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ABSTRACT

Objective To evaluate the effect of air pollution, from
oocyte retrieval to embryo transfer, on the results of in vitro
fertilisation (IVF) in terms of clinical pregnancy rates, at
two fertility centres, from 2013 to 2019.

Design Exploratory retrospective cohort study.

Setting This retrospective cohort study was performed
in the Reproductive Biology Department of Bordeaux
University Hospital localised in Bordeaux, France and the
Jean Villar Fertility Center localised in Bruges, France.
Participants This study included 10 763 IVF attempts
occurring between January 2013 and December 2019,
2194 of which resulted in a clinical pregnancy.

Primary and secondary outcome measures The
outcome of the IVF attempt was recorded as the presence
or absence of a clinical pregnancy; exposure to air
pollution was assessed by calculating the cumulative
exposure of suspended particulate matter, fine particulate
matter, black carbon, nitrogen dioxide and ozone (03),
over the period from oocyte retrieval to embryo transfer,
together with secondary exposure due to the presence

of the biomass boiler room, which was installed in 2016,
close to the Bordeaux University Hospital laboratory. The
association between air pollution and IVF outcome was
evaluated by a random-effects logistic regression analysis.
Results We found negative associations between
cumulative O, exposure and clinical pregnancy rate
(OR=0.92, 95% Cl = (0.86 t0 0.98)), and between
biomass boiler room exposure and clinical pregnancy rate
(OR=0.75, 95% Cl = (0.61 to 0.91)), after adjustment for
potential confounders.

Conclusion Air pollution could have a negative effect on
assisted reproductive technology results and therefore
precautions should be taken to minimise the impact of
outdoor air on embryo culture.

CONTEXT

Air pollution is defined by the Environmental
Protection Agency as a mixture of solid parti-
cles and gases in the air.! Car emissions,
chemicals from factories, dust, pollen and
mould spores may be suspended as parti-
cles. These pollutants, therefore, affect air

.2 Aline Papaxanthos-Roche®

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This cohort study contains a vast amount of data
with few missing observations about all in vitro
fertilisation (IVF) or intracytoplasmic sperm injec-
tion attempts performed between 1 January 2013
and 31 December 2019, at two fertility centres, in
Bordeaux, France.

= The exposure of suspended particulate matter, fine
particulate matter, nitrogen dioxide, ozone and black
carbon was measured by air quality monitoring
stations.

= The effects on IVF outcomes of a biomass boiler
room installation, emitting pollutants, located 100
m from the IVF laboratory of Bordeaux University
Hospital (center 1), were also studied.

= Random-effects logistic regression was used to
analyse the longitudinal aspects of the data, as each
couple could have several IVF attempts.

quality. Several classes of air pollutants have
been defined, including gaseous pollutants
(sulphur dioxide SO,, nitrogen dioxide NO,,
carbon monoxide CO), organic compounds
(solvents, dioxins), heavy metals (lead,
copper), fine particulate matter (PM, ) and
suspended particulate matter (PM, ). Indoor
air quality is influenced by outdoor air pollu-
tion. The factors promoting this transfer to
the interior may be specific to the outdoors
or specific to the building concerned.'

Epidemiological studies investigating the
effects of air pollution on reproduction have
revealed an impact on various female and
male reproductive parameters.” Toxicolog-
ical studies have revealed negative effects
of diesel exhaust particles and exposure to
PM, , on the development of mouse embryos
obtained by in vitro fertilisation (IVF) 2

For a number of years, it was suspected that
environmental factors had an influence on
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the outcome of IVF, but few studies on the specific effects
of air pollution on IVF were published.

Epidemiological studies on exposure to air pollution
throughout the IVF cycle and over various independent
periods (online supplemental figure S1), performed in
the USA and China, have shown that: (A) exposure to
PM, ,, NO, and CO over the period from oocyte retrieval
to embryo transfer (period 3 in online supplemental
figure S1) decreases the rate of biochemical and clin-
ical pregnancies in women under the age of 35 years’;
(B) exposure to NO, and SO, over the same period is
associated with lower clinical pregnancy rates*” and (C)
exposure to black carbon (BC) decreases the rate of IVF
success.” Exposure to SO, during this period has been
shown to be associated with a significant increase in the
male/female sex ratio,7 and exposure to SO2 and ozone
(O,) significantly decreases live birth rates in frozen/
thawed embryo transfer cycles.® Contradictory results
were obtained in two studies performed in the USA and
in China, in which exposure to O, slightly increased the
rates of implantation, live birth? and clinical pregnancy."’
Other studies performed in China and Korea found no
such associations over the period of interest.'' ' Since the
air quality was described to be better in France than in the
countries mentioned above,'” it would therefore appear
pertinent to investigate the effects of exposure of gamete
and embryos cultured in the IVF laboratory to air pollu-
tion on the results of IVF in terms of clinical pregnancy.

