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Abstract

Objective: Noninvasive prenatal testing (NIPT) based on cell-free DNA (cfDNA) analysis is widely
used for detecting fetal aneuploidies globally, such as Trisomy 21 (T21) testing. Despite its high
sensitivity, current NIPT methods have a non-negligible rate of false-negative results, primarily due to
low fractions of fetal-derived cfDNA in maternal plasma, posing challenges for affected families and
public health.

Methods and Analysis: We propose a computational approach to enrich fetal-derived cfDNA by
leveraging end characteristics that does not require any modifications to existing experimental
protocols. We have evaluated this method using three independent datasets, including over 2,200
samples from diverse ethnic backgrounds and experimental platforms.

Results: Here we show that through end selection, we significantly increase Z-scores in all T21
samples from 3 independent datasets, which shows potential in reducing false-negative results while
not introducing any false positives in the euploid samples. Our method is compatible with current
routine NIPT workflows that generate low-depth, short, and single-end whole genome sequencing data,
therefore allowing for seamless integration with minimal additional cost.

Conclusion: Our method offers translational potential for enhancing routine NIPT by reducing the
false negatives, addressing a critical limitation in current clinical practice.
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Introduction

In human physiology, dying cells degrade their chromatin and release fragmented DNA into the
bloodstream, resulting in cell-free DNA (cfDNA) in plasma. The majority of cfDNA originate from
the hematopoietic system [1]; however, other tissues can also significantly contribute to the cfDNA
pool under specific conditions. For instance, in pregnant women and cancer patients, the placentae and
tumors, respectively, release fetal- and tumor-derived cfDNA into circulation [2, 3]. These phenomena
have enabled the development of noninvasive prenatal testing (NIPT) and liquid biopsy approaches
for cancer diagnostics. NIPT, particularly for detecting Trisomy 21 (T21, also known as Down
Syndrome), has become widely adopted, with over 10 million tests performed annually worldwide [4].
The fraction of fetal cfDNA in maternal plasma is a critical parameter influencing the performance of
NIPT, especially the sensitivity [5, 6]. Several factors, including maternal obesity, medical conditions,
and therapeutic interventions during pregnancy, are associated with reduced fetal DNA fractions,
potentially leading to unreportable (or “no calls”) or false-negative results (ranged between 0.02-
0.26%) [6, 7]. In real practice, false negative results often lead to missed diagnoses in the absence of
following confirmatory invasive testing, and therefore remain a critical issue in NIPT and to the society.
To address this issue, various experimental and computational strategies aiming to enrich apparent
fetal-derived cfDNA fractions have been proposed over the past decade, most of which leverage the
relatively shorter fragment length of fetal-derived ¢cfDNA molecules [8-12]. For example, Liang and
colleagues utilized experimental size-selection during library preparation to enrich fetal-derived DNA,
and validation studies demonstrated the potential of this approach to reduce “no calls” [13, 14].
Similarly, Budis et al., Kwon et al., and Hu et al. developed and validated that in silico size-selection
is also helpful [10, 15, 16]. In a previous study, we had developed an alternative algorithm that
compares the fraction of reads mapped to chr21l in short and long cfDNA fragments (named
“COFFEE”) [11], which showed elevated Z-scores compared to the conventional approach [10].
However, these existing methods require additional either experimental procedures, dedicated
equipment, or paired-end sequencing, limiting their applicability in routine commercialized NIPT
workflows that commonly employ shallow-depth, short, single-end whole-genome sequencing to
minimize complexity, turn-around time, and cost [17-21]. Thus, there remains a need for approaches
that could enrich fetal cfDNA in routine NIPT protocols without incurring substantial additional
expenses.

Previous studies have demonstrated that fetal-derived ¢cfDNA molecules in maternal plasma
exhibit distinct cleavage patterns compared to maternal-derived ones [8, 22-25]. Specifically, cfDNA
of maternal origin tend to be cleaved at linker regions between nucleosomes, whereas fetal-derived
cfDNA more frequently exhibit fragmentation within nucleosome cores [8, 22, 24]. Based on this
principle, Straver et al. developed an algorithm to predict fetal DNA fraction in maternal plasma using
the ratio of cfDNA ends located within nucleosomes to those in linkers [22]. Interestingly, similar
cfDNA end patterns have also been observed in tumor-derived cfDNA from cancer patients.
Enrichment strategies based on cfDNA end positioning, such as selectively retaining cfDNA molecules
with ends located within hematopoietic nucleosomes, have been shown to improve the detection of
tumor-derived cfDNA and facilitate cancer diagnostics [8, 26, 27]. These works suggest the feasibility
of incorporating cfDNA end signatures towards improving the performance of routine NIPT assays. In
this study, we develop and validate a computational approach that selects ctDNA with ends located
within hematopoietic nucleosomes. Our results show that this approach could improve the Z-scores
for trisomy testing as well as reduce the false negative calls in conventional Z-scores, therefore holding
high translational potential in improving routine NIPT for better serving the society.
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82  Materials and Methods
83  Ethics approval and sample processing

