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INTRODUCTION
It is estimated that 15–20% of clinically recognized pregnancies 
end in miscarriage, and approximately 1% of couples experi-
ence recurrent (at least two) pregnancy loss.1–3 The single most 
common cause of early (first-trimester) pregnancy loss is the 
presence of a major fetal chromosomal abnormality, which 
is responsible for more than 50% of losses in the first trimes-
ter. Whole-chromosome aneuploidies are the most common 
 etiology.4–11 Fetal chromosomal abnormalities account for 
approximately 8–10% of intrauterine fetal demises occurring 
after 20 weeks of gestation and/or stillbirths occurring in the 
second or third trimester.9,12 The etiologic analysis of pregnancy 
loss can provide important information for medical manage-
ment, reproductive counseling, and supportive patient care.4,13,14

Although fetal karyotyping has been used for many years to 
evaluate samples of products of conception (POCs), there are 
two primary limitations to this method. First, cytogenetic analy-
sis requires live cells, which requires culture. This is challenging 

for POC samples because culture failures preclude obtaining 
a result in approximately 20–40% of cases and lead to a pro-
longed turnaround time when successful.9,15–19 Additionally, the 
quality and viability of POC samples are critical for successful 
cell culture and karyotype analysis.4,8 Second, even when tissue 
is dissected carefully, there is always the risk of an erroneous 
result due to maternal cell contamination (MCC). Specifically, 
selective overgrowth of maternal cells during culture can result 
in a normal female karyotype even in the presence of an under-
lying fetal chromosome abnormality. False-negative results due 
to MCC have been reported to occur in approximately 29–58% 
of POC cases analyzed by techniques requiring the use of cell 
culture.16–19

High-resolution chromosomal microarray analysis (CMA) 
using single-nucleotide polymorphism (SNP)-based arrays has 
replaced karyotyping in most pediatric and prenatal diagnos-
tic applications owing to its ability to simultaneously detect 
aneuploidies, submicroscopic chromosomal imbalances, 
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Purpose: Chromosomal microarray analysis (CMA) is currently 
considered first-tier testing in pediatric care and prenatal diagnosis 
owing to its high diagnostic sensitivity for chromosomal imbalances. 
The aim of this study was to determine the efficacy and diagnostic 
power of CMA in both fresh and formalin-fixed paraffin-embedded 
(FFPE) samples of products of conception (POCs).
Methods: Over a 44-month period, 8,118 consecutive samples were 
received by our laboratory for CMA analysis. This included both 
fresh (76.4%) and FFPE samples (22.4%), most of which were ascer-
tained for recurrent pregnancy loss and/or spontaneous abortion 
(83%). The majority of samples were evaluated by a whole-genome 
single-nucleotide polymorphism (SNP)-based array (81.6%); the 
remaining samples were evaluated by array-comparative genomic 
hybridization (CGH).
Results: A successful result was obtained in 7,396 of 8,118 (91.1%), 
with 92.4% of fresh tissue samples and 86.4% of FFPE samples 

 successfully analyzed. Clinically significant abnormalities were iden-
tified in 53.7% of specimens (3,975 of 7,396), 94% of which were 
 considered causative.
Conclusion: Analysis of POC specimens by karyotyping fails in  
20–40% of cases. SNP-based CMA is a robust platform, with success-
ful results obtained in >90% of cases. SNP-based CMA can identify 
aneuploidy, polyploidy, whole-genome homozygosity, segmental 
genomic imbalances, and maternal cell contamination, thus maxi-
mizing sensitivity and decreasing false-negative results. Understand-
ing the etiology of fetal loss enables clarification of recurrence risk 
and assists in determining appropriate management for future family 
planning.
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triploidy, and regions of allelic homozygosity (which may 
indicate uniparental disomy or parental consanguinity). The 
superior diagnostic power of CMA compared with karyotyp-
ing is well established in the pediatric and prenatal literature; 
however, exploration of the use of this technology for studying 
POC samples has been somewhat limited to date.9,10,12,14,15,18,20–28 
Specifically, CMA is a particularly attractive technology for 
use in the study of POC samples because it is performed using 
extracted cellular DNA, significantly improving the likelihood 
of obtaining a result. Unlike karyotype analysis, CMA can even 
be performed on DNA extracted from formalin-fixed and par-
affin-embedded tissues (FFPE), a process that is undergone by 
nearly every POC sample subjected to histopathological evalu-
ation.27 Although evaluation of aneuploidies by fluorescence 
in situ hybridization (FISH) analysis or quantitative PCR-based 
methods is possible with both fresh and FFPE samples, a sig-
nificant limitation is the limited number of targets or chro-
mosomes that may be interrogated simultaneously.8,29 Notably, 
SNP-based CMA can detect the presence of contaminating 
maternal DNA, drastically reducing the likelihood of a false-
negative result due to MCC.

