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BACKGROUND: Chromosomal mosaicism can be detected in different stages of early life: in cleavage stage embryos, in blastocysts and
biopsied cells from blastocysts during preimplantation genetic testing for aneuploidies (PGT-A) and later during prenatal testing, as well as
after birth in cord blood. Mosaicism at all different stages can be associated with adverse pregnancy outcomes. There is an onward
discussion about whether blastocysts diagnosed as chromosomally mosaic by PGT-A should be considered safe for transfer. An accurate
diagnosis of mosaicism remains technically challenging and the fate of abnormal cells within an embryo remains largely unknown. However,
if aneuploid cells persist in the extraembryonic tissues, they can give rise to confined placental mosaicism (CPM). Non-invasive prenatal
testing (NIPT) uses cell-free (cf) DNA released from the placenta in maternal blood, facilitating the detection of CPM. In literature, conflict-
ing evidence is found about whether CPM is associated with fetal growth restriction (FGR) and/or other pregnancy outcomes. This makes
counselling for patients by clinicians challenging and more knowledge is needed for clinical decision and policy making.

OBJECTIVE AND RATIONALE: The objective of this review is to evaluate the association between CPM and prenatal growth and
adverse pregnancy outcomes. All relevant literature has been reviewed in order to achieve an overview on merged results exploring the
relation between CPM and FGR and other adverse pregnancy outcomes.

SEARCH METHODS: The following Medical Subject Headings (MESH) terms and all their synonyms were used: placental, trophoblast,
cytotrophoblast, mosaicism, trisomy, fetal growth, birth weight, small for gestational age and fetal development. A search in Embase,
PubMed, Medline Ovid, Web of Science, Cochrane Central Register of Controlled Trials (CENTRAL) and Google Scholar databases was
conducted. Relevant articles published until 16 July 2020 were critically analyzed and discussed.

OUTCOMES: There were 823 articles found and screened based on their title/abstract. From these, 213 articles were selected and
full text versions were obtained for a second selection, after which 70 publications were included and 328 cases (fetuses) were analyzed.
For CPM in eight different chromosomes (of the total 14 analyzed), there was sufficient evidence that birth weight was often below the
5th percentile of fetal growth standards. FGR was reported in 71.7% of CPM cases and preterm birth (<37 weeks of delivery) was
reported in 31.0% of cases. A high rate of structural fetal anomalies, 24.2%, in cases with CPM was also identified. High levels of mosaicism
in CVS and presence of uniparental disomy (UPD) were significantly associated with adverse pregnancy outcomes.

WIDER IMPLICATIONS: Based on the literature, the advice to clinicians is to monitor fetal growth intensively from first trimester
onwards in case of CPM, especially when chromosome 2, 3, 7, 13, 15, 16 and 22 are involved. In addition to this, it is advised to examine
the fetuses thoroughly for structural fetal anomalies and raise awareness of a higher chance of (possibly extreme) premature birth. Despite
prematurity in nearly a fifth of cases, the long-term follow-up of CPM life borns seems to be positive. More understanding of the biological
mechanisms behind CPM will help in prioritizing embryos for transfer after the detection of mosaicism in embryos through PGT-A.

Key words: pregnancy / chorionic villi sampling / trisomy / aneuploidy / mosaicism / birth weight / fetal growth retardation / pregnancy

outcome / embryonic development / fertilization in vitro

Introduction

Following fertilization, the human zygote goes through eight or nine
rounds of cell division before implantation. After the cleavage divisions,
the embryo undergoes compaction and then the first lineage specifica-
tion results in formation of the blastocyst, comprising of an outer layer
of polarized epithelial cells, the trophectoderm (TE), a compact inner
cell mass (ICM) and a fluid filled cavity, the blastocoel. The extraem-
bryonic TE develops into the trophoblast and cytotrophoblast com-
partments of the placenta, while during the second lineage
specification the ICM will form the epiblast and the hypoblast that later
give rise to the fetus and yolk sac, respectively. The hypoblast
also contributes to the mesenchymal core present in the chorionic
villi (Fig. I).

Interestingly, this process of early human embryo development suffers
from high rates of aneuploidy, which constitutes a major cause of early
pregnancy loss (Macklon et al, 2002; Nagaoka et al., 2012). Insights
derived from in-vitro fertilization (IVF) embryos demonstrate that
chromosome abnormalities can be observed in 50-90% of human IVF

embryos at the 8-cell stage (van Echten-Arends et al., 201 |; McCoy,
2017; Popovic et al., 2020). In embryos from young women, some of
these embryos (10-20%) are uniformly aneuploid, as the result of an
error during meiosis in the oocyte (Baart et al., 2006; McCoy et dl.,
2015). The proportion of embryos affected by an error originating
during meiosis in the oocyte increases dramatically with maternal age
(Gruhn et al., 2019). The majority of embryos at the cleavage stages,
however, consist of a mixture of cells with normal and abnormal
chromosomal constitutions, or cells with different abnormalities (Baart
et al., 2006; Vanneste et al., 2009; van Echten-Arends et al., 201 [;
Mertzanidou et al., 2013; Akera and Lampson 2019; Shi, Qiu et dl,
2020; Starostik et al., 2020; Tsuiko et al., 2020). The presence of two
(or more) distinct cytogenetic populations of cells in an embryo or in-
dividual derived from a single fertilized oocyte is defined as mosaicism
(Spinner and Conlin, 2014). These mosaic embryos are the result
of post-zygotic errors, i.e. chromosome segregation errors occurring
during the first mitotic divisions.

The timing of the segregation error defines the degree of mosaicism
and the affected cell lineages, resulting in diverse mosaic patterns
(McCoy, 2017). The etiology of mosaicism in human preimplantation
embryos is multifactorial and has been reviewed extensively elsewhere
(McCoy, 2017; Popovic et al., 2020; Tsuiko et al., 2020). It is hypothe-
sized that the molecular pathways that normally monitor accurate
chromosome segregation are less stringent in early embryos to allow

1202 Jaquiardag £z uo Jasn weplanoy AlsisAlun snwiseld Aq Z6€S/29/S88/S/ /2 /8 19e/pdnwiny/woo dno olwapeose//:sdjjy Wol) papeojumMoc]



Confined placental mosaicism and pregnancy outcome

887

Trophectoderm (TE) ——> Cytotrophoblast — Syncytiotrophoblast

Inner cell mass (ICM)

——> Hypoplast ———> Extraembryonic mesoderm ———— Mesenchymal core

T Epiblast ———— Fetus

> Syncytiotrophoblast
Cytotrophoblast

Hypoplast

Epiblast

Cytotrophoblast Mesenchymal core
- STC - villi - LTC - villi
-NIPT
(mosaic)
CPM type 1 W— normal
— {mosaic)
CPMtype 2 abnormal
(mosaic) (mosaic)
CPMtype 3 abnormal abnormal

Figure |. Schematic illustration of pre- and post-implantation development. (A) A blastocyst at day 5 of embryonic development.
Two cell types can be defined at this early stage: the trophectoderm (TE) and the inner cell mass (ICM). The extra embryonic TE develops into two
tissues of the fetal part of the placenta, the syncytioblast and cytotrophoblast. Short-term culture villi (STC- villi) studies examine the cytotrophoblast.
The ICM will develop into the epiblast (eventually the fetus) and the hypoblast (eventually the mesenchymal core). Long- term culture villi (LTC-villi)
studies examine the mesenchymal core. Because of their same origin (i.e. the ICM), the LTC-villi is a better reflection of the fetus than the STC-villi.
(B) The different cell types after implantation on the |3th day of the embryonic development. (C) Confined placental mosaicism (CPM) can be

categorised into the three subtypes, depending on the cell lineage(s) affected.

for the rapid cell divisions needed for development to occur in a
concerted fashion (Akera and Lampson, 2019; Vazquez-Diez et dl.,
2019). After the cleavage stages, the incidence of aneuploidy and
chromosomal mosaicism appears to decrease as embryos reach the
blastocyst stage, as there seems to be a selection within the embryo
against cells carrying complex abnormalities and monosomies
(McCoy et al., 2015; Fragouli et al., 2019). Although establishing the
exact prevalence of mosaicism at the blastocyst stage remains a
challenge (as reviewed in (Popovic et al., 2018; Fragouli et al., 2019;
Starostik et al., 2020), it appears that chromosomal mosaicism can
still be detected in at least one-third of blastocysts (Santos et dl.,
2010; Popovic et al., 2018; Fragouli et al., 2019; Starostik et al.,
2020).

