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Abstract

Background: p-thalassemia is among the most common autosomal recessive monogenic disorders in

southern China, Southeast Asia and the Mediterranean basin, yet noninvasive prenatal testing (NIPT)

for monogenic disorders remains clinically underimplemented because fetal single-nucleotide variants

must be quantified against an abundant maternal cell-free DNA (cfDNA) background. Relative

mutation dosage, often implemented by digital PCR (dPCR), measures pathogenic variants directly but

is vulnerable to maternal background interference, whereas relative haplotype dosage (RHDO)

improves robustness by aggregating dosage signals across linked loci but generally requires

sequencing-based phasing, limiting accessibility in the resource-limited regions where the disease

burden is highest. We hypothesized that patient-specific haplotypes could be resolved experimentally

rather than computationally, allowing RHDO to be performed entirely on a benchtop dPCR platform.

Methods: We developed a sequencing-free dPCR-based RHDO assay ({(RHDO) for NIPT of 8-

thalassemia, combining multicolor melting curve analysis to identify informative single-nucleotide

polymorphisms (SNPs), a Drop-Phase assay to resolve SNP—mutation linkage experimentally, and

multiplex preamplification with dPCR to quantify alleles in maternal plasma cfDNA; fetal fraction was

estimated internally from parental genotype-discordant SNPs.

Results: In a blinded multicenter cohort of 96 -thalassemia families, dRHDO determined fetal

genotype with 97.92% (94/96) overall accuracy; all 43 samples meeting the prespecified analytical

conditions (cfDNA input >5 ng, fetal fraction >5%, >4 maternally informative loci, >1 paternally

informative locus) were correctly classified (100%, 43/43), and accuracy was 96.23% (51/53) among

the 53 samples not fully meeting these conditions. Both discordant cases were attributable to



10

11

12

13

14

15

16

17

18

19

20

21

22

insufficient informative-locus redundancy. The workflow is completed in 7.25 h at an estimated cost of

approximately $40 per family and requires no sequencing infrastructure.

Conclusions: dRHDO converts relative haplotype dosage from a sequencing-dependent computational

strategy into an assay-driven measurement, enabling accurate NIPT for B-thalassemia without

sequencing infrastructure.

Keywords: Noninvasive prenatal testing; -thalassemia; Relative haplotype dosage; Digital PCR; Cell-

free DNA
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Background

B-thalassemia is one of the most common autosomal recessive monogenic disorders worldwide, with a

particularly high carrier frequency in southern China, Southeast Asia and the Mediterranean basin [1-

4]. Individuals with p-thalassemia major require lifelong transfusion and iron-chelation therapy [3, 4],

and the disease imposes a substantial and largely preventable burden on families and health systems in

high-prevalence regions. Because carrier couples face a 25% recurrence risk in each pregnancy [3],

prenatal diagnosis is the cornerstone of disease prevention. Current approaches, however, rely on

invasive procedures such as chorionic villus sampling and amniocentesis, which carry procedure-

related risks [5] and are not always acceptable to pregnant women [6]. An accessible, accurate and

rapid noninvasive method for fetal genotyping would therefore have substantial clinical and public-

health value in these regions.

Noninvasive prenatal testing (NIPT) using maternal plasma cell-free DNA has transformed prenatal

screening for common aneuploidies [7, 8], but monogenic disorders, caused by single-nucleotide

variants or small insertions and deletions rather than large copy-number changes, remain a major unmet

clinical need [9, 10]. For paternal mutations, fetal inheritance can often be inferred qualitatively by

detecting a paternally derived allele absent from the maternal genome, and a range of PCR-based and

sequencing-based genotyping approaches have been applied for this purpose [11-17]. Maternally

inherited mutations are far more difficult to determine, because fetal alleles must be quantitatively

resolved against an abundant maternal background carrying the same allele [18]. This requires dosage-

based strategies, principally relative mutation dosage (RMD) and relative haplotype dosage (RHDO)

[19].
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NGS-based single-molecule counting platforms have improved the analytical performance of RMD

analysis [20, 21], but RMD remains fundamentally constrained by its dependence on the pathogenic

variant itself rather than the surrounding haplotype context. RHDO addresses this limitation by

aggregating dosage information across multiple informative loci and has become the prevailing

strategy for maternal mutation inference [19, 22-27]. However, current RHDO approaches generally

require sequencing technologies and bioinformatic phasing, including family-based proband analysis,

population reference panels [28] and long-read or linked-read sequencing [29, 30]. These requirements

increase cost and turnaround time and complicate deployment, particularly in high-prevalence,

resource-constrained settings where accessible monogenic NIPT is most needed.

Digital PCR (dPCR) offers absolute molecular quantification with operational simplicity and has

emerged as an attractive alternative platform for monogenic NIPT, but existing dPCR-based

approaches has focused on RMD analysis or relied on pre-established haplotype information [31-33],

and fetal fraction (FF) determination in dPCR-based systems typically requires additional SNP assays

and increased cfDNA consumption [33-35]. A central challenge therefore remains: how to achieve

reliable multi-locus haplotype inference with integrated FF determination in a simple workflow that

requires no sequencing.

We hypothesized that combining experimental haplotype resolution with absolute allele

quantification within a dPCR framework would allow RHDO to be implemented entirely at the bench,

without sequencing-based phasing or computational haplotype inference. Here, we present dRHDO, a

sequencing-free dPCR-based RHDO assay for NIPT of B-thalassemia, in which informative SNPs are

identified by multicolor melting curve analysis, SNP—mutation linkage is resolved experimentally by a



10

11

12

13

14

15

16

17

18

19

20

21

Drop-Phase assay, and allele dosage in maternal plasma cfDNA is quantified by multiplex

preamplification and dPCR with internally determined fetal fraction. We further define analytical

conditions, including cfDNA input, FF and informative-locus availability, that determine inference

reliability for each sample. In a blinded multicenter cohort of B-thalassemia carrier couples, we

demonstrate accurate fetal genotyping under these conditions, with lower cost and shorter turnaround

than sequencing-based workflows.

