extremely low
frequency magnetic fields and fertility: a follow up study of couples
planning first pregnancies. The Danish First Pregnancy Planner Study
Team. Occup Environ Med 56,253–255.

Hjollund NH, Bonde JP, Jensen TK, Henriksen TB, Andersson AM,
Kolstad HA, Ernst E, Giwercman A, Skakkebaek NE and Olsen J
(2000) Male-mediated spontaneous abortion among spouses of stainless
steel welders. Scand J Work Environ Health 26,187–192.

Hjollund NH, Bonde JP, Henriksen TB, Giwercman A and Olsen J (2004a)
The Danish First Pregnancy Planner Study Team. Reproductive effects
of male psychologic stress. Epidemiology 15,21–27.

Hjollund NH, Bonde JP, Ernst E, Lindenberg S, Andersen AN and Olsen J
(2004b) Pesticide exposure in male farmers and survival of in vitro ferti-
lized pregnancies. Hum Reprod 19,1331–1337.

Hosie S, Loff S, Witt K, Niessen K and Waag KL (2000) Is there a corre-
lation between organochlorine compounds and undescended testes? Eur
J Pediatr Surg 10,304–309.

Hughes EG and Brennan BG (1996) Does cigarette smoking impair natural
or assisted fecundity? Fertil Steril 66,679–689.

Hughes EG, Younglai EV and Ward SM (1992) Cigarette smoking and out-
comes of in vitro fertilization and embryo transfer: a prospective cohort
study. Hum Reprod 7,358–361.

Hughes EG, Yeo J, Claman P, Younglai EV, Sagle MA, Daya S and Collins
JA (1994) Cigarette smoking and outcomes of in vitro fertilization:
measurement of effect size and levels of action. Fertil Steril 62,
807–814.

Hughes EG, Beecroft ML, Wilkie V, Burville L, Claman P, Tummon I,
Greenblatt E, Fluker M and Thorpe K (2004) A multicentre randomized
controlled trial of expectant management versus IVF in women with fal-
lopian tube patency. Hum Reprod 19,1105–1109.

Hull MGR, North K, Taylor H, Farrow A and Ford WC (2000) The Avon
Longitudinal Study of Pregnancy and Childhood Study Team. Delayed
conception and active and passive smoking. Fertil Steril 74,725–733.

Jadaramkunti UC and Kaliwal BB (1999) Effect of dicofol formulation on
estrous cycle and follicular dynamics in albino rats. J Basic Clin Physiol
Pharmacol 10,305–314.

Jarrell JF, Labelle R, Goeree R, Milner R and Collins J (1993a) In vitro ferti-
lization and embryo transfer: a randomized controlled trial. Online J
Curr Clin Trials Doc No,73.

Jarrell JF, Villeneuve D, Franklin C, Bartlett S, Wrixon W, Kohut J and
Zouves CG (1993b) Contamination of human ovarian follicular fluid
and serum by chlorinated organic compounds in three Canadian cities.
Can Med Assoc J 148,1321–1327.

Jarrell J, Gocmen A, Foster W, Brant R, Chan S and Sevcik M (1998) Evalu-
ation of the reproductive outcomes in women inadvertently exposed to
hexachlorobenzene in southeastern Turkey in the 1950s. Reprod Toxicol
12,469–476.

Jensen TK, Slama R, Ducot B, Suominen J, Cawood EH, Andersen AG,
Eustache F, Irvine S, Auger S, Jouannet P et al. (2001) Regional differ-
ences in waiting time to pregnancy among fertile couples from four
European cities. Hum Reprod 16,2697–2704.

Jensen TK, Andersson A-M, Jørgensen N, Andersen A-G, Carlsen E,
Petersen JH and Skakkebæk NE (2004a) Body mass index in relation to
semen quality and reproductive hormones among 1,558 Danish men.
Fertil Steril 82,863–870.

Jensen TK, Jorgensen N, Punab M, Haugen TB, Suominen J, Zilaitiene B,
Horte A, Andersen A-G, Carlsen E, Magnus O et al. (2004b) Associ-
ation of in utero exposure to maternal smoking with reduced semen
quality and testis size in adulthood: a cross-sectional study of 1,770
young men from the general population in five European countries. Am
J Epidemiol 159,49–58.

Joffe M (2000) Time trends in biological fertility in Britain. Lancet
355,1961–1965.

