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Objective: To evaluate cardiovascular and metabolic features of offspring conceived by in vitro fertilization/intracytoplasmic sperm
injection (IVF-ICSI).

Design: Literature review and meta-analysis.

Setting: Not applicable.

Patient(s): Offspring from IVF-ICSI versus natural conception.

Intervention(s): None.

Main Outcome Measure(s): Systolic and diastolic blood pressure (SBP and DBP), cardiovascular function, body mass index (BMI), and
lipid and glucose profiles.

Result(s): We included 19 studies that had recruited 2,112 IVE-ICSI and 4,096 naturally conceived offspring, ranging from childhood
to early adulthood. The blood pressure levels of IVE-ICSI offspring were statistically significantly higher than those of naturally
conceived offspring (weighted mean differences and confidence intervals: 1.88 mm Hg [95% CI, 0.27, 3.49] for SBP and 1.51 mm
Hg [95% CI, 0.33, 2.70] for DBP). In addition, cardiac diastolic function was suboptimal and vessel thickness was higher among
IVF-ICSI offspring. Compared with the metabolism of naturally conceived offspring, IVF-ICSI offspring displayed comparable BMI,
lower low-density lipoprotein cholesterol levels, and higher fasting insulin levels.

Conclusion(s): Children conceived by IVF-ICSI manifested a minor yet statistically significant increase in blood pressure without the
clustering of increased BMI or impaired lipid metabolism by early adulthood. Our findings indicate a risk of cardiovascular disease
among IVF-ICSI offspring, which calls for longer-term follow-ups and further investigation. (Fertil Steril® 2017;107:622-31. ©2016
by American Society for Reproductive Medicine.)
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ore than 5 million babies
M worldwide are born by
in vitro fertilization (IVF)

and intracytoplasmic sperm injection
(ICSI) (1). Thus, the potential health

risks associated with these treatments
are of great importance to public
health. Inherent to IVF and ICSI treat-
ments are numerous artificial proced-
ures, including ovulation stimulation,
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manipulation of the oocyte and sperm,
and embryo culture. These operations
occur during gametogenesis and in
early embryogenesis, a critical window
for the establishment of genome
methylation patterns (2, 3). According
to the developmental origins of health
and disease theory, the early
epigenetic changes caused by assisted
reproductive technology (ART) may
lead to not only adverse perinatal
outcomes (4-7) but also chronic
cardiometabolic diseases in the latter
stages of life (8-10).

622

VOL. 107 NO. 3/ MARCH 2017


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://www.fertstertdialog.com/users/16110-fertility-and-sterility/posts/13964-22940
https://www.fertstertdialog.com/users/16110-fertility-and-sterility/posts/13964-22940
mailto:huanghefg@hotmail.com
http://dx.doi.org/10.1016/j.fertnstert.2016.12.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fertnstert.2016.12.007&domain=pdf

Long-term cardiovascular and metabolic risks in [IVF-ICSI
offspring have gained increased attention in both animal
models and human studies. In mice bred by ART, the
following symptoms were documented: endothelial dysfunc-
tion and increased stiffness of the vasculature (11, 12),
elevated systolic blood pressure (13, 14), altered glucose
parameters (15, 16), and impaired activities of fatty acid
metabolism-related enzymes (17). Similar to the animal
data, the data from human studies has also indicated that
ART offspring are prone to elevated blood pressure and
impaired vascular function (18, 19) compared with their
naturally conceived (NC) counterparts. In addition, ART
offspring exhibited abnormal retinal vessel morphology
(20), congenital heart defect (21), and different protein
expression profiles in their umbilical veins (22).
Furthermore, ART pregnancies were linked to preterm birth
and low birth weight (5, 7), which are risk factors for future
metabolic syndromes (23-25). Given these discoveries and
the popularity of ART, a more comprehensive investigation
of the cardiometabolic risk of ART offspring is necessary.

Despite the accumulating epidemiologic data, the conclu-
sions are still preliminary and sometimes inconsistent.
Studies on the individual effect of IVF and ICSI have been
few. We took a combined approach and assessed the effect
of these two techniques together to determine the cardiome-
tabolic outcomes of the offspring. We summarize here the
available clinical evidence on cardiometabolic parameters
of IVE-ICSI offspring, including systolic and diastolic blood
pressure (SBP and DBP), other cardiovascular functions,
body mass index (BMI), lipid profiles (total cholesterol,
low-density lipoprotein cholesterol [LDL-C], high-density
lipoprotein cholesterol [HDL-C], and triglyceride), and
glucose homeostasis variables (fasting serum glucose, fasting
insulin, and homeostasis model of assessment for insulin
resistance [HOMA-IR]).

MATERIALS AND METHODS
Search Strategy

An extensive literature search in PubMed and Scopus was last
performed on October 1, 2016. We followed the PRISMA flow
diagram to identify the studies (Supplemental Fig. 1, available
online) based on the combinations of key terms in the
following three categories. The first category was composed
of “IVF, ICSI, ART, in vitro fertilization, assisted reproduction,
assisted reproductive technology/technique, fertility treat-
ment, cryopreservation, PGD, and preimplantation genetic
diagnosis/screening.” The second category consisted of
“health, growth, outcome, physical, medical, phenotypic,
development, blood pressure, hypertension, cardiac, vascular,
metabolic, lipid, cholesterol, adiposity, body fat, BMI, obesity,
glucose, insulin, and diabetes.” The third category consisted
of “cohort, follow up, case-control, children/childhood,
adolescent/adolescence, puberty/pubertal, offspring,
singleton, twin, adult, and postnatal.”

