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Research into environmental causes of impaired human fertility is still immature. Knowledge on the strengths and
limitations of several research options, the main sources of bias, the occurrence of infertility and subfecundity in
several countries, the patterns of contraceptive behavior, and the distribution of sperm counts at the population
level has advanced, but the much-debated questions about temporal and regional trends in fertility and semen
quality remain unsettled. Refined biological markers of male fecundity and markers feasible for large-scale studies
of female fecundity are needed. The effects of several life-style factors have been characterized successfully, but
the detrimental effects of environmental exposures have not. Most studies are either inconclusive or fail to
demonstrate any important risks. If comprehensive knowledge on biological mechanisms is a criterion of maturity,
epidemiologic and toxicologic fertility research is young. The new millennium will be challenged to determine the
role played by the environment in developed countries, wrong exposure time windows, too crude or inappropriate

measures of fertility, and overlooked critical exposures.
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The capability of the human race to reproduce is a fun-
damental aspect of life. Species have been subject to ex-
tinction throughout history, and in some cases extinction
has been caused by reduced fertility. Fecundity is defined
as the biological ability to conceive, to carry the preg-
nancy to a successful termination, and to raise the off-
spring to reproductive age (1). Demographers have been
studying fertility in populations for many years, but it
was not until the last 3—4 decades of the 20th century
that epidemiologists and toxicologists took interest. One
reason was the increasing attention paid 25 years ago to
possible links between hazardous exposures and repro-
ductive failures in general. Another was the almost con-
comitant reporting of severe male reproductive dysfunc-
tion in workers who had been exposed to the nemato-
cide dibromochloropropane (DBCP) in California (2) and
Israel (3) . These early reports of reduced sperm count in
small groups of workers did not adhere to current epide-
miologic standards but quickly convinced the scientific
community because of the extreme effects, including
azoospermia, the independent demonstration of infertili-
ty (4—©6), and the agreement of human data with animal
experimental evidence. Up to that time scientific publi-
cations on occupational risk to fertility were very few
(7——9). Almost from scratch several groups in the

United States and a few in Europe and other places start-
ed out to settle whether the occupational environment
constituted an important domain of preventable causes
of infertility (10—22). Now 25 years later it is time to
ask if the main achievements in the field of observation-
al human fertility research render us able to meet the sci-
entific challenges of the next century. To answer this
question, we need to review briefly what we have learned
from a methodological and factual point of view, to take
the temperature of the maturity of the field at present, to
delineate major unsettled scientific questions, and, final-
ly, to discuss how to resolve these issues.

What did we learn about human fertility at risk
during the past 25 years?

The severe spermatotoxic effects of DBCP in manufac-
turing and agricultural workers initiated thoughts that
many chemicals in our environment may entail a risk to
fertility. The Californian workers did not experience any
signs or symptoms of intoxication (2). They were
exposed to rather low levels of DBCP in ambient air, and
severe oligospermia occurred after a few months in some
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persons. Men do not talk about infertility. But conversa-
tion among wives of workers engaged in DBCP produc-
tion disclosed the problem. Could it be that many more
chemicals have hidden effects on fertility? From the
DBCP perspective that seemed to be a sound concern.
During the period 1977 to 1999 altogether about 220
original papers on environmental risk to fertility were
published in the scientific literature according to a
Medline search (table 1). Although many studies report
positive associations between an occupational or envi-
ronmental exposure (including life-style factors) and
measures of human fecundity, it is noteworthy that most
associations are weak and, with the exception of smok-
ing among women, high alcohol intake of both genders,
and a few occupational exposures (radiant heat, chlor-
decone, ethylenedibromide, ethoxyethanol, and in-
organic lead), cannot be considered causal so far (23, 24).
The increased interest in environmental fertility re-
search has dramatically increased knowledge on the ad-
vantages and limitations of research methodologies, and
new approaches for field studies have been developed.
Conventional measures of semen quality, such as
sperm count, morphology, and motility, are persistently
the most important biological markers of male fecundity
(25). Fundamental aspects of semen quality in the gen-
eral population, such as intra- and interindividual varia-
tion, were comprehensively described in a classical se-
ries of longitudinal studies on healthy men in the United
States (26—29). Important determinants of semen
quality, including the period of sexual abstinence, sea-
son, radiant heat and effects associated with advancing
age, have been characterized in detail. The sperm count
increases almost linearly by 5—15 million per day dur-

