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Abstract

Background: Several studies indicate adverse effects of selected heat exposures on semen
quality, but few studies have directly evaluated fertility as an endpoint.

Objective: We evaluated prospectively the association between male heat exposures and
fecundability, the per-cycle probability of conception.

Materials & Methods: We analyzed data from 3,041 couples residing in the United States or
Canada who enrolled in a prospective preconception cohort study (2013—-2021). At enroliment,
males reported on several heat-related exposures, such as use of saunas, hot baths, seat heaters,
and tight-fitting underwear. Pregnancy status was updated on female follow-up questionnaires
every 8 weeks until conception or a censoring event (initiation of fertility treatment, cessation

of pregnancy attempts, withdrawal, loss to follow-up, or 12 cycles), whichever came first. We
used proportional probabilities models to estimate fecundability ratios (FR) and 95% confidence
intervals (ClI) for the association between heat exposures and fecundability, mutually adjusting for
heat exposures and other potential confounders.
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Results: We observed small inverse associations for hot bath/tub use (=3 vs. 0 times/month:
FR=0.87, 95% CI: 0.70-1.07) and fever in the 3 months before baseline (FR=0.94, 95% CI: 0.79-
1.12; 1 cycle of follow-up: FR=0.84, 95% CI: 0.64-1.11). Little association was found for sauna
use, hours of laptop use on one’s lap, seat heater use, time spent sitting, and use of tight-fitting
underwear. Based on a cumulative heat metric, FRs for 1, 2, 3, and 24 vs. 0 heat exposures were
0.99 (95% CI: 0.87-1.12), 1.03 (95% CI: 0.89-1.19), 0.94 (95% CI: 0.74-1.19), and 0.77 (95%
Cl: 0.50-1.17), respectively. Associations were stronger among men aged =30 years (=4 vs. 0 heat
exposures: FR=0.60, 95% CI: 0.34-1.04).

Conclusion: Male use of hot tubs/baths and fever showed weak inverse associations with
fecundability. Cumulative exposure to multiple heat sources was associated with a moderate
reduction in fecundability, particularly among males aged =30 years.

Keywords
Cohort studies; fertility; preconception; male; heat exposure

INTRODUCTION

The World Health Organization defines infertility as the inability to achieve clinical
pregnancy after =12 months of regular unprotected intercourse.> About 15% of North
American couples experience infertility,2 and U.S. health care costs for infertility treatment
exceed $5.5 billion.3 These costs are expected to increase as the percentage of females

aged 22-44 years using assisted reproductive technologies (ART) continues to increase (e.g.,
from 0.1% in 1995 to 0.6% in 2006—-2010).# Infertility is associated with psychological

and financial hardship for affected couples,>® and ART use has been associated with
adverse pregnancy outcomes.’11 Thus, elucidating modifiable determinants of infertility

is an important public health goal.

Male factors contribute to 30-50% of infertility diagnoses.12:13 A recent review of 185
studies of 42,935 men provided evidence of a decline in sperm concentration in Western
countries over the last 40 years (1973-2011).14 The reasons for this decline, however, are
not clear. One factor may be the extent to which sperm concentration is influenced by
testicular heat exposures, such as long hours of sitting, use of laptops on one’s lap, use

of seat heaters, exposure to wet heat, and wearing restrictive clothing. In a study of mice,
testicular hyperthermia inhibited spermatogenesis, with apoptosis being observed after 20
minutes of exposure to 43°C, but not after shorter exposure to 39°C.1° Thus, there may

be a threshold effect of heat exposure, though this threshold could be as small as a 1-2°C
elevation and seems likely to depend on duration, intensity, and frequency of exposure.16
Testicular hyperthermia may also damage DNA integrity. In animal studies, DNA damage of
sperm was detected as early as a few days after hyperthermia and persisted for weeks after
exposure 17-19

Human studies also provide evidence for harmful effects of heat exposure on semen
parameters. Occupational exposure to high temperatures has been associated with
morphologically-abnormal sperm and impaired motility,2% and increased scrotal temperature
has been associated with reduced sperm concentration.?! In two randomized clinical studies,
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scrotal hyperthermia was associated with reduced sperm DNA integrity and increased sperm
apoptosis.22:23 Despite these associations between heat exposures and semen quality, it is
unclear which heat sources, if any, affect sperm enough to influence fecundability. Direct
evaluation of fecundability is important,12-24-26 and only two papers have examined heat-
related factors with fecundability itself as an endpoint.27:28

We evaluated the extent to which fecundability is associated with selected male heat-related
exposures, including use of saunas, hot tubs, or hot baths; use of tight-fitting underwear;
time spent sitting; use of car seat heaters; use of a laptop computer on one’s lap; and fever.