Methods

Study design and ethical approval

This study developed and validated a dPCR-based RHDO framework for NIPT of -thalassemia using

MMCA genotyping, Drop-Phase phasing, and dPCR quantification. Analytical validation included

healthy individuals, carriers, artificial cfDNA standards, and affected families. Clinical validation was

performed in a multicenter cohort of 96 B-thalassemia carrier couples recruited from three centers, and

the index test was evaluated under a fully blinded design. Plasma samples were analyzed

retrospectively using residual plasma obtained during routine clinical testing; reference fetal genotypes

were established independently by invasive prenatal diagnosis performed at the participating centers,

and these results were withheld from the dRHDO team until test classification was locked. Blinding

was implemented with the following steps: (i) samples were re-numbered and coded by a technician

who had no access to clinical data or to invasive prenatal diagnosis results; (ii) a second technician

performed the dRHDO assay, including genotype calling and haplotype inference, on coded samples,

without access to any clinical or reference-standard information; and (iii) dRHDO classifications were
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locked before a third analyst compared them with the reference genotypes, so that all statistical

analyses were completed before the blind was broken.

Peripheral blood samples were residual specimens from routine clinical testing, collected with

written informed consent from participants at the First Affiliated Hospital of Guangxi Medical

University, Dongguan Maternal and Child Health Care Hospital and Guangzhou Women and

Children’s Medical Center. All laboratory analyses were performed at Xiamen University. The study

was conducted in accordance with the principles of the Declaration of Helsinki and was approved by

the Ethics Committee of Xiamen University (approval no. XDYX2021026).

Sample collection and plasma processing

Peripheral blood was collected into EDTA or Cell-Free DNA Storage Tubes. Plasma was separated by

double centrifugation and stored at —80 °C until cfDNA extraction. For gDNA extraction, peripheral

blood was collected in EDTA tubes.

c¢fDNA and gDNA extraction

cfDNA was extracted from plasma using the Apostle MiniMax™ High Efficiency cfDNA Extraction

Kit (Apostle Inc., San Jose, CA), and gDNA was extracted from buffy coat using the Lab-Aid 8§24

automated nucleic acid extraction system and matched extraction reagents. Quantification was

performed using the Qubit™ 1X dsDNA HS Assay Kit (Thermo Fisher Scientific, Wilmington).
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SNP panel architecture and informative SNP definitions

The final analytical panel comprised 96 SNPs, including 48 HBB-flanking SNPs for local haplotype

inference and 48 genome-wide autosomal SNPs for FF-iSNP discovery. FF-iSNPs were defined as

SNPs homozygous for different alleles in the two parents (A/A versus B/B) and were used for FF

estimation. Pat-iSNPs were defined as SNPs heterozygous in the father and homozygous in the mother

and were used for paternal mutation tracking. Mat-iSNPs were defined as SNPs heterozygous in the

mother and homozygous in the father and were used for maternal haplotype dosage inference. Because

the pathogenic variant itself can also serve as an informative locus, we use locus-level terms alongside

these SNP-level definitions. Paternally informative loci (Pat-iLoci) comprise the available Pat-iSNPs

plus, when the paternal mutation differs from the maternal mutation, the paternal mutation site itself,

which is then directly detectable in maternal plasma; when both parents carry the same mutation,

paternal origin cannot be resolved by mutation detection and Pat-iLoci are therefore restricted to Pat-

iSNPs. Maternally informative loci (Mat-iLoci) comprise the available Mat-iSNPs plus the maternal

HBB mutation site. Informative-locus counts reported in this work refer to these locus-level numbers.

MMCA, Drop-Phase, multiplex preamplification, and allele quantification

MMCA was performed on a SLAN-96S instrument with five fluorescence channels. Drop-Phase assays

experimentally phased SNP alleles with /BB mutations on a droplet digital PCR system. Multiplex

preamplification enriched target loci, followed by dPCR-based allele quantification. The limit of blank

(LOB) was determined for each assay.
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Artificial cfDNA standards

Artificial cfDNA standards were prepared by mixing two fragmented gDNA samples to simulate

maternal plasma cfDNA at FFs of 3%, 5% and 7%. A wild-type fetal standard was composed of

maternal HBB:c.216 217insA/N and fetal BN/BN genotypes. A mutant fetal standard contained

maternal HBB:c.216_217insA/N and fetal HBB:c.216 217insA/HBB:c.52A>T genotypes. The

mutation-bearing fetal standards simulated inheritance of both paternal and maternal mutations. Each

standard was preamplified using 5 ng total DNA input, with five replicates for wild-type fetal standards

and ten replicates for mutant fetal standards.

FF estimation and parental mutation inference

FF was estimated using allele-resolved dPCR copy numbers from FF-iSNPs, and measurement error

was evaluated relative to the expected Poisson variation.

Paternal inheritance was determined by direct detection of a paternal-specific mutation when

parental mutations differed, or by Pat-iSNP linkage analysis when they were identical; classification

used a Z-score framework incorporating the assay-specific LOB. When no Pat-iLocus was available,

paternal transmission was inferred from the dosage of the shared parental mutation alone. Maternal

inheritance was inferred using a binomial log-likelihood ratio integrated with Wald's sequential

probability ratio test (SPRT), applied to Mat-iSNPs and the maternal mutation site. Cumulative

likelihood ratios across multiple informative loci determined the classification. Detailed equations,

decision thresholds, and handling of inconclusive results are provided in Additional file 1.