ing the first 7 days of sexual abstinence, but after 1 week
the effect of abstinence levels off completely [(30 and
Bonde, unpublished observations]. In the northern hemi-
sphere sperm count is some 20—30% higher in winter
than in late summer (31-—33). Age has little impact on
sperm count in men less than 50 years of age, but later
in life the sperm count declines rapidly (34). Knowledge
on these issues is crucially important for the adequate
control of bias in analytic epidemiologic studies (35). Se-
men quality may serve as a sensitive biological marker
of testicular function in its own right, but results of re-
cent population-based follow-up studies of the relation
between semen quality and the likelihood of pregnancy
in a menstrual cycle add to the value of environmental
sperm studies (36). It has become evident that sperm
count and sperm morphology are rather strong and inde-
pendent predictors of pregnancy (36). When assumptions
about the sperm count distribution in a population are
made, it is possible to implement this knowledge to out-
line scenarios on the impact on fertility resulting from
shifts in sperm count (37).

Sperm studies are generally impeded by low response
rates, which may be associated with strong selection bias
because of the preferential participation of subfecund
men (35). If selection is related to exposure, erroneous
results are obtained. Recent studies show that this is not
a theoretical concern (38). Although semen quality has
proved to be a useful measure, it is obvious that more
reliable markers that are easier to collect would
represent a major achievement. Many efforts have been
invested in obtaining objective and reliable analyses of
sperm motility with computer-aided methods (39, 40),
but so far the results have been disappointing since

Tahle 1. Number of original papers on occupational and environmental risk to human fertility published from 1977 to 1999 according to

a Medline search.2

Outcome Search string® Year of publication All
1977—1985  1986—1995 1996—1999

Fertility rate (fertility-rate OR birth-rate) AND * 5 8 6 19
Time to pregnancy (time-to-pregnancy) AND * — 5 18 23
Semen quality (semen [MESH] OR sperm [MESH] OR testis

[MESH] AND * 12 29 35 76
Reproductive hormones  (sex-hormone [MESH] OR gonadotropins

[MESH] OR LH/blood [MESH] OR FSH/blood

[MESH] OR testosterone/blood [MESH] OR

estradiol/blood [MESH]) AND * 7 16 25 48
Menstrual cycles (Menstrual cycle [MESH]) AND * 5 4 13 22
Early embryonal loss (early embryonal loss) AND * — 1 5 6
Male-mediated (male-mediated OR paternal OR 3 5 8 16
developmental toxicity ~ parental [MESH] OR fathers [MESH]) AND

(pregnancy-outcome OR spontaneous-

abortion OR congenital-malformation OR

cancer OR neoplasm [MESH]) AND *
All studies 32 71 110 213

2 Several publications were deleted by manual check, and the lists were supplemented from the author’s files.
® *(occupational exposure [MESH] OR environmental expose [MESH] OR adverse effects [MESH] OR smoking OR alcohol OR coffee) AND human

[MESH] 1977:1999 [DP].
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sophisticated measures of sperm motion add little to the
prediction of fertility (41 and Bonde, unpublished obser-
vations). New assays, such as the sperm chromatin struc-
ture assay (SCSA), provide information about fecundity
independent of sperm count and sperm morphology, and
it is remarkably stable within and between persons (42,
43). Recently it has become possible to measure serum
inhibin B (44, 45), which is a direct marker of Sertoli
cell function. Inhibin B regulates sperm output by nega-
tive pituitary feedback through the follicle stimulating
hormone (FSH), but it still remains to be demonstrated
whether inhibin B is a more accurate marker of male re-
productive function than FSH. Although advances have
been made with respect to the proper conduction and in-
terpretation of sperm studies, the discussion on secular
and geographic differences in semen quality is a reminder
of the deficiencies of semen studies.

