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Abstract

Identifying modifiable factors that contribute to preeclampsia risk associated with assisted 

reproduction can improve maternal health. Vascular dysfunction predates clinical presentation of 

preeclampsia. Therefore, we examined if a non-physiologic hormonal milieu, a modifiable state, 

affects maternal vascular health in early pregnancy. Blood pressure, endothelial function, 

circulating endothelial progenitor cell numbers (CPC), lipid levels, and corpus luteum (CL) 

hormones were compared in a prospective cohort of women with infertility history based on 

number of CL: 0 CL (programmed frozen embryo transfer (FET), N=18); 1 CL (spontaneous 

conception [N=16] and natural cycle FET [N=12]); or > 3 CL associated with in-vitro fertilization 

[N=11]. Women with 0 or > 3 CL lacked the drop in mean arterial blood pressure compared to 

those with 1 CL (both P=0.05). Reactive Hyperemia Index (RHI) was impaired in women with 0 

CL compared to 1 CL (P=0.04) while baseline pulse wave amplitude was higher with > 3 CL 

compared to 1 CL (P=0.01) or 0 CL (P=0.01). Comparing only FET cycles, a lower RHI and a 
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higher augmentation index is noted in FETs with suppressed CL compared to FETs in a natural 

cycle (both P=0.03). The number of angiogenic and non-angiogenic CPCs was lower in the 

absence of a CL in FETs (P=0.01 and P=0.03). Vascular health in early pregnancy is altered in 

women with aberrant numbers of CL (0 or >3), and might represent insufficient cardiovascular 

adaptation contributing to an increased risk of preeclampsia.
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Introduction

Early pregnancy is a critical time that lays the foundation for a healthy pregnancy or one that 

results in complications, yet our understanding of the mechanisms underlying maternal 

adaptations to pregnancy is incomplete. Multiple studies have shown that pregnancies after 

ART have an increased risk for developing hypertensive diseases, e.g. gestational 

hypertension and preeclampsia 1, 2, 3. The pathogenesis of preeclampsia in many women 

especially in early-onset preeclampsia involves impaired placentation in early pregnancy 

provoking an abnormal maternal response that manifests as endothelial dysfunction with the 

clinical signs of new-onset hypertension and proteinuria, or impaired function of other 

organs. Women who conceive after ART share risk factors with women who conceive 

naturally and go on to develop preeclampsia, including higher maternal age, body mass 

index (BMI), multifetal pregnancies, and preexisting maternal conditions (e.g. hypertension, 

diabetes, insulin resistance)1. However, several studies have shown that these factors alone 

do not account for all the observed increased risk 3, 4. Additional parameters specific to 

fertility treatments may add to the well-described increased risk for preeclampsia 4–7, 

including the type of ART procedure (invasive vs. non-invasive), manipulation of oocytes 

and sperm (e.g. IVF vs. ICSI), gonadotropin dose, or use of donor eggs 3, 5–9. An aspect that 

has received less attention is the impact of corpus luteum (CL) number on the hormonal 

environment in early pregnancy.

Pregnancies achieved with fertility treatments start for the most part in a non-physiologic 

maternal endocrine environment 10. There are two main fertility treatment methods used 

which impact the number of CL in opposite directions. In contrast to spontaneous singleton 

pregnancies, which occur in the presence of one CL, in-vitro fertilization (IVF) with transfer 

of fresh embryos results in a supraphysiologic number of CL. In the majority of frozen-

thawed embryo transfer (FET) protocols, the pituitary-ovarian axis is suppressed by estradiol 

supplementation in the context of a programmed cycle, resulting in the absence of a CL. 

Recently, a Cochrane systematic review and a large database study laid out additional 

evidence showing an even higher risk for the development of preeclampsia in women 

following a FET compared to a fresh embryo transfer during the stimulation cycle 4, 6. This 

association has been demonstrated even in the same women that underwent pregnancies 

after both fresh embryo transfer and FET 7. However, those studies did not report the type of 

protocol used for FETs, which is important when considering that a current randomized trial 
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where 75% of the FETs were performed in a natural, ovulatory cycle, found no increased 

risk of preeclampsia compared to those with fresh embryo transfers 11. Therefore, the 

increased risk of preeclampsia with ART may not be due to frozen vs. fresh embryo transfer 

but driven by the CL number.

