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Abstract

Background: The performance of cell-free DNA (cfDNA) screening for microscopic
copy number variants (CNVs) is unclear.

Objectives: This was a systematic review and meta-analysis to investigate the sensitivity,
specificity and positive predictive value (PPV) of cfDNA screening for CN'Vs.

Search Strategy: Articles published in EMBASE, PubMed or Web of Science before
November 2022 were screened for inclusion. This protocol was registered with
PROSPERO (23 March 2021, CRD42021250849) prior to initiation.

Selection Criteria: Articles published in English, detailing diagnostic outcomes for
at least 10 high-risk CN'V results with cfDNA were considered for inclusion.

Data Collection and Analysis: The PPV was calculated and pooled with random-
effects models for double-arcsine transformed proportions, using cases with
diagnostic confirmation. Overall sensitivity, specificity and a summary receiver-
operating characteristics (ROC) curve were calculated using bivariate models. The
risk of bias was assessed using QUADAS-2.

Main Results: In all, 63 articles were included in the final analysis, detailing 1 591459
cfDNA results. The pooled PPV was 37.5% (95% confidence interval [CI] 30.6-
44.8), with substantial statistical heterogeneity (I* =93.9%). Bivariate meta-analysis
estimated sensitivity and specificity to be 77.4% (95% CI 65.7-86.0) and 99.4% (95%
CI 98.0-99.8), respectively, with an area under the summary ROC curve of 0.947
(95% CI 0.776-0.984).

Conclusions: Approximately one-third of women who screen high-risk for CNVs
with cfDNA will have an affected fetus. This value is of importance for screening
counselling.
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1 | INTRODUCTION

(also termed non-invasive prenatal testing [NIPT]) has
demonstrated an impressively high sensitivity in detecting
common fetal genetic anomalies such as trisomy 21, along-
side a lower false-positive rate.*? Importantly, however,
cfDNA screening may still return incorrect results, and thus

Cell-free DNA (cfDNA) screening is currently the most
accurate form of prenatal screening for fetal aneuploidy.
Compared with other screening methods, cfDNA screening
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is not suitable as a diagnostic test.>* More recently, cDNA
screening panels have been expanded beyond common
aneuploidies to include segmental copy number variants
(CNVs), which encompass sub-microscopic deletions and
duplications.

The phenotypical consequences of CNVs vary signifi-
cantly, depending on size of the variant and the gene region
involved, but range from completely benign to incompatible
with life.>® Several clinical syndromes have been identified
as being attributable to specific chromosomal microdele-
tions, including 22q.11.2 syndrome (previously termed
DiGeorge syndrome), 15q.11 microdeletion (Angelman)
syndrome, and 5p- (Cri Du Chat) syndrome.””’

Individual CNVs, such as 22q.11.2 syndrome, are gener-
ally rare.” When considered as a collective, their frequency
increases up to 6% in fetuses with anatomical anomalies
identified on ultrasound.'® They also occur unpredictably,
with 90-95% of 22q.11.2 syndrome diagnoses attributable to
de novo aberrations, which are more likely to be pathologi-
cal.”!! This, in combination with the absence of traditional
identifiable risk factors for fetal genetic anomalies, such
as advanced maternal age, which has no correlation with
CNVs, makes a reliable prenatal screening method for CN'Vs
desirable.!>"?

To date, the performance of cfDNA screening for CNVs
has been less than ideal. Several studies have documented
a significantly lower positive predictive value (PPV) for
CNVs compared with common aneuploidies.'*™® Similarly,
the sensitivity of cfDNA screening for CN'Vs appears sub-
optimal.® There is, however, little consensus regarding these
estimates, with values for both PPV and sensitivity varying
dramatically across studies.'” This systematic review and
meta-analysis aims to investigate the diagnostic accuracy of
cell-free DNA screening for CN'Vs.

2 | METHODS

We conducted a systematic review of the literature and meta-
analysis of diagnostic accuracy to assess cfDNA screening
for fetal microscopic CNVs in the general obstetric popu-
lation, using results from prenatal or postnatal cytoge-
netic diagnostic tests as validation. The protocol for this
review was registered with the International Prospective
Register of Systematic Reviews (PROSPERO) (23 March
2021, CRD42021250849), prior to its initiation, and results
are reported in accordance with the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA)
statement.”

