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ABSTRACT 

STUDY QUESTION: To what extent can hypertensive disorders in pregnancy (HDP) explain the higher risk of preterm birth following 
frozen embryo transfer (frozen-ET) and fresh embryo transfer (fresh-ET) in ART compared with naturally conceived pregnancies?

SUMMARY ANSWER: HDP did not contribute to the higher risk of preterm birth in pregnancies after fresh-ET but mediated 20.7% of 
the association between frozen-ET and preterm birth.

WHAT IS KNOWN ALREADY: Risk of preterm birth is higher after ART compared to natural conception. However, there is also a 
higher risk of HDP in pregnancies after ART compared to natural conception, in particular after frozen-ET. HDP increases the risk 
of both spontaneous and medically indicated preterm birth. It is not known to what extent the higher risk of preterm birth in 
ART-conceived pregnancies is mediated through HDP.

STUDY DESIGN, SIZE, DURATION: This registry-based cohort study included singleton pregnancies from the Committee of Nordic 
ART and Safety (CoNARTaS) cohort from Denmark (1994–2014), Norway (1988–2015), and Sweden (1988–2015). The analysis included 
78 300 singletons born after fresh-ET, 18 037 after frozen-ET, and 4 426 682 after natural conception. The exposure was ART concep
tion with either frozen-ET or fresh-ET versus natural conception. The main mediator of interest was any of the following HDP: gesta
tional hypertension, preeclampsia, eclampsia, or chronic hypertension with superimposed preeclampsia. The main outcome was 
any preterm birth, defined as delivery <37 weeks of gestation. Secondary outcomes were spontaneous and medically indicated pre
term birth, and different severities of preterm birth based on the gestational age threshold.

PARTICIPANTS/MATERIALS, SETTING, METHODS: We linked data from the national Medical Birth Registries, ART registries/data
bases, and the National Patient Registries in each country using the unique national identity number of the mother. Criteria for inclu
sion were singleton pregnancies with birth order 1–4 in women aged ≥20 years at delivery. We used logistic regression to estimate 
odds ratios (ORs) with 95% CIs of preterm birth and decomposed the total effect into direct and mediated (indirect) effects to estimate 
the proportion mediated by HDP. Main models included adjustment for the year of delivery, maternal age, parity, and country.

MAIN RESULTS AND THE ROLE OF CHANCE: Pregnancies following frozen-ET had a higher risk of any preterm birth compared to 
natural conception (occurrence 6.6% vs 5.0%, total effect OR 1.29, 95% CI 1.21–1.37) and 20.7% of the association was mediated by HDP 
(mediated effect OR 1.05, 95% CI 1.04–1.05). The mediation occurred primarily in medically indicated preterm births. Pregnancies 
following fresh-ET also had a higher risk of any preterm birth compared to naturally conceived pregnancies (occurrence 8.1% vs 
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5.0%, total effect OR 1.49, 95% CI: 1.45–1.53), but none of this could be mediated by HDP (mediated effect OR 1.00, 95%CI 1.00–1.00, 
proportion mediated 0.5%). Sensitivity analyses with extra confounder adjustment for body mass index and smoking, and restriction 
to primiparous women, were consistent with our main findings. Furthermore, the results were not driven by differences in ART 
procedures (intracytoplasmic sperm injection, culture duration, or the number of embryos transferred).

LIMITATIONS, REASONS FOR CAUTION: Although we could adjust for some important confounders, we cannot exclude residual 
confounding, particularly from factors associated with infertility.

WIDER IMPLICATIONS OF THE FINDINGS: This population-based mediation analysis suggests that some of the higher risk of 
preterm birth after ART treatment may be explained by the higher risk of HDP after frozen-ET. If causality is established, investiga
tions into preventive strategies such as prophylactic aspirin in pregnancies after frozen-ET may be warranted.
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Introduction
In ART, frozen embryo transfer (frozen-ET) is increasingly 
common due to improved cryopreservation methods, the use of 
blastocyst culture, and the ‘freeze-all’ approach, in which all 
good-quality embryos are frozen for transfer in later cycles and 
no fresh embryo transfer (fresh-ET) takes place (Thurin et al., 
2004; Devroey et al., 2011; Maheshwari et al., 2016; Rienzi et al., 
2017; Wyns et al., 2021; Zaat et al., 2021). Important advantages of 
frozen-ET include a lower risk of ovarian hyperstimulation syn
drome and facilitation of single ET. With the use of new cryopres
ervation methods, such as vitrification, an improvement in 
cumulative delivery rates has occurred (Saket et al., 2021; Zaat 
et al., 2021).

Meta-analyses show that compared to natural conception, 
frozen-ET and fresh-ET are associated with a higher risk of pre
term birth (Elias et al., 2020). A Nordic population-based cohort 
study showed that these associations persisted, though were at
tenuated, in within sibship analyses, suggesting that ART treat
ment factors (as opposed to parental factors like genetics, 
underlying health, and health behaviours) could be responsible 
for at least some of the excess risk (Westvik-Johari et al., 2021). 
Furthermore, in the same cohort, a higher risk of hypertensive 
disorders in pregnancy (HDP) after frozen-ET compared to natu
ral conception was found, also within sibships, but there was no 
association between fresh-ET and HDP (Petersen et al., 2023). 
Studies have also shown that in ART-conceived pregnancies 
compared to naturally conceived pregnancies (Vermey et al., 
2019; Petersen et al., 2020), there is a higher risk of placental 
abruption, a condition also related to HDP (Tikkanen, 2011). HDP 
and placental abruption increase the risk of preterm birth, be
cause they may require immediate delivery through induction of 
labour or caesarean section (i.e. medically indicated preterm 
birth), but also because these complications are associated with 
spontaneous preterm birth (Salihu et al., 2003; Downes et al., 
2017; Oberg et al., 2018; Chappell et al., 2019).

