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Abstract
Purpose: Since chromosomal abnormalities can be detected in more than half of 
miscarriages, cytogenetic testing of the product of conception (POC) can provide 
important information when preparing for a subsequent pregnancy. Conventional 
karyotyping is the common diagnostic method for a POC but can be problematic due 
to the need for cell culture.
Methods: We here conducted shallow whole-genome sequencing (sWGS) using next-
generation sequencing (NGS) for alternative POC cytogenomic analysis. Since female 
euploidy samples can include 69,XXX triploidy, additional QF-PCR was performed in 
these cases.
Results: We here analyzed POC samples from miscarriages in 300 assisted reproduc-
tive technology (ART) pregnancies and detected chromosomal abnormalities in 201 
instances (67.0%). Autosomal aneuploidy (151 cases, 50.3%) was the most frequent 
abnormality, consistent with prior conventional karyotyping data. Mosaic aneuploidy 
was detected in seven cases (2.0%). Notably, the frequency of triploidy was 2.3%, 
10-fold lower than the reported frequency in non-ART pregnancies. Structural rear-
rangements were identified in nine samples (3%), but there was no case of segmental 
mosaicism.
Conclusions: These data suggest that NGS-based sWGS, with the aid of QF-PCR, 
is a viable alternative karyotyping procedure that does not require cell culture. This 
method could also assist with genetic counseling for couples who undergoes embryo 
selection based on PGT-A data.

K E Y W O R D S
assisted reproductive technology, karyotype, next-generation sequencing, product of 
conception, triploidy
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1  |  INTRODUC TION

10–15% of clinically recognized pregnancies result in miscarriage, 
among which there is a further recurrent pregnancy loss rate of 
1%.1 Many factors are known to cause miscarriages, but more than 
50% are due to chromosomal abnormalities.2 Chromosome testing 
of a product of conception (POC) reveals not only the cause of the 
miscarriage but also provides important clinical information to assist 
couples preparing for a subsequent pregnancy.3 The most common 
chromosomal abnormality to cause a miscarriage is an autosomal 
trisomy, followed by monosomy X and then polyploidy.2,4 Hence, 
conventional G-banding has long been used to screen chromosomal 
abnormalities in POC samples. However, despite the importance of 
chromosome testing of POC samples, only 8% of miscarriages have 
actually been tested.5 The G-banding of POC samples has practical 
limitations related to the need for cell culturing which can often fail 
due to fetal demise or macerated tissue, the preferential growth of 
maternal decidua cells, and the emergence of artifacts.6–8 Recently, 
SNP microarray, next-generation sequencing (NGS), quantitative flu-
orescence PCR (QF-PCR), and multiplex ligation-dependent probe 
amplification (MLPA), none of which require cell culture, have been 
reported as alternative approaches to the cytogenomic analysis of a 
POC.9–13,34

NGS is a powerful tool that can allow both qualitative and 
quantitative analyses to be performed simultaneously. Currently, 
NGS-based chromosome analysis is mainly used in the pre-
implantation genetic testing for aneuploidy and structural rear-
rangements (PGT-A and PGT-SR), using the amplified products of 
the whole genome from the biopsied trophectoderm cells of a 5-
day embryo.14,15 Chromosomal copy number analysis via NGS does 
not require a massive amount of data since it is determined using 
shallow whole-genome sequencing (sWGS). In addition, these data 
can be obtained within 24 hours. Moreover, sWGS by NGS enables 
the simultaneous analysis of a large number of samples, thus re-
ducing the cost per sample. A number of validation experiments 
for these methods, such as mosaic sensitivity and resolution by 
NGS-based sWGS, have been described.15–20 On the other hand, 
this method is limited in its ability to detect polyploidy, which is 
a common genetic cause of miscarriage. Whereas triploidy con-
taining a Y chromosome can be detected by calculating the sex 
chromosome ratio, polyploidy without a Y chromosome, such as 
69,XXX and 92,XXXX, is very difficult to distinguish from 46,XX 
using NGS-based sWGS.

In our present study, we utilized NGS-based sWGS for the 
chromosome analysis of POCs from ART pregnancies. We char-
acterized the chromosomal abnormalities in the POC, and the 
usefulness of NGS-based sWGS for this screening. Further, to 
overcome limitations with this approach in the detection of trip-
loidy, we evaluated the usefulness of including QF-PCR analysis in 
a subset of samples.

