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Abstract: Recurrent pregnancy loss (RPL) is an obstetrical complication that affects about
3% of reproductive age couples. Genetic and non-genetic causes of RPL are multiple;
however, aneuploidy is the most common obstetrical complication that can explain single
and recurrent pregnancy loss (present in about 60% of recognized clinical pregnancies which
result in a miscarriage). Parental karyotyping will only be of potential benefit for 2 to
5 percentage of RPL couples who are translocation carriers. Products of conception (POC)
karyotype analysis has been used to direct management in RPL and has been shown to be
cost-effective, but the technique has many limitations including high culture failure rate and
maternal cell contamination. These limitations can be significantly reduced using POC
chromosomal microarray (CMA) technology. We believe that POC genetic testing should
be performed after the second and subsequent pregnancy loss using CMA. Although the
results will not generally alter the course of treatment, the knowledge of the reason for the
loss is of great emotional comfort to many patients. In addition, POC CMA performed in
conjunction with a regular complete maternal RPL work-up will identify the group of truly
unexplained RPL. Thus, only 10% of patients with RPL will complete an evaluation having
a euploid loss and an otherwise normal work-up. This group of “truly unexplained RPL”
would be ideal for new research trials and therapies. Pre-implantation genetic testing (PGT)
technology has improved recently with day 5 trophectoderm biopsy as compared to biopsy
on day 3 as well as with the addition of CMA and next-generation sequencing technologies.
The most recent studies on PGT-SR (PGT-Structural rearrangement) show improved clinical
and live birth rates per pregnancy, as well as decreased miscarriage rate for translocation
carriers. PGT-A (PGT-aneuploidy) may have a limited role in RPL in cases with documented
recurrent POC aneuploidy.
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Introduction

Defined by the American Society of Reproductive Medicine (ASRM) and the European
Society of Human Reproduction and Embryology (ESHRE), as at least two episodes of
miscarriage before 20 to 24 weeks of gestation, Recurrent Pregnancy Loss (RPL) is an
obstetrical complication that affects about 3% of reproductive age couples.'
A complete 2012 RPL ASRM work-up includes screening for anatomic uterine factors,
anti-phospholipid syndrome, endocrine disorders as well as parental karyotyping.' On
the other hand, the latest guidelines published in 2017 by the European Society of Human
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Reproduction and Embryology (ESHRE), propose omitting
parental karyotyping from the routine screening for RPL,
except after “individual risk assessment” including a prior
child with congenital abnormalities, offspring with unbalanced
chromosomes or a translocation identified in Products of
Conception (POC).?

Thrombophilia testing for Factor V Leiden, Prothrombin
(Factor II), Methylene tetra hydrofolate reductase, and defi-
ciencies of protein S, C, and Antithrombin are not recom-
mended as standard testing for patients with RPL by ASRM
and ESHRE.'? Only patients with a personal history or
strong family history of thrombophilia should be tested.'~

Genetic testing on products of conception (POC) in RPL
cases, has been extensively investigated by many groups
over the past twenty years. The ASRM advises against the
routine use of POC karyotype analysis, only to be consid-
ered in the setting of “ongoing therapy” for RPL, “if the
evaluation identifies a remediable cause” to determine
whether the event was “random or a treatment failure”.!
The ESHRE published a “strong recommendation” for the
use of array-Comparative Genomic Hybridization as
a technique for POC genetic analysis, but to be used con-
ditionally for ‘explanatory purposes’ only.?

Unexplained RPL is a diagnosis that represents more
than 50% of cases using the recommendations by the
ASRM and the ESHRE discussed above, making it fre-
quently elusive to physicians in addition to being psycho-
logically distressing to patients.*> Recently, genetic testing
using chromosomal microarray (CMA) has raised our
awareness about the role of aneuploidy in RPL affecting
about 55% of cases. We also identified a role for CMA
testing on POC after the second or subsequent miscarriage
in directing management. In addition, this strategy will
identify a group of patients representing about 10% of
cases with “unexplained RPL” based on a negative
ASRM work-up and one identified euploid loss by CMA.
We believe this group of truly unexplained RPL patients
would be ideal candidates for new research trials and
therapies.®®

This review will begin with a brief outline of known
genetic causes of RPL and the role of aneuploidy, followed
by an overview of the different currently used genetic
testing applications in RPL. Techniques discussed will
include parental karyotyping, karyotype of POC and
CMA of POC. The current role of Pre-implantation
genetic testing in RPL will also be outlined. Future direc-
tions including maternal cell-free (cf) DNA technology
will also be discussed.

