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Abstract
Objective: To determine the performance of a targeted mi-
croarray-based cell-free DNA (cfDNA) test (Harmony Prena-
tal Test®) for the identification of pregnancies at increased 
risk for 22q11.2 deletion. Methods: Test performance was 
determined in 2 steps including a total of 1,953 plasma sam-
ples. Analytical validation was performed in 1,736 plasma 
samples. Clinical verification of performance was performed 
in an additional 217 prospectively ascertained samples from 
pregnancies with fetal deletion status determined by diag-
nostic testing. Results: Analytical sensitivity was 75.4% (95% 
CI: 67.1–82.2%) based on 122 samples with deletions rang-
ing from 1.96 to 3.25 Mb. In 1,614 presumed unaffected sam-
ples, specificity was determined to be at least 99.5% (95% CI: 
99.0–99.7%). In the clinical cohort, 5 of 7 samples from preg-
nancies affected with 22q11.2 deletion were determined to 
have a high probability of deletion. There were no false pos-
itive results in the 210 unaffected samples in this cohort. 
These clinical data are consistent with the performance 
demonstrated in the analytical validation. Conclusions:  

cfDNA testing using a targeted microarray-based technolo-
gy is able to identify pregnancies at increased risk for 22q11.2 
deletions of 3.0 Mb and smaller while maintaining a low false 
positive rate. © 2017 The Author(s) 

Published by S. Karger AG, Basel

Introduction

The analysis of cell-free DNA (cfDNA) in maternal 
plasma is an effective method for trisomy 21 screening in 
the general obstetrical population [1]. It has also demon-
strated high sensitivity and specificity in the detection of 
rarer fetal autosomal trisomies such as trisomy 18 and 13 
[2, 3]. Trisomy screening using cfDNA analysis is conse-
quently being integrated as a routine option in prenatal 
care [4, 5]. This technology has advanced rapidly and re-
searchers are seeking to capitalize on the power of cfDNA 
analysis to screen for a broader range of conditions in 
pregnancy. Just as diagnostic genetic testing has evolved 
with the diagnosis of genetic conditions that have etiolo-
gies of an increasingly smaller scale (from microscopic to 
submicroscopic to molecular), investigators have ex-
plored expanding cfDNA testing in the same direction. In 
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addition to whole-chromosome aneuploidy, there is in-
terest in screening for conditions caused by submicro-
scopic chromosome changes, such as microdeletions, and 
single-gene disorders. However, with the use of cfDNA as 
a screening test, there needs to be careful consideration in 
the implementation of cfDNA testing: target diseases 
need to be common and of sufficient clinical relevance; 
and a test should have sufficiently low false positive rates 
to maximize the positive predictive value (PPV) of the test 
and keep invasive testing rates low.

Most microdeletions are relatively rare, with preva-
lence usually ranging from 1 in 10,000 to 1 in 50,000 [6]. 
The most common microdeletion syndrome is the 22q11.2 
deletion syndrome, a multisystem disorder caused by a 
submicroscopic deletion on the long arm of chromosome 
22. Common phenotypic findings include growth and de-
velopmental delay, cardiac defects, cleft palate, recogniz-
able facial features, learning disabilities, and immuno-
deficiency [7, 8]. 22q11.2 deletion has a variable clinical 
presentation and has been identified as the common un-
derlying etiology of conditions previously described as Di-
George syndrome and velocardiofacial syndrome (VCFS), 
among others [9]. Estimates of the prevalence for 22q11.2 
deletion range from approximately 1 in 4,000 to 1 in 
10,000 live births [10]; however, recent publications of 
prenatal series have reported a prevalence as high as 1 in 
1,000 [11, 12]. Overall it is the second most common ge-
netic cause of developmental delay and major congenital 
heart disease after Down syndrome [13] and is more com-
mon than trisomy 18 and trisomy 13 combined. Most af-
fected individuals (85%) have a deletion of 3 Mb that en-
compasses approximately 45 functional genes. A smaller 
subset of patients present with “atypical” or “nested” dele-
tions that are usually within the 3 Mb region [8].

To date, commonly used prenatal screening and test-
ing methods generally do not reliably identify pregnan-
cies at increased risk for 22q11.2 deletion syndrome. Of 
note, maternal age is not a risk factor, unlike fetal trisomy. 
Family history is also not a good predictor of risk as more 
than 90% of individuals with 22q11.2 deletion have a de 
novo mutation [10]. Moreover, the deletion is not detect-
ed by serum screening. Although routine ultrasound ex-
amination may identify associated findings such as car-
diac defects, the sensitivity is difficult to estimate and di-
agnosis may be delayed until late in gestation. Invasive 
diagnostic procedures will only detect 22q11.2 deletions 
if fluorescent in situ hybridization (FISH) or whole-ge-
nome microarray technology is used. Prenatal screening 
for 22q11.2 deletions using cfDNA would enable the ear-
ly identification of pregnancies at increased risk for the 

deletion syndrome. Early diagnosis may inform prenatal 
management as well as lead to earlier intervention and 
potentially improved postnatal outcomes.