Preterm birth has severe implications for both the short- and 
long-term health of the child but is challenging to predict and 
prevent (Slattery and Morrison, 2002; Moster et al., 2008; Hack 
et al., 2011; Costeloe et al., 2012; Meertens et al., 2018). Given the 
higher risk of HDP after ART conception, exploring the contribu
tion of HDP to the excess of preterm births following ART could 

increase our understanding of ART treatment safety, and guide 

preventive measures during pregnancy. Mediation analysis 

(VanderWeele, 2016), which has been used rarely in studies of 

ART conception (Stern et al., 2020, 2021), provides a framework 

for quantifying the proportion mediated while accounting for 

potential sources of bias.
The aim of this study was to investigate to what extent the 

previously reported higher risk of HDP after ART can explain the 

higher risk of preterm birth in ART-conceived pregnancies.

Materials and methods
The study methods were pre-specified in an analysis plan pub

lished on the Open Science Framework website on 05 August 

2022 (Petersen et al., 2022).

Data sources
The Committee of Nordic ART and Safety (CoNARTaS) cohort 

includes all deliveries registered in the Medical Birth Registries in 

four Nordic countries, described in detail elsewhere (Opdahl 

et al., 2020). For this study, we included data from Denmark 

(1994–2014), Norway (1988–2015), and Sweden (1988–2015), but 

not from Finland, where we did not have the necessary details on 

ART treatment. The national identity number allocated to each 

resident in the Nordic countries was used to link data from the 

Medical Birth Registries to data from the national ART registries 

and databases, and the Danish National Patient Registry.
In Denmark, all ART cycles in public and private clinics have 

been recorded in their national ART quality registry since 1994. 

In Norway, public and private ART clinics provide information to 

the Medical Birth Registry on all ART cycles that result in an 

ultrasound-verified pregnancy (Weeks 6–7). In Sweden, informa

tion on the conception method was collected by the National 

Board of Health and Welfare until 2006, and from 2007 all ART 

cycles have been registered in the National Quality Registry of 

Assisted Reproduction.
Medical conditions during pregnancy were registered in 

the Danish National Patient Registry and the Norwegian and 

Swedish Medical Birth Registries according to national adapta

tions of the 8th, 9th, and 10th versions of International Statistical 
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Classifications of Diseases and Related Health Problems, as de
fined in Supplementary Table S1.

Exposure assessment
The exposures were frozen-ET or fresh-ET versus natural 
conception (reference group). Natural conception comprised all 
pregnancies with no registration of ART conception. Pregnancies 
after ovulation induction and insemination were coded as 
natural conceptions.

Outcome assessment
In Danish and Norwegian data, gestational age was estimated 
from ultrasound scans in the first or second trimester, respec
tively. If these estimates were unavailable, we used the transfer 
date for ART-conceived pregnancies and the last menstrual pe
riod for naturally conceived pregnancies. In Sweden, gestational 
age was based on the transfer date for ART-conceived pregnan
cies, and second-trimester ultrasound scans for naturally con
ceived pregnancies, and if these were unavailable, the date of the 
last menstrual period was used. The main outcome was any pre
term birth, defined as birth between 22þ 0 and 36þ 6 weeks of 
gestation. Secondary outcomes were: (i) spontaneous preterm 
birth, (ii) medically indicated preterm birth, (iii) extremely or very 
preterm birth (<32þ0 weeks of gestation), and (iv) extremely pre
term birth only (<28þ 0 weeks of gestation).

Mediator assessment
The main mediator was HDP, defined as a combined variable 
including gestational hypertension, preeclampsia, eclampsia, 
and chronic hypertension with superimposed preeclampsia. 
Secondary mediators were: (i) restriction to preeclampsia, super
imposed preeclampsia, and eclampsia (i.e. not including preg
nancies with isolated gestational hypertension), (ii) placental 
abruption, and (iii) HDPþplacental abruption.

Covariate assessment
Smoking status was self-reported and registered throughout the 
whole study period in Denmark and Sweden, and since 1999 in 
Norway. Harmonization across the countries was only possible 
as no smoking versus any smoking during pregnancy. In Sweden, 
maternal height and weight were registered from 1988 to 1989, 
and from 1992 to 2015. In Denmark and Norway, maternal height 
and weight were registered since 2004 and 2007, respectively. In 
all countries, the proportion of observations with missing data on 
these variables was high during the first period of registration, as 
shown in Supplementary Figs S1 and S2.

Study population
We defined the study period from 1988 (the first year with a reg
istered delivery after frozen-ET) to 2015 in Norway and Sweden, 
and from 1994 to 2014 in Denmark. The eligible cohort was de
fined as all singleton deliveries with mothers who were 
≥20 years and had their first delivery during the study period, 
comprising 4 635 060 deliveries by 2 392 502 women (Fig. 1). 
We excluded observations with missing parity, maternal age, 
birthweight, or gestational age. Next, we excluded deliveries 
with birth order higher than 4, and deliveries at maternal age 
>44 years as there were few or no ART conceptions in these 
groups. We also excluded observations with extreme values on 
birthweight (<300 or >6500 g, >6 SDs above the expected value 
(Mars�al et al., 1996)), or gestational age (<22 or >44 weeks). Our 
main sample then comprised 4 523 019 deliveries among 
2 379 126 mothers, including 78 300 deliveries after fresh-ET and 
18 037 after frozen-ET.