10
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Additional methodological details

Detailed experimental protocols, including sample collection, DNA extraction, reaction conditions,

thermal cycling parameters, linkage decay, turnaround time and cost estimation, and cumulative

recombination probability calculation are described in Additional file 1.

Statistics

All 95% confidence intervals for proportions were calculated using the Wilson method. Inter-center

comparisons of continuous variables (fetal fraction and cfDNA input) were performed using the

Kruskal-Wallis test, followed by Dunn’s post-hoc test with Bonferroni correction when the overall test

was significant. Comparisons of continuous variables between the robust-condition and challenging

groups were performed using the Mann—Whitney U test, except for the variables used to define the

stratification (cfDNA input, fetal fraction, Mat-iLoci number and Pat-iLoci number); because between-

group differences in these variables follow from the stratification criteria by definition, they were not

formally tested. Fetal genotype composition, which is not part of the stratification criteria, was

compared between groups using the chi-square test. No formal sample-size calculation was performed,

as this was a method-development and validation study.

Results

A sequencing-free dARHDO framework

To enable sequencing-free RHDO analysis, we developed a dPCR-based framework, termed dRHDO,

that integrates multiplex SNP selection, experimental haplotype phasing, FF estimation and dPCR-

based allele quantification. Multiplex SNP genotyping identified three classes of informative SNPs:
11
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Pat-iSNPs for paternal mutation detection, Mat-iSNPs for maternal mutation inference and FF-iSNPs

for fetal fraction determination (Figure 1A, B). Together with the mutation sites, these SNPs define

paternally informative loci (Pat-iLoci), which additionally include the paternal mutation when the

parental mutations differ, and maternally informative loci (Mat-iLoci), which additionally include the

maternal ABB mutation site. They support two core objectives: local haplotype reconstruction around

the B-thalassemia locus (via Pat- and Mat-iSNPs) and independent FF estimation from parental

genotype discordance (via FF-iSNPs).

Parental gDNA was analyzed using a Drop-Phase assay to experimentally assign informative SNP

alleles to mutant-linked or wild-type—linked HBB haplotypes (Figure 1A, C) [36]. All candidate SNPs

and HBB mutation sites were subsequently co-amplified by multiplex preamplification, and then

quantified using the allele quantification assay for the previously selected informative SNPs and

parental mutation sites. In the allele quantification assay, each locus was amplified with locus-specific

primers and distinguished by dual-color allele-specific probes, so that both alleles at each site are

enumerated simultaneously by dPCR [34].

Integration of experimentally resolved haplotype phase, allele dosage and FF enabled reconstruction

of haplotype-specific cfDNA representation. The resulting dosage imbalance between mutant-linked

and wild-type-linked haplotypes was then interpreted using a quantitative RHDO framework to infer

fetal inheritance without sequencing.

12
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Figure 1. Workflow of the dPCR-based relative haplotype dosage (RHDO) system for

noninvasive prenatal testing of B-thalassemia. (A) Overview of the integrated experimental

framework for sequencing-independent RHDO analysis. The system combines single nucleotide

polymorphism (SNP) genotyping, experimental haplotype phasing, fetal fraction estimation, and allele

dosage analysis. Informative SNPs (iISNPs) include fetal fraction-informative SNPs (FF-iSNPs),

paternally informative SNPs (Pat-iSNPs), and maternally informative SNPs (Mat-iSNPs), enabling

fetal fraction determination and parental haplotype tracking. Maternal plasma cfDNA is subjected to

multiplex preamplification followed by dPCR-based allele quantification for Pat-iSNPs, Mat-iSNPs,

pathogenic mutations, and FF-iSNPs. Integration of haplotype phase, allele dosage, and fetal fraction

enables RHDO-based inference of fetal inheritance. (B) Multicolor melting curve analysis (MMCA)

for SNP genotyping in parental gDNA. The low-concentration tailed primers and excess universal Tag

primer minimize primer-dimer accumulation through the formation of pan-handle structures. Allele-

specific self-quenched probes generate distinct melting profiles corresponding to matched,

13
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mismatched, and heterozygous genotypes. A-H PCR, ARMS-HANDS PCR. (C) Drop-Phase assay for

experimental haplotype phasing. Dual-color dPCR quantifies co-occurrence of SNP and HBB mutation

signals. Enrichment of double-positive droplets identifies linkage between SNP alleles and mutant- or

wild-type—associated haplotypes.

Design and MMCA-based genotyping of informative SNP panels

We first defined the genomic window and SNP architecture for haplotype inference around HBB. The

mutation panel included ten clinically prevalent f-thalassemia variants in the Chinese population,

collectively accounting for >96% of B-thalassemia variants [1, 37]. To guide SNP selection for

experimental phasing, we characterized linkage decay across increasing inter-locus distances using

gDNA and the Drop-Phase assay (Figure 2A). The dPCR-derived proportion of linked molecules

remained above 15% at a distance of 30 kb from the reference SNP rs7938317, substantially exceeding

the LOB determined using inter-chromosomal controls. These results established the genomic range

suitable for selecting HBB-linked SNPs for downstream haplotype reconstruction.

Based on this linkage profile, 48 SNPs located within £25 kb of HBB and with minor allele

frequencies (MAF) of 0.1-0.5 were selected (Additional file 1: Figure S1) and incorporated into a four-

reaction, five-color MMCA assay (Additional file 1: Figure S2). This panel enabled multiplex SNP

genotyping with a detection sensitivity of 0.25 ng DNA per reaction. Screening of 192 unrelated

individuals, followed by simulation of 36,672 parental pairings (432,,), yielded an average of more than

ten informative SNPs for parental haplotype reconstruction (Figure 2B). However, FF-iSNPs, defined

as SNPs homozygous for different alleles in the two parents, were limited when only HBB-linked SNPs

14
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were considered, with a mean of 4.6 FF-iSNPs per simulated family (Additional file 1: Figures S3 and

S4). Thus, the locus-restricted panel provided sufficient redundancy for local haplotype reconstruction

but limited coverage for stable FF estimation.