A total of 1,911 articles were returned. After excluding
irrelevant studies according to titles and abstracts, 37 full-
text English clinical articles addressing the cardiovascular
and metabolic profiles of IVF and ICSI offspring were ob-
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tained. Cross references of the included studies were manually
searched for additional resources.

Selection Criteria

The literature selection process is detailed in Supplemental
Table 1 (available online). The exclusion criteria were as fol-
lows: [1] studies that evaluated obstetric or perinatal events;
[2] studies that did not evaluate the effects of IVF-ICSI but
evaluated the effects of ovulation induction (26, 27) or
preimplantation genetic diagnosis (PGD) (28); [3]
no naturally conceived offspring as a comparison group
(29-32); [4] overlapping subject groups (33-40) (in such
cases, only the primary publication that had the highest
study quality and provided the most information was
selected for inclusion to prevent giving unreasonably larger
weight to any study population when summarizing the
data); and [5] studies with insufficient data (41-43).
Additionally, three studies were excluded from the BMI
analyses because they either lacked the standard deviation
(44) or matched BMI as baseline (45, 46). The three studies,
however, were still included in other analyses. Finally,
among the 37 studies, 19 were included, which reported
data on 2,112 IVF-ICSI offspring and 4,096 NC offspring.

Data Extraction and Quality Assessment

Basic study characteristics and main results were extracted by
two independent reviewers and are presented in Supplemental
Table 2 (available online) (44-62). We adapted the Newcastle-
Ottawa quality assessment scale (63) to assess study quality,
and the results are listed in Supplemental Table 3 (available
online). In cases of uncertainty, a third author was consulted
to reach a consensus. Study quality was considered high at 6—
8 points, medium at 3-5 points, and low at 0-2 points.

Data Analysis

Meta analyses were performed on blood pressure, BMI, and
metabolic parameters. Weighted mean differences (WMD)
and 95% confidence intervals (CI) were calculated with inverse
variance weighting. A random-effects model was used unless
heterogeneity was low. In the latter case, a fixed-effect model
was used instead. Heterogeneity between the studies was
examined by chi-square tests for statistical significance.
P<.1 was considered statistically significant. Inconsistency
among studies was quantified using I-square tests, where I*
values of <25% were considered low, 25% to 75% were
considered moderate and >75% were considered high (64).
Substantial heterogeneity between studies was expected
because the included studies recruited diverse study popula-
tions. First, the age of the study populations ranged from
1 year to 22 years. Concurrently, blood pressure, BMI, and
metabolic profiles change dramatically from childhood to pu-
berty to adulthood (65, 66). Second, the IVF-ICSI protocols
have undergone major changes over the past years (67, 68).
Therefore, the year of birth might reflect the development
status of the IVF-ICSI technique and be a source of heteroge-
neity. Moreover, the plurality and conception mode of sub-
jects, the choice of comparison group, study size, study
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Study Mean Birth Year Mean Age (years) SBP (mmHg) WMD (95% ClI) DBP (mmHg) WMD (95% CI)
Born During 1990-1999 i ;
Chen, et al. 2014(45) 1990 21 R —— 3.00 (1.37, 4.63) —— 2.00 (0.86, 3.14)
Ceelen, et al. 2008(48) 1991 123 —_— 4.00 (2.06, 5.94) — 2.00 (0.71, 3.29)
Belva, et al. 2007(44) 1994 84 | — 5.00 (2.29, 7.71) V — 5.00 (2.82, 7.18)
Sakka, et al. 2010(58) 1997 89 L & 640(330,950) L & 560(241,879)
Scherrer, et al. 2012(46) 1997 115 r—i— 0.00 (-3.56, 3.56) _ 0.00 (-2.49, 2.49)
Subtotal =g 3.75(2.14,537) — 270 (1.17, 4.23)

E Heterogeneity: I?= 54.3%, p=0.068 ] Heterogeneity: I = 70.9%, p=0.008
Born During 2000-2009 1 '
von Arx, et al. 2015(61) 2000 11.9 —_— 0.00 (-3.59, 3.59) —_— -1.00 (-3.64, 1.64)
Pontesilli, et al. 2015(57) 2003 57 —_— -0.70 (-3.05, 1.65) —_— 1.60 (-0.56, 3.76)
Gkourogianni, et al. 2014(50) 2004 6.8 —o——é— -0.80 (-5.16, 3.56) E -2.60 (-8.19, 2.99)
Seggers, et al. 2014(59) 2006 4 —_—— -1.00 (-3.04, 1.04) ' 0.10 (-2.14,2.34)
Zhou, et al. 2014(62) 2007 4 — . 1.80 (-0.74, 4.34) —_— 0.00 (-2.22,2.22)
Subtotal <I> i -0.19 (-1.38, 1.00) <> E 0.17 (-0.95, 1.30)

L Heterogeneity: 2 = 0.0%, p=0.521 ! Heterogeneity: I = 0.0%, p=0.492
Overall 7 1.88 (0.27, 3.49) <> 1.51(0.33, 2.70)

' Heterogeneity: I2 = 74.6%, p=0.000 ' Heterogeneity: I2 = 67.1%, p=0.001

H Test for overall effect: z=2.29 , p = 0.029 H Test for overall effect: z=2.52, p = 0.012

