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Vascular Health of Children Conceived via In Vitro Fertilization
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Objective To evaluate whether in vitro fertilization (IVF) has an effect on the cardiovascular health of offspring.
Study design This was a cross-sectional pilot study. We performed vascular health assessment for 17 children
aged 10-14 years who were conceived via IVF with autologous oocytes at Stanford University. Carotid artery ultra-
sound evaluated intima-media thickness and stiffness, carotid-femoral pulse wave velocity determined segmental
arterial stiffness, and endothelial pulse amplitude testing assessed endothelial function.We compared IVF offspring
with control adolescents assessed in the same laboratory, with all comparisons adjusted for age, sex, and race/
ethnicity.
Results All participants had normal body mass index and blood pressure. Compared with controls, IVF children
had thicker common carotid artery intima-media thickness (0.44 � 0.03 mm vs 0.38 � 0.03 mm; P < .01), higher
elastic modulus (395.29 � 185.33 mm Hg vs 242.79 � 37.69 mm Hg; P = .01), higher bstiffness (2.65 � 0.38 vs
2.28 � 0.23; P < .01), and higher peak velocity (142.29 � 31.62 cm/s vs 117.71 � 32.69 cm/s; P = .04). The
mean endothelial pulse amplitude testing reactive hyperemia index was not significantly different between IVF
and controls. The mean pulse wave velocity was 4.69 � 0.51 m/s compared with the controls 4.60 � 0.57 m/s
(P = .11), with 8 (47%) having abnormal values.
Conclusion In an assessment of endothelial function and arterial properties of children conceived via IVF, we
found that children conceived via IVF seem to have evidence of abnormal vascular health. Further studies with larger
sample size and long-term follow-up are warranted. (J Pediatr 2019;214:47-53).
T
he first live birth with in vitro fertilization (IVF) occurred in 1978, and since then it has become a commonly used pro-
cedure with >6million babies born worldwide.1 Although the rate of IVF use is continuing to grow, the long-term health
of IVF offspring is still largely unknown.

There are biologically plausible reasons to hypothesize that IVF may have an adverse effect on child health, because
conception begins in conditions which are not physiologic for the mother or embryo. Maternal levels of hormones such
as estradiol and progesterone are supraphysiologic owing to ovarian stimulation protocols used to mature multiple oocytes,
and in vitro culture does not ideally replicate the in vivo environment during which critical epigenetic reprogramming
occurs.2-4 Because the heart is one of the earliest organs to form, it may be particularly sensitive to perturbations during
the periconceptual period.2 Abnormalities in epigenetic control may result in abnormal cardiovascular development and
susceptibility to disease.

Ameta-analysis of international literature found a 1.8% incidence of cardiac malformations with IVF compared with 0.4% in
the general population, and data from California confirm a higher risk.5,6 These higher rates of malformation raise the concern
that other, more subtle adverse effects of IVF on the cardiovascular system could be occurring. Limited available clinical data
from Switzerland, the Netherlands, Spain, and China suggest that IVF may be associated with a higher risk of cardiovascular
dysfunction in offspring, but no studies examining the cardiovascular health of IVF offspring have been performed in the US
From the 1Stanford University School of Medicine;
2Division of Pediatric Cardiology, Department of
where IVF protocols and IVF laboratory conditions may differ from other parts
of the world.7-12 Thus, we conducted the first study in the US to compare
endothelial function and arterial wall properties of IVF adolescents with those
of non-IVF adolescents.
Pediatrics; 3Quantitative Sciences Unit; 4Division of
Reproductive Endocrinology and Infertility, Department
of Obstetrics and Gynecology, Stanford University
School of Medicine, Stanford, CA; and 5Division of
Reproductive Endocrinology and Infertility, Department
of Gynecology and Obstetrics, Johns Hopkins University
School of Medicine, Baltimore, MD

Funded by the Stanford Child Health Research Institute
(1111239-415-JHACT) and a MedScholars fellowship
from the Stanford Medical Scholars Research Program.
The use of REDCap was supported by Stanford Clinical
and Translational Science Awards from National Institute
of Health/National Center for Research Resources (UL1
TR001085). The authors declare no conflicts of interest.