84  This work has been approved by the Ethics Committee of Shenzhen Bay Laboratory, the Ethics
85  Committee of BGI-research, and the Ethics Committee of Tianjin Women and Children’s Health Center.
86 A total of 2,196 patients with elevated risk for T21 (assessed using ultrasound or known risk factors
87  [28]) were recruited as testing cases, and an additional panel of 20 pregnancies with known euploid
88  fetuses were recruited as the control panel. Both subjects were recruited in Tianjin Women and
89  Children’s Health Center, Tianjin, China, during 2024 to 2025 with written-informed consents. For
90  each patient, 6 mL peripheral blood was collected using EDTA-containing tubes and processed within
91 4 hours. Briefly, blood samples were centrifuged at 1,600 g, 4 °C for 15 min, and then the plasma
92  portion was harvested and re-recentrifuged at 16,000 g, 4 °C for 15 min to remove blood cells. 300 pL
93  plasma was used to extract cfDNA with MGIEasy Circulating DNA Isolation Kit (MGI, #1000017017)
94  and DNA library was constructed using MGI Cell-free DNA Library Prep kit (MGI, #94000018500)
95  following the manufacturer’s instructions. All cfDNA libraries were sequenced on an DNBSEQ-T7
96  sequencer (MGI) in single-end 36 bp mode in multiple runs. After routine NIPT, the euploidy statuses
97  of the fetuses were confirmed using either invasive approaches or after birth.

98  Sequencing data analysis

99  CfDNA whole genome sequencing data was processed as reported previously [8, 29]. Briefly, raw
100  cfDNA sequencing data was firstly preprocessed using Ktrim software [30] to remove adapters and
101  low-quality bases. The preprocessed reads were subsequently aligned to the NCBI GRCh38 human
102  reference genome using Bowtie2 software [31]. PCR duplicates, i.e., sequencing reads with identical
103  start and end positions, were identified and filtered out using in-house scripts. An implementation of
104  the whole procedure, including read preprocessing, alignment, and filtering, is freely available from
105  our previous study [29]. Reads with mapping quality scores lower than 30 were discarded from
106  downstream analyses. Moreover, to get rid of dosage biases related to fetal sex, chromosomes X, Y,
107  and mitochondria DNA were excluded from the analysis. Of note, we calculate read counts for
108  chromosomes suffered from common aneuploidies (i.e., 13, 18, and 21) separately, which allows one
109  toutilize these numbers for T13, T18, and T21 testing, as well provides the option to include or exclude
110  chromosomes 13 and 18 into T21 testing (Suppl. Fig. S2). For T21 testing, Z-scores with or without
111  taken chromosomes 13 and 18 into analysis were both reported, and the Z-scores without these two
112 chromosomes were used as the primary results. For T18 testing, Z-scores without taken chromosomes
113 13 and 21 into the analysis were reported.