Joffe M (2001) Myths about endocrine disruption and the male reproductive
system should not be propagated. Hum Reprod 16,988–996.

Joffe M (2003) Infertility and environmental pollutants. Br Med Bull
68,47–70.

Joffe M, Bisanti L, Apostoli P, Kiss P, Dale A, Roeleveld N, Lindbohm ML,
Sallmen M, Vanhoorne M and Bonde JP (2003) Asclepios Time to preg-
nancy and occupational lead exposure. Occup Environ Med 60,
752–758.

Juul S, Karmaus W and Olsen J (1999) Regional differences in waiting time
to pregnancy: pregnancy-based surveys from Denmark, France,
Germany, Italy and Sweden. The European Infertility and Subfecundity
Study Group. Hum Reprod 14,1250–1254.

Juhl M, Olsen J, Andersen A-MN and Gronbaek M (2003) Intake of wine,
beer and spirits and waiting time to pregnancy. Hum Reprod
18,1967–1971.

Kamrin MA, Carney EW, Chou K, Cummings A, Dostal LA, Harris C,
Dostal LA, Harris C, Henck JW, Loch-Caruso R et al. (1994) Female
reproductive and developmental toxicology: overview and current
approaches. Toxicol Lett 74,99–119.

Kapawa A, Giannakis D, Tsoukanelis K, Kanakas N, Baltogiannis D,
Agapitos E, Loutradis D, Miyagawa I and Sofikitis N (2004) Effects of
paternal cigarette smoking on testicular function, sperm fertilizing
capacity, embryonic development and blastocyst capacity for implan-
tation in rats. Andrologia 36,57–68.

Karmaus W and Juul S (1999) The European Infertility and Subfecundity
Study Group. Infertility and subfecundity in population-based samples
from Denmark, Germany, Italy, Poland and Spain. Eur J Publ Health 9,
229–235.

Kelce WR, Stone C, Laws S, Gray L, Kemppainen J and Wilson E (1995)
Persistent DDT metabolite p,p’-DDE is a potent androgen receptor
antagonist. Nature 375,581–585.

Kelce WR, Lambright CR, Gray JR, Le and Roberts KP (1997) Vinclozolin
and p,p’-DDE alter androgen-dependent gene expression: in vivo confir-
mation of an androgen receptor-mediated mechanism. Toxicol Appl
Pharmacol 142,192–200.

Khattak S, K-Moghtader G, McMartin K, Barrera M, Kennedy D and Koren
G (1999) Pregnancy outcome following gestational exposure to organic
solvents: a prospective controlled study. J Am Med Assoc 281,
1106–1109.

Kholkute SD, Rodriguez J and Dukelow WR (1994a) Reproductive toxicity
of aroclor-1254: effects on oocyte, spermatozoa, in vitro fertilization,
and embryo development in the mouse. Reprod Toxicol 9,487–493.

Kholkute SD, Rodriguez J and Dukelow WR (1994b) the effects of polybro-
minated biphenyls and perchlorinated terphenyls on in vitro fertilization
in the mouse. Arch Environ Contam Toxicol 26,208–211.

Klonoff-Cohen H, Chu E, Natarajan L and Sieber W (2001a) A prospective
study of stress among women undergoing in vitro fertilization or gamete
intrafallopian transfer. Fertil Steril 76,675–687.

Klonoff-Cohen H, Natarajan L, Marrs R and Yee B (2001b) Effects of
female and male smoking on success rates of IVF and gamete intra-
Fallopian transfer. Hum Reprod 16,1382–1390.

Klonoff-Cohen H, Bleha J and Lam-Kruglick P (2002) A prospective study
of the effects of female and male caffeine consumption on the reproduc-
tive endpoints of IVF and gamete intrafallopian transfer. Hum Reprod
17,1746–1754.

E.V.Younglai, A.C.Holloway and W.G.Foster

54



Klonoff-Cohen H, Lam-Kruglick P and Gonzalez C (2003) Effects of
maternal and paternal alcohol consumption on the success rates of
in vitro fertilization and gamete intrafallopian transfer. Fertil Steril 79,
330–339.

Kostyniak PJ, Stinson C, Greizertstein HB, Vena J, Buck G and Mendola P
(1999) Relation of lake Ontario fish consumption, lifetime lactation, and
parity to breast milk polychlorobiphenyl and pesticide concentrations.
Environ Res 80,S166–S174.