In spontaneous pregnancies, the CL plays an important role by producing crucial hormones 

(e.g. estradiol and progesterone) for implantation, placentation, and pregnancy maintenance. 

These hormones are provided to support pregnancy in several methods of ART. Interestingly, 

animal models have demonstrated that relaxin, a potent vasodilator also secreted by the CL, 

contributes to cardiovascular and renal adaptations seen in pregnancy 12–14. In humans a 

study of women with ovarian failure who conceived through ART with CL suppression 

suggested that relaxin is also involved in renal adaptation in human pregnancy 15.

Normal human pregnancy is characterized by dramatic changes in the cardiovascular system, 

including a decrease in mean arterial pressure (MAP) accompanied by an increase in cardiac 

output and a decrease in systemic vascular resistance even before the complete 

establishment of the maternal-fetal-placental unit- as early as 6 weeks’ gestation 16. Data on 

adaptation to human pregnancy after ART are limited and primarily examined renal 

adaptation 15. The aim of the present study is to investigate whether the number of CL and 

the mode of conception impact maternal vascular health in the first trimester of pregnancy. 

Blood pressure changes, vascular reactivity, circulating angiogenic and non-angiogenic 

endothelial progenitor cell numbers were evaluated, taking into account lipid and CL 

hormones levels, at 11-14 weeks’ gestation in a cohort of women with history of infertility 

grouped by CL number and mode of conception.

Methods

Study design and population

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. The longitudinal cohort study “Pregnancy Outcomes Following 

Infertility and Endothelial Cell Health (POFIECH)” approved by the Institutional Review 

Board (IRB) at Stanford University, adheres to the principles of the Declaration of Helsinki 

and Title 45, U.S. Code of Federal Regulations and followed procedures in accordance with 

institutional guidelines. POFIECH is a subset of participants of the prospective cohort study 

“Pregnancy Outcomes Following Infertility (POFI)” at Stanford. Patients with viable, 

sonographically confirmed, singleton intrauterine pregnancies were recruited at 6-8 weeks’ 

gestation between June 2015 and December 2017 at the Stanford University School of 

Medicine, Division of Reproductive Endocrinology and Infertility. All ultrasound 

examinations were performed at the academic fertility clinic by reproductive 

endocrinologists.

All participants gave written informed consent for the measurement of vascular reactivity, 

collection of blood and urine samples, the use of their demographic and clinical data 

collected as part of the POFI study. Exclusion criteria for the POFIECH study were age >50 

years, BMI >30 kg/m2, latex allergy, known vascular disease (i.e., chronic hypertension, 

lupus erythematosus, rheumatoid disease, etc.), steroid or heparin intake, donor egg transfer, 
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or surrogate pregnancies. The POFIECH study is designed to have a total of three study 

visits performed in the first trimester (11-14 weeks), third trimester (35-37 weeks), and 

postpartum (6-12 weeks). This manuscript presents the data from the first study visit.

Participants were grouped according to their CL status at conception (S1: please see http://

hyper.ahajournals.org): (1) 0 CL from FET in a programmed cycle (N=18). Those 

participants were administered oral estradiol until 10 weeks gestation; (2) 1 CL FET in a 

natural cycle (N=12) or from spontaneous conception after infertility (N=16); or (3) > 3 CL 

associated with IVF and fresh embryo transfer (N=11). Number of retrieved eggs ranged 

from 5 to 16. IVF patients received follicle-stimulating hormone and human menopausal 

gonadotropin for ovarian stimulation and a GnRH-antagonist (N=9), or microdose leuprolide 

acetate (N=2) for ovulation suppression. Progesterone was administered vaginally (fresh 

embryo transfer: N=10; FET: N=21) or intramuscularly (fresh embryo transfer: N=1; FET: 

N=9) and discontinued at 10 weeks of gestation per routine, which is before the first 

research visit.

The primary outcome of interest was impact on maternal vascular health. Primary analysis 

involved the comparison of outcomes by CL status regardless of mode of conception. The 1 

CL group served as the control and 0 CL and > 3 CL as exposure groups. Secondary analysis 

included a) the comparison of FET protocols with natural cycle FET as control and FET in a 

programmed cycle as comparison groups and b) the effect of embryo treatment in culture 

and cryopreservation with spontaneous conceptions as control and natural cycle FET as 

comparison groups.