2  |  MATERIAL S AND METHODS

2.1  |  Samples

After obtaining informed consent, chorionic tissue sampling was 
conducted after first-trimester miscarriages following ART. Under an 
anatomic microscope, chorionic tissues were washed with phosphate 
buffer solution to remove coagulated blood clots. After the maternal 
decidua was removed, chorionic villi were selected by trained labo-
ratory staff. A total of 300 samples were received for chromosome 
analysis. Oocyte insemination was performed by either conventional 
in vitro fertilization (n = 103) or by intracytoplasmic sperm injection 
(ICSI) (n = 155). The mean age of the pregnant women was 37.3 years 
(range, 25–47 years). Fetal heartbeat was confirmed in 175 cases, 
and the mean gestational age at miscarriage was 8.7 weeks (range, 
6.4–10.9 weeks).

2.2  |  sWGS by next-generation sequencing

The karyotypes in the ART pregnancies were determined by sWGS 
by NGS. Genomic DNA was extracted from chorionic villi or fetus 
tissue using Gentra Puregene Tissue Kit (Qiagen Inc., Valencia, CA), 
in accordance with the manufacturer's protocol. Genomic DNA 
samples were then diluted to 1ng/μl for whole-genome amplifica-
tion (WGA). Subsequently, WGA was performed using the SurePlex 
WGA Kit (Illumina, San Diego, CA) in accordance with the manufac-
turer's instructions. Nextera libraries were prepared from the ampli-
fied DNA and subsequently sequenced with a VeriSeq PGS assay 
system by MiSeq (Illumina). The sequencing data were analyzed 
using BlueFuse Multi analysis software v4.5.

2.3  |  QF-PCR

QF-PCR analysis was performed on 53 cases with 46,XX or mosaic 
aneuploidy karyotypes to confirm the possible presence of triploidy. 
An Aneufast QF-PCR kit was used for this analysis, according to the 
manufacturer's protocol (Genomed Diagnostics AG, Switzerland). 
The kit contains multiplex marker sets of short tandem repeats 
(STRs) that can be used for amplification of selected microsatellites 
on chromosomes 13, 18, 21, and X. All PCR products were geno-
typed on an ABI3130 Genetic Analyzer using GeneMapper analysis 
software (Thermo Fisher Scientific).

3  |  RESULTS

We performed NGS-based sWGS for 300 POC samples obtained 
from an ART miscarriage. We detected chromosomal abnormalities 
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in 197 cases (65.7%; Table 1). Autosomal aneuploidy (50.3%) was the 
most frequently observed abnormality. As was expected, trisomy 16 
and 22 were the first and the second most frequent anomalies, while 
trisomy 15 was the third most commonly observed (Figure 1). In con-
trast, autosomal monosomy was only found on chromosome 21 in 
this series. Twenty samples showed multiple aneuploidies involving 
two or more chromosomes (6.7%). With regard to sex chromosome 
aneuploidies, monosomy X was observed in 6 samples (2%), which 
could be considered unexpectedly low. Aneuploidy involving an in-
creased number of sex chromosomes was observed in two of the 
cases with multiple aneuploidies.

With the NGS-based sWGS method, we could identify triploidy 
from an abnormal X/Y ratio in cases containing both X and Y chro-
mosomes. Triploidy was detected in this way in four XXY cases 
(1.3%), which was a considerably low frequency. Mosaicism was de-
tected in seven cases (2.3%), all of which were instances of mosaic 
aneuploidy without any predominant chromosome (2 cases of tri-
somy 4, 1 case of monosomy 4, and 1 case each of trisomy 10, 16, 17, 
and X). Structural rearrangements were identified in 9 samples (3%), 
and there was no identified case of segmental mosaicism. The data 
are summarized in Table 1 (left).

