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Abstract

Purpose The purpose of this study is to explore the reproductive outcomes of women with Turner syndrome (TS) in preimplan-
tation genetic testing (PGT) cycles.

Methods A retrospective study of 100 controlled ovarian stimulating cycles, 68 TS (sixty-four mosaic Turner syndrome (MTS)
and four pure Turner syndrome (PTS)) women underwent PGT was conducted from 2013 to 2018.

Results Embryo X chromosome abnormal rates of TS women were significantly higher than women with normal karyotype
(7.04 vs 1.61%, P<0.01). Cumulative live birth rates (CLBR) after PGT-NGS treatment were lower in TS than control (31.15 vs
45.59%, P<0.05). Clinical pregnancy rates per transfer (CPR), miscarriage rates (MR) and live birth rates per transfer (LBR)
remained comparable between TS and control group. Reproductive outcomes (X chromosome abnormal rates, CPR, MR, LBR
and CLBR) among low (<10%), medium (10-50%) and high (>50%) level 45,X mosaicism groups were not statistically
different.

Conclusions To avoid high risk of embryo X chromosome abnormalities, prenatal or preimplantation genetic testing should be

recommended to mosaic or pure TS patients.
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Introduction

Turner syndrome (TS) is a chromosomal aberration with a
total or partial loss of one X chromosome, affecting 1/2000
to 1/2500 newborn girls [1]. About 40—-50% of the patients are
classical TS carrying monosomy X (45,X); the remaining are
mosaic cases in whom normal and abnormal cell lines exist
together. Of the patients, 15-25% are monosomy X mosai-
cism with normal cell lines, 3% with triple X and 10-12%
mixed with 46,XY [2]. Other than mosaicism, there are

><J Ge Lin
linggf@hotmail.com

Institute of Reproductive and Stem Cell Engineering, Central South
University, Changsha 410008, China

Clinical Research Center For Reproduction and Genetics In Hunan
Province, Changsha 410008, China

> Reproductive and Genetic Hospital of CITIC-XIANGYA,
Changsha 410008, China

patients with X chromosome partial abnormality such as iso-
chromosome Xq or isodicentric Xp (10%), ring X chromo-
some and deletion of Xp22.3 [2].

Due to the absence of total or partial X chromosome, TS
patients show a series of symptoms, such as growth failure,
short stature, lymphedema sequence (web neck), cardiac and
renal anomalies [3, 4]. The most common features of TS in
reproduction are pubertal delay or failure, infertility and pre-
mature ovarian insufficiency (POI) [5]. Reproductive treat-
ment strategies for these patients include fertility preservation
in teenage girls with ovarian follicles remaining [6] or receiv-
ing oocyte donation while suffering POI [7, 8]. Although cor-
relation between genotype and phenotype is not well
researched, mosaic case presents milder phenotypic abnor-
malities compared with those with 45,X karyotype [9-11].
Patients show milder symptoms would maintain proper ovar-
ian function and may be able to get pregnant with their own
oocytes. Research showed spontaneous pregnancies occurred
in 4.8-7.6% of women with TS, but miscarriage rates were
higher (30.8-45.1%), probably due to higher chances of
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aneuploidy and lower maternal endometrium receptivity [12].
Considering the higher risk of embryo chromosomal abnor-
malities, the 2016 Cincinnati guidelines recommended either
prenatal genetic or preimplantation genetic testing in TS pa-
tients undergoing fertility treatments [2]. However, as far as
we know, there is little information about the impact of pre-
implantation genetic testing in fertility treatments to TS
patients.

The purpose of this study was to evaluate reproductive
outcomes of PGT treatment with autologous oocytes in differ-
ent level mosaicism TS patients, which may provide reliable
data for therapeutic strategy in clinical assisted reproductive
treatment.