Measurement of Endothelial Function

The participant’s weight and height were measured on testing day (Scale-Tronix scale, 

White Plains, NY; Seca stadiometer, Columbia, MD). Four sets of resting blood pressures 

were taken on the testing arm in a sitting position after at least five minutes of rest using the 

oscillometric method (Connex Vital Signs Monitor, Welch Allyn, Beaverton, OR) by a 

trained technician. The average of the last three blood pressure measurements was used as 

per laboratory protocol. The preconception blood pressures and BMI were obtained from the 

medical record.

Vascular endothelial function was determined non-invasively using the EndoPAT 2000 

device (Itamar Medical, Caesarea, Israel) in accordance with the manufacturer’s 

recommendations and in line with the published literature 17–20. As outcome variables, the 

device measures 1) peripheral endothelial function using the reactive hyperemia index (RHI, 

arbitrary units), 2) baseline pulse wave amplitude (BPWA) to reflect arterial tone, and 3) 

augmentation index (AI) normalized to heart rate of 75 (AI75) to reflect arterial stiffness. 

MAP was calculated using the following formula: (MAP= [systolic blood pressure + 2× 

diastolic blood pressure] / 3). The relative delta between preconception and first trimester 

blood pressure values were calculated as percent change ([preconception value− study visit 

value])/preconception value ×100).
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Circulating progenitor cells characterization

Peripheral blood was collected into sodium-heparin blood vacutainer tubes and mononuclear 

cells (MNCs) were isolated using density-gradient centrifugation as previously described 21. 

0.5-1.0× 106 MNCs were analyzed by polychromatic flow cytometry after staining with 

antibodies to CD31, CD34, CD45, AC133, glycophorin-A (erythrocyte exclusion), CD14 

(macrophage exclusion), and LIVE/DEAD fixable Aqua amine reactive dye. To facilitate 

accurate compensation and gating, compensation beads, fluorescence minus-one controls 

and bi-exponential gating were utilized 22. Angiogenic (CD45-dim CD34+ CD31+ AC133+) 

and non-angiogenic (same but CD133−) circulating progenitor cells (CPCs) were reported as 

% of total lymphocytes.

Quantification of lipid and hormone levels

Plasma fasting levels of total cholesterol, triglycerides, LDL, HDL, and non-HDL 

cholesterol were measured using automated methods in the clinical laboratory at Stanford 

Medical Center at time of blood draw. Estradiol and progesterone levels were determined 

with a Roche Cobas e-411 at the IVF laboratory at Stanford on first thaw serum (previously 

stored at −80°C). Serum levels of relaxin-2, the human equivalent of relaxin in other species, 

were measured using an updated, validated immunosorbent assay (R&D Quantikine ELISA) 

with a detection range of 7.8 pg/ml to 500 pg/ml according to the manufacturer’s 

recommendations.

Statistical Analysis

A sample size calculation was performed using published data on differences in RHI with a 

goal of 12-15 per group and initial enrollment target of 50 assuming a certain withdraw/

drop-out rate. However, given a higher than expected withdrawal and drop-out rate we had to 

enroll greater than 75 subjects and consequently did not hit target for all groups. Study data 

were collected and managed using the REDCap electronic data capture tool hosted at 

Stanford 23. Statistical analyses were performed using the JMP Pro 13 software (SAS, Cary, 

NC, USA). Normality of the data distribution was evaluated by the Shapiro–Wilk test. 

Categorical variables are expressed as frequencies and percentages. Continuous variables are 

summarized as mean and standard deviation (SD) for normally distributed data or median 

and interquartile range (IQR) for non-normally distributed data. Vascular reactivity and lipid 

concentrations were compared among the three CL groups using one-way ANOVA to 

compare means or the Kruskal-Wallis rank sum test to compare medians. Γ2 statistics tested 

differences in proportions between groups. Secondary analyses were carried out based on 

whether a FET in a natural cycle (1 CL) or a programmed cycle (0 CL) was performed or 

whether conception occurred spontaneously (1 CL) or in a natural cycle FET (1CL) using 

the two-sample student’s t-test or the Mann-Whitney U test. Correlations between the 

vascular reactivity parameters and other items were investigated using the Spearman’s 

correlation coefficient ρ. The type I error was controlled two-sided at a 0.05 level.
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Results

Demographics

A total of 85 patients were recruited of whom some miscarried (N=5) or withdrew (N=23) 

mainly due to time concerns before the research study visit. Demographic data of the 57 

women who participated in the first research visit are shown in Table 1A and B. CL groups 

were comparable in regard to participant age, gestational age at study visit, ethnicity, smoker 

