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Abstract. Mongolia faces challenges in the prenatal diagnosis of trisomy condi-
tions, resulting in increased late-term terminations, especially for Down syn-
drome. There is a need for improved and more specific diagnostic methods, in-
cluding digital PCR-based NIPT. To address the lack of localized validation for
droplet digital PCR (ddPCR)-based non-invasive prenatal testing (NIPT) in Mon-
golia, this study evaluated the analytical performance and clinical feasibility of a
ddPCR assay for detecting fetal trisomy 21 (T21) using maternal plasma samples.
A total of 70 maternal plasma samples were analyzed using a ddPCR assay tar-
geting the chromosome 21 to chromosome 1 (Chr21/Chrl) ratio. A population-
specific baseline ratio (0.9880) and z-score cut-oft (>3) were established using a
training set of 40 euploid and 3 T21 samples. The assay was then validated in a
blinded cohort of 25 high-risk pregnancies, with results confirmed by invasive
diagnostic methods (chorionic villus sampling or amniocentesis). The assay
demonstrated 100% sensitivity and specificity, accurately classifying all four T21
and 21 euploid cases. Its cost-effectiveness, rapid turnaround time, and minimal
infrastructure requirements support its potential for routine prenatal screening in
Mongolia. Further validation in larger, more diverse cohorts and expansion to
additional aneuploidies will enhance its clinical impact.
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1 Introduction

Non-invasive prenatal testing (NIPT) using cell-free fetal DNA (cffDNA) in maternal
plasma has revolutionized prenatal care by offering highly sensitive and specific
screening for fetal chromosomal abnormalities while steering clear of the risks associ-
ated with invasive methods [1,2]. Among these abnormalities, trisomy 21 (T21), the
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cause of Down syndrome, is the most common viable autosomal aneuploidy, occurring
in approximately 1 in 700 live births worldwide [3]. In Mongolia, the 2021 data from
the Health Development Center indicates that there were 71,659 live births, among
which 541 (0.8%) had congenital anomalies [4].

Presently, prenatal screening in Mongolia depends on biochemical markers from the
first and second trimesters along with ultrasound assessments to determine risk levels,
while invasive cytogenetic confirmation is provided solely for high-risk situations
around 20 weeks of gestation [5]. Although combined screening achieves 85% sensi-
tivity, high false positive and false negative rates lead to unnecessary invasive proce-
dures and missed diagnoses.

Early detection of trisomy 21 through non-invasive prenatal testing (NIPT) plays a
crucial role in prenatal care by offering essential genetic information without posing
risks to the fetus. This allows expecting parents to make informed decisions, plan for
early medical interventions, and receive appropriate psychological support [6]. Since
its clinical introduction in 2011, NIPT has shown excellent diagnostic accuracy for tri-
somy 21, with sensitivity and specificity rates reported to be over 99%, especially when
employing next-generation sequencing (NGS) technologies [7,8]. However, despite
this high performance, NGS-based NIPT methods remain expensive, technically com-
plex, and often require centralized laboratory facilities and specialized bioinformatics
resources, limiting their application in low-resource settings [9].

Digital PCR (dPCR) has recently emerged as a promising alternative to next-gener-
ation sequencing (NGS) for non-invasive prenatal testing (NIPT), offering high accu-
racy, absolute quantification, and simplified workflows [10]. By partitioning the reac-
tion into thousands of nanoliter compartments, dPCR enables direct counting of target
DNA without reference standards, improving sensitivity and reducing PCR inhibition
[11-13]. Studies show that dPCR-based NIPT for trisomy 21 achieves comparable sen-
sitivity and specificity to NGS, with advantages in turnaround time, cost, and equip-
ment needs [1, 10, 14]. Multiplex assays and validated chip- and droplet-based plat-
forms further support its clinical use, especially in decentralized and low-resource set-
tings [15-18].

Given these advantages, dPCR is increasingly being recognized as a promising plat-
form for the future implementation of standard NIPT. Its precision, scalability, and
compatibility with diverse clinical workflows make it a powerful tool for advancing
prenatal screening, especially for prevalent aneuploidies such as trisomy 21 [1, 10, 19].