Krimsky S (2000) Hormonal Chaos. The Scientific and Social Origins of the
Environmental Endocrine Hypothesis. Johns Hopkins University Press,
Baltimore and London.

Krogenaes AK, Nafstad I, Skare JU, Farstad W and Hafne AL (1998) In
vitro reproductive toxicity of polychlorinated biphenyl cogeners 153 and
126. Reprod Toxicol 12,575–580.

Kunzle R, Mueller MD, Hanggi W, Birkhauser MH, Drescher H and
Bersinger NA (2003) Semen quality of male smokers and nonsmokers in
infertile couples. Fertil Steril 79,287–291.

Lam DA and Miron JA (1994) Global patterns of seasonal variation in
human fertility. Ann NY Acad Sci 709,9–28.

Larsen SB, Joffe M and Bonde JP (1998) Time to pregnancy and exposure to
pesticides in Danish farmers. Occup Environ Med 55,278–283.

Levin SM (1983) Problems and pitfalls in conducting epidemiological
research in the area of reproductive toxicology. Am J Ind Med 4,
349–364.

Lin S, Hwang SA, Marshall EG and Marion D (1998) Does paternal occu-
pational lead exposure increase the risks of low birth weight or prema-
turity? Am J Epidemiol 148,173–181.

Lindbohm ML (1999) Women’s reproductive health: some recent develop-
ments in occupational epidemiology. Am J Ind Med 36,18–24.

Lindbohm ML, Taskinen H, Sallmen M and Hemminki K (1990) Spon-
taneous abortions among women exposed to organic solvents. Am J Ind
Med 17,449–463.

Lindbohm ML, Hemminki K, Bonhomme MG, Anttila A, Rantala K,
Heikkila P and Rosenberg MJ (1991) Effects of paternal occu-
pational exposure on spontaneous abortions. Am J Publ Health 81,
1029–1033.

Lindbohm ML, Hietanen M, Kyyronen P, Sallmen M, von Nandelstadh P,
Taskinen H, Pekkarinen M, Ylikoski M and Hemminki K (1992) Mag-
netic fields of video display terminals and spontaneous abortion. Am J
Epidemiol 136,1041–1051.

Lindbohm ML, Sallmen M and Taskinen H (2002) Effects of exposure to
environmental tobacco smoke on reproductive health. Scand J Work
Environ Health 28 (Suppl 2),84–96.

Lindenau A and Fischer B (1996) Embryotoxicity of polychlorinated biphe-
nyls (PCBs) for preimplantation embryos. Reprod Toxicol 10,227–230.

Lindenau A, Fischer B, Seiler P and Beier HM (1994) Effects of persistent
chlorinated hydrocarbons on reproductive tissues in female rabbits. Hum
Reprod 9,772–780.

Lipscomb JA, Fenster L, Wrensch M, Shusterman D and Swan S (1991)
Pregnancy outcomes in women potentially exposed to occupational sol-
vents and women working in the electronics industry. J Occup Med
33,597–604.

Longnecker MP, Kelbanoff MA, Zhou H and Brock JW (2001) Association
between maternal serum concentration of the. D.D.T metabolite DDE
and preterm and small-for-gestational-age babies at birth. Lancet 358,
110–114.

Lundsberg LS, Bracken MB and Belanger K (1995) Occupationally related
magnetic field exposure and male subfertility. Fertil Steril 63,384–391.

Lunenfeld B and Van Steirteghem A on behalf of all participants (2004)
Infertility in the third millennium: implications for the individual, family
and society: Condensed Meeting Report from the Bertarelli Foundation’s
Second Global Conference. Hum Reprod Update 10,317–326.

Marcus M, Kiely J, Xu F, McGeehin M, Jackson R and Sinks T (1998)
Changing sex ratio in the United States, 1969-1995. Fertil Steril
70,270–273.

Martini AC, Molina RI, Estofan D, Senestrari D, de Cuneo MF and Ruiz RD
(2004) Effects of alcohol and smoking on human seminal quality. Fertil
Steril 82,374–377.

Mayani A, Barel S, Soback S and Imagor M (1997) Dioxin concentrations in
women with endometriosis. Hum Reprod 12,373–375.

McElgunn B (1998) Reproductive and developmental hazards in the work-
place. Clin Excell Nurse Pract 2,140–145.