The objective of this exploratory study was to eval-
uate the effect of air pollution, from oocyte retrieval to
embryo transfer, on the results of IVF in terms of clin-
ical pregnancy rates, at two fertility centres, from 2013 to
2019. Moreover, in the local context of Bordeaux Univer-
sity Hospital, a biomass boiler room was installed in 2016,
to supply heat and hot water. Like any other combustion
reaction, biomass combustion emits various atmospheric
pollutants, principally fine particles (PM,;, PM,,) and
organic compounds.'* The biomass boiler room is located
100 m from the Reproductive Biology Department of
Bordeaux University Hospital. The secondary objective
was to evaluate the effect of the presence of the biomass
boiler room on the results of IVF, in terms of clinical preg-
nancy rates, at the Reproductive Biology Department of
Bordeaux University Hospital, from 2013 to 2019.

MATERIALS AND METHODS

Population and study design

This exploratory retrospective cohort study included
IVF or intracytoplasmic sperm injection (ICSI) attempts
performed between 1 January 2013 and 31 December
2019, at the Reproductive Biology Department of
Bordeaux University Hospital (center 1) or the Jean
Villar Fertility Centre in Bruges, France (center 2). The
exclusion criteria were: couples with a first IVF attempt
before 1 January 2013, serodiscordant couples, IVF in a
context of fertility preservation, IVF with oocyte donation
or sperm donation.

Outcome

The early pregnancy consists of BHCG>100 UI/L (human
chorionic gonadotropin) 2 weeks after embryo transfer.
The outcome studied was clinical pregnancy following
embryo transfer. We choose clinical pregnancy because
we consider that this first clinical IVF outcome is the
one which is the most influenced by air pollution during
embryo culture. Clinical pregnancy was defined as the
presence of an intrauterine gestational sac with cardiac
activity between four and 6 weeks after embryo transfer.
These data were collected during patient management
and were provided by the two centers.

Estimation of exposure

Air pollution was considered to be the principal exposure
and was assessed by determining the concentrations of
PM,, PM, ;, NO,, O, and BC. The concentrations of these
pollutants are measured by air quality monitoring stations
and were provided by ATMO Nouvelle Aquitaine; the data
for the Talence station were used here (online supple-
mental figure S2). This station monitors background air
quality. Background pollution corresponds to pollution
levels representative of the air quality of a large geograph-
ical area. Thus, it characterises the minimum pollution to
which the population of this sector is exposed. This is the
closest pollution monitoring station to our centers and is
a good representation of the ambient pollution to which
fertility centers are exposed. It is located well away from
traffic and provides an indication of the background
pollution in the geographic area. Cumulative exposure to
these pollutants was studied over the period from oocyte
retrieval to embryo transfer, corresponding to a period of
2-6 days.

The biomass boiler room provides a source of secondary
exposure. We assessed the effects of such exposure by
comparing data before and after 2016 (exactly before and
after 15 December 2015). This analysis was restricted to
data from Bordeaux University Hospital, the IVF labora-
tory of which is located very close (100 m) to the biomass
boiler room.

Covariate data

Confounding factors were identified on the basis of
published studies and our own knowledge, with a directed
acyclic graph (online supplemental figure S3). The
season (spring, summer, fall, winter) of IVF procedure
affects the pregnancy rate.'” The ovarian reserve (contin-
uous),'® woman’s age (<30 years, 30-35 years, 35-40
years, >40 years),17 body mass index (BMI) (underweight,
normal, overweight, obese),18 smoking status (smokers,
ex-smokers, non—smokers),19 the oocyte fertilisation
method (IVF, ICS)?® and site of residence (urban, non-
urban) are also known to affect IVF success. The number
of transferred embryos is also a confounding factor for
the relationship between biomass boiler room-related
pollution and clinical pregnancy. The data were provided
by the Reproductive Biology Department of Bordeaux
University Hospital and by the Jean Villar Fertility Center.
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IVF procedures