5 4 2 0 2 4 & & 10 5 4 2 2 4 & 8 10
IVF/ICS| Lower  IVF/ICSI Higher IVF/CSI Lower  IVF/ICSI Higher

Systolic and diastolic blood pressure of 872 IVF-ICSI offspring versus 3,034 naturally conceived offspring. Studies are arranged and grouped by
mean birth year of the children. Random effects model was used. Cl = confidence interval; DBP = systolic diastolic blood pressure; SBP =

systolic blood pressure; WMD = weighted mean difference.
Guo. Cardiometabolic profile of ART offspring. Fertil Steril 2016.

quality, study design, and geographic region all stood a
chance of adding to the variance. To account for these effects,
prespecified subgroup analyses were conducted to assess the
heterogeneity. Differences among the subgroups were as-
sessed using a restricted-maximum likelihood-based meta-
regression.

Influence analysis was performed to test the robustness of
the pooled estimates. Besides, a funnel plot with Egger’s test
was conducted to assess the risk of publication bias when
10 or more studies were included. All the statistical tests
were two-sided and were performed in STATA 14.0
(StataCorp).

RESULTS
Blood Pressure

A random-effects meta-analysis of blood pressure was per-
formed based on 10 studies, which recruited altogether 872
IVF-ICSI offspring and 3,034 NC offspring. Results showed
a minor but statistically significant WMD between the blood
pressure levels of IVF-ICSI offspring and those of NC
offspring. Specifically, the SBP and DBP of IVF-ICSI offspring
were 1.88 mm Hg (95% CI, 0.27, 3.49) and 1.52 mm Hg (95%
(I, 0.34, 2.70) higher, respectively (Fig. 1).

However, high heterogeneity was observed (for SBP, I* =
74.6%, P=.001 and for DBP, I?> = 67.1%, P=.001). To explore
the potential sources of heterogeneity, subgroup analyses
were performed on the study characteristics and participant
characteristics, such as age and birth year of subjects, study
size, and study quality. The results showed that heterogeneity
was statistically significantly reduced by stratifying the birth
year, but this effect was not observed in any other factors
(data not shown). The IVF-ICSI offspring born during 1990-

1999 exhibited a statistically significantly higher WMD of
SBP than those born during 2000-2009 (3.75 mm Hg [95%
CI, 2.14, 5.37] versus —0.186 mm Hg [95% CI, —1.38, 1.00],
P=.006 between subgroups). The WMD of DBP was also sta-
tistically significantly higher in those born during 1990-1999
than in those born during 2000-2009 (2.70 mm Hg [95% CI,
2.14, 5.37] versus —0.19 [95% CI, —1.38, 1.00], P=.049 be-
tween subgroups).

To further investigate the impact of birth year on SBP, a
restricted maximum likelihood-based meta-regression anal-
ysis was performed. The birth year category had a statistically
significant regression coefficient for SBP (P=.006) and DBP
(P=.049), which were not further improved by entering other
covariates into the model. Between-study variance for SBP
was reduced from 4.75 to 0.60, and the percentage explained
by birth year category was 88.02%. For DBP, between-study
variance was reduced from 2.18 to 1.50, and the percentage
explained was 50.34%.

Considering that the 2000-2009 group also were younger
and had a higher proportion of ICSI offspring, we further per-
formed meta-regression analyses to evaluate the effect of age
and ICSI proportion on WMD of blood pressure. The results
showed that neither age nor ICSI proportion could explain
the between-study variance (data not shown). In other words,
the improvement in blood pressure manifested by IVF-ICSI
offspring over the years was not because of biases introduced
by younger participants or a larger ICSI proportion.

Funnel plot of SBP and DBP showed a nearly symmetrical
scattering and the results of Egger’s test were not statistically
significant (P=.640 and P=.501), suggesting the absence of
publication bias. Additionally, influence analyses were per-
formed by omitting one study at a time and recalculating
the overall effect size to identify potential outliers and
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TABLE 1
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Heart and vascular function of 402 IVF-ICSI offspring versus those of 382 naturally conceived offspring.

Study No. in study Mean age
Valenzuela-Alcaraz 60 IVF-ICSI vs. 75 NC 1 mo
et al. 2013 (60)

50 IVF-ICSI vs. 50 NC 6 mo
Zhou et al. 2014 (62) 128 IVF-ICSI vs. 100 NC 4y
Liu et al. 2015 (55) 100 IVF vs. 100 NC 5y
von Arx et al. 2015 (61) 54 IVF-ICSI vs. 54 NC 119y
Scherrer et al. 2012 (46) 60 IVF-ICSI vs. 53 NC 12y

Main findings (IVF-ICSI offspring versus naturally conceived
offspring)

Vascular wall thickness: [1] Aortic maximum intima-media
thickness 0.65 (0.62-0.66) mm vs. 0.57 (0.47-0.64) mm,
P<.01. [2] Carotid maximum intima-media thickness 0.32
(0.31-0.33) mm vs. 0.29 (0.20-0.33) mm, P< .01.

Cardiac diastolic function: [1] Mitral E deceleration time 63 (49—
78) ms vs. 66 (52-90) ms, P< .05. [2] Tricuspid E deceleration
time 52 (44-66) ms vs. 62 (51-77) ms, P<.001. [3] Left
isovolumic relaxation time 63 (55-67) ms vs. 50 (41-59) ms,
P<.001.