Although many chromosomal abnormalities that lead to 
a miscarriage are sporadic and have a low risk of recurrence, 
some abnormalities are expected to substantially increase the 
risk of recurrence and may necessitate parental karyotyping 
and/or prenatal diagnosis in future pregnancies. The American 
College of Obstetricians and Gynecologists, the Royal College 
of Obstetricians and Gynecologists, and the American Society 
for Reproductive Medicine all advocate chromosomal evalu-
ation of POC samples as part of the clinical management of 
couples with recurrent pregnancy loss.1,30,31 By identifying the 
50–60% of women whose pregnancy loss is due to a gross chro-
mosomal abnormality, microarray analysis prevents patients 
from undergoing costly and unnecessary evaluations, whereas 
a negative result indicates that investigations targeted toward a 
variety of systemic disorders, including endocrinologic, hema-
tologic, anatomic, or immunologic problems, are warranted.1,32 
Importantly, identification of specific chromosome abnormali-
ties provides valuable information that directs counseling for 
estimation of risk for recurrent pregnancy loss and evaluation 
of increased risk of having live-born offspring with congeni-
tal anomalies and/or neurocognitive disabilities. In addition, 
although significant weight is put on demonstrable improve-
ments in patient outcomes and in cost savings, the psychologi-
cal benefit of identifying the etiology of a fetal loss cannot be 
understated. Bardos et al.33 recently evaluated public attitudes 
in the United States regarding pregnancy loss and found not 
only that there were many misconceptions surrounding the fre-
quency and causes of miscarriages but also that many women 
who had experienced pregnancy loss felt guilt regarding the 
loss and a significant sense of isolation. By offering women and 
their partners unambiguous answers about pregnancy loss, it is 
hoped that the adverse psychosocial impact of pregnancy loss 
can be greatly ameliorated. In this retrospective study of more 
than 8,000 consecutive cases, we evaluated the success rate, 

efficacy, and spectrum of abnormalities identified by CMA in 
POCs.

MATeRIALs AND MeTHODs
samples
Sample types submitted for analysis included fresh tissue, 
FFPE tissue, chorionic villi, cultured cells, amniotic fluid, and 
extracted DNA. DNA extraction from fresh and FFPE POC 
 tissues was performed using Maxwell 16 Tissue and Maxwell 16 
FFPE Tissue LEV DNA Purification kits, respectively (Promega, 
Madison, WI). For FFPE blocks and slides, the area of inter-
est containing fetal tissue was determined via examination of 
hematoxylin and eosin (H&E)-stained sections. Following the 
tissue demarcation, microdissection, and DNA extraction, 
sample restoration (for FFPE tissues) was performed prior to 
SNP array analysis. For BAC array–based comparative genomic 
hybridization (arrayCGH), “sample restoration” was not a step 
in the sample preparation.

Microarray analysis
During the period for which data were analyzed, the microarray 
platforms utilized evolved from BAC clone–based arrayCGH 
to oligonucleotide-based arrayCGH to the current SNP-based 
microarray. The majority of samples were evaluated using the 
SNP microarray (CombiSNP Array). The cytogenomics labo-
ratory at CombiMatrix has offered and continues to offer only 
microarray-based testing for POC samples. With increasing 
resolution achieved by transitioning from BAC arrayCGH to 
SNP microarrays, the threshold of detection of copy-number 
variation also evolved to a much higher resolution.