We observed in our present sample series that the male/female 
ratio was slightly biased toward females among the allegedly nor-
mal cases (i.e., male: female, 46:57), and speculated that this sub-
group may have included some 69,XXX karyotypes. We performed 

QF-PCR to distinguish between 69,XXX and 46,XX samples. QF-
PCR can also distinguish true mosaicism from maternal contamina-
tion. We performed this testing on all the 57 allegedly normal female 
cases as well as 7 cases with mosaicism. The results indicated that 2 
of these 57 samples had a 69,XXX karyotype. In addition, one of the 
mosaic cases that were previously diagnosed as mosaic X monosomy 
was found to be triploid. Even after recalculating that number, the 
total number of triploidy cases was 7 (2.3%), a substantially lower 
frequency than expected. In addition, two 46,XX samples were 
found to be whole chromosome uniparental disomy cases. The re-
sults revised by QF-PCR are also summarized in Table 1 (right). The 
final male/female ratio in our current series was still slightly biased 
toward female (46:53).

4  |  DISCUSSION

We have here demonstrated the utility of the sWGS via the NGS 
method for the cytogenetic testing of a miscarried fetus. Using 
this approach to analyze POCs from 300 ART miscarriages re-
vealed chromosome abnormalities in 197 (65.7%) cases, which 
increased to 201 (67.0%) of the samples when we combined 
QF-PCR analysis. Importantly, these are similar values to those 
previously published in prior studies using more conventional 
culture-based karyotyping methods.2 Additionally, the frequency 

Karyotype NGS NGS +QF-PCR

Normal karyotype 103 34.3% 99 33.0%

Autosomal aneuploidy 151 50.3% 151 50.3%

Multiple aneuploidy 20 6.7% 20 6.7%

Autosomal mosaic aneuploidy 7 2.3% 6 2.0%

Sex chromosome aneuploidy 6 2.0% 6 2.0%

Polyploidy 4 1.3% 7 2.3%

Structural rearrangements 9 3.0% 9 3.0%

Whole chromosome uniparental isodisomy 0 0.0% 2 0.7%

Total 300 300

TA B L E  1 Types of abnormal 
karyotypes in the analyzed POC samples

F I G U R E  1 Description of the detected 
chromosomal abnormalities in the POC 
samples. Bar graphs indicating the 
frequencies of abnormal chromosomes in 
the indicated chromosomal abnormalities 
detected by sWGS using NGS. Blue bars 
indicate trisomy, while red bars indicate 
monosomy. Regarding mosaicism, the 
light blue and pink bars indicate trisomy 
and monosomy, respectively. Green bars 
indicate structural rearrangements. SR 
indicates structural rearrangement
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of each chromosomal abnormality in our current sample series 
was also similar to that reported in these studies. Trisomy 16, 22, 
and 15 have been the most frequently observed of the autosomal 
aneuploidies in POC,4,9,21–25 whereas trisomies 13, 18, and 21 are 
the commonly found neonatal chromosomal abnormalities. Small 
chromosomes are predisposed to meiotic error since they tend to 
carry distally placed chiasmata that might be susceptible to break-
age during the long arrest of meiosis I.26 Another factor is the tim-
ing of the selection of trisomy cells or trisomy fetuses. Trisomies 
16, 22, and 15 can be subject to weaker adverse selection than 
the other autosomal trisomies involving the larger chromosomes 
and can survive until the later stages of the first trimester. In 
contrast, chromosomes 13, 18, and 21 are the most gene-poor 
chromosomes, resulting in the weakest adverse selection. On the 
contrary, trisomy of chromosomes 1, 5, and 19 are rare, suggest-
ing that they might contain genes that are highly important dur-
ing early embryogenesis. Since autosomal monosomies are not yet 
selected at the blastocyst stage used in the PGT-A chromosome 
diagnosis, they are found at a similar frequency to autosomal tri-
somies.27 It is thought that many autosomal monosomies undergo 
selection at the early stage of the first trimester.21

Notably with regard to our present findings, the frequency of 
triploidy was only 7/300 (2.3%), which is considerably lower than 
the previously reported frequencies in POCs. However, our current 
study sample source, POCs from ART pregnancies, may have been 
the important contributor to this result. Since most ART pregnan-
cies are achieved by ICSI, instances of diandric triploidy, dispermy 
or diploid sperm may have been avoided in our present series via 
microscopic examination and manipulation (only one in seven POCs 
with triploidy was by ICSI). Further to this, a microscopic confir-
mation of fertilization can help to exclude 3PN embryos for trans-
plantation, also leading to a low frequency of triploidies in ART 
pregnancies.28 A similar tendency toward a lower frequency of 
polyploidies in ART pregnancies compared with natural pregnan-
cies has also been observed in other previous reports.23,29,30 These 
findings suggest, importantly, that although the karyotyping sys-
tem in PGT-A cannot distinguish 69,XXX from 46,XX, the detection 
of triploidies is not necessarily important for PGT-A since all are 
ART pregnancies.