Preimplantation genetic testing for aneuploidies (PGT-A) is considered
a promising strategy to select chromosomally normal embryos for
transfer with the aim of improving IVF treatment outcomes. This is
currently preferably performed by a trophectoderm biopsy of 5-10
cells at the blastocyst stage, followed by analysis of the biopsied cells
by comprehensive molecular cytogenetic methods. The TE cells are

used to predict the chromosomal configuration of the remaining em-
bryo, as shown in Fig. 2. The recent development of more sensitive
forms of next-generation sequencing (NGS) enabled improved detec-
tion of mosaicism within a biopsy (Fragouli et al., 2017). If mosaicism is
detected, the decision as to whether the embryo qualifies for transfer
is ambiguous. There is an ongoing debate about whether the mosai-
cism detected correctly reflects the true incidence of mosaicism or
whether it results from a technical artifact (Capalbo and Rienzi, 2017;
Marin et al., 2020; Popovic et al., 2020). As a result, clinical manage-
ment remains unclear. To date, scientific data on the transfer of
mosaic embryos is limited. The transfer of mosaic embryos can result
in healthy life births (Munne et al., 2020), but is also associated with
decreased implantation, as well as increased risk of genetic abnormali-
ties and adverse pregnancy outcomes (Victor et al, 2019; Munne
et al., 2020; Tiegs et al., 2020). From a counseling perspective, this
makes it difficult to predict the risk, phenotype and long-term effect
on the offspring.

The incidence of aneuploidy in recognized pregnancies is strongly re-
lated to maternal age and is also dependent on the stage of
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Figure 2. From blastocyst cells to prenatal scenario. (A) Three different scenarios arise if only diploid cells are retrieved through biopsy in
blastocyst stage. (B) When both diploid and trisomic cells are biopsied, three different scenarios can also arise. If the mosaicism is only found in
the trophectoderm and not within the inner cell mass (ICM), confined placental mosaicim (CPM) type | develops. (C) If all biopsied cells appear to
be trisomic, even in the ICM, as a result of trisomic rescue, the epiblast will eliminate the trisomic cells and will only consist of diploid cells, thus CPM

type 2 or 3 can develop.

development. Only 0.6% of newborns are aneuploid, but the inci-
dence of aneuploidy is 45% when miscarriages are investigated
(Hook, 1981; van den Berg et al., 2012). The most common abnor-
malities among newborns and stillbirths are trisomy 13, 18, 21 or
sex chromosomal aneuploidies (i.e. 45X, 47XXX, 47XXY and
47XYY). The only significant monosomy observed during post-
implantation development is 45, X (Nagaoka et al., 2012). In con-
trast, trisomies of all chromosomes have been described in miscar-
riages, with the most common being trisomy 15, 16, 21 or 22. With
the exception of 21, these aberrations are lethal early in pregnancy,
and only allow fetal survival beyond the first trimester if present in
mosaic form.

Different genetic tests can be performed during pregnancy and are de-
rived from different origins of early embryonic development. Chorionic
villus sampling (CVS) is a prenatal procedure in which a sample of cho-
rionic villi is removed from the placenta for genetic testing. The proce-
dure can be performed transabdominally or transcervically, according
the placental localization and the experience and/or preference of the
operator. CVS should be performed after 10 weeks of gestation (Ghi
et al., 2016). With the samples of the chorionic villi, two different
analysis approaches are performed, short-term culture (STC-villi) and

long-term culture (LTC-villi) of the villi. STC-villi allows the analysis of
the cytotrophoblast which originates from the trophoblast (Fig. |)
(Gibas, Grujic et al., 1987). LTC-villi allows selection of cells from the
mesenchymal core that originates from the hypoblast compartment of
the ICM (Fig. I) (Smidt-Jensen et al., 1989).

Amniocentesis refers to transabdominal aspiration of amniotic fluid
from the uterine cavity. This should be performed at or beyond
|5 weeks of gestation (Ghi et al., 2016). Amniotic cells come from the
epiblast, which will form the embryo (Fig. 1).

At the time of writing, non-invasive prenatal testing (NIPT) is the
most recently developed prenatal test. This test is based on the analy-
sis of cell-free DNA (cfDNA) fragments, the fetal part originating from
the placenta, circulating in the maternal plasma. These cfDNA frag-
ments end up in the maternal plasma as a result of apoptotic cytotro-
phoblast of chorionic villi. Therefore, NIPT analyzes the same cells as
the STC-villi during CVS. In general, NIPT is used as a screening
method (mostly limited to detection of trisomy 21, 13 and 18). In case
of a positive finding, diagnostic follow-up investigation such as CVS or
amniocentesis is needed.

Currently, different molecular karyotyping techniques exist to ana-
lyze the different prenatal samples, each with their own advantages
and limitations for detecting aneuploidy and mosaicisms. This is
beyond the scope of this review and has been the focus of another re-
cent review (Jelin et al., 2019).
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Confined placental mosaicism (CPM) is defined as a chromosomally
abnormal cell line restricted to the placenta, while the chromosomes
of the fetus itself are normal (Fig. 2) (Kalousek and Dill, 1983). CPM
usually does not give rise to ultrasound abnormalities or pregnancy
complications, so it is in general found by accident.

CPM can arise as a result of a post-zygotic error, through non-
disjunction in a diploid conception. It can also arise by a trisomic res-
cue mechanism, wherein a viable trisomic conceptus loses one chro-
mosome through anaphase lagging and produces a diploid cell line
(Fig. 2) (Schuring-Blom et al., 1993; Kalousek, 2000).

CPM can be categorized into three subtypes (type |, 2 and 3)
depending on where the chromosomal abnormality is found in the pla-
centa, as shown in Fig. | (Toutain et al., 2018). When the chromo-
somal abnormality is only found in the cytotrophoblast (and can be
found after examination of the short-term culture villi (STC)), it is
CPM type . If the chromosomal abnormality is only found after long-
term culture villi (LTC), it is restricted to the mesenchymal core of the
chorionic villi, and is categorized as type 2. Type 3 is defined as the
presence of the abnormality in both the mesenchymal core and cyto-
trophoblast and can be found after both LTC and STC analysis. As
noted above, NIPT (and STC-vill) analyzes the cytotrophoblast and
thereby NIPT is able to determine CPM type | and type Il

As a result of trisomy rescue mechanism, uniparental disomy (UPD)
can occur. UPD refers to the situation in which two copies of a chro-
mosome come from the same parent, instead of one maternal and
one of paternal origin. UPD can have multiple different disease implica-
tions; the most familiar is Prader Willi Syndrome caused by UPD 15
(Yamazawa et dl., 2010).

