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Abstract

Introduction The single most common cause of miscarriage is genetic abnormality.

Objective We conducted a prospective cohort study to compare the performance of conventional karyotyping and chro-
mosomal microarray analysis (CMA) using array comparative genomic hybridization (array-CGH) and single nucleotide
polymorphism array (SNP-array) to identify genetic abnormalities in miscarriage specimens.

Methods A total of 63 miscarriage specimens were included. Conventional karyotyping, array-CGH, and SNP-array were
performed and the results compared.

Results Genetic abnormalities were detected in 31 cases (49.2%) by at least one testing modality. Single autosomal trisomy
was the most common defect (71.0%), followed by polyploidy (16.1%), multiple aneuploidy (9.7%), and monosomy X (3.2%).
Mosaicisms were identified in four cases and confirmed by fluorescence in situ hybridization (FISH) using appropriate
probes. SNP-array had a higher detection rate of genetic abnormalities than array-CGH (93.5 vs. 77.4%), and conventional
karyotyping had the lowest detection rate (76.0%). SNP-array enabled the detection of all types of genetic abnormalities,
including polyploidy.

Conclusions Although conventional karyotyping and FISH are still needed, SNP-array represents the first choice for mis-
carriage because the technique showed excellent performance in the detection of genetic abnormalities and minimized the
probability of testing failure as well as time, costs, and labor.
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1 Introduction

Miscarriage is defined as the loss of pregnancy during the
first 20 weeks’ gestation. It occurs in about 15-25% of all
clinically recognized pregnancies [1]. The single most
common cause of miscarriage is chromosomal abnormal-
ity, which accounts for about 50% of cases [1-5], particu-
larly autosomal trisomy, which constitutes the majority of
cases, followed by triploidy, monosomy X, tetraploidy, and
structural anomalies [3, 6-8]. Genetic testing of miscarriage
specimens provides valuable clinical information and allows
couples to seek appropriate management, genetic counseling,
and emotional support [2, 9]. Conventional karyotyping has
been the most commonly used genetic test for the determina-
tion of pregnancy loss for over 30 years and is considered the
gold standard. However, this technique has several significant
limitations, including high rates of culture failure and bacte-
rial and maternal cell contamination (MCC) and is a labor-
intensive and time-consuming procedure. It is also unable to
detect abnormalities <3 Mb [3, 9-12].

Currently, chromosomal microarray (CMA) is an alterna-
tive to conventional karyotyping. It has become the first-line
test for the diagnosis of autism, developmental delay, intellec-
tual disability, and congenital anomalies [13—15]. Two types
of CMA are available as genetic tests in a clinical laboratory:
array comparative genomic hybridization (array-CGH) and
single nucleotide polymorphism array (SNP-array). Both
molecular techniques offer relatively fast and objective results
and require minimal tissue. They also facilitate the detection
of submicroscopic deletions and duplications, known as copy
number variations (CNVs), which are missed by conventional
karyotyping. SNP-array provides additional information of
uniparental disomy and consanguinity though analysis of
SNPs [6, 11, 16, 17]. Nevertheless, CMAs are associated with
several limitations, including the inability to detect balanced
chromosomal rearrangements and low-level mosaicism, and
the array-CGH does not reliably detect all polyploidies [17,
18]. The demand for CMA in genetic testing of miscarriage
specimens is increasing, but few studies have performed head-
to-head comparisons of conventional and new techniques [9,
10, 19].