MATERIALS AND METHODS

Study population.

Pregnancy Study Online (PRESTO) is an ongoing web-based preconception cohort study.2®
Female-identified individuals aged 21-45 years residing in the U.S. or Canada, who were in
a stable relationship with a male-identified partner, and who were not using contraception
or fertility treatment were eligible for participation. The study was approved by the
Institutional Review Board at Boston Medical Center, and online informed consent was
obtained from all participants.

Study procedures.

Exclusions.

Female participants completed an online baseline questionnaire with items on demographics,
behavioral factors, medical and reproductive history, and medication use. After completion
of the baseline questionnaire, females were given the option to invite their male partners

to participate. Males aged =21 years were eligible. Male participation involved completion
of a single questionnaire similar to the female baseline questionnaire. Females completed
follow-up questionnaires every 8 weeks until reported pregnancy or for up to 12 months,
whichever came first.

From June 2013 through August 2021, 15,592 eligible females completed the baseline
questionnaire. We excluded 163 females whose baseline date of last menstrual period (LMP)
was >6 months before study entry, 34 females with missing/implausible LMP data, and 39
females who finished their baseline questionnaire >60 days after completing the eligibility
screener. We then excluded 3,079 females who had been trying to conceive for more

than 6 cycles at enrollment, to reduce potential for differential exposure misclassification
(7.e., subfertility causing changes in behavior). Of the 12,277 remaining females, 6,572
(54%) invited their male partners to participate, and 3,041 males (46%) enrolled. Female
participants were more likely to invite their partners if they identified as non-Hispanic white,
were married, and they or their partners were more educated. Male partners were more likely
to enroll if they identified as non-Hispanic white, were younger, and they or their partners
were more educated.2?
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Assessment of exposure characteristics.

On the baseline questionnaire, we ascertained habitual heat-related exposures including:
daily average time using laptops on one’s lap (none, 0.5, 1, 2, 3, ..., 24 hours/day), average
frequency of “hot sauna” use in the last six months (never, 1-2, 3-4, 5-9, =10 times/month),
average frequency of taking “hot baths” or sitting in a “hot tub” in the last six months (never,
1-2, 3-4, 5-9, =210 times/month), time spent during the wintertime “traveling in the car with
the seat heaters on in your seat” (0-2, 3-5, 6-10, 11-15, 16-20, >20 hours/week), type of
underwear usually worn (none, loose boxer shorts, slim-fitting briefs or boxers, alternate
loose boxer shorts and slim-fitting briefs/boxers), and daily average time spent during the
last year “sitting or lying down watching TV or videos” (0, <1, 1, 2, 3-4, 5-6, =7 hours/day)
or “other sitting (such as driving, working at a computer, or reading)” (0, <1, 1, 2, 3-4,

5-6, =7 hours/day). We also queried participants about the number of fevers >100 degrees
Fahrenheit they had experienced in the last 3 months (none, 1, >2 times).

Since each of these heat exposures does not necessarily occur on their own, we developed a
metric to derive a cumulative heat exposure variable. We dichotomized each heat variable at
an arbitrarily-determined “high” cut point, given the lack of clinically meaningful cut points
in the literature. We then summed the number of variables for which the participant was in
the “high” category. We chose the following cut points to denote “high” exposure: laptop
use =5 hours/day, sauna use =3 times/month, hot tub/bath use =3 times/month, any use of
tight-fitting underwear, sitting =10 hours per day, any fever (in the previous 3 months),

and seat heater use =3 hours/week. Given these cut points were arbitrarily chosen, we also
performed sensitivity analyses based on less stringent cut points.

Assessment of pregnancy and cycles at risk.