114  Hematopoietic nucleosome track and end selection

115  Fig. 1 illustrated the principle of ¢cfDNA ending patterns in relative to nucleosome positioning. The
116  maternal-derived cfDNA molecules are primarily released from the hematopoietic system, and
117  therefore the ends of these cfDNA molecules are expected to be concordant with the nucleosome
118  positions of the hematopoietic system, i.e., the majority of the cfDNA ends should locate in linker
119 DNA. In contrast, the fetal-derived cfDNA molecules are shorter and primarily originated from
120  placental tissues, which possess distinct nucleosome positioning patterns with the hematopoietic
121 system, and thus their ends should exhibit lower consistencies to the nucleosome positioning of
122 hematopoietic system. Hence, selecting the ¢cfDNA molecules whose ends are located within
123 hematopoietic nucleosomes would enrich fetal-derived cfDNA.
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124 In this study, the nucleosome track for GM12878 cell line (lymphoblastoid lineage; RRID:
125  CVCL_7526) was utilized to define the hematopoietic nucleosomes, which had been proven applicable
126 for cfDNA fragmentomic analyses in previous studies [8, 32, 33]. The nucleosome track for GM 12878
127  cell line was obtained from NucMap database [34], with accession number hsNuc0390101. This track
128  was constructed from MNase-seq experiments and nucleosome center positions were called using
129  DANPOS algorithm [35]. We defined nucleosome regions as =73 bp around the annotated center loci
130  of the nucleosome centers as in previous studies [8, 22]. To perform end selection, for a given sample,
131  we compared all the cfDNA 5’-end with the nucleosome track and only reported those reads with 5°-
132 end falling within nucleosome regions. Note that this end selection is performed for both testing
133  samples and the control panel.

134 Noninvasive prenatal testing for fetal aneuploidies

135  Z-score-based T21 tests were conducted as reported previously [36]. For each cfDNA sample from
136  maternal plasma, the proportion of reads mapped to chromosome 21 (referred to as “%chr21) was
137  first calculated, either using the raw alignment results to calculate standard Z-score or by focusing on
138  the reads whose ends were located within the hematopoietic nucleosomes to calculate Z-scores after
139  end selection. Then, for the control samples, the mean and standard deviation (s.d.) of their %chr21
140  values were calculated. Subsequently, the Z-score for each test sample was measured by subtracting
141  the mean %chr21 of the control panel from that of the test sample and then dividing the result by the
142 S.D. of the control group’s %chr21 values, as illustrated in the following formula:

%chr21 in testing sample - mean of %chr21 in controls
143 Z -score = -
s.d. of %chr21 in controls

144 Similarly, for T18 testing, we counted the reads mapped to chrl8 in both the testing cases and
145  controls samples; we then calculated the mean and s.d. of the proportion of reads mapped to chrl8
146 as %chrl8 values, and used the following formula to calculate the Z-scores for testing cases:

%chrl8in testing sample —mean of %chr18in contols
147 Z-score = i
s.d. of %chrl8in controls

148 A cutoff of 3 was used: samples with Z-scores > 3 were considered as T21 or T18, samples with Z-
149  scores < -3 were considered as positive for monosomy 21 or 18, and the rest were considered as
150  euploidies. For all cohorts investigated in this study, cfDNA end selection procedure was also applied
151  to the control panels, and we calculated the mean and s.d. of fraction of %chr21 using on the reads
152  passing end selection. A similar approach was applied for T18 testing, where chr18 was selected to
153  analyze its read counts in the sample-of-interest compared to the control panel to calculate Z-scores.

154  Statistics and reproducibility

155  No statistical method was used to predetermine the sample size. All samples were treated as biological
156  replicates. Paired t-tests were used to compare conventional Z-scores and those with end selection.
157  Mann-Whitney U test was used to compare the changes in Z-scores with end selection between T21
158  cases and euploidies. For Karlsson dataset, one sample with accession SRR1705799 was omitted due
159  to extra-low read number.

160
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161  Results
162  Schematic workflow of the end selection algorithm for NIPT

163  In routine T21 screening, the Z-score-based approach is typically used [10, 11]. This involves
164  calculating the proportion of sequencing reads mapped to chromosome 21 in a test sample and
165  comparing to a reference panel of known euploid pregnancies. A Z-score exceeding 3 (i.e., three
166  standard deviations above the reference mean) is indicative of T21 case [10, 11]. Fig. 1 illustrates the
167  schematic workflow of our method, which incorporates cfDNA end selection. The key modification
168 involves evaluating the 5’-end position of each sequencing read in relation to hematopoietic
169  nucleosome coordinates: reads with 5°-ends located in linker regions are discarded, while those with
170  5’-ends within nucleosomes are retained. Since maternal cfDNA molecules are primarily originated
171 from the hematopoietic system and longer in size, they tend to be cleaved in linker regions; in contrast,
172  fetal cfDNA derived from the placental tissues do not follow hematopoietic nucleosome positioning
173 and is more frequently cut within nucleosomes [8, 24]. Hence, this end selection process would
174  preferentially enrich fetal-derived cfDNA fragments and result in elevated apparent fetal DNA
175  fractions in the filtered data, potentially improving NIPT sensitivity.