We designed a prospective study to investigate the inci-
dence and spectrum of genetic abnormalities in miscarriage
specimens in a real-life clinic at a single Korean institution
and to provide comparative data from conventional karyo-
typing, array-CGH, and SNP-array to develop an optimal
strategy.
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2 Study Design
2.1 Clinical Samples

This prospective study was performed at Seoul St. Mary’s
Hospital, College of Medicine, The Catholic University of
Korea (Seoul, South Korea) between November 2017 and
July 2018. A total of 63 fetuses that underwent spontaneous
fetal demise before 18 weeks of gestation were included.
The miscarriage was diagnosed by transvaginal ultrasound
and confirmed by repeat ultrasound at periodic time inter-
vals. The diagnosis was conducted according to interna-
tional guidelines [20]. The exclusion criteria were multiple
pregnancies, suspected molar pregnancy, exceeding 20 ges-
tational weeks by the last menstrual period, exceeding 18
gestational weeks by sonographic dating, and insufficient
specimen. The evacuated product of conception was care-
fully dissected to identify chorionic villi (CV) to minimize
MCC. CV were equally divided into two samples and used
for cell culture via conventional karyotyping and DNA
extraction for array-CGH and SNP-array. The study was con-
ducted in accordance with the ethical guidelines of the Dec-
laration of Helsinki and was approved by the institutional
review board/ethics committee of The Catholic University
of Korea (KC18SESI0075). Written informed consent was
obtained from all participants.

2.2 Conventional Karyotyping

Conventional karyotyping was performed on G-banded
metaphase chromosomes of cultured CV using routine tech-
niques. Briefly, the released CV was cleaned, chopped, and
briefly treated with trypsin-EDTA (Gibco, UK). Prewarmed
Amniomax II medium (Gibco, UK) was added for further
incubation, and microscopic inspection was performed
daily to determine the harvest time. Bacterial contamina-
tion was diagnosed when culture media became turbid dur-
ing incubation and microscopic examination showed moving
microorganisms. After prolonged incubation, cells were har-
vested using colcemid (Fusifilm, Japan) and trypsin-EDTA.
Metaphase chromosomes were treated with a methanol/gla-
cial acetic acid fixative (Duksan Pure Chemicals, Korea).
G-banding was done using Giemsa solution (Merk, Ger-
many). Karyotypes were described and interpreted accord-
ing to the International System for Human Cytogenomic
Nomenclature 2016 [21].

2.3 Array-CGH

Array-CGH analysis was performed using a SurePrint G3
Human CGH Microarray 8 X 60 K kit (Agilent Technologies,
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Santa Clara, CA, USA) as described previously [15, 22]. It
contains 62,976 oligonucleotide probes spaced at 41 Kbp
intervals (median probe spacing) throughout the genome.
Control DNA (Promega Corp., Nepean, Canada) was used as
the reference DNA. DNA digestion, labeling, and hybridiza-
tion were performed following the manufacturer’s instruc-
tions. Scanned images were quantified using Agilent Fea-
ture Extraction software (v10.0), and the resulting data were
imported into Agilent Genomic Workbench 7.0.4.0 software
for visualization. CNVs were detected using the Aberration
Detection Method-2 (ADM-2) algorithm. All genomic coor-
dinates were based on human genome build hg19/GRCh37.

2.4 SNP-Array

SNP-array analysis was performed using HumanCy-
toSNP-12 v2.1 BeadChip Kit (Illumina, San Diego, CA,
USA) according to the manufacturer’s instructions. This kit
consists of genome-wide SNP markers targeting all regions
of known cytogenetic importance. Images were captured on
NextSeq550, and data were primarily analyzed using Illu-
mina’s GenomeStudio. Resolution was set at 0.1 Mb for dele-
tion, 0.5 Mb for gain, and 3 Mb for loss of heterozygosity/
absence of heterozygosity. The proportion of SNP alleles
(B) in the total copy number was presented as B allele fre-
quency (BAF). BAF values of 0 and 1 indicate homozygous
alleles (AA and BB, respectively), whereas 0.5 indicates
a heterozygous allele (AB). In case of a single copy gain
of chromosome, two extra BAF bands appear at the value
of 0.33 (AAB) and 0.67 (ABB) along with 0 (AAA) and 1
(BBB) [23]. The number of lines in the BAF chart can be
used to recognize both polyploidy and the copy numbers.
Secondary analysis was carried out using online resources
such as DECIPHER (http://decipher.sanger.ac.uk/), OMIM
(http://www.ncbi.nlm.nih.gov/omim), and UPD with cross
reference to UCSC (http://genome.ucsc.edu/) and the data-
base of Genomic Variants (http://projects.tcag.ca/variation/).