2.1 | Eligibility criteria

Studies eligible for inclusion were original research articles or
abstracts reporting the performance of cfDNA screening for
fetal CN'Vs in a pregnant population. Studies that reported
fetal diagnostic confirmation for <10 high-risk results were

excluded.”** Animal studies, systematic reviews, meta-
analyses, case-reports and articles not published in English
(except where English translation was available) were
excluded.

2.2 | Information sources, search
strategy and selection process

PubMed, EMBASE and Web of Science were searched from
inception to November 2022. The full search strategy, which
was designed to investigate ctDNA screening for conditions
other than the common trisomies as part of a broader re-
search project, is provided in Appendix SI. Study selection
was conducted using Covidence systematic review software
(Veritas Health Innovation). Each title and abstract were
independently reviewed for inclusion by two investigators
(MA, SB or YR), with a third investigator consulted in case of
disagreement (DR, FC or IF). Full texts of potentially eligible
articles were then reviewed in a similar process. References
of included articles were also manually screened to identify
articles potentially missed in the search.

2.3 | Data collection process and data items
Following full-text review, data were manually extracted by
one investigator per article (MA, SB or YR). In instances in
which desired data were missing, investigators attempted to
contact corresponding authors via email on two subsequent
occasions, after which articles were excluded if no response
was obtained. Information extracted included author
names, year of publication, publication title, country, study
design, anomalies screened for, populations screened,
proportion of high-risk ¢fDNA screening results with
and without diagnostic follow-up, and reported screening
accuracy.

Studies that reported pregnancy outcomes only for high-
risk cfDNA results were considered case series; those that
reported the performance of cfDNA screening using case
and control groups of fetuses with previously determined
karyotypes were classified as case—control studies, and stud-
ies that prospectively assessed pregnancy outcome for both
high- and low-risk cfDNA screening results were classified
as cohort studies.

The populations screened in each article were categorised
as predominately low-risk (<50% of individuals with high
baseline risk of fetal CNV) or high-risk (=50% of individ-
uals with high baseline risk of fetal CN'V). This delineation
was made, as the majority of studies only provided grouped
statistics for the population screened, thus we were unable
to assess participant background risk as a continuous vari-
able. Recognised risk factors for CNVs included high-risk
serum or combined screening results, fetal anomalies on
ultrasound examination, and prior history of chromosomal
anomazl3ies. Advanced maternal age was not considered a risk
factor.
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2.4 | Risk of bias assessment

Risk of bias assessment for each included study was conducted
independently by two investigators (MA, SB or YR), with
discordant results resolved by consensus, using the Quality
Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2)
tool.* For the ‘patient selection’ domains, the aforementioned
categorisation of high- versus low-baseline aneuploidy risk was
used to determine bias and applicability risks. Additionally,
any studies in which participant selection was contrived (not
random or sequential) were deemed high-risk of bias.

In the ‘index test’ domain, risk of bias was classified
as high when fetal karyotype was known prior to cfDNA
screening. Studies in which the cfDNA screening method-
ology or platform was not specified were labelled unclear for
both bias and applicability.

For the f‘reference standard’ domains, studies were
deemed high-risk for bias and applicability if >10% of diag-
nostic confirmations were ascertained by chorionic villus
sampling (CVS), as these could include confined placen-
tal mosaicism and our analysis pertains to fetal outcomes.
Additionally, studies in which >10% of diagnostic investi-
gations were conducted by karyotyping (as opposed to mi-
croarray or high-depth sequencing), which may not detect
sub-microscopic anomalies or in which the cytogenetic
methods were unspecified, were considered high- and un-
clear risk of bias, respectively.

For the ‘flow and timing’ domain, the threshold for low risk
of bias was arbitrarily set at >80% diagnostic follow-up rate.

2.5 | Effect measures, synthesis methods and
statistical analysis

Positive predictive values were calculated using results from
case series and cohort studies and excluding case-control
studies. PPV were calculated as the number of true-positive
cfDNA results validated by a diagnostic investigation,
over the total number of results with diagnostic follow-up.
Screening results with no genetic confirmation were ex-
cluded from the analysis. The PPV was calculated for CN'Vs
overall, and individually for the most common CNV syn-
dromes including 22q.11.2, 15q.11 microdeletion and 5p-.