The predominance of biological fertility studies ad-
dressing environmental toxicity to male fecundity prob-
ably reflects the available research methods and not the
fact that male fecundity from an environmental point of
view is more vulnerable to toxicants than the female gen-
ital organs. The lack of biological markers for female
fecundity is a major deficit calling for much more atten-
tion in the next century. Recent comprehensive studies
of female reproductive hormone profiles are important
steps towards the development of biomarkers that may
prove useful in large-scale studies of environmental im-
pact on ovulation and menstrual function (46—49). From
an epidemiologic point of view there is no sharp deline-
ation between infertility and early pregnancy failure since
one-third of conceptuses are lost before clinical recogni-
tion of the pregnancy (50), and failure of conception and
early pregnancy loss may have causes in common. Im-
proved methods for detecting embryonal loss from the
5th week of conception using specific human chorion
gonadotropin (hCG) analysis of consecutive urine speci-
mens collected during part of the menstrual cycle have
already proved feasible in large epidemiologic studies
(50—53). Emerging reports on the determinants of early
pregnancy loss (54) indicate that much new knowledge
can be expected from studies in this field.

In the 1980s it was suggested to use the time taken
to conceive (time to pregnancy) as an indicator of a cou-
ple’s fertility (55—57). This idea was soon adopted by
other groups and became the most used approach in stud-
ies on occupational and environmental impact on couple
fertility. Generally the information on the time (or the
number of menstrual cycles) taken to conceive from dis-
continuance of contraception is collected by interview or
questionnaire in population samples or samples of
pregnant women (58, 59). Time to pregnancy is only
measurable if a starting point is well defined, but in west-
ern European countries about 60—70% of all pregnan-
cies are planned (60). However, conceptions taking place
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in spite of contraception or due to irregular use of con-
traception are factors which may bias comparisons of
time to pregnancy between groups (61). A European con-
certed action on subfecundity and infertility revealed
striking differences in time-to-pregnancy distributions
across countries spanning from Sweden in the north to
Italy in the south (60). The reasons for these differences
have not been clarified, but they may have their roots in
different sexual behavior and contraceptive practice. On
the contrary the time-to-pregnancy distributions of Thai
and Inuit women were remarkably in the range of Dan-
ish values in spite of the social and cultural differences
between these populations (62, 63). Several other types
of potential bias related to the timing of exposure, sam-
pling, recall, sexual behavior, and confounding have been
described and must be controlled if reliable data are to
be obtained (58, 59). Consistent results in different pop-
ulations and in different study designs add considerably
to the validity of the results. Therefore, it has become
evident that tobacco smoking among women — but not
among men — reduces the chance of achieving a preg-
nancy in a menstrual cycle (the fecundability) by some
30% (64). Since the time-to-pregnancy methodology was
described 15 years ago, 23 occupational or environmen-
tal time-to-pregnancy studies have been published (table
1). In addition to tobacco smoking, well-established risk
factors for female fecundity now include high-level al-
cohol intake, increasing age above 30 years, first parity,
and oral contraception (transient effects). Several asso-
ciations between environmental exposure and reduced
fecundability have been found (table 1), but knowledge
is still too scanty to allow definite conclusions as to cau-
sality.

Regional and temporal trends of fertility?

The long-lasting controversy among andrologists about
secular trends in semen quality dating back to the 1970s
was renewed in 1992 by the Carlsen et al report (65) on
a dramatic global decline of sperm count during the sec-
ond half of the 19th century. The strong conclusions that
a serious global change in male fecundity had taken place
over a short time-span became headlines in the media
worldwide, but were not justified by the presented cir-
cumstantial data (66—69). Most importantly, it soon be-
came evident that the apparent secular trend could be
explained by geographic differences in sperm count (66).
The dozens of papers on secular trends of semen quality
in various European and American populations which
were published in the aftermath of the Carlsen paper have
shown conflicting results (70). These reports are based
on data from specific regions, and they are not biased by
inappropriate comparisons across countries and
continents — but they are hampered by several other
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methodological problems. The high variation of average
sperm counts and other seminal characteristics found in
these studies are often taken as evidence of regional dif-
ferences in male fecundity. At the present stage of knowl-
edge such conclusions are not justified. It is not appro-
priate to make crude comparisons of sperm count differ-
ences in different studies when it is not possible to ad-
just for the strong determinants of sperm count, such as
period of abstinence, method of sample collection, sea-
son, laboratory techniques for sperm counting, and — not
the least important — whether or not it is obvious that
the compared groups have been recruited and selected in
the very same way. In short, it remains a controversy
whether secular and regional differences in reported se-
men values are real. For much the same reasons it is still
not settled whether couple fertility has undergone secu-
lar changes in some populations. But international stud-
ies that benefit from standardized data collection are now
appearing and indicate differences in time to pregnancy
across several European countries (60). However, we do
not know if these findings represent differences in bio-
logical fecundity or if they are due to differences in sex-
ual behavior or the use of contraceptives. It was discov-
ered already in the 1970s that the rate of dizygotic twin-
ning was declining by about 20% in several countries
(71). Several studies initiated to find the causes of this
well-documented change in fecundity did not provide
definite clues to the problem, although tobacco smoking,
because of its antiestrogenic effects, may play a role (72).
During later years it has become difficult to study twin-
ning rates because of the rapid increasing use of assisted
reproduction in the treatment of infertile couples.