0022-3476/$ - see frontmatter.ª2019Elsevier Inc.All rights reserved.

https://doi.org/10.1016/j.jpeds.2019.07.033

BMI Body mass index

CCA Common carotid artery

EndoPAT Endothelial pulse amplitude testing

DBP Diastolic blood pressure

IMT Intima-media thickness

IVF In vitro fertilization

PWV Pulse wave velocity

SBP Systolic blood pressure

47

https://doi.org/10.1016/j.jpeds.2019.07.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpeds.2019.07.033&domain=pdf


THE JOURNAL OF PEDIATRICS � www.jpeds.com Volume 214 � November 2019
Methods

We identified 10- to 14-year-old children conceived via IVF
using a Stanford database listing all patients who had under-
gone IVF at Stanford from 2004 to 2008. Recruitment is
detailed in the Figure 1. The database included 693 former
patients who conceived via IVF with autologous oocytes
who also had contact information in their records. Of
those, 45 lived out of state and were excluded owing to the
low likelihood that they would return to California for
testing. Recruitment letters were mailed to 648 mothers.
For those who had email accounts in our electronic health
record system, an email message was sent. All letters and
emails were also followed up by a phone call. For many of
those who we attempted to contact, addresses or phone
numbers listed in our record were no longer accurate. A
total of 40 parents replied to a letter, email, or phone call
expressing initial interest in enrolling their child. Before
phone screening for eligibility, 22 were either unavailable to
bring in their child for the vascular testing or were no
longer interested in enrolling their child after learning
more about the study. Thus, 18 children were ultimately
screened for eligibility. All 18 children were eligible,
enrolled in our study, and consented to the study visit. At
the study visit, 1 participant was excluded from our
analysis owing to ineligible body mass index (BMI).
Therefore, data from 17 children were ultimately included.

To be eligible to be included in the IVF group, subjects had
to meet all of the following criteria: age of 10-14 years at the
Figure 1. Flow diagram of study recruitment.
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time of study; conceived via IVF with autologous oocytes; no
known cardiovascular risk factors such as hypertension (sys-
tolic blood pressure [SBP] and/or diastolic blood pressure
[DBP] <95th percentile for sex, age, and height), congenital
heart defect, hyperlipidemia, overweight or obesity (inclu-
sion criteria was a BMI <85th percentile), diabetes mellitus,
or vascular diseases; no other significant medical conditions;
and no regular medications other than over-the-counter pain
relievers or asthma medication.13-15 Although older children
(>15 years) and young adults could be studied, the practice of
IVF has evolved significantly over the past 10-15 years, and
thus a study of vascular health for older offspring could be
of questionable significance to the contemporary practice
of IVF. The Institutional Review Board of Stanford Univer-
sity approved the study protocol. Written informed consent
was obtained from parents or guardians, and assent was ob-
tained for each participant.
Normative Controls
Controls were adolescents of similar age to the IVF group
who had been previously recruited from the general pediatric
population to serve as normal healthy controls.14-16 All con-
trols had a normal BMI and were normotensive. The controls
underwent assessment for carotid intima-media thickness
(IMT), elastic modulus, bstiffness, peak velocity (n = 22), pulse
wave velocity (PWV; n = 30), and endothelial function
(n = 42) in the same Stanford Pediatric Vascular Research
Laboratory as the IVF offspring (see detailed description of
Vascular Health Assessments).
Zhang et al
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Vascular Health Assessments
Vascular health was assessed by 3 modalities: (1) carotid ar-
tery ultrasound examination to assess carotid IMT and ca-
rotid artery stiffness, (2) arterial tonometry to assess
carotid-femoral arterial stiffness by PWV, and (3) endothelial
pulse amplitude testing (EndoPAT) to assess endothelial
function. These vascular testing modalities are feasible for
the pediatric population with consistently high inter-
observer reproducibility.14-16 Additionally, they are included
as standard research assessment tools for children and adoles-
cents in a consensus statement from the American Heart As-
sociation.17 These noninvasive measures are sensitive
markers of arterial health in children and cardiovascular
risk in adults, and thus may serve as surrogate markers of car-
diovascular health in the general population.18-29 All tests for
both the IVF and controls groups were performed by the
same professional technicians and sonographers within the
Pediatric Vascular Research Laboratory; one author trained
all technicians and performed extensive quality control for
both the IVF and control groups. The same study protocol
and vascular testing equipment were used for both groups,
and the intraclass correlation coefficient for carotid IMT
testing within the laboratory was 0.86.