McMartin KI, Chu M, Kopecky E, Einarson TR and Koren G (1998) Preg-
nancy outcome following maternal organic solvent exposure: a meta-
analysis of epidemiologic studies. Am J Ind Med 34,288–292.

Milad MP, Klock SC, Moses S and Chatterton R (1998) Stress and anxiety
do not result in pregnancy wastage. Hum Reprod 13,296–300.

Mocarelli P, Brambilla P, Gerthoux PM, Patterson DG Jr. and Needham
LL (1996) Change in sex ratio with exposure to dioxin. Lancet
348,409.

Mocarelli P, Gerthoux PM, Ferrari E, Patterson Kiesz Jr D.G, ak SM,
Brambilla P, Vincoli N, Signorini S, Tramacere P, Carreri V et al.
(2000) Paternal concentrations of dioxin and sex ratio of offspring.
Lancet 355,1858–1863.

Mortensen JT (1988) Risk for reduced sperm quality among metal workers,
with special reference to welders. Scand J Work Environ Health 14,
27–30.

Muller WF, Hobson W, Fuller GB, Knauf W, Coulston F and Korte F (1978)
Endocrine effects of chlorinated hydrocarbons in rhesus monkeys. Eco-
toxicol Environ Safety 2,161–172.

Myers, J.P (2004) http://www.OurStolenFuture.org
Myers JP, Guillette LJ, Palanza P, Parmigiani S, Swan SH and Vom Saal FS

(2003) The emerging science of endocrine disruption. Intl Sem Nuclear
War Plan Emerg 28,1–13.

Neal MS, Holloway AC, Hughes EG and Foster WG (2003) Effect of smok-
ing on IVF outcomes. Canadian Fertility and Andrology Society Annual
Meeting, Victoria, B.C, November 2003.

Negro-Vilar A (1993) Stress and other environmental factors affecting ferti-
lity in men and women: overview. Environ Health Perspect 101
(Suppl 2),59–64.

Nelson P (2003) Epidemiology, biology, and endocrine disrupters. Occup
Environ Med 60,541–542.

Ness RB, Grisso JA, Hirschinger N, Markovic N, Shaw LM, Day NL and
Kline J (1999) Cocaine and tobacco use and the risk of spontaneous
abortion. New Engl J Med 340,333–339.

Nicolopoulou-Stamati P and Pitsos MA (2001) The impact of endocrine
disrupters on female reproductive system. Hum Reprod Update 7,
323–330.

Nonaka K, Miura T and Peter K (1994) Recent fertility decline in Dariusleut
Hutterites: an extension of Eaton and Mayer’s Hutterite fertility study.
Hum Biol 66,411–420.

NTP-CERHR expert panel report on the reproductive and developmental tox-
icity of ethylene glycol. (2004a) Reprod Toxicol 18,457–532.

NTP-CERHR expert panel report on the reproductive and developmental tox-
icity of ethylene glycol. (2004b) Reprod Toxicol 18,533–579.

Oliva A, Spira A and Multigner L (2001) Contribution of environmental fac-
tors to the risk of male infertility. Hum Reprod 16,1768–1776.

Olivius C, Friden B, Borg G and Bergh C (2004) Why do couples discon-
tinue in vitro fertilization treatment? A cohort study. Fertil Steril
81,258–261.

Pacifici R, Altieri I, Gandini L, Lenzi A, Pichini S, Rosa M, Zuccaro P and
Dondero F (1993) Nicotine, cotinine, and trans-3-hydroxycotinine levels
in seminal plasma of smokers: effects on sperm parameters. Ther Drug
Monit 15,358–363.

Paszkowski T (2001) The influence of smoking on the estradiol level in the
preovulatory follicular fluid. Ginekol Pol 72,989–992.

Paszkowski T, Clarke RN and Hornstein MD (2002) Smoking induces oxi-
dative stress inside the Graafian follicle. Hum Reprod 17,921–925.

Pasquali R, Pelusi C, Genghenini S, Cacciari M and Gambineri A (2003)
Obesity and reproductive disorders in women disorders in women. Hum
Reprod Update 9,359–372.

Picard A, Palavan G, Robert S, Pesando D and Ciapa B (2003) Effect of
organochlorine pesticides on maturation of starfish and mouse oocytes.
Toxicol Sci 73,141–148.

Plachot M (2001) Chromosomal abnormalities in oocytes. Mol Cell Endocri-
nol 183,S59–S63.