Genetic Causes of Recurrent

Miscarriage
Human reproduction is an extremely inefficient process.
Approximately 70% of human conceptions never achieve
viability, and 50% spontaneously fade before being
noticed.”'® Spontaneous miscarriage is the most common
complication of pregnancy and aneuploidy is the most
common cause of miscarriage.

Sixty percent of recognized clinical pregnancies which
result in a miscarriage have a chromosomal anomaly that can
explain the loss.'""'? In spite of this high rate of aneuploidy, it
is important to realize that genetic factors alone cannot be the
only causative factor for miscarriages in many RPL cases.

Figure 1 describes our published experience using 24-
chromosome microarray on 26,107 miscarriage tissues and
illustrates the importance of aneuploidy in miscarriage.'?

Table 1 describes ten years of laboratory experience
using chromosomal microarray; It illustrates the rates of
abnormal results including aneuploidy, obtained from a
total of 63,277 miscarriage tissues. Uniparental diploidy
is a rare finding. Autosomal trisomies due to meiotic
nondisjunction during gametogenesis, are the most com-
mon aneuploidies occurring in 60% of abnormal cases.
Trisomy 16 is the most common early miscarriage trisomy
(20% to 30% of cases). Trisomy 21, 18, and 13, account
for most trisomies in late miscarriage. Monosomy X is the
most common single abnormality, accounting for 20% of
cases, and polyploidies occur in another 20%."?

A balanced reciprocal or a Robertsonian translocation
occurs in about 2—-5% of RPL couples (chromosomal inver-
sion, sex chromosome aneuploidy, and supernumerary chro-
mosome accounting for smaller percentages). When
identified, these chromosomal abnormalities could represent
major contributing factors for RPL as well as significant
prognostic information for subsequent pregnancies."'>'* In
couples with RPL who have a parental genetic abnormality,
a balanced translocation is the genetic abnormality in 85%
of cases. Less commonly known genetic causes associated
with RPL, requiring further clinical research, include copy
number changes, confined placental mosaicism, skewed
X chromosome

inactivation, as well as single-gene

disorders."?

Types of Genetic Testing

The different types of genetic testing used in the setting of RPL
will be discussed in this section. The advantages and disad-
vantages of each testing modality are summarized in Table 2.
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26,101
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Maternal cell
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Fetal results
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No results
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638
Paternal Triploidy

12,597
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——— I—]—|
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identified by not identified by identified by identified by
ultrasound or histopathology ultrasound or histopathology
histopathology or ultrasound histopathology or ultrasound

Figure | Results of 24- chromosome microarray on 26,107 miscarriage tissues.

Note: Reproduced from: Maisenbacher MK, Merrion K, Kutteh WH. Single-nucleotide polymorphism microarray detects molar pregnancies in 3% of miscarriages. Fertil
Steril. 2019;112(4):700-706.' Copyright ©2019 The Authors. Published by Elsevier Inc. on behalf of the American Society for Reproductive Medicine. CC BY-NC-ND

license (https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode).

Parental Karyotyping

The rate of balanced parental chromosomal rearrangement
in RPL is 5 to 10 folds more common in RPL compared to
the general population, and parental karyotype analysis
remains currently widely used. The ESHRE guidelines
state that RPL couples should be informed that when
a parental karyotype abnormality is found, the “cumulative
live birth rates are good, as are the chances of a healthy
child, despite a higher risk of subsequent pregnancy loss.”
Recent studies have shown that routine parental karyotyp-
ing for all RPL couples is not cost-effective.'> '’
Ultimately, parental karyotyping will be of only potential
benefit for a very low percentage of RPL couples given the
fact that even when a parental chromosomal abnormality is
identified the chances of the couple having a healthy child
by natural conception will remain potentially unchanged.
This was validated by two prospective studies and the two
most recent systematic reviews on the topic that found no
overall difference in live birth rate when Preimplantation
Genetic Testing (PGT) was used compared to natural con-
ception in those cases.'”'® The latest studies on PGT for
carriers of translocations might show differently and will

be discussed further below.