Statistical analysis
Exposure-outcome confounders represent common causes of ex
posure (ART treatment) and outcome (preterm birth). Both ART 
treatment and preterm birth may also share common causes 
with the mediator, since other known risk factors for developing 
HDP, e.g. maternal age, parity, and body mass index (BMI) could 
affect the probability of both ART treatment and preterm birth, 
constituting exposure-mediator confounding and mediator- 
outcome confounding, respectively.

We used mediation analysis (Vanderweele and Vansteelandt, 
2010; Valeri and Vanderweele, 2013; VanderWeele, 2016; Valente 
et al., 2020), similar to other research in reproductive medicine 
and perinatal epidemiology (Oberg et al., 2018; Ananth and 
Brandt, 2022). We used logistic regression to estimate odds ratios 
(ORs) of preterm birth with 95% CIs, comparing frozen-ET and 
fresh-ET to natural conception. In the following, we describe how 
we estimated the total, direct, and mediated effects for frozen-ET 
and fresh-ET compared to natural conception. First, the total ef
fect is the overall association between the exposure and the out
come, in our case the overall effect of frozen-ET/fresh-ET on 
preterm birth, regardless of any downstream mediating varia
bles. A valid estimate of this total effect requires control for 
exposure-outcome confounding. The natural direct effect of frozen- 
ET/fresh-ET provides an estimate of the influence of frozen- 
ET/fresh-ET on preterm birth that is independent of HDP (i.e. that 
not mediated by HDP). Conversely, the mediated (or natural indirect) 
effect represents the influence of frozen-ET/fresh-ET on preterm 
birth that can be attributed solely to the effect of frozen- 
ET/fresh-ET on HDP (i.e. some treatment factor increases the risk 
of HDP; Petersen et al., 2022). The total effect is the product of the 
ORs for the direct and mediated effects. For an easier interpreta
tion, we calculated the proportion mediated on the risk differ
ence scale (Vanderweele and Vansteelandt, 2010), where 0% 
corresponds to no mediation by HDP, and 100% corresponds to 
the entire excess risk being mediated by HDP (no direct effect). 
The proportion mediated thus gives a measure of what would 
happen to the excess risk of preterm birth after frozen-ET/fresh- 
ET if we somehow intervened on the causal pathway between 
frozen-ET/fresh-ET and HDP (VanderWeele, 2013). We estimated 
this by the formula (Vanderweele and Vansteelandt, 2010): 

Proportion mediated ¼
Direct effect � ðMediated effect � 1Þ
ðDirect effect �Mediated effectÞ � 1 

Valid direct and mediated effect estimates require that baseline 
covariates control for exposure-outcome, mediator-outcome, 
and exposure-mediator confounding (Robins and Greenland, 
1992; VanderWeele, 2010). In the main models, we adjusted for 
year of delivery in categories to take into account a combination 
of laboratory changes and availability of treatment (1988–1996, 
1997–2001, 2002–2006, 2007–2012, or 2013–2015), maternal 
age (20–24, 25–29, 30–34, 35–39, or 40–44 years), parity (1st, 2nd, 
or 3rd–4th birth), and country, which were assumed to be 
both exposure-mediator confounders and mediator-outcome 
confounders.

We performed several sensitivity analyses to investigate the 
robustness of our results. Firstly, in a subgroup with available in
formation, we further adjusted for the potential confounding 
from maternal smoking during pregnancy (yes/no), and BMI 
(<18.5, 18.5–24.9, 25–29.9, or ≥30 kg/m2). BMI was included as a 
categorical variable because of its J-shaped association with 
preterm birth in our data. Secondly, to limit the impact of prior 
pregnancy experiences (Skjaerven et al., 1988), we restricted the 
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analysis to primiparous women only. Thirdly, we restricted the 

ART-conceived pregnancies in different ways to explore the im
pact of ART treatment factors: we restricted to fertilization by 
IVF (i.e. we excluded fertilization by ICSI, which is used mainly 

for male infertility in the Nordic countries (Nyboe Andersen et al., 
2008)), to fertilization with partner sperm to limit the potential 
impact of donor sperm (Gonz�alez-Comadran et al., 2014; Dunietz 

et al., 2017), to single ETs to limit the potential impact of vanish
ing twins (Magnus et al., 2017; Harris et al., 2020), and to blasto
cyst transfers to take into account the prolonged exposure to 

culture media and differences in duration of other in vitro expo
sures (Ginstr€om Ernstad et al., 2019a). During the study period, 
most frozen blastocysts were vitrified whereas most cleavage 

stage embryos were slow-frozen (Ginstr€om Ernstad et al., 2019a). 
We also explored the potential mediator-outcome confounding 
from any diabetes (pregestational or gestational), which is a risk 

factor for developing HDP (Bryson et al., 2003; Hauth et al., 2011), 
noting that the quality of gestational diabetes diagnoses was 

poor in our data (Lindqvist et al., 2014). Finally, we repeated the 

main analyses using transfer date and culture duration to esti

mate gestational age in ART-conceived pregnancies from 

Denmark and Norway, to explore whether the results were differ

ent from the standard gestational age calculation.
We also explored the role of our secondary mediators, i.e. pre

eclampsia, placental abruption, and the combination of placental 

abruption and HDP. In analyses with placental abruption as the 

mediator, we included HDP as a mediator-outcome confounder, 

because HDP is a risk factor for developing placental abruption 

(Tikkanen, 2011).

Ethics
In Denmark and Finland, ethical approval is not required for sci

entific projects solely based on registry data. In Norway, ethical 

approval was given by the Regional Committee for Medical and 

Health Research Ethics (REK-Nord, 2010/1909-1-24, 14398). 