Pocar P, Brevini TAL, Fischer B and Gandolfi F (2003) The impact of endo-
crine disruptors on oocyte competence. Reproduction 125,313–325.

Poehl M, Bichler K, Wicke V, Dorner V and Feichtinger W (1999) Psy-
chotherapeutic counseling and pregnancy rates in in vitro fertilization. J
Assist Reprod Genet 16,302–305.

Potashnik G and Porath A (1995) Dibromochloropropane (DBCP): a 17-year
reassessment of testicular function and reproductive performance.
J Occup Environ Med 37,1287–1292.

Rachootin P and Olsen J (1983) The risk of infertility and delayed con-
ception associated with exposures in the Danish workplace. J Occup
Med 25,394–402.

Ratcliffe JM, Gladen BC, Wilcox AJ and Herbst AL (1992) Does early
exposure to maternal smoking affect future fertility in adult males?
Reprod Toxicol 6,297–307.

IVF success and exposure to environmental contaminants

55



Rignell-Hydbom A, Rylander L, Giwercman A, Jönsson BAG, Nilsson-Ehle
P and Hagmar L (2004) Exposure to CB-153 and p,p’-DDE and male
reproductive function. Hum Reprod 19,2066–2075.

Rojansky N, Brzezinski A and Schenker JG (1992) Seasonality in human
reproduction. Hum Reprod 7,735–745.

Sallmen M, Lindbohm ML, Anttila A, Kyyronen P, Taskinen H, Nykyri E
and Hemminki K (1998) Time to pregnancy among the wives of men
exposed to organic solvents. Occup Environ Med 55,24–30.

Sallmen M, Lindbohm ML, Anttila A, Taskinen H and Hemminki K (2000)
Time to pregnancy among the wives of men occupationally exposed to
lead. Epidemiology 11,141–147.

Savitz DA and Harlow SD (1991) Selection of reproductive health end points
for environmental risk assessment. Environ Health Perspect 90,
159–164.

Savitz DA, Arbuckle T, Kaczor D and Curtis KM (1997) Male pesticide
exposure and pregnancy outcome. Am J Epidemiol 146,1025–1036.

Schardein JL (1993) Hormones and hormone antagonists. In Schardein J (ed)
Chemically Induced Birth Defects. Marcel Dekker, New York, USA, pp
271–339.

Schecter A, Startin J, Wright C, Kelly M, Papke O, Lis A, Ball M and
Olson JR (1994) Congener-specific levels of dioxins and dibenzofurans
in U.S. food and estimated daily dioxin toxic equivalent intake. Environ
Health Perspect 102,962–966.

Schecter A, Cramer P, Boggess K, Stanley J, Papke O, Olson J, Silver A and
Schmitz M (2001) Intake of dioxins and related compounds from food
in the U.S. population. J Toxicol Environ Health A 63,1–18.

Schecter A, Pavuk M, Malisch R and Ryan JJ (2003) Dioxin, dibenzofuran,
and polychlorinated biphenyl (PCB) levels in food from Agent Orange-
sprayed and nonsprayed areas of Laos. J Toxicol Environ Health A
66,2165–2186.

Schlebusch H, Wagner U, Van der Ven H, Al-Hasani S, Diedrich K and
Krebs D (1989) Polychlorinated biphenyls: the occurrence of the main
congeners in follicular fluid and sperm fluids. J Clin Chem Clin Bio-
chem 27,663–667.

Schull WJ (1984) Chronic disease in the workplace and the environment.
Reproductive problem: fertility, teratogenesis, and mutagenesis. Arch
Environ Health 39,207–214.

Service RF (2004) Nanotechnology grows up. Science 304,1732–1734.
Sharara FI, Seifer DB and Flaws JA (1998) Environmental toxicants and

female reproduction. Fertil Steril 70,613–622.
Sharpe RM (2001) Hormones and testis development and the possible

adverse effects of environmental chemicals. Toxicol Lett 120,221–232.
Sharpe RM and Skakkebaek NE (1993) Are oestrogens involved in falling

sperm counts and disorders of the male reproductive tract? Lancet
34,1392–1395.

Sharpe RM, Fisher JS, Millar MM, Jobling S and Sumpter JP (1995) Gesta-
tional and lactational exposure of rats to xenoestrogens results in
reduced testicular size and sperm production. Environ Health Persp
103,1136–1143.