To achieve stabilisation of the variances and because
some studies had PPV of 0% or 100%, estimates were trans-
formed using the Freeman-Tukey double-arcsine transfor-
mation. The transformed proportions were then pooled with
random-effects models using inverse-variance weights and
the DerSimonian and Laird method to estimate the between-
study heterogeneity.

We assessed heterogeneity by calculating the I* statistic.
To explore heterogeneity, univariable mixed-effects meta-
regression models were fit to the data using predictors in-
cluding year of publication, diagnostic test follow-up rates
and baseline population risk category. Random-effects
meta-analyses of subgroups according to baseline popula-
tion risk (=50% or <50% high-risk) and diagnostic follow-up
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rate (280% or <80%) were also conducted to investigate sub-
group effects. With the aim of investigating the impact of
bias on PPV estimates, sensitivity analysis was performed
including only studies considered to be at low risk in all four
‘bias’ domains of the QUADAS-2 tool.

Sensitivity and specificity were calculated using results
from case-control studies and cohort studies with diagnos-
tic confirmation ascertained for both high- and low-risk
screening results. A bivariate random-effects model was then
used to estimate pooled sensitivity and specificity and create
a summary receiver-operating characteristics (SROC) curve.
The 95% confidence interval (95% CI) for the area under the
sROC curve was estimated using 5000 bootstrap samples.

Publication bias and small-study effects were investigated
through inspection of a funnel plot and with Egger's test.
Analyses were conducted with the packages ‘metafor’ and
‘mada’ in R, and p-values <0.05 were considered statistically
significant.”®

3 | RESULTS

3.1 | Study characteristics

In total, 7845 search results were identified, of which 1862
were duplicates. After screening the remaining 5983 results,
63 articles satisfied the inclusion criteria.'>'*"'®'%2¢"% The
study selection process is shown in Figure 1. Authors were
contacted for seven articles with incomplete data; data were
obtained for one®® and six were excluded.®*"*

Included studies were published between 2015 and 2022.
Across all included studies, 1 591459 women underwent
cfDNA screening for CN'Vs, with 5481 receiving a high-risk
result (screen-positive rate of 0.34%). This screen-positive
rate may be over or underestimated, however, as some
studies (n = 9) did not report the total number of women
screened (thus reducing the denominator), or the number of
women who received a high-risk result without diagnostics
(n = 8) (thereby reducing the numerator). Diagnostic results
were available for 3737 pregnancies that screened high-risk
for a CNV (68.2%), including 934 at high-risk for one of the
deletion syndromes (22q.11.2 syndrome, n = 632; 15q mi-
crodeletion, n = 179; 5p- syndrome, n = 123).

Of the 63 included studies, PPV results were calculated
. 12,14-16,18,26-28,30,33-38,40~46,48,49,52-59,
from 59 (48 case-series,

61-66,68-71,74,78-82 . 29,47,50,60,67,72,73,75-77,83
and 11 cohort studies ).

Sensitivity and specificity were reported from nine (four
case-controls,”*>*! five cohort studies with complete
diagnostic confirmation®”**>”7) Twenty-five of the 63
included studies (39.7%) involved predominately high-risk
15,26,28,29,31,35,37,39,41,42,45,51,54,56,57,59,60,62,65,67,71,73-75,78
cohorts.
Six inclusions (9.5%) were validation studies assessing novel
cfDNA technologies or algorithms,'>?34749
Seventeen studies (27.0%) reported cfDNA screen-
ing outcomes for 22q.11.2 syndrome (16 reporting
PPV1214:26.27.30.38.4047,56.606568.69737683 31 three reporting