At baseline, females reported their LMP date, usual menstrual cycle length, and the number
of cycles of pregnancy attempt. On each follow-up questionnaire, they reported their most
recent LMP date and whether they had conceived since the previous questionnaire. Total
discrete menstrual cycles at risk were calculated as follows: menstrual cycles of attempt
time at study entry + [(LMP from most recent follow-up questionnaire - LMP from baseline
questionnaire)/usual menstrual cycle length] +1. Couples contributed observed cycles of
attempt time to the analysis from baseline until reported conception, initiation of fertility
treatment, cessation of trying to conceive, loss to follow-up, withdrawal, or 12 cycles,
whichever came first.

Assessment of covariates.

On their respective baseline questionnaires, male and female participants reported their age,
race/ethnicity, education, height, and weight. The male baseline questionnaire collected
data on physical activity, alcohol intake, smaoking history, sleep duration, employment
status, including hours worked per week, having previously fathered a child, and infertility
history. Household income and frequency of intercourse were ascertained from the female
baseline questionnaire. Body mass index (BMI) was calculated as weight in kilograms
divided by height in meters squared. Total Metabolic Equivalents of Task (MET) of physical
activity were calculated by multiplying the average number of hours per week engaged
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in various activities by metabolic equivalents estimated from the Compendium of Physical
Activities 3031

Imputation of missing data.

We used fully conditional specification methods to conduct multiple imputations for missing
data on outcome, exposure, and covariates. We generated twenty imputation data sets and
combined point estimates and standard errors from each data set using Rubin’s rule. For the
206 couples (6.8%) with no follow-up data, we assigned them one cycle of follow-up and
multiply-imputed their pregnancy status (yes or no). Data on fever were missing for 21% of
men because it was added to the male baseline questionnaire in January 29, 2015, 18 months
after the study was launched. Missingness for other variables ranged from <0.1% (age,
alcohol, smoking, physical activity) to 2% (fathered a child). We used the weighted copy
method to improve convergence of the regression model.3¢ All analyses were performed in
SAS version 9.4.37

Data analysis.

We used an Andersen-Gill data structure, with one observation per observed menstrual
cycle, to account for variation in attempt time at study entry and left truncation.32 We
used proportional probabilities regression models3? to estimate fecundability ratios (FR)
and 95% confidence intervals (CI) for the association between heat exposure measures
and fecundability. The FR represents the ratio of the per-cycle probability of conception
(7.e., fecundability) in each exposure category compared with the reference category. The
proportional probabilities model incorporates the baseline decline in fecundability over
time.32

We selected potential confounders a prioribased on the available literature by assessment
of a directed acyclic graph. Results were adjusted for covariates ascertained at

baseline, including male age (<25, 25-29, 30-34, =35 years), annual household income
(<50,000, 50,000-99,999, 100,000-149,999, =150,000 US dollars), race/ethnicity (White/
non-Hispanic vs. other), highest education achieved (less than high school, high school,
some college, college, graduate studies), total METSs (continuous), alcohol consumption (0,
1-6, 7-13, =14 drinks/week), BMI (<25, 25-29, =30 kg/m?), cigarette smoking (never,
past, current), sleep duration (<6, 6, 7, 8, =29 hours/day), currently employed (yes vs. no),
hours of employment (<30, 30-49, =50 hours/week), and previously fathered a child (yes
vs. no). In multivariable models, heat exposures were mutually adjusted for each other.

In additional multivariable analyses, we adjusted for female age (<25, 25-29, 30-34, =35
years), female BMI (<25, 25-29, =30 kg/m?2), and intercourse frequency (<1/week, 1/week,
<1/day, =1/day).

Given that the male exposure data were collected on a single baseline questionnaire, we
restricted analyses to the first 3 cycles of follow-up to reduce the effect of changes in
heat exposures after enrollment. Spermatogenesis takes on average 72 days from start to
finish,34 which is close in length to 3 cycles of follow-up (~84 days). If a participant
changed his behavior in response to subfertility, the effects of that change would not be
seen until the 4t cycle of follow-up at the earliest. Therefore, restricting to the first three
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cycles of follow-up should reduce misclassification of exposure due to behavior change.
This method of restricting follow-up time has been shown to reduce attenuation of FRs in
time to pregnancy studies.3® Finally, given that fever is not a habitual exposure like all other
heat exposures we evaluated, we further restricted the fever analyses to the first cycle of
follow-up.