As of now, a thorough assessment of a dPCR-based NIPT assay utilizing clinical
samples from the Mongolian population has yet to be performed. Population-specific
characteristics, such as maternal body mass index, fetal fraction distributions, and ge-
netic background, may affect test perform ance and require localized validation to
determine appropriate diagnostic thresholds and cut-off values. This study aims to eval-
uate a dPCR-based approach for non-invasive detection of trisomy 21 using clinical
maternal plasma samples collected in Mongolia. We assessed the assay’s analytical
performance, including sensitivity, specificity, and precision, and explored its potential
utility for routine clinical implementation in the Mongolian context. The results of this
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study will inform the feasibility of integrating dPCR-based NIPT into prenatal care
services in Mongolia, with the broader goal of improving early aneuploidy detection
and expanding equitable access to advanced reproductive diagnostics.

2 Materials and Methods

2.1  Study population Study design and Sample Collection

This study was conducted to evaluate the performance of a digital PCR-based NIPT for
detecting fetal trisomy 21 using clinical plasma samples collected at the National Cen-
ter for Maternal and Child Health (NCMCH) of Mongolia. A total of 70 pregnant
women, with gestation periods ranging from 12 to 18 weeks, were recruited. All par-
ticipants were provided with verbal and written information about the study, and written
informed consent was obtained prior to blood collection, in accordance with institu-
tional ethical guidelines. Peripheral blood samples were drawn into cfDNA stabiliza-
tion tubes and processed within six hours. Plasma was separated by centrifugation and
stored at —80 °C until further use. The study was conducted in two phases: during the
initial, non-blinded phase, 43 samples (including 40 euploid and 3 trisomy 21 cases)
were used to establish the analytical parameters and cut-off values of the iISAFE™
NIPT assay (Figure 1). In the subsequent blinded phase, the remaining 27 samples were
used to assess the assay’s diagnostic accuracy.

Clinical Validation
70 plasma samples

Training Set Validation Set
43 samples 27 samples
I . 1
40 Euploid 40 Euploid
3121 ddPCR assay
[ | (Blinded)
ddPCR assay ddPCR assay
(Not blinded) (Not blinded)
| [
Evaluation of Cut-off setting
Ratios

Sensitivity and Specificity
in T21 Detection

Fig. 1. Study design, All samples were divided into two groups. The training set with 43 sam-
ples and the Validation set with 27 samples
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2.2 cfDNA purification of plasma samples

cffDNA was extracted from 1 to 4 mL of maternal plasma using the QlAamp® MinE-
lute® ccfDNA Mini Kit (Qiagen, Germany), following the manufacturer’s instructions.
Extracted DNA was quantified and stored at —20 °C until further analysis.

2.3  Droplet digital PCR assay

A multiplex droplet digital PCR (ddPCR) assay was performed using the iSAFE™
NIPT Kit (Atila Biosystems, USA), which targets chromosome-specific regions on
chromosomes 21, 18, and 13, along with chromosome 1 as an internal reference. The
reaction mix included QIAcuity Probe PCR Mix, primers and hydrolysis probes for the
target chromosomes, fetal fraction determination primers, and Buffer I. For each reac-
tion, 25 ng of cfDNA was added to the mixture, incubated at room temperature for five
minutes, and then loaded in quadruplicate into a 96-well plate with 40 pL per well.
Droplet generation and PCR amplification were performed using the QIAcuity One
Digital PCR System (Qiagen, Germany). The thermal cycling protocol consisted of an
initial enzyme activation step at 95 °C for 2 minutes, followed by 10 cycles of 95 °C
for 15 seconds and 66 °C for 3 minutes, and an additional 40 cycles of 95 °C for 15
seconds and 70 °C for 60 seconds. Each assay included negative (no-template) controls
and a synthetic positive control containing 4% fetal fraction with trisomy 21 to ensure
assay validity. Amplification data were interpreted based on the ratio of target chromo-
some signals to the internal reference, allowing accurate determination of chromosomal
copy number variations.

2.4  Data analysis

Data analysis was performed using QIAcuity® Software Suite, which provided droplet
partition counts, DNA concentrations, and error estimates. The final classification and
interpretation of aneuploidy status were carried out using the proprietary software pro-
vided by Atila Biosystems. All 70 clinical plasma samples were successfully analyzed
and yielded high-quality data suitable for performance evaluation.