POC Karyotyping

The use of karyotype analysis of RPL POC using G-banding
technique has been studied by many groups. Around the time
of publication of the ASRM guidelines, we and others have
proposed a new clinical algorithm for the evaluation and
management of RPL based on the results of POC
karyotype'® or POC CMA.?° Following this original algo-
rithm, if the cytogenetic analysis reveals aneuploid POC, no
further evaluation or treatment is recommended as a genetic
cause for the pregnancy loss has been identified. If an unba-
lanced chromosomal translocation or inversion is identified,
then parental karyotyping to identify a balanced parental
translocation should be performed in addition to genetic
counseling. Finally, if the miscarriage tissue is found to be
euploid and maternal cell contamination has been ruled out,
a full 2012 ASRM RPL work-up was recommended.

Such decision-making was found to be cost-effective
by two groups,'®*' however POC karyotyping has impor-
tant limitations especially regarding the facts, it can be
labor-intensive, needs live cells and culture failure is sig-
nificantly high (about 30%) and it carries a high rate of
maternal cell contamination. This led many groups to the
use of more advanced technology discussed below.
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Table | Rates of Abnormal Results

Type of Number of Percentage
Abnormality Cases of Abnormal Cases
(%)
Single aneuploidy 22,493 75.0
Multiple aneuploidy 1702 5.7
Triploidy 3981 13.3
Deletions/ 1378 4.6
Duplications
Full Paternal UPD 188 0.6
Other* 227 0.8
TOTAL 29,984 100

Notes: Reprinted from: Maisenbacher MK, Merrion K, Levy B, Kutteh WH. Single
nucleotide polymorphism (SNP) array analysis of 63,277 products of conception
(POC) samples: a 10-year laboratory experience. Fertility and Sterility. 2020;114(3):
e47.* Copyright © 2020 Published by Elsevier Inc, with permission of Elsevier.
*Includes single UPD, tetraploidy, mosaicism and complex findings.

POC CMA

ESHRE recognized that the “genetic analysis of pregnancy
tissue has the benefit of providing the patient with a reason

for the pregnancy loss and may help to determine whether
further investigations or treatments are required”.’

As stated earlier, “analysis by traditional G-banding
karyotyping is limited by the failure of tissue culture and
the fact that it does not distinguish between maternal
contamination and a normal (euploid) female fetus”.?

Sahoo et al performed 8118 consecutive CMA POC
analysis on cases of spontaneous abortions and RPL. SNP-
based CMA was found to be a “robust platform”, with
successful results obtained in >90% of cases. The authors
state that “SNP-based CMA can identify aneuploidy, poly-
ploidy, whole-genome homozygosity, segmental genomic
imbalances, and maternal cell contamination, thus maxi-
mizing sensitivity and decreasing false-negative results.
Understanding the etiology of fetal loss enables clarifica-
tion of recurrence risk and assists in determining appro-

priate management for future family planning”.?*

ESHRE recommends microarray as the preferred mod-
ality for POC genetic testing.” Up to 50% of “46, XX
normal” reports by traditional karyotyping of POC result
from maternal cell contamination.'** > The recent report
by Maisenbacher et al, on CMA results of 26,101

Table 2 Summary Pros and Cons of the Different Genetic Tests for Aneuploidy Currently Recommended in RPL

Advantages Disadvantages
Parental - Identifies balanced translocation carriers (2-5% of RPL - Questionable cost-effectiveness
Karyotype couples) - Questionable effect on prognosis
(PGT-SR vs Expectant management)
POC - Can identify POC aneuploidy to direct management - Labor-intensive
Karyotype - Cost-effective - Requires culture of live cells
- Can bring improved psychological closure for couples - High rate of culture failure
- High rate of maternal cell contamination
(Up to 50% of 46XX)
- Questionable effect on prognosis
- Requires culture of living cells
POC CMA - Can identify POC aneuploidy to direct management - Cost-effectiveness depends on setting
- No culture failure - Questionable effect on prognosis
- Does not require living cells - Cannot detect balanced translocation
- Low identified rate of maternal cell contamination
- Can bring improved psychological closure for couples
- Can obtain results as early as 6 weeks gestational age
- Can be used on paraffin tissues
PGT -Therapeutic potential (in specific situations such as - Questionable cost-effectiveness (depends on age as well as patient
recurrent fetal aneuploidy) and payer perspectives)
- Questionable effect on prognosis
- Labor-intensive