The vascular testing duration was 2-3 hours. Before
testing, participants were asked to fast overnight, for
³10 hours, with exception only for consumption of water, vi-
tamins, or over-the-counter medication. Furthermore, par-
ticipants were not tested if they had any recent illnesses. On
the testing date, the participant’s height and weight were
measured (Seca stadiometer, Columbia, Maryland; Scaletro-
nix scale, White Plains, New York), and 4 sets of resting BPs
were measured on the dominant arm with the oscillometric
method (Dinamap-GE, Waukesha, Wisconsin) after 5 mi-
nutes of rest; the last 3 BP measurements were averaged.
The testing room environment was set up to provide a quiet
and peaceful ambiance with minimal disturbance, and the
room was temperature controlled to 72�F-75�F for all partic-
ipants. All tests were conducted while participants were
resting comfortably in the supine position.

Carotid Artery Ultrasound Examination. A linear array
probe (L11-3 MHz, iE33 Ultrasound System; Philips Medical
Systems, Andover, Massachusetts) was placed at the anterior,
posterior, and lateral angulations over a 1-cm segment
located at the distal aspect of the right and left common ca-
rotid artery (CCA), just proximal to its bifurcation into the
internal and external carotid arteries. Three 10-second loops
were obtained, and the carotid IMT of the far wall of the CCA
was measured at end-diastole. Measurements were per-
formed using QLAB semiautomated edge detection software
(Philips Medical System) and were included in our study
analysis only if the edge detection software was able to mea-
sure 95% of the 1-cm arterial segment. Anterior, posterior,
and lateral IMT measurements were obtained for both the
right and left common carotid arteries, then averaged for
right and left CCA. Functional arterial wall properties were
Vascular Health of Children Conceived via In Vitro Fertilization
expressed by 2 derived measures: stiffness index b and elastic
modulus.29

Elastic modulus ¼ ðSBP� DBPÞ=½ðAAmax � AAminÞ
� =AAmin�½mm hg�

bstiffness ¼ ½lnðSBP=DBPÞ�=½ðAAmax�AAminÞ=AAmin�
where ln is the natural log and AA is the arterial area.

PWV. PWV was obtained to measure participants’ arterial
stiffness using a pressure tonometer (SphygmoCor, Atcor-
Medical, Sydney, Australia). The distance from the carotid
artery to the sternal notch and the distance from sternal
notch to femoral artery pulse were measured; the pressure
tonometer was subsequently placed on the carotid artery
and then the femoral artery to obtain arterial waveforms
gated to R-wave. PWV was obtained by the manufacturer’s
software and is calculated as the relative difference in path
length between the carotid and femoral sites divided by the
transit time difference. PWV measurements were obtained
in triplicate and averaged for each participant. Per prior pub-
lications studying the feasibility and reproducibility of
measuring PWV, a PWV value of ³4.5 m/s for 8- to 14-
year-old was defined as abnormal.15

EndoPAT. We followed the EndoPAT protocol provided by
the test manufacturer (Itamar Medical Ltd, Caesarea,
Israel).30 Noninvasive pneumatic probes were placed on the
index fingers of both hands, probes were confirmed to have
appropriate fit, continuous recording of pulse wave ampli-
tude was initiated, the brachial artery of 1 arm was occluded
for 5 minutes by a blood pressure cuff (to around 200 mm
Hg), and the EndoPAT data was then automatically analyzed
by the software. The EndoPAT reactive hyperemia index is
defined as the ratio of average pulse amplitude over a 1-
minute period (beginning after exactly 90 seconds of brachial
artery occlusion) to the average pulse amplitude during a
210-second pre-occlusion baseline. Using data from prior
publications studying the feasibility and reproducibility of
EndoPAT in adolescents, we defined an EndoPAT reactive
hyperemia index value of <1.9 as abnormal for this age
group.14

