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Abstract 
Objectives. To investigate the obstetrical management of cancer in pregnancy and to determine adverse pregnancy and neonatal outcomes. 
Design. A register-based nationwide historical prospective cohort study. 
Setting and population. We assessed all pregnancies (N = 4,071,848) in Denmark from 1 January 1973 to 31 December 2018.
Methods. We linked data on maternal cancer, obstetrical, and neonatal outcomes. Exposure was defined as pregnancies exposed to maternal cancer (n = 1,068). The control group comprised pregnancies without cancer. The groups were compared using logistic regression analysis and adjusted for potential confounders.
Main outcome Measures. The primary outcome was the iatrogenic termination of the pregnancy (induced abortions/labor induction or elective caesarean section). Secondary outcomes were adverse neonatal outcomes.
Results. More women with cancer in pregnancy, as compared to the control group, experienced first-trimester induced abortion; adjusted odds ratio (aOR) 3.7 (95% CI 2.8─4.7), second-trimester abortion; aOR 9.0 (6.4─12.6), iatrogenic preterm delivery; aOR 10.9 (8.1─14.7), and iatrogenic delivery below 32 gestational weeks; aOR 16.5 (8.5─32.2). Neonates born to mothers with cancer in pregnancy had a higher risk of respiratory distress syndrome; aOR 1.5 (1.2─2.0), but not of low birth weight; aOR 0.6 (0.4─0.8), admission to neonatal intensive care unit more than seven days; aOR 1.4 (1.1─1.9), neonatal infection; aOR 0.9 (0.5─1.5) nor neonatal mortality; aOR1.3 (0.6─2.6). 
Conclusion. Cancer in pregnancy implies an increased risk of iatrogenic termination of pregnancy and iatrogenic premature birth. Neonates born to mothers with cancer in pregnancy had no increased risk of severe adverse neonatal outcomes.  

Funding. Rigshospiatlet’s Research Grant, Novo Nordisk Foundation, Holm’s Memorial Foundation, Helsefonden, and Johannes Clemmesen Research Foundation. 
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Tweetable abstract: Cancer in pregnancy is associated with an increased risk of iatrogenic premature birth, but not severe adverse neonatal outcomes. 


Introduction
Cancer in pregnancy (CIP) is a rare condition with severe consequences for both the mother and the developing fetus. The incidence is approximately 0.2  in 1000 pregnancies and increasing, emphasizing the need for intensified attention towards clinical management.1 Treatment strategies have shifted, offering individualized oncological and surgical treatment depending on the cancer type and gestational age whenever possible instead of delaying cancer treatment until after the delivery or termination of pregnancy.2–5 Melanoma, cervical, and breast cancer are the most common cancer types presenting during pregnancy.1,6–8
Previous studies have shown an increased risk of induced abortion, stillbirth, preterm birth, admission to neonatal intensive care unit (NICU), small for gestational age (SGA), and neonatal death in pregnancies complicated by cancer.3,6,9–13 In contrast, smaller studies and case reports concerning neonatal and paediatric outcomes after intrauterine exposure to cancer treatment have been reassuring.3–5,14 Accordingly, the oncological treatment seems feasible with regular obstetrical control to ensure fetal growth and wellbeing. However, this needs to be substantiated further; studies on data from population-based registers are notably lacking.  
With access to the unique Danish registers combining oncological, obstetrical, and neonatal data, we present a nationwide epidemiologic study investigating pregnancy and neonatal outcomes in pregnant cancer patients over 45 years, including information on maternal chemotherapy treatment in a 17-year period. The objectives of this study were to investigate the obstetrical management of pregnant cancer patients and determine if neonates born by CIP mothers have a higher risk of adverse neonatal outcomes than reference groups.

Methods
Study design
We conducted a historical prospective cohort study linking data from nationwide Danish health registers during the period 1 January 1973 to 31 December 2018. 

Data sources
Data were extracted using the following, continuously updated registries: Danish Civil Registration System, Danish Cancer Register, Medical Birth Register, National Patient Register, Register of Legally Induced Abortions, The Danish Breast Cancer Group Database, Cause of Death Register, and Demographic Registers of Statistics Denmark (see Supporting Information Table S1 for details).15–19 Supporting Information Table S2 shows the International Classification of Diseases codes used to identify pregnancies, cancer, and neonatal outcomes. 