Materials and methods
Study population

A retrospective comparative study was conducted.
Anonymous data were obtained from the reproductive centre
of Reproductive and Genetic Hospital of CITIC-Xiangya.
Between January 2013 and April 2018, 68 women diagnosed
with TS who received PGT-A treatments were taken into
analysis. In order to compare the reproductive outcomes be-
tween Turner syndrome patients and normal counterparts, we
collected an age-matched group of 136 women with normal
karyotype underwent PGT-NGS due to monogenic disease
during 2017-2018 as control. X chromosome aneuploid rates,
clinical pregnancy rates per transfer, miscarriage rates, live
birth rates per transfer and cumulative live birth rates were
compared between these two groups (Fig. 1). Then, TS pa-
tients were divided into three groups according to the different
levels of 45,X mosaic rate: low (mosaic rate less than 10%);
medium (10% to 50%); and high (more than 50%). Age, mis-
carriage times, primary infertility, infertile years, BMI and
ovarian reserve markers (AFC and AMH) were compared
among groups. Reproductive outcomes including embryo X
chromosome aneuploid rates, clinical pregnancy rates per

Control

transfer, miscarriage rates, live birth rates per transfer and
cumulative live birth rates were also contrasted.

Karyotype analysis

Before IVF treatment, a conventional karyotype analysis was
performed on cultured peripheral blood lymphocytes for all
couples. Sixty to one hundred metaphase GTG of lympho-
cytes karyotype analyses were examined for each patient.
Mosaic rates of TS cases were defined as proportions of
45,X monosomy cells in all examined lymphocytes.
Generally, embryo X chromosome abnormalities include
number and structure aspects.

Treatment protocol

AMH, basal FSH and basal LH were evaluated on day 3 of
menstruation. There were three stimulation protocols: GnRH
agonist, antagonist and mild stimulation protocol. The doses
of recombinant FSH (Gonal-f, Merck Serono, Germany; or
Puregon, MSD, USA) and urinary human menopausal gonad-
otropin (Menopur, Ferring, Switzerland) were adjusted ac-
cording to the ovarian response, such as the measurement of
serum sex steroids and AFC under ultrasonography. When at
least three follicles reached 18 mm or more, HCG at a dose of
5000-10000 TU was used to trigger oocyte maturation. All
cases underwent appropriate ovarian stimulation protocols.

Oocyte retrieval was performed 34-36 h after the trigger.
Oocytes were inseminated by intracytoplasmic sperm injec-
tion and embryos were cultured to blastocyst stage; 3 to 5
trophoblast cells were biopsied and then sent for further anal-
yses. Some of the patients received fluorescence in situ hy-
bridization for diagnosing abnormality of chromosome
18,X,Y; others received comprehensive chromosomal screen-
ing by NGS as described before [13]. Euploid blastocysts
were chosen to be transferred.

Clinical pregnancy was defined as an intrauterine gesta-
tional sac at 28 days after the blastocyst transfer, as detected
on ultrasonography. Miscarriage was defined as pregnancy

TS
n=100

n=136
7 cycles canceled of no oocyte retrived o K 5 cycles canceled of no oocyte retrived
28 cycles canceled of no blastocyst formation | """ [T 24 cycles canceled of no blastocyst formation
Y Y Y
PGT-M+PGT-NGS PGT-FISH PGT-NGS
n=101 n=24 n=47
........... 13 cycles canceled of no euploidy blatocyst
22 cycles canceled of no euploidy blatocyst [-========""" [ %
............................ 1 cycles canceled of no euploidy blatocyst
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FET FET FET
n=86 n=34 n=30

Fig. 1 Schematic process of the enrolled patients
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loss before 24 weeks of gestation. Live birth was defined as
delivery of a viable infant at 28 weeks of gestation or more
after the blastocyst transfer.

Statistical analysis

Chi-squared analyses were performed for the comparison of the
embryonic aneuploidy rates (number of aneuploidy blastocysts/
total number of blastocysts biopsied) and pregnancy rates
(CPR, MR, LBR, CLBR) in different groups. For continuous
variables, the Kruskal-Wallis H test was performed to assess
the differences within groups. Multiple logistic regression was
performed to evaluate the relationship between the confounding
factors, the maternal mosaic rates and the embryo X chromo-
some abnormality rates. The confounding factors included fe-
male age, BMI, AMH and FSH dose.