Vascular wall thickness: [1] Aortic maximum intima-media
thickness 0.72 (0.68-0.75) mm vs. 0.60 (0.52-0.64) mm,
P<.01.

Geometric morphology: [1] Left ventricular mass index 55.70
(15.14) g/m? vs. 49.73 (9.78) g/m?, P< .01. [2] Left ventricular
remodeling index 0.86 (0.20) g/mL vs. 0.80 (0.14) m/mL,
P<.01.

Cardiac diastolic function: [1] Mitral A, ventricular inflow during
atrial contraction 59.51 (14.91) mm/s vs. 65.56 (15.75) mm/s,
P<.01. [2] Mitral E 9.66 (1.52) mm/s vs. 10.13 (1.76) mm/s,
P<.01.

Cardiac diastolic function: [1] Tricuspid E deceleration time
128.36 (18.74) ms vs. 141.58 (19.55) ms, P< .05. [2] Left
isovolumic relaxation time 77.46 (6.84) ms vs. 68.20 (6.55)
ms, P<.05.

At low altitude, cardiac morphometry and function were not
different. Under the stressful conditions of high-altitude-
induced pressure overload and hypoxia: [1] Right ventricular
end-diastolicarea 17.9(3.9) cm? vs. 15.7 (2.9) cm?, P< .01.[2]
Tricuspid E’ 16.8 (2.8) cm/s vs. 19.2 (2.2) cm/s, P<.001.

Systemic vascular function: [1] Flow-mediated dilation of the
brachial artery 6.7 (1.6) % vs. 8.6 (1.7) %, P<.0001. [2] Pulse-
wave velocity 7.8 (2.4) m/s vs. 6.5 (1.3) m/s, P<.001. [3]
Carotid intima-media thickness 410 (30) um vs. 370 (20) um,
P<.0001.

Pulmonary vascular function: [1] Pulmonary artery pressure at
high altitude 39 (11) mm Hg vs. 30 (9) mm Hg, P<.0001.

Note: Studies were arranged by the age of subjects. E = ventricular inflow in early diastole; E' = annular peak velocity in early diastole; ICSI = intracytoplasmic sperm injection; IVF = in vitro

fertilization.
Guo. Cardiometabolic profile of ART offspring. Fertil Steril 2016.

influential cases (Supplemental Fig. 2, available online).
When each of four studies was omitted (44, 45, 48, 58), the
950% CI of the weighted mean difference of SBP and DBP
became —0.16, 3.58 and —0.03, 2.86, respectively,
indicating that the blood pressure of IVF-ICSI offspring would
no longer be statistically significantly higher than that of NC
offspring. Such results suggested that the overall effect size
was small and would be affected when studies with positive
effect estimates were omitted.

Cardiovascular Function

Table 1 presents five studies that measured cardiovascular
morphology and function of 402 IVF-ICSI offspring versus
382 NC offspring by echocardiographic recording. These
studies included relatively young subjects at various develop-
mental stages and studied different aspects of cardiovascular
function. No meta-analysis was performed in this section
because the number of studies was limited. A suboptimal car-

diac diastolic function was consistently reported in the IVF-
ICSI group, especially under stressful conditions such as
high altitude. Furthermore, two studies claimed statistically
significantly higher aortic and carotid intima-media thick-
ness in IVF-ICSI offspring.

Adiposity

Fourteen studies reported BMI, for 1,914 IVF-ICSI offspring
and 3,881 NC participants in total. Other adiposity measures
were also reported, such as total body fat percentage, waist
circumference, and skin-fold thickness (53). Because these
measures were not available in most studies, they were not
included in our meta-analysis.

No statistically significant difference of BMI was found
between IVF-ICSI and NC offspring (—0.04 kg/m? [95% CI,
—0.28, 0.20]) (Fig. 2). Given that heterogeneity was statisti-
cally significant (> = 63.7%, P=.001), we performed sub-
group analyses. The results showed that heterogeneity
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Study Mean Age (years) BMI (kg/m?) WMD (95% Cl) Weight(%)
T
Desmyttere et al. 2008 (49) 2.3 —o—i-- -0.40 (-0.88,0.08) 852
Seggers et al. 2014 (59) 4 —_— 0.01 (-0.49, 0.51) 8.25
Zhou et al. 2014 (62) 4 i 0.10 (-0.74, 0.94) 4.97
Kai et al. 2006 (53) 5 :L—-o-— 0.27 (-0.05, 0.59) 10.44
Ludwig et al. 2009 (56) 5.4 —+—E -0.34 (-0.63, -0.05) 10.75
Pontesill et al. 2015 (57) 57 —r—:—— -0.30 (-0.93, 0.33) 6.78
Knoester et al. 2008 (54) 6.2 —_— -0.25(-0.87,0.37)  6.89
Green et al. 2013 (51) 6.4 —0—5-— -0.16 (-0.49, 0.17) 10.33
Gkourogianni et al. 2014 (50) 6.8 E —— 1.25(0.45,2.05) 5.33
Sakka et al. 2010 (58) 89 i * 0.42 (-0.90, 1.74) 2.64
von Arx et al. 2015 (61) 11.9 : —+- 0.70 (-0.19, 1.59) 4.67
Ceelen et al. 2008 (48) 123 — 0.40 (-0.23,1.03)  6.82
Belva et al. 2012 (47) 14 —+—-— 0.20(-0.72,032)  7.96
Halliday et al. 2014 (52) 21,8 —————— . -1.20 (-1.96,-0.44)  5.65
Overall <;> -0.04 (-0.28,0.20)  100.00
Test of heterogeneity: > =63.7%, p=0.001 '
Test of overall effect size: 2=0.30, p=0.77 E
T T

-2.05 0

IVF/ICSI lower

2.05
IVF/ICSI higher

Body mass index of 1,914 IVF-ICSI offspring versus 3,881 naturally conceived offspring. Studies are arranged according to mean age of the subjects.
Random effects model was used. Cl = confidence interval; WMD = weighted mean difference.