Lipid Profile. After the carotid artery ultrasound examina-
tion, PWV, and EndoPAT testing, participants underwent a
blood draw for a lipid panel, because fasting lipid levels in ad-
olescents have been shown to predict later cardiovascular
health.31-35 Fasting lipid panel assays were performed
through Lucile Packard Children’s Hospital Core Laboratory
at Stanford. The reference range for abnormal values were
also based on the Stanford Children’s hospital-wide refer-
ences: normal was considered <170 mg/dL for total choles-
terol, <150 mg/dL for triglyceride, >40 mg/dL for high-
density lipoprotein cholesterol, and <130 mg/dL for low-
density lipoprotein cholesterol.36
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Table I. Demographic and clinical characteristics of
participants: Children conceived via IVF with
autologous oocytes vs normative controls

Characteristics IVF (n = 17) Controls (n = 42)

Age, years 12.1 � 1.0 15.3 � 2.2
Sex

Female 6 (35) 20 (47)
Male 11 (65) 22 (53)

Race/ethnicity
White 10 (59) 34 (81)
Asian 2 (12) 4 (10)
Hispanic/Latino 2 (12) 1 (2)
Mixed race 3 (17) 0 (0)
Black 0 (0) 3 (7)

Mode of conception
Fresh embryo transfer 15 (88) NA
Frozen embryo transfer 2 (12)

Maternal age at
conception, years

35.6 � 3.3 NA

Height (cm) 159.3 � 12.0 167.8 � 9.0
Weight (kg) 47.5 � 10.6 56.9 � 8.8
BMI (kg/m2) 18.5 � 2.1 19.9 � 3.0
BMI percentile

for age and sex
49.5 � 25.0 48.3 � 23.7

SBP (mm Hg) 104.4 � 5.9 113.7 � 9.4
DBP (mm Hg) 64.7 � 4.9 69.4 � 7.1
Total cholesterol, mg/dL 147.8 � 25.7 NA
LDL, mg/dL 79.3 � 17.8 NA
HDL, mg/dL 58.3 � 16.2 NA
Triglyceride (TG), mg/dL 50.8 � 22.9 NA
TG/HDL ratio 0.9 � 0.5 NA

HDL, high-density lipoprotein; LDL, low-density lipoprotein; NA, not applicable; TG, triglycer-
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Statistical Analyses
Study data were captured and managed in Stanford’s
REDCap electronic data tool.37 BMI percentiles were calcu-
lated for the participants’ age and sex using Centers for Dis-
ease Control’s online BMI Percentile Calculator for Child
and Teen.38 Similarly, BP percentiles were calculated for
the participants’ age and sex using Baylor College of Medi-
cine’s “Age-based Pediatric Blood Pressure Reference
Charts” online calculator, which is based on the National
Heart, Lung, and Blood Institute’s normative blood pressure
levels for children and adolescents.13,39

Statistical analyses of the raw data were performed by a
professional biostatistician within Stanford Medicine’s
Quantitative Sciences Unit; the biostatistician was not a
part of the study design or data collection. Linear regression
was used to compare the IVF group with the controls to
assess the association with each of the outcome variables:
CCA IMT, CCA elastic modulus, CCA bstiffness, CCA peak ve-
locity, PWV, and EndoPAT reactive hyperemia index, adjust-
ing for age, sex, and race/ethnicity. Owing to the small sample
size, race/ethnicity was coded as a binary variable with 2 cat-
egories: white and others. For the low level of missing data (2
PWV values missing in the IVF cohort), we used mean impu-
tation. All statistical analyses were conducted using R statis-
tical software 3.5.1.39 The P values generated from linear
regression models were 2 sided, and a P value of < .05 was
considered statistically significant.
ides.
Data are shown as mean � SD or number (%).
Results

Demographic data for the study cohort is shown in Table I.
There were 18 adolescents (ages 10-14 years) initially
enrolled, but one was excluded owing to an ineligible BMI
of 24.14 on the day of the study visit (88th percentile for
age and sex). There was 1 set of fraternal twins (1 female, 1
male); all other adolescents were singletons. The IVF
cohort was younger than the normative control cohort
(12.1 � 1.0 years vs 15.3 � 2.2 years). All IVF offspring
had normal BMI (mean 18.5 � 2.1), mean systolic BP
(104.4 � 5.9 mm Hg), and mean diastolic BP
(64.7 � 4.9 mm Hg). Only 1 participant had a borderline
lipid profile, with a low-density lipoprotein cholesterol
level of 132 mg/dL.