Results

A total of 68 patients diagnosed with TS who underwent PGT
from 2013-2018 were recruited. Karyotypes of all patients are
shown in Table 1 (Fig. 2). There were 4 women with 45,X
monosomy and the rest were mosaic cases. One case with
karyotype of 46,XX,del(q24) was excluded according to
2016 Cincinnati guidelines for TS [2]. There were 12 cases
of recurrent pregnancy loss, and one pure TS patient had suf-
fered 4 miscarriages. The average miscarriage times were 0.65
+0.89. Twenty-one TS women were primary infertility. There
were 100 controlled ovary stimulation cycles, and 213 blasto-
cysts were biopsied, among them 92 blastocysts received
FISH test for chromosomes 18 and X,Y abnormality, and
121 received NGS test checking for 46 chromosomes.

The average age was 35.414+5.84 in TS group and 35.8
+5.54 in control (P>0.05). None of infertile years, BMI,
AFC, or AMH reached any statistical difference between TS
and control group. For treatment protocols, GnRH antagonist
was used more frequently in TS group (P<0.05). Chances of
cycle cancellation due to no euploidy blastocyst formation
were statistically comparable between two groups, while em-
bryo sex chromosome aneuploid rate presented noticeably
higher in TS women than normal controls (7.04 vs 1.61%,
P<0.01) (Table 2).

Table 1  Karyotype of 68 patients

Karyotype Number Proportion
45X 4 5.89%
Mos,45,X/46XX 51 75%
Mos,45,X/46,XX/47 XXX 11 16.17%
Mos,45,X/46,XY/47, XXX 1 1.47%
Mos,45,X/47, XXX 1 1.47%
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Fig. 2 Distribution violin plot of mosaic rates in 68 TS patients. The
median number of mosaic rates was drawn with a dotted yellow line

Considering that different embryo testing methods may
affect the reproductive outcomes, we next compared the out-
comes between TS patients underwent PGT-NGS testing
(n=61) and control group (n=136). We found that cumulative
live birth rate was lower in TS women than control (31.15 vs
45.59%, P<0.05), while clinical pregnancy rate per transfer,
miscarriage rate and live birth rate per transfer remained com-
parable (Table 3).

In order to investigate relationship between X monosomy
mosaic rates and reproductive outcomes, TS patients receiving
PGT-A were further divided into three groups according to
their peripheral blood karyotype of monosomy X mosaic
rates: low (mosaic rate less than 10%); medium (10% to
50%); and high (more than 50%). Characteristic data showed
that the high mosaic rate group was younger, but their ovarian
reserve was worse. The average counts of AFC in high group
were 5.56+3.94 and 14.47£9.67 in low and 13.91£9.15 in
medium (P<0.05). AMH were also low in high mosaic rate
group, though not statistical different (Table 4).

As for reproductive outcomes, it showed no statistical dif-
ference in clinical pregnancy rates per transfer, miscarriage
rates, live birth rates per transfer and cumulative live birth
rates among low, medium and high mosaic group (Table 4).
Considering that embryo X chromosome abnormality rates
were obviously higher in TS women, we wondered if maternal
45,X mosaic rates correlate to embryo X chromosome abnor-
malities. Surprisingly, there was no difference in the abnormal
rate of X chromosome among three groups (7.19 vs 5.88 vs
11.11%, P>0.05) (Table 4). Furthermore, to exclude the influ-
ence of maternal age on embryo aneuploidy, we conducted a
logistic regression. After adjustment, neither maternal age nor
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Table 2  Basal characteristics and embryo X chromosome abnormality rate in TS and control group

TS n=100 Control n=136 P value
Age 35.41+5.84 35.8+5.54 NS
Infertile years 4.61+4.16 4.13+3.85 NS
BMI (kg/m?) 22.63+2.66 22.05+2.14 NS
45,X mosaic rate 0.17+0.26 0
AFC 13.54+9.47 15.25+£10.48 NS
AMH (ng/ml) 3.23+3.37 3.64+3.30 NS
Treatment protocol
GnRH agonist 25 64 <0.05
GnRH antagonist 66 67
Other 9 5
Cancel rate 43% (43/100) 42.65% (58/136) NS
X chromosome aneuploid rate 7.04% (15/213) 1.61% (4/249) <0.01

NS, not significantly different; BMI, body mass index; AFC, antral follicle count

45,X mosaic rates had any impact on embryo X chromosome
abnormality rates (Table 5).