To overcome this limitation, we incorporated an additional 48 genome-wide autosomal SNPs with

high heterozygosity (MAF approximately 0.5) and broad chromosomal distribution, generating an

integrated 96-SNP dual panel design. The two 48-SNP subsets were each configured as a separate four-

reaction MMCA set, resulting in a total of eight reactions for complete panel genotyping. Population

allele-frequency modeling predicted that this expanded panel increased the probability of obtaining at

least three FF-iSNPs to >98% (Figure 2C). Simulation across the 36,672 parental pairings generated

from the 192 genotyped unrelated individuals independently gave a probability of 97% for obtaining at

least three FF-iSNPs, concordant with the allele-frequency prediction. Experimental validation in 192

individuals confirmed the predicted improvement in FF-iSNPs availability, with simulated families

yielding an average of > ten FF-iSNPs (Additional file 1: Figure S5). This integrated 96-SNP panel,

genotyped in a unified MMCA workflow, therefore supplied the markers for both local haplotype

reconstruction around ABB and stable FF estimation.

15
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Figure 2. Analytical validation of the dRHDO system. (A) Relationship between genomic distance

and molecular linkage proportion using gDNA extracted by the automated magnetic bead method.

LOB, limit of blank. (B) Bubble plot showing the mean number of informative SNPs across nine

parental genotype combinations. The analysis was based on 36,672 ordered parental pairings generated

from 192 unrelated individuals (42,,). (C) Distribution of informative SNP numbers in simulated

families based on 36,672 ordered parental pairings generated from 192 unrelated individuals. At least

three FF-iSNPs were obtained in 97% of these pairings, consistent with the >98% predicted by

population allele-frequency modeling. (D) Representative Drop-Phase assay results for phasing HBB

mutations with linked distal SNPs. rs11036212 is located 26,168 bp downstream of

HBB:c.126_129delCTTT, and rs74049345 is located 24,595 bp upstream of HBB:c.52A>T. W and M

16



10

11

12

13

14

15

16

17

18

19

20

21

denote wild-type and mutant alleles, respectively; combined labels indicate the co-occurrence of SNP

alleles and mutation or wild-type alleles within droplets, enabling haplotype assignment. (E)

Comparison of allele ratios measured by direct dPCR and preamplification-based dPCR across

different cfDNA input amounts. The dashed horizontal line indicates the expected 50% allelic ratio.

Box plots indicate the interquartile range (IQR, 25th—75th percentiles), white squares represent

medians, orange or blue dots represent individual data points.

Experimental phasing of SNP-mutation linkage

Having established the composition of informative SNPs within the 96-SNP panel, we next determined

whether SNP alleles could be experimentally assigned to mutant-linked or wild-type—linked HBB

haplotypes. Allele-discriminating probes were designed for each SNP (Additional file 1: Figure S6) and

HBB mutations (Additional file 1: Figure S7), enabling dual-color Drop-Phase analysis of SNP—

mutation pairs (Additional file 1: Figure S8). Among the extraction strategies evaluated, the automated

magnetic bead method preserved long-range linkage most efficiently (Additional file 1: Figure S9) and

was therefore used for all subsequent phasing analyses.

Phasing performance was assessed using SNP—mutation pairs separated by approximately 25 kb,

representing the maximum linkage distance incorporated into the BB haplotype panel. Clear

separation of mutant-linked and wild-type—linked haplotypes was achieved for two representative distal

SNP-mutation pairs (Figure 2D), supporting the suitability of HBB-flanking SNPs for local haplotype

reconstruction. Independent validation in B-thalassemia carrier families demonstrated concordant phase

assignment with genotyping results (Additional file 1: Figure S10 and Additional file 2: Table S1).
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These data establish Drop-Phase as a reliable experimental approach for resolving SNP—mutation

linkage and provide the haplotype foundation required for downstream RHDO inference.

Allele quantification and preamplification performance

We next established quantitative allele measurement for low-input cfDNA. Allele quantification assays

targeting selected SNPs and HBB mutations showed low background signals, with LOBs ranging from

0.0251% to 0.2237% (Additional file 1: Figures S11-S12), which allows sensitive detection of low-

abundance alleles.

Because RHDO inference requires accurate dosage measurements across multiple loci, we

introduced multiplex preamplification to overcome the limited template availability of maternal plasma

c¢fDNA. To assess the impact of preamplification, we compared targeted preamplification followed by

dPCR-based allele quantification with direct dPCR measurements using cfDNA inputs ranging from 1

to 7.5 ng. Four heterozygous targets (two FF SNPs and two HBB-flanking SNPs) were analyzed in this

comparison (Figure 2E). Preamplification reduced variability in allele-fraction measurements without

introducing detectable bias. Although locus-dependent differences in absolute copy number were

observed, consistent with amplicon-specific amplification efficiency, detected copy number remained

linearly related to cfDNA input across the tested range (Additional file 1: Figure S13). These results

demonstrate that multiplex preamplification preserves quantitative allele information while improving

measurement stability. Preamplification was therefore integrated into downstream RHDO analysis.

Based on clinical sample availability and stable allele-ratio performance, 5 ng cfDNA was selected as

the standard input for subsequent experiments.
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Informative-locus requirements and FF effects

We next determined how the number of informative loci influences FF estimation and parental

mutation inheritance inference. For FF estimation, we first analyzed a carrier—carrier family with 29

FF-iSNPs. FF estimates progressively stabilized as the number of FF-iSNPs increased, converging at

7-8%, while the standard deviation decreased from 0.020 with a single FF-iSNP to 0.0036 with 15 FF-

iSNPs (Figure 3A and Additional file 1: Figure S14). Three FF-iSNPs alone were sufficient to

substantially reduce variation, and this number of informative loci is achievable in 97% of simulated

parental pairings (Figure 2C). We further evaluated artificial wild-type fetal standards by quantifying

nine FF-iSNPs. Measurements based on individual FF-iSNPs showed variability approaching the

expected Poisson limit, whereas integration of three FF-iSNPs substantially reduced measurement

variation (Figure 3B and Additional file 1: Figure S15). Accordingly, three FF-iSNPs were selected for

routine FF estimation when available; when fewer loci were available, all available FF-iSNPs were

incorporated.

