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Introduction: Anti-Mullerian hormone (AMH) level has long been considered as a
serum biomarker of ovarian reserve clinically, while emerging data suggest that
serum AMH level may also predict pregnancy outcomes. However, whether
pregestational serum AMH levels are related to perinatal outcomes among
women undergoing in vitro fertilization (IVF)/intracytoplasmic sperm injection
(ICSI) cycles is unknown.

Objective: To explore the association between different AMH levels and perinatal
outcomes in women with live births in IVF/ICSI.

Methods: This multicenter retrospective cohort study was conducted among
three different provinces in China, from January 2014 to October 2019. A total of
13,763 IVF/ICSI cycles with 5657 live-delivery pregnant women and 6797
newborns were recruited. Participants were categorized into three groups
according to the <25th (low), 25 to 75th (average), and >75th (high) percentile
of serum AMH concentration. Perinatal outcomes were compared among
groups. Subgroup analyses were conducted based on the number of live births.

Results: Among women with singleton deliveries, low and high AMH levels
increased the risk of intrahepatic cholestasis of pregnancy (ICP) (aOR1 = 6.02,
95%Cl: 2.10-17.22; aOR2 = 3.65, 95%Cl:1.32-10.08) and decreased the risk of
macrosomia (@OR1 = 0.65, 95%Cl:0.48-0.89; aOR2 = 0.72, 95%Cl:0.57-0.96),
while low AMH reduced the risk of large for gestational age (LGA, aOR=0.74, 95%
Cl:0.59-0.93) and premature rupture of membrane (PROM, aOR=0.50, 95%
Cl:0.31-0.79)compared with the average AMH group. In women with multiple
deliveries, high AMH levels increased the risks of gestational diabetes mellitus
(GDM, aOR=2.40, 95%Cl:1.48-3.91) and pregnancy-induced hypertension (PIH,
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aOR=2.26, 95%Cl:1.20-4.22) compared with the average AMH group, while low
AMH levels increased the risk of ICP (aOR=14.83, 95%Cl:1.92-54.30). However,
there was no evidence of differences in preterm birth, congenital anomaly, and
other perinatal outcomes among the three groups in both singleton and multiple
deliveries.

Conclusions: Abnormal AMH levels increased the risk of ICP regardless of the
number of live births for women undergoing IVF/ICSI, while high AMH levels
increased the risks of GDM and PIH in multiple deliveries. However, serum AMH
levels were not associated with adverse neonatal outcomes in IVF/ICSI. The
underlying mechanism warrants further investigation.

KEYWORDS
anti-Millerian hormone, in vitro fertilization, intracytoplasmic sperm injection,

perinatal outcomes, intrahepatic cholestasis of pregnancy, gestational diabetes
mellitus, pregnancy-induced hypertension

Introduction

Anti-Miillerian hormone (AMH), mostly secreted by granulosa
cells of preantral and early antral follicles, is a dimeric glycoprotein
belonging to the family of transforming growth factor beta (TGF-f3)
(1, 2). During follicular development, AMH can inhibit the
recruitment of initial follicles as well as participate in the
regulation of follicular selection (3, 4). Lines of evidence
demonstrated serum AMH is linearly related to the number of
developing follicles as well as remaining relatively stable during the
menstrual cycle. Thus, AMH is widely used as a serum marker of
ovarian reserve in vitro fertilization (IVF) (1, 5, 6). However, the
relationship of AMH to the quality of the oocyte pool and
pregnancy outcomes remains unclear (7).

The interest in the impact of serum AMH levels on pregnancy
outcomes has emerged in the last few years. Despite several
retrospective cohorts pointing to serum AMH as a weak predictor
of live birth after assisted reproductive technology (ART) (low
AMH level is associated with decreased live birth), only a few
studies focus on pregnancy complications and neonatal outcomes
(8,9). A cohort study based on the serum AMH collected in the first
trimester has demonstrated that low maternal level of AMH is a
predictor of pregnancy-induced hypertension (PIH) in naturally
conceived women, while associations in other complications
included gestational diabetes (GDM), preterm birth and small for
gestational age (SGA) were not identified (10). It is interesting to
note that recent studies have reported a significant association
between AMH and preterm delivery in patients with polycystic
ovarian syndrome (PCOS) after IVF (11, 12), suggesting its
potential to be a marker of preterm delivery.

Considering the discrepancies and limited sample size, we want
to elucidate if AMH is related to pregnancy outcomes, especially in
women conceived with ART. ART has been increasingly used for
infertile couples thanks to the advances in technology and provision
of services, resulting in more than 300 thousand infants born
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through it each year in China (13). While ART affords patients
the opportunity to have biologically-related children, potential risks
including GDM, PIH, preterm birth and low-birth-weight (LBW)
exist as results of the laboratory procedures and genetic background
(14-18). Given the general use of AMH to assess ovarian reserve
before ART, we hope the test will be given new insights as a marker
of perinatal outcomes in specific aspects.

To further analyze the effect of AMH on adverse perinatal
outcomes among ART pregnancies, we conducted a multi-center
retrospective cohort study of women who underwent IVF/
intracytoplasmic sperm injection (ICSI) cycles in different
AMH groups.

Methods
Study design and participants

This retrospective, multi-center cohort study was conducted on
women who underwent IVF/ICSI cycles and achieved live births
from January 2014 to October 2019 in three study centers among
different provinces in China, including International Peace
Maternity and Child Health Hospital (Shanghai), Ningbo Women
and Children’s Hospital (Zhejiang Province), Suzhou Municipal
Hospital (Jiangsu Province). The study was approved by the
research ethics board of each center and written informed
consent forms (ICFs) were obtained from all the participants
before inclusion.