Interpretation and reporting followed American College
of Medical Genetics Standards and Guidelines for constitu-
tional cytogenomic microarray analysis, including postnatal
and prenatal applications [24]. Both CMAs were repeated

using new DNA isolated from the stored specimen in cases
of discrepancy between the CMAs and conventional karyo-
typing to exclude random sampling error.

2.5 Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) of cultured cells
was performed where there was discordance between con-
ventional karyotyping and CMAs. It was carried out using
a standard method as previously described [22] with com-
mercially available probes: BCR/ABL(ABL1) Translo-
cation, Dual Fusion (9q34.11-q34.12; 22q11.22-q11.23,
Cytocell, UK), Dual-Labeled Satellite Probe Sets (Xp11.1-
qll.1; Yql2, Cytocell), and XL 20q12/20qter plus (20q12;
20q13.3, MetaSystems, Germany).

2.6 Statistical Analysis

The Kruskal-Wallis test was used to compare the differ-
ences in maternal age, gestational age, and history of fetal
loss. The chi-squared test was used to compare the detection
rates with the three methods. Fisher’s exact test was used to
compare the two methods (Fig. 1). A significance level of
0.05 was used for the analysis. Analyses were performed
using MedCalc (v.19.5.1).

3 Results

3.1 Cohort Demographics According
to the Presence of Genetic Abnormality

The mean maternal age at the time of miscarriage diagnosis
was 36.6 years, and the mean gestational age at the time
of uterine evacuation was about 9 weeks (5+3 to 1742
weeks). A prior pregnancy loss had been experienced by
39.7% (25/63) of participants. Conventional karyotyping
failed in 22.2% (14/63) mainly because of bacterial contam-
ination (78.6% [11/14]). Array-CGH and SNP-array were
successfully performed in all cases. Genetic abnormalities
were identified in 49.2% (31/63) of cases using at least one

Genetic abnormalty
Conventional karyotyping

Array-CGH

SNP-array

Gender mim(mfF[r|r|F|F|F|[F[F[F|F|F|F|F|F[F|F|F|F|F|F[F[F[F]|m

FlE|F(m[m[F|r|m|m|F|mfr|r|r|r|r|F|[F[F|F|F|F|m|[M[F[m|m]|mM]|F]|F|[xfF[xofF

Case number 112 |3fa|s|e|[7 |89 [10]11]|12[13]14]|15[16|17|18[19]|20|21[22|23|24 (25| 26|27

303132 (33|34 3536|3738 |39 (40| 41|42 |43 [44|45|46|47|48|49|5051|52|53 5455|5657 585960616263
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Fig. 1 Genetic results of 63 miscarriages identified using three different methods. Each column represents the results of the case with the corre-
sponding number. CGH comparative genomic hybridization, F female, M male, SNP single nucleotide polymorphism
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of the three techniques, including conventional karyotyping,
array-CGH, and SNP-array. One case showing a balanced
pericentric inversion of chromosome 9 [inv(9)(p12q13)] was
considered normal. We compared the demographic differ-
ences between the two groups and found no significant dif-
ferences in maternal age and number of prior miscarriages.
However, gestational age was significantly higher in cases of
genetic abnormality than in those without such abnormality
(9+4 vs. 8+ 3 weeks, P=0.01) (Table 1).