Guo. Cardiometabolic profile of ART offspring. Fertil Steril 2016.

would be statistically significantly reduced when the two
low-quality studies (50, 52) were excluded (2 = 34.1%,
P=.12), with no influence on the overall mean difference
(—0.06 kg/m* [950 CI, —0.24, 0.12]). Heterogeneity
remained high for other subgroup analyses (data not
shown), indicating that low study quality was the main
source of variance in BMI.

The funnel plot of BMI was not skewed, and the result of
Egger’s test was not statistically significant (P=.43), suggest-
ing no publication bias. The influence analysis showed that
no single study statistically significantly affected the pooled
estimate (95% CI, —0.13, 0.10).

Glucose and Lipid Metabolism

In total, seven studies addressed the glucose profiles of 477
IVF-ICSI offspring and 1,852 NC offspring (Fig. 3). The fasting
insulin of the IVF-ICSI offspring was statistically signifi-
cantly higher (0.38 mIU/L [95% CI, 0.08, 0.68]). However,
fasting glucose and HOMA-IR were comparable (—0.03 mM
[95% CI, —0.13, 0.06] and 0.02 [95% CI, —0.06, 0.12], respec-
tively). High heterogeneity was detected throughout these
three glucose metabolism markers, but we did not perform a
subgroup analysis due to the limited number of studies.

For the lipid profiles, five studies assessed various aspects
of lipid metabolism in 332 IVF-ICSI offspring and 1,701 NC
offspring (Fig. 3). The IVF-ICSI offspring had statistically
significantly lower LDL cholesterol (—0.10 mM [95% (I,
—0.19, —0.01]) while their HDL cholesterol, total cholesterol,
triglycerides were comparable (0.02 mM [95% CI, —0.02,
0.07]; —0.04 mM [95% CI, —0.14, 0.07]; and —0.06 [95%

CI, —0.13, 0.02], respectively). Heterogeneity was low except
for triglycerides.

DISCUSSION

The present review included existing data from 19 studies
which investigated 2,112 IVF-ICSI offspring and 4,096 NC
offspring with regard to their blood pressure, cardiovascular
function, adiposity, and metabolism during childhood, pu-
berty, and early adulthood. A minor yet significant increase
in blood pressure was observed in IVF-ICSI offspring when
compared with naturally conceived offspring. Besides, the
cardiac diastolic function was suboptimal, and the vessel
thickness was higher among IVF-ICSI offspring. However,
the potential cardiovascular risk was not clustered by
increased BMI or impaired lipid metabolism. Our findings
indicated the risk of cardiovascular diseases among IVF-
ICSI offspring, which called for longer-term follow-ups and
further investigations.

Biological and Clinical Significance

An important question is raised as whether such small differ-
ence in blood pressure during childhood and adolescence
would track into adulthood and increase the risk of hyperten-
sion. Clinical data supported that the natural history of hyper-
tension could be traced back to elevated blood pressure in
childhood (69-73). On a population level, even a minor
decrement in adult SBP as small as 2 mm Hg in adult SBP
can translate into a 6% cutdown in the prevalence of stroke,
a 4% decrease in coronary heart disease, and a 3%
reduction in overall mortality (74, 75). Therefore, the
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FIGURE 3
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Guo. Cardiometabolic profile of ART offspring. Fertil Steril 2016.

clinical importance of the minimal increase in blood pressure
detected in this meta-analysis should not be underestimated,
especially in the presence of consistent changes in vessel
thickness and diastolic function.

Another interesting finding was that the birth year of
IVF-ICSI offspring played an important role in their blood
pressure. The IVF-ICSI children born during 1990-1999 had
SBP levels that were 4 mm Hg higher than the NC children
born during the same corresponding period. However,

IVE-ICSI offspring born during 2000-2009 had SBP levels
comparable with their NC counterparts. Further analysis by
meta-regression indicated that an earlier birth year was corre-
lated with a higher WMD in SBP, and this effect was indepen-
dent of age or ICSI proportion. One possible explanation
would be the maturation of IVF-ICSI techniques over the
years. In particular, ovulation induction protocols, in vitro
culture conditions, the number of embryos transferred, the
advent of ICSI, and the efficiency of ART therapies have all
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made substantial progress over time (67, 68). As a result,
perinatal outcomes have been improved, and the birth
defect rate has been reduced markedly over the last two
decades among both IVF-ICSI singletons and twins (76-78).
It is also reasonable to suggest that the blood pressure of
IVF-ICSI offspring may have improved accordingly.

The parameters of lipid and glucose metabolism did not
show consistent differences. The IVF-ICSI children presented
with statistically significantly lower LDL cholesterol, with a
trend for lower total cholesterol, lower triglycerides, and
higher HDL cholesterol (although not statistically significant),
indicating a probably more favorable lipid profile. At the
same time, the fasting insulin level was statistically signifi-
cantly higher in the IVF-ICSI offspring but not the fasting
glucose or HOMA-IR.