We next assessed the minimal requirement for paternal mutation inference. Using HBB:c.52A>T as a

model, artificial wild-type and mutant fetal standards were analyzed by dPCR-based allele

quantification. Accurate classification of paternal inheritance was achieved when FF exceeded 3%, and

a single Pat-iSNP was sufficient for qualitative inference when direct paternal mutation detection was

not applicable (Figure 3C). A single Pat-iLocus was therefore prespecified as the minimum requirement

for paternal inference, taking the form of the paternal mutation itself when the parental mutations

differ, or of one Pat-iISNP when they are identical.

Maternal mutation inference represents the most challenging component of dARHDO because fetal-
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derived alleles must be quantified against a predominant maternal cfDNA background. We therefore

systematically evaluated the effects of FF, cfDNA input and Mat-iSNP number using artificial

standards representing wild-type and mutant fetal genotypes. Assayed loci were selected such that the

maternal genome and the wild-type fetal genome were heterozygous, whereas the mutant fetal genome

was homozygous, allowing the homozygous allele in the mutant fetal standard to serve as surrogate

mutant-linked allele for modelling Mat-iSNP dosage imbalance.

At 5 ng cfDNA input, four Mat-iSNPs were sufficient for accurate maternal mutation inference at FF

of 5% or 7% (Figure 3D). Under the more challenging condition of 3% FF, wild-type and mutant fetal

standard were evaluated using 12 Mat-iSNPs. To systematically assess the effect of locus number, n

loci were randomly selected from the 12 Mat-iSNPs to generate all possible combinations (C]}), and a

locus-combination (robustness) analysis was performed: for each informative-locus number, every

combination was scored as correct, incorrect or inconclusive according to whether its cumulative SPRT

value crossed the decision boundary corresponding to the reference fetal genotype, the opposite

boundary, or neither. Because these combinations are resampled from the same 12 loci rather than

drawn from independent pregnancies, the resulting proportions describe how inference stabilizes as

informative loci are added and do not constitute an independent estimate of clinical accuracy. Under

this low-FF condition, 11 Mat-iSNPs were required for all combinations to be classified correctly

(Figure 3E and Additional file 1: Figure S16).

Finally, we validated the informative-locus requirements in eight clinical families in which the

mother was a -thalassemia carrier. In three families, allele quantification was performed for one HBB

mutation site and 19 Mat-iSNPs. The number of discordant single-locus classifications decreased as FF
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and cfDNA input increased (Additional file 1: Figure S17). When FF was >5% and cfDNA input was

>5 ng, integration of the mutation site with three Mat-iSNPs was sufficient for accurate maternal

mutation inference. When either analytical condition was not satisfied, additional informative loci were

required; in the most challenging tested condition, integration of the mutation site with 11 Mat-iSNPs

was required for every tested locus combination to be classified correctly (Figure 3F). In the remaining

five families, four Mat-iSNPs were analyzed. Although individual Mat-iSNPs occasionally yielded

borderline classifications, multi-locus integration generated results fully concordant with invasive

prenatal diagnosis (Figure 3G).

These analyses established the informative-locus requirements for dJRHDO inference. These

thresholds were analytically prespecified as cfDNA input >5 ng, FF >5%, at least four Mat-iLoci (the

HBB mutation site and three Mat-iSNPs) and at least one Pat-iLocus (the paternal mutation when the

parental mutations differ, or one Pat-iSNP when they are identical), based on artificial standards and a

separate set of clinical samples, and were locked before the clinical validation was performed. When

these analytical conditions are met, the predefined criteria are sufficient for accurate maternal mutation

inference. When they are not met, analyses of samples were exploratory with all available informative

loci incorporated to maximize inference confidence, aimed at defining the assay's performance

boundaries. For practical clinical implementation, Mat-iSNPs should ideally be selected from both

sides of the BB mutation to minimize potential recombination interference. If discordance persists,

invasive prenatal diagnosis is recommended for confirmation.
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Figure 3. Systematic evaluation of informative SNP requirements for fetal fraction estimation

and parental mutation inference. (A) Distribution of fetal fraction estimates derived from different

numbers of FF-iSNPs, demonstrating reduced variance with increasing SNP number. (B) Correlation

between observed and expected fetal fractions, demonstrating linear agreement across simulations. (C)

Z-score—based classification of paternal inheritance across fetal fraction gradients using 5 ng gDNA

input. (D) Sequential probability ratio test (SPRT)-based classification of maternal inheritance in

simulated standards across different fetal fractions (5 ng cfDNA input). (E) SPRT-based locus-

combination analysis of maternal inheritance at 3% fetal fraction (5 ng cfDNA input). (F) Locus-

combination analysis of the relationship between number of selected SNPs and the proportion of

correctly classified locus combinations under SPRT analysis. Grey bars indicate the number of all

possible combinations from 20 loci; lines represent the proportion of combinations reaching a correct
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classification across representative family structures. (G) SPRT-based classification results in five

clinical families with carrier mothers and wild-type fathers, fully concordant with invasive prenatal

diagnosis.

Clinical validation of dRHDO in a multicenter cohort of 96 p-thalassemia families

As the final validation step, we evaluated the clinical performance of the dRHDO framework in a

multicenter cohort of 96 B-thalassemia families recruited from three participating centers. The complete

analytical workflow is illustrated in a representative family (Additional file 1: Representative family

analysis; Additional file 1: Figures S18 and S19).