BAC arrayCGH. Whole-genome arrayCGH was performed 
using the CombiBAC array for pregnancy loss, manufactured in 
house at CombiMatrix. This array utilized 3,520 unique large-
insert clones providing an average probe spatial resolution 
of ~800 kb. Equivalent amounts (1 μg) of patient and male 
reference gDNA (Promega) were differentially labeled with 
Alexa Fluor 5 and Alexa Fluor 3 fluorescent nucleotides using 
random prime labeling protocol (Bioprime Total Genomic 
Labeling System; Invitrogen, Grand Island, NY), purified, 
coprecipitated with Cot-1 DNA, and cohybridized for 18 hours. 
Hybridized arrays were washed and scanned on GenePix 
4000B Microarray Scanner (Molecular Devices, Sunnyvale, 
CA) at 10-μm resolution. DNA copy number in the patient 
sample was evaluated relative to reference diploid male control 
using DNAnalytics software (CombiMatrix, Irvine, CA), and 
evaluation of copy-number changes was performed across 
covered regions of the genome. Copy-number losses or gains 
were called at an effective resolution of 2.4 Mb or more (three 
or more contiguous BAC clones).

Oligonucleotide arrayCGH. Whole-genome arrayCGH was 
performed using the DNAarray for pregnancy loss analysis (a 
customized oligonucleotide array manufactured by Agilent 
Technologies, Santa Clara, CA). This array included 180,334 
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oligonucleotide probes covering coding and noncoding human 
genome sequences at an average spatial resolution of ~16 kb. 
Equivalent amounts (1 μg) of patient and reference male gDNA 
(Promega) were differentially labeled, purified, precipitated, 
and hybridized as described for BAC arrayCGH. Postwash 
arrays were scanned on the Agilent Microarray Scanner at 
5-μm resolution. Copy-number change was evaluated in 
relation to a reference diploid sex-matched DNA sample using 
Nexus software (BioDiscovery, Hawthorne, CA), and targeted 
evaluation of copy-number changes involving more than six 
probes was performed in all regions of the genome. Copy 
alterations were called at an effective resolution of 112 kb or 
more (seven or more contiguous probes).

Whole-genome SNP array. Whole-genome CombiSNP array 
was performed using the SNP-based CytoSNP-850K array 
manufactured by Illumina (San Diego, CA) and using 851,622 
SNP probes that provided a median resolution of 1 kb within 
gene-rich regions and 5 kb outside of gene-rich regions. Array 
processing was performed according to the manufacturer’s 
recommendations. DNA was evaluated for copy-number 
changes using Genome Studio (Illumina) and Nexus software 
(BioDiscovery) involving 16 or more probes for copy-number 
variants (CNVs) and ≥5 Mb for regions of homozygosity 
(ROHs). Genomic imbalances are reported using UCSC Human 
Genome Build 19 (NCBI build 37, February 2009). Mosaicism 
for partial or whole-chromosome aneuploidy is reported when 
present at or above the detection threshold of 15%. Maternal 
cell contamination was estimated from the B-allele frequency 
plot and, if present, at a level that interfered with interpretation 
of fetal results, the limitations of interpretation were indicated 
on the report. Correlation with microscopic evaluation of fresh 
tissues or H&E-stained FFPE slides was undertaken for all 
cases.

Reporting criteria for deletions and duplications by the 
three platforms were determined by multiple factors, includ-
ing array resolution (~20 kb for SNP arrays to 2.4 Mb for BAC 
arrayCGH), size of the CNV, gene content (specifically, dosage-
sensitive genes with explicit disease association), and/or over-
lap with a cytogenetically relevant deletion/duplication critical 
region. Most clinically significant CNV calls are >2 Mb.

FIsH
Interphase FISH to evaluate triploidy/polyploidy was per-
formed for all non-FFPE samples evaluated by BAC-based and 
oligonucleotide-based arrayCGH. FISH analysis utilized com-
mercially available probes from Abbott Molecular specific to the 
satellite DNA of chromosomes 3, X and Y (Abbott Laboratories, 
Abbott Park, IL). A single-cell suspension was prepared from 
the fresh POC tissue and subsequently immobilized on slides. 
Probe hybridization, posthybridization washes, and signal 
enumeration were performed according to the manufacturer’s 
protocol and guidelines. A slide prepared from a normal male 
peripheral blood sample was used as a control.