In Sweden approval was obtained from the Ethical committee in 

Eligible Cohort
Singletons n=4,635,060; Mothers n=2,392,502

Main Sample
Total singletons n=4,523,019 (97.5%);
Totalmothers n=2,379,126 (99.4%)

Naturally conceived singletons n=4,426,682
Fresh-ET singletons n=78,300
Frozen-ET singletons n=18,037

Denmark
Naturally conceived singletons n=978,205

Fresh-ET singletons n=25,056
Frozen-ET singletons n=3,347

Norway
Naturally conceived singletons n=1,198,150

Fresh-ET singletons n=16,636
Frozen-ET singletons n=3,300

Sweden
Naturally conceived singletons n=2,250,327

Fresh-ET singletons n=36,608
Frozen-ET singletons n=11,390

Exclusions n= 114,567 (2.5%)

Missing maternal age or parity n=5,331 (0.11%)
Missing concep on method n=2,537 (0.05%)
Missing gesta onal age n=54,181 (1.17%)
Missing birthweight n=12,786 (0.28%)

Parity >3 n=28,860 (0.62%)
Maternal age >44 years n=2,045 (0.04%)

Gesta onal age <22 weeks or >44 weeks n=4,496 (0.10%)
Birthweight >6,500g, <300g or >6SD n=4,331 (0.09%)

Subgroup Analysis (BMI & smoking)
Naturally conceived singletons n=2,554,102

Fresh-ET singletons n=53,165
Frozen-ET singletons n=14,355

Subgroup Analysis (IVF, ÷ICSI)
Naturally conceived singletons n=4,426,682

Fresh-ET singletons n=42,602
Frozen-ET singletons n=9,846

Subgroup Analysis (single embryo transfers)
Naturally conceived singletons n=4,426,682

Fresh-ET singletons n=37,082
Frozen-ET singletons n=11,605

Subgroup Analysis (blastocyst transfers)
Naturally conceived singletons n=1,534,104

Fresh-ET singletons n=4,214
Frozen-ET singletons n=3,729

Subgroup Analysis (nulliparous)
Naturally conceived singletons n=2,265,207

Fresh-ET singletons n= 58,919
Frozen-ET singletons n=10,454

Subgroup Analysis (partner sperms)
Naturally conceived singletons n=3,228,532

Fresh-ET singletons n=61,664
Frozen-ET singletons n=10,870

Figure 1. Flowchart of study population. The subgroup with only blastocyst transfers was restricted to birth years 2005–2015. Fresh-ET, fresh embryo 
transfer; Frozen-ET, frozen embryo transfer.
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Gothenburg, Dnr 214–12, T422-12, T516-15, T233-16, T300-17, 
T1144-17, and T121-18.

Results
Descriptive results
Baseline characteristics of all pregnancies in our study popula
tion (4 426 682 singletons after natural conception, 78 300 single
tons after fresh-ET and 18 037 singletons after frozen-ET) are 
presented in Table 1, according to conception method and HDP 
diagnosis. ART-conceived singletons comprised increasingly 
larger proportions of the total birth cohorts throughout the study 
period, and more than 80% of the included ART-conceived single
tons were born after 2002. Mothers conceiving by frozen-ET and 
fresh-ET were older (mean age 34.3 and 33.8 years, respectively) 
than naturally conceiving mothers (mean age 29.6 years). 
Mothers conceiving by fresh-ET were more commonly primipa
rous (75.3%) than mothers conceiving naturally or by frozen-ET 
(58.0% and 51.2%, respectively). A lower proportion of 

ART-conceiving mothers smoked during pregnancy, while the 
mean BMI was similar in all conception groups.

Pregnancies after frozen and fresh-ET were more frequently 
induced and/or delivered by caesarean section. Among frozen-ET 
pregnancies, 36.7% were fertilized by ICSI, 64.3% were single ETs, 
and 20.8% were blastocyst transfers. Fresh-ET pregnancies had 
similar proportions of ICSI and single ET, but only 5.7% were after 
blastocyst transfer.

Main results
Preterm birth was more common in pregnancies with HDP (17.6% 
of pregnancies diagnosed with HDP, compared to 4.4% of preg
nancies with no HDP), even after adjusting for differences in ma
ternal preconception characteristics (Supplementary Table S2). 
This association between HDP and preterm birth was prominent 
after all three conception methods.

Figure 2 describes the distribution of gestational age according 
to hypertension status. While normotensive pregnancies and 
pregnancies diagnosed with gestational hypertension had similar 

Table 1. Baseline characteristics of the study population (main sample) according to conception method and HDP.a,b

Frozen-ET Fresh-ET Natural conception

HDP Non-HDP HDP Non-HDP HDP Non-HDP
N¼1326 N¼16 711 N¼4600 N¼73 700 N¼191 288 N¼4 235 394

Country, No. (%)
Denmark 195 (14.7) 3152 (18.9) 1376 (29.9) 23 680 (32.1) 40 816 (21.3) 937 389 (22.1)
Norway 325 (24.5) 2975 (17.8) 1099 (23.9) 15 537 (21.1) 61 375 (32.1) 1 136 775 (26.8)
Sweden 806 (60.8) 10 583 (63.3) 2125 (46.2) 34 483 (46.8) 89 097 (46.6) 2 161 230 (51.0)

Year of delivery, No. (%)
1988–1996 33 (2.5) 465 (2.8) 387 (8.4) 5415 (7.4) 43 970 (23.0) 980 189 (23.1)
1997–2001 68 (5.1) 1033 (6.2) 661 (14.4) 10 547 (14.3) 33 744 (17.6) 774 900 (18.3)
2002–2006 176 (13.3) 2369 (14.2) 1013 (22.0) 16 753 (22.7) 38 872 (20.3) 873 091 (20.6)
2007–2011 472 (35.6) 6045 (36.2) 1429 (31.1) 22 976 (31.2) 42 871 (22.4) 924 424 (21.8)
2012–2015 577 (43.5) 6799 (40.7) 1110 (24.1) 18 009 (24.4) 31 831 (16.6) 682 790 (16.1)