Subjects were identified from the database in three centers from
January 2014 to October 2019 using the following inclusion and
exclusion criteria. The inclusion criteria were set as follows: 1)
female participants aged between 20 and 45 years, 2) participants
with serum AMH measurement within 12 months before
undergoing IVF/ICSI cycles. The participants were excluded if
they met the following criteria: 1) participants who underwent
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pre-implantation genetic testing (PGT), 2) participants using donor
semen or donor oocyte, 3) mixed transfers with embryos retrieved
from different oocyte retrieval cycles, 4) women with severe chronic
diseases, 5) women for whom main data were missing or who were
lost to follow-up. The participants were categorized into three
groups according to the <25™(low), 25" to 75™(average), and
>75th(high) percentile of serum AMH concentration (0.01-1.76,
1.76-5.41, 5.41-25.00ng/ml). The subgroup analysis was conducted
based on the number of live births.

AMH measurement

Serum samples were collected from all participants and measured
directly after arriving in the laboratory. In two of our study centers,
the serum AMH was measured with chemiluminescent immunoassay
(CLIA) by Kaeser 1000 chemiluminescence analyzer of Guangzhou
Kangrun Biotechnology Co., Ltd. and its corresponding kit according
to the manufacturer’s instructions. The intra-assay and inter-assay
coefficient of the variation (CV%) was <8% and <15%. The limit of
detection (LoD) was <0.06 ng/ml. And in the other study center, the
electrochemiluminescence method with DXI800 chemiluminescence
analyzer of Beckman Company and its corresponding kit was
adopted for AMH measurement. The total CV% was <8% in the
analytical measure range of 0.02 to 24 ng/ml, and the limit of
detection was 0.02 ng/ml.

IVF/ICSI procedures

The process of IVF or ICSI was conducted according to the
standard protocols of our study centers. We performed different
types of controlled ovarian hyperstimulation (COH) protocols
(gonadotropin-releasing hormone (GnRH)-agonist protocol,
GnRH-antagonist protocol, micro-flare protocol or others)
according to the state of each patient (age, ovarian reserve and
others). After COH, when the leading follicle reached 20mm in
diameter or at least two follicles reached 18 mm, ovulation was
induced by giving human chorionic gonadotropin (HCG) or
gonadotropin-releasing hormone agonists (GnRH-a). Oocyte
retrieval was performed 34-38 hours later and oocytes were
fertilized by either conventional IVF or intracytoplasmic sperm
injection after the assessment of semen quality. Subsequently, viable
embryos were transferred in fresh embryo transfer cycles or frozen-
thawed embryo transfer (FET) cycles after oocyte retrieval and
routine corpus luteum support was performed after transplantation
if conceived.

Outcome measurements

Maternal baseline information was derived from the electronic
database of the hospitals, including sociodemographic
characteristics and reproductive history. We further abstracted
the ART procedures and most of the perinatal outcomes from the
database of the hospitals, while the neonatal morbidity and
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mortality were followed up and recorded by well-trained clinical
personnel. The pregnancy outcomes assessed included hypertensive
disorders in pregnancy (HDP), GDM, Intrahepatic cholestasis of
pregnancy (ICP), placental abruption, placenta previa,
oligohydramnios, premature rupture of membrane (PROM),
postpartum hemorrhage (PPH) and mode of delivery. While
neonatal outcomes were assessed including the gender of
neonates, birth weight, preterm birth (PTB), weight for
gestational age, neonatal infection, admission to the neonatal
intensive care unit (NICU), neonatal asphyxia, neonatal jaundice,
and congenital anomaly. Preterm birth was defined as delivery at
less than 37 weeks, and very preterm was defined as delivery of baby
between 28 and 32 gestational weeks of pregnancy. LGA or SGA
was defined as a birth weight more than 90th centile or less than
10th centile of our population for a specific gestational age and sex,
respectively (19, 20). Diagnoses were coded according to the
International Classification of Diseases version 10(ICD-10).

Statistical analysis

Continuous variables were presented as mean (standard
deviation (SD)) or median (inter-quartile range) as appropriate.
Comparisons of the continuous variables among three AMH
groups were performed with the use of the Analysis of Variance
(ANOVA) test or Kruskal-Wallis test. Categorical variables were
represented as frequencies with proportions, while the Pearson Chi-
square test or Fisher’s exact test was used to compare the distribution
of demographics between categorical variables. Odds ratios (ORs)
and 95% confidence intervals (CIs) were calculated using logistic
regression to evaluate the association between serum AMH levels and
each perinatal outcome following IVF/ICSI. To analyze the
pregnancy and neonatal outcomes in singleton pregnancies,
multinomial logistic regression was used to adjust ORs for potential
confounding factors. While analyzing the neonatal outcomes of
multiples, we performed multilevel logistic regression and adjusted
for potential confounding factors (21). Those factors were selected
according to baseline analysis and published literature.

The statistical analyses were performed using R software
version 3.4.4 (R Foundation for Statistical Computing, Vienna,
Austria). All of the statistical analyses were two-sided with a 5%
level of significance.

Results

The flowchart of the study cohort was shown in Figure 1. A total
of 13,763 cycles met the eligibility criteria and were included in the
cohort (3440 cycles in the low AMH group, 6882 cycles in the
average AMH group, and 3441 cycles in the high AMH group).
5657 women with live-born babies (6797 live births with 4519
singletons and 1138 multiples) were further included in the analysis
of perinatal outcomes.