3 Results

3.1  Technical Quality Metrics

Technical performance indicators were assessed using all 70 plasma samples included
in the study. Fetal fraction estimation was successfully performed in 68 out of 70 sam-
ples, and 97.14% of these samples exhibited a fetal fraction >4%, which is considered
suitable for reliable NIPT analysis. Overall, the technical quality metrics confirmed the
high reproducibility and reliability of the ddPCR workflow for cfDNA analysis in a
clinical setting.
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Each extracted cffDNA sample was subjected to quadruplicate analysis in the ddPCR
assay, and the average number of accepted droplets per reaction was 101596 (range:
97790 —101948), meeting the minimum recommended threshold for accurate quantifi-
cation. Fluorescence signals for the target chromosome and the reference chromosomes
were robust and well-separated from background noise in all replicates. No-template
controls consistently showed no amplification, confirming the absence of contamina-
tion or non-specific amplification. The synthetic positive control containing 4% fetal
fraction with trisomy 21 was reliably detected in each experimental run, demonstrating
the assay’s consistency and validity.

3.2  ddPCR assay on plasma samples of training set

To establish a baseline and determine the appropriate cut-off for trisomy 21 detection,
a total of 40 euploid plasma samples from the training set were analyzed using the
ddPCR assay. Chromosome ratios were calculated for each sample using the signal
intensities of chromosome 21 relative to chromosomes 18, 13, and 1. The calculated
means and standard deviations (SD) of these ratios are summarized in Table 1.

Table 1. Means and standard deviations of chromosome ratios in the euploid training set

(n=40)
Ratios Mean SD
Chr21/Chrl8 1.025 0.01884
Chr21/Chrl3 1.024 0.02115
Chr21/Chrl 0.9880 0.02411

Among the tested ratios (Chr21/Chrl8, Chr21/Chr13, and Chr21/Chrl), the
Chr21/Chrl1 ratio was selected for cut-off calculation and subsequent diagnostic classi-
fication due to its superior performance in differentiating euploid and T21 samples.
Chromosome 1 was chosen as a reference because it is a large autosome with a stable
representation in cfDNA and is not commonly affected by aneuploidy in clinical pre-
natal testing [20].

Furthermore, the Chr21/Chrl ratio demonstrated the lowest inter-sample variation
(SD = 0.02411) among euploid samples and provided the greatest dynamic range be-
tween euploid and T21 cases. This made it the most suitable metric for calculating the
z-score and establishing a robust threshold for detecting trisomy 21. The high signal-
to-noise ratio observed in Chr21/Chrl further enhances the assay’s ability to detect sub-
tle but clinically significant increases in chromosome 21 copy number.

Therefore, only the Chr21/Chrl ratio was used for statistical modeling, z-score cal-
culation, and interpretation of results in the validation phase.
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Cut-off values were determined using the z-score method, as described by the for-
mula [21]:

Rsample — mean Reuploid sample

Z score =
SD. Reuploid sample

The cut-off threshold was set by analyzing both euploid (n = 40) and T21 (n = 3)
samples, and the statistical characteristics of the Chr21/Chrl ratio and the calculated z-

scores are presented in Table 2.

Table 2. Chr21/Chr] ratios and z-scores in training set samples

Ratio Chr21/1 Z-score
Statistical Parameter
Euploid T21 Euploid T21

Number of values 40 3 40 3
Minimum 0.9200 1.088 0 4.130
Maximum 1.036 1.115 1.99 5.250
Range 0.1160 0.02700 1.99 1.120
Mean 0.9834 1.104 0.3683 4.790
Std. Deviation 0.02411 0.01414 0.5538 0.5862
Std. Error of Mean 0.003812 0.0008165 0.08756 0.3384
Lower 95% CI of mean 0.9803 1.068 0.1911 3.334
Upper 95% CI of mean 0.9957 1.139 0.5454 6.246

These results clearly demonstrate a distinct separation between the T21 and euploid
samples based on both absolute ratio values and z-scores. All three T21 samples had
Chr21/1 ratios above the upper 95% CI of the euploid group and z-scores greater than
3.0, supporting the robustness of the selected cut-off value (Figure 2). This enabled the
establishment of a threshold for the blinded validation phase of the study to assess the
diagnostic performance of the assay in detecting fetal T21.
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Fig. 2. The results of 43 training set samples detected using ddPCR. (A) Scatter dot plot of
calculated R21/1. (B) Scatter dot plot of z-scores calculated using 43 training set samples. The
dashed line indicates the z-score cut-off of three.

3.3 ddPCR assay on plasma samples of validation set

The validation set consisted of 25 pregnant women who were classified as high risk
based on serum biochemical testing (SBT HR). The mean maternal age was 37.0 years
(range: 2844 years), with a mean gestational age of 15.4 weeks (range: 12—18 weeks)
and a mean body mass index (BMI) of 28.4 (range: 21.6-35.9).