Study population
In Denmark, all residents are assigned a unique registration number at birth or immigration. Using the registration number, we were able to link obstetrical and abortion data on pregnancies with oncological data.15,19–21 
We included all pregnancies in women born after 1930 and residents in Denmark. Pregnancies consisted of live births, stillbirths, miscarriages, induced abortions, ectopic and molar pregnancies. Exclusion criteria were i) Maternal age at pregnancy onset under 15 or over 54 years and ii) pregnancies in women diagnosed with cancer before pregnancy onset (Figure 1). 
The date of conception was estimated by subtracting the gestational age from the  
delivery or abortion date plus 14 days (median ovulation frame). 

Exposure and reference group
Main analyses: 
CIP group: Cancer was defined as the first occurrence of cancer, not including non-melanoma skin cancer. Pregnancies were assigned to the CIP group if the mother was diagnosed with cancer in the timeframe from the estimated pregnancy onset to the end of pregnancy.
Reference group: Consisted of all pregnancies not exposed to maternal cancer according to the inclusion criteria above.  

Chemotherapy exposure analyses: 
Treatment CIP group: Treatment with chemotherapy during pregnancy was identified by registration of the Danish treatment code for chemotherapy treatment “BWHA” in the National Patient Register (available from 2002) during the pregnancy time window in CIP pregnancies.
[bookmark: _Hlk73009301]We compared pregnancies in the CIP chemotherapy-exposed group with those in two reference groups, 1) the background population and 2) CIP not exposed to chemotherapy. 
Data from The Danish Breast Cancer Group Database was used for tumour specifications. 

Outcomes
We investigated pregnancy outcomes, including iatrogenic termination of pregnancy and adverse neonatal outcomes. 
The outcome data collected from the Medical Birth Register was stillbirth (the gestational limit for stillbirth registration changed from 28 weeks to 22 weeks in 2004), preterm birth (birth before 37 weeks), APGAR score at five minutes, and birth weight. Data on preterm iatrogenic birth (birth by labor induction or elective caesarean section before 37 weeks) and admission to neonatal intensive care unit (NICU) were available from 1997. Size for gestational age was calculated by using gender-specific fetal growth curves for gestational age and expected birth weight.22 A child with a birth weight ≤two standard deviations (SD) of expected birth weight is small for gestational age (SGA), appropriate for gestational age (AGA) indicate a child with a birth weight within -2 to +2 SD of expected weight, and large for gestational age (LGA) is a child with birth weight ≥2 SDs of expected birth weight.22  
Data on congenital malformations within the first year of life, respiratory distress syndrome (RDS), and neonatal infections within 0-28 days (available from 1994) were collected from the National Patient Register (available from 1977). Neonatal mortality was obtained from the Civil Registration System and defined as death within 28 days after birth.23 

Statistical analyses
Characteristics of the CIP and reference groups were compared using proportions. Odds ratios (OR) for the outcomes were calculated using logistic regression analysis with and without adjustment for selected confounders.
Potential confounders for adjustment were chosen by drawing directed acyclic graphs.24 Analyses on pregnancy outcomes (spontaneous miscarriage, induced abortion, preterm birth, and preterm iatrogenic birth) were adjusted for maternal age (10-year intervals), calendar period (10-year intervals), parity (0,1,2+), and educational level (low, medium, or higher) at the end of pregnancy.
In the analysis investigating induced abortion in the first (until 11+6 gestational weeks) or second trimester (12-27+6 gestational weeks), only women diagnosed with cancer during the first trimester and first or second trimester respectively were compared with the no cancer group to estimate if the cancer diagnosis influenced the decision to terminate the pregnancy. 

Analyses of neonatal outcomes (Apgar score [only singletons], birth weight [only singletons], RDS, neonatal infection, admission to NICU [only singletons], and neonatal death) were adjusted for gestational age (two-week intervals) and calendar period (10-year intervals). 
Due to few outcome events in the sub-analyses on chemotherapy exposure, statistical analyses were only feasible for preterm birth (adjusted for maternal age and parity) and the neonatal outcomes (adjusted for gestational age); congenital malformations, admission to NICU more than one day, and RDS.  