3.2 Characteristics of Identified Genetic
Abnormalities

Among the 31 cases of genetic abnormality, 19 (61.3%)
showed a female genotype. Single autosomal trisomy was
the most common (71.0% [22/31]), followed by polyploidy
(16.1% [5/31]), multiple aneuploidy (9.7% [3/31]), and

Table 1 Cohort characteristics

monosomy X (3.2% [1/31]). Mosaicism was defined when
any of the methods identified the presence of two or more
chromosomally distinct cell lines. A total of six cases with
mosaicism were identified, including three single autoso-
mal trisomies (case 52, 53, 54), two multiple aneuploidies
(case 62 and 63), and one polyploidy (case 59). Trisomy
22 (27.3% [6/22]) was the most frequently observed single
autosomal trisomy, followed by trisomy 16 (22.7% [5/22]),
trisomy 15 (13.6% [3/22]), and trisomy 18 (9.1% [2/22]).
Other trisomies involved chromosomes 2, 3, 7, 17, 20, and
21 (4.5% each [1/22]) (Fig. 2, Table 1 in the electronic
supplementary material [ESM]). Three cases of multiple
aneuploidy included trisomies 7, 18, and 20; monosomy X
and trisomy 14; and trisomies 15 and 21. Among 32 cases
without detectable genetic abnormality, we found gender
distribution to be skewed: 84.4% (27/32) were female and
males accounted for only 15.6% (5/32).

Characteristics Total (N=63) Normal (N=32) Abnormal (N=31) P value
Maternal age, years 36.6 +4.0 36.1 +£3.9 37.0+4.2 0.46
Gestational age, days 62.6 +15.4 58.6 +15.1 66.7 + 14.8 0.01
Prior miscarriages 0.5+0.8 04 +0.7 0.6 +0.8 0.20

0 38 (60.3) 22 (68.8) 16 (51.6)

1 21 (33.3) 8(25.0) 13 (41.9)

2 2(3.2) 13.1) 1(3.2)

3 1(1.6) 13.1) 0 (0)

4 1(1.6) 0 (0) 1(3.2)

Data are presented as mean =+ standard deviation or N (%) unless otherwise indicated

Normal (n=32)
\ 51%
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Fig. 2 Distribution of genetic abnormalities and aneuploidy
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3.3 Comparison of Conventional Karyotyping,
Array-CGH, and SNP-Array

We analyzed the capacity to detect genetic abnormalities
in 31 cases. Sensitivity was significantly higher with SNP-
array (93.5% [29/31]) than with array-CGH (77.4% [24/31])
(P=0.045). The analytical sensitivity of conventional karyo-
typing was the lowest (76.0% [19/25]), even after cases of
culture failure (n=6) were excluded (Table 2 in the ESM).
Random sampling errors occurred in three cases (case 35,
41, and 51); these were reanalyzed and corrected using
newly isolated DNA samples and both CMAs. The CMAs
initially showed normal female results, whereas conventional
karyotyping showed single autosomal trisomy. Reanalysis
using new samples showed results consistent with those of
the conventional karyotyping. Based on the type of genetic

Table 2 Discordant results based from the three different methods

abnormality, all 19 single autosomal trisomies were iden-
tified using both array-CGH and SNP-array, whereas con-
ventional karyotyping failed to detect three of them (15.8%
[3/19]), as shown in Table 2 (cases 43, 49, and 50). We
verified the presence of CMA-detected trisomies via FISH in
three cases with available residual pellets after conventional
karyotyping. Case 49 showed XY and trisomy 22 based on
CMAs, whereas the results of conventional karyotyping
were not consistent with those of normal females. FISH
using probes specific for X and Y chromosomes were used
to identify the Y chromosome, and 9% of cells were posi-
tive for Y chromosomes (red signals) (Fig. 3a). Thus, we
revealed that the sex of the CV was male and the conven-
tional karyotyping result was derived from maternal cells.
Case 50 showed trisomy 22 based on CMA, but this was
not detected with conventional karyotyping. Three copies

Case  Genetic result Conventional karyotyping Array-CGH SNP-array FISH analysis
43 Single autosomal trisomy 46,XX* arr(18)x3 arr(18)x3
49 Single autosomal trisomy 46,XX* arr(22)x 3,(X,Y)x 1 arr(22) x 3,(X,Y)x 1 nuc ish(DXZ1,DYZ1) x 1[9/100]/
(DXZ1x2,DYZ1x0)[91/100]