sensitivity and specificity’”**”®), including seven which
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[ Identification of studies via databases ]
5 Records identified through Duplicate records removed
3 database searching EEEE— automatically
I'g (n =7858) (n=1862)
T
o
E l
Records screened ) Records excluded at title/abstract
(n =5996) (n =5592)
Full-text articles assessed for Excluded d;’r']'irlg 1f$1‘|1|)-text screen
eligibilit — -
(n 2 404y) 62 Abstract only, incomplete data
45 Wrong study design
28 Insufficient case numbers (<10)
18 Wrong outcomes
12 Non-English articles
= 7 Wrong intervention
= 8 Commentary only
o 4 No cases with further testing
3} 4 Wrong patient population
@ 4 Duplicates
1 Non-pregnant population
1 Systematic review / Meta-analysis
v
Excl i ta extracti
Full-text articles submitted for xcluded du(?]r;% 2%8 extraction
data e}gfgt'on > 77 Studies detailing SCA or RAT
(n =210) outcomes, but not CNVs
38 Duplicates
19 Insufficient case numbers (<10)
7 Abstract only, incomplete data
5 Wrong study design
1 Wrong outcome
K Included articles (qualitative and
o o .
3 quantitative synthesis)
2 (n=63)

FIGURE 1 PRISMA flowchart of study inclusion. CNV, copy number variant; RAT, rare autosomal trisomy, SCA, sex chromosome aneuploidy.

exclusively assessed 22q.11.2 syndrome and no other
CN Vs, 2730:39.60.68.6976 iy studies (9.5%) included results for
15q microdeletion,'>'*2%34073 and eight (12.7%) for 5p-
syndrome.'>!*26384%4773 A summary of the characteristics
of included studies is provided in Table S1.

3.2 | Riskofbias

The outcomes of the bias assessment using the QUADAS-2
tool are depicted in Figure 2 and Figure S1. The most

frequent high-risk bias arose in the ‘Flow and Timing
domain as a result of incomplete diagnostic confirmation
of cfDNA results, with 31 studies (49.2%) deemed high-
rigk, 15:18:26-28,30,33-35,37,38,42,45-49,52,54,55,58,62-65,70,71,73,74,82,83
This is most likely attributable to loss of follow-up of study
participants or maternal decline of diagnostic testing.
The most frequent applicability concern was in ‘Reference
Standard’, with 15.9% (n = 10/63) of studies being classified
as high-risk '#?13336:331545660.73 iy six studies (9.5%)

were deemed to be low-risk in all four of the QUADAS-2 bias
domains, 30-53:68.72.78.79
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FIGURE 2 Pooled domain outcomes of the QUADAS-2 bias assessment tool.

Examination of the funnel plot (Figure S2) revealed no
evidence of publication bias, which was consistent with the
Egger's test results (p = 0.30).

3.3 | Positive predictive value

The PPV of cfDNA screening for CN'Vs was generated using
results from 3715 women with diagnostic confirmation.
Meta-analysis revealed a pooled PPV of 37.5% (95% CI
30.6-44.8). The forest plot for PPV is shown in Figure 3. On
sensitivity analysis for PPV using only results from the six
studies deemed low risk in all four bias domains, the PPV
was 34.3% (95% CI 22.3-47.4; Figure S3).

There was substantial statistical heterogeneity, with
an I’ statistic of 93.9% (p <0.01). Meta-regressions were
conducted for baseline cohort risk, year of publication
and diagnostic follow-up rate; however, none signifi-
cantly explained heterogeneity (p = 0.477, 0.445 and 0.327,
respectively).

Subgroup analyses with baseline cohort risk and propor-
tion of diagnostic confirmation revealed that the PPV in pre-
dominately low-risk cohorts (n = 53/59) was 36.0% (95% CI
28.9-43.3), and 51.5% (95% CI 24.9-77.8) in predominately
high-risk cohorts (n = 6/59, p-value for subgroup difference
0.29). In studies with >80% proportion of diagnostic fol-
low-up (n = 28/59), the PPV was 33.8% (95% CI 24.8-43.2),
and for studies with diagnostic follow-up <80%, the PPV was
41.0% (95% CI 30.7 -51.8) (n = 31/59, p-value for subgroup
difference 0.32). The forest plots for subgroup analyses are
provided in Figures S4 and S5.