Logistic regression models were used for binary outcomes, and multinomial logistics regression was used when the outcome had more than two categories. All analyses were performed as complete case analyses, only including cases with no missing values for the outcome and potential confounders. All models used robust standard errors to account for some women contributing with more than one pregnancy. 
A two-sided 95% confidence interval (CI) not overlapping 1.0 was considered statistically significant. SAS version 9.4 was used for data management (SAS Institute Inc., Cary, NC, USA). Statistical analyses were conducted in R version 3.6.3 (R Core Team, 2020). 
The study is reported using the STROBE checklist for cohort studies.25 

Role of the funding source
The study was supported by the Research Fund of Rigshospitalet, Copenhagen University Hospital grant number E-23669-01, The Novo Nordisk Foundation grant number NNF18OC0052571, Johannes Clemmesen Research Foundation, Helsefonden grant number 20B-0350, and Holm Memorial Foundation. The funders had no role in the study design, in the collection, analysis, and interpretation of the data, in the writing of the report, or any decision related to the publication.

Patient involvement
No patients were involved in developing the research question, the design, or the outcome measures of this study. We did not use a core outcome set.

Results
[bookmark: _GoBack]We included 4,071,848 pregnancies during 1973-2018 (Figure 1). 1,068 pregnancies were complicated by cancer, resulting in 743 neonates being exposed to cancer in utero. The most common cancer types were distributed as following; Melanoma (28.5%), cervical cancer (19.4%), breast cancer (18.2%), Ovarian, tube, and peritoneal cancer (4.2%), endometrial cancer (3.8%), and Hodgkin’s lymphoma (3.2%) (see Supporting Information Table S4 for all cancer types). 31.0 % were diagnosed in the first trimester, 26.9 % in the second, 22.3 in the third trimester, and 19.9 % had unknown gestational age at the time of diagnosis. 
Of 370 neonates of mothers with CIP during 2002-2018, 42 were exposed to chemotherapy in utero. Baseline characteristics of the cohort and pregnancy, obstetrical and neonatal outcomes are shown in Table 1. 

Spontaneous and induced termination of pregnancy
Cancer during pregnancy diagnosed in the first trimester was associated with an increased risk of induced abortion with a crude OR of 3.1 (95%CI 2.4-3.9), which was further enhanced to 3.7 (95%CI 2.8-4.7) after adjustment (Table 2). The same tendency was seen in the second trimester (cancer diagnosis in the first or second trimester) with an adjusted increased risk of induced abortion of 9.0 (95%CI 6.4-12.6) compared to the reference group. The proportions of induced abortions by calendar period are shown in Figure S1a in Supporting Information.

Preterm delivery
Exposure to CIP increased the overall risk of preterm delivery and the risk in all intervals of preterm birth, i.e., before week 28; adjusted OR 5.7 (95%CI 3.0-10.7), between 28-31 weeks; adjusted OR 5.9 (95%CI 3.7-9.2) and 32-36 weeks; adjusted OR 4.4 (95%CI 3.5-5.4) (Table 2). To assess the obstetrical management of CIP, we analysed the risk of iatrogenic premature delivery available from 1997 and onwards. After adjustment, the CIP group had an approximately 11 times higher risk of delivering before week 37 (OR 10.9; 95%CI 8.1-14.7) due to iatrogenic labor induction or elective caesarean section than the reference group. Sub-analyses demonstrated an aggravated risk of iatrogenic premature delivery before week 32; adjusted OR 16.5 (95%CI 8.5-32.2). 
The risk of iatrogenic preterm birth was further stratified according to the most common cancer types, with an adjusted OR of 25.1 (95%CI 15.0-42.0) for patients with breast cancer and 19.4 (95%CI 8.7-43.4) for cervical cancer. 
During the study period, the occurrence of premature birth and iatrogenic premature birth in the CIP group showed a decreasing trend (Figure S1 in Supporting Information).