We analyzed the cumulative heat exposure variable as continuous and categorical (0, 1, 2,

3, and =4), and we adjusted for the same set of variables above. In secondary analyses,

we restricted to couples with pregnancy attempt times of <3 cycles to assess potential

for reverse causation bias. We also stratified by variables that could plausibly modify the
association between heat-related exposures and fecundability, such as male age (<30 vs. =30
years) and history of infertility in the male partner. Older male age is inversely associated
with fertility in some studies and we reasoned that older males may be more susceptible to
the effects of heat.

RESULTS

A total of 3,041 couples contributed 1,335 pregnancies during 6,943 observed menstrual
cycles of attempt time. Of the male participants analyzed, median age at baseline was

31 years (interquartile range: 28-35 years), 68% reported >16 years of education, 15%
reported household incomes <$50,000, 45% had previously fathered a child, 84% reported
identifying as white non-Hispanic, 28% reported BMIs =30 kg/m?2, 11% reported current
cigarette smoking, and 70% had <3 cycles of pregnhancy attempt time at enrollment. At
baseline, 13.2% of men reported laptop use on their laps for =3 hours on average each day,
6.3% of men reported sauna use, and 7.3% of men took hot baths/tubs =3 times per month
(Table 1). Additionally, 29.3% of men reported use of seat heaters during wintertime, 63.3%
reported wearing slim fitting briefs/boxers, 17.9% reported sitting for =10 hours per day,
and 12.0% reported at least one fever greater than 100°F within the three months before
enrollment (Table 1).

Baseline characteristics associated with the largest number of heat exposures included:

BMI, which was positively associated with sauna use, time spent sitting, and fever; having
previously fathered a child, which was positively associated with fever and use of saunas
and hot baths/tubs; physical activity, which was positively associated with use of saunas and
hot baths/tubs, and inversely associated with time spent sitting; household income, which
was positively associated with seat heater use and time spent sitting, and inversely associated
with fever; and alcohol consumption, which was positively associated with sauna use and
inversely associated with fever and wearing slim-fitting underwear. Several personal heat
exposures were positively associated with each other (e.g., use of saunas and hot baths/tubs;
time spent sitting and laptop use) (Table 1).

As shown in Table 2, use of hot tubs/baths (=3/month vs. none) was associated with slightly
reduced fecundability (FR=0.87, 95% CI: 0.70-1.07) and there was evidence of a monotonic
inverse association. Fecundability was not appreciably associated with laptop use on one’s
lap (=5 vs. <1 hour/day: FR=0.99, 95% CI: 0.82-1.19), sauna use (=3 saunas/month vs.
none: FR=1.04, 95% CI: 0.73-1.48), seat heater use during the winter months (=3 hours/
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week vs. none: FR=0.97, 95% CI: 0.83-1.14), use of tight-fitting underwear (slim-fitting
briefs/boxers vs. loose boxers/no underwear: FR=1.04, 95% CI: 0.93-1.16), or sitting (=10
vs. <5 hours/day: FR=0.94, 95% CI: 0.80-1.10). The FR for a fever episode in the 3
months before baseline was 0.94 (95% CI: 0.79-1.12). Given that fever is not a habitual
exposure like the other heat-related exposures under study, we further restricted the analysis
to the first cycle of follow-up; the corresponding FR was stronger (0.84, 95% CI: 0.64—
1.11). Further adjustment for female partner’s age, female partner’s BMI, and intercourse
frequency did not substantively alter the results. Associations for use of hot tubs/baths and
fever were slightly stronger among males aged >30 years (Supplemental Table 1).

In the cumulative heat exposure variable, FRs for 1, 2, 3, and >4 heat factors were 0.99
(95% CI: 0.87-1.12), 1.03 (95% CI: 0.89-1.19), 0.94 (95% CI: 0.74-1.19), and 0.77 (95%
Cl: 0.50-1.17), respectively (Table 2). These associations did not change appreciably after
restricting to 1) couples with fewer than 3 cycles of attempt time at enrollment and 2)

male partners without a history of infertility (Table 3). However, inverse associations were
stronger among men aged =30 years: for 1, 2, 3, and =4 heat factors, the FRs were 0.90
(95% CI: 0.77-1.05), 0.89 (95% CI: 0.74-1.07), 0.85 (95% CI: 0.64-1.14), and 0.60 (95%
Cl: 0.34-1.04), respectively. Results from the analyses not restricted to the first 3 cycles

of follow-up generally yielded attenuated FR estimates (Supplemental Table 2). Finally, the
cumulative heat exposure associations were attenuated after fever was removed as a heat
factor (Tables 2 and 3); however, there was still some evidence, albeit imprecise, of a slight
inverse association for exposure to >4 heat factors among males aged =30 years (FR=0.76,
0.38-1.52) (Table 3).