The baseline characteristics of the participants with live birth
deliveries stratified by AMH levels were presented in Table 1. Socio-
demographic characteristics including pre-gestational BMI,

frontiersin.org


https://doi.org/10.3389/fendo.2023.1081069
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

He et al. 10.3389/fendo.2023.1081069

3416 Transfer cycles excluded:
112 Foreigners
56 Transfer cycles donner oocyte or sperm
89 Pre-implantation genetic testing cycles
125 Mixed transfer cycles
352 Cycle cancellation
221 Lost to follow up
102 Refuse to join research
2359 Main information missed

k2 ¥ 3
3440 Low AMH levels 6882 Average AMH levels. 3441 High AMH levels
(AMH 0.01-1.76ng/mi) (AMH 1.76-5.41ng/mi) (AMH 5.41-25.00ng/ml)

1684 Transfer cycles pregnancy 2771 Transfer cycles 1277 Transfer cycles pregnancy
negative || pregnancy test negative || test:

280 Biochemical pregnancies 586 Biochemical pregnancies 252 Biochemical pregnancies

44 Ectopic pregnancies 80 i i 35

]

1432 Clinical pregnancies | | 3445 Clinical pregnancies | | 1877 Clinical pregnancies
241 Early miscarriages. 434 y
29 Late miscarriages 59 Late miscarriages 38 Late miscarriages
["] 4 nduced abor [ 16 Induced Iabor ["| 10 Induced labor

05Siill births 0 Siillbirths 0Stil births

1158 Deliveries 2936 Deliveries. 1563 Deliveries

937 Singletons 2340 Singletons 1242

220 Twins 595 Twins. 321 Twins.

1 Triplets 1 Triplets 0 Triplets

FIGURE 1
Flow chart of the study cohort.

TABLE 1 Baseline characteristics of participants with live birth deliveries according to AMH levels.

Singleton delivery Multiple deliveries

Average AMH High AMH P Low AMH Average AMH High AMH

Loy Sl (N=2340) (N=1242)  value  (N=221) (N= 596) (N=321)

(N=937)
n (%) n (%) n (%) n (%) n (%) n (%)

Socio-demographic characteristics

Maternal age 32.18+4.02 30.58+3.74 29.64+3.37 <0.001 31.45+3.53 29.68+3.36 29.89+3.40 <0.001
(years)

Paternal age 33.78+5.29 32.25+4.78 31.24+4.38 <0.001 32.50+4.35 31.47+4.40 31.15+4.10 <0.001
(years)

Pre-gestational 22.02+2.95 21.98+3.00 22.04+3.06 0.897 22.29+3.27 22.06+2.84 22.05+2.99 0.814
BMI (kg/m2)

Race

Han 859 (98.5) 2153 (99.6) 1159 (99.7) <0.001 206 (99.5) 562 (99.6) 304 (99.7) 0.956
Minority 13 (1.5) 9 (0.4) 3(0.3) 1(05) 2 (0.4) 1(0.3)

Residence

Residents 830 (88.6) 2042 (87.3) 999 (80.4) <0.001 194 (87.8) 523 (87.8) 249 (77.6) <0.001
Immigrants/ 107 (11.4) 298 (12.7) 243 (19.6) 27 (12.2) 73 (12.2) 72 (22.4)

Nonresidents

Education attainment

Primary school or 21 (2.2) 37 (1.6) 15 (1.2) 0.415 4(1.8) 9 (1.5) 5 (1.6) 0.98
lower
Middle or high 365 (39) 907 (38.8) 474 (38.3) 82 (37.4) 212 (35.8) 113 (35.2)
school
Collage or above 550 (58.8) 1391 (59.6) 750 (60.5) 133 (60.7) 372 (62.7) 203 (63.2)
Occupation
Employed 629 (71.2) 1514 (70.8) 709 (69.1) 0.838 154 (72.3) 379 (69.5) 179 (70.8) 0.055
Self-employed 115 (13) 290 (13.6) 147 (14.3) 35 (16.4) 69 (12.7) 25 (9.9)
Unemployed 139 (15.7) 333 (15.6) 170 (16.6) 24 (11.3) 97 (17.8) 49 (19.4)
(Continued)
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TABLE 1 Continued

Singleton delivery Multiple deliveries

Average AMH High AMH P Low AMH Average AMH High AMH P
(NEPEZN)] (N=1242) value (N=221) (N= 596) (N=321) value

n (%) n (%) n (%) n (%) n (%)

Smoking status

No 75 (97.4) 240 (98.8) 251 (98.8) 0.625 12 (92.3) 59 (98.3) 80 (98.8) 0.288

Yes 2 (2.6) 3(12) 3(1.2) 1(7.7) 1(1.7) 1(1.2)

History of reproduction

Parity

0 473 (50.5) 1214 (51.9) 713 (57.4) <0.001 128 (57.9) 383 (64.3) 211 (65.7) 0.236
1 223 (23.8) 609 (26.0) 302 (24.3) 57 (25.8) 120 (20.1) 70 (21.8)

>2 241 (25.7) 517 (22.1) 227 (18.3) 36 (16.3) 93 (15.6) 40 (12.5)

Gravidity

0 816 (87.1) 2106 (90) 1168 (94) <0.001 207 (93.7) 569 (95.5) 305 (95.0) 0.673
1 114 (12.2) 218 (9.3) 69 (5.6) 14 (6.3) 25 (4.2) 15 (4.7)

2 7 (0.7) 16 (0.7) 5(0.4) 0(0) 2(0.3) 1(0.3)

Number of previous abortions

0 606 (64.7) 1519 (64.9) 848 (68.3) 0.239 151 (68.3) 435 (73.0) 230 (71.7) 0.353
1-2 300 (32.0) 744 (31.8) 363 (29.2) 66 (29.9) 144 (24.2) 86 (26.8)

>3 31 (3.3) 77 (3.3) 31 (2.5) 4(1.8) 17 (2.8) 5 (1.6)