Ovarian stimulation was achieved by daily subcutaneous
gonadotropin injections for approximately 10 days.
Depending on the ovarian reserve and the clinical context
of the patient, the gynaecologist decided to perform a
GnRH (gonadotropin-releasing hormone) agonist or
antagonist protocol. Stimulation was monitored regularly
by ovarian ultrasound, to observe the growth of the folli-
cles, and by biological monitoring of plasma 17 B-estradiol
and luteinising hormone concentrations. Ovulation was
triggered by an injection of recombinant hCG (Ovitrelle,
Merck, Lyon, France) or GnRH agonist (Decapeptyl,
Ipsen pharma, Boulogne Billancourt, France) when the
ultrasound and biological criteria were met. The folli-
cles were punctured 36 hours after ovulation triggering,
in the operating room, under local anaesthesia, with the
patient conscious or unconscious under sedation. Proges-
terone was administered by the vaginal route to support
the luteal phase, initiated in the evening of follicle punc-
ture. Depending on sperm quality, the spermatozoa were
selected by density gradient (>1 million fresh mobile
spermatozoa/mL) or wash-centrifugation techniques
(frozen sperm or <1 million fresh mobile spermatozoa/
mL). For selection by density gradient centrifugation,
semen was placed on top a gradient of colloid solution
(PureSperm, NidaCon Laboratories AB, Gothenburg,
Sweden) prepared in a centrifuge tube and then subject
to centrifugation. Subsequently, motile spermatozoa were
recovered from the tube bottom containing the fraction
with higher density of colloid. The wash-centrifugation
technique consisted in two successive centrifugations
of semen, washed with a clean medium free of cells.
Finally, the supernatant was discarded and the pellet of
spermatozoa was resuspended in 0.1 mL clean medium.
Oocyte fertilisation was performed by conventional IVF
or ICSI with fresh ejaculated sperm depending on the
number of spermatozoa selected after semen preparation
techniques or ICSI with frozen sperm. All oocytes and
embryos were cultured and incubated in trigas incuba-
tors at 37°C. Fertilisation was observed a mean of 16-18
hours after insemination by conventional IVF or ICSI, as
the presence of two pronuclei. Embryonic development
was evaluated on day 2 (44—48 hours post-insemination or
post-injection) or day 3 (68-72 hours post-insemination
or postinjection) and for some embryos at blastocyste
stage (114-118 hours postinsemination or postinjection).
The decision to transfer fresh embryos, to vitrify embryos
or to not preserve embryos was taken on day 2 or 3, or
at the blastocyst stage, depending on embryo quality,
assessed with the following morphological criteria for
cleavage stage embryos: number and regularity of blas-
tomeres and percent fragmentation evaluated according
to standard procedure21 (<20%, 20%-50%, >50%). For
blastocysts, the Gardner classification was used.”

Laboratory air quality control
The IVF laboratories are equipped with an air treatment
unit. External air is filtered by a HEPA (high-efficiency

particulate air) system before its release into the labo-
ratories. The incubation atmosphere composition is
characterised by a concentration of 6% CO, and 5% O,,
confirmed by independent measurements of the air in
the incubators.

The laboratories conform to EN/ISO 14644 standards
ISO (International Organization for Standardization) 8
class D.

Statistical analysis

For descriptive analysis, results are expressed as means
and SD for quantitative variables and as numbers and
percentages for qualitative variables.

For the principal analysis, we used random-effects
logistic regression to analyse the longitudinal aspects of
the data, as each couple could have several IVF attempts.
We used the glmer function of the I/me4 package of R:
two random intercepts were integrated into the model,
one to take the correlation of events in the same woman
into account, and the other taking fertility center into
account.” The secondary analysis focused exclusively on
IVF attempts at center 1, because of its proximity to the
biomass boiler room. We used the same methods as for
the principal analysis, but we integrated only one random
intercept into the model, to take the correlation of events
in the same woman into account.”

We took missing data for IVF attempts (BMI, tobacco
use, AMH (anti-miillerian hormone) rate: a reflection
of the ovarian reserve, site of residence) into account by
multiple imputation. Indeed, as these data are clinical,
we hypothesised that they would conform to a missing at
random distribution.** We used the multiple imputation
method based on chain equations with the mice package
in R software to generate five tables, by five iterations.
Outliers (BMI, AMH rate, number of the days of embryo
culture) were considered as missing data and imputed as
described above. A linear interpolation was performed
with the zoo package of R software for missing data on air
pollutants.”

The statistical power of the study was calculated for the
different cumulative exposures to PM,, PM,,, BC, NO,,
O,, based on a first-species risk o of 5% (online supple-
mental table S1).

Analyses were performed with R Core Team (2020)
software. R: A language and environment for statistical
computing. R Foundation for Statistical Computing,
Vienna, Austria. URL https://www.Rproject.org/.

Patient and public involvement

This study is a retrospective non-interventional research.
In this context, it does not concern individuals but health
data.