A previously established z-score threshold of 3.0—determined during training set
optimization—successfully separated all cases in the validation set, with no overlap
between groups. All trisomy 21 samples yielded z-scores above the threshold, while all
euploid samples fell below it. The assay correctly identified all 4 cases of trisomy 21,
with z-scores of 3.28, 3.89, 3.65, and 3.42, respectively (Table 3). Similarly, all 21
euploid cases were accurately classified, yielding z-scores from 0 to 1.95 (Figure 3).
No false positives or false negatives were observed, resulting in both sensitivity and
specificity of 100% (4/4 and 21/21, respectively). Clinical diagnoses were confirmed
by invasive procedures (chorionic villus sampling or amniocentesis), and the dPCR-
NIPT analysis was performed in a blinded manner, without prior knowledge of diag-
nostic results.
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Fig. 3. The results of 25 clinical samples were detected using ddPCR. (A) Scatter dot plot of
calculated R21/1. (B) Scatter dot plot of z-scores calculated using 25 SBT HR samples. The
dashed line indicates the z-score cut-off of three.

No statistically significant correlations were observed between z-score and maternal
age, gestational age, or BMI (r = —0.089 to 0.123; all p > 0.05), indicating that these
clinical variables do not have a meaningful linear relationship with assay results in this
validation set.

Table 3. Information of validation set samples and test results

Sample information Clinical results  dPCR-NIPT results
No MA GA BMI 1st&2nd CVS_Total copy number R21/1 z- Final

(Yrs) (WKs) Tri-scrn ~ /AC chr21 chrl score  call
1 34 14 254 SBTHR E 1131925 114425 0.98922  0.05 E
2 39 16 316 SBTHR E  66948.46 70830.53 094519 0 E
3 37 14 279 SBTHR E 2743396 27793.57 0.98706 0 E
4 41 12 283 SBTHR E 4695566 51536.54 091111 0 E
5 35 16 351 SBTHR E 41156.71 41657.27 098798 0 E
6 41 17 289 SBTHR E 4317221 43590.14 0.99041 0 E
7 37 17 259 SBTHR E 54671.71 53131.14 1.02899 1.7 E
8 39 13 32 SBTHR E  73909.5 72851.33 1.01452 1.1 E
9 42 16 275 SBTHR E 5445395 5669456 0.96047 0 E
10 | 36 16 252 SBTHR E 543984 5530397 098362 0 E
11 41 16 359 SBTHR E 2172399 21834.19 099495 0.29 E
12 | 43 16 262 SBTHR E  45311.78 4495532 1.00792 0.83 E
13 36 13 23 SBTHR E  192796.5 195902.7 0.98414 0 E
14 | 41 16 267 SBTHR E 2107494 2091112 1.00783 0.82 E
15 28 18 216 SBTHR E 56963.03 61008.38 0.93369 0 E
16 | 40 17 259 SBTHR E  47623.02 50463.58 0.94371 0 E
17 34 17 304 SBTHR E  13941.64 15101.93 092316 0 E
18 39 13 3.6 SBTHR  T21 91786.55 86014.88  1.06710 3.28 T21
19 | 44 17 25 SBTHR E  186942.1 196147.6 0.95306 0 E
20 | 40 16 248 SBTHR  T21 45686.72 4222936 1.08187 3.89 T21
21 38 16 29.8  SBTHR  T21 389476.4 3619412 1.07607 3.65 T21
22 34 16 257 SBTHR E 6925336 69521.82 0.99613 0.34 E
23 40 16 23.1 SBTHR E  85598.49 86591.76  0.98852 0.02 E
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24 39 17 282 SBTHR T21 81410 76048.76  1.07049  3.42 T21
25 32 16 343 SBTHR E  11954.12 11549.95 1.03499 1.95 E

The sample information, clinical test results and the dPCR-NIPT results for the 25
clinical samples are summarized. MA maternal age, Yrs years, GA gestational
age, WKs weeks, BMI Body mass index, 1st&2nd Tri-scrn, first and second trimester
screens; SBT serum biochemical test, HR high risk, E Eupoidy, T21 Trisomy 21, chr
chromosome