The easy access to population registers in entire coun-
tries creates possibilities to obtain accurate measures of
the sex ratio for huge populations. It is of great interest
that the sex ratio has changed during past 50 years in sev-
eral countries (73). Although the changes are marginal
and not of concern per se, it has been suggested that an
excess of girls among offspring may be an indicator of
reproductive risks (73, 74). Improved obstetric services
resulting in a higher rate of live births of preterm chil-
dren may also play a role for the small shifts in the ratio
between genders. It is noteworthy that a higher propor-
tion of female offspring has consistently been reported
for offspring of persons with a definite exposure to re-
productive toxicants (75). The mechanisms by which tox-
icants may interfere with the sex ratio has not been un-
raveled, and the problem represents another task to be
solved in the forthcoming decades.

Unsettled scientific questions

There seems at present to be sufficient indications that
prenatal life may be of major importance for fecundity

in adulthood. It has been demonstrated in rodents that the
number of Sertoli cells in the testis at birth determines
the sperm output in adult life (76—78). Other studies
suggest that exposure during gestation may reduce the
number of Sertoli cells at much lower levels than expo-
sure of the fully developed animal (79). The mechanism
of action is still unknown, but disruption of the hormo-
nal control of gonadal development has been suggested
as a likely mechanism in some cases. This theory calls
for a change of the exposure window from adulthood to
the prenatal period. Exposure of pregnant women and
perhaps children becomes a high priority whether the
outcome of interest is male or female fecundity. There-
fore there is a need for an entire new generation of stud-
ies linking prenatal exposure with fertility in later life.
Very few epidemiologic studies of this kind have been
published so far. One example is the suggestive effects
of smoking during pregnancy, which perhaps impairs
both male and female fecundity in the offspring (80, 81).
Environmental studies focusing on the dietary intake of
persistent organochlorines is another example (82). In
Sweden ongoing studies are comparing the fertility in
fishermen on the Baltic east coast, whose body levels of
persistent organochlorines are high because of their in-
take of polluted fish, with fishermen on the west coast,
who have a considerably lower body burden. Similar
studies should be conducted in Greenland and the Fae-
roe Islands, where people have a high intake of marine
food contaminated by biomagnified manmade chemicals.
The theory that interference with organ growth in fetal
life may permanently change organ function — often re-
ferred to as the programming theory (83—85) — has
achieved considerable interest in cardiovascular epide-
miology, but it may as well be of relevance in the field
of reproductive epidemiology (86). An ongoing prospec-
tive study of 100 000 pregnant women in Denmark and
Norway takes its starting point in the programming the-
ory, and much more can be expected to be learned about
these issues during the very first decade of the next cen-
tury.

As chemical exposures in the workplace are reduced
in most European countries, it becomes a priority to ex-
amine the effects of psychosocial and physical factors.
Mental distress may be of importance from a biological
point of view because of the links between reproductive
hormones and stress hormones. Current knowledge is
extremely scanty, but it encourages additional studies
(87—91). It has been suggested that research should be
initiated in this new field by focusing on effects of ex-
treme stress as a starting point to learn about possible
effects of stress in daily life and also in worklife (92, 93).
Extreme stress situations occur, for example in war
situations, in refugees, in people who live through earth-
quakes (94), and in people who experience severe life
events, such as malignant disease or severe traumatic
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injury in children. Studies of effects of stress on fertility
must be carried out prospectively since it is well known
that infertility itself may be a strong stress factor (91), a
fact which at present is a major problem in the interpre-
tation of the results of most studies in this field.