Unexpectedly from our current analyses, the frequency of 
monosomy X was low (6 cases, 2.0%) compared with that ob-
served in natural pregnancies in previous reports.25,26 Monosomy 
X is known to originate from mitotic errors in cleavage stage em-
bryos, suggesting that most of the cases will manifest somatic mo-
saicism.31,32 The samples we collected from chorionic villi without 
culturing were mainly trophoblasts, whereas cells analyzed using a 
standard method are mainly mesenchymal cells of fetal origin. The 
differences between the developmental stages in these two scenar-
ios may have an impact on the level of sex chromosome loss, leading 
to differences in the detection rate of monosomy X. A more thor-
ough analysis of low-level mosaicism in monosomy X would help to 
validate this hypothesis.

The detection of subtle structural rearrangements requires high-
resolution chromosome analysis. Notably, however, sWGS via the 
NGS method, which has been used in PGT-A/SR, is known to have 
a similar resolution to that of G-banding which still cannot detect 
subtle structural rearrangements of less than 10 Mb.16,17 Moreover, 
the frequency of structural rearrangements in our POC samples was 
3.0%, which is comparable to that obtained previously in POCs using 
higher resolution cytogenetic microarrays.4,23  This suggests that 
high-resolution chromosome analysis may be redundant for POC 
analysis and that sWGS is sufficient to detect the cytogenetic ab-
normalities that contribute to miscarriage. We also did not observe 
any segmental mosaicism in our current POC series. In PGT-A, a sub-
stantial subset of embryos shows segmental mosaicism. Despite the 
typically favorable outcomes of these anomalies, genetic counseling 
is still required.33 Our current data suggest however that most of 
these cases might be artifacts generated by whole-genome ampli-
fication using genomic DNA derived from a small number of cells.

In summary, sWGS by NGS has a resolution comparable to G-
banding, although it cannot be used to observe balanced chromo-
somal abnormalities. This cytogenetic methodology that does not 
require the use of cell culture has many advantages, such as avoiding 
the effects of maternal cell contamination. Since POC samples can 
be stored temporarily in a freezer, it is also possible to test for mis-
carriages that occurred outside the hospital with this new approach. 
Further to this, the medical staff can offer cytogenetic testing at 
a later and more appropriate time after the couple have recovered 
from the grief caused by the miscarriage. Importantly also, we con-
tend that its low cost and short turnaround time (<24 hours) makes 
sWGS by NGS a better option for the cytogenetic analysis of POC 
samples. This technique may therefore be useful in the future for the 
cytogenetic testing of chorionic villi samples or amniocenteses, or as 
a confirmation test after NIPT.
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APPROVAL BY E THIC S COMMIT TEE
The study was approved by the Ethics Review Committee for Human 
Genome Studies at Fujita Health University.

CLINIC AL TRIAL REG IS TRY SUBSEC TIONS
This article does not contain the data of the clinical trial registry.

ORCID
Tatsuya Nakano   https://orcid.org/0000-0002-8451-1769 
Takafumi Utsunomiya   https://orcid.org/0000-0003-2691-5519 
Hiroki Kurahashi   https://orcid.org/0000-0002-5690-5218 

R E FE R E N C E S
	 1.	 Rai R, Regan L. Recurrent miscarriage. Lancet. 2006;368:601-611.
	 2.	 Smits MAJ, van Maarle M, Hamer G, Mastenbroek S, Goddijn M, 

van Wely M. Cytogenetic testing of pregnancy loss tissue: a meta-
analysis. Reprod Biomed Online. 2020;40:867-879.

	 3.	 Bianco K, Caughey AB, Shaffer BL, Davis R, Norton ME. 
History of miscarriage and increased incidence of fetal an-
euploidy in subsequent pregnancy. Obstetrics Gynecol. 
2006;107:1098-1102.