Abbreviations: POC, products of conception; CMA, chromosomal microarray; PGT, pre-implantation testing; ESHRE, European society of human reproduction and
embryology; ASRM, American society of reproductive medicine; RPL, recurrent pregnancy loss.
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miscarriages, found a successful read in over 86% of cases,
identified a chromosomal anomaly that could explain
a pregnancy loss in 59% of cases, and reported 13% of all
results were secondary to maternal cell contamination.'? By
comparison, in another study, conventional cytogenetic was
performed on 5457 consecutive POC miscarriage samples
and showed only 75% culture successes.>*

In addition to allowing far better resolution (10—100 kb)
than the 10Mb that is achievable using conventional
G-banding karyotype analysis, CMA offers another advantage.
Indeed, CMA does not require successful cell culture and cells
to be in metaphase for analysis. Therefore, it can be performed
on non-viable tissue such as on Paraffin-fixed samples.

Limitations of CMA include its inability to detect
balanced translocations.?* ¢ However, a balanced translo-
cation in the embryo typically does not lead to miscar-
riage. Another limitation of CMA lies in its inability to
detect low-level mosaicism.>*2°

A complete assessment comprising the evaluation for
parental chromosomal abnormalities, uterine anomalies,
endocrine imbalances, autoimmune factors as well as
CMA analysis of miscarriage tissue was performed by
Popescu et al, on a cohort of 100 prospectively recruited
RPL cases. Results confirmed that in 95% of RPL cases, at
least one potential cause for the miscarriage could be
identified when CMA analysis of POC was added to the
standard ASRM RPL work-up at the time of the second or
subsequent loss. Moreover, this algorithm was found to be
significantly more cost-effective, producing savings of
over 50% for the health system based on US numbers.®

The results of this prospective cohort study suggest that
an RPL evaluation after the second miscarriage should
include systematic CMA analysis of POC. The addition
of CMA testing of POC should be considered as a more
effective and cost-efficient for the great majority of RPL
couples compared to traditional POC karyotyping (at least
in the US).%’

More recently, in 2020, our group has published a new
clinical algorithm omitting parental karyotype analysis and
replacing it with POC CMA.” This new algorithm permits
the isolation of a specific group of cases with a normal
modified ASRM work-up in addition to having one
euploid loss diagnosed. Representing 10% of RPL cases,
this new group of patients, we believe, would be ideal for
further research and investigation on new etiologies and
therapies for unexplained RPL.”® Also, by providing an
explanation for the loss in more than 90% of couples, this
approach has the potential to bring improved and

important closure and psychological relief for couples
dealing with RPL, compared to regular ASRM work-up
where more than 50% of cases remain “unexplained”.®’
This proposed evaluation was considered as cost-efficient
at least in a US setting but has been criticized as possibly
not cost saving in other settings like in Canada.®®

Based on the concern that countries outside the USA
might have limited financial resources, another RPL algo-
rithm was published by our group based on the Canadian
health care system.® This clinical algorithm starts with
a regular ASRM work-up including parental karyotype
and reserves the use of POC genetic analysis for cases
that remain unexplained. This would potentially eliminate
the POC CMA on about half of the RPL patients who
presumably had a potential cause identified and treated
after the ASRM workup.® The strength of this proposed
evaluation relies in the fact that it can identify the group of
unexplained RPL with a euploid loss that would be ideal
for further research and investigation.”* Moreover, it
might be more cost-effective in a setting where genetic
testing of POC is not routinely performed for expense or
availability reasons. Therefore, it could be considered as
more appealing for clinical application in some settings.