Previous ectopic pregnancy

No 763 (81.4) 1917 (81.9) 1041 (83.8) 0.262 187 (84.6) 513 (86.1) 292 (91.0) 0.048

Yes 174 (18.6) 423 (18.1) 201 (16.2) 34 (15.4) 83 (13.9) 29 (9.0)

Duration of infertility (years)

1-2 265 (28.5) 642 (27.7) 349 (28.4) 0.015 56 (25.9) 175 (29.5) 79 (24.8) 0.588
3.4 287 (30.9) 851 (36.7) 447 (36.3) 83 (38.4) 223 (37.6) 125 (39.2)

>5 378 (40.6) 826 (35.6) 434 (35.3) 77 (35.6) 195 (32.9) 115 (36.1)

Primary infertility

No 464 (49.5) 1126 (48.1) 529 (42.6) 0.001 93 (42.1) 213 (35.7) 110 (34.3) 0.149
Yes 473 (50.5) 1214 (51.9) 713 (57.4) 128 (57.9) 383 (64.3) 211 (65.7)

Causes of infertility

Tubal infertility 262 (28.1) 563 (24.2) 289 (23.4) <0.001 82 (37.3) 131 (22.2) 78 (24.4) <0.001
PCOS 10 (1.1) 35 (1.5) 128 (10.4) 0 (0) 10 (1.7) 34 (10.6)

Anovulation (not 14 (1.5) 25 (1.1) 23 (1.9) 6(2.7) 7 (1.2) 12 (3.8)

PCOS)

Endometriosis 53 (5.7) 130 (5.6) 49 (4.0) 6(27) 26 (4.4) 14 (4.4)

Male-factor 100 (10.7) 434 (18.7) 166 (13.4) 19 (8.6) 107 (18.1) 47 (147)

infertility

Unexplained 12 (13) 29 (1.2) 6(0.5) 1(05) 7(12) 0 (0)

infertility

Combined 483 (51.7) 1111 (47.7) 575 (46.5) 106 (48.2) 303 (51.3) 135 (42.2)

AMH, anti-miillerian hormone; BMI, body mass index; PCOS, polycystic ovary syndrome. Variables containing missing data were retained in the analyses.
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education attainment, occupation and smoking status were similar
among the three groups. However, the distribution of maternal age,
paternal age and residence were different among groups (p<0.001).
Significant differences were found in the race only in singleton
delivery (p<0.001). Differences in the reproductive history of the
participants were found in the parity, gravidity, duration of
infertility, primary infertility, and causes of infertility (p<0.05),
while no statistically significant differences were found between
levels of AMH regarding times of abortion and history of ectopic
pregnancy. In women with multiple deliveries, the history of ectopic
pregnancy and causes of infertility were different among groups, the
history of ectopic pregnancy is more frequent in women with low
AMH levels. Additionally, gravidity, parity, times of abortion, and
duration of infertility were comparable among the three groups.
Characteristics of ART procedures (oocyte retrieval and embryo
transfer cycles) according to AMH levels were presented in
Table S1.

The pregnancy outcomes of different groups stratified by serum
AMH levels were shown in Figure 2, we presented the crude and
adjusted odds ratios assessing the risks in the low AMH group and
high AMH group compared with the average AMH group. After
adjusting for confounding factors in logistic regression analyses, an
increased risk of ICP was found to be associated with low and high
levels of AMH in singleton delivery (aOR1 = 6.02, 95%CI: 2.10-
17.22; aOR2 = 3.65, 95%CI: 1.32-10.08). In multiple deliveries, the
low AMH group was also found to have an increased risk of ICP
compared with the average AMH group (aOR1 = 14.83, 95%CI:
1.92-54.30). In addition, low levels of AMH compared to average

A The effect of serum AMH levels on pregnancy outcomes in ART pregnancies with singleton delivery

10.3389/fendo.2023.1081069

levels of AMH were associated with a lower risk of PROM in
women with singleton delivery (aOR1 = 0.50, 95%CI:0.31-0.79).
Although not found in singleton delivery, high levels of AMH were
associated with a higher risk of gestational diabetes mellitus and
gestational hypertension in multiple deliveries (gestational diabetes
mellitus: aOR2 = 2.40, 95%CI:1.48-3.91; gestational hypertension:
aOR2 = 2.26, 95%CI: 1.20-4.22), while low levels of AMH were also
associated with increased risk of oligohydramnios in women with
multiple deliveries compared to average levels of AMH (aORI1 =
37.75, 95%CI: 5.17-145.24). There were no significant differences in
risks regarding other pregnancy outcomes among the three groups.

Figure 3 presented neonatal outcomes among three groups of
serum AMH in women with singleton delivery and multiple
deliveries. In singleton delivery, an decreased risk of macrosomia
was found in the low AMH group compared with the average AMH
group (aORI = 0.65, 95%CI: 0.48-0.89), while the high AMH group
showed a similar effect (aOR2 = 0.72, 95%CI: 0.57-0.96).
Additionally, there was an decreased risk of large for gestation
age (LGA) in a group with lower levels of AMH compared with the
average AMH group (aOR1 = 0.74, 95%ClI: 0.59-0.93). There was no
evidence of differences in preterm birth, congenital anomaly, and
other neonatal complications among the three groups in both
singleton delivery and multiple deliveries.