Unadjusted mean and SD of all outcome variables, as well
as beta coefficients and P values obtained from multivariable
linear regression models are displayed in Table II and Figure
2. Compared with normative controls (n = 22), IVF
adolescents had significantly thicker CCA IMT
(0.44 � 0.03 mm vs 0.38 � 0.03 mm; P < .01), higher elastic
modulus (395.29 � 185.33 mm Hg vs 242.79 � 37.69 mm
Hg; P = .01), higher bstiffness (2.65 � 0.38 vs 2.28 � 0.23;
P < .01), and higher CCA peak velocity (142.29 � 31.62 cm/
s vs 117.71 � 32.69 cm/s in control; P = .04) (Table II).
There were no statistically significant differences in mean
PWV (4.69 � 0.51 in IVF cohort vs 4.60 � 0.57 in control)
or EndoPAT (1.66 � 0.53 in IVF cohort vs 1.78 � 0.58
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in control) compared with normative controls. A varying
number of controls was used depending on the availability
of measurements in the controls.2

Discussion

Our cohort of IVF adolescents had significantly higher CCA
IMT and stiffness (measured by elastic modulus, bstiffness, and
peak velocity) when compared with healthy, non-IVF
controls.
Our study adds to the limited clinical data regarding the

cardiovascular health of IVF children. Worldwide, investi-
gators have published data regarding the cardiovascular
health of a total of 432 IVF children since 2008.7-12 A Dutch
study reported higher SBP and diastolic BP and higher fast-
ing glucose levels in IVF children.10 A 2012 Swiss study
reported that children conceived via assisted reproductive
technology had greater PWV and carotid IMT when
compared with healthy, non-IVF controls.7 Meister et al
followed-up with this same cohort of assisted reproductive
technology children 5 years later and found evidence that
those initial signs of premature vascular aging not only per-
sisted, but also may have translated into arterial hyperten-
sion.9 Examining early development, a 2013 Spanish study
found signs of cardiovascular remodeling in fetuses
conceived with assisted reproductive technology, with ab-
normalities that persisted into infancy.11
Zhang et al



Table II. Ultrasound arterial wall measurements and CCA functional properties of IVF adolescents compared with
normative values

Variables IVF (n = 17) Controls Beta coefficient (95% CI) P value*

CCA IMT (mm) 0.44 � 0.03 0.38 � 0.03 (n = 22) 0.05 (0.03 to 0.07) <.01
CCA elastic modulus (mm Hg) 395.29 � 185.33 242.79 � 37.69 (n = 22) 137.08 (33.39 to 240.78) .01
CCA bStiffness 2.65 � 0.38 2.28 � 0.23 (n = 22) 0.43 (0.18 to 0.68) <.01
CCA peak velocity (cm/s) 142.29 � 31.62 117.71 � 32.69 (n = 22) 27.62 (0.94 to 54.29) .04
PWV (m/s) 4.69 � 0.51 4.60 � 0.57 (n = 30) 0.26 (�0.06 to 0.58) .11
EndoPAT Index (RHI) 1.66 � 0.53 1.78 � 0.58 (n = 42) �0.20 (�0.62 to 0.22) .34
Natural log of EndoPAT Index (lnRHI) 0.45 � 0.36 0.53 � 0.31 (n = 42) �0.10 (�0.35 to 0.14) .40

RHI, reactive hyperemia index.
Data are shown as unadjusted mean � SD.
*P values are adjusted for age, sex, and race/ethnicity.
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The mechanism by which IVFmay affect vascular health of
offspring is not known, and it is quite possible that multiple
factors are involved. Animal models including data from
sheep, cattle, and rodents implicate both ovarian stimulation
and in vitro culture environment.2,40,41 Ovarian stimulation
is routinely used in human IVF. To maximize the chance of
pregnancy, it is typical for physicians in the US to use high
doses of gonadotropin for ovarian stimulation, often
retrieving 15-25 eggs, resulting in high maternal levels of
Figure 2. Boxplots of all outcome variables in IVF and control co