ResULTs
specimen types and characteristics
Over a 44-month period, 8,298 samples were received for 
microarray analysis. Of these, 180 specimens were precluded 
from analysis as a result of client-initiated test cancellation, 
leaving a total of 8,118 samples that have undergone test-
ing, analysis, review, and reporting processes. These included 
6,196 (76.3%) fresh POC samples and 1,823 FFPE specimens 
(22.5%), and the remaining 99 samples (1.2%) were a variety 
of sample types, including amniotic fluid, cultured cells, DNA, 
and cord blood. Most of the samples (81.6%) were evaluated 
by the whole-genome SNP-based microarray.

Clinical ascertainment
The most common referral reason was recurrent pregnancy 
loss (including spontaneous abortion), comprising 6,738 (83%) 
cases. Intrauterine fetal demise, stillbirth, and neonatal death 
were the second most common referral reasons, comprising 
781 (9.6%) samples received. A subset of cases (262; 3.2%) 
was ascertained for a variety of fetal structural abnormalities. 
Known, suspected, or a family history of chromosomal abnor-
mality and a variety of additional nonspecific reasons were 
indicated in the remaining 337 cases (4.2%).

Maternal age and fetal gestational age
Maternal age was recorded for 8,290 cases and included 2,043 
patients younger than 30 years (24.7%), 3,130 patients between 
30 and 35 years (37.8%), 2,255 patients between 36 and 40 years 
(27%), and 862 patients older than 40 years (10.5%) (Figure 1). 
Approximate fetal gestational age (GA) was provided only for a 
subset of patients (1,818; 22.4%); GA was <12 weeks for 1,055 
cases (58%), between 12 and 15 weeks for 265 cases (14.6%), 
16 and 20 weeks for 223 cases (12.3%), and greater than 20 
weeks for 275 cases (15.1%). Although these data may not be 

Table 1 Overall results for fresh tissue and FFPE samples  
(N = 7,396)

Results
Fresh tissue/ 

non-FFPe (N = 5,821)
FFPe  

(N = 1,575)

Normal/variants of uncertain 
significance 2,611 (44.9%) 810 (51.3%)

Abnormal 3,210 (55.1%) 765 (48.7%)Figure 1 Maternal age distribution (N = 8,290).
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extrapolated to the entire series, it is likely that the majority of 
samples were from pregnancies <20 weeks of gestation.

successful CMA results for fresh versus FFPe samples
Overall, 7,396 samples (91.1%) were successfully processed and 
results were reported. Analytical success as a distribution of 
sample type was as follows: 92.4% for fresh tissue samples (5,725 
of 6,196), 86.4% for FFPE samples (1,575 of 1,823), and 97% for 
other sample types (96 of 99). The most common reason for fail-
ure to report results was insufficient (or any) fetal tissue.

Overall results
Abnormal results were obtained in 53.7% of samples (3,975 of 
7,396), normal results were obtained in 44.3% (3,272 of 7,396), 
and variants of uncertain significance (VOUS) were obtained 
in the remaining 2.0% (149 of 7,396) (Tables 1 and 2). Cases 
reported as normal were identified as male in 49.6% (1,624 
of 3,272) and as female in 50.4% (1,648 of 3,261). For FFPE 
samples, the male-to-female ratio for cases reported as normal 
was 0.9; this equivalent distribution of fetuses of both genders 
excludes the possibility of any overdiagnosis of females (false 
negative) due to maternal cells/tissue contributing to the anal-
ysis. In approximately 94% of cases with abnormalities, the 
genomic or chromosomal imbalance would be predicted to be 
causative of the pregnancy loss or fetal demise (Table 2).