(ever), gravidity or parity although distribution of White and Asian race varied (Table 1A). 
As would be expected, there was a higher rate of aspirin intake until 10 weeks’ gestation and 

a higher rate of male factor as a reason for the infertility in the 0 and > 3 CL groups. Women 

with programmed FETs had similar demographic and clinical characteristics before 

conception compared to women with FETs in a natural cycle but had a higher rate of aspirin 

exposure (Table 1B). Women with conceptions after a natural cycle FET compared to 

spontaneous conceptions were more likely to take aspirin, have male factor infertility or a 

single-gene disorder but less likely to have diminished ovarian reserve.

Clinical characteristics

BMI before conception and at the first trimester research visit was lower in the 0 CL 

compared to the > 3 CL group (Table 2A). No differences were found in systolic, diastolic, 

and mean arterial pressures (MAP) between CL groups at baseline before conception. There 

was a trend towards higher systolic (P=0.06) and diastolic (P=0.07) blood pressures, and 

MAP (P=0.07) in patients at 11-14 weeks’ gestation with 0 vs 1 CL (Table 2A). The percent 

change drop in systolic and diastolic blood pressures in the first trimester was lower in 

participants with 0 (P=0.03 and P=0.06, respectively) or > 3 CL compared to 1 CL (P=0.06 

and P=0.06, respectively). While MAP dropped as expected in first trimester for women 

with 1 CL, MAP increased in participants with 0 (P=0.05) or > 3 CL (P=0.04).

Systolic, diastolic, and mean arterial blood pressures were not different before conception, 

but were higher in the first trimester in women with programmed cycle compared to women 

with natural cycle FETs (Table 2B). Systolic blood pressures before spontaneous conception 

and the percent change to first trimester systolic blood pressure were higher compared to 

women with FETs in a natural cycle. There was no difference in diastolic or MAP before 

and after conception between spontaneous conceptions and FETs in a natural cycle.

Endothelial function

Compared to women with one CL, women who conceived without a CL had impaired 

endothelial function, reflected in a significantly lower RHI (P=0.04), (Figure 1A: please see 
http://hyper.ahajournals.org). RHI was also lower in participants with > 3 CL after IVF but 

not statistically different from participants with 1 CL. There was no difference in AI75 

between the CL groups. BPWA was higher in women with >3 CL compared to participants 

with 0 or 1 (Figure 1B).

Women with suppression of CL formation in a programmed FET had a significantly lower 

RHI and lnRHI as well as a higher AI75 compared to women who conceived after FET in a 

natural cycle (all P=0.03), (Figure 1C: please see http://hyper.ahajournals.org). There were 
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no differences in vascular reactivity between participants with spontaneous conceptions and 

conceptions after natural cycle FETs (Figure 1C: please see http://hyper.ahajournals.org).

Circulating progenitor cell numbers

Polychromatic flow cytometry was performed on maternal blood of 45 of the 57 

participants. Eleven participants were excluded due to low cell numbers after PBMC 

isolation, fluorochrome oversaturation, staining problems, or refusal of blood draw. There 

was a non-significant trend towards lower angiogenic and non-angiogenic CPCs in cycles 

without a CL compared to conceptions in the presence of 1 CL (P=0.19 and P=0.2, 

respectively), (Figure 2A and B: please see http://hyper.ahajournals.org). Both angiogenic 

CPCs (P=0.01) and non-angiogenic CPCs (P=0.03) were significantly lower in programmed 

FET cycles compared to FETs in a natural cycle (Figure 2C and D: please see http://

hyper.ahajournals.org). There was no difference in angiogenic and non-angiogenic CPC 

numbers between conceptions, which were spontaneous vs in a natural cycle FET (Figure 

2C and D: please see http://hyper.ahajournals.org).

Lipid and hormone levels

Serum plasma concentrations of lipids (N=56) and pregnancy hormones (N=55) are 

presented in Table 3A and 3B. Note: one participant refused the blood draw and from a 

second participant hormone levels are not available. Total cholesterol was higher in the 

absence compared to the presence of 1 CL (but was not different in FET cycles). Non-HDL 

and LDL cholesterol were higher in participants with a FET in a natural cycle compared to 

spontaneous conception. Triglycerides, cholesterol/HDL and LDL/HDL were not different 

among any groups.