Over the last seven years, NIPT has been widely introduced in ob-
stetric medicine as a screening test for trisomy 21, 13 and 18, enabling
large scale prenatal testing without an indication. In addition, NIPT has
been suggested to be more sensitive to detect CPM as compared to
CVS, as the entire placental trophoblast sheds cfDNA into the mater-
nal circulation (Brison et al., 2018; Van Opstal et al., 2020). The pres-
ence of chromosomally abnormal cells restricted to the placental areas
that are not sampled by CVS, may be detected with NIPT. Therefore,
NIPT can give an abnormal result indicating the presence of CPM in
an otherwise uneventful pregnancy, thereby increasing the chances of
identifying cases with CPM.

As noted, pregnancies with CPM are usually uneventful during the first
trimester, or at least until the time of prenatal testing. However, CPM
can be associated with fetal growth restriction (FGR) (Kalousek and
Dill, 1983; Toutain et al., 2018). Therefore, in obstetric practice, care-
givers advise regular checks of fetal growth during pregnancy in case of
diagnosed CPM. Conversely it is not common policy to search actively
for CPM in case of FGR. Still, to provide adequate counselling in cases
of CPM, it is very important to have detailed knowledge of the possi-
ble impacts CPM has on the outcome of pregnancy. Here, reported
findings are conflicting. There are case reports in which no signs of
FGR or other adverse pregnancy outcomes are observed in cases of
CPM (Goldberg and Wohlferd, 1997; Amor et al, 2006). And in
some cases after a normal amniocentesis and no structural fetal

anomalies found at the advanced ultrasound, there is still a possibility
of fetal mosaicism and congenital anomalies.

Therefore, different strategies have been used to improve prediction
of the clinical outcome. It has been suggested to use the presence of
uniparental disomy (UPD) (Bennett et al., 1992) or the percentage of
chromosomally abnormal cells within the biopsied cells as additional
predictors (Wolstenholme et al., 1994). Other authors suggest a rela-
tion between elevated maternal serum screening and impaired fetal
growth in case of CPM (Zimmermann et al., 1995; Groli et al., 1996;
Morssink et al., 1996). There are also case reports of CPM with no
signs of FGR or other adverse pregnancy outcomes (Goldberg and
Wohlferd, 1997; Amor et al., 2006). In obstetric literature, it seems
clear that adverse pregnancy outcomes in CPM also depend on the
chromosome involved in the trisomic cell line present, as there
appears to be a correlation with fetal growth (Toutain et al., 2018).
Data for a chromosome-based risk assessment are currently lacking.

This literature review aims to provide an overview about fetal
growth and pregnancy outcome in case of CPM. It also aims to pro-
vide a comprehensive overview of all the literature available on the
specific chromosome involved in the abnormality observed in CPM
and assesses whether there is a difference in outcome between chro-
mosomes. To this end, an analysis per chromosome is performed in
order to make a detailed description and provide tools for counselling.
These insights are valuable for obstetric care givers facing a patient
with a normal trimester pregnancy and a diagnosis of CPM, but also
for risk assessment in the decision to transfer a mosaic embryo after
PGT-A.

Methods

The literature search was developed in consultation with a research
librarian. The latest update of the library was on 16 July 2020. The
following Medical Subject Headings (MESH) terms and all their syno-
nyms were used: placental, trophoblast, cytotrophoblast, mosaicism,
trisomy, fetal growth, birth weight, small for gestational age and fetal
development. EMBASE, Medline (including Epub (Ovid)), Cochrane
Central Register of Controlled Trials (CENTRAL) and Google Scholar
databases were systematically searched for all relevant articles on
CPM and fetal growth or birth weight and other adverse pregnancy
outcomes. The search was restricted to publications in English and
Dutch language, human populations.

A flowchart of the search strategy and study selection process of the
articles is shown in Fig. 3. Three independent reviewers (A.TJ.I.G,,
G.M.E. and RJ.H.G.) screened titles and abstracts of all retrieved
articles for relevance. Published manuscripts that potentially contained
results of CPM and fetal growth were selected for critical appraisal of
the full text. Exclusion criteria were papers with an absence of obstet-
ric information, papers reporting fetal abnormalities and literature
reviews.

The full text versions of the remaining publications were obtained
and underwent a second selection. To ensure all cases were CPM,
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- French Article (n=2)

- No full text available (n=39)

Figure 3. Flowchart of the search strategy and study selection process.

diagnostic workup had to be complete to meet inclusion. Trisomy had
to be found in placenta or chorionic villus sampling and normal results
had to be reported in fetal tissue or amniocentesis. As the aim was to
analyze growth in fetuses with CPM, only studies describing birth
weight (or percentiles of the birth weight) and/or ultrasound measure-
ments were selected.

All comments on previous publications, conference abstracts and
posters were excluded. A quality assessment could not be performed,
due to the variety of collection/extraction protocols. The reasons for
termination of pregnancy (TOP) were screened. If FGR or a structural

fetal anomaly was the reason to terminate, the cases were included, in
order not to miss these adverse pregnancy outcomes. If there was no
information about fetal growth or other adverse pregnancy outcome,
the cases were excluded.

Disagreements regarding inclusion or exclusion were resolved by
discussion between the three reviewers until full agreement was
achieved. The data were extracted from the publications and collected
in a database categorized per chromosome. All reviewers agreed on
the relevance of the articles in the last selection phase. All data were
extracted from the articles and collected in a database, if the required
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criteria (as described above) were met. Publications that did not men-
tion the involved chromosome were reported and discussed sepa-
rately (Roland et al., 1994; Wilkins-Haug et al, 2006; Grati et al.,
2020). These publications all made a comparison between CPM cases
and a control group. Considering that these publications provided
information about growth, all three were included.

If birth weight percentiles were missing in the original article,
INTERGROWTH-21st was used to provide this missing data (Villar
et al., 2014). Every chromosome with more than five cases was ana-
lyzed; 14 chromosomes met these criteria. We considered five cases
as a minimal sample size for statistical analysis. The birth weight
percentiles were compared using chi-square test (%2) in SPSS v.26.
The association between level of mosaicism and UPD with pregnancy
outcomes was analyzed using the Mann-Whitney test in SPSS v.26.

Results

After critical appraisal of all 213 full-text articles, 70 publications were
selected and 328 cases (fetuses) could be extracted. All cases were
collected in a database and categorized per chromosome. The results
of all the CPM cases were explored, with cytogenetics and pregnancy
outcomes in the first section. After extraction of the main findings, an
assessment of birth weight was performed. Birth weight was men-
tioned for the vast majority of the cases (n=300, 91.5%). In the sec-
ond section of the results, four sub-groups were examined. First the
structural fetal anomalies, followed by CPM trisomy 16 (n= 100,
30.5%) which is the most published trisomy. The last two topics in the
result section are follow-up and all publications, in which separate
CPM cases were reported, but clustered into CPM and a control
groups.

Characteristics of all cases are shown in Supplementary Table SI.
The numbers of cases per chromosome are shown in Table I. Only
four cases including sex chromosomes were found. As a result of the
small number, we could not use these cases in our analyses. Because
of different available variables per publication, there can be different
total cases per analysis. The total involved cases will be named sepa-
rately per analysis.

Table | Numbers of confined placental mosaicism cases
involving different chromosomes.