Further analyses were conducted in women with single embryo
transfer and singleton live birth delivery. A total of 1985 cycles were
included (341 fresh transfer cycles and 1644 frozen transfer cycles).
The baseline and characteristics of ART procedures in fresh/frozen
single embryo transfer cycles according to AMH levels were

:'::3:7')‘" ("::'2‘;‘:)‘”" :;E—Tz:z”;“ Low AMH vs average AMH High AMH vs average AMH
n (%) n (%) n (%) OR1(95%Cl) ___aOR1 (95% CI)* OR2(95% Cl) __aOR2 (95% CI)*
Gestational diabetes mellitus No 879(938)  2207(343) 1170 (942) Reference Reference Reference. Reference
Yes 58(6.2) 133(5.7) 72(5.8) 1.09 (0.80-150)  0.96 (0.69-1.33) .. 102(0.76-137)  102(0.75-138) L.
Hypertensive disorders in pregnancy  No 877(935)  2221(950)  1173(944) Reference Reference Reference Reference
Pregnancy-induced hypertension 40 (4.3) 79 (34) 47 (38) 128(0.87-1.89)  1.06(0.71-1.58)  p- 113(0.78-163)  1.01(0.71-145) L.
Preeclampsia 21(22) 39(17) 22(18) 1.36(0.80-233)  1.37 (0.87-216) e 107(063-181) 086 (0.57-130) o
Intrahepatic cholestasis of pregnancy No 926(988)  2333(99.7) 1230 (99.0) Reference Reference Reference Reference
Yes 1(1.2) 7(03) 12(1.0) 395(153-10.23)  6.02(2.10-17.22) s 325(128-827) 365(132-1008) [— e ——p
Placental abnormality No 922 (98.4) 2296 (98.1) 1219(98.1)  Reference Reference Reference Reference
Yes 15(1.6) 44(19) 23(19) 085(047-153)  085(048-152) 098(059-1.64)  1.06(063-1.79)
Oligohydramnios No 907(96.8)  2307(986)  1225(986) Reference Reference Reference Reference
Yes 30(32) 33(14) 17 (1.4) 231(140-381)  134(082:229) =+ 097(054-1.75)  1.06(062-181)  ~f—
Premature rupture of membrane No 919 (98.1) 2256 (96.4) 1190 (95.8)  Reference Reference Reference Reference
Yes 18(1.9) 84(36) 52(42) 053(031-0.88)  050(031-0.79) 147 (0.82-167)  1.25(0.89-1.78) r
Postpartum hemorrhage No 931(99.4)  2321(99.2)  1238(99.7) Reference Reference Reference Reference
Yes 6(06) 19(0.8) 4(03) 079(031-198)  082(032-208) 039(0.13-1.16)  076(031-1.86) 1
Mode of delivery Vaginal 268(300)  758(347)  370(35.1)  Reference Reference Reference Reference
Cesarean section 621(69.6)  1421(650) 680 (64.5)  0.80(0.20-3.13)  0.97 (0.94-1.00) 0.86(027-272) 116 (0.97-1.39) [~
/aginal birth 3(03) 7(03) 5(05) 1.02(0.26-396)  1.16(0.25:525) | 067(021-2.12) 083(022:3.11) —f*
T T T 7 T T T T 7 Ton
B The effect of serum AMH levels on pregnancy outcomes in ART pregnancies with multiple deliveries
(L,:’:";z‘:')‘“ :“:’;;; AVH :‘,;Z;‘Z:;‘“ Low AMH vs average AMH High AMH vs average AMH
n (%) n (%) n (%) OR1(95%Cl) ___aOR1 (95% CI)° OR2(95% C) __aOR2 (95% CI)°
Gestational diabetes mellitus No 196(88.7)  552(926)  279(869)  Reference Reference Reference. Reference
Yes 25(11.3) 44(7.4) 42(131)  161(096-270)  1.34(0.75-2.39) - 190 (122297) 240 (1.48-3.91) E—
Hypertensive disorders in pregnancy No 210(950)  554(93.0)  284(885)  Reference Reference Reference Reference
Pregnancy-induced hypertension 9 (4.1) 24(4.0) 27 (8.4) 1.00 (0.46-2.18)  1.10 (0.46-2.59) . 221(125-389)  226(120-4.22) o
Preeclampsia 2(09) 18(3.0) 10(3.1) 030(0.70-128)  025(050-122) .| 190 (0.50-239)  0.80 (0.32-2.00) :
Intrahepatic cholestasis of pregnancy No 217(982)  594(99.7)  316(984)  Reference Reference Reference Reference
Yes 4(18) 2(03) 5(16) 550(101-325)  14.83(1.92-54.3) 472(091-24.48) 6.7 (0.99-46.28) I
Placental abnormality No 219(99.1)  587(985)  315(98.1)  Reference Reference Reference Reference
Yes 2(09) 9(15) 6(19) 060(0.13-279)  051(0.10270) 125(044-354) 139(043451) [
Oligohydramnios No 212(959)  595(99.8)  319(99.4)  Reference Reference Reference Reference
Yes 9(4.1) 1(02) 2(06) 2539 (3.20-201.57) 37.75 (5.17-145.24) - . 375(0.34-4151) 7.20(0.49-184) |
Premature rupture of membrane No 216(97.7)  571(958)  307(956)  Reference Reference Reference Reference
Yes 5(2.3) 25(42) 14 (4.4) 053(0.20-141)  046(0.16-137)  ~—=f~ 150(0.54-24)  1.5(051-2.15) T
Postpartum hemorrhage No 221(100)  502(99.3)  318(99.1)  Reference Reference Reference Reference
Yes 0(0) 4(07) 3(09) - - 140(0.31-631)  0.80 (0.60-1.97) T
Mode of delivery Vaginal 10(45) 27 (46) 24(75) Reference Reference Reference Reference
Cesarean section 211(955)  565(954)  295(925)  1.12(0.54-233) 094 (041212)  —fr— 065(037-1.14)  180(056-200) [
vaginal birth 0(0) 0(0) 0(0) - - - -
] H T @ T H T 5 B0 4%