RESULTS

Population selection

Between 1 January 2013 and 31 December 2019, 12 992
IVF attempts were performed at the two centers. We
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IVF attempts performed
between January 1, 2013
and December 31, 2019 at
Bordeaux University

IVF attempts performed
between January 1, 2013 and
December 31, 2019 at the
Jean Villar fertility center

Hospital (n=7,794)
(n=5,198)

Couples whose first IVF attempt was performed
before January 1, 2013 (n = 1,340)
IVF attempts performed with oocyte donation
(n=400)
IVF attempts performed with spermatozoa

donation (n =192)

IVF attempts for serodiscordant couples (n = 292)

IVF attempts carried out in the context of fertility
preservation (n=5)

IVF attempts included in the study
(n=10,763)

I—I—l

Bordeaux University lean Villar fertility center
Hospital (n=7,002)
(n=3,761)

Figure 1 Flow chart of the selection procedure. France,
2013-2019. IVF, in vitro fertilisation.

excluded 2229 of these IVF attempts. The study popula-
tion therefore consisted of 10 763 IVF attempts (figure 1).

Descriptive analysis

Of the 10 763 IVF attempts included, 24.9% resulted in
an early pregnancy, 20.4% resulted in a clinical preg-
nancy, 18.9% resulted in a delivery and 2.7% ended in
early miscarriage (online supplemental figure S4).

More than half the couples resided in the urban resi-
dence. For the men, clinical pregnancy rates differed
significantly with age, with a lower likelihood of clinical
pregnancy for older men (mean age 37.5 years vs 36
years, SD=6.2 years, p<0.001). The men were predomi-
nantly overweight (39.3% for the group achieving clinical
pregnancy and 41% for those without clinical pregnancy,
p=0.16) and non-smokers (41.3% for those achieving
clinical pregnancy and 42.4% for those without clinical
pregnancy, p=0.55). For the women, age also had a signif-
icant effect on the likelihood of achieving a clinical preg-
nancy, with a favourable outcome of IVF less likely among
older women (mean age 35.1 years vs 33.5 years, SD=4.8
years, p<0.001). More than half the women were of
normal weight (58.5% for those achieving clinical preg-
nancy and 58.8% for those without clinical pregnancy,
p=0.01) and non-smokers (55.5% for those achieving
clinical pregnancy and 56.4% for those without clinical
pregnancy, p=0.15). For IVF attempts, there was no statis-
tically significant difference between attempts resulting
and not resulting in clinical pregnancy in terms of sperm
origin (mostly fresh sperm), and the season in which IVF
was performed (mostly in the fall). By contrast, statisti-
cally significant differences between attempts resulting
and not resulting in clinical pregnancy were observed for
other characteristics, with a higher AMH level (3.1 ng/
mL vs 2.6 ng/mL, SD=2.4 ng/mL, p<0.001), number
of oocytes obtained by puncture (9.8 vs 8.7, SD=4.8,
p<0.001), number of oocytes inseminated in conventional
IVF (9.5 vs 8.6, SD=4.8, p<0.001), number of oocytes
injected in ICSI (7.2 vs 6.4, SD=2.4, p<0.001), number of
embryos obtained (6.2 vs 5.0, SD=3.4, p<0.001), number
of transferred embryos (1.6 vs 1.0, SD=0.5, p<0.001) and
number of frozen embryos (1.8 vs 1.3, SD=2.1, p<0.001)
for the IVF attempts resulting in clinical pregnancy. The

rank of the IVF attempt (1.8 vs 1.6, SD=1.1, p<0.001) and
the number of the days of embryo culture (3.0 days vs
2.9 days, SD=1.1 days, p<0.001) were greater for attempts
that did not result in clinical pregnancy (table 1). The
characteristics of the IVF attempts performed at center 1
are provided in online supplemental table S2.

An analysis of the cumulative exposure of pollutants
over the period from oocyte retrieval to embryo transfer
showed that PM, , PM, , BC, NO, and O, concentrations
were higher for attempts that did not result in a clinical
pregnancy than for those that did (table 2), but this differ-
ence was not statistically significant in univariate analysis
(table 3).

Regarding exposure to pollutants from the biomass
boiler room, 47.3% of clinical pregnancies were obtained
while the biomass boiler room was in operation (table 1).

Principal analysis

Univariate analyses showed no significant association
between cumulative exposure to pollutants during the
period from oocyte retrieval to embryo transfer and clin-
ical pregnancy (table 3). Multivariate analyses showed a
significant association between O, exposure from oocyte
retrieval to embryo transfer and clinical pregnancy.
Indeed, the odds of a clinical pregnancy were decreased
by 8% for an increase of 83 pg/m’ in O, concentra-
tion, after adjustment for the season in which IVF was
performed, age, BMI, smoking status, AMH level, oocyte
fertilisation method and place of residence (95% CI =
(0.86 to 0.98)) (table 3).