To facilitate the early detection of potential abnormal-
ities, we looked for more sensitive metabolic markers.
Retinol-binding protein 4 (RBP-4) and neutrophil
gelatinase-associated lipocalin (NGAL) are two such markers,
which would elevate in the serum before the manifestation of
frank diabetes. Sakka et al. (39) reported that IVF children had
statistically significantly higher circulating RBP-4 and NGAL
levels, suggesting early glucose derangements. However, the
data on metabolic profiles are still preliminary at present, so
further studies are needed before we can draw a prudent
conclusion.

Strengths and Limitations

Ours is the first meta-analysis to quantify the cardiovascular
and metabolic indices of IVE-ICSI offspring. To our knowl-
edge, the existing reviews (18, 19, 79) failed to do an
exhaustive literature search and focused only on a subset of
the available literature. Moreover, they only described or
listed data in tables without performing quantitative analysis.

Nevertheless, our meta-analysis has some important lim-
itations that are common in this type of study. First, statisti-
cally significant heterogeneity was present in most of the
analyses. This is not surprising because the included studies
investigated diverse populations with varied age groups and
conception modes. In addition, the choices between fertile
and subfertile parents for the comparison group were
different. However, the results of subgroup analyses and
meta-regressions showed that none of these confounding fac-
tors statistically significantly affected the results (data not
shown).

Second, the results were limited by the lack of original
individual-level data. We could not stratify our blood pres-
sure results by gender, infertility type, diet, or exercise level,
which could be important confounders. Besides, although
the adjusted blood pressure percentiles (66) and the incidence
of prehypertension, hypertension, prediabetes, and diabetes
would provide valuable information, they were not reported
by most studies. Third, the results of influence analyses
showed that the pooled effect sizes of SBP and DBP were min-
imal and relied on studies with positive effect estimates (44,
45, 48, 58), so the results of blood pressure should be
considered with an appropriate degree of caution.

Potential Causes and Mechanisms of Elevated
Blood Pressure

Current opinions favor a lifelong perspective for understand-
ing the etiology of chronic noncommunicable diseases,
believing that adult-onset diseases can be traced back to their
gamete and embryo-fetal origins (80). These diseases are inte-
grative consequences of genetic and epigenetic inheritance,
coupled with epigenetic changes caused by developmental
and environmental influences (81). We propose that the
elevated blood pressure of IVF-ICSI offspring may be attrib-
uted to four major factors that exert intertwined effects:
parental subfertility, ART procedures, intrauterine environ-
ment, and adult lifestyle choices.

Parental background. Couples who receive ART treatment
are likely to be subfertile, be older, or have genetic diseases,
all of which imply an aberrant maturation process of sperms
and oocytes and carry a higher risk of transmitting chromatin
abnormality, DNA damage, or incorrect methylation patterns
to the offspring (82-84). In an attempt to minimize the
confounding role of the parental infertility background,
Ceelen et al. and Seggers et al. (48, 59) set the comparison
group as naturally conceived singletons born to subfertile
couples instead of fertile couples. These two studies gave
discrepant results with regard to the blood pressure levels of
IVF-ICSI offspring, so the effect of parental infertility requires
further investigation.

ART procedures. Epigenetic and genetic changes associated
with ART are convincingly observed in humans and animal
models (85-89). The methylation patterns at CpG sites of
the ART offspring were different from those of NC
offspring, which was true for both imprinting and
nonimprinting genes, including those that regulate glucose
and lipid metabolism (90-93).

Among all the technical details of ART, the side effects of
ovarian stimulation have been the most studied (94). Ovula-
tion induction induces significant endocrine changes to foster
multiple follicular maturation and corpus lutea development,
which may disrupt downstream processes such as oocyte
maturation, implantation, and early pregnancy (83, 89).
High maternal estrogen levels after ovulation induction are
associated with elevated total cholesterol and LDL-C levels
in newborns (95). Notably, a study found that children born
to women who had ovarian hyperstimulation syndrome
(OHSS) displayed reduced systolic and diastolic functions in
their common carotid arteries compared with those whose
mothers underwent IVF without OHSS and children who
were naturally conceived (27). In accordance, Seggers et al.
(59) discovered that IVF with controlled ovarian hyperstimu-
lation would lead to statistically significantly higher SBP in
offspring than modified natural cycles.

Intrauterine environment. The importance of intrauterine
environment can never be overemphasized because it acts
as a transducer of the current environment during the critical
window of development. A plethora of data have indicated
that a suboptimal maternal diet (96-98), stress (99, 100),
and hormonal state during pregnancy influence the
developmental programing of the next generation. Women
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receiving ART treatments are potentially exposed to not only
endocrine challenges but also advanced maternal age, chronic
pelvic inflammation, insulin resistance secondary to
polycystic ovary syndrome, autoimmune disease, and even
chemotherapy (101). The fact that IVF-ICSI offspring are
more susceptible to low birth weight and preterm birth might
partly stem from a compromised in utero environment.

Adult lifestyle choices. As is well known, lifestyle greatly af-
fects the risk of hypertension (102). Therefore, exercise level,
eating habits, and alcohol and tobacco consumption among
IVE-ICSI children are important factors that must be consid-
ered. Little is known, however, about the lifestyle choices of
this population or the effect of those choices on the develop-
mental programing of hypertension.