	 4.	 Sahoo T, Dzidic N, Strecker MN, et al. Comprehensive genetic anal-
ysis of pregnancy loss by chromosomal microarrays: outcomes, 
benefits, and challenges. Genet Med. 2016;19:83-89.

	 5.	 McNally L, Huynh D, Keller J, Dikan J, Rabinowitz M, Lathi RB. 
Patient experience with karyotyping after first trimester miscar-
riage: a national survey. J Reprod Med. 2016;61:128-132.

	 6.	 Benkhalifa M, Kasakyan S, Clement P, et al. Array compara-
tive genomic hybridization profiling of first-trimester sponta-
neous abortions that fail to grow in vitro. Prenatal Diag [internet]. 
2005;25:894-900. doi:10.1002/pd.1230

	 7.	 Bell KA, Deerlin PGV, Haddad BR, Feinberg RF. Cytogenetic diag-
nosis of “normal 46, XX” karyotypes in spontaneous abortions fre-
quently may be misleading. Fertil Steril. 1999;71:334-341.

	 8.	 Robberecht C, Schuddinck V, Fryns J-P, Vermeesch JR. Diagnosis of 
miscarriages by molecular karyotyping: benefits and pitfalls. Genet 
Med. 2009;11:646-654.

	 9.	 Wang Y, Cheng Q, Meng L, et al. Clinical application of SNP array 
analysis in first-trimester pregnancy loss: a prospective study. Clin 
Genet [internet]. 2016;91:849-858. doi:10.1111/cge.12926

	10.	 Lovrečić L, Pereza N, Jaklič H, Ostojić S, Peterlin B. Combination 
of QF-PCR and aCGH is an efficient diagnostic strategy for the 
detection of chromosome aberrations in recurrent miscarriage. 
Mol Genetics Genom Medicine [internet]. 2019;7:e980. doi:10.1002/
mgg3.980

	11.	 Donaghue C, Davies N, Ahn JW, Thomas H, Ogilvie CM, Mann 
K. Efficient and cost-effective genetic analysis of products of 

conception and fetal tissues using a QF-PCR/array CGH strategy; 
five years of data. Mol Cytogenet. 2017;10:12.

	12.	 Mao J, Wang H, Li H, et al. Genetic analysis of products of concep-
tion using a HLPA/SNP-array strategy. Mol Cytogenet. 2019;12:40.

	13.	 Dong Z, Zhang J, Hu P, et al. Low-pass whole-genome sequenc-
ing in clinical cytogenetics: a validated approach. Genet Med. 
2016;18:940-948.

	14.	 Fiorentino F, Bono S, Biricik A, et al. Application of next-generation 
sequencing technology for comprehensive aneuploidy screening 
of blastocysts in clinical preimplantation genetic screening cycles. 
Hum Reprod. 2014;29:2802-2813.

	15.	 Friedenthal J, Maxwell SM, Munné S, et al. Next generation se-
quencing for preimplantation genetic screening improves preg-
nancy outcomes compared with array comparative genomic 
hybridization in single thawed euploid embryo transfer cycles. Fertil 
Steril. 2018;109:627-632.

	16.	 Cuman C, Beyer CE, Brodie D, et al. Defining the limits of de-
tection for chromosome rearrangements in the preimplanta-
tion embryo using next generation sequencing. Hum Reprod. 
2018;33:1566-1576.

	17.	 Treff NR, Franasiak JM. Detection of segmental aneuploidy and 
mosaicism in the human preimplantation embryo: technical consid-
erations and limitations. Fertil Steril. 2017;107:27-31.

	18.	 Chow JFC, Yeung WSB, Lee VCY, Lau EYL, Ng EHY. Evaluation of 
preimplantation genetic testing for chromosomal structural rear-
rangement by a commonly used next generation sequencing work-
flow. Eur J Obstet Gyn R B. 2018;224:66-73.

	19.	 Victor AR, Tyndall JC, Brake AJ, et al. One hundred mosaic em-
bryos transferred prospectively in a single clinic: exploring 
when and why they result in healthy pregnancies. Fertil Steril. 
2019;111:280-293.