Secondary analysis

The univariate analysis showed a significant association
(p<0 .001) between the presence of the biomass boiler
room and clinical pregnancy rates. Indeed, the odds of
clinical pregnancy were significantly lower (42% lower)
when the biomass boiler room was present than before
its construction (95% CI = (0.49 to 0.69)) (table 4). Simi-
larly, the odds of a clinical pregnancy were significantly
decreased, by 25%, by the presence of the biomass boiler
room after adjustment for the season in which IVF took
place, age, BMI, smoking status, oocyte fertilisation
method, AMH level, place of residence and number of
embryos transferred (95% CI = (0.61 to 0.91)) (table 4).

DISCUSSION
The objective of this study was to evaluate the effect
on IVF outcomes of air pollution over the period from
oocyte retrieval to embryo transfer. We found a significant
association between O, exposure during the period of
interest and clinical pregnancy rates, after adjustment for
age, BMI, smoking status, AMH level, oocyte fertilisation
method, season in which IVF took place and place of resi-
dence. Also, a significant association was found between
exposure to biomass boiler room and clinical pregnancy.
We found a significant inverse association between
exposure to O, between oocyte retrieval and embryo
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Table 1 Characteristics of the IVF attempts included in the study, according to outcome (presence or absence of clinical
pregnancy), in the two IVF laboratories (centre 1 and centre 2), France, 2013-2019, (n=10 763)

Clinical pregnancy (n=2194) No clinical pregnancy (n=8569) P value*
% (N) Mean+SD % (N) Mean+SD
Couple characteristics
Site of residence 0.048
Rural 40.0 (878) 37.3 (3198)
Urban 58.2 (1276) 60.5 (5187)
Missing data 1.8 (40) 2.1 (184)
Characteristics of the men
Age (years) 36.0+5.7 37.5+6.2 <0.001
BMI (kg/m?) 25.6+3.9 25.7+4.1 0.16
Underweight 0.7 (15) 0.7 (60)
Normal 38.9 (853) 39.2 (3355)
Overweight 39.3 (863) 41 (8512)
Obese 11.9 (261) 13.0 (1117)
Missing data 9.2 (202) 6.1 (525)
Smoking status 0.55
Smokers 32.3 (708) 31.7 (2716)
Ex-smokers 21.0 (460) 22.3 (1909)
Non-smokers 41.3 (906) 42.4 (3634)
Missing data 5.5 (120) 3.6 (310)
Characteristics of the women
Age (years) 33.5+4.4 35.1+4.8 <0.001
BMI (kg/m?) 23.4+4.4 23.6+4.6 0.01
Underweight 7.1 (156) 0.7 (597)
Normal 58.5 (1283) 58.8 (5036)
Overweight 19.3 (423) 19.7 (1685)
Obese 10.5 (231) 12.0 (1027)
Missing data 4.6 (101) 2,6 (224)
Smoking status 0.15
Smokers 21.9 (480) 20.5 (1758)
Ex-smokers 18.7 (410) 20.8 (1785)
Non-smokers 55.5 (1217) 56.4 (4834)
Missing data 4.0 (87) 2.2 (192)
Cycle characteristics
No of IVF cycles 1.6+1.0 1.8+1.1 <0.001
Stimulation protocol 0.45
Agonist 892 (40.7) 3635 (42.4)
Antagonist 1296 (59.1) 4885 (57.0)
Missing data 6(0.2) 49 (0.6)
AMH rate (ng/mL) 3.1£2.4 2.6+2.2 <0.001
Missing data 17.0 (374) 13.4 (1152)
No of oocytes retrieved 9.8+4.8 8.7+5.6 <0.001
Frozen sperm 6.5 (143) 6.1 (526) 0.92
Fertilisation method 0.11
IVF 35.7 (784) 37.3 (3195)
Continued
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Table 1 Continued

Clinical pregnancy (n=2194) No clinical pregnancy (n=8569) P value*
% (N) Mean+SD % (N) Mean+SD

ICSI 64.3 (1410) 62.7 (5374)
No of oocytes inseminated in conventional 9.5+4.8 8.6+5.4 <0.001
IVF
No of oocytes injected in ICSI 7.2+2.4 6.4+2.0 <0.001
Embryos cultured in the embryoscope time 31.1 (683) 27.0 (2,311) 0.002
lapset
No of days of embryo culture 2.9+0.9 3.0+1.1 <0.001

Missing data 0.1(2) 15.6 (1335)
No of embryos obtained 6.2+3.4 5.0+4.0 <0.001
No of embryos transferred 1.6+£0.5 1.0+£0.8 <0.001
No of embryos frozen 1.8+2.1 1.3+2.0 <0.001
Season in which IVF was performed 0.24

Spring 27.8 (611) 25.4 (2175)

Summer 19.5 (427) 19.9 (1702)

Fall 34.6 (759) 36.9 (3159)

Winter 18.1 (397) 17.9 (1533)
Presence of the biomass boiler room#

Yes 47.3 (433) 35.1 (998)

No 52.7 (482) 64.9 (1848)
*P value for the Wald test.