Unanswered Questions and Future Research

Several issues have yet to be fully answered. First, is the minor
blood pressure elevation in young IVF-ICSI offspring an indi-
cator of a higher risk of future hypertension? Second, how do
we disentangle the respective roles of the ART technique, the
cause of parental infertility, and the neonatal factors on any
future cardiometabolic parameters? Third, how do we identify
the individual risk of a specific technical factor so that we can
achieve technical refinements and improve the overall
outcome? Fourth, can epigenetic modifications associated
with cardiometabolic diseases be corrected by lifestyle modi-
fications, or will they be passed on to future generations?
New ART procedures have been introduced such as pre-
implantation genetic diagnosis, low-cost IVF, and artificial
gametes (103-105). Besides, the application of IVF-ICSI is
not limited to infertile couples; it also extends to other fields
such as fertility preservation in cancer patients. These trends
entail the necessity to confirm the long-term safety of ART.
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ORIGINAL ARTICLE: ASSISTED REPRODUCTION

SUPPLEMENTAL FIGURE 1

Total number of citations=1911

Excluded based on title
and abstract=1874

\4

New articles
1dentified from —>
cross-references=0

Complete article studied=37

Excluded after review of

complete article=18
-Overlapping data=8

— > -Ol included=2

-PGD=1

-No NC as comparison=4

-Insufficient data=3

Studies included=19
-Systolic and diastolic blood pressure=10
-Cardiovascular function=5
-Body mass index=14
-Lipid profiles=5
-Glucose homeostasis variables=7

PRISMA flowchart of literature search process. NC = naturally conceived offspring; Ol = ovulation induction; PGD = preimplantation genetic
diagnosis.
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SUPPLEMENTAL FIGURE 2

A Meta-analysis estimates, given named study is omitted B Meta-analysis estimates, given named study is omitted
| Lower CI Limit OEstimate | Upper CI Limit | Lower CI Limit OEstimate | Upper CI Limit
Belva, et al. 2007 |t | Belva, et al. 2007 | | |
Ceelen, et al. 2008 | Ceelen, et al. 2008 |t |
Chen, Wu et al. 2014 | Chen, Wu et al. 2014 |
Gkourogianni, et al., 2014 ! { Gkourogianni, et al., 2014 [ |
Pontesilli, et al. 2015 i | Pontesilli, et al. 2015 | |

Sakka, et al. 2010

Sakka, etal. 2010 | i {

Scherrer, et al. 2012 } | Scherrer, et al. 2012 | |
Seggers, et al. 2014 | { Seggers, et al. 2014 } |
von Arx, et al. 2015 | | von Arx, et al. 2015 } |
Zhou, et al. 2014 | { Zhou, et al. 2014 | {
1 1

-0.16 027 1.88 3.49 3.87 -0.03 033 1.51 2.70 2.96

Weighted mean difference of systolic blood pressure (mmHg) Weighted mean difference of diastolic blood pressure (mmHg)

Influence analyses of (A) systolic blood pressure and (B) diastolic blood pressure. Cl = confidence interval.
Guo. Cardiometabolic profile of ART offspring. Fertil Steril 2016.
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SUPPLEMENTAL TABLE 1

Cardiovascular and metabolic profiles in ART offspring: literature search and selection.

Data source
Search strategy
Search key words

Other sources
Last search
Exclusion criteria

Method for assessing data

PubMed, Scopus, Web of Science
All combinations of key words in the three pertinent categories.
Category 1: IVF, ICSI, ART, in vitro fertilization, assisted reproduction, assisted reproductive technology/technique, fertility treatment, cryopreservation, PGD,
preimplantation genetic diagnosis/screening
Category 2: health, growth, outcome, physical, medical, phenotypic, development, blood pressure, hypertension, cardiac, vascular, metabolic, lipid, cholesterol,
adiposity, body fat, BMI, obesity, glucose, insulin, diabetes
Category 3: cohort, follow up, case-control, children/childhood, adolescent/adolescence, puberty/pubertal, offspring, singleton, twin, adult, postnatal
Cross-references
October 1, 2016
Overlapping data Belva et al. 2007 (44, v, included for blood pressure analysis) and Belva et al. 2012 (47,
v#, included for body mass index analysis) overlap with Belva et al. 2012 (33) and
Belva et al. 2012 (34)
Ceelen et al. 2008 (48, »#) overlaps with Ceelen et al. 2007 (35), 2008 (36), 2009 (37)
Green et al. 2013 (51, »#) overlaps with Miles et al. 2007 (38)
Scherrer et al. 2012 (46, »*) overlaps with Rimoldi et al. 2015 (40)
Sakka et al. 2010 (58, »#) overlaps with Sakka et al. 2013 (39)

No naturally conceived group as comparison Bouillon et al. 2016 (29), Desmyttere et al. 2009 (30), Wennerholm et al. 2006 (31),
Foix-L'Helias et al. 2014 (32)

Insufficient data Beydoun et al. 2010 (41), 2011 (42); Bonduelle et al. 2004 (43)

Ovulation induction instead of IVF-ICSI Bay et al. 2014 (26), Xu et al. 2014 (27)

Preimplantation genetic diagnosis instead of IVF-ICSI Seggers et al. 2013 (28)

A structured data extraction and evaluation sheet was applied as in Supplemental Tables 2 and 3

Guo. Cardiometabolic profile of ART offspring. Fertil Steril 2016.
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SUPPLEMENTAL TABLE 2

Cardiovascular and metabolic profiles in ART offspring: basic characteristics of the included studies.