Abnormality rates in fresh versus FFPe samples
Abnormal results were observed in 48.6% of all FFPE samples 
analyzed (765 of 1,575). Abnormal results were identified in 
55.1% of non-FFPE samples (3,210 of 5,821), the majority of 
which were fresh POCs (Table 1).

spectrum of abnormalities
Approximately 18.4% of samples evaluated by BAC-based or 
oligonucleotide arrayCGH were interrogated only for segmental 
and whole-chromosome aneuploidies and ploidy abnormalities 

(by FISH). The remaining 81.6% of samples evaluated by the 
SNP-based array provided additional information, including 
whole-genome uniparental isodisomy (molar pregnancy) and 
copy-neutral regions of allelic homozygosity. Maternal cell con-
tamination above a certain level (5–10%) was detectable by the 
SNP array analysis.

Trisomy and multiple aneuploidies
Trisomy for a single chromosome or for two or more chromo-
somes (multiple trisomy) was the most common abnormality; 
it was identified in approximately 67% of cases (2,645 of 3,975). 
Single-chromosome trisomy represented 95% of these cases 
(2,516 of 2,645), and multiple trisomy comprised the remain-
ing 5% (129 of 2,645) (Table 2) and Supplementary Figure S1 
online). In 11 cases, a trisomy was identified in addition to 
uniparental isodisomy for a different chromosome (9 cases) or 
multiple regions of allelic homozygosity (2 cases). The unipa-
rental isodisomy (isoUPD) and multiple ROHs were not likely 
to have contributed to the pregnancy loss. This increases the 
number of cases with trisomies to 2,656. With respect to single-
chromosome aneuploidies, trisomy 16 was the most common 
and was observed in 623 cases (23.5% of all aneuploidies and 
15.7% of all abnormalities), and trisomy 22 was the second 
most common (379 cases, 14.3% of all aneuploidies and 9.6% 
of all abnormalities). Trisomy 15 and trisomy 21 were equally 
common, at 11% and 11.3% of all aneuploidies, respectively 
(290 and 298 cases, respectively). Trisomy 13, trisomy 18, and 
trisomy 14 comprised 6.6, 4.3, and 3.3% of all aneuploidies, 
respectively (Table 3). The combined frequency of trisomy for 
all other chromosomes (except chromosome 1) was 20.7% of all 
trisomy cases (551 cases).

Monosomy for X chromosome and autosomes
Monosomy for chromosome X was observed in 11.2% of abnor-
mal cases (446 of 3,975). An additional 33 cases harbored a sec-
ond aneuploidy in addition to monosomy X. Monosomy for 

Table 2 Abnormal array results: types and frequencies of common abnormalities

Abnormality

Number of 
abnormal cases 

(3,975)a

Frequency of 
abnormality (among 

abnormal cases)

Overall 
frequency 

(7,396 cases)
Single trisomyb 2,516 63.3% 34%
Multiple trisomyb 129 3.2% 1.7%
Monosomy Xb 446 11.2% 6%
Monosomy X + trisomyb 33 0.8% 0.4%
Monosomy (autosome)b 26 0.6% 0.35%
Triploidyb 468 11.8% 6.3%
Hypertriploidy or hypotriploidyb 86 2.2% 1.2%
Whole-genome uniparental isodisomy (complete mole)b 37 1% 0.5%
Tetraploidyb 2 0.04% 0.02%
Deletions/duplicationsc 127 3.2% 1.7%
Terminal deletion + duplication (suggestive of unbalanced translocation)c 54 1.3% 0.7%
Sex chromosome abnormality 27 0.7% 0.36%
Uniparental isodisomy (whole-chromosome or segmental; nine cases with a trisomy) 18 0.45% 0.24%
Multiple regions of homozygosity (two cases with a trisomy) 6 0.15% 0.08%
Variants of uncertain significance 149 2%
aExcludes 149 cases with variants of uncertain significance. bCausative of pregnancy loss. cUncertain whether causative of pregnancy loss (105 of these 181 cases with 
involved segment >10 Mb were potentially causative).
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autosomes was infrequent, with 26 cases identified (24 cases with 
monosomy 21 and one case each with monosomy 22 and mono-
somy 4).