Chromosome n Chromosome n
2 22 13 I3
3 15 14 2
4 15 9
5 4 16 100
6 17 2
7 41 18 17
8 32 20 6
9 I 21 10
10 6 22 16
I 4 triploidy 3
12 8 tetraploidy |

Most of the cases were identified prenatally, either through CVS or
NIPT. Only in 17 cases (5.3%), the diagnosis of CPM was made post-
natally, through placental analysis. The numbers of tests performed are
shown in Table II; the numbers in this table are not per person, as
some cases had multiple tests per pregnancy.

In 100 cases (30.5%), the percentage of mosaicism in CVS was ana-
lyzed, with a median of 76% (inter-quartile range (IQR) 29—-100). Only
in 45 placental biopsies (52.9%), the percentage of mosaicism in the bi-
opsy was reported, with a median of 100% (IQR 32.5-100).

In 118 cases (35.9%) uniparental disomy (UPD) was analyzed and
was found in 29.7% (n=35) of the cases. Most of the UPD cases
were cases of CPM involving trisomy 16 (n=21, 60%). In three cases,
the results were inconclusive. In almost all of the cases, distinction be-
tween maternal and paternal UPD was made; only in three cases this
distinction was not mentioned. The majority of the 35 UPD cases
were maternal (90.9%). When considering only cases involving UPD,
FGR was reported in 60% (n=21). Comparing UPD cases with cases
without UPD, UPD does not significantly increase the risk of fetal
growth restriction (n=27, p=0.151). However pregnancy duration
was significantly different between UPD and cases without UPD
(n=97, p=0.000). UPD cases include significantly more birthweights
below the 3rd, 5th and 10th percentile compared to cases without
UPD (p = 0.025, 0.005, and 0.000, respectively).

In the 100 (30.5%) cases, where the level of mosaicism in CVS was
given, higher levels of mosaicism were associated with significantly
more premature births and more FGR. Significantly more birthweights
below the 3rd, 5th and |0th percentile were found with higher levels
of mosaicism in CVS (p = 0.032, 0.001, and 0.000, respectively).

An overview of pregnancy outcomes is shown in Table lll. As a result
of different reported variables per publication, the total number of an-
alyzed cases is included in this table.

In 229 cases (69.8%), the gestational age at delivery was reported.
The median gestational age at delivery was 38weeks, with a range
from 18 to 42 weeks. In 44 cases (19.2%), fetuses were born prema-
turely, between 32 and 37 weeks of gestation. In another 27 cases
(1'1.7%), fetuses were born extremely premature, before 32 weeks of
gestation. Termination of pregnancies (TOPs) was not included when
analyzing gestational age. Percentages of a term birth, premature birth
and extreme premature birth per involved chromosome are shown in
Fig. 4.

Table Il Numbers of tests performed among 328 cases.

Test n

Chorion villus sampling 270
NIPT 44
Amniocentesis 291
Placental biopsy 85
Fetal tissue 103

Some cases had multiple tests per pregnancy.
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In nine cases, the pregnancy was complicated with hypertension (ei-
ther pregnancy induced hypertension (PIH) or pre-eclampsia (PE)).
Only one case reported gestational diabetes. In six cases, the pregnan-
cies were complicated with an oligohydramnios and another one was
complicated with polyhydramnios. In the majority of publications,

Table Il Pregnancy outcomes in cases of confined placen-
tal mosaicism.

Pregnancy outcomes Analyzed
cases (n)

Gestational age (weeks) 38+0(18+0-424+0)* 229

Female gender 168 (57.5%) 292
Preterm birth 44 (19.2%) 229
Very preterm birth 27 (11.7%) 229
IUFD 12 (3.6%) 328
TOP 15 (4.6%) 328
Postnatal death 9 (2.7%) 328
Structural fetal anomalies 38 (24.2%) 157
Pregnancy complications 21 (33.8%) 62

PIH, Preeclampsia and HELLP 9

Gestational diabetes |

pregnancy complications were not reported, with missing data in 266
cases.

Only in four out of the 328 cases, was the method of conception
mentioned. Two pregnancies were conceived spontaneously: one
through intra-uterine insemination (IUl) and one was through intracy-
toplasmic sperm injection (ICSI).

In 138 cases (42.1%), growth was defined and in 190 cases, prenatal
growth was not mentioned. Prenatal fetal growth was measured by ul-
trasound. The timing of the ultrasound examinations varies between
the publications. Of these 138 cases, fetal growth restriction was
reported in 99 pregnancies (71.7%). The other 39 pregnancies (28.3%)
reported normal growth (Table IIl).

In total, there were |2 cases reported with intra-uterine fetal death
(IUFD), as shown in Table IV. Most cases (n=8) were CPM trisomy
|6. In one case IUFD occurred at |5weeks of gestational age; this
case is worth mentioning because of multiple structural fetal anomalies
and growth below the 3rd percentile (Van Opstal et al., 1998).

The majority of the cases (n =300, 91.5%) mentioned the birth weight
(percentile). In three articles, the birth weight percentile is only men-
tioned as above or below |0th percentile (Morssink et al, 1996;
Toutain et al,, 2010; Toutain et al., 2018). These cases could not be
used in the analysis about birth weight below the 5th and 3rd percen-

Premature rupture of membranes 3
. ) tile. This explains the different number of cases in all analysis.
Oligo- or poly-hydramnion 8
Without considering individual chromosomes, 126 cases (42.0%)
Prenatal fetal growth (ultrasound) 138 . . . o
N | I 39 (28.3%) had a birth weight below the 10th percentile, 90 cases (30.8%) were
ormal grow! 7%
& below the 5th percentile and 64 cases (22.7%) were below the 3rd
Growth restriction 99 (71.7%) . .
percentile. Secondly, all percentiles were analyzed per chromosome,
to distinguish whether there was a difference in birth weight between
Gestational age at birth
40
35
30
g 25
B
220
2
€
215
10
; anl 1 . ] I i 1 L
2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 20 21 22
Chromsome

A term (>37weeks)

M Premature birth (232 and <37 weeks)

Extreme premature birth (<32 weeks)

Figure 4. Overview of premature births for all chromosomes separately, divided into a term (>37 weeks), premature birth

(>32 and <37 weeks) and extreme premature birth (<32 weeks).
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Table IV Intra-uterine fetal deaths (IUFD) with character-
istics among cases of confined placental mosaicism. FGR:
fetal growth restriction.

Author Chrom. Prenatal Gestational age
growth (weeks)

Nagamatsu et al. (2014) 2 FGR 37
Kuchinka et al. (2001) 4 FGR 30
Webb et al. (1995) Il FGR 19
Penaherrera et al. (2008) 16 FGR 24
Kalousek (1993) 16 n.a. 20
Zimmermann (1995) 16 FGR 26

16 FGR I8
Sanchez et al. (1997) 16 FGR 26
Groliet al. (1996) 16 FGR 27
Van Opstal et al. (1998) 16 Normal 38

16 FGR 33

22 FGR I5

the involving chromosomes. In the analysis of birth weight below the
I0th percentile (with the most cases involved) eight chromosome
(2, 3,7, 13, 15, 16, 21 and 22) were involved in significantly more
cases with a birth weight below the |0th percentiles than expected
based on the percentiles. Looking at the threshold of the 5th percen-
tile, eight involved chromosomes show significantly more cases with a
low birth weight below the 5th percentile. Compared to the threshold
of the |0th percentile, CPM trisomy 2| was no longer significant.

Using the threshold of the 3rd percentile, seven chromosomes had
significantly more cases with a birth weight below the 3rd percentile
than expected based on the percentiles. The data are shown in Fig. 5.
In this cohort, 124 (42.5%) were male fetuses and 168 (57.5%) female,
and in 36 cases the gender was not given. No significant difference
could be found in low birth weight in relation to gender, as shown in
Table V.