The rapid technological development is diminishing
manual work at a high pace, and an ever increasing pro-
portion of the population spends more time in a sitting
position in transportation vehicles and office-like sur-
roundings. Therefore it becomes important to determine
the extent to which the moderate increase in scrotal tem-
perature associated with the sitting position (95) impairs
testicular function and infertility. Moderate testicular
heating may not be a problem for men with a high sperm
output, but, if testicular function is reduced for other rea-
sons, a modest increase in testicular temperature might
be of significance. We have some indications that male
drivers are at risk of reduced fecundity (95, 96), but more
work is needed to quantify the problem and resolve ques-
tions about chronicity and the effects on subfertile men.

It is still unknown whether male exposure plays a role
in the developmental abnormalities of humans. It has
been known for several years that treating male animals
with various carcinogens and mutagens before mating
may result in a range of disorders in the offspring, for
example, malignant neoplasia and congenital malforma-
tions (97). The most likely mechanism is damage of
germ-line DNA (deoxyribonucleic acid), but epigenetic
mechanisms and embryonal exposure by toxic com-
pounds in semen could also be of significance (97, 98).
The occurrence of male-mediated genetic disorders, for
example, some cases of Down’s syndrome and retino-
blastoma, proves that sperm cells with abnormal heredi-
tary material are able to fertilize. But the strong selec-
tion among millions of sperm cells competing for first
reaching the ovum may protect against fertilization with
abnormal spermatozoa. Earlier studies have found a high-
er rate of spontaneous abortion in the wives of men with
a high proportion of morphologically abnormal sperm,
but these findings could not be corroborated in a recent
follow-up study of early embryonal loss in first pregnan-
cy planners (unpublished observations). However, this is
not the final answer to this important question because
sperm chromatin may be abnormal in spite of normal
morphology. It is interesting that sperm chromatin ab-
normalities identified by flow cytometry of acid-dena-
turated sperm cells is apparently associated with eatly
embryonal loss and spontaneous abortion. The conflict-
ing results of several epidemiologic studies aimed at
identifying male-mediated developmental toxicity (99)
should not discourage continuing efforts to unravel the
male factor in pregnancy failures. The increasing use of
immature and possibly highly abnormal sperm cells in
advanced in-vitro fertilization techniques emphasizes the
need for epidemiologic research. Development of new
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markers of germ-cell genetic damage feasible for use at
the population level may be the key to new insight. Some
developments have already been made. Now studies in-
vestigating specific chromosome aberrations in sperm
cells using the fluorescence in situ hybridization tech-
nique (FISH) (100, 101) can be expected to appear in the
literature in the near future. But automatization of the
very labor intensive method, which requires the count-
ing of tens of thousands of cells, is needed before it will
be useful in large-scale studies.

Epidemiologic fertility research has strong traditions
for links with reproductive toxicology and biology — at
least in the environmental and occupational context. The
best studies benefit from contributions from all these dis-
ciplines. The maturity of a scientific field can be meas-
ured by its understanding of biological mechanisms —
among other things. From this point of view reproduc-
tive toxicology and epidemiology are at its very begin-
ning since little is known about the basic mechanisms
by which environmental exposures exert their effects.

Concluding remarks

Considerable advances in epidemiologic fertility research
methodology have taken place during the last few dec-
ades of the 20th century, but there is still a need to re-
fine the biological markers of male fecundity and to de-
velop new markers that are feasible for large-scale stud-
ies of female fecundity. The effects of several life-style
factors have been characterized successfully, but knowl-
edge on the detrimental effects of environmental expo-
sures continues to be limited. We are still left with few
definite risk factors in this area. The majority of studies
are either inconclusive or fail to demonstrate important
risks. If a comprehensive understanding of biological
mechanisms is taken as a criterion for the maturity of a
scientific field, epidemiologic and toxicologic fertility
research is young. It is a major challenge for the first dec-
ades of the next millennium to settle whether the envi-
ronment in developed countries plays a modest role in
the impairment of fertility or whether the sparsity of find-
ings in environmental studies so far is a result of a focus
on the wrong exposure time windows, too crude or inap-
propriate measures of fertility, or overlooked critical ex-
posures.
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