Polyploidy and molar pregnancy
Triploidy was identified in 468 cases (11.8% of all abnormal-
ities). In an additional 86 cases, aneuploidy for one or more 
chromosomes was observed in addition to the triploid status 
(hypotriploidy or hypertriploidy), indicating an overall fre-
quency ~14% (554 of 3,975 cases) (Table 2; Supplementary 
Figure S2 online). An XXX chromosome complement was 
seen in 40% of the triploid cases, XXY was seen in 58%, and 
XYY was seen in the remaining 2% cases. Only two cases 
with tetraploidy were identified by FISH analysis that was 
utilized for all cases evaluated by BAC or oligo arrayCGH 
(92,XXXX in both cases). However, the number of cases 
with tetraploidy may have been slightly underestimated 
because tetraploidy was not evaluated in FFPE samples and 
samples evaluated by SNP array. Whole-genome isoUPD 
consistent with a complete molar pregnancy was observed in 
37 cases (~1% of all abnormalities) (Supplementary Figure 
S3 online). In two of these cases, the SNP B-allele profile was 
suggestive of possible dispermy. No individual confirmation 
was possible.

segmental aneuploidies (deletions, duplications, and 
complex abnormalities)
Segmental imbalances were observed in 181 cases (4.5% of 
all abnormalities). These included 60 cases with deletions and 
21 with duplications; in 20 cases with deletions and 14 cases 
with duplications, the size of the segment was >10 Mb, imply-
ing that successful high-resolution chromosome analysis may 
have detected the abnormality in some of these cases. In 54 
of 181 cases, both a terminal deletion and a terminal duplica-
tion were observed, suggestive of an unbalanced translocation. 
These included 49 cases in which one or both involved seg-
ments were larger than 10 Mb. In 46 of the 181 cases, the nature 
of the segmental imbalances was considered complex (two or 
more deletions/duplications involving the same or two or more 

chromosomes). In 40 of these cases, at least one of the involved 
segments was >10 Mb (Supplementary Figure S4 online) 
(Supplementary Table S2 online).

Copy-neutral regions of homozygosity and uniparental 
disomy (N = 24)
Whole-chromosome isoUPD was observed in nine cases 
(involving chromosomes 2, 4, 13, 16, 17, 18, and 21), and seg-
mental isoUPD was seen in three cases (chromosomes 6q, 7q, 
and 11q). In all nine cases with whole-chromosome isoUPD, 
trisomy for another chromosome was an associated finding and 
the most likely cause of the pregnancy loss. In six cases, two or 
more regions of homozygosity involving a single chromosome 
were observed, suggestive of mixed heterodisomy and isodi-
somy for the chromosome involved (involving chromosomes 
1, 6, 7, 16, 19). Regions of allelic homozygosity involving mul-
tiple chromosomes were observed in six cases, suggestive of 
close parental relatedness; in two of these cases, trisomy for a 
single chromosome was also identified and likely the causative 
event (Table 2). Chromosomal UPD and multiple ROHs (sug-
gestive of identity by decent (IBD)) were considered inciden-
tal findings and not causative of a pregnancy loss. Although 
ROHs, isoUPD, and mixed iso/heteroUPD restricted to one 
chromosome are not considered causes of pregnancy loss, 
evaluation of these results may provide additional information 
for late gestational pregnancy losses with multiple congenital 
anomalies.

Mosaic abnormalities
Mosaicism for an abnormality was observed in 193 cases (4.9% 
of abnormal cases). This included mosaicism for an autosomal 
aneuploidy in 116 cases, mosaic sex chromosome aneuploidy 
in 35 cases, mosaicism for a chromosome copy number in cases 
of hypotriploidy or hypertriploidy in 13 cases, and mosaic seg-
mental aneuploidies in 29 cases.

VOUs 
VOUS were identified in 149 cases (2% of all cases analyzed). 
In 130 cases, the CNV(s) were 2 Mb or less and >2 Mb in the 
remaining 19 cases. Specifically, copy-number losses were 
observed in 67 cases and copy-number gains were observed in 
79 cases. In 3 cases, both a loss and a gain were observed. In 
10 cases, the CNV included or overlapped with a cytogeneti-
cally relevant region but with variable phenotypic effect and 
variable penetrance and or expressivity (Supplementary Table 
S3 online). These CNVs were not considered contributory to 
the miscarriage but were reported because of possible postnatal 
consequence and counseling for future pregnancies.