Study Country  Study design® Groups” Mean age (y) Mean year of birth Twins® Birth weight® Gestational age® Maternal age® Quality score®
Belva et al. 2007 (44) Belgium P 150 ICSIvs. 147 NC 8.4 1994 S — — i 7
Belva et al. 2012 (47) Belgium P 217 ICSlvs. 223 NC 14 1996 S 1 ! 1 5
Ceelen et al. 2008 (48) Netherlands R 225 IVF vs. 225 subfertile NC 12.3 1991 S ! l / 4
Chen et al. 2014 (45) Australia R 14 IVF vs. 20 NC 21 1990 S / / / 1
Desmyttere et al. 2009 (49) Belgium P 70 ICSl vs. 69 NC 2.3 2004 S — - 1 5
Gkourogianni et al. 2014 Athens R 42 ICSl vs. 42 NC 6.8 2004 S&T l l 1 1
(50)
Green et al. 2013 (51) New Zealand R 115 IVF-ICSI vs. 94 NC 6.4 1999 S 1) — 1 4
Halliday et al. 2014 (52) Australia R 547 IVF-ICSI vs. 549 NC 21.8 1987 S l l 1 1
Kai et al. 2006 (53) Denmark P 135 IVF-ICSI vs. 70 NC 5 2002 S&T l ! 1 4
Knoester et al. 2008 (54) Netherlands R 165 IVF-ICSI vs. 85 NC 6.2 1998 S ! l 1 4
Liu et al. 2015 (55) China R 100 IVF vs. 100 NC 5 2007 S — — = 6
Ludwig et al. 2009 (56) German P 276 ICSl vs. 273 NC 5.4 2000 S ! ! 1 4
Pontesilli et al. 2015 (57) Netherlands P 28 IVF-ICSI vs. 2,244 NC 5.7 2003 S — — 1 4
Sakka et al. 2010 (58) Greece R 106 IVF vs. 68 NC 8.9 1997 S&T l l T 3
Scherrer et al. 2012 (46) Switzerland R 65 IVF-ICSI vs. 57 NC 11.5 1997 S — — 1 3
Seggers et al. 2014 (59) Netherlands P 115 IVF-ICSI vs. 79 subfertile 4 2006 S ! — - 6
NC
Valenzuela-Alcaraz et al. Spain P 100 IVF-ICSI vs. 100 NC 0.5 2009 S ! l — 4
2013 (60)
Von Arx et al. 2015 (61) Switzerland R 54 IVF-ICSI vs. 54 NC 11.9 2000 S — — 1 4
Zhou et al. 2014 (62) China P 128 IVF-ICSI vs. 100 NC 4 2007 S&T | l / 3

Note: ICSI = intracytoplasmic sperm injection; IVF = in vitro fertilization.

2 P = prospective cohort; R = retrospective cohort.

P NC = naturally conceived offspring; subfertile NC = naturally conceived offspring by subfertile parents.

€S = singletons only; S&T = twins included.

9 — —IVF-ICSI offspring are comparable with NC group; 1 =IVF-ICSI offspring higher; | =IVF-ICSI offspring lower; /=not mentioned.
€ Quality scores were assessed by the adapted Newcastle-Ottawa Quality Assessment Scale (Supplemental Table 2).

Guo. Cardiometabolic profile of ART offspring. Fertil Steril 2016.
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SUPPLEMENTAL TABLE 3

Cardiovascular and metabolic profiles in ART offspring: quality assessment of included studies by adapted Newcastle-Ottawa Quality Assessment Scale.

Study

Belva et al. 2007 (44)

Belva et al. 2012 (47)
Ceelen et al. 2008 (48)
Chen et al. 2014 (45)
Desmyttere et al. 2009 (49)
Gkourogianni et al. 2014 (50)
Green et al. 2013 (51)
Halliday et al. 2014 (52)
Kai et al. 2006 (53)
Knoester et al. 2008 (54)
Liu et al. 2015 (55)

Ludwig et al. 2009 (56)
Pontesilli et al. 2015 (57)
Sakka et al. 2010 (58)
Scherrer et al. 2012 (46)
Seggers et al. 2014 (59)

Valenzuela-Alcaraz et al. 2013 (60)

Von Arx et al. 2015 (61)
Zhou et al. 2014 (62)

Note: ART = assisted reproduction technology; BMI = body mass index.

2 Prospective/retrospective cohort.

° From the same source as ART offspring.
© Age, gender, twins, Tanner stage.

9 By the same person, blinded.

€ Low: 0-2; Medium: 3-5; high: 6-8.

Sample size
(=100 ART
offspring)

[N PN o SN ., SN NN NN o 1 @ I o JEE SN

Guo. Cardiometabolic profile of ART offspring. Fertil Steril 2016.

Study
design®

-0 - 00—_"—-00—_,000 00 ==
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O~ 00000200000 ===

Limited
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bias

COO0O 0,000 O0 0,020 ===

Baseline®
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Comparable parameters

Parental age,
BMI, smoking,
education

QO —-— 000000000 ODOOOO0O

Birth weight
and gestational age

O, 00,0, 000000000 =

Reliable outcome
measures®
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Quality®

Score
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Rating

High
Medium
Medium
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Medium
Low
Medium
Low
Medium
Medium
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Medium
Medium
Medium
Medium
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Medium
Medium
Medium
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