As expected, serum relaxin concentrations were markedly less and at the lower range of 

detectability in the 0 vs 1 CL and > 3 CL groups and lower in the 1 CL group compared to 

>3 CL. Relaxin levels were also lower in programmed compared to natural cycle FETs but 

not different between natural cycle FET and spontaneous conception. Women with >3 CL 

after IVF had higher progesterone concentrations compared to women that conceived with 0 

or 1 CL. Estradiol and progesterone concentrations were not different among FETs in a 

programmed or natural cycle. These steroid hormone concentrations were similar between 

spontaneous and natural cycle FET conceptions.

Association between endothelial reactivity and maternal factors

Several maternal factors were assessed for a correlation with endothelial function, including 

BMI, blood pressure, lipid and hormone concentrations. Relaxin concentrations weakly 

correlated negatively with AI75 (ρ=−0.35; P=0.009) and the number of angiogenic CPCs 

(ρ=0.31; P=0.03) in the whole population. A weak negative correlation was detected for RHI 

and change in diastolic (ρ=−0.32; P=0.02) and mean arterial blood pressure (ρ=−0.29; 

P=0.03) over the first trimester and a weak positive correlation for BPWA and BMI (ρ=0.28; 

P=0.04) in the whole population. In participants with FETs, relaxin and estradiol 

concentrations weakly correlated with RHI (ρ=0.38; P=0.045 and ρ=0.57; P=0.001). In 

participants with FETs, only relaxin weakly correlated with angiogenic (ρ=0.41; P=0.03) 

and non-angiogenic CPC numbers (ρ=0.42; P=0.03), and negatively with AI75 (ρ=−0.43; 
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P=0.02). None of the other parameters (lipids, progesterone) showed a significant correlation 

to endothelial reactivity measures; therefore, these variables were not regarded as potential 

confounders for the observed differences (please see http://hyper.ahajournals.org).

Summary of results

Figure 3 represents a graphical summary of the results of the entire cohort (panel A) 

including hormone levels (top of panel), changes in mean arterial pressure, vascular 

reactivity assessment and circulating progenitor cell numbers (bottom of panel). Comparison 

among programmed FET, natural cycle FET and spontaneous conceptions are presented in 

panel B.

Discussion

In this study, we report differences in vascular health in the first trimester of pregnancy in 

women with differing numbers of CL and modes of conception. Our results demonstrate that 

among conceptions achieved with zero or >3 CL, the natural decline of MAP is absent and 

vascular endothelial function is impaired, albeit in different ways. Women had a lower RHI 

in the absence of a CL and higher BPWA in the presence of multiple CL. When we 

compared infertile women with natural cycle FETs to those who conceived spontaneously 

after a period of infertility (all with one CL), we didn’t find any significant differences in 

clinical, vascular reactivity or hormonal parameters, suggesting comparable vascular 

adaptation in early pregnancy with FET in a natural cycle. In contrast, women that conceived 

after a FET in a programmed cycle (CL=0) compared to in a natural cycle (CL=1), a 

comparison that controls for any impact from the use of a frozen embryo, blood pressure, 

vascular reactivity, relaxin levels and circulating progenitor cell numbers were significantly 

different. These findings imply that the hormonal environment [whether exogenous 

(programmed cycle treatments) or endogenous (CL number)] and not IVF or 

cryopreservation has the more significant impact on vascular changes in early pregnancy.

Of note in the FET pregnancies, relaxin concentrations correlated with aberrant vascular 

reactivity measures suggesting contribution to the changes in cardiovascular adaptation in 

early pregnancy. One might argue against this conclusion due to the lack of a simple dose 

response for relaxin, with the > 3 CL group more closely resembling the 0 than the 1 CL 

group in terms of blood pressure and RHI. However, our observation is consistent with data 

showing a biphasic effect of relaxin on glomerular filtration rate and effective renal plasma 

flow in conscious, non-pregnant rats in the context of both too little or too much relaxin 
24, 25. Additional supporting data that relaxin does not necessarily follow a “traditional dose 

response” comes from the work of Sarwar et al. 26. Specifically, relaxin signaling through its 

receptor dependently increased cAMP and cGMP levels in human umbilical artery vascular 

smooth muscle cells in a sigmoidal-shaped manner, while cAMP and cGMP signaling to 

increasing doses of relaxin followed a bell shape curve in human umbilical vein endothelial 

and vascular smooth muscle cells. Therefore, certain vascular responses to relaxin, or other 