A total of 38 cases had structural fetal anomalies, and the majority
were CPM trisomy 16 cases (21 cases). Taking into account that more
than half of the cases (56.4%) did not report the presence or absence
of structural fetal anomalies, the percentage of structural anomalies is
24.2% (38 of 157 cases) (Table Ill). Only three of these cases had a
birth weight above the |0th percentile. FGR was described in 25
cases, with FGR starting in the first trimester in two cases. In 10 cases,
there was no description of fetal growth. There is a wide variety of
anomalies: an overview of structural fetal anomalies is shown in
Table VI.

Of the reported cases, 100 cases were CPM involving chromosome
16. Due to this significant number of cases, we decided to analyze this
subgroup separately. All characteristics of this subgroup are shown in
Table VII.

A Birthweight <p10
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B 5 * |
5 |
£
20 H
2 % k¥ | k
* 1
10 | * | *
0 W [ (N a N =N N
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Figure 5. Analyses of low birth weights. (A) Analysis of
birth weight below the 10th percentile (<pl0). (* <p = 0.05).
(B) Analysis of birth weight below the 5th percentile (<p5).
(* <p = 0.05). (C) Analysis of birth weight below the 3rd percentile
(<p3). (* <p =0.05).

Gestational age at birth was lower in the trisomy |6 group com-
pared to the total group (all 319), respectively 36 weeks and to
38 weeks. The majority (68.3%) of the CPM 16 group was female and
21% (21 cases) had structural fetal anomalies. Four cases (4%) of post-
natal death were reported, two cases eight days after birth, one case
four weeks after birth and one case after a month.

In 15 cases, the parents opted for termination of pregnancy after diag-
nosis of CPM. The majority of the pregnancies (n= 12) were compli-
cated not only with CPM but also with FGR. In 6 cases, structural fetal
anomalies were reported. One pregnancy was complicated with
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Table V Birth weight percentiles per gender in cases of
among cases of confined placental mosaicism.

Birth weight Male Female p
n (%) n (%)

<pl0 53 (47.7%) 58 (52.3%)

>pl0 67 (41.9%) 88 (58.1%) 0.373
<p5 36 (46.2%) 42 (53.8%)

>p5 79 (42.5%) 107 (57.5%) 0.582
<p3 26 (47.3%) 29 (52.7%)

>p3 86 (43.0%) 114 (57.0%) 0.572

premature rupture of membranes (PROM) and FGR (on the 5th
percentile) at 21 weeks of gestation and only after birth post mortem
examination revealed multiple structural fetal anomalies (Vaughan
et al., 1994).

Four pregnancies were terminated because of structural fetal anom-
alies (Grau Madsen et al., 2018; Van Opstal et al.,, 2018). Only one
pregnancy was terminated due to maternal hypertension and at post-
mortem examination, the fetus was found to have growth restriction
but no structural fetal anomaly (Kalousek, 1993). The majority of the
terminations were CPM trisomy 16: all TOPs are shown in Table VIII.

Three publications compared a group of CPM cases with a control
group. The first article compared 26 CPM cases with 52 matched con-
trols (Roland et al.,, 1994). In this retrospective cohort, there was no
difference in birth weight, controls and gestational age at delivery be-
tween CPM affected and control pregnancies.

The second article was performed postnatally, when growth re-
stricted new-borns were compared to a normal weight control group
(Wilkins-Haug et al., 2006). CPM occurred significantly more often in
the placentas of growth restricted newborns compared to the control
group. Both groups consisted of 70 placentas: | | CPMs were found in
the growth restricted group compared to only one in the control
group (p =0.008). No difference could be found between symmetrical
and asymmetrical growth restriction. Furthermore, the gestational age
at delivery did not differ significantly between the groups.

The last and most recent article compared a CPM group versus a
control group (Grati et al., 2020). If only considering trisomy 16 (11
cases) confined to the placenta, there was a strong association with in-
creased incidence of birth weight below the 3rd percentile (OR 11.2),
and preterm delivery (OR 10.2). All other trisomies did not show
these associations.

One publication chose not to report all cases separately and made
a summary (Sifakis et al., 2010). A total of 43 pregnancies showed tri-
somy 2 after CVS, with no signs of trisomy after follow-up by amnio-
centesis. In six neonates (13.9%), the birth weight was below the 5th
percentile. In one case, fetal death reported at |5weeks of gestation.
This publication also found a significant association between the birth
weight percentile and the percentage of trisomic cells in the CVS
(p=0.010).

In 26 cases, follow-up was available and the majority reported normal
fetal (catch-up) growth. In eight of the 26 cases, post-neonatal death
occurred and five of these are also mentioned in Table VI (marked
with a *) because of structural fetal anomalies in the fetus (Vaughan
et al., 1994; Kim et al., 1997; Penaherrera et al., 2008; Redaelli et al.,
2005; Kapaya et al., 2012; Grau Madsen et al., 2018). All cases had a
birth weight below the |0th percentile, with seven cases even below
the 3rd. Chromosome 16 was the involved chromosome in 4 cases,
two cases had trisomy |5, one case had trisomy 2 and another cases
had chromosome 3. Timing of death ranged from 1.5 hours after birth
to [0 months.

Discussion

First we like to address the complexity of establishing this review. We
reviewed publications from 1983 until 2020, a period of over 30 years.
The change in diagnostic genetic tests and the growing possibilities and
intensity of measuring fetal growth and wellbeing has been enormous.
Ultrasound machines have improved significantly and as have education
and standardization in ultrasound examination practice during the last
decade. Our purpose was to use all information available in our review
in order to get the best possible impression of the association of CPM
on pregnancy outcome. As a consequence of using these different
sources and data, the result section is rather extensive. We have cho-
sen not to simplify or generalize the data. We acknowledge that publi-
cation bias is inevitable in a literature review, as more severe or
complicated cases are prone to be published. A prospective cohort
analysis would give more insight, but we found these to be currently
unavailable.

The aim of this review was to explore the available literature about
the effect of CPM on prenatal fetal growth. Unfortunately, the majority
of the publications did not report the prenatal fetal growth. This can
be explained by the more (cyto)genetic orientation of most publica-
tions. Most of the publications focused on the diagnostic workup and
only reported pregnancy outcome (livebirth versus termination). As a
result of our focus on prenatal fetal growth and birth weight, we have
to take into account a possible bias on secondary outcomes, such as
structural fetal anomalies.

The general picture shows us that CPM is a high risk condition
when chromosomes 2, 3, 7, 13, |5, 16 or 22 are involved. In addition,
pregnancies affected by CPM involving any of the autosomal chromo-
somes showed prenatal FGR in 71.7% of our cohort. In 22.7% the
birth weight was below the 3rd percentile and 42% had a birth weight
below the [0th. Percentiles are based on appropriate population
standards and provide a more reliable measure of fetal growth (Villar
et al, 2014). CPM forms a major contributor to FGR. Other factors
known to be associated with a higher incidence of FGR, such as smok-
ing and systemic lupus erythematosus, cause a lower percentage of
cases with low birth weight (1% and 12.7%, respectively) (Smyth
et al., 2010; Blatt et al., 2015). Besides the high rate of FGR, we found
a high rate of (sometimes extreme) premature birth as well. Almost

1202 Jaquiardag £z uo Jasn weplanoy AlsisAlun snwiseld Aq Z6€S/29/S88/S/ /2 /8 19e/pdnwiny/woo dno olwapeose//:sdjjy Wol) papeojumMoc]



Confined placental mosaicism and pregnancy outcome

895

Table VI All reported structural fetal anomalies amongst CPM cases, with publications reference, involving chromosome,
fetal growth and birth weight percentiles.