Parity, No. (%)
0 965 (72.8) 9489 (56.8) 3892 (84.6) 55 027 (74.7) 132 489 (69.3) 2 132 718 (50.4)
1 315 (23.8) 6230 (37.3) 616 (13.4) 16 383 (22.2) 43 001 (22.5) 1 546 041 (36.5)
2 or 3 46 (3.5) 992 (5.9) 92 (2.0) 2290 (3.1) 15 798 (8.3) 556 635 (13.1)

Maternal age, mean (SD), years 34.4 (4.4) 34.3 (4.1) 33.9 (4.3) 33.7 (4.2) 29.6 (5.0) 29.6 (4.8)
Pregestational hypertension, No. (%) 52 (3.9) 107 (0.6) 223 (4.9) 484 (0.7) 7879 (4.1) 19 057 (0.5)
Any diabetes, No. (%) 75 (5.7) 402 (2.4) 272 (5.9) 2036 (2.8) 8560 (4.5) 66 813 (1.6)
Maternal BMI, mean (SD), kg/m2 25.8 (4.7) 24.1 (3.9) 26.2 (4.8) 24.1 (4.0) 26.3 (5.6) 24.1 (4.4)

Missing, outside registration period, (%) 80 (6.0) 1116 (6.7) 914 (20.0) 14 269 (19.4) 61 271 (32.0) 1 253 555 (29.6)
Missing, during registration period, (%) 207 (15.6) 2083 (12.5) 594 (12.9) 8356 (11.3) 23 189 (12.1) 479 286 (11.3)

Maternal smoking in pregnancy, No. (%) 32 (2.6) 508 (3.2) 226 (5.5) 3829 (5.7) 14 894 (9.4) 434 643 (12.1)
Missing, outside registration period, (%) 75 (5.7) 921 (5.5) 351 (7.6) 5006 (6.8) 15 610 (8.2) 289 833 (6.8)
Missing, during registration period, (%) 9 (0.7) 106 (0.6) 131 (2.9) 1875 (2.5) 17 858 (9.3) 360 726 (8.5)

Caesarean section, No. (%) 594 (44.8) 4539 (27.2) 1998 (43.4) 17 912 (24.3) 63 658 (33.3) 607 288 (14.3)
Induction of labour, No. (%) 771 (58.1) 3729 (22.3) 2249 (49.5) 12 441 (16.9) 86 764 (45.4) 480 308 (11.3)
Sex, No. (%)

Boys 677 (51.1) 8538 (51.1) 2320 (50.4) 37 699 (51.2) 100 062 (52.3) 2 175 081 (51.4)
Girls 649 (48.9) 8173 (48.9) 2279 (49.5) 35 988 (48.8) 91 196 (47.7) 2 059 885 (48.6)

Birthweight, mean (SD), grams 3283 (783) 3601 (593) 3110 (840) 3425 (600) 3209 (816) 3552 (547)
ART fertilization method, No. (%)

IVF 765 (57.7) 9081 (54.3) 2587 (56.2) 42 015 (57.0) – –
ICSI 482 (36.4) 6134 (36.7) 1914 (41.6) 30 324 (41.2) – –
Unknown 79 (6.0) 1496 (9.0) 96 (2.1) 1361 (1.9) – –

Embryos transferred, No. (%)
1 860 (64.9) 10 745 (64.3) 2100 (45.6) 34 982 (47.5) – –
2 332 (25.0) 3877 (23.2) 1773 (38.5) 28 214 (38.3) – –
3 8 (0.6) 123 (0.7) 121 (2.6) 1770 (2.4) – –
Unknown 126 (9.5) 1996 (11.8) 606 (13.2) 8734 (11.9) – –

Embryo culture, No. (%), days
2–3 (Cleavage) 815 (61.5) 10 892 (65.2) 3471 (75.5) 58 201 (79.0) – –
5–6 (Blastocyst) 280 (21.1) 3476 (20.8) 237 (5.2) 4213 (5.7) – –
Unknown 231 (14.4) 2343 (14.0) 892 (19.4) 11 286 (15.3) – –

a Hypertensive disorders in pregnancy, i.e. gestational hypertension, preeclampsia, eclampsia, or chronic hypertension with superimposed preeclampsia.
b Percentages may not total to 100% on account of rounding.

BMI, body mass index (calculated as weight in kilograms divided by height in metres squared).
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gestational age distributions, preeclamptic pregnancies tended to 
be delivered earlier, a pattern which applied to all three concep
tion groups.

In Table 2, we present the mediation analysis with the decom
position of the total effect into the direct effect and the mediated 
effects, as well as estimates of the proportion mediated. After 
adjustments for year of delivery, maternal age, parity, and coun
try, frozen-ET pregnancies had higher odds of preterm birth com
pared to naturally conceived pregnancies, with a total effect OR 
of 1.29 (95% CI 1.21–1.37). HDP mediated some of this association, 
with a mediated effect OR of 1.05 (95% CI 1.04–1.05), and an esti
mated proportion mediated of 20.7%. Frozen-ET pregnancies 
also had higher adjusted odds of spontaneous preterm birth 

compared to naturally conceived pregnancies, with a total effect 
OR 1.19 (95% CI 1.11–1.29), which was not mediated by HDP 
(mediated effect OR 1.00, 95% CI 1.00–1.00). The observed excess 
risk of medically indicated preterm birth, extremely or very 
preterm birth (<32þ 0 weeks), and extremely preterm birth only 
(<28þ 0 weeks), in those conceived by frozen-ET ART compared 
with natural conception, was mediated by HDP to some extent, 
with a proportion mediated of 38.2%, 21.2%, and 10.6%, 
respectively.