CL factors, may require an optimal intermediate concentration that results in healthy 

pregnancy.
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Vascular dysfunction predates clinical presentation of preeclampsia and is considered to be 

part of the pathogenesis. In a recent study MAP measured between 11 and 14 weeks’ 

gestation was a strong predictor for the development of gestational hypertension and 

preeclampsia 27. Endothelial dysfunction demonstrated by a lower RHI was also found in a 

cohort of 105 preeclamptic women compared to 110 normotensive, pregnant controls at 

30-32 weeks’ gestation. Several studies assessing flow-mediated dilatation showed worse 

vascular function already in the second trimester in women who subsequently developed 

preeclampsia 28, 29. Therefore, in the current study the early pregnancy vascular changes 

related to CL number may indeed reflect an increased risk of preeclampsia. It will be 

important for future studies to consider treatment protocols used for FET (e.g., transfer in a 

natural, ovulatory cycle vs. in an artificial, programmed cycle) when determining risk of 

preeclampsia.

When comparing programmed (CL=0) vs. natural cycle (CL=1) FETs not only is there a 

difference in blood pressure but also fewer CPCs, cells thought to be important in 

maintaining a healthy endothelium. Relaxin, a 6 kD circulating peptide, in animal studies 

induces systemic and renal vasodilation at least in part due to nitric oxide (NO) production 
12, 14, 15. One mechanism of action for higher CPC in the CL 1 group may involve NO 

release and stimulation of migration of human endothelial progenitor cells 30. Reduced 

number and functions of CPCs and late-outgrowth endothelial progenitor cells have 

previously been shown in maternal and cord blood of women with preeclampsia 31–34. This 

highlights a potential connection between endovascular state and endothelial progenitor cell 

numbers.

While circulating relaxin is produced predominately, if not exclusively by the CL in human 

pregnancy, the other CL hormones, estradiol and progesterone, are also produced by the 

developing placenta. Both steroid hormones are important players in implantation and 

pregnancy maintenance. Interestingly, in this study progesterone didn’t correlate with any of 

the vascular or clinical parameters, while estradiol correlated with RHI only in the FET 

population. Therefore, given the strongest correlations with relaxin, it is more likely a 

contributing mediator for the differences observed. If relaxin is indeed a major mediator of 

cardiovascular adaptation and vascular health in early human pregnancy, supplementation of 

physiologic relaxin levels in fertility treatment protocols, could improve vascular function. 

Whether this would impact later obstetrical outcomes is not currently known. The current 

study supports and expands upon the previously articulated theory that, relaxin deficiency in 

early pregnancy compromises maternal vascular adaptations to pregnancy affecting both 

renal and placental function 35.

Given the relatively small sample sizes in this prospective cohort study, our findings should 

be interpreted accordingly. Some true associations may not have reached statistical 

significance because of lack of power or vice-versa from type 1 error. Also, we were not 

able to control for potential confounders or perform vascular health assessments before 

conception and therefore, there is a chance women that conceived with aberrant CL numbers 

could have been different at baseline. Nevertheless, a major advantage of the study is the 

design with inclusion of different CL groups and treatment protocols along with the broad 

registration of clinical characteristics, endothelial evaluation, and hormone patterns. 
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Although a higher incidence of male factor infertility was detected in the groups with 

multiple CL after IVF and programmed FETs, one would expect overall healthier women 

with better vascular health in both groups. The opposite was the case, underscoring the 

observed effects and our findings. In addition, more women took aspirin until 10 weeks of 

gestation as part of the treatment protocol in those two groups. One would expect a 

protective effect of aspirin on vascular health given its effective use in the prevention of both 

cardiovascular disease and preeclampsia 36–38. Again, a positive effect on vascular health 

couldn’t be confirmed but might be due to the discontinuation of aspirin before the vascular 

health assessment. While we observed differences in the first trimester these may not persist 

throughout pregnancy. Further evaluation is required to determine if they reflect a first sign 

of impaired cardiovascular adaption related to altered CL number, thereby contributing to 

the increased risk of hypertensive disease of pregnancy. Along with any direct impact on 

maternal vasculature by the early hormone milieu arising from the CL, there may also be an 

impact on placentation, that contributes to vascular adaptation and the later development of 

preeclampsia 35. As this analysis focused on first trimester effects, additional data from 

second and third trimester pregnancies along with placental biopsies will assist in evaluating 

these possibilities.