DISCUSSION

In this preconception cohort study, we found small associations for selected individual

heat factors and some evidence of a threshold effect for cumulative exposure to multiple
heat factors. Fecundability tended to decrease slightly after exposure to >3 heat factors.
Associations were somewhat stronger among men aged =30 years. When assessing each
heat factor individually, we found small reductions in fecundability with hot tub/bath use (=3
times/month) and fever. The inverse association with fever was strongest when restricting to
the first cycle of follow-up. We found little evidence of an association between fecundability
and sauna use, laptop use on one’s lap, type of underwear worn, seat heater use, or

time spent sitting. Additional control for known or suspected confounders (e.g., alcohol
consumption, education) and female covariates made little difference in these associations.

In the cumulative heat exposure analysis, men exposed to three heat factors had slightly
lower fecundability than those exposed to none; this association was stronger for those
exposed to four or more heat factors. This heat effect appeared to be stronger among males
aged =30 years. Our cumulative heat exposure metric, however, is not a standard or validated
measure, and our selection of what constituted high exposure for each component of the
measure was somewhat arbitrary. While limited in its utility, this metric allows us to better
understand the influence of multiple heat exposures on male fertility, and future research can
parse the impact of this mixture of exposures in more detail. Removal of fever from the heat
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metric resulted in an attenuation of association for the cumulative heat exposure metric, but
there was still some evidence for a slight inverse association among males aged =30 years.

Our equivocal findings for sauna use conflict with some studies reporting that sauna

use can impair spermatogenesis,38:39 but are consistent with other studies showing little
effect.40-43 Differences in results across studies could relate in part to differences in the
timing, duration, and frequency of exposure, or could be due to chance. In contrast, our
results regarding the use of hot baths agree with previous studies indicating an association
between use of hot baths and decreased sperm concentration.22:23 These results also align
with a study reporting substantial improvements in sperm motility among men assigned to
an intervention involving cessation of wet heat exposure.44

Previous studies have reported an association between time spent sitting and increased
scrotal temperatures.2%45-48 Additional studies have also reported that seat heater use
further increased scrotal temperatures compared with sitting alone.4%%0 In our study,
however, neither sitting alone nor seat heater use was associated with decreased
fecundability. The latter analyses may have been misclassified based on timing of enroliment
(e.g., in the summer months) or based on geographic region (e.g., if participants lived in
hotter areas of the United States or Canada where seat heaters are not used); in both of these
scenarios, we would expect attenuation of our estimates towards the null.

The lack of association between laptop use on one’s lap and fecundability conflicts with
several earlier studies indicating that laptop use can harm spermatogenesis via radiation

or direct heat stress to the scrotum.51:52 Qlder generations of laptops have been shown to
increase testicular heat exposure more than just sitting alone and they have been associated
with sperm damage.53 However, PRESTO participants may be more likely to use newer
laptop models that contain solid-state drives and other power improvements associated
with cooler operating temperatures that are not expected to appreciably influence testicular
temperatures.

We found little association between underwear type and fecundability. Previous studies
have been mixed on this topic,28:46:54-56 with one study reporting that use of tighter-
fitting underwear was associated with higher scrotal temperatures.>* The temperature
difference in those studies was small (average 35.8°C/96.4°F for tight-fitting underwear,
35.5°C/95.9°F for boxer shorts, and 35.2°C/95.4°F for no underwear). In other studies,
tight-fitting underwear was associated with lower sperm concentration®” and motile sperm
concentration,®® indicating neck and tail abnormalities and sperm DNA damage. One
study reported no appreciable difference between scrotal temperature or semen parameters
comparing tight-fitting underwear with boxer shorts.>® Our study agrees with a previous
prospective preconception cohort study, of similar design to PRESTO, in which wearing
tight-fitting underwear was not associated with time-to-pregnancy.?’ In that study, however,
tight-fitting underwear was adversely associated with semen quality. Thus, poorer semen
quality may not translate into observable differences in fecundity.