4 Discussion

In this study, we successfully established baseline and cut-off values for T21 detection
in the Mongolian population using ddPCR-based NIPT assay. The technical perfor-
mance of the assay was evaluated using 70 plasma samples, with fetal fraction estima-
tion successfully performed in 68 samples (97.14% success rate). Of these, 97.14%
exhibited a fetal fraction >4%, meeting the threshold recommended for reliable NIPT
analysis [6, 8, 25]. The high success rate and adequate fetal fraction underscore the
robustness of the ddPCR workflow for cfDNA analysis in a clinical setting. Each DNA
sample underwent quadruplicate analysis, yielding an average of 101,596 accepted
droplets per reaction (range: 97,790—-101,948), well above the minimum threshold for
accurate quantification [11-12]. These technical metrics align with previous reports on
ddPCR-based NIPT, which emphasize its high reproducibility and precision [10, 14,
16]. For instance, Klenke et al. reported similar droplet counts and signal clarity in their
validation of a ddPCR assay for trisomy 21 (T21), while Luo et al. highlighted the as-
say’s ability to maintain performance across diverse sample types. The robust technical
performance observed in our study supports the feasibility of implementing ddPCR in
routine clinical practice, particularly in settings with limited access to high-throughput
sequencing platforms [14, 17, 18, 23].

In the initial phase of this study, a z-score cut-off (=3) was established using a train-
ing set to detect fetal T21 in a Mongolian cohort, effectively distinguishing euploid
from T21 cases. This threshold is consistent with cut-off values reported in ddPCR-
based studies from China, Germany, and Australia, suggesting that standardized diag-
nostic criteria can be applied across diverse populations [10, 14, 16]. In the validation
phase, the assay accurately classified all 4 T21 and 21 euploid cases in a cohort of 25
high-risk pregnancies, achieving 100% sensitivity and specificity, as confirmed by in-
vasive diagnostics (chorionic villus sampling or amniocentesis). These results are com-
parable to international benchmarks, such as Klenke et al.’s perfect classification in 63
samples and Hui et al.’s high performance using a chip-based ddPCR platform [14, 16].
The reproducibility of the z-score cut-off in an independent Mongolian cohort rein-
forces the assay’s reliability for clinical use in underrepresented populations.

Notably, no significant correlation was observed between z-scores and maternal
characteristics, such as age, gestational age, or body mass index (BMI). This finding
aligns with prior studies [8, 12, 16, 22], which indicate that ddPCR is less susceptible
to maternal confounders compared to traditional biochemical screening methods [6, 8].
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Unlike sequencing-based NIPT, which may require adjustments for maternal variables
[7,9], ddPCR’s independence from these factors enhances its utility across diverse clin-
ical scenarios, particularly in resource-constrained settings like Mongolia [4, 18, 23].

The ddPCR assay offers distinct advantages over conventional NIPT approaches,
including absolute quantification, high analytical precision, and minimal technical var-
iability [11- 12; 25]. These attributes position ddPCR as a cost-effective and scalable
alternative to NGS-based NIPT, which often requires complex bioinformatics and ex-
pensive infrastructure [17, 19]. In Mongolia, where access to advanced genomic tech-
nologies is limited, ddPCR’s simplicity and accuracy could bridge critical gaps in pre-
natal screening, reducing reliance on invasive diagnostics and improving early aneu-
ploidy detection [4, 18, 23].

Despite its strengths, our study’s small validation set (n=25) limits generalizability,
particularly for rare aneuploidies and diverse demographic groups. Future studies
should include larger, more heterogeneous cohorts to evaluate the assay’s performance
across varied gestational ages, ethnic backgrounds, and risk profiles. Additionally,
while this study focused on T21, expanding the assay to detect other aneuploidies (e.g.,
trisomy 13 and 18) or sub chromosomal abnormalities could enhance its clinical utility
[10, 15, 21, 24]. Recent advancements in multiplex ddPCR, such as those reported by
Wang et al. and Tan et al., suggest that simultaneous detection of multiple chromosomal
abnormalities is achievable and could be adapted for Mongolian populations [15, 21].
Collaborative efforts to standardize protocols and train healthcare providers will be crit-
ical to ensure scalability and equitable access.

5 Conclusion

This ddPCR-based NIPT assay demonstrated 100% sensitivity and specificity for de-
tecting trisomy 21 in a Mongolian cohort of 25 high-risk pregnancies, with a 97.14%
success rate in fetal fraction estimation and a population-specific z-score cut-off (>3).
Its technical reliability, cost-effectiveness, and independence from maternal confound-
ers make it a valuable tool for prenatal screening in resource-limited settings like Mon-
golia. Further validation in larger, diverse cohorts and expansion to other aneuploidies
will enhance its clinical impact and support its integration into national prenatal care
programs.
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