Neonatal outcomes
Crude analyses demonstrated an association between CIP exposure and birthweight <2500 grams; OR 3.8 (95%CI 3.0-4.7); however, this association was reversed after adjustment; OR 0.6 (95%CI 0.4-0.8) (Table 2). Similarly, no association between CIP exposure and risk of SGA was found; adjusted OR 0.9 (95%CI 0.6-1.4). Despite adjustment for gestational age, we found a significantly increased risk of RDS in the CIP group compared to the reference group; OR 1.5 (95%CI 1.2-2.0). A sensitivity analysis with additional adjustment for caesarean section reduced the OR slightly; OR 1.4 (95%CI 1.1-1.9) (data not shown). CIP increased admission to NICU more than seven days; adjusted OR 1.4 (95%CI 1.1-1.9). There was no excess of congenital malformations in children of mothers with CIP; (OR 0.9 (95%CI 0.7-1.2) after adjustments (see the number of malformations by anatomic location in Supporting Information Table S5). Occurrences of necrotising enterocolitis and intraventricular hemorrhage were rare with less than five events.
We found ten events of neonatal mortality in CIP neonates, and there was no association with CIP after adjustment. The cause of death (data not shown) was related to prematurity in most exposed neonates.  

Exposure to chemotherapy 
41 women with CIP (42 neonates) received chemotherapy during pregnancy, the majority of whom were breast cancer patients (n=34)(characteristics of sub-population is summerised in Table S6 in the Supporting Information). In breast cancer CIP patients, tumour characteristics were compared in the treatment group with the no treatment group. We found that distributions on the tumour size and presence of distant metastases were comparable. However, the treatment group had lymph node involvement in 44.2% vs. 22.9% in the no-treatment group (data not shown). There were no stillbirths in the treatment group. The median gestational age and birth weight were lower than CIP not exposed to chemotherapy treatment and the background population. In the treatment group, we found less than five events of SGA and no neonatal infections or deaths. 
CIP pregnancies exposed to chemotherapy compared with those not exposed had an increased risk of preterm delivery before 34 weeks (adjusted OR 3.3 (95%CI 1.4-8.0)) and iatrogenic prematurity (adjusted OR 3.4 (95%CI 1.6-7.0)). The risk was further magnified when the treatment group was compared with the healthy reference group; adjusted OR 18.4 (95%CI 8.5-39.8) and 30.9 (95%CI 16.0-59.8), respectively (Table 3). In the treatment group, we found no statistically significant associations with neither congenital malformation, admission to NICU, nor RDS, after adjustment for gestational age, compared with both reference groups. 

Discussion
Main findings
Our results suggest that CIP implies an increased risk of iatrogenic premature delivery and termination of pregnancy compared to women without cancer. CIP was not associated with low Apgar scores at 5 minutes, low birth weight, SGA, nor neonatal mortality. However, we did observe an association with RDS and admission to NICU of more than seven days. 
Available data on chemotherapy treatment exposure in utero suggest a persistently high risk of preterm and iatrogenic preterm birth but no increased risk of adverse neonatal outcomes. 

Strengths and Limitations
Using the unique nationwide registers, we were able to link obstetrical, neonatal, and oncological information from a homogenously organized health care system with a complete registration of births and cancer diagnoses. The data were collected prospectively independent of the hypotheses of the study. The Cancer Register, National Patient Register, and Medical Birth Register have high reported validity.15–17,19 Contrary to former studies based on clinical databases with voluntarily reported information, the use of nationwide data eliminates the risk of selection bias. 
A limitation of this study is the rarity of CIP, resulting in small event numbers of some a priori defined outcomes and limited further statistical analyses. Additionally, reporting of numbers smaller than five is restricted in the Danish registers to ensure anonymity. During the long study period, the accuracy and access to detailed individual data have increased; hence some outcomes of interest were not available in the entire study period. Additionally, the management of CIP patients has undergone a paradigm shift throughout the study period. 