Fresh-ET pregnancies also had higher odds of preterm birth 
compared to naturally conceived pregnancies after adjustments, 
total effect OR 1.49 (95% CI 1.45–1.53). This positive association 
was independent of HDP (mediated effect OR 1.00, 95% CI 
1.00–1.00), with only 0.5% of the total effect mediated. Fresh-ET 
pregnancies had higher adjusted odds of spontaneous preterm 
birth (total effect OR 1.34, 95% CI 1.30–1.39) and medically 
indicated preterm birth (total effect OR 1.71, 95% CI 1.64–1.78) 
compared to natural conception, but none of these associations 
were mediated by HDP. The excess risk of extremely or very 
preterm birth and extremely preterm birth only after fresh-ET 
was also not mediated by HDP.

Additional analyses
Sensitivity analyses (Supplementary Table S3) with extra con
founder control for BMI, smoking in pregnancy and diabetes mel
litus, restriction to primiparous women, exclusion of ICSI 
conception, restriction to conceptions with partner sperm, re
striction to single ETs, and restriction to blastocyst transfers 
yielded results consistent with our main findings, as between 
14.3% and 28.0% of the association between frozen-ET and pre
term birth was mediated by HDP, and the excess risk of preterm 
birth in fresh-ET continued to be independent of HDP. 
Distributions of gestational age based on ET date versus ultra
sound examination were similar (Supplementary Fig. S3), and 
analyses using transfer date as the basis for estimating gesta
tional age in ART-conceived pregnancies gave identical results as 
the main analyses (Supplementary Table S4).

In analyses (Table 3) exploring the effect of other mediator 
variables, preeclampsia mediated 26.0% of the association with 
preterm birth after frozen-ET, whereas placental abruption me
diated around 8%. For fresh-ET, 14.3% of the association with 
preterm birth could be explained by placental abruption (medi
ated OR 1.05, 95% CI 1.05–1.05), with no evidence of mediation by 
preeclampsia in these analyses.

Discussion
Main findings
In this population-based cohort study with nationwide data 
from three countries, we found that HDP explained around 1/5 
of the excess risk of any preterm birth after frozen-ET com
pared to natural conception, primarily by affecting medically 
indicated preterm birth. There was no association between 
HDP and fresh-ET compared with natural conception, and 
hence HDP did not contribute to the excess risk of preterm 
birth in this group.

Comparison to earlier research
Few studies have investigated the relationship between ART, 
HDP, and preterm birth using mediation analysis, but several 
studies have estimated the associations between ART and pre
term birth, and between ART and HDP. In recent meta-analyses 
investigating the association between ART and preterm birth, the 
authors reported a higher risk of both spontaneous and medically 

Figure 2. Distributions of gestational age. Distributions of gestational 
age at delivery according to conception method and occurrence of 
hypertensive disorders in pregnancy, among singleton pregnancies in 
Denmark (2007–2014), Norway, and Sweden (2007–2015).
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indicated preterm birth after ART conception (Cavoretto et al., 
2018, 2022). In sibling studies in the CoNARTaS cohort, fresh-ET 
and frozen-ET were both associated with a higher risk of preterm 
birth (Westvik-Johari et al., 2021), and frozen-ET was associated 
with a substantially higher risk of HDP (Petersen et al., 2022), sug
gesting that treatment factors could be responsible for some of 
the excess risk. A population-based US study used meditation 
analysis to investigate the influence of placental abnormalities 
and HDP on the risk of preterm birth after various ART treat
ments (Stern et al., 2021). The authors reported that compared 
to a fertile control group, fresh-ET pregnancies had 39% (95% CI 
28–51) higher odds of late preterm birth (34–36 weeks), of which 
4.1% (proportion mediated) could be explained by HDP. 
Corresponding estimates for frozen-ET pregnancies were 42% 
(95% CI 21–62) higher odds of late preterm birth, of which 25.9% 

(proportion mediated) could be explained by HDP. Our findings 

are in line with this study.

Strengths and limitations
Key strengths of this study include the population-based design 

with high-quality data on all deliveries in three Nordic countries 

over three decades of ART treatment (Ros et al., 1998; Thomsen 

et al., 2013; Schmidt et al., 2015). In the Nordic countries, ART 

treatment is strongly subsidized, ensuring that the couple’s fi

nancial situation should not be a major determinant of ART con

ception. Our data enabled precisely estimated associations in 

most analyses. However, statistical power was limited in some of 

the subgroups and sensitivity analyses, mainly due to few events 

in the frozen-ET group. Of note, the mediation analyses did not 

allow for robust standard errors to account for the clustering of 

Table 2. Main results. Effect of frozen-ET and fresh-ET on preterm birth overall (total), through HDPa (mediated) and independent of 
HDPa (direct). Odds ratios (OR) with 95% confidence intervals.