Discussion

During first meiosis, germ cells lacking X chromosome may
result in sister chromosomes synapsis failure, which would
accelerate oocytes atresia [14]. Thus, gonadal dysgenesis
and premature ovarian failure are the most common clinical
features in TS. According to the previous research, average
menopause age of TS women was 29.3 years old [15].
However, the existence of normal cell lines in some mosaic
cases will rescue oocytes from atresia, and some may survive
during puberty or even reproductive years. Patients could
show spontaneous menstruation and pregnancy, but with poor
fertility outcomes [16].

Tarani et al. analysed 160 spontaneous pregnancies of 74
TS patients and found that 58% pregnancies resulted in a
miscarriage or fetal malformation. Compared with normal
people, newborn babies of TS women were more likely to
suffer Down syndrome (4 vs 0.4%) or Turner syndrome (15
vs 0.5%) [17]. This was similar to our results found that the

Table3  Reproductive outcomes after PGT-NGS treatment in TS wom-
en and control group
TS-NGS Control NGS P value
n=61 n=136
CPR/per transfer 73.33% (22/30) 81.49% (70/86) NS
Miscarriage rate 13.63% (3/22) 8.57% (6/70) NS
LBR/per transfer 63.33% (19/30) 72.09% (62/86) NS
CLBR 31.15% (19/61) 45.59% (62/136) <0.05

NS, not significantly different; CPR, clinical pregnancy rate; MR, mis-
carriage rate; LBR, live birth rate; CLBR: cumulative live birth rate
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embryo X chromosome abnormal rates were significantly
higher in TS patients (7.04 vs 1.61%, P<0.01).

According to previous reports, advanced maternal age is the
major risk for embryo aneuploidy [18]. However, age could not
explain the increased embryo X chromosome abnormal rates in
TS women. We speculated that higher chance of embryo X
chromosome abnormalities occurred due to abnormal maternal
karyotypes. Though Ogata et al. thought aneuploid oogonium
will atresia due to synapsis failure of homologous
chromosomes[14], others believe that some XO oogonium
may complete meiosis by coupling the heterologous X chro-
mosome with the autosome or itself [19]. Banzai et al. had
reported murine model with XO karyotype could produce nor-
mal oocytes, which confirmed this presumption [20].

Interestingly, instead of producing monosomic zygotes, we
found that embryo sex chromosomes of TS women were most-
ly trisomic and only three blastocysts showed the same 45,X
karyotype like their TS mothers. He Ren’s results were com-
mon with ours; they found that in mos,45,X/46,XY male cases,
the XY disomy of testicular sperm was significantly higher than
that of healthy controls [21]. These indicated that though sur-
viving in the first meiosis, 45,X oogonium may suffer
abnormal separation during the second meiosis. After all, we
know very little about the meiosis of aneuploid germ cells.

Subsequently, Bryman et al. found miscarriage rate of
spontaneous pregnancies in mos,45,X/46,XX TS cases was
up to 45% [12]. Foudila et al. had announced that clinical
pregnancy rates of donated oocytes in TS women were lower
than that in normal population (28 vs 46%), suggesting that
45,X abnormal cell line in uterus may block endometrial
decidualization, thereby affecting embryo development [22].
On the contrary, we found that after transferring euploid blas-
tocysts, the embryo implantation potentials and the risk of
pregnancy loss in mosaic TS cases were similar to normal
contemporaries [23].
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Table 4 PGT outcomes of different mosaic rate groups

Mosaic rate group Low (<10%) n=68 Medium (10-50%) n=23 High (>50%) n=9 P value
Age 36.3545.55 34.61+6.14 30.33+4.72 <0.05
Miscarriage times 0.5+0.73 0.87+0.76 0.56+0.73 NS
Primary infertility 38.24% (26/68) 17.39% (4/23) 55.55% (5/9) NS
Infertile years 5.16+4.72 3.00+1.69 4.33+2.87 NS
BMI (kg/m?) 22.74291 22.57+1.89 22.2842.48 NS
45,X mosaic rate 0.06+0.02 0.2040.13 0.9240.16