Across the 96 clinical families, informative-locus availability varied substantially among individuals

(Additional file 2: Table S2). The median number of FF-iSNPs was 7 (interquartile range [IQR], 5.00—

9.25), Pat-iLoci was 8 (IQR, 3.00—-14.25), and Mat-iLoci was 10 (IQR, 3.75-17.00) (Figure 4A,

Additional file 1: Figure S20 and Table 1). Consistent with the dual-flanking SNP design, 76 of the 96

families contained at least one Mat-iSNP on each side of the HBB mutation, which supports local

haplotype reconstruction. cfDNA input ranged from 2.49 to 21.30 ng (median, 8.34 ng), and FF ranged

from 2.31% to 13.14% (median, 6.44%). Samples were subsequently classified according to the

predefined analytical conditions for robust inference established above, incorporating cfDNA input, FF

and informative-locus availability (Figure 4B). Forty-three samples satisfied these conditions, whereas

the remaining 53 samples did not fully meet one or more analytical requirements (Table 1). All 43

robust-condition samples had at least one Pat-iLocus (35 through the paternal mutation itself and 8

through Pat-iSNPs), and all six families with no available Pat-iLocus were assigned to the challenging
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group. As expected from the prespecified analytical conditions, FF, cfDNA input and Mat-iLoci counts

were higher in the robust-condition group than in the challenging group (Table 1). Because these

variables define the stratification, the differences follow from the classification criteria rather than

representing independent findings, and were not formally tested; they nevertheless confirm that the

stratification separated samples with high analytical robustness from those with limited

informativeness. The number of FF-iSNPs, which is not part of the criteria, did not differ between the

groups (Mann—Whitney U test, P = 0.446). Fetal genotype composition also did not differ between the

groups (chi-square test, P = (0.372). Table 2 shows the per-center distribution of enrolled families, FF,

cfDNA input, and diagnostic accuracy. No significant differences were observed across the three

centers (Kruskal-Wallis test, FF: P = 0.24; cfDNA input: P = 0.19). The cohort covered nine of the ten

panel mutations among the 192 mutant alleles; the four most prevalent mutations

(HBB:c.126_129delCTTT, 38.0%; HBB:c.316-197C>T, 30.7%; HBB:c.52A>T, 14.6%; and HBB:c.-

78A>G, 10.4%) accounted for 93.7% of mutant alleles, consistent with the reported mutation spectrum

in southern China and with the panel design, which covers >96% of B-thalassemia variants.

A
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Figure 4. Clinical characteristics and diagnostic performance of the dRHDO system in 96 -

thalassemia pregnancies. (A) Distribution of informative loci across 96 clinical samples. (B) Sample

classification and detection rule for clinical interpretation. (C) Confusion matrices of fetal genotype

classification by dRHDO versus invasive prenatal diagnosis in the robust-condition group (upper

panel) and the challenging group (lower panel). FF-iSNP, fetal fraction-informative SNP; Pat-iLoci,

paternally informative loci; Mat-iLoci, maternally informative loci; iSNP, informative SNP.

Table 1. Characteristics of the 96 p-thalassemia families stratified by analytical robustness.

Overall cohort Robust-condition Challenging
Characteristic P

n=96 samples n=43 samples n=53
cfDNA input, median (IQR) 8.34 (5.46-9.86) 8.79 (7.25-10.11) 7.55 (4.86-9.66) NA
Fetal fraction, median (IQR) 6.44 (4.94-8.17) 7.41 (6.30-8.40) 5.29 (4.25-7.31) NA
FF-iSNPs, median (IQR) 7.00 (5.00-9.25) 7.00 (5.00-9.50) 6.00 (4.00-9.00) 0.446
Pat-iLoci, median (IQR) 8.00 (3.00-14.25) 9.00 (3.00-17.50) 8.00 (3.00-13.00) NA
Mat-iLoci, median (IQR) 10.00 (3.75-17.00)  12.00 (7.50-22.00) 5.00 (2.00-14.00) NA
Same parental mutation, n (%) 31(32.29) 8 (18.60) 23 (43.40) NA
Different parental mutations, n (%) 65 (67.71) 35 (81.40) 30 (56.60) NA
Affected fetus, n (%) 25 (26.04) 14 (32.56) 11 (20.75) 0.372
Carrier fetus, n (%) 49 (51.04) 21 (48.84) 28 (52.83) NA
Unaffected fetus, n (%) 22 (22.92) 8 (18.60) 14 (26.42) NA
Correct dRHDO classification, n (%) 94 (97.92) 43 (100) 51(96.23) NA

Data are presented as median (IQR) or n (%). The analytical conditions for robust inference were prespecified as

cfDNA input >5 ng, fetal fraction >5%, at least four Mat-iLoci (the HBB mutation site and three Mat-iSNPs) and at

least one Pat-iLocus (the paternal mutation when the parental mutations differ, or one Pat-iSNP when they are

identical). Samples meeting all four criteria were classified as robust-condition (n=43); those failing one or more

criteria were classified as challenging (n=53). Because cfDNA input, fetal fraction, Mat-iLoci number and Pat-
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iLoci number define the stratification itself, between-group differences in these variables follow from the

prespecified criteria rather than representing independent findings; they were therefore not formally compared and

are reported as NA. Only the number of FF-iSNPs, which is not part of the stratification criteria, was formally

compared between the two groups, using the Mann—Whitney U test. Fetal genotype composition, which is also not

part of the stratification criteria, was compared between the two groups using the chi-square test (3> = 1.976; df =

2; P =0.372). Parental mutation concordance was not formally tested, because it is structurally coupled to the Pat-

iLocus requirement; all remaining categorical variables are presented for descriptive purposes only. IQR,

Interquartile range; NA, not applicable. Pat-iLoci and Mat-iLoci counts include the mutation site.