FIGURE 2

Forest plot summary of logistic regression analysis for risks of pregnancy outcomes in ART pregnancies with (A) singleton and (B) multiple deliveries
OR, odd ration; Cl, confidence interval; aOR, adjusted odds ratio. aaOR was adjusted maternal age, paternal age, race, residence, gravidity, parity,
duration of infertility, primary infertility, causes of infertility, study center, controlled ovarian stimulation protocol, type of insemination, transfer cycle
types, embryo types, number of embryos transferred. baOR was adjusted maternal age, paternal age, residence, gravidity, parity, primary infertility,
causes of infertility, study center, controlled ovarian stimulation protocol, type of insemination, transfer cycle types, embryo types.
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A The effect of serum AMH levels on | in ART p ies with sing delivery
:.;; :_\,r)m m:?&z )AMH :":‘:z‘zﬁé‘)"_ Low AMH vs average AMH High AMH vs average AMH
n (%) n (%) n (%) OR1(95% Cl) __ aOR1 (95% CI)° OR2(95% Cl) __ aOR2 (95% CI)*
Gender Male 517 (55.2) 1276 (54.5)  671(54.0) Reference Reference Reference Reference
Femal 420 (44.8) 1064 (455)  571(46.0)  0.97 (0.84-1.13)  0.96 (0.81-1.14) o 1.02(0.89-1.17)  0.99 (0.85-1.15) A4
Preterm delivery No 877 (93.6) 2178 (93.1) 1155(93.0) Reference Reference Reference Reference
Preterm 53(5.7) 147 (6.3) 73(5.9) 0.91(0.66-1.26)  0.82 (0.57-1.17) e 0.95(0.71-127)  0.85(062-1.17) |
Very preterm 7 (0.7) 15 (0.6) 14(1.1) 1.24(0.50-3.09)  1.06 (0.39-2.90) R 1.89(0.90-397)  2.12 (0.96-4.70) e
Birth weight (g) <2500 40 (4.4) 97 (4.2) 52 (4.2) 1.02(0.70-1.49)  1.00 (0.66-1.51) —h— 1.02(0.72-1.43)  1.06 (0.73-1.54) ——
2500-3999 814(89.7) 2004 (86.3)  1078(87.5) Reference Reference Reference Reference
>4000 53 (5.8) 221(9.5) 102 (8.3) 0.69 (0.52-0.92)  0.65 (0.48-0.89) —-_— 0.85(0.67-1.08)  0.72(0.57-0.96) -
Weight for gestational age SGA 50 (5.5) 100 (4.3) 46 (3.7) 1.23(0.87-1.75)  1.12(0.76-1.65) —— 0.86 (0.60-1.23)  0.90 (0.61-1.33) ——
AGA 722(796) 1797 (77.4)  966(784)  Reference Reference Reference Reference
LGA 135(14.9)  425(18.3) 220(17.9)  0.83(0.68-1.02)  0.74 (0.59-0.93) - 0.96 (0.80-1.15)  0.89 (0.73-1.08) p
Neonatal infection No 935 (99.8) 2329 (99.6) 1233(99.3) Reference Reference Reference Reference
Yes 2(02) 11(0.4) 9(07) 0.83(0.17-212)  1.26 (0.18-2.86) ~ ————+—— 120 (0.74-257)  1.69 (0.47-2.15) ——f—+——
NICU No 893 (95.3) 2284 (97.6) 1204 (97.0)  Reference Reference Reference Reference
Yes 44 (4.7) 56 (2.4) 38 (3.0) 1.18(0.53-2.63)  0.93 (0.36-2.43) L e — 1.81(0.87-4.06)  1.50 (0.77-2.94) i e —
Neonatal asphyxia No 924 (98.6) 2306 (98.5) 1219(98.1)  Reference Reference Reference Reference
Yes 13(1.4) 31(1.5) 23(1.9) 1.05(0.55-201)  1.71(0.78-3.74) I s — 1.73(0.72-3.35)  1.31(0.76-2.25) —_——
Neonatal jaundice No 849 (90.6) 2143 (91.6) 1129 (90.9) Reference Reference Reference Reference
Yes 88 (9.4) 197 (8.4) 113 (9.1) 116 (0.89-1.51)  1.01(0.67-1.52) — 137(0.92291)  1.39(0.97-1.99) -
Congenital anomaly No 854 (99.2) 2163 (99.2) 1046 (99.1)  Reference Reference Reference Reference
Yes 7(0.8) 17 (0.8) 10 (0.9) 1.01(0.90-1.76)  1.04 (0.97-1.96) i 1.18 (0.62-1.87) _ 1.27 (0.67-2.41) —
R R
B The effect of serum AMH levels on | in ART preg with multiple deliveries
:';;:3')‘” :’::Tf;s;\ MH :‘p;%:‘“ Low AMH vs average AMH High AMH vs average AMH
n (%) _ n (%) n(%) __ OR1(95%Cl)  aOR1(95% CI)° OR2(95% Cl) _aOR2(95% CI)°
Gender Male 245 (55.3) 614 (51.5) 340 (53.0) Reference Reference Reference Reference
Femal 198 (44.7)  579(485)  302(47.0)  0.86(0.69-1.70) 0.87 (0.67-1.15) k- 0.94 (0.78-1.14)  0.90 (0.71-1.15) o
Preterm delivery No 110 (49.8) 293 (49.2) 150 (46.7) Reference Reference Reference Reference
Preterm 104 (47.1) 281 (47.1) 156 (48.6)  0.99 (0.79-1.24)  0.82 (0.61-1.90) i A 1.80(0.89-1.32)  0.86 (0.66-1.11) vl
Very preterm 7 (3.2) 22(37) 15 (4.7) 0.83 (0.45-1.54)  0.50 (0.19-1.27) e 1.30(0.80-2.11)  0.66 (0.30-1.44) ——
Birth weight (g) <2500 173(40.8)  515(437)  269(426)  0.89(0.71-1.11)  0.76 (0.57-1.10) . 0.95(0.79-1.16)  0.93 (0.72-1.19) e
2500-3999 251(59.2) 661 (56.1) 362 (57.4) Reference Reference Reference Reference
>4000 0 2(02) 0 - - - -
Weight for gestational age SGA 27 (6.4) 76 (6.5) 34 (54) 1.10(0.64-1.60)  0.77 (0.42-1.40) —— 0.84 (0.56-1.28)  1.10(0.61-1.67) —f—
AGA 355 (83.7) 1013 (86) 537 (85.1) Reference Reference Reference Reference
LGA 42(9.9) 89(7.6) 60 (9.5) 1.35(0.92-1.98)  1.37 (0.85-2.20) e 1.27 (0.90-1.79)  1.27 (0.82-1.95) e
Neonatal infection No 442 (99.8) 1192 (99.9) 640 (99.7) Reference Reference Reference Reference
Yes 1(02) 1(0.1) 2(0.3) 2.70(0.17-4321) - 3.73(0.34-41.16) -
NICU No 439 (99.1) 1184 (99.2) 633 (98.6) Reference Reference Reference Reference
Yes 4(0.9) 9(0.8) 9(1.4) 1.20 (0.37-3.91) 1.87 (0.74-4.74) -
Neonatal asphyxia No 441 (99.5) 1191 (99.8) 639 (99.5) Reference Reference Reference Reference
Yes 2(0.5) 2(0.2) 3(0.5) 2.7 (0.38-19.23) 280 (0.47-16.78) -
Neonatal jaundice No 433 (97.7) 1165 (97.7) 624 (97.2) Reference Reference Reference Reference
Yes 10 (2.3) 28(233) 18 (2.8) 0.96 (0.46-2.00)  0.27 (0.50-1.48) — 1.20 (0.66-2.19)  0.55 (0.50-5.66) _—tT >
Congenital anomaly No 440 (99.3) 1186 (99.4) 635 (98.9) Reference Reference Reference Reference
Yes 3(0.7) 7(06) 7(1.1) 1.16 (0.30-4.49, 0.90 (0.14-5.69 S . — 1.87 (0.65-5.35) 0.96 (0.81-1.78) i
0 2 3 4 0 2 3 4
FIGURE 3