For 22q.11.2 syndrome, subtype meta-analyses of the
16 studies (n = 1/16 with predominately high-risk cohorts,
8/16 with <80% diagnostic follow-up) detailing 622 women
with diagnostic confirmation, revealed a PPV of 49.0% (95%
CI 24.5-73.7) (Figure S6). The PPV for 15q microdeletion
syndrome based on six studies (n = 0/6 with predominately
high-risk cohorts, 3/6 with <80% diagnostic follow-up) and
179 women was 25.9% (95% CI 0.0-76.6) (Figure S7). The
PPV for 5p- based on the results of eight studies (n = 0/8 with
predominately high-risk cohorts, 5/8 with <80% diagnostic
follow-up) and 123 women was 30.8% (95% CI 9.1-56.8)
(Figure S8). The heterogeneity amongst these three subtype
analyses was high, with I* values of 96.2%, 92.8% and 76.4%
for 22q.11.2 syndrome, 15q.11 microdeletion syndrome and
5p- syndrome, respectively.

3.4 | Sensitivity and specificity

Bivariate meta-analysis of sensitivity and specificity
consisted of nine studies (four case-controls with 118 cases
and 2551 controls,”*>***! five cohort studies with 32322
women®***>77) " including six with predominately high-
risk cohorts.?>?"**316%7 ndividual estimates from these
studies are presented in Figure S9. Bivariate meta-analysis
estimated overall sensitivity to be 77.4% (95% CI 65.7-86.0)
and specificity to be 99.4% (95% CI 98.0-99.8). These values
generated an area of 0.947 (95% CI 0.776-0.984) under the
summary ROC curve, shown in Figure 4.

The sensitivity and specificity of 22q.11.2 syndrome
were not meta-analysed due to these outcomes only being
reported by three articles; however, reports ranged between
69.6% and 90.0% for sensitivity, and 99.7% and 100.0% for
specificity.*%%7¢

4 | DISCUSSION

4.1 | Main findings

This meta-analysis revealed that the overall PPV of cfDNA
screening for fetal CN'Vs is <40%. The probability of fetal
confirmation is slightly lower among women with a low
baseline risk of aneuploidy (32%) when estimates are
generated using only results from studies with high rates of
diagnostic confirmation (34%), and at low risk of bias (32%),
although these differences were not statistically significant.
The sensitivity of cfDNA screening for CN'Vs is 77%, and the
specificity is over 99%. Another major finding of this review
is the substantial heterogeneity among included studies.

4.2 | Interpretation

It is probable that the pooled PPV of 38% observed in this
meta-analysis is overestimated by biases amongst included
studies. We observed a reduction in PPV when only
studies at low risk of bias were considered, and although
this reduction was not significantly lower than the pooled
PPV estimate, it does suggest that well-conducted studies
lead to lower PPV estimates. Two prominent bias sources
likely causing overestimation of the PPV include baseline
cohort risk of CNVs and diagnostic confirmation rate.
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Events per 100