TTime lapse embryoscope: a specific type of incubator.

FOnly at center 1 (n=3761) where n=915 IVF attempts resulted in a clinical pregnancy.
AMH, Anti-miillerian hormone; BMI, body mass index; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilisation.

transfer and clinical pregnancy rate. This association
was also reported in three previous studies. Wang et al,
in a study performed in China in 2019, showed that O,
exposure resulted in poorer IVF outcomes in terms of the
live birth rate (OR=0.66, 95% CI = (0.56 to 0.78)).% By
contrast, Boulet et alobtained conflicting results in a study

Table 2 Characteristics of pollutants according to
cumulative exposure over the period from oocyte retrieval to
embryo transfer, by IVF outcome, France, 2013-2019, (n=10
763)

Cumulative exposure, Mean=SD

Clinical No clinical
Pollutants All (N=10 pregnancy pregnancy
(ug/m?) 763) (N=2194) (N=8569)
PM,, 56.5+32.2 55.9+30.5 56.7+32.6
PM, . 36.4+27.4 35.7+26.1 36.6+27.7
BC 4.3+3.6 4.2+3.3 4.4+3.6
NO, 56.2+34.1 55.7+33.0 56.3+34.4
(@) 148+83.1 144+73.0 149+85.5

3

BC, black carbon; IVF, in vitro fertilisation; NO,, nitrogen dioxide;
O,, ozone; PM,, suspended particulate matter; PM2.5, fine
particulate matter.

performed in the USA in 2019: exposure to O, resulted in
higher implantation and live birth rates (OR=1.01, 95% CI
= (1.001 to 1.02) and OR=1.01,95% CI = (1.004 to 1.02));
but no significant results on clinical pregnancy (OR=1.01,
95% CI = (1.00 to 1.02).° Jin et al obtained same results
in a study conducted in China in 2022: exposure to O,
resulted in higher clinical pregnancy (OR=1.081, 95% CI
= (1.03 to 1.133))."° Other studies found no association
between exposure to O, and clinical pregnancy rates,* ' '
biochemical pregnancy,' live birth,’ sex ratio.”

O, is a secondary pollutant that forms in the atmo-
sphere when primary pollutants react. It is a highly reac-
tive molecule with a low solubility in water, so it cannot
easily pass through the oil layer of the embryo culture
into the medium. However, O, can interact with the
surfaces of material and pollutants in the interior of
building, thereby generating secondary pollutants, such
as aldehydes, which are more likely to penetrate through
the oil layer of the embryo culture.”® Indoor formalde-
hyde concentrations have been show to increase with
outdoor O, concentration. Formaldehyde is classified as
a carcinogen by the International Agency for Research on
Cancer, and it is also embryotoxic.

By contrast, we found no association between exposure
to other pollutants and clinical pregnancy rates. Previous
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Table 3 Relationship between clinical pregnancy and exposure to PM,, PM

culture in the two IVF laboratories (center 1 and centrer2)

BC, NO, and O, during gametes and embryos

2.5’

Univariate model

Adjusted model*

OR (95% Cls) P valuet OR (95% Cls) P valuet
PM,, (for an increase of 32 pg/m®) 1.02 (0.97 to 1.07) 0.43 0.99 (0.95 to 1.05) 0.98
PM, ; (for an increase of 27 pg/m®) 0.99 (0.95 to 1.05) 0.89 0.99 (0.94 to 1.04) 0.60
BC (for an increase of 4 ug/md) 0.98 (0,93 to 1.04) 0.50 0.99 (0.93 to 1.05) 0.74
NO, (for an increase of 34 pg/m3) 1.02 (0.98 to 1.08) 0.31 1.02 (0.96 to 1.08) 0.60
O, (for an increase of 83 pg/md) 0.99 (0.94 to 1.04) 0.62 0.92 (0.86 to 0.98) 0.008

Randome-effects logistic regression. France, 2013-2019, (n=10 763).

*Adjusted for season, age, BMI, smoking status, AMH rate, oocyte fertilisation method, place of residence.

1P value for the Wald test.