Fevers can increase overall body temperature, including scrotal temperature. Fever
above 100°F within three months before baseline was associated with slightly reduced
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fecundability. This association was stronger when restricted to the first cycle of follow-up,
an important finding for an exposure such as fever, which is time-limited, unlike the

other heat exposures. Though we specified the body temperature at which we defined

fever (>100°F), we did not query participants about what specific body temperature they
experienced during these episodes, nor did we ask about fever duration, cause of the fever,
or which treatments were used to treat any fever-associated illness. Previous studies based
on extremely small numbers have shown decrements in sperm quality related to fever
duration,8 with longer durations of fever being associated with reduced sperm count and
motility, and greater DNA damage.>%:60 We acknowledge that fever is not a modifiable risk
factor, nor is it an “external” exposure like the other exposures that we considered, and thus
its inclusion as a personal (or habitual) heat factor in the heat metric may be debated. For
this reason, we repeated the analyses without fever in our heat metric and results showed
similar findings in general.

Although PRESTO is one of the largest preconception cohort studies of male reproductive
health worldwide, male participation was relatively low (i.e., 54% of females invited their
partners to participate, and 46% of males invited actually enrolled, yielding fewer than 25%
of males enrolled). Given the prospective study design, potential for selection bias was
reduced because participants were unaware of their future fecundability; thus, it was unlikely
for participation to be related to both exposure and outcome. Moreover, findings from

other prospective cohort studies81:62.63 indicate that even when there are large differences

in the baseline characteristics between participants and non-participants in a prospective
cohort study, such differences have little influence on the estimated measures of association.
Nevertheless, we cannot rule out the possibility that selection bias influenced study results,
nor can we claim that our results extend to a broader population of couples at risk of
pregnancy.

We relied on self-reported data of typical heat exposure and there were differences in the
time frame during which each heat exposure was assessed (e.g., past 6 months for use of
saunas or hot baths/tubs vs. past year for hours of sitting). We assessed heat exposures

only once, at study enrollment. In addition, we may have missed other relevant heat
exposures (e.g., occupational exposures). While many of the heat exposures under study

are considered habitual, once a couple starts to experience difficulty conceiving, males might
change behaviors to those perceived as less risky (e.g., discontinue use of hot tubs/baths).
To reduce this potential bias, we restricted analysis to the first three cycles of follow-up;

as expected, results were slightly stronger than analyses based on complete follow-up.3®

In addition, restrictions based on attempt time at study entry produced little change in

the results. Any resulting exposure misclassification is expected to be non-differential with
respect to fecundability given the prospective study design. Thus, our results are likely to be
attenuated.

Our study differed from previous studies of heat exposures in various ways: we enrolled

men during the preconception period and evaluated heat exposures prospectively relative to
the outcome; we did not assess semen quality12-24-26 but rather a more clinically-relevant
outcome: fecundability; we considered the individual and cumulative effects of several
heat-related exposures; we controlled for a wider range of potential confounders measured in
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both partners; and, at enrollment, participants were attempting spontaneous conception and
were not using fertility treatments, thus the cohort represented couples along the full fertility
spectrum.

In this preconception cohort study, we found small inverse associations for hot tub/bath use
and fever, but not other heat-related factors such as sauna use, seat heater use, tight-fitting
underwear use, laptop use, and extended periods of sitting. Additionally, we found evidence
of an effect for cumulative exposure to multiple heat-related factors but only after exposure
to at least three heat-related factors. These associations appeared to be slightly stronger
among older men who might be more sensitive to the effects of heat. An overall harmful
effect of heat exposure on fecundability is biologically plausible based on epidemiologic
studies showing associations between high temperatures and impaired semen quality.20-23
Our direct evaluation of fecundability in this manuscript makes a contribution to the sparse
literature evaluating fertility itself as an endpoint.2”-28 Given that there is no literature with
which to compare our results indicating stronger effects of heat exposures among older men,
replication of these results in future studies may be worthwhile.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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