AFC 14.4749.67 13.91£9.15 5.56+3.94 <0.05
AMH (ng/ml) 3.29+3.48 3.85+3.41 1.26+1.29 NS
Treatment protocol

GnRH agonist 20 5 0

GnRH antagonist 44 15 7

Other 4 3 2

Cancel rate 44.1% (30/68) 34.78% (8/23) 55.55% (5/9) NS
PGT-FISH 29.41% (15/51) 40% (6/15) 60% (3/5) NS
X chromosome aneuploid rate 7.19%% (11/153) 5.88% (3/51) 11.11% (1/9) NS
CPR/per transfer 57.1% (28/49) 58.3% (7/12) 33.33% (1/3) NS
Miscarriage rate 11% (3/28) 14.29% (1/7) 0 NS
LBR/per transfer 50.9% (25/49) 50% (6/12) 33.33% (1/3) NS
CLBR 37% (25/68) 26.09% (6/23) 11.11% (1/9) NS

NS, not significantly different between each two groups; CPR, clinical pregnancy rate; MR, miscarriage rate; LBR, live birth rate

It was reported that mos,45,X/46,XX women showed
milder phenotype and higher chance of conceive spontaneous-
ly [24, 25]. However, whether mosaic rates of monosomy
have correlation with fertility stays unclear. We found that,
after receiving PGT, maternal X monosomy mosaic rates did
not affect neither embryo aneuploid rates nor reproductive
outcomes (including clinical pregnancy rate, miscarriage rate,
live birth rate). Similarly, Emek Doger’s study demonstrated
that there was no statistical difference in miscarriage and live
birth rate between patients with monosomy mosaic rates
above 10% and below [24].

However, whether the maternal X chromosome mosaic
rates are related to reproductive outcomes still needs to be
carefully considered. The mosaic rates of peripheral blood

Table5 Multiple logistic regression analysis of the association between
the confounding variables, mosaic rate and embryonic sex chromosome
abnormality

P value Odds ratio(95%CI)
Maternal age 0.68 0.97 (0.85-1.12)
Duration of infertility 0.48 1.06 (0.90-1.26)
BMI 0.42 1.10 (0.87-1.40)
AMH 0.46 1.06 (0.92-1.22)
Maternal 45,X mosaic rate 0.58 2.31(0.12-44.69)
FSH dose 0.86 1.00 (1.00-1.00)

CI, 95% CI for the odds ratio

lymphocytes may not reflect mosaicism in ovary, which could
interrupt the analysis of true correlation between karyotype
and phenotype. The research of Peek R studied the karyotypes
of 10 adolescent ovary tissues which belonged to TS girls who
went ovarian tissue cryopreservation. They found the mosai-
cism degrees of each follicle’s granular cells and oocytes were
different [26]. In addition, this phenomenon was also ap-
peared among different tissues, such as ovary, blood, oral
and urinary epithelium [26, 27]. But so far, analysis of lym-
phocyte karyotype is the most common used diagnose meth-
od, which is especially suitable for patients with no indication
of ovary biopsy [28].

Given the limitations of this study, most non-mosaic TS
patients had received oocytes donation due to congenital mal-
formation or premature ovarian insufficiency and thus, had
been excluded. But four 45,X monosomic patients were in-
cluded in our research, which could represent this karyotype.

Conclusion

Information about reproductive outcomes of preimplantation
genetic testing in TS patients (PTS/MTS) is rare; our research
enriched this field. We found that embryo X chromosome
abnormalities were extremely higher in TS patients. To avoid
high risk of embryo X chromosome abnormality, prenatal
genetic or preimplantation genetic testing should be recom-
mended to mosaic or pure TS patients. We strongly supported
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2016 Cincinnati guidelines for the content of TS patients’
therapeutic regimen.

Abbreviations AFC, antral follicle count; BMI, body mass index; FISH,
fluorescent in situ hybridization; MTS, mosaic Turner syndrome; NGS,
next-generation sequencing; PTS, pure Turner syndrome; PGT, preim-
plantation genetic testing; TS, Turner syndrome
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