Interpretation
We found an association between cancer diagnosed in the first trimester and termination of pregnancy in the first trimester, which was further reinforced for late terminations in the second trimester. The results are similar to those reported by a clinical-based international study (N = 1089), which found that  9% of the CIP pregnancies were terminated. Of these, 63% occurred in the first trimester and 37% in the second.10  The present study demonstrated a decreasing tendency of induced abortions in the CIP group over time (Figure S1a in Supporting Information) from 1996 onward, which was not as predominant in the reference group. We speculate that the decrease in induced terminations of pregnancy in the CIP group could result from a paradigm shift in CIP treatment towards the use of chemotherapy during pregnancy, described previously.10  In sub-analyses stratified for the three most common cancer types, it was primarily patients with breast and cervical cancer who were at increased risk of termination of pregnancy. We hypothesise that the difference in risk of pregnancy termination between cancer types could be explained by the first-line treatment, which has changed throughout the study period. Current first-line treatment for breast cancer is surgery and chemotherapy followed by radiotherapy and targeted therapy postpartum.26 Low-stage cervical cancer is treated with cervical conization/simple postpartum trachelectomy, and high-stage disease is treated with neoadjuvant chemotherapy with or without pelvic lymphadenectomy followed by radiotherapy or radical hysterectomy postpartum.26 Thus, several of these treatments involve the necessity to terminate the pregnancy, whereas first-line treatment of melanoma is skin surgery. 

It is well-known that preterm birth is associated with CIP.4,6,9,10,27 A Swedish register-based cohort study (n=984) reported an increased risk of preterm birth for patients with CIP with maximum risk in the gestational period 28-31 weeks; IRR 12.5 (95% CI 9.7-16.2). Additionally, they found a high risk of iatrogenic preterm birth, most profound for 28-31 gestational weeks.9 Our findings are consistent with this study. In our study, possible misclassification of caesarean sections as subacute or grade 3 (i.e., not planned) when performed on an oncological indication may exist, underestimating the proportion of iatrogenic preterm birth. We expected that chemotherapy treatment during pregnancy would reduce the risk of iatrogenic preterm delivery. Surprisingly, the CIP treatment group demonstrated a higher risk of iatrogenic preterm delivery, even before week 34, than the CIP group not treated during pregnancy.  In the treatment group, most were breast cancer patients with a more advanced cancer disease consisting of more lymph node involvement. Consequently, the management possibly consisted of additional oncological treatment, such as radiation therapy and targeted medicine, not compatible with pregnancy. Furthermore, the treatment group was primarily cancer diagnosed during the second trimester (68.3%) compared to the no treatment group, which was diagnosed more equally during the three trimesters. Diagnosis at a more advanced gestational age in the third trimester will naturally lead to a lower risk of iatrogenic preterm delivery.

We found no association between in utero exposure to cancer and SGA, confirming results from other studies.9,10,28 Fetal exposure to chemotherapy has been associated with SGA,10 but the small number of SGA events in our study hindered further statistical analysis. A previous study reported an increased risk of stillbirth in SGA fetuses (n=6) and increased neonatal mortality (n=7) in cancer pregnancies.9 Fortunately, we found no statistically significant association between CIP and neonatal mortality. Confirming previous findings, our results do not suggest any association between congenital malformations and exposure to CIP or even in utero chemotherapy exposure. 6,29–31  
RDS was significantly associated with CIP. Further adjustment for caesarean section, a known risk factor for RDS, resulted in a minor attenuation of the association. We suspect that the CIP neonates are admitted longer to NICU because of RDS, but we can not rule out that residual confounding is affecting the results. Reassuringly, RDS and admission to NICU were not associated with chemotherapy exposure in utero. 

CIP represents a clinical dilemma entailing optimal management of maternal cancer while ensuring fetal health and development. The therapeutic decision-making depends on gestational age and aggressiveness of the malignancy, along with the wishes of the woman and her partner. 
Neonatal morbidity and mortality are strongly related to prematurity.32 We found gestational age to be a strong confounder when assessing neonatal health. In the present study, we found no increased risk of adverse neonatal outcomes in the children exposed to chemotherapy in utero.
Whenever possible, iatrogenic premature delivery without obstetrical indication should be avoided, prioritising initiation of chemotherapy treatment. 
Future studies with access to detailed obstetrical, diagnostic and oncological treatment information are needed to further investigate the obstetrical management of CIP patients and assess adverse neonatal outcomes.

Conclusions
CIP is associated with an increased risk of pregnancy terminations and iatrogenic premature birth. CIP was not associated with severe adverse neonatal outcomes when adjusting for prematurity. Our results highlight the necessity of a multidisciplinary approach involving oncologists and obstetricians in CIP management to avoid unnecessary pregnancy terminations and iatrogenic prematurity.
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Figure legends
Figure 1. Study selection criteria.
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