Cases/deliveries (%) Total effect ORb Direct effect ORb Mediated ORb % Mediatedc

Any preterm birth (<37 weeks)
Natural conception 219 454/4 426 682 (5.0%) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) –
Frozen-ET 1198/18 037 (6.6%) 1.29 (1.21 to 1.37) 1.23 (1.16 to 1.30) 1.045 (1.044 to 1.046) 20.7
Fresh-ET 6351/78 300 (8.1%) 1.49 (1.45 to 1.53) 1.48 (1.44 to 1.52) 1.002 (1.000 to 1.003) 0.5
Spontaneous preterm birth (<37 weeks)d

Natural conception 139 894/4 267 470 (3.3%) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) –
Frozen-ET 709/18 033 (3.9%) 1.19 (1.11 to 1.29) 1.19 (1.17 to 1.26) 1.003 (1.001 to 1.005) 2.0
Fresh-ET 3667/78 003 (4.7%) 1.34 (1.30 to 1.39) 1.34 (1.30 to 1.39) 1.000 (0.999 to 1.001) 0.4
Medically indicated preterm birth (<37 weeks)d

Natural conception 69 767/4 267 470 (1.6%) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) –
Frozen-ET 488/18 033 (2.7%) 1.45 (1.33 to 1.60) 1.28 (1.22 to 1.34) 1.136 (1.133 to 1.138) 38.2
Fresh-ET 2633/78 003 (3.4%) 1.71 (1.64 to 1.78) 1.70 (1.63 to 1.78) 1.005 (1.003 to 1.006) 1.1
Extremely or very preterm birth (<32 weeks)
Natural conception 31 634/4 426 682 (0.7%) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) –
Frozen-ET 224/18 037 (1.2%) 1.49 (1.30 to 1.70) 1.38 (1.29 to 1.48) 1.075 (1.073 to 1.077) 21.2
Fresh-ET 1250/78 300 (1.6%) 1.83 (1.72 to 1.94) 1.82 (1.72 to 1.94) 1.002 (1.001 to 1.004) 0.5
Extremely preterm birth (<28 weeks)
Natural conception 10 423/4 426 682 (0.2%) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) –
Frozen-ET 93/18 037 (0.5%) 1.74 (1.42 to 2.14) 1.66 (1.50 to 1.84) 1.047 (1.044 to 1.050) 10.6
Fresh-ET 457/78 300 (0.6%) 1.98 (1.80 to 2.18) 1.98 (1.79 to 2.18) 1.002 (1.000 to 1.003) 0.3

a Hypertensive disorders in pregnancy, i.e. gestational hypertension, preeclampsia, eclampsia, or chronic hypertension with superimposed preeclampsia.
b The total effect decomposes into the product of the direct effect odds ratio and the mediated effect odds ratio.
c Proportion mediated¼DE× (ME−1)/(DE×ME−1), where DE is direct effect and ME is mediated effect.

Models are adjusted for year of delivery, maternal age, parity, and country.
d For Sweden, the study population was restricted to deliveries 1991–2015.

ET, embryo transfer. Ref, reference.

Table 3. Secondary mediators. Effect of frozen-ET and fresh-ET on preterm birth overall (total), through HDPa or secondary mediators 
(mediated) and independent of HDPa or secondary mediators(direct). Odds ratios (OR) with 95% confidence intervals.

Frozen-ET versus natural conception Total effect ORb Direct effect ORb Mediated ORb % Mediatedc

HDPa as mediator 1.29 (1.21 to 1.37) 1.23 (1.16 to 1.30) 1.045 (1.044 to 1.046) 20.7
Preeclampsia as mediator 1.30 (1.22 to 1.38) 1.22 (1.18 to 1.26) 1.063 (1.062 to 1.065) 26.0
Placental abruption as mediator 1.31 (1.23 to 1.39) 1.29 (1.25 to 1.32) 1.020 (1.017 to 1.023) 8.2
Placental abruption as mediator, adjustment for HDPa 1.24 (1.17 to 1.32) 1.22 (1.15 to 1.30) 1.017 (1.014 to 1.019) 8.3
Placental abruptionþHDPa as mediator 1.30 (1.22 to 1.37) 1.21 (1.18 to 1.25) 1.064 (1.064 to 1.065) 26.7

Frozen-ET versus natural conception Total effect ORb Direct effect ORb Mediated ORb % Mediatedc

HDPa as mediator 1.49 (1.45 to 1.53) 1.48 (1.44 to 1.52) 1.002 (1.000 to 1.003) 0.5
Preeclampsia as mediator 1.49 (1.45 to 1.53) 1.48 (1.44 to 1.52) 1.006 (1.005 to 1.007) 1.9
Placental abruption as mediator 1.53 (1.49 to 1.57) 1.45 (1.41 to 1.49) 1.052 (1.048 to 1.056) 14.3
Placental abruption as mediator, adjustment for HDPa 1.53 (1.49 to 1.57) 1.46 (1.42 to 1.50) 1.049 (1.046 to 1.053) 13.8
Placental abruptionþHDPa as mediator 1.49 (1.45 to 1.53) 1.48 (1.44 to 1.52) 1.011 (1.010 to 1.012) 3.2

a Hypertensive disorders in pregnancy, i.e. gestational hypertension, preeclampsia, eclampsia, or chronic hypertension with superimposed preeclampsia.
b The total effect decomposes into the product of the direct effect odds ratio and the mediated effect odds ratio.
c Proportion mediated¼DE× (ME−1)/(DE×ME−1), where DE is direct effect and ME is mediated effect.

Models are adjusted for year of delivery, maternal age, parity, and country.
ET, embryo transfer.
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pregnancies within each woman, resulting in narrower CIs. Still, 
in sensitivity analyses restricted to primiparous women (i.e. only 
one pregnancy per women), the results remained similar as in 
the main analyses.