	20.	 Munné S, Blazek J, Large M, et al. Detailed investigation into the 
cytogenetic constitution and pregnancy outcome of replacing 
mosaic blastocysts detected with the use of high-resolution next-
generation sequencing. Fertil Steril. 2017;108:62-71.e8.

	21.	 Shearer BM, Thorland EC, Carlson AW, Jalal SM, Ketterling RP. 
Reflex fluorescent in situ hybridization testing for unsuccessful 
product of conception cultures: a retrospective analysis of 5555 
samples attempted by conventional cytogenetics and fluorescent 
in situ hybridization. Genet Med. 2011;13:545-552.

	22.	 Wang BT, Chong TP, Boyar FZ, et al. Abnormalities in spontaneous 
abortions detected by G-banding and chromosomal microarray 
analysis (CMA) at a national reference laboratory. Mol Cytogenet. 
2014;7:33.

	23.	 Pylyp LY, Spynenko LO, Verhoglyad NV, Mishenko AO, Mykytenko 
DO, Zukin VD. Chromosomal abnormalities in products of con-
ception of first-trimester miscarriages detected by conventional 
cytogenetic analysis: a review of 1000 cases. J Assist Reprod Gen. 
2018;35:265-271.

	24.	 Soler A, Morales C, Mademont-Soler I, et al. Overview of chromo-
some abnormalities in first trimester miscarriages: a series of 1,011 
consecutive chorionic villi sample karyotypes. Cytogenet Genome 
Res. 2017;152:81-89.

	25.	 Eiben B, Bartels I, Bähr-Porsch S, et al. Cytogenetic analysis of 750 
spontaneous abortions with the direct-preparation method of cho-
rionic villi and its implications for studying genetic causes of preg-
nancy wastage. Am J Hum Genet. 1990;47:656-663.

	26.	 Hassold T, Hunt P. To err (meiotically) is human: the genesis of 
human aneuploidy. Nat Rev Genet. 2001;2:280-291.

	27.	 Girardi L, Serdarogullari M, Patassini C, et al. Incidence, origin, 
and predictive model for the detection and clinical management 
of segmental aneuploidies in human embryos. Am J Hum Genetics. 
2020;106:525-534.

	28.	 Figueira RCS, Setti AS, Braga DPAF, Iaconelli A, Borges E. 
Prognostic value of triploid zygotes on intracytoplasmic sperm in-
jection outcomes. J Assist Reprod Gen. 2011;28:879-883.

 14470578, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rm

b2.12449 by C
ochraneC

hina, W
iley O

nline L
ibrary on [02/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 6  |     KATO et al.

	29.	 Li G, Jin H, Niu W, et al. Effect of assisted reproductive technology 
on the molecular karyotype of missed abortion tissues. Bioscience 
Rep. 2018;38:749-758.

	30.	 Wang L, Xu J, Niu W, Hu L, Zhang Y, Sun Y. Genetic testing on 
products of conception and its relationship with body mass index. J 
Assist Reprod Gen. 2020;37:1853-1860.

	31.	 Hall H, Hunt P, Hassold T. Meiosis and sex chromosome aneuploidy: 
how meiotic errors cause aneuploidy; how aneuploidy causes mei-
otic errors. Curr Opin Genet Dev. 2006;16:323-329.

	32.	 Hook EB, Warburton D. Turner syndrome revisited: review of new 
data supports the hypothesis that all viable 45, X cases are cryptic 
mosaics with a rescue cell line, implying an origin by mitotic loss. 
Hum Genet. 2014;133:417-424.

	33.	 Viotti M, Victor AR, Barnes FL, et al. Using outcome data from one 
thousand mosaic embryo transfers to formulate an embryo ranking 
system for clinical use. Fertil Steril. 2021;115:1212-1224.

	34.	 Tamura Y, Santo M, Araki Y, et al. Chromosomal copy number anal-
ysis of products of conception by conventional karyotyping and 
next-generation sequencing. Reprod Med Biol. 2021;20:71-75.

How to cite this article: Kato T, Miyai S, Suzuki H, et al. 
Usefulness of combined NGS and QF-PCR analysis for 
product of conception karyotyping. Reprod Med Biol. 
2022;21:e12449. doi:10.1002/rmb2.12449

 14470578, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rm

b2.12449 by C
ochraneC

hina, W
iley O

nline L
ibrary on [02/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