176
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Fig. 1. Cell-free DNA (cfDNA) end selection for enhanced noninvasive prenatal testing. Grey and
orange lines represent cfDNA molecules originating from the mother (mostly from the hematopoietic
system) and fetus, respectively; the “X” marks represent cfDNA ends located in linker DNA (blue) or
within nucleosomes (red). “%chr21” means the fraction of reads mapped to chr21.
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183  Performance evaluation on a cohort with 2,196 samples

184  To evaluate the effectiveness of our approach, we applied it to a cohort with 2,196 pregnancies
185  recruited in Tianjin, China, of which 207 cases were T21 and 1,989 cases were euploid. For all samples,
186  we collected the maternal blood, then extracted and sequenced the cfDNA to an average of ~9 million
187  (range: 5.0-17.6 million) reads in single-end 36 bp mode using the DNBSEQ platform, following the
188  routine NIPT setting by BGI group, one of the largest NIPT service providers in China [17-21]. We
189  calculated the Z-scores using a control panel with known euploidies, and then applied end selection on
190  all the samples. Of note, the median fraction of reads passing the end selection procedure was 61.16%
191  (range: 58.47-63.95%), and therefore enough number of reads (~5 million) were kept for reliable
192  chromosome counting and Z-score calculation. As a result, the Z-scores after end selection were
193  significantly elevated in all T21 samples, with a median increase of 1.59 (P<107°, paired t-test); the
194  Z-scores were also elevated in euploidies (P<1071°, paired t-test), while the increases in Z-scores were
195  very subtle (median: 0.19, P<107*° compared to T21 cases, Mann-Whitney U test; Fig. 2a and Suppl.
196  Fig. S1). Moreover, in the conventional approach, four T21 cases (1.93%) were misclassified as false
197  negatives with Z-scores lower than 3; in contrast, our method reduced the number to two (0.97%; Fig.
198  2b). Meanwhile, in euploidies, our approach corrected one sample with Z-score > 3 (i.e., potential
199  false-positive) and one sample with Z-score < -3 (i.e., potential false-monosomy) called by the
200  conventional Z-score approach while did not introduce any false positives (i.e., specificity increased
201 from 99.90% to 100.00%; Suppl. Fig. S1), suggesting an improvement of overall accuracy in T21
202  testing accuracy. Additionally, for the conventional Z-score approach, we tried lowering the diagnostic
203  threshold (i.e., change to 2.64 instead of 3 in this cohort) to rescue the two false-negative cases;
204  however, this parameter would cause two additional false positives (Suppl. Fig. S1), suggesting that
205 this strategy is not appropriate for routine usage and therefore justify the value of improving Z-scores
206  in T21 testing.

207
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Fig. 2. Validation of our approach for improving routine noninvasive Trisomy 21 (T21) testing.
(a) Distribution of changes in Z-scores with end selection between T21 and euploid cases. (b)
Comparison of Z-scores in T21 cases. Each dot represents one sample. In (b), red circles highlight the
samples with false negative results by conventional Z-scores while are corrected by our approach, and
these samples were zoomed-in with light blue background at the bottom-right corner.
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215  Validation on external cohorts

216  To validate the findings, two publicly available maternal plasma cfDNA datasets were analyzed: the
217  Karlsson dataset [37] comprises 8 T21 (1 sample discarded due to extra-low depth, and 7 kept in
218  analysis), 1 Trisomy 13 (T13), 4 Trisomy 18 (T18), 2 sex chromosome aneuploidies, 12 euploid
219  samples, and a pre-defined control panel with 4 samples; the Chandrananda dataset [38] includes 9
220  T21 and 20 euploid samples (of which 10 samples were randomly selected to form the control panel).
221 Notably, both datasets were generated using Illumina platforms in single-end mode with different
222  experimental protocols. In these cohorts, the median fraction of reads passing the end selection
223  procedure was 71.24% (range: 69.02-72.38%; Suppl. Fig. S2). The results, summarized in Fig. 3 and
224 Suppl. Fig. S3, demonstrated that Z-scores for T21 samples were significantly elevated following end
225  selection (P < 0.01 in both datasets, paired t-tests), while Z-scores for euploid samples remained
226 unchanged (P > 0.1 in both datasets, paired t-tests). Importantly, in the Karlsson dataset, conventional
227  Z-scores for 3 out of 7 (42.86%) T21 samples were below the diagnostic threshold (i.e., potential false
228  negative results), while all of them received Z-scores higher than 3 with end selection, and therefore
229  would be correctly reported as T21 by our approach; meanwhile, in Chandrananda dataset, our
230  approach successfully corrected 2 out of 4 (50.00%) potential false negative results by conventional
231  Z-scores.