AMH, Anti-miillerian hormone; BC, black carbon; BMI, body mass index; IVF, in vitro fertilisation; NO2, nitrogen dioxide; O3, ozone; PM10,

suspended particulate matter; PM2.5, fine particulate matter.

studies have reported associations between BC exposure
from oocyte retrieval to embryo transfer and IVF failure
rate (OR=1.41 and 95% CI = (1.1 to 1.8))°% between NO,
exposure from oocyte retrieval to embryo transfer and
clinical pregnancy rates (OR=0.95 and 95% CI = (0.90
to 0.99), p=0.033)*° ; and between PM,, from oocyte
retrieval to embryo transfer and the number of available
embryos (beta=0.06, 95% CI = (0.02 to 0.07), p<O.OOl).27
There are several possible explanations for these discrep-
ancies between studies. First, the studies reporting links
with exposure to these chemicals were performed in
China® and the USA,” where the pollution levels are
higher than in France. Indeed, the air quality index is 203
in China and 93 in the USA, whereas itis 70 in France and
only 21 in Bordeaux."” Moreover, in our study, pollutant
concentrations were measured at the Talence air quality
monitoring station, which measures background levels: it
is located far from traffic and its measurements therefore
correspond to representative background pollution levels
for the geographic sector in which itis located. The values
recorded by this station correspond to the minimum
level of pollution to which the population of the sector is
subjected, regardless of their activities, over long periods.
Finally, the filtration systems used in IVF laboratories may
differ between laboratories. They are designed to remove
particles from the air by passage through several filters of

increasing efficiency (ie, through a succession of filters of
decreasing pore size). Simple air filtration removes the
largest particles, such as dust particles, and HEPA filtra-
tion then removes the smallest particles, such as PM.* %’
Filters containing activated carbon are more effective for
removing volatile organic compounds (VOCs), as is the
CODA (carbon activated air filtration) system in the
incubators, which limits gas influx.” Finally, the imple-
mentation of a CODA system and HEPA filtration with
activated carbon and potassium permanganate was found
to decrease particulate matter, and aldehyde levels in an
IVF laboratory.™

In term of IVF results, the installation of a HEPA filtra-
tion system and VOC filtration with potassium perman-
ganate has been reported to improve pregnancy rates.”
The installation of a CODA system was shown to improve
live birth rate,” and pregnancy rate, but no improvement
in embryo quality was observed.” Several studies have
reported an improvement of IVF outcomes following a
change in the filtration system. Indeed, the installation
of a ‘clean’ room (ie, an ISO class 5 laboratory, with a
maximum of 3530 particles larger than 0.5 pm/m?) has
been shown to improve both fertilisation and pregnancy
rates.” In 2018, the Cairo Consensus on IVF laboratory
environment and air quality issued recommendations on
air quality, concerning, in particular, filtration systems

Table 4 Relationship between clinical pregnancy and exposure to biomass boiler room pollutants during gametes and

embryos culture in the center 1 IVF laboratory

Univariate model

Adjusted model*

OR (95% Cls) P valuet OR (95% Cls) P valuet
Presence of the biomass boiler room
No ref ref
Yes 0.58 (0.49 to 0.69) <0.001 0.75 (0.61 to 0.91) 0.004

Results of random-effects logistic regression. France, 2013-2019, (n=3761).
*Adjusted for season, age, BMI, smoking status, AMH rate, oocyte fertilisation method, place of residence and number of embryos

transferred.
TP value for the Wald test.

AMH, Anti-mullerian hormone; BMI, body mass index; IVF, in vitro fertilisation.
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(an ISO class 7 laboratory with an activated carbon
filter preceding a HEPA filter of at least operating room
quality), the renewal of laboratory air (15 renewals
per hour, including 3 renewals with new air per hour),
temperature (20°C-24°C) and humidity (40%-45%).%

However, a study in 2018 showed that even the most
advanced air treatment systems (high-efficiency HEPA
particle filters and activated carbon filters) were not suffi-
cient to limit the entry into IVF laboratories of certain air
pollutants known to have an impact on in vitro culture.
Indeed, the efficiency of HEPA filters decreases by 25%
over 6 months in a lightly polluted environment. The
decrease in efficiency is likely to be even greater in a
heavily polluted environment, during pollution peaks,
for example. A Canadian study showed that HEPA filters
remove only 68% of ultrafine particles and 63% of fine
particles. Pollution peaks would be expected to decrease
this efficiency further, particularly during O, peaks in our
case, with filter systems reaching saturation and no longer
performing their air filtration function correctly. As a
result, air pollutants not removed from the laboratory air
would have the potential to act as endocrine disruptors,
inducing oxidative stress, changes to DNA or epigen-
etic modifications.”” For this reason, it is recommended
to clean the filters every 3—-4 weeks, to replace them at
least once per year, and to change them once or twice per
month during pollution peaks.™

Regarding our secondary analysis, this study is, to our
knowledge, the first to investigate the effects on IVF
outcomes of a biomass boiler room installation, located
100 m from the IVF laboratory in which the embryos are
cultured.