50 Single autosomal trisomy 46,XX* arr(22)x3 arr(22)x3 nuc ish(BCR x2,ABL1 x3)[10/100]
53 Single autosomal trisomy, mos arr(1-22,X) x 2* arr(1-22,X) x 2*

mosaic 47,XY,+16[31/46, XY[17]
54 Single autosomal trisomy, mos arr(1-22,X) x2* arr(1-22,X) x 2%

mosaic 47, XX,+22[3)/46,XX[17]
55 Polyploidy 69,XXY arr(1-22) X 2,(X,Y) x 1* arr(1-22) X 3,(X) x2,(Y)x 1
56 Polyploidy TLXXYYY arr(1-22) x2,(X,Y) x 1* arr(1-22) x 3,(X) X 2,(Y) %3
57 Polyploidy Growth failure arr(18)x3* arr(1-17,19-

22)x4,(18)x5,(X)x3,(Y)x1

58 Polyploidy 46,XX* arr(1-22,X) x 2% arr(1-22,X) x4
59 Polyploidy, mosaic 46,XX* arr(1-22,X) x 2* arr(1-22,X)x3
63 Multiple aneuploidy, mosaic ~ 47,XX,+18* arr(7)x3,(18)x3,(20)x3  arr(7)x3,(18)x3,(20)x3 nuc ish(D20S108,MYBL?2) x 3[12/100]/

(D20S108,MYBL2)x4[15/100]

CGH comparative genomic hybridization, FISH fluorescence in situ hybridization, SNP single nucleotide polymorphism

*Results requiring correction

Fig. 3 Fluorescence in situ hybridization (FISH) using residual pel-
let after conventional karyotyping. (A) XY FISH showing 9% of cells
with Y chromosomes (red). (B) BCR-ABL1 FISH indicating 10% of

the cells with extra copies of chromosome 22 (green, arrows). (C)
20q FISH showing three (left) and four (right) signals
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of chromosome 22 (green signals) were observed in 10%
of cells using FISH analysis (Fig. 3b), suggesting possible
sampling error (accidental overcrowding of specific cell
population), tissue mosaicism (more than one type of cell
population), or culture artifact (domination of viable cell
population). In cases 53 and 54, low-level mosaic trisomy
(15% [3/20] metaphases) was detected via conventional kar-
yotyping but not via CMA because of technical limitations.
SNP-array enabled the detection of all cases of polyploidy
(cases 55-59), including one mosaic polyploidy. However,
none of these was detected by array-CGH. Conventional
karyotyping was available in four cases, two of which cor-
responded to the results found with SNP-array; however,
the other two revealed 46,XX, suggesting culture artifact
because of more viable maternal cells. One interesting case
of multiple aneuploidy (case 63 with trisomies 7, 18, and
20) was identified by both CMAs, whereas conventional
karyotyping recognized only trisomy 18. Additional FISH
revealed three and four copies of chromosome 20 in 12 and
15% of cells, respectively (Fig. 3c), supporting the CMA
findings (Fig. 4).

4 Discussion

In the present study, we diagnosed a series of genetic
abnormalities in spontaneous miscarriage using three
different techniques, including two types of CMAs and
conventional karyotyping. This is one of the largest stud-
ies to date comparing the three different modalities using
miscarriage samples. Genetic abnormalities were observed
in 49.2% of miscarriages, which was in line with results
from previous studies [19, 25, 26], as was the overall