Vascular Health of Children Conceived via In Vitro Fertilization
estradiol, progesterone, and relaxin.42,43 Xu et al found an as-
sociation between cardiovascular dysfunction and ovarian
hyperstimulation syndrome, suggesting that the underlying
mechanism of dysfunction may involve supraphysiologic
levels of estradiol and progesterone.12

IVF may also adversely affect cardiovascular health owing
to the fact that in vitro culture does not ideally replicate the
in vivo environment.2,40,41 Critical epigenetic reprogram-
ming occurs in the first 3-5 days during which the embryo
horts.

51
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develops within an in vitro culture, and some evidence sug-
gests that IVF is associated with an increased risk of epigenetic
disorders.44 IVF, particularly frozen embryo transfer and
more recently pre-implantation genetic testing, has been asso-
ciated with an increased risk for preeclampsia.45-51 Pre-
eclampsia in turn has been associated with a higher risk of
cardiovascular disease in the offspring. Finally, the population
of couples undergoing IVF differ from those who conceive
spontaneously in ways that could theoretically affect health
of offspring. For example, couples undergoing IVF are often
older and are more likely to be obese compared with the gen-
eral population of couples who conceive spontaneously.52,53

Further study is required to determine whether the IVF pro-
cedure itself or factors related to infertility could explain
our findings.

This study has some strengths. We compared the endothe-
lial function and arterial wall properties of IVF adolescents
with that of non-IVF adolescents in the US. The IVF offspring
and controls were all assessed in the same cardiovascular lab-
oratory under a rigorous protocol. The IVF offspring were re-
cruited from the total population of children who had been
conceived by IVF, not specifically from an academic pediatric
practice.

This study has some limitations, with the most important
being the small sample size, recruitment from a single univer-
sity IVF practice, and the use of normative data for the con-
trols rather than the recruitment of a new control group.
Additionally, our analysis was not adjusted for multiple com-
parisons. Recruitment was very challenging as outlined in the
Methods, exposing the selection of participants to voluntary
response bias and nonresponse bias. Recruitment from a sin-
gle university practice limits the generalizability of our find-
ings because IVF protocols vary from institution to
institution, and restriction of the study to children aged 10-
14 years limits applicability to older IVF progeny because
protocols have evolved significantly over the past decades.
Funding was not available to recruit a new control group,
and the use of previously assessed normative controls pre-
vented blinding during the assessment of IVF offspring.
However, the same technicians performed vascular tests on
both the IVF and control groups using identical study proto-
cols and equipment. Finally, because these conceptions
occurred more than a decade ago, we did not have access
to detailed records regarding parental health at the time of
pregnancy and the course of pregnancy.

The cross-sectional nature of this study limits the ability
to investigate temporal relationships and form casual in-
ferences, making it difficult to know if the findings have
clinical significance for later development of cardiovascular
dysfunction. Thicker IMT and abnormal arterial stiffness
in apparently healthy children has been associated with
increased risk of cardiovascular disease later in life.19-23

Therefore, it is possible that, if our findings are confirmed,
IVF offspring could potentially face an increased risk of
cardiovascular dysfunction in adulthood. If future studies
corroborate our findings of higher cardiovascular dysfunc-
tion, primary prevention strategies could be developed for
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IVF children to include more intensive screening and pre-
ventive care, because many cardiovascular disease pro-
cesses are most reversible in childhood.26 If the
nonphysiologic hormonal milieu is determined to be
responsible for cardiovascular dysfunction, or if any other
aspects of the IVF treatment are found culpable, practical
changes in clinical practice have the potential to improve
child health.
In our cohort of adolescents conceived via IVF, there is ev-

idence of abnormal vascular health. Additional studies are
needed to replicate or refute these findings, further investi-
gate the pathophysiology leading to these vascular changes,
and identify modifiable aspects of the IVF process to mini-
mize any adverse effects. Furthermore, future studies should
assess the long-term cardiovascular health of IVF offspring as
they reach adulthood. n
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