Maternal age and abnormal CMA
Maternal age at sample collection was recorded for 3,975 cases 
with abnormal CMA results. Maternal age was younger than 30 
years for 18.5% cases of abnormal findings and older than 30 
years for 81.5% of cases with abnormalities.

Table 3 Frequency of common single and multiple trisomy

Trisomy (N = 2,645)a

Number of 
samples Percentage

Chr 16 623 24%

Chr 22 379 14%

Chr 21 298 11%

Chr 15 290 11%

Chr 13 177 7%

Chr 18 114 4%

Chr 14 89 3%

Other (single chromosome) 546 21%

Multiple trisomy 129 5%
aEleven cases with isoUPD for a chromosome or multiple regions of homozygosity.
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MCC
Maternal cell contamination was estimated for cases evalu-
ated by SNP array using a semiquantitative method (based 
on genome-wide changes to the SNP B-allele profile) with an 
internally developed standard. This standard was developed 
by measuring changes to the SNP B-allele profile following 
increasing amounts of maternal DNA spiked in a fetal sample. 
Varying levels of MCC were recorded for 2,042 SNP array 
cases (1,603 fresh and 439 FFPE samples) (Supplementary 
Table S1 online). The frequency of MCC was higher in FFPE 
samples compared to fresh samples, particularly levels of 
MCC of 10% or more (Supplementary Table S1 online). 
Insignificant levels of MCC were recorded for 93% of 1,603 
fresh and 60% of 439 FFPE samples. These results suggest that 
low levels of MCC are registered at high sensitivity and that 
the detection of segmental or whole-chromosome imbalances 
is not adversely impacted by levels of MCC less than 50%.

DIsCUssION
Clinical pregnancy loss is influenced by many factors. Two fre-
quently cited associations include increasing maternal age and 
previous losses.34,35 The most common etiology is fetal chromo-
somal abnormalities, particularly prior to 20 weeks of gestation. 
Although chromosomal factors in the patient or her partner 
(largely balanced chromosomal rearrangements) only account 
for approximately 2–5% of all couples experiencing recurrent 
pregnancy loss, approximately 50–60% of all first-trimester mis-
carriages are caused by a fetal chromosome abnormality. For an 
etiological explanation of such magnitude, we would assume that 
fetal chromosome analysis would be offered routinely for all preg-
nancy losses; however, historically, evaluating fetal chromosomes 
has been technically challenging. Traditional cytogenetic tech-
niques, such as karyotyping, rely on obtaining healthy cells for 
culturing; however, obtaining such a sample from an early mis-
carriage or following an intrauterine fetal demise is challenging, 
and often fails to produce results. In addition, for archived FFPE 
samples, it is not possible to retrospectively perform karyotyp-
ing. Evaluation by FISH analysis is an attractive option for both 
fresh and FFPE samples; however, interrogating more than a few 
and common chromosome-specific loci is not technically viable. 
Additionally, the sensitivity for low-level mosaic abnormalities is 
challenging by karyotype and FISH methods. Professional society 
guidelines delineate the clear benefits of chromosomal analysis of 
fetal losses,1,30,31 including specific recommendations regarding 
parental studies, whether or not additional etiologies need to be 
explored, whether prenatal and/or preimplantation genetic test-
ing should be offered, and what the couple’s recurrence risks are.

Reports of POC samples evaluated solely by CMA have been 
few and have mostly included a limited number of samples.25–28 
The lack of data on CMA analysis of archived FFPE samples is 
even more apparent. Enhancements in SNP-based array tech-
nology provide significant advantages over traditional array-
CGH combined with our in-house sample handling expertise 
and have resulted in high success rates in the analysis of chal-
lenging POC samples.