Chromosome 7

distribution of genetic abnormalities in our cohort. Single
autosomal trisomy was predominant, followed by poly-
ploidy, multiple aneuploidy, and monosomy X. Among
the trisomies, trisomies 22, 16, and 15 were prevalent.
Cases with genetic abnormalities showed advanced ges-
tational age compared with those without genetic abnor-
malities. Studies have revealed that genetic abnormalities
are more likely to be found in early miscarriages [27, 28].
We reviewed 12 cases in fetal stages (more than 1040
weeks) and found that nine (75%) had genetic abnormali-
ties, including trisomy 18, trisomy 21, and monosomy X,
which were commonly associated with relatively longer
survival [8, 29]. Conventional karyotyping is a quintes-
sential aspect of evaluations of miscarriage because chro-
mosomal abnormalities are a major contributing factor in
early miscarriages [4, 30]. Our laboratory, which belongs
to a tertiary hospital and has rich experience in cytogenetic
studies, recorded a culture success rate of 77.8%, which is
within the general success rate of 60-90% [7, 11]. The low
success rate was due to culture failure, mainly bacterial
contamination and poor viability of fetal cells in the CV
[8, 9, 12]. Previous studies have shown that 15% of early
miscarriages and 66% of late miscarriages are attributed
to infections [31, 32]. The majority of culture failure in
this study was associated with bacterial contamination,
which supported the linkage between infection and mis-
carriage [33]. On the other hand, CMAs were conducted
in all cases, and both CMAs satisfactorily detected ane-
uploidy. However, ploidy changes were shown as normal
with the array-CGH profile, since array-CGH detects copy
number imbalance by comparing the fluorescent inten-
sity of test DNA with that of the control after labeling
adjusted the same amount of DNA [34, 35]. Therefore,

Chromosome 18 Chromosome 20
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Fig.4 Log R ratio (upper) and B allele (lower) plots derived from single nucleotide polymorphism (SNP)-array indicate mosaic trisomy 7, tri-

somy 18, and trisomy 20
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further investigation using other techniques such as micro-
satellite analysis, FISH, and conventional karyotyping is
required. Conversely, the SNP-array recognizes polyploidy
by evaluating the BAF plot.

The SNP-array showed a 16% higher detection poten-
tial than array-CGH. These findings are in line with a study
suggesting that SNP-array yielded the best detection rates
(93%), and the other two methods were similar (85%) [9].
We carefully evaluated cases showing discordant results
using additional FISH experiments. FISH revealed that
some conventional karyotyping could not effectively ana-
lyze fetal cells because of the selective overgrowth of viable
maternal cells. Studies have shown that MCC constituted
about 29.0-89.7% of normal female karyotype [12, 36, 37].
We considered that the other advantage of CMAs was to
minimize the effect of MCC by skipping the culture pro-
cess. Studies have demonstrated that array-CGH and SNP-
array can identify a mosaicism level of nearly 10% [38-41].
However, results from the current and other studies sug-
gested that the low level of mosaicism was still difficult to
detect with CMAs. We found an interesting case of multiple
mosaic aneuploidy [arr(7)x3,(18)x3,(20)x3]. Conventional
karyotyping enabled the identification of only one dominant
trisomy. This rare complex aneuploidy may be associated
with advanced maternal age and mitotic errors during the
cleavage stage [42—45]. Given that the mother was 39 years
old and had previously experienced four miscarriages, it
is necessary to consider the etiology related to the postzy-
gotic error as well as prezygotic error. Additional genetic
counseling is needed to elucidate the cause of her repeated
miscarriages based on the results of this study. Our study
also has several limitations in that MCC was not fully dis-
criminated from a normal female result because we did not
compare it with maternal samples. Another limitation is that
we could not perform FISH in all cases of mosaicism.

Taken together, no single technique can detect all
genetic abnormalities, and conventional karyotyping
should still be combined with other techniques to detect
mosaicisms and balanced chromosomal rearrangements.
FISH analysis can also be combined with other techniques
to correctly discriminate true polyploidy. Nonetheless,
SNP-array represents the first line of choice in clinic
because the technique performs well in the detection of
genetic abnormalities and minimizes the probability of
testing failure as well as time, costs, and labor.

Supplementary Information The online version contains supplemen-
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