Shi Q, Ko E, Barclay L, Hoang T, Rademaker A and Martin R (2001) Ciga-
rette smoking and aneuploidy in human sperm. Mol Reprod Dev 59,
417–421.

Shiverick KT and Salafia C (1999) Cigarette smoking and pregnancy I:
Ovarian, uterine and placental effects. Placenta 20,265–272.

Signorello LB and McLaughlin JK (2004) Maternal caffeine consumption
and spontaneous abortion: a review of the epidemiologic evidence. Epi-
demiology 15,229–239.

Slutsky M, Levin JL and Levy BS (1999) Azoospermia and oligospermia
among a large cohort of DBCP applicators in 12 countries. Int J Occup
Environ Health 5,116–122.

Sofikitis N, Takenaka M, Kanakas N, Papadopoulos H, Yamamoto Y,
Drakakis P and Miyagawa I (2000) Effects of cotinine of sperm motility,
membrane function, and fertilizing capacity in vitro. Urol Res 28,
370–375.

Soto AM, Sonnenschein C, Chung KL, Fernandez MF, Olea F and
Serrano FO (1995) The E-Screen assay as a tool to identify estrogens:
an update on estrogenic environmental pollutants. Environ Health Per-
spect 103 (Suppl 7),113–122.

Spira A and Multigner L (1998) Environmental factors and male infertility.
Hum Reprod 13,2041–2042.

Sterzik K, Strehler E, DeSanto M, Trumpp N, Abt M, Rosenbusch B and
Schneider A (1996) Influence of smoking on fertility in women attend-
ing an in vitro fertilization program. Fertil Steril 65,810–814.

Steyaert SR, Leroux-Roels GG and Dhont M (2000) Infections in IVF:
review and guidelines. Hum Reprod Update 6,432–441.

Stillman RJ (1982) In utero exposure to diethylstilbestrol: adverse effects on
the reproductive tract and reproductive performance in male and female
offspring. Am J Obstet Gynaecol 142,905–921.

Storgaard L, Bonde JP, Ernst E, Spano M, Andersen CY, Frydenberg M and
Olsen J (2003) Does smoking during pregnancy affect sons’ sperm
counts? Epidemiology 14,278–286.

Strohmer H, Boldizsar A, Plockinger B, Feldner-Busztin M and
Feichtinger W (1993) Agricultural work and male infertility. Am J Ind
Med 24,587–592.

Swan SH (2003) Do environmental agents affect sperm quality? Epidemio-
logy 14,261–262.

Swan S, Elkin EP and Fenster L (1997) Have sperm densities declined?
A reanalysis of global trend data. Environ Health Persp 105,
1228–1232.

Swan SH, Elkin EP and Fenster L (2000) The question of declining sperm
density revisited: an analysis of 101 studies published 1934-1996.
Environ Health Persp 108,961–966.

Swan SH, Kruse RL, Liu F, Barr DB, Drobnis EZ, Redmon JB, Wang C,
Brazil C and Overstreet JW (2003) Study for Future Families Research
Group. Semen quality in relation to biomarkers of pesticide exposure.
Environ Health Perspect 111,1478–1484.

Tang N and Zhu ZQ (2003) Adverse reproductive effects in female workers
of lead battery plants. Int J Occup Med Environ Health 16,359–361.

Taskinen H, Lindbohm ML and Hemminki K (1986) Spontaneous abortions
among women working in the pharmaceutical industry. Br J Ind Med
43,199–205.

Taskinen H, Anttila A, Lindbohm ML, Sallmén M and Hemminki K (1989)
Spontaneous abortions and congenital malformations among the wives
of men occupationally exposed to organic solvents. Scand J Work
Environ Health 15,345–352.

Taskinen H, Kyyronen P, Hemminki K, Hoikkala M, Lajunen K and
Lindbohm ML (1994) Laboratory work and pregnancy outcome. J
Occup Environ Med 36,311–319.

Telisman S, Cvitkovic P, Jurasovic J, Pizent A, Gavella M and Rocic B
(2000) Semen quality and reproductive endocrine function in relation to
biomarkers of lead, cadmium, zinc, and copper in men. Environ Health
Perspect 108,45–53.

Thonneau P, Abell A, Larsen SB, Bonde JP, Joffe M, Clavert A, Ducot B,
Multigner L and Danscher G (1999a) Effects of pesticide exposure on
time to pregnancy: results of a multicenter study in France and
Denmark. ASCLEPIOS Study Group. Am J Epidemiol 150,157–163.