All 96 samples yielded a conclusive genotype call, and no sample remained in the SPRT

inconclusive zone. For samples meeting all four predefined analytical conditions (cfDNA input =5

ng, FF =5%, =4 Mat-iLoci and =1 Pat-iLocus), the minimal prespecified locus set was used for

analysis: the HBB mutation site plus three Mat-iSNPs for maternal inference (four Mat-iLoci in total)

and one Pat-iLocus for paternal inference. All 43 such samples were analyzed with this minimal set and

crossed the decision thresholds on first-pass testing, without additional loci or repeat measurements.

For the 53 samples not fully meeting the conditions, all available informative loci were incorporated as

prespecified and conclusive calls were likewise obtained in every case (see Table 2 for performance in

this subgroup). Of the 96 families, 65 had different parental mutations and were resolved by direct

paternal allele detection, the paternal mutation itself providing the Pat-iLocus; the remaining 31 carried

identical mutations and required haplotype-based inference (Additional file 2: Table S2). Among these

31, 25 had informative Pat-iSNPs and were analyzed using the RHDO approach, and the six families

lacking Pat-iSNPs were analyzed using an LLR-based approach.
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Table 2. Per-center distribution of enrolled families, sample characteristics, and diagnostic

performance.
Center Families (n)  Median FF (%) IQR) Median cfDNA input (ng) (IQR) Correct calls/total
Guangxi 21 6.61 (4.92-7.79) 9.00 (7.99-9.66) 20/21
Dongguan 41 6.82 (5.29-8.54) 6.86 (5.00-10.30) 41/41
Guangzhou 34 5.91 (4.14-7.52) 8.47 (7.05-10.44) 33/34
Total 96 6.44 (4.94-8.17) 8.34 (5.46-9.86) 94/96

FF, fetal fraction; IQR, Interquartile range. P values refer to comparisons across the three participating centers and

were calculated using the Kruskal-Wallis test (fetal fraction, H =2.885, df =2, P =0.236; cfDNA input, H =

3.296, df =2, P =0.192). Diagnostic accuracy was not formally compared across centers because only two

discordant cases occurred in the entire cohort. Guangxi, the First Affiliated Hospital of Guangxi Medical

University; Dongguan, Dongguan Maternal and Child Health Care Hospital; Guangzhou, Guangzhou Women and

Children’s Medical Center.

Overall fetal genotype accuracy was 97.92% (94/96; 95% CI, 92.72-99.43%). For the 43 samples

meeting the predefined analytical conditions (cfDNA input >5 ng, FF >5%, >4 Mat-iLoci and >1 Pat-

iLocus), dRHDO achieved 100% accuracy (43/43; 95% CI, 91.80-100%). Among the 53 samples that

did not fully meet these conditions, accuracy was 96.23% (51/53; 95% CI, 87.25-98.96%), with

sensitivity for affected-fetus detection of 90.91% (10/11; 95% CI, 62.26-98.38%) and specificity of

97.62% (41/42; 95% CI, 87.68-99.58%) (Figure 4C). The two discordant cases were attributable to
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insufficient maternal-informative locus redundancy. One false-negative case had adequate FF (6.62%)

and cfDNA input (8.61 ng) but only one available Mat-iSNP, limiting multi-locus SPRT aggregation.

One false-positive case had FF of 7.07% and cfDNA input of 8.30 ng but lacked available Mat-iSNPs,

requiring inference primarily from the mutation site alone. Accordingly, samples not meeting the

prespecified analytical conditions would not be issued a clinical report; instead, they would be flagged

as challenging, prompting repeat sampling, expanded locus testing or confirmatory invasive diagnosis.

Consistent with autosomal recessive inheritance in carrier couples, the observed distribution of fetal

genotypes (25 affected, 49 heterozygous carriers and 22 unaffected) was close to the expected 1:2:1

Mendelian ratio.

We further assessed the operational characteristics of the dRHDO workflow. The complete assay,

including parental MMCA genotyping, Drop-Phase phasing, multiplex preamplification and dPCR-

based cfDNA allele quantification, could be completed in 7.25 h (within an 8-h working day) from

extracted DNA to final interpretation, with an estimated reagent and consumable cost of approximately

$40 per family. Compared with sequencing-based RHDO workflows, which typically require library

preparation, sequencing and bioinformatic haplotype analysis, dRHDO provides a simplified workflow

with reduced operational complexity and shorter turnaround time. A detailed breakdown of assay time

and cost is provided in Additional file 2: Table S3.

Together, these multicenter clinical data demonstrate that dRHDO enables accurate noninvasive fetal

genotyping of B-thalassemia across diverse clinical sample conditions while defining the analytical

requirements for reliable inference. More broadly, these findings establish that MMCA genotyping,

experimentally resolved haplotypes, FF determination and dPCR-based allele dosage can be integrated
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to transform RHDO from a sequencing-dependent computational strategy into a scalable assay-driven

measurement framework.

Discussion

In this study, we established a sequencing-free dRHDO framework for NIPT of B-thalassemia by

integrating multiplex SNP selection, experimental haplotype phasing, FF determination and dPCR-

based allele quantification. By combining MMCA-based genotyping of a 96-SNP dual-panel design

with Drop-Phase—based physical phasing and allele-resolved dPCR measurement, dRHDO enables

haplotype reconstruction and quantitative inference of fetal inheritance without sequencing readouts or

population-based haplotype modelling. In dRHDO, haplotype structure is resolved at the bench and

dosage imbalance is quantified directly, rather than inferred computationally from sequencing data. We

also define analytical conditions, including cfDNA input, FF and informative-locus availability, that

determine inference reliability and give the assay explicit operational requirements. This should

simplify clinical evaluation and implementation of monogenic NIPT.