Author

Toutain (2010)

Farra et al. (2020)

Van Opstal et al. (1998)
Kapaya (2012)

Kunwar et al. (2018)
Van Opstal et al. (1998)
Appelman etal. (1991)
Webb et al. (1995)
Robinson et al. (2010)
Towner et al. (2001)
Redaelli (2005)

Kim (1997)

Astner et al. (1998)
Donato et al. (2018)
Sanchez et al. (1997)

Van Opstal et al. (1998)

Vaughan (1994)

Post and Nijhuis (1992)
Woo et al. (1997)
Penaherrera et al. (2008)

Kennerknecht and Terinde (1990)
Grau Madsen et al. (2018)

Van Opstal et al. (1998)

Van Opstal et al. (1998)
Soong et al. (2009)
Penaherrera et al. (2008)

Van Opstal et al. (1998)
Balmer et al. (1999)
Piantelli et al. (2009)
Bryan et al. (2002)

Structural anomaly

Enlarged nuchal fold

Microcephaly and bilateral microphtalmia

Rocker bottom feet, abnormal spine and cardiomegaly
Hypospadia and umbilical hernia

Hypotonia, torticollis and delayed motoric functioning
Anusatresia, horseshoekidney and abnormal scrotum
Hydronefrosis

Hypospadia and intestinal malrotation

SUA

Clindactyly bilateral, simian crease and dysmorfic ear
SUA, hypospadia, micropenis and bifid scrotum
Complex feet and hand anomaly (both right side)

VSD (no surgery needed)

Unilateral pyelectasy

SUA, ventriculomegaly, corpus callosum hypoplasia and
polyspleny

SUA, ambiguous genital, ASD (type 2), Caudal regression
syndrome

SUA
Dysmorfic ear
SUA and anorectal malformation

Imperforate anus, large immature ears, simian crease left
hand

SUA

Left renal agenesis and talipes equinovarus unilateral
ASD

Hypospadia

Enlarged nuchal fold and cleft lip and palate

SUA and anhydramnion

ASD, VSD and small brain cyst

ASD, bilateral congenital coloboma

ASD

AVSD

Facial dysmorfity, ASD and VSD, hypoplastic truncus pul-
monalis and atresia of the valve. Two Left pulmonary lobes
and one on the right side

Complete AVSD
Enlarged nuchal fold

Rocker bottom feet, ASD and VSD, aortic stenosis and con-
tractures in elbow and knees

Facial dysmorfity, intestinal malrotation, asplenia and ASD
Hypospadia

Clinodactyly and facial dysformity o

Hypospadia

“Died within | month after birth. o Structural fetal anomalies were found postnatally.
TOP, termination of pregnancy; FGR, fetal growth restriction; FL, femur length; SUA, single umbilical artery; VSD, ventricular septal defect; EFW, estimated fetal weight; ASD, atrial
septal defect; IUFD, intra uterine fetal death; AVSD, atrial ventricular septal defect; n.a., not available.

Chromosome

16
16
16
16

16
16
6
6
16
16
16
16
6
16
16

16
16
22

22
22
22
22

Fetal growth
n.a.
n.a.
FGR
FGR from 17 weeks
FL <pl0O
normal
FGR from 23 weeks
FGR from 19 weeks
FGR
FGR from 35 weeks
FGR at 20 weeks
FGR from 24 weeks
FGR from 21 weeks
EFW <pl0
EFW <p5
n.a.
n.a.
FGR
FGR from 17 weeks

FGR from 21 weeks

FGR from 31 weeks
normal

n.a.

n.a.

n.a.

n.a.

FGR

n.a.

FGR from 20 weeks
FGR

FGR

n.a.
FGR
FGR from | | weeks

FGR

FGR from 12 weeks
normal

FGR from 18 weeks

Birth weight

p50

<p5

TOP at 23w
p5-10"

<p3

<p3

pl0-50

n.a.

<p3

<p3

<p3”
<p3”

<p3

p5-10

IUFD 26w (<p5)

<p3

<p3
<p3

<p3
TOP at 24w

p10-50
pl0-50
<p3”
p3-5
TOP at |5w

TOP at 18w

<p3

p5-10

p3-5

TOP at 20w

IUFD at 33w (<p3)

p5-10
TOP at 21 w (<p5)

n.a.

<p3 (IUFD at 15w)
<p3

p5

<p3
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20% of pregnancies with CPM that we identified here ended with pre-
mature birth and almost another 12% ended in very premature birth.
Although the prevalence of premature birth differs between conti-
nents, our percentage is remarkable higher than the estimated global
preterm birth rate of 10.6% by the World Health Organization
(WHO) (Chawanpaiboon et al., 2019). The survival rates of prema-
ture born babies have greatly increased, but these infants remain at
risk of developing a variety of complications (Saigal and Doyle, 2008).

Table VIl Characteristics of CPM involving chromosome
16.

Characteristic Analyzed cases (n)

GA at birth in weeks (median, ICR) 36 (30-38) 77
Female fetuses 56 (68.3%) 82
FGR (on ultrasound) 53 (81.5%) 65
Extreme premature birth (<32 wks) 20 (25.9%) 77
Premature birth (<37wks) 23 (29.9%) 77
Birth weight <p10 53 (63.1%) 84
Birth weight <p5 40 (50.0%) 80
Birth weight <p3 30 (38.9%) 77
IUFD 8 (8.0%) 100
TOP 12 (12.0%) 100
Post-natal death 4 (4.0%) 100
Structural fetal anomalies 21 (21.0%) 100
Maternal hypertension 7 (7.0%) 100

GA, gestational age; FGR, fetal growth restriction; IUFD, intra uterine fetal death;
TOP, termination of pregnancy.

Table VIII All terminations of pregnancies.

In the postnatal period, prematurity leads to higher rates of tempera-
ture instability, respiratory distress, apnea, hypoglycemia and seizures.
Even if the postnatal period is survived, risks remain for these prema-
ture infants. Preterm birth has been associated with poorer neurode-
velopmental outcomes, higher rates of hospital admissions, as well as
behavioral, social-emotional and learing difficulties in childhood (Vogel
et al., 2018). Besides the physical consequences, there is also a psy-
chological and financial burden for the families of premature new-
borns.

Different strategies have been proposed in literature to identify high
risk CPM pregnancies based on the presence of UPD, level of mosai-
cism or the type of CPM (type |, 2 or 3). Only the first two, UPD
and level of mosaicism, were analyzed in this review. Significant differ-
ences were found when comparing UPD cases with non-UPD. In
cases with UPD, we found more premature deliveries and higher rates
of birthweight below the 3rd, 5th and 10th percentiles. Therefore we
suggest to analyze UPD in case of CPM, especially in case of CPM in-
volving chromosome 16. In our artificial cohort, we found an associa-
tion between the level of mosaicism in the CVS and adverse
pregnancy outcomes. Higher levels of mosaicism were significantly
associated with higher rates of premature births (p = 0.001), FGR
(p = 0.003) and higher rates of birthweight below the 3rd, 5th and
|0th percentile. The level of mosaicism can be a relative accessible
strategy to identify the pregnancies with a higher risk of adverse preg-
nancy outcomes.