Thonneau P, Larsen SB, Abell A, Clavert A, Bonde JP, Ducot B and Multi-
nger L (1999b) Time to pregnancy and paternal exposure to pesticides
in preliminary results from Danish and French studies. Asclepios. Scand
J Work Environ Health 25 (Suppl 1),49–61.

Tielemans E, Van Kooij R, te Velde ER, Burdorf A and Heederik D (1999a)
Pesticide exposure and decreased fertilisation rates in vitro. Lancet
354,484–485.

Tielemans E, Burdorf A, te Velde ER, Weber RFA, Van Kooji RJ,
Veulemans H and Heederik DJJ (1999b) Occupationally related
exposures and reduced semen quality: a case-control study. Fertil Steril
71,690–696.

Tielemans E, Van Kooij R, Looman C, Burdorf A, te Velde E and Heederik D
(2000) Paternal occupational exposures and embryo implantation rates
after IVF. Fertil Steril 74,690–695.

Toft G, Hagmar L, Giwercman A and Bonde JP (2004) Epidemiological evi-
dence on reproductive effects of persistent organochlorines in humans.
Reprod Toxicol 19,5–26.

Tolstrup JS, Kjaer SK, Munk C, Madsen LB, Ottesen B, Bergholt T and
Gronbaek M (2003a) Does caffeine and alcohol intake before pregnancy
predict the occurrence of spontaneous abortion? Hum Reprod 18,
2704–2710.

Tolstrup JS, Kjaer SK, Holst C, Sharif H, Munk C, Osler M, Schmidt L,
Andersen A-MN and Gronbaek M (2003b) Alcohol use as predictor for
infertility in a representative population of Danish women. Acta Obstet
Gynecol Scand 82,744–749.

Trapp M, Baukloh V, Bohnet H-G and Heeschen W (1984) Pollutants in
human follicular fluid. Fertil Steril 42,46–148.

Twombly R (1995) Assault on the male. Environ Health Perspect 103,
802–805.

Valanis B, Vollmer WM and Steele P (1999) Occupational exposure to anti-
neoplastic agents: self-reported miscarriages and stillbirths among nurses
and pharmacists. J Occup Environ Med 41,632–638.

Van Oostdam J, Gilman A, Dewailly E, Usher P, Wheatley B, Kuhnlein S,
Walker J, Tracy B, Feeley M, Jerome V et al. (1999) Human health

E.V.Younglai, A.C.Holloway and W.G.Foster

56



implications of environmental contaminants in Canada: a review. Sci
Total Environ 230,1–82.

Van Voorhis BJ, Dawson JD, Stovall DW, Sparks AET and Syrop CH
(1996) The effects of smoking on ovarian function and fertility during
assisted reproduction cycles. Obstet Gynecol 88,785–791.

Ventura SJ, Mosher WD, Curtin SC, Abma JC and Henshaw S (2000) Trends
in pregnancies and pregnancy rates by outcome: estimates for the United
States, 1976-96. Vital Health Statist 56,1–47.

Vine MF, Tse CK, Hu P and Truong KY (1996) Cigarette smoking and
semen quality. Fertil Steril 65,835–842.

Vom Saal F and Bronson F (1980) Sexual characteristics of adult female
mice are correlated with their blood testosterone levels during prenatal
development. Science 208,597–599.

Vom Saal FS, Grant W, McMullen C and Laves K (1983) High fetal estro-
gen titres correlate with enhanced adult sexual preferences and
decreased aggression in male mice. Science 220,1306–1309.

Waller K, Swan SH, Windham GC and Fenster L (2001) Influence of
exposure assessment methods on risk estimates in an epidemiologic
study of total trihalomethane exposure and spontaneous abortion. J Expo
Anal Environ Epidemiol 11,522–531.

Weigert M, Hofstetter G, Kaipl D, Gottlich H, Krischker U, Bichler K,
Poehl M and Feichtinger W (1999) The effect of smoking on oocyte
quality and hormonal parameters of patients undergoing in vitro fertili-
zation-embryo transfer. J Assist Reprod Genet 16,287–293.

Weigert M, Feichtinger W, Kulin S, Kaali SG, Dorau P and Bauer P (2001)
Seasonal influences on in vitro fertilization and embryo transfer. J Assist
Reprod Genet 18,598–602.