We believe however, that a strategy including universal
POC advanced genetic analysis has a role in research as it
classifies all RPL cases into sub-groups with or without
POC aneuploidy and could therefore help determine over
time whether the addition of routine genetic POC testing
could have a prognostic value in RPL independently of
ASRM or ESHRE work-up result. Indeed, whether genetic
testing of POC has any prognostic significance remains
a matter of debate.”’ 2° Also, the typical clinical scenario
includes cases presenting after two to three episodes of
miscarriage and without a complete work-up being per-
formed. In many cases, such as after spontaneous or medi-
cally induced miscarriage, POC of the last miscarriage has
not been preserved for future genetic testing. In our opi-
nion, therefore, either POC of second or subsequent loss
should be routinely collected and preserved for possible
future genetic testing, or a policy of direct routine POC
genetic testing at the second or subsequent miscarriage
should be adopted.

Rational on which is the best approach for management
of RPL varies and should depend on the type and costs of
genetic testing available and remains a matter of debate in
the literature.® However, these new approaches have led

to improved awareness and understanding among us about
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the role that aneuploidy plays in RPL, as well as the role
of genetic testing of POC in RPL.

Role of PGT

Pre-implantation genetic testing (PGT) is a form of genetic
testing that requires in-vitro fertilization (IVF) and embryo
biopsy, and therefore involves qualified and experienced
laboratory staff as well as large added costs. It can be
considered potentially therapeutic though in specific situa-
tions only. Many groups have published on two technolo-
gies mainly, PGT-SR (PGT- Structural chromosomal
Rearrangement) and PGT-A (PGT-Aneuploidy). We will
discuss each of these technologies and their roles in the
setting of RPL, separately below.

PGT-SR involves a targeted approach typically used
when known chromosomal abnormalities are present in
parental genomes. The role of PGT-SR in RPL has been
well defined to situations with the presence of balanced
parental translocation diagnosed by karyotyping and in the
presence of unbalanced translocation or inversion detected
on POC genetic testing.>*'

PGT-SR has evolved over the years since its introduction
in the early 1990s, from FISH, quantitative real-time PCR
(qPCR) to comprehensive testing methods such as array-
based comparative genomic hybridization, single nucleotide
polymorphism (SNP) array and more recently next-
generation sequencing (NGS). In addition, the performance
of the biopsy has evolved from day 3 IVF multi-cell embryo
biopsy to day 5 blastocyst trophectoderm biopsy.

The addition of CMA technology and day 5 trophecto-
derm biopsy have improved PGT-SR ability to screen for
24 chromosome aneuploidy and unbalanced translocation
in preimplantation IVF embryos, and to select the most
competent balanced and euploid embryo(s) for transfer.
Unlike past reports, discussed earlier, the most recent
publications reveal improved clinical and live birth rates
per pregnancy, as well as decreased miscarriage rate for
translocation carriers.** >

PGT-A on the other hand is a technology that was
developed to screen for chromosomal aneuploidies that
arise spontaneously. Its role, for cases where aneuploidy
is thought to play a significant effect, remains heavily
debated in clinical practice. Few studies have investigated
the role of PGT-A role in RPL specifically. The ESHRE
recommends against its use for RPL couples without
a genetic cause.”*""

PGT-A has many limitations including a high cost,
a risk of having no euploid embryo to transfer especially

with advanced maternal age as well as possible embryo
wastage and the presence of embryos with mosaicism of
unknown clinical significance.*® Therefore, proper coun-
seling is essential before use. The largest prospective,
randomized controlled trial of the use of PGT-A by
Munne et al was conducted using NGS on a total of 661
patients with at least 2 blastocysts to biopsy. The investi-
gators reported no advantage for the use of PGT-A versus
morphology alone for embryo selection for IVF in women
under 37 years old.*” In a recent study, NGS PGT-A with
trophectoderm biopsy, in poor responders with four or
fewer oocytes available was found not to improve LBR
per oocyte retrieval. Despite a lower miscarriage rate in
this study, 31 patients would need to be treated to prevent
one miscarriage.*®

In 2020, using PGT Liu et al found a significantly
higher rate of chromosomal abnormalities in blastocysts
of young women with idiopathic RPL compared with
women with no or sporadic miscarriage.*® But the role of
PGT-A in in RPL, remains to be clarified. In an intent to
treat analysis, Murugappan et al found similar clinical
outcomes in terms of pregnancy rate, live birth and clinical
miscarriage in RPL patients whether expectant manage-
ment or PGT-A were used.*’