Conclusion

We found that blood pressure, endothelial function, and the number of circulating 

endothelial progenitor cells were affected in treatment protocols leading to aberrant CL 

numbers. Specifically, the findings of this study support that conception following a FET in 

a programmed cycle (CL=0) has a negative influence on maternal vascular health in early 

pregnancy compared to pregnancies conceived following FET in a natural cycle (CL=1) or 

spontaneous conception (CL=1).

Perspectives

In light of increasing utilization of FETs predominantly in programmed cycles in the 

absence of a CL, along with a higher risk for the development of preeclampsia, more studies 

examining the effect of fertility treatment on maternal physiology in pregnancy are needed. 

If the findings of our study can be confirmed in larger cohort or randomized control trials, 

support with CL products such as relaxin, or the transfer of embryos in a natural cycle could 

improve maternal and pregnancy health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

• Both a lack of or supraphysiologic numbers of CL at conception are 

accompanied by subtle yet distinct vascular abnormalities in early pregnancy.

• Impaired vascular reactivity, lack of blood pressure declines, and lower CPC 

numbers are noted in women who had FETs in a programmed cycle compared 

to a natural cycle.

• Spontaneous conceptions and natural cycle FETs have comparable vascular 

health parameters.

What Is Relevant?

• Impaired vascular health in early pregnancy, as observed in women with a 

lack of CL at conception, might contribute to the risk of preeclampsia later in 

pregnancy.

• Women with FETs in a natural cycle have favorable vascular parameters.

Summary

• If findings are confirmed, FETs in a natural cycle would be preferred to FETs 

in a programmed cycle.

• We speculate that supplementation of CL products in early pregnancy, e.g. 

relaxin, might improve vascular adaptation and pregnancy outcome for 

women undergoing FET in a programmed cycle.
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Figure 1: 
Vascular endothelial function measured as reactive hyperemia index (RHI; A, C) and 

baseline pulse wave amplitude (BPWA, B) in first trimester comparing different numbers of 

corpora lutea (0 CL [N=18], 1 CL [N=28] or > 3 CL [N=11]; A&B) and different modes of 

conception (programmed cycle frozen-thawed embryo transfer [FET, N=18], natural cycle 

FET [N=12] or spontaneous conception [N=16], C). Box plots represent median, 10th, 25th, 

75th and 90th percentile.
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Figure 2: 
Comparison of angiogenic (A, C) and non-angiogenic (B, D) circulating progenitor cell 

(CPC) numbers in first trimester of women conceived with different numbers of corpora 

lutea (0 CL [N=17], 1 CL [N=23] or > 3 CL [N=8]; A&B) and different modes of 

conception (programmed cycle frozen-thawed embryo transfer [FET, N=17], natural cycle 

FET [N=8] or spontaneous conception [N=16], C&D). Box plots represent median, 10th, 

25th, 75th and 90th percentile.
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Figure 3: 
Summary of the maternal endocrine milieu in first trimester of pregnancy and pregnancy 

adaptation and vascular health. (A) Comparison among groups by CL number. CL number 

within yellow ovary and CL hormonal products depicted by symbols at the top of the figure. 

Vascular parameters for each CL group represented below. Arteries (pink smooth muscle 

and orange endothelial lining) are centered on y-axis based on change in MAP at first 

trimester visit compared to preconception (small black circle in lumen), arrows (length) 

represent reactive hyperemia index (RHI), a measure of endothelial reactivity, and artery 
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diameters represent baseline pulse wave amplitude (BPWA), a measure of arterial tone. 

Circulating progenitor cell number represented by cells in lumen. Relaxin, a vasodilator 

secreted by the corpus luteum (CL), and BPWA increased with CL number. RHI was highest 

in women with 1 CL. Women with aberrant numbers of CL (0 or > 3) had higher blood 

pressure levels and lacked the typical drop in mean arterial pressure (y-axis). (B). 
Comparison between FET groups compared with spontaneous conception to note differences 

based on absence of CL and /or natural vs IVF embryo. Suppression of CL development 

(CL=0) in frozen embryo transfer (FET) cycles was associated with a lower RHI compared 

with FETs in a natural cycle (CL=1), as well as lower numbers of angiogenic and non-

angiogenic circulating progenitor cells (CPCs). MAP decline was greater if CL=1 and CPCs 

were most numerous in the natural cycle FET.
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