Over a 44-month period, 8,118 POC samples were analyzed 
by CMA and results were successfully provided for 91.1% of the 
samples, which significantly outperforms traditional cell cul-
ture–based cytogenetic methodologies. Archived FFPE tissue 
samples can now be analyzed for whole-genome and segmental 
aneuploidy with increasing success (>85%). Additionally, imple-
mentation of SNP microarrays allowed identification of molar 
pregnancy, triploidy and uniparental isodisomy, and specimens 
with maternal cell contamination, thus enabling reporting of 
accurate fetal-specific results. As a provider of only microarray-
based testing for miscarriage analysis, a comparative study with 
chromosome and/or FISH analysis was not possible.

The median age of our cohort of patients was 34 years, and 
the median patient age for those with abnormal results was 
35  years. The median gestational age, when recorded, was 
10 weeks and 4 days.

An abnormality frequency of 53.7% (with ~94% of abnormali-
ties likely causative) is marginally above the conventionally stated 
50% frequency.30,33 Whole-chromosome autosomal aneuploidies, 
as expected, were the most common abnormality and accounted 
for 67% cases, the majority of which (95%) were monochromo-
somal. Interestingly, monosomy X was observed at a frequency 
higher than previously reported (~11%).25,35 The frequency of 
ploidy changes, particularly hypertriploidy and hypotriploidy 
observed in this study (~14% overall), perhaps reflects the true 
frequency of this phenomenon as a causative abnormality in 
miscarriage. A particularly notable finding was the frequency 
of whole-genome uniparental isodisomy and pathogenomonic 
and genetic confirmation of complete molar pregnancy, com-
prising 1% of all abnormal samples; this frequency is probably 
higher because neither arrayCGH nor conventional cytogenetic 
analysis is capable of detecting whole-genome isoUPD. Overall, 
a conservative estimate is that approximately 5.6% of all cases 
with reportable findings (231 cases with abnormal and 149 with 
VOUS results out of 3,975 cases) would not be identifiable by 
a successful karyotype or FISH analysis. However, taking into 
account that 21.3% of successfully analyzed samples in this series 
were FFPE, and that cases with 25% or more MCC would not 
have been amenable to karyotyping or FISH, it is reasonable to 
suggest that the outcomes from microarray analysis are signifi-
cantly superior to those of conventional cytogenetics.

The detection of segmental aneuploidies, in the form of a ter-
minal deletion and a terminal duplication in 1.3% of abnormal 
cases is suggestive of an unbalanced translocation in the fetus, 
with the potential of being inherited from a balanced carrier 
parent. Although it is unclear whether a causative role may be 
attributed to many of these putative unbalanced translocations, 
an important role of such imbalances in recurrent pregnancy loss 
and a role for targeted prenatal diagnosis in future pregnancies, as 
well as a resource for future studies, are undeniable. Notably, 32% 
of cases with segmental aneuploidies (58/181) involved segments 
<10 Mb and would probably have been missed by conventional 
karyotype analysis (Supplementary Table S2 online). However, 
a very successful karyotype and/or extensive FISH analysis 
would probably have enabled identification of all aneuploidies, 
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polyploidies, monosomies, and unbalanced rearrangements 
(involving segments >10 Mb) and would comprise more than 
95% of the cases with abnormalities reported in this series.

Although the challenge of not being able to detect balanced 
rearrangements and low-level mosaicism (<10–15%) exist, the 
likelihood of a balanced rearrangement resulting in an adverse 
pregnancy outcome is expected to be rare.

The present study demonstrates the benefits of POC anal-
ysis by SNP-based microarray in terms of overcoming the 
challenges of culture failure and false-negative results due to 
MCC, the ability to identify whole-chromosome aneuploidy, 
triploidy, segmental imbalances below the standard resolu-
tion of karyotyping, and the ability to detect whole-genome 
isoUPD. The benefit of highly successful analysis of archived 
FFPE POC samples offers a new option for women who have 
experienced a pregnancy loss but did not have a fresh tissue 
sample analyzed at the time of the loss. This is particularly 
beneficial for cases of recurrent pregnancy loss, enabling anal-
ysis of archived FFPE samples for previous losses. Establishing 
a causative diagnosis reduces or eliminates prolonged medical 
evaluation and testing, thus reducing both short- and long-
term health-care costs.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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