Forest plot summary of logistic regression analysis for risks of neonatal outcomes in ART pregnancies with (A) singleton and (B) multiple deliveries.
OR, odds ration; ClI, confidence interval; aOR, adjusted odds ration; SGA, small for gestational age; AGA, appropriate for gestational age; NICU,
neonatal care unit. aaOR was adjusted for maternal age, paternal age, race, residence, gravidity, parity, duration of infertility, primary infertility, causes
of infertility, study center, controlled ovarian stimulation protocol, type of insemination, transfer cycle types, embryo types, number of embryos
transferred. baOR was adjusted maternal age, paternal age, residence, gravidity, parity, primary infertility, causes of infertility, study center, controlled
ovarian stimulation protocol, type of insemination, transfer cycle types, embryo types.

provided in Tables S2, S3. The effect of serum AMH levels on
pregnancy and neonatal outcomes with fresh/frozen single embryo
transfers were generally consistent with those of the primary
analysis in singleton delivery, except that the risk of GDM
increased in the low AMH group with fresh cycles, the risk of
cesarean section decreased in the high AMH group with frozen
cycles and the difference in the risk of ICP, macrosomia and LGA
was no longer significant. Details are provided in Tables S4 through
S7 in the Supplementary Materials.

Discussion

In this multi-center retrospective cohort study of ART patients,
we highlight in women with singleton delivery, low AMH levels
increased the risk of ICP. There are also some protective factors, for
instance, among women of singleton delivery, high AMH levels are
associated with a lower risk of macrosomia as well as low levels of
AMH are less likely to have PROM and LGA. Moreover, in women
with multiple deliveries, we demonstrated that high levels of AMH
increased the risk of ICP, GDM and PIH, while low AMH levels are
associated with an increased risk of ICP and oligohydramnios. The
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findings of our study suggest an association between AMH and
pregnancy outcomes among women undergoing IVF/ICSL

The safety of ART procedures has long been a major concern
among people who received the treatment, several meta-analyses of
cohort studies have demonstrated adverse pregnancy outcomes
among ART pregnancies, including GDM and PIH (16, 22).
Although characteristics of infertility, advanced age and
underlying polycystic ovary syndrome might result in
confounders of the association, some prospective studies provide
significant associations between ART and adverse pregnancy
outcomes after adjusting for various confounders (23, 24). Thus,
plasma markers as a screen for adverse outcomes are quite in need.
Interestingly, AMH, a clinical marker of ovarian reserve, several
studies have suggested its potential relation to specific pregnancy
complications (such as preterm birth and PIH), while the
relationship remains unclear concerning their limited sample size
and conflicting results (10-12).