We could adjust for several potential confounders. 
Nevertheless, confounder control for BMI and smoking during 
pregnancy was limited by a large degree of missingness, and con
founder control for gestational diabetes was limited by poor qual
ity of the registry data (Lindqvist et al., 2014). We thus cannot 
exclude residual confounding and the mediation analyses being 
biased by mediator-outcome confounding which can result in im
portant bias in either direction (known as collider bias (Pearce and 
Lawlor, 2016)). The factors contributing to infertility were largely 
unknown in our data and may also have influenced our results. 
First, the cause of infertility may account for some of the positive 
associations we found between ART conception and preterm 
birth, and ART conception and HDP (Messerlian et al., 2013; 
Palomba et al., 2015; Luke et al., 2017; Sunkara et al., 2021). Second, 
it seems plausible that the causes and severity of infertility may 
have influenced the couple’s probability of having surplus em
bryos eligible for freezing in the first place. Unfortunately, we had 
no data on either number of embryos obtained from the ART cy
cle, nor whether the frozen-ET pregnancy was after an initial, 
failed fresh-ET or from a freeze-all approach. However, the 
freeze-all approach was still uncommon during the study period, 
and most frozen-ET conceptions in our data will have been pro
ceeded by a fresh-ET. Thus, because most frozen-ET pregnancies 
in our data are conditional on having surplus embryos for freez
ing, women conceiving after frozen-ET in our data likely consti
tute a group with less severe infertility than women conceiving 
after fresh-ET. Furthermore, we had no data on medications used 
during ART treatment or pregnancy, such as ovarian stimulation, 
luteal phase support with progesterone, type of frozen cycle, or 
aspirin. The type of frozen-ET cycle (programmed vs stimulated 
vs natural) has been reported to be associated with pregnancy 
outcomes, including preterm birth and HDP (Ginstr€om Ernstad 
et al., 2019b; Asserhøj et al., 2021). Prophylactic aspirin treatment 
was uncommon in the Nordic countries during the study period 
and should have little impact on the results (Sverre et al., 2022; 
Riishede et al., 2023).

Although ART-conceiving women may be more inclined to 
seek medical attention, practically all pregnant women in the 
Nordic countries (ART and non-ART) attend the publicly financed 
antenatal care program with screening for pregnancy complica
tions. Hence, we expect any differential misclassification of HDP 
through increased detection in ART-conceived pregnancies to be 
small, and also unlikely to differ between fresh-ET and frozen-ET 
pregnancies. Furthermore, the separation of spontaneous pre
term birth from medically indicated preterm birth was not 
completely accurate without very detailed clinical data, and 
there may be some misclassification of these. Next, pregnancies 
with ovulation induction or intrauterine insemination were 
coded as natural conceptions, but given the large number of 
completely unassisted conceptions, we expect any resulting in
formation bias to be small. Finally, in our main analyses, the pre
ferred gestational age estimate in ART-conceived pregnancies 
was the one used for clinical decision-making (i.e. ultrasound in 
Denmark and Norway, and transfer date in Sweden). Although it 
is not clear which method is the most clinically relevant for ART 
conception, it seems plausible that early deviations in foetal 
growth could have resulted in misclassification of gestational age 
and in turn preterm birth (Ginod et al., 2018). Reassuringly, 

analyses using transfer date for all countries showed very simi
lar results.

Interpretation and implications
Preterm birth is a complex condition which likely has a multifac
torial aetiology, spontaneous preterm birth, and medically indi
cated preterm birth alike (Goldenberg et al., 2008; Romero et al., 
2014). Maternal and foetal conditions other than HDP and pla
cental abruption, such as foetal growth restriction, other causes 
of antepartum haemorrhage and congenital anomalies are more 
common in ART-conceived pregnancies, and might increase the 
risk of both spontaneous and medically indicated preterm birth 
in this group (Romero et al., 2014). Causes of infertility might be 
involved in these associations, because several preconception 
characteristics of the ART conceiving women are associated with 
a higher risk of preterm birth, making it difficult to disentangle 
the exact role of ART treatment factors (Declercq et al., 2015). We 
explored some of these issues by separating spontaneous pre
term birth and medically indicated preterm birth, and found that 
both frozen-ET and fresh-ET pregnancies had higher risks of both 
types of preterm birth, but also that the contribution from HDP 
to these excess risks was limited to a relatively small proportion 
of medically indicated preterm birth in frozen-ET. Preeclampsia 
seemed to be a slightly stronger mediator of preterm birth than 
HDP, which might be attributed to its higher severity more often 
leading to medically indicated preterm birth.

The high risk of a range of adverse short- and long-term 
health outcomes for children born preterm (Moster et al., 2008; 
Hack et al., 2011; Costeloe et al., 2012) stresses the need for im
proved prevention of preterm birth. Our results raise the ques
tion of whether preventive strategies targeted towards HDP, such 
as prophylactic aspirin, might help prevent medically indicated 
preterm birth in pregnancies after frozen-ET. However, our 
results also indicate that most of the excess risk of preterm birth 
in ART-conceived pregnancies overall was independent of HDP, 
and may require other prevention targets. In particular, the 
strong association of fresh-ET with medically indicated preterm 
birth calls for further investigation to identify the responsible 
foetal or maternal complications, and whether these can be at
tributed to modifiable treatment factors. Some studies show a 
possible reduction of preterm birth with prophylactic prescrip
tion of aspirin (Andrikopoulou et al., 2018; Landman et al., 2022), 
but this is not currently recommended in clinical guidelines for 
this indication alone (American College of Obstetricians and 
Gynecologists, 2021; Wennerholm et al., 2023). Progesterone, 
which is frequently administered to support the luteal phase af
ter ET in ART, might be an alternative preventive treatment, but 
for which the optimal timing, duration, and preventive potential 
are yet to be established (Di Guardo et al., 2020; Shoham et al., 
2021; Stewart et al., 2021).

Conclusions
This population-based study with mediation analysis suggests 
that some of the higher risk of preterm birth after ART treatment 
can be explained by the higher risk of hypertensive disorders in 
frozen-ET pregnancies. Further investigations to ascertain 
whether these associations are causal and, if so, how this knowl
edge may be translated into preventive strategies for preterm 
birth are warranted.

Supplementary data
Supplementary data are available at Human Reproduction online.
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