The Harmony Prenatal Test® screens for fetal aneu-
ploidy by using a directed technology (DANSRTM) to tar-
get specific regions of chromosomes 21, 18, 13, X, and Y 
and quantify them on a custom microarray [14, 15]. A 
fetal fraction responsive algorithm (FORTETM) incorpo-
rates this information, the relative proportion of fetal 
cfDNA, and maternal-specific factors to calculate prob-
ability scores for trisomy 21, trisomy 18, trisomy 13, and 
the sex chromosome aneuploidies [16].

The objective of this study was to evaluate the ability 
of DANSR and FORTE to identify fetal 22q11.2 deletions 
after adding DANSR assays within a 3.0 Mb region of 
chromosome 22q11.2. Analytical sensitivity was investi-
gated in simulated pregnancy samples and maternal plas-
ma from pregnancies with confirmed fetal 22q11.2 dele-
tions. Minimum test specificity was established in a large 
group of samples from presumed unaffected pregnancies. 
The assay was further verified in an additional set of pro-
spectively ascertained samples from pregnancies with fe-
tal deletion status determined by diagnostic testing.

Materials and Methods

Samples for Determination of Analytical Performance
All patients provided consent under clinical study protocols 

AD-001, AD-202, and TD-006. All protocols were reviewed and 
approved by the appropriate institutional review board or ethics 
committee and were conducted per International Council for Har-
monisation and Good Clinical Practice guidelines.

1,736 plasma samples were used to determine the ability of 
DANSR and FORTE to assess for 22q11.2 deletions. 122 samples 
had confirmed deletions; 1,614 samples were maternal plasma 
from pregnancies with no known diagnosis of fetal or maternal 
22q11.2 deletion.

Of the 122 plasma samples with confirmed deletions, 120 were 
simulated pregnancy samples and 2 were prospectively collected 
samples from pregnant women. All deletions were determined 
based on chromosomal microarray analysis using the Agilent CGX 
v1.1 v1.1 8-plex array, Agilent CGH ISCA 60K array, or the Af-
fymetrix CytoScan 750K array. The 22q11.2 deletion sizes ranged 
from 1.96 to 3.25 Mb.

The simulated pregnancy plasma samples were generated by 
combining plasma from an adult with a confirmed 22q11.2 dele-
tion with plasma from a related or unrelated nonpregnant female 
adult with no diagnosis of a 22q11.2 deletion. The plasma samples 
used were from a total of 14 affected individuals, 2 males and 12 
females, and 44 unaffected females, of which 9 are the natural 
mothers of the affected subjects. Plasma from each affected indi-
vidual was mixed with individual plasma aliquots from up to 4 dif-
ferent nonpregnant female plasma sources to achieve simulated 
fetal fractions from 4 to 33%. The fetal fractions ranged across a 
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natural distribution with approximately 30% of the samples less 
than 10%, 40% between 10 and 15%, and 30% greater than 15% 
fetal fraction.

A series of 1,614 prospectively ascertained maternal plasma 
samples with no known diagnosis of fetal or maternal 22q11.2 de-
letions were used to evaluate analytical specificity. These samples 
were submitted to the Ariosa Diagnostics CLIA laboratory for clin-
ical cfDNA testing for fetal trisomy using the Harmony Prenatal 
Test. All were singleton pregnancies, unselected for clinical indica-
tion or in vitro fertilization status, which received a Harmony re-
sult. Samples were de-identified and anonymized before study. 
Subjects consented to the use of their specimens for additional 
studies, including test validation.

Samples for Clinical Verification
Plasma samples from women carrying pregnancies with known 

fetal 22q11.2 deletion status were obtained from the sample bank 
created as part of the RAPID project (RP-PG-0707-10107) with 
national research ethics approval (13/LO/0082). All participants 
gave written consent. Blood samples were collected prospectively 
into either Streck or EDTA tubes, double spun, and plasma stored 
at –80  ° C [17]. Seven samples from pregnancies with 22q11.2 dele-
tions and 210 samples from confirmed unaffected pregnancies 
were included in the analysis. 22q11.2 deletions were diagnosed by 
either FISH (4 samples) or chromosomal microarray (3 samples) 
with none identified as atypical or nested deletions. All unaffected 
pregnancies had normal chromosomal microarray analysis. 

Design and Microarray Quantification of DANSR Assay 
Products
Samples were processed as previously described for the  

Harmony Prenatal Test [14–16]. Approximately 500 additional 
DANSR assays were designed against targets uniformly distributed 
within a 3.0 Mb region of 22q11.2 between low copy repeats (LCR) 
A and D (Fig. 1). Custom DNA microarrays were manufactured 
by Affymetrix Inc. (Santa Clara, CA, USA) to specifically quantify 
all DANSR assay products. Each sample was analyzed on a single 
custom microarray.