Interpretation of this study was limited by the predo-
minant use of Day 3 biopsy on multi-celled embryos
which has been shown to lower pregnancy rates.>*

Currently PGT-A use is not recommended by any
society guidelines in either IVF patients with infertility
or in RPL patients. At least two studies are currently
being conducted and might help better elucidate the role
of PGT-A, if any, in both RPL and ASRM unexplained
RPL 4142

Sato et al showed that PGT-A could improve live birth
rate per IVF transfer in RPL cases with history of POC
aneuploidy.*® Zhou et al found no improvement with the
use of PGT-A in terms of live birth rate or the rate of
miscarriage for women younger than 38 years without
recurrent pregnancy loss but with a history of POC with
embryonic chromosomal abnormalities.**

Very recently, proposed criteria considered necessary to
perform successful PGT-A on RPL patients were updated
and published by our group.®*° These include couples with
anegative ASRM or ESHRE workup, a history of aneuploid
pregnancy loss, female partner with a normal ovarian
reserve producing a high number of oocytes and blastocysts
available for biopsy. In addition, IVF is to be undertaken in
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centers with extensive experience with embryo biopsy and
overall PGT-A practice.”

Lee et al conducted an economic evaluation study on
PGT-A in first fresh IVF stimulations cycles and their
related frozen transfers, on the whole USA population
between 2014 and 2016. A total of 158,665 IVF cycles
were analyzed, of which 16.2% intended to use PGT-A.
PGT-A cost-effectiveness was found to be dependent on
patient age and payer perspective; and the authors recom-
mended against routine PGT-A as it was found to be
associated with higher costs and worse clinical outcomes
in patients younger than 35. At age 35 and older, PGT-A
led to more cumulative birth but was associated with
higher costs from both patient and payer perspectives. Of
note, only starting at the age 39, was the incremental cost
per live birth favoring PGT-A from a patient perspective.*’

We agree with recommendations in favor of expectant
management in most cases of RPL explained by ASRM or
ESHRE guidelines. But we believe there might be a role
for PGT-A in RPL, especially in cases with recurrent POC
aneuploidy as identified by one of our proposed
algorithms,” as well as in cases unexplained by ASRM
or ESHRE workups having one episode of aneuploidy
diagnosed as identified by the latest proposed criteria by
our group.® The challenge with PGT-A remains in older
patients, given the drawbacks of this technology discussed
above, and particularly with the high prevalence of dimin-
ished ovarian reserve in this population.*® In fact, in older
patients and those with diminished ovarian reserve, there
are often very few oocytes retrieved and the selection
technique can become counterproductive. Therefore, judi-
cious use of PGT-A should always be advised in the
presence of diminished ovarian reserve.

Future Directions

Maternal cell-free (cf) DNA is a technology currently
used for non-invasive prenatal testing, that involves
detecting embryonal chromosomal abnormalities in cf
DNA from shed and ruptured placental cells present in
maternal blood. It has been recently proposed as
a replacement for POC genetic analysis in RPL.*7*® cf
DNA technology offers the advantage of not having to
collect a POC sample. Some patients miscarry before
a sample can be obtained, and many miscarriages are
currently managed medically, therefore this technology
might have a role. However, larger data sets are needed to
validate the use of cf DNA for RPL patients. While

neither POC genetic testing nor maternal cf DNA are
anticipated to improve outcome in RPL, both are likely
to provide a reason for the loss especially in cases unex-
plained by ESHRE or ASRM workups.

Conclusion

Human reproduction is an extremely complicated but ineffi-
cient process. It has been estimated that approximately 70% of
human conceptions never achieve viability, and that 50% fail
spontaneously before being detected.”'® Spontaneous miscar-
riage is the most common complication of pregnancy, and
represents one of the last points in the reproductive process
to prevent the birth of an abnormal baby. Large studies have
indicated that fetal aneuploidy is the most common cause of
miscarriage in over 55% of cases. We believe that genetic
testing on the products of conception should be performed
after the second and subsequent pregnancy loss. Although the
results will not generally alter the course of treatment, the
knowledge of the reason for the loss is of great emotional
comfort to many patients. We have outlined the different
methods of genetic testing that are available for the detection
of fetal aneuploidy while discussing the advantages and dis-
advantages of each.
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