It is remarkable that this review shows a high rate of structural fetal
anomalies (24.2%) in cases where placenta and fetal tissues were ana-
lyzed and the results indicated that the abnormal cell line was confined
to the placenta. This is in contrast to other studies that found no sig-
nificant difference between CPM and a control group (Amor et dl.,
2006). The higher incidence we found could also be explained by

Author Ref Chromosome Gender Fetal growth Structural fetal anomalies Gestational age
(weeks+days)
Kalousek (1993) 16 n.a. normal None 25
Vaughan (1994) 16 female FGR from 21 weeks  Imperforate anus, large immature ears and 24
Simian crease left hand
Ariel et al. (1997) 2 female FGR from 20 weeks ~ None 27
Gibbons et al. (1997) 2 male FGR from I2weeks ~ None 19
Soong et al. (2009) 16 female FGR Enlarged nuchal fold 21
Wang etal. (2017) 16 female FGR from 21 weeks ~ None 23
Grau Madsen et al. (2018) 16 female FGR AVSD 20+5
16 female FGR None 18+4
16 female n.a. SUA and anhydramnion 1843
16 female n.a. Enlarged nuchal fold and cleft lip and palate I5+1
Van Opstal et al. (1998) 2 n.a. FGR Rocker bottom feet, abnormal spine 23
and cardiomegaly
Wang et al. (2018) 16 n.a. FGR from |9 weeks  n.a. 19
(Li and He, 2019) 16 n.a. FGR from 16 weeks  n.a. 24
Wan et al. (2019) 16 female FGR from 21 weeks  n.a. 24
Donato (2018) 16 female FGR from |6 weeks ~ None 19

n.a., not available; AVSD, atrial ventricular septal defect; SUA, single umbilical artery.
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publication bias, because CPM affected pregnancies with structural fetal
anomalies draw more attention. Secondly, there is always the chance
that the percentage of mosaicism is very low in the fetus and that ge-
netic testing does not reveal the fetal mosaicism. The higher incidence
of structural fetal anomalies could also be explained by an unidentified
fetal chromosomal mosaicism. Prospective research should be per-
formed to understand this higher incidence of fetal anomalies in CPM
affected pregnancies. Nevertheless, this cohort showed a higher rate
compared to the general population. In the general population, struc-
tural fetal anomalies occur in approximately 2—4% of livebirths (Marden
et al., 1964; Holmes, 1976; Leppig et al., 1987). Therefore, we can con-
clude that CPM pregnancies are at higher risk of structural fetal anoma-
lies. It is advised to thoroughly examine CPM pregnancies for structural
fetal anomalies with advanced ultrasound (Salomon et dl., 201 1).

In our cohort, six cases of hypospadias were reported and five of
these pregnancies were also complicated with FGR. The relation be-
tween hypospadias and FGR is well known. A large North American
study published data with more than 300 hypospadia cases (Toufaily
et al, 2018). A higher rate of hypospadias is found in pregnancies
complicated with intrauterine growth restriction, defined as a birth
weight below the |0th percentile, than in fetuses with a normal birth
weight. It is not clear whether hypospadias has an association with
CPM or whether it forms a complex with FGR. Besides the known re-
lation, hypospadias is a common congenital malformation, but a true
prevalence is difficult to estimate (Springer et al., 2016).

Trisomy 16 is the most published and analyzed CPM and is often as-
sociated with adverse pregnancy outcomes. As a result of the high
number (n= 100) of reported cases, we made a subgroup analysis of
CPM 6. Pregnancies affected by CPM trisomy |6 showed FGR in
81.5% of cases, compared to 71.7% in the overall cohort. In the sub-
group analysis, the percentages of birth weight below the 3rd percen-
tile (5th and 10th) were also higher compared to the overall group,
38.9% versus 23.4%. Not only did we find a high rate of FGR and high
percentages of low birth weight, we also found a higher number of
structural fetal anomalies in case of CPM trisomy 6. Taking into ac-
count the total of 100 cases of CPM trisomy 16, more than 20% had
structural fetal anomalies. Eight fetuses presented with cardiac anoma-
lies, five of which were isolated, and three were in combination with
other anomalies. Nine pregnancies were complicated with multiple
structural fetal anomalies. These findings are in line with observations
on CPM trisomy |6 in earlier literature (Neiswanger et al., 2006; Grau
Madsen et al., 2018; Grati et al., 2020). On a critical note, although tri-
somy |6 is the most published, CPM trisomy 16 is not representative
for all pregnancies affected with CPM. We found that the associations
and relevance for each chromosome to be different.

The chromosomes found to be involved in CPM are not random. In
our search, we did not find a CPM case of trisomy | or 19, while
nearly a third were caused by trisomy |6. In preimplantation embryos
at the 8-cell stage, it was observed in an extensive set of embryo bi-
opsy samples that especially the larger chromosomes were more sus-
ceptible to post-zygotic errors (McCoy et al., 2015). In order to
explain this difference, we looked at which chromosomes were found
in spontaneous abortion materials. Multiple studies have investigated
the chromosomal cause of spontaneous abortions (Boue and Boue,
1974; Boue et al., 1975; van den Berg et al., 2012; Pylyp et al., 2018).
Trisomy is found in almost 60% of all miscarriages caused by chromo-
somal defects (Pylyp et al., 2018). Trisomy 16 is found to be a major

contributor to miscarriage and more than 8% of all trisomies involve
chromosome |6. However, it was recently described by extended cul-
ture of preimplantation embryos diagnosed by PGT-A with trisomy
|6, that these embryos show hypoproliferation of the throphoblast
compartment, but no overt changes in epiblast morphology (Shahbazi
et al, 2020). It is possible that an extra chromosome |6 confers a
growth advantage towards the placenta, initially facilitating implantation
and further development. An explanation of the absence of trisomy |
and 19 could be that these two type of trisomies are not compatible
with cell viability. Only four published cases could be found of trisomy
I, and all ended in early miscarriage (Watt et al., 1987; Hanna et al.,
1997; Dunn et al., 2001; Banzai et al., 2004) Only one article could be
found on trisomy |9 (Babic et al.,, 2007). The fetus had muiltiple con-
genital malformations and the parents choose to terminate the preg-
nancy at |9 weeks of gestation.

The predominance of females (57.5% female versus 42.5% male) in
this artificial cohort has been reported in other series (Benn, 1998;
Yong et al., 2006; Sparks et al., 2016). In these publications, the differ-
ence is explained through two mechanisms. A higher rate of early mis-
carriage among male fetuses and secondly due to a higher rate of
trisomic rescue among female fetuses. Nevertheless, in this review we
could not demonstrate a significant difference in birth weight percen-
tiles between the genders.

Only one publication tried to unravel the mechanism of how CPM
is causing adverse pregnancy outcomes (Wilkins-Haug et al., 2006).
Two groups of placentas were histologically compared: CPM and
chromosomally normal placentas and all of FGR newborns. The pro-
portion of placental infarcts and decidual vasculopathy nearly doubled
in cases of CPM (p = 0.02). No reason was (yet) found for why these
vascular alterations are more prevalent in CPM placentas. A possible
explanation could be that such chromosome abnormalities could im-
pair the local placental functions.

We did not select for literature on long-term outcomes, but there
is literature about the neonatal outcomes and long-term follow-up, al-
though with very limited numbers. An analysis of 12 cases CPM with
trisomy |6 affected pregnancies reported multiple adverse pregnancy
outcomes (Sparks et al., 2016). Preterm delivery was observed in
nine pregnancies (75%), birth weight below [0th percentile in eight
cases (66.7%) and congenital anomalies were present in four (33.3%)
of the cases. Considering all mosaicisms in this article (CPM and
generalized mosaicism), the majority (27 pregnancies of the total
33 pregnancies, 81.8%) of the children demonstrated normal neuro-
developmental outcomes at school. Another retrospective study also
found no association between CPM and developmental problems af-
ter birth (Amor et al., 2006). This might suggest that closely monitor-
ing these pregnancies may help in risk stratification and result in
positive neonatal outcomes.