Transfer of multiple embryos in ART procedures used to bring
a large number of multiple pregnancies and related risks in the last
few years (25). Despite single-embryo transfer (SET) has been
accepted as the best practice in clinical use, the ratio of twin
delivery among total deliveries in ART was 27.9% in 2016
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(Chinese mainland) (13). Our study demonstrated that high AMH
levels increased the risk of PIH and GDM in multiple deliveries after
ART (Gestational hypertension: aOR2 = 2.26, 95% CI: 1.20-4.22;
Gestational diabetes mellitus: aOR2 = 2.40, 95% CI: 1.48-3.91), low
AMH levels increase the risk of oligohydramnios. Nonetheless, we
failed to observe a similar association in singleton deliveries.
Hypertensive disorder of pregnancy, which affect up to 10% of all
pregnancies, is one of the leading causes of pregnancy-related
deaths (26, 27). The relationship between AMH and HDP has
been a controversial topic in recent studies. A case-control study
conducted by Birdir et al. observed the median multiple of the
expected median value of AMH was comparable between the PE
(Preeclampsia) group and the controls (1.040, IQR 0.941-1.081
versus 0.995, IQR 0.939-1.065, p = 0.147), indicating AMH might
not be a suitable marker for prediction of PE (28). However, several
studies have observed that low levels of AMH are associated with a
higher risk of HDP (10, 29). As for GDM, the association between
AMH and GDM was not identified in previous studies (10). In the
present study, we measure maternal AMH levels before pregnancy
instead of measurement during pregnancy in other studies, which
might result in the discrepancy. In addition, previous studies have
not performed similar research in multiple deliveries. Mechanisms
underlying the effects on pregnancy complications need more
investigation. Detection of AMH receptors in cardiac tissue
suggests the linkage of AMH with the circulatory system (30).
Skalba et al. (31) documented that plasma AMH level is associated
with insulin resistance (IR) both in PCOS (group) and control
group, while Tokmak et al. (32) proved a similar correlation in non-
obese adolescent females with PCOS. Considering IR is closely
related to the development of GDM, AMH might play a role in the
development of GDM. In summary, this study suggests that we
should put more attention to abnormal AMH levels in women
with multiple pregnancies. More specifically, abnormal AMH
levels should be concerned when we determine the number
of embryos transferred, single-embryo transfer is relatively
more recommended.

Our study illustrates the association between abnormal AMH
levels and ICP for the first time (low AMH levels are associated with
increased risk of ICP in singleton and multiple deliveries). ICP is the
most common hepatic disorder related to pregnancy, which usually
develops within the third trimester of pregnancy and presents with
pruritus as well as elevated levels of bile acid and/or alanine
aminotransferase (33). Estrogen-bile acid axis was thought to play
a dominant role in the pathogenesis of ICP (34), yet AMH was
proved to decrease FSH-induced CYP19al expression, leading to
reduced estradiol (E2) levels (1, 35), we could assume that the
association between AMH and E2 might attribute to the effects of
AMH on the risk of ICP. While the molecular mechanisms need
more investigations.

Notably, through the analysis of neonatal outcomes, we also
observed that circulating levels of AMH influence the risk of
macrosomia and LGA in singleton deliveries, indicating some
underlying nutritional and metabolic alterations in the offspring.
An increasing number of studies have supported the theory of
developmental origins of health and disease (DOHaD), which refers
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to the theory that predisposing factors to chronic diseases are
established in early life, specifically by the intrauterine
environment (36). Both human and animal studies have
confirmed that the developing fetus is susceptible to in-utero
exposures, including air pollution, high-fat diet and
hyperglycemia (37, 38). Additionally, recent studies also
demonstrated that high AMH levels in utero might induce
metabolic and reproductive alterations in rodent animals, which
suggested the potential effects of AMH on perinatal outcomes (39).
Our results also demonstrated that AMH levels are not associated
with the risk of preterm birth in women undergoing IVF/ICSI,
which is consistent with a previous study that is also based on
women undergoing IVF/ICSI cycles (40). However, recent studies
suggested AMH level as a risk factor of preterm birth in PCOS
patients (11, 12). The differences might attribute to the
heterogeneity of the population thanks to the higher AMH level
in PCOS patients compared with non-PCOS patients (41). Future
studies including long-term follow-up studies are needed to
illustrate the long-term effects and potential mechanisms.

The strengths of our study include the novelty as the first
research to present the association between maternal AMH levels
and pregnancy outcomes after ART, as well as the size of the cohort
(largest to our knowledge). Additionally, maternal levels of AMH
before pregnancy give us a more advanced vision to assess the risk
of complications compared with measurement in the first or second
trimester of pregnancy. Moreover, in this retrospective cohort
study, the confounding factors were also adjusted for analysis,
either previously reported to have effects on AMH levels or varied
significantly among groups stratified by AMH. Despite the limited
knowledge of the pathophysiology of AMH, we provide distinctive
insights on its potential to be a marker of pregnancy outcomes.
Similarly, we recognize that there are still limitations in our study.
First, missing data regarding clinical and follow-up information was
inevitable thanks to the retrospective cohort, which resulted in
information bias. Second, the discrepancy of AMH measurement
methods in different centers is also a source of bias, although study
center was adjusted as a confounding factor in the logistic
regression. Third, the relatively low morbidity restricts us to
achieve a more accurate confidence interval, thus leading to
limitations in our conclusions.

In conclusion, this is the first multi-center retrospective cohort
study to indicate the association between maternal AMH levels and
adverse perinatal outcomes in IVF/ICSI. Our results proved the
potential role of AMH as a predictive marker for adverse pregnancy
outcomes. Abnormal AMH levels increased the risk of ICP
regardless of the number of live births, while high AMH levels
are associated with risks of GDM and PIH only in women with
multiple deliveries. In addition, AMH can also be used as a
protective factor concerning PROM, macrosomia and LGA.
Fortunately, serum AMH levels were not associated with adverse
neonatal outcomes in IVF/ICSI. The findings of our study will
extend the application of AMH during pregnancy and provide
clinicians with some clues for practice. The association between
high AMH levels and pregnancy complications among multiple
pregnancies also supports the use of SET in these patients.
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