232 Of note, there are four T18 cases in Karlsson dataset, and we therefore applied end selection to
233 evaluate the performance of T18 testing on this dataset. As a result, Z-scores for T18 testing were also
234 significantly elevated for the T18 cases with end selection (P=0.0022, paired t-test; Suppl. Fig. S4);
235 interestingly, end selection also corrected 1 out of 2 false positive calls in T18 testing (Suppl. Fig. S4)
236 while did not introduce any new false positives in these 2 datasets for both T21 and T18 testing (all
237  specificity=100.00%). Collectively, these results indicate that our cfDNA end selection strategy
238  improves the sensitivity of T21 test in NIPT, particularly by elevating Z-scores and thereby reducing
239 the risk of false-negative outcomes.

240
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Chandrananda datasets. Each dot represents one sample; red circles highlight the samples with false
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248  Discussion

249 In clinical practice, false negatives in T21 screening are especially of concern, because these cases
250  often do not undergo further confirmatory examinations and result in severe emotional and societal
251  consequences. Here, we propose a computational method that leverages cfDNA end characteristics to
252  improve T21 detection without altering experimental protocols at all. As validated on 3 datasets, our
253  end selection procedure generated elevated Z-scores compared to the conventional approach in T21
254  cases. As Z-scores are positively correlated with fetal DNA fractions in T21 cases [39, 40], the data
255  suggested that our end selection improved (apparent) fetal DNA fractions. Crucially, our approach is
256  compatible with conventional shallow-depth, short, single-end sequencing workflows and causes
257  negligible additional cost, making it highly suitable for seamless integration into current whole
258  genomewide sequencing-based NIPT workflows. As a contrast, current size-based computational
259  approaches require paired-end or long-read sequencing data, and therefore could not work on such
260  routine NIPT data generated in this study; hence, head-to-head comparisons are impossible. However,
261 as paired-end sequencing might be available in some regions or service providers, it would be
262 interesting to benchmark our approach versus the current algorithms using such data in future studies.

263 As shown in 3 cohorts, the evaluated Z-scores generated by our approach could rescue false
264  negative results, thus possessing translational merit in NIPT. Interestingly, our approach also shows
265  the ability to reduce false positive results in trisomy tests (Suppl. Fig. S1 and S4). Furthermore, given
266  that our approach enriches fetal-derived cfDNA in a genome-wide manner, it might be applicable to
267  other chromosomal aneuploidy tests beyond T21; due to data limitations, this feasibility was only
268  roughly explored on four T18 samples in the Karlsson dataset (Suppl. Fig. S4), and therefore it
269  represents an important avenue for future evaluations. Moreover, broader validations with large-scale
270  retrospective or prospective studies are still needed before clinical deployment on specific NIPT
271  platforms and/or settings.

272 In addition, it would be interesting to explore the feasibility of integrating end selection into other

273  Z-score calculation methods besides the conventional approach. Of note, it is known that different

274 chromosomes have their own unique compositional properties [41], which might introduce biases to

275  the end selection procedure. As evaluated in 3 cohorts, such bias might not significantly affect end

276  selection when comparing read counts from the same chromosome between testing cases and controls

277 in conventional Z-score definitions; however, approaches utilizing within-sample comparisons that

278  use genomic regions from different chromosomes as controls (e.g., the WISECONDOR algorithm [42])
279  might be affected and therefore requires future investigations. In conclusion, by exploiting cfDNA end

280  characteristics, we present and validate a novel and costless strategy for enhancing routine NIPT assays.
281  Our work expands the utility and highlights translational merit of cfDNA fragmentomics in

282  noninvasive prenatal diagnostics.

283  Data availability

284  Raw cfDNA sequencing data used in this study was downloaded from Sequence Read Archive (SRA)
285  with accession numbers SRP028828 and SRP050360. Data generated in this study are available from
286  the corresponding authors upon reasonable requests.

287  Code availability

288  Pre-compiled programs and scripts for common x86 64 GNU/Linux operating system to reproduce
289  this work has been deposited to Zenodo (https://zenodo.org/records/17107133; the package would be
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291 license are available from the corresponding authors upon reasonable requests.
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