Study True positive High-risk observations PPV (%) 96% Cl Weight
Hegelson, 2015 26 30 —_— 86.67 [69.28; 96.24] 1.7%
Saldivar, 2015 1" " — 100.00 [71.51;100.00] 1.4%
Taneja, 2015 5 13 —_— 3846 [13.86; 68.42] 1.5%
Yin, 2015 56 111 - 5045 [40.80; 60.08] 1.9%
Gross, 2016 1" 61 — 18.03 [9.36; 29.98] 1.8%
Valderramos, 2016 0 17— 000 [0.00; 19.51] 1.6%
Ke. 2017 13 15 —_— 86.67 [59.54; 98.34] 1.5%
Pescia, 2017 it 10 -_— 70.00 [34.75; 93.33] 1.4%
Petersen, 2017 9 56 - 16.07 [7.62; 28.33] 1.8%
Williams, 2017 2 "M —— 18.18 [2.28; 51.78] 1.4%
Liang, 2018 6 21 — 2857 [11.28; 52.18] 1.6%
Martin, 2018 31 277 = 1119 [7.73; 1651 1.9%
Santamaria, 2013 5 28 @ — 1786 [6.06; 36.89] 1.7%
Schwartz, 2018 32 349 —+ 917 [6.36; 12.70] 1.9%
Van Opstal, 2018 6 12 —_— 50.00 [21.09; 78.91] 1.5%
Chen, 2019 20 69 - 2899 [18.69; 41.16] 1.8%
de Wergifosse, 2019 3 17 ———— 1765 [3.80; 43.43] 1.6%
Flowers, 2019 " 18 e p— 61.11 [35.75; 82.70] 1.6%
Guy, 2019 9 12 e p— 7500 [42.81; 94.51] 1.5%
Hu, 2019 13 35 — 3714 [21.47; 55.08] 1.7%
Liang, 2019 49 120 e 40.83 [31.95; 50.18] 1.9%
Sekelska, 2019 5 16 B Era— 3125 [11.02; 58.66] 1.6%
Yu, 2019 29 36 — 80.56 [63.98; 91.81] 1.7%
Chen, 2020 5 18 e Er— 27.78 [9.69; 53.48] 1.6%
Liu, 2020 1 38 — 2895 [15.42; 45.90] 1.7%
Luo, 2020 41 135 - 3037 [22.76; 38.87] 1.9%
Oneda, 2020 3 10 — 30.00 [6.67; 65.25] 1.4%
Pei, 2020 21 141 E 1489 [9.46; 21.86] 1.9%
Togneri, 2020 4 12 _—— 3333 [9.92; 65.11] 1.5%
Wu, 2020 8 26 —_ 30.77 [14.33; 51.79] 1.7%
Xu, J, 2020 0 44 — 000 [0.00; 8.04] 1.8%
Yin, 2020 19 31 —_— 6129 [42.19; 78.15] 1.7%
Bevilacqua, 2021 24 24 — 100.00 [85.75;100.00] 1.7%
Ge, 2021 8 16 e E— 50.00 [24.65; 75.35] 1.6%
Lai, 2021 4 12 —_— 3333 [9.92; 65.11] 1.5%
Soster, 2021 127 175 = 7257 [65.33; 79.03] 1.9%
Van Den Bogaert, 2021 43 92 e 46.74 [36.26; 57.44] 1.8%
Zhu, 2021 47 135 . 3481 [26.83; 43.49] 1.9%
Bu, 2021 35 67 — 5224 [39.67; 64.60]) 1.8%
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Chen, 2022 30 72 — 4167 [30.15; 53.89] 1.8%
Van Prooyen Schuurman, 2022 64 145 s 4414 [35.91; 52.61] 1.9%
Yang, 2022 39 113 —= 3451 [25.82; 44.04] 1.9%
Zheng, 2022 15 38 ——0—— 3947 [24.04; 56.61] 1.7%
Overall 1341 3715 < 37.54 [30.59; 44.75] 100.0%
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FIGURE 3 Forest plot of positive predictive value of cell-free DNA screening for fetal copy number variants.

Pre-screening probability of fetal CNV is higher among  likely to undergo diagnostic testing, thus incomplete
women with risk factors, which increases the PPV.®  diagnostic follow-up may lead to a greater proportion of
Similarly, women with higher suspicion of CN'Vs are more  high-risk pregnancies in the follow-up cohort.”
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FIGURE 4 Summary receiver-operating characteristics (ROC) curve
of cell-free DNA screening in the detection of copy number variants. The
grey triangles represent estimates from nine individual studies, the closed
circle represents the pooled estimate, and the dotted ellipse represents the
95% confidence region.

None of the tested variables explained the substantial
heterogeneity among studies. For baseline cohort risk, this
may be due to our categorisation of ‘high risk’ versus ‘low
risk” using an arbitrary cut-off value of 50%. For diagnos-
tic confirmation rates, heterogeneity may arise between
studies with similar follow-up depending on the diagnostic
methods utilised, as some cytogenetic investigations such
as karyotype are less reliable in detecting CNVs, and CVS
may provide a false indication of fetal involvement, particu-
larly when the ultrasound is normal. There are also several
other factors that may contribute to heterogeneity, including
cfDNA screening platform, technology, depth of sequencing
and range of sizes of detected anomalies.

Results for individual CNV conditions were mark-
edly more uncertain than those for grouped CNVs, with
wider confidence intervals. The pooled PPV for 22q.11.2
syndrome was also markedly higher than that of grouped
CNVs. This is likely attributable to the small cohort sizes,
in which even a small number of true-positive results have
the power to inflate PPV. There was also significant po-
tential for bias among these studies, with only one study
investigating 22q.11.2 syndrome at low risk of bias, and
no studies investigating either 5p- or 15q.11 microdeletion
syndromes at low risk of bias.