Weigert M, Kaali SG, Kulin S and Feichtinger W (2002) Do lunar cycles
influence in vitro fertilization results? J Assist Reprod Genet 19,
539–540.

Wennborg H, Bodin L, Vainio H and Axelsson G (2000) Pregnancy outcome
of personnel in Swedish biomedical research laboratories. J Occup
Environ Med 42,438–446.

Wennborg H, Bonde JP, Stenbeck M and Olsen J (2002) Adverse reproduc-
tion outcomes among employees working in biomedical research labora-
tories. Scand J Work Environ Health 28,5–11.

Whorton D, Milby TH, Krauss RM and Stubbs HA (1979) Testicular func-
tion in DBCP exposed pesticide workers. J Occup Med 21,161–166.

Wong WY, Thomas CM, Merkus HMWM, Zielhuis GA, Doesburg WH and
Steegers-Theunissen PM (2000) Cigarette smoking and the risk of male
factor subfertility: minor association between cotinine in seminal plasma
and semen morphology. Fertil Steril 74,930–935.

Xia P and Younglai EV (2000) Relationship between steroid concentrations
in ovarian follicular fluid and oocyte morphology in patients undergoing
intracytoplasmic sperm injections (ICSI) treatment. J Reprod Fertil 118,
229–233.

Yie S-M, Brown GM, Liu G-Y, Collins JA, Daya S, Hughes EG, Foster WG
and Younglai EV (1995) Melatonin and steroids in human pre-ovulatory

follicular fluid: seasonal variations, granulosa cell steroid production.
Hum Reprod 10,50–55.

You L, Madhabananda S, Bartolucci E, Ploch S and Whitt M (2001) Induc-
tion of hepatic aromatase by p,p’-DDE in adult male rats. Mol Cell
Endocrinol 178,207–214.

Younglai EV, Foster WG, Hughes EG, Trim K and Jarrell JF (2002) Levels
of environmental contaminants in human follicular fluid, serum and
seminal plasma of couples undergoing in vitro fertilization. Arch
Environ Contam Toxicol 43,121–126.

Younglai EV, Holloway AC, Lim GE and Foster WG (2004a) Synergistic
effects between Follicle Stimulating Hormone and 1,1-dichloro-
2,2-bis(p-chlorophenyl)-ethylene (p,p’-DDE) on human granulosa cell
aromatase activity. Hum Reprod 19,1089–1093.

Younglai EV, Kwan TK, Kwan C-Y, Lobb DK and Foster WG (2004b)
Dichlorodiphenylchloroethylene elevates cytosolic calcium concen-
trations and oscillations in primary cultures of human granulosa-lutein
cells. Biol Reprod 70,1693–1700.

Zenzes MT (2000) Smoking and reproduction: gene damage to human
gametes and embryos. Hum Reprod Update 6,122–131.

Zenzes MT and Reed TE (1996) Cigarette smoking may suppress apoptosis
in human pre-embryos. Hum Reprod S11,153.

Zenzes MT, Wang P and Casper RF (1995a) Cigarette smoking may
affect meiotic maturation of human oocytes. Hum Reprod 10,
3213–3217.

Zenzes MT, Krishnan S, Krishnan B, Zhang H and Casper RF (1995b)
Cadmium accumulation in follicular fluid of women in in vitro
fertilization-embryo transfer is higher in smokers. Fertil Steril 64,
599–603.

Zenzes MT, Reed TE and Casper RF (1997) Effects of cigarette smoking
and age on the maturation of human oocytes. Hum Reprod 12,
1736–1741.

Zenzes MT, Puy LA and Bielecki R (1998) Immunodetection of benzo[a]-
pyrene adducts in ovarian cells of women exposed to cigarette smoke.
Mol Hum Reprod 4,159–165.

Zenzes MT, Bielecki R and Reed TE (1999a) Detection of benzo[a]pyrene
diol epoxide-DNA adducts in sperm of men exposed to cigarette smoke.
Fertil Steril 72,330–335.

Zenzes MT, Puy LA, Bielecki R and Reed TE (1999b) Detection of
benzo[a]pyrene diol epoxide-DNA adducts in embryos from smoking
couples: evidence for transmission by spermatozoa. Mol Hum Reprod
5,125–131.

Zitzmann M, Rolf C, NordhoffSchräder G, Rickert-Föhring M, Gassner
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