Data Analysis
The previously published FORTE algorithm was modified to 

calculate the probability of a deletion within the 22q11.2 region 

similar to that previously described for chromosomes 21, 18, and 
13 where the algorithm generates a probability score that incorpo-
rates fetal fraction [16]; however, unlike with trisomy assessment, 
there is no adjustment based on maternal or gestational age. The 
algorithm was not modified to calculate the probability of a dupli-
cation in this region.

The probability of a 22q11.2 deletion was determined blinded 
to ground truths in 122 samples with confirmed 22q11.2 deletions 
and 1,614 presumed unaffected samples. After optimization of the 
algorithm using the analytical validation dataset, the probability of 
a deletion was assessed blinded in the clinical verification cohort, 
which included a total of 226 plasma samples from pregnancies 
with known 22q11.2 deletion status. Samples with probability 
scores exceeding 1% were classified as “high probability” for a 
22q11.2 deletion, which can be fetal or maternal, or both. Other-
wise, the sample was classified as “no evidence of a deletion ob-
served.” All confidence intervals were determined using the  
Wilson method.

Results

Results are shown in Table 1.

Analytical Validation
Analytical sensitivity was determined in 122 samples 

with confirmed 22q11.2 deletions. 92 of the 122 were de-
termined to have a high probability of a deletion. This 
corresponds to a sensitivity of 75.4% (95% CI: 67.1–
82.2%) in samples with confirmed deletions. The smallest 
deletion size detected was 1.96 Mb, and deletions were 
detected across the entire range of fetal fractions. There 
was no correlation between sensitivity and deletion size.

In the 1,614 samples from presumed unaffected preg-
nancies, the maternal age ranged from 18 to 52 years with 
a median of 33 years; gestational age ranged from 10 to 40 
weeks with a median of 13 weeks. 1,606 were determined 
to have no evidence of a deletion. A greater than 1% prob-

5% of patients
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Fig. 1. 22q11.2 chromosomal region and 
location of DANSR assays.
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ability for a deletion was reported in 8 samples. This cor-
responds to a specificity of at least 99.5% (95% CI: 99.0–
99.7%). The specificity must be considered a lower-bound 
estimate because these were clinical samples without the 
confirmed absence of a maternal or fetal deletion. The 
clinical samples were anonymized and unselected for 
clinical indication; therefore, the group of 8 samples clas-
sified as “false positives” may include true positive sam-
ples from undiagnosed mothers or pregnancies affected 
with a fetal 22q11.2 deletion.

Clinical Verification
In 217 samples from pregnancies with known 22q11.2 

deletion status as determined by FISH or microarray, 5 of 
the 7 samples with deletions were identified as having a 
high probability of a deletion. No evidence of a deletion 
was observed in all 210 unaffected samples. Harmony 
performance in this clinical cohort is consistent with the 
performance observed in the analytical validation set. 

Discussion

Screening for subchromosomal abnormalities by  
cfDNA testing has been challenged by the ability to dis-
tinguish a copy number change in a relatively small por-
tion of the genome. Methodologies using massively paral-
lel sequencing are impacted by read depth and size of the 
fetal copy number variant [18, 19]. Sequencing depth be-
comes a particular issue for test performance when test-
ing for deletions of relatively small size such as the 22q11.2 
deletion. Read depth has also been observed to impact 
specificity with the use of single nucleotide polymor-
phism-based screening for 22q11.2 deletions [20]. The 
targeted approach to cfDNA testing exemplified by  
DANSR technology offers advantages over whole-ge-

nome approaches because additional targets can be added 
and concentrated to interrogate genomic regions of spe-
cific interest such as 22q11.2.

In the present study we have expanded the Harmony 
Prenatal Test by adding DANSR assay targets within a 3.0 
Mb region of 22q11.2 and investigated its ability to iden-
tify deletions within this region. Test performance was 
determined in 2 steps including a total of 1,953 plasma 
samples.

cfDNA testing for 22q11.2 deletion syndrome is cur-
rently commercially available but with only limited pub-
lished prospective validation data [21]. The design of the 
current study is in contrast to reports of clinical labora-
tory experience with retrospective follow-up of samples 
tested [22, 23]. Retrospective studies cannot address test 
sensitivity because they are limited by incomplete follow-
up and ascertainment bias. For example, a preponderance 
of samples with a maternal component was identified as 
a potential source of bias in one such study [23].