The sensitivity observed is considerably lower than that
of cfDNA screening for common trisomies, as almost one-
quarter of CNVs may go undetected by cfDNA screening,
based on our findings.' This is likely attributable to smaller
aberration sizes of many CNVs compared with whole chro-
mosome aneuploidies, in tandem with the cost and technol-
ogy restraints for sequencing depth in commercial cfDNA
screening. There was one predominate outlier which re-
ported a sensitivity of 46.1%, although this study consisted
exclusively of high-risk results for microdeletion syndromes

2 0 An International Journal of
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other than 22q.11.2.77 The specificity revealed in this meta-
analysis was high, despite the presence of one outlier which
reported a specificity of 87.5%.”

4.3 | Comparison with previous studies

To the best of our knowledge, this is the first meta-analysis
investigating the performance of cfDNA screening for CN'Vs.
A previous systematic review was conducted by Familiari
etal. in which cfDNA screening was investigated exclusively
for microdeletions or microduplications, and notably only in
large cohorts with >5000 women. Despite a smaller number
of included studies due to different search methodologies,
researchers found a similar PPV as that for CNVs in this
study, of approximately 40%, based on the results of seven
studies.”® Similar to the results of our meta-analysis, this
study was also plagued by substantial heterogeneity, with
PPV ranging between 29% and 91%.

4.4 | Clinical implications

A reliable screening method for CN'Vs is desirable, particu-
larly for the CNV syndromes, as these conditions have pro-
found impacts on health and development. Nevertheless, the
results of this meta-analysis demonstrate that the clinical
implementation of extended cfDNA screening panels should
be approached with caution.

Based on the results of this analysis, approximately one-
third of women who receive a high-risk result will have an
affected fetus. It should, however, be stressed that this is
likely an overestimate, given the high degree of heteroge-
neity and biases affecting included studies. While low PPV
is expected in screening for rare diseases despite reasonable
sensitivity and high specificity, the clinical implications of
false-positive results are not negligible. These include signif-
icant parental anxiety and procedural-related risks of diag-
nostic investigations which should not be overlooked.” Even
when fetal anomalies are observed on ultrasound prior to
screening, diagnostic testing is arguably a more appropriate
investigation for these pregnancies, as cfDNA is only appro-
priate for screening.

While the PPV is considerably lower than that of com-
mon aneuploidies such as trisomy 21, expanded screening
for CNVs is defensible in the event of successful identi-
fication of a clinically significant anomaly that would
otherwise be missed prenatally. However, the sensitiv-
ity revealed in this meta-analysis suggests that almost
one-quarter of CNVs may be undetected by screening.
Additionally, the benefit of screening for these anoma-
lies is often questionable even in the event of successful
identification, as the clinical consequences of many CNVs
are poorly understood.”® This creates a challenge for cli-
nicians to provide genetic counselling for largely unpre-
dictable phenotypes.
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4.5 | Strengths and limitations

The primary strength of this meta-analysis is the num-
ber of articles reviewed, with the inclusion of more than
1.5 million women screened. By pooling these results, we
were able to obtain estimates of PPV, sensitivity and speci-
ficity with relatively high precision. However, in pooling
estimates, we are limited by the quality of the included
studies which, as demonstrated by our bias assessments,
varied considerably.

Another limitation pertains to the arbitrary selection of
cut-off values of 50% for high versus low baseline cohort
risk, and 80% for diagnostic confirmation rate in the sub-
group analyses. While these values were selected to best
capture any potential differences between subgroups, it is
possible that the division of studies in this way may conceal
more subtle gradient effects.

Finally, an integral adjacent to prenatal serum screen-
ing in clinical practice is ultrasound examination, as these
results have significant influence on pre-test probability
and, in turn, PPV. We were limited in this study, as most
included articles did not report ultrasound findings, and
subsequently we were unable to analyse the association
between ultrasound results and screening performance.
Similarily, while it is desirable to stratify screening per-
formance by other variables such as the type/size of CNV
detected and cfDNA screening technologies utilised, this
was not possible, as information on such variables was
often not reported.

The performance of cfDNA screening is substantially
poorer for CN'Vs than for common trisomies, with substantial
heterogeneity in the literature. Women should be informed
about these limitations prior to expanded cfDNA screening,
and the low PPV should be carefully considered when coun-
selling women who receive a high-risk result for a CN'V.
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