The biomass boiler room operates throughout the year
to provide hot water and heating. The combustion of
biomass leads to the emission of pollutants, principally
fine particles and organic compounds. The presence of
the biomass boiler room would, therefore, indirectly lead
to high levels of exposure to PM,;; PM, ., BC and VOGs,
because these pollutants are emitted by the biomass
combustion process. In other words, this structure
contributes to pollution specific to the vicinity of the
fertility department of center 1 rather than background
pollution measured by the Talence station.

The fine particles emitted by the biomass burning
process may have adverse effects on gametes and embryos.
Indeed, mechanistic studies have shown that cytochrome
CYP450 transforms PM through the quinone reductase
activity, catalysing electron transfer reactions and stimu-
lating the production of reactive oxygen species (ROS).*
ROS production plays an important role in the physiolog-
ical processes of spermatozoa, contributing, in particular,
to sperm mobility, oocyte fertilisation and sperm/oocyte
fusion. This ROS production is regulated by the antiox-
idant capacity of the ROS generated, which interrupts
the chain reactions leading to ROS production. However,
an imbalance, with excessive ROS production, leads to
oxidative stress, a decrease in sperm motility, fertilisation
capacity and impaired embryonic development.' '* *

Excessive ROS production during folliculogenesis leads
to oxidative stress that can impair ovarian functions. One
of the consequences of excessive ROS production is an
induction of cellular inflammation, leading to DNA alter-
ations, with the hypomethylation and hypermethylation
of certain genes. Concerning the VOCs emitted by the
biomass combustion process, in 1998, Hall et al measured
VOGs in seven IVF laboratories equipped with HEPA
filters and incubators with 5% CO,-containing atmo-
spheres. They showed that VOC levels increased from
the exterior (533 pg/m’) to the interior (2862 pg/m®)
of the building, including the incubators (2769 pg/m?).*
These compounds can be deposited in fatty media (such
as oil used for embryo culture), and VOCs can transform
components of the medium into compounds toxic to
embryos.”® VOCs are directly or indirectly embryotoxic
following their reaction with other molecules in the atmo-
sphere, leading to a decrease in intracellular levels of anti-
oxidant agents, such as glutathione, exposing the embryo
to the effects of ROS. VOCs have antiestrogenic effects
at the cellular level. They can also bind to the aryl hydro-
carbon receptor, activating xenobiotic response elements
located in the promoter region of several important genes
and leading to the expression of these genes.

We studied a retrospective cohort of more than 10 000
IVF attempts at two fertility centres, for which detailed
and confirmed clinical information was available.
However, the retrospective nature of the study precluded
adjustment for some potential confounding factors, such
as alcohol consumption, for which no data were avail-
able in the medical records. Indeed, the consumption of
alcohol in women leads to a development of embryos of
inferior quality'®; and in the long term a decrease in the
ovarian reserve (AMH rate).*' ** In the principal analysis,
pollutant levels were measured at the Talence air quality
monitoring station, to provide a proxy for background
pollution at centers 1 and 2, despite the large distance
between these two centres (online supplemental figure
S2). Thus, during pollution peaks, the pollutant concen-
trations at center 2 will have been underestimated, due
to the location of this site close to the ring road where
pollutant concentrations are more higher, potentially
leading to an underestimation of the ORs. In terms of
health impacts, for the same duration of exposure, peak
pollution levels have greater impacts than background
levels. Another point is that we characterised the expo-
sure to pollutants from the biomass boiler room through
a before/after study relative to the date of installation of
the biomass boiler room. Itis therefore possible that other
changes, including changes not specific to the laboratory,
occurred during the 2013-2015 and 2016-2019 periods,
and that these changes had an effect on outcomes.
Finally, a large number of statistical tests were performed
because we generated a model for each pollutant. This
multiplicity of testing may have increased the risk of
incorrectly identifying a statistically significant difference.
However, one of the strengths of this study is the inclu-
sion of all IVF attempts by a given couple. Indeed, couples
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may have gone through several IVF attempts during the
study period, and the correlation between the data for
these attempts was taken into account with appropriate
statistical models. Also, the data on IVF attempts were
obtained from two centres, an element that we took into
account in the statistical model since we put a random
intercept.

CONCLUSIONS

In conclusion, this exploratory study of 10 763 IVF
attempts revealed a negative association between expo-
sure to air pollution, particularly O, and clinical preg-
nancy rates, and a negative association between exposure
to biomass boiler room pollution and clinical pregnancy
rates specifically for centre 1.

However, as this study was exploratory, it would now
be of interest to continue the research by measuring the
concentration of pollutants, particularly for O,, VOC
and PM, in the IVF laboratory and analyse data from
newborns, and study the development over a 5 years or
more time period to evaluate the impact on their devel-
opment. Such studies could lead to recommendations for
improvements in the air filtration systems of IVF laborato-
ries, leading to an improvement in IVF results.
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