Deletion size is an important consideration when eval-
uating test sensitivity. Deletions in the 22q11.2 region are 
the result of nonallelic homologous recombination be-
tween large blocks of LCR. The most common deletion is 
3 Mb and occurs between the 2 largest repeats, LCR22A 
and LCR22D. Approximately 85% of affected individuals 
have this deletion. Smaller subsets of patients have small-
er nested deletions that occur between other LCR within 
the same region (Fig. 1) [24]. The region covered by the 
DANSR assays includes both the common and nested de-
letions. Deletions that do not overlap with this region 
have been reported but are rare. Performance of a cfDNA 
screen for 22q11.2 deletion will be limited by the fetal de-
letion size that it can detect. In other words, a test that 
cannot detect deletions smaller than 3 Mb will by defini-
tion have a detection rate of less than 85% [6]. To reflect 
clinical reality this study included samples with the typi-

Table 1. Sensitivity and specificity of 22q11.2 deletion analysis using targeted microarray cfDNA testing

Analytical validation Clinical verification Combined

Total samples, N 1,736 217 1,953
22q11.2, n/N 92/122 5/7 97/129
No evidence of a deletion, n/N 1,606/1,614a 210/210 1,816/1,824
Sensitivity, % (95% CI) 75.4 (67.1–82.2) 71.4 (35.9–91.8) 75.2 (67.1–81.8)
Specificity, % (95% CI) 99.5 (99.0–99.7) 100 (98.2–100) 99.6 (99.1–99.8)

a Presumed normals – commercial samples without a known diagnosis of 22q11.2 deletion, presumed to be 
unaffected (may cause underestimation of specificity).
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cal 3 Mb deletion as well as samples with smaller nested 
deletions, and test sensitivity must be seen in this context. 
In fact, one could argue that sensitivity reported for com-
parable cfDNA tests should be adjusted if established only 
based on the common 3 Mb 22q11.2 deletion.

One limitation of our dataset is that assessment of sen-
sitivity predominately relies on simulated 22q11.2 dele-
tion samples and specificity on presumed normal samples 
with no known diagnosis of fetal or maternal 22q11.2 de-
letion. Obtaining sufficient maternal plasma samples 
from affected pregnancies to determine sensitivity is a 
significant challenge when validating a cfDNA test for 
22q11.2 deletion. There are only limited numbers of preg-
nancies ascertained prenatally that can be used for clinical 
validation studies. In this study, we have therefore aug-
mented affected pregnancy samples with simulated preg-
nancy samples. The use of contrived samples has been 
reported previously; however, these studies used artifi-
cially sheared genomic DNA (enzymatically or by sonica-
tion) derived from only 1 or 2 individuals with 22q11.2 
deletions [21, 25]. By mixing cfDNA containing plasma 
from affected individuals with plasma of nonpregnant 
women, the simulated pregnancy samples in this study 
represent plasma with naturally occurring cfDNA frag-
ments. Although this may not replicate the exact frag-
mentation patterns observed with fetal cfDNA, we believe 
this approach reflects the true biologic state in pregnancy 
more accurately than previously reported techniques. 

Likewise, obtaining pregnancy samples with the con-
firmed absence of a deletion in order to assess specificity 
is also a challenge for test validation because microarray 
or FISH for the 22q11.2 deletion is not standard of care 
for routine prenatal diagnosis. Specificity is a critical per-
formance metric in the demonstration of test utility. Both 
disease prevalence and specificity contribute to the PPV, 
a clinically relevant statistical measure that indicates how 
likely pregnancies that test positive are to have a fetus af-
fected by a condition. Although the PPV of the test will 
need to be demonstrated in clinical studies, the higher the 
specificity, the higher the PPV of a screening test will be. 
To achieve sufficient power to provide a reliable measure-
ment of test specificity, test validation should include as 
many unaffected pregnancies as possible. To achieve this, 
the analytical validation set included over 1,600 plasma 
samples from presumed unaffected pregnancies. The out-
come is a specificity of 99.5% with a tight confidence in-
terval. It is a conservative estimate of specificity because 
the presumed unaffected samples come from a clinical 
screening population. With a pregnancy population 
prevalence of 1 in 1,000 and the possibility of high-risk 

pregnancies tested, one would expect one or more true 
affected pregnancies in the cohort. Thus, the true speci-
ficity is therefore likely to be higher than 99.5%. 

In summary, we have determined the analytical per-
formance of a targeted microarray-based cfDNA test for 
assessment of fetal 22q11.2 deletions of 3 Mb and smaller 
and have confirmed this performance in a cohort of pro-
spectively collected pregnancy samples with known dele-
tion status. Pregnancies at increased risk for 22q11.2 dele-
tions can be identified while maintaining a high specific-
ity. Demonstration of specificity for any potential cfDNA 
test expansion is critical when implementing screening in 
low-risk populations. Large-scale prospective clinical val-
idation studies remain to be performed as it is possible 
that true clinical performance in routine screening popu-
lations may be higher.
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