With the results found by this review, we can make recommendations
for clinicians, but this review also addresses the need for further re-
search. Not only does NIPT draw fresh attention to CPM, due to the
fact that CPM is the major origin of incidental findings (i.e. discordant
results) of NIPT, it also appears to be a more sensitive test for CPM
compared to CVS (Van Opstal et al., 2020). When CPM is suspected,
the pregnancy should be identified as a high-risk pregnancy, certainly in
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cases where trisomy 2, 3, 7, 13, |5, 16 or 22 are involved. In case of
CPM with chromosome 21 and 8, caution is also advised. We found
that these pregnancies are at higher risk of FGR, so we advise to mon-
itor the growth from the first trimester and throughout the rest of the
pregnancy. Besides growth monitoring, we advise to examine the
fetuses thoroughly for structural fetal anomalies. Counselling of future
parents should include the message that there is a higher incidence of
(extreme) premature birth, structural fetal anomalies, fetal growth re-
striction and low birth weight. The risk for these adverse outcomes is
even more distinct in case of CPM trisomy |6.

On the other hand, in case of CPM involving trisomy for chromo-
somes 9, 10, 12, I8 and 20, there is no indication of adverse preg-
nancy outcomes. In our cohort, we found no information about
chromosomes | and 19, meaning that they either are very rare or that
these pregnancies develop normally.

Clinical management of mosaicism detected in a PGT-A program is
complicated. The finding of mosaicism could be the result of a technical
artifact or the biopsied sample being poorly predictive of the remaining
embryo, so that the embryo is in fact either euploid or aneuploid
(Marin et al., 2020). Indications also suggest that mosaic embryos can
self-correct, through the growth advantages of normal cells and/or
elimination of abnormal cells, as recently demonstrated in a model for
mosaicism in mouse embryos (Santos et al., 2010; Bolton et al., 2016;
Zhou et al., 2019). The fate of these chemically induced aneuploid cells
was shown to depend on the embryonic lineage: aneuploid cells in the
fetal lineage (ICM) are actively eliminated by apoptosis, whereas those
in the placental lineage (TE) show severe proliferative defects. In addi-
tion, it was shown in post-implantation mouse embryos that aneuploid
cells are most effectively eliminated in the developing epiblast compart-
ment, where chromosomally normal cells subsequently compensate for
this loss by increased proliferation (Singla et al., 2020). So in the mouse,
aneuploid cells appear to be enriched in the trophoblast lineage com-
pared to the embryo proper. However, in these studies the mosaicism
was induced experimentally in animal models and this does not neces-
sarily display real-life mechanisms in human implantation.

Still, there is evidence that the proportion of aneuploid cells
decreases after extended culture of mosaic human embryos through
the peri-implantation stages (Santos et al., 2010) (Popovic et al., 2020).
Also, single cell analysis of human embryos at different stages of devel-
opmental showed that, at the blastocyst stage, aneuploid cells are dis-
tributed evenly between TE and ICM. In contrast, after in-vitro culture
to the post-implantation stage, aneuploidy is more frequently detected
in the extra-embryonic trophoblast compartment (Starostik et al.,
2020). The fact that the presence of all autosomal trisomies have been
described in the placental tissues, support this notion that they may
have a higher tolerance for cells with aneuploidy. Therefore, it is feasi-
ble that this self-correction is reduced in the placental tissue, poten-
tially leading to CPM.

Still, so far there is no evidence that CPM is more prevalent or is
causing more adverse perinatal outcomes in IVF pregnancies compared
with natural conceptions (Jacod et al., 2008; Huang et al., 2009). Only
one case report was published, at the time of writing this review, of a
known mosaic embryo transfer involving monosomy 2 with a con-
firmed true fetal mosaicism in the karyotype of the resulting baby

(Kahraman et al., 2020). At 37 weeks of gestation, a healthy baby was
born with a normal birthweight (50th percentile). Recent studies have
investigated the association between the level of mosaicism detected
after PGT-A and miscarriage and live birth rates (LBR) after transfer
(Capablo et al., 2020). A comparison was made between low grade
(20-30%) and moderate grade mosaicism (30-50%). They stated that
exclusion of transfer of mosaic embryos above the 20% variability
results in a relative reduction in live birth rates, suggesting that these
embryos with a low grade mosaicism are safe for transfer.
Unfortunately no data were given on adverse pregnancy outcomes
such as fetal growth or structural anomalies.

The specific chromosome involved in the abnormality is also likely
to have a significant impact on the fate of the embryo, as each chro-
mosome may impact differently on cell proliferation (Pfau et al., 2016).
There is an ongoing debate about which mosaic embryos could be pri-
oritized for transfer depending on the abnormality involved (Popovic
et al, 2020). The Preimplantation Genetic Diagnosis International
Society (PGDIS) and the
Preimplantation and Prenatal Genetics (CoGen) have developed guide-
lines to aid the selection of mosaic embryos for transfer, based on the

Controversies in  Preconception,

level of mosaicism and the specific chromosome involved (Gleicher
et al., 2020). The first consideration is for deselecting mosaic embryos
for transfer concerns aneuploidies that may lead to a viable affected
birth (chromosomes 13, 18, 21). The second concern is for aneuploi-
dies associated with intrauterine growth restriction (chromosomes 2,
7, 16). The last recommendation is avoiding those that may be associ-
ated with uniparental disomy syndromes (chromosomes 14, 15).
Embryos with mosaicism involving trisomies for chromosome |, 3, 4,
56,89, 10, I'l, 12, 17, 19 and 20 were considered save for transfer
as they have not previously been associated with adverse outcomes.
A recent paper has nuanced these findings and only considers mosaic
trisomies |, 3, 10, 12 and 19 as low risk (Grati et al., 2018). Based on
our findings, we would also apply caution for embryos that are mosaic
for trisomy 3. However, should an association with low birth weight
be reason for entirely avoiding an embryo mosaic for this or other
trisomies for transfer! What if there are no mosaic-free embryos avail-
able? Further research is needed to answer these questions. However,
if no diploid embryos are available for transfer, patients should be
informed on the potential risks based on the chromosome involved
and NIPT would be recommended if a pregnancy is established.

Conclusion

CPM affected pregnancies, certainly in case of trisomy 2, 3, 7, I3, 15,
|6 and 22, are associated with fetal growth restriction, preterm birth,
low birth weight and fetal structural anomalies. Counselling future
parents should include informing them of a higher risk for (possibly ex-
treme) premature birth, structural fetal anomalies, FGR and low birth
weight. All these adverse outcomes are even more pronounced in
case of CPM trisomy 16.

Recommendations

When the decision to transfer a mosaic embryo (diagnosed after
PGT-A) is made, we recommend to offer NIPT to the future parents.
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When a trisomy is found, further invasive prenatal genetic testing is
recommended to distinguish between CPM, fetal mosaicism or gener-
alized mosaicism.

When a pregnancy is affected with CPM, we advise to closely moni-
tor the fetal growth (from the first trimester on) and examine for fetal
structural anomalies. Clinicians should be aware (and should counsel
future parents) of the risks of adverse pregnancy outcomes, such as
premature birth and low birth weight.

Supplementary data

Supplementary data are available at Human Reproduction Update
online.
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