Accurate FF estimation is essential for cfDNA-based diagnosis. Existing approaches include Y-

chromosome—based methods, methylation-based assays [38, 39], and digital PCR- or SNP-based

strategies [34, 35], each with limitations in applicability, cost, or robustness. SNP-based approaches are

broadly applicable but typically require additional parental genotyping or cfDNA consumption [34,

35]. In contrast, dRHDO integrates FF estimation directly into the SNP-selection workflow through

MMCA-based identification of FF-iSNPs derived from parental homozygous discordance, avoiding

additional cfDNA allocation or epigenetic assumptions. By incorporating FF estimation into the same
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analytical pipeline used for RHDO inference, dRHDO provides an internally consistent measurement

strategy. We further demonstrate that three FF-iSNPs are sufficient for stable FF estimation, with

variability approaching the expected Poisson limit and a coefficient of variation below 10%. FF

determination therefore adds neither sample consumption nor additional assays.

Paternal inheritance is the easier case in monogenic NIPT. Previous approaches include real-time

quantitative PCR [11], PCR-restriction endonuclease digestion [40], dPCR and NGS-based assays [21].

When parents carry different pathogenic variants, paternal inheritance can be inferred directly by

detecting a paternally derived allele that is absent from the maternal background. However, when both

parents carry the same mutation, parental origin cannot be resolved by mutation detection alone and

requires haplotype-based inference, as demonstrated for phenylketonuria [41]. To address this, we

established a unified strategy that combines direct mutation detection when parental variants differ with

SNP-mediated haplotype inference when mutations are identical. In the latter setting, Pat-iSNPs

identified by MMCA and phased using Drop-Phase enabled indirect paternal inheritance inference

through dPCR-based haplotype reconstruction. An LLR-based contingency method kept the strategy

informative even when no Pat-iLocus was available, a situation that would otherwise defeat SNP-

mediated paternal haplotype inference. Together with the scalability of the dPCR-based workflow, this

flexibility supports dRHDO as a practical alternative to sequencing-based RHDO for prospective

clinical implementation.

Maternal inheritance is harder to resolve, because fetal-derived alleles must be quantified against a

predominant maternal cfDNA background. Although dPCR provides high analytical sensitivity,

conventional dPCR-based approaches have primarily focused on RMD analysis and lack the ability to
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incorporate multi-locus haplotype information [42]. A previous study demonstrated that linked

haplotype markers could improve allelic dosage analysis using dPCR; however, this approach relied on

pre-established haplotype information and was demonstrated only in limited cases [33]. Here, we

extend dPCR-based analysis by incorporating experimentally resolved SNP haplotypes into an RHDO

framework, enabling haplotype dosage inference without sequencing-based phasing. By integrating

mutant-linked Mat-iSNP dosage with phased SNP information, dRHDO infers maternal inheritance

from multi-locus dosage imbalance rather than single-site measurements. Systematic analytical

modelling and experimental validation established the informative-locus requirements across different

FF and ¢fDNA inputs. Under predefined analytical conditions (cfDNA input >5 ng, FF >5%, at least

four Mat-iLoci and at least one Pat-iLocus), four Mat-iLoci (the BB mutation site and three Mat-

iSNPs) were sufficient for accurate inference. The two discordant cases observed in the full cohort

were attributable to insufficient Mat-iSNP redundancy; multi-locus aggregation, rather than assay

sensitivity alone, determined RHDO performance.

Compared with existing strategies for monogenic NIPT, dRHDO combines elements that each of

them lacks. Sequencing-based haplotype phasing approaches, spanning family- or proband-informed

inference, targeted capture sequencing, linked-read and long-read phasing, population reference panels

and machine-learning-assisted genotype prediction [22-30], provide genome-wide haplotype

information and are broadly applicable across diseases, but they require sequencing infrastructure,

specialized bioinformatic phasing and longer turnaround times. As noted earlier, RMD-based

approaches remain centered on the pathogenic variant itself. [20, 21]. Conventional dPCR-based RMD

assays [31, 32] offer absolute quantification with operational simplicity, yet are restricted to a small
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number of loci and lack integrated haplotype information. dPCR-based haplotype approaches relied on

pre-established population-specific haplotypes [33]. A recently reported optimized NIPT for

thalassemia based on changes in haplotype doses, which combines cell-free fetal DNA enrichment with

hybrid-capture sequencing and requires a reference offspring for family-based haplotyping, achieved

100% concordance with invasive testing in 93 clinical families [43]; that workflow nonetheless

depends on sequencing-based haplotyping, which dRHDO replaces with experimental droplet phasing.

dRHDO addresses these gaps by experimentally resolving patient-specific haplotypes and aggregating

dosage across multiple informative loci within a single dPCR workflow. In the present cohort, this

translated into a turnaround time of 7.25 h and an estimated cost of approximately $40 per family.

Sequencing-based haplotype phasing approaches, by contrast, require sequencing instrumentation,

specialized bioinformatics personnel and multi-day workflows; because most of these methods have so

far been implemented as research protocols rather than established clinical services, directly

comparable cost figures are scarce. The present comparison is therefore based on operational

characteristics rather than a formal head-to-head cost evaluation, which remains to be performed.

Recombination between pathogenic variants and linked SNPs represents a potential limitation of

RHDO-based approaches. Previous studies using broad genomic regions have identified occasional

recombination-associated discordant signals during haplotype inference [44, 45]. In contrast, (RHDO

minimizes this risk through a restricted SNP design strategy, using HBB-flanking SNPs within a +25 kb

region and selecting informative loci on both sides of the mutation. This dual-flanking design reduces

the likelihood that a single recombination event would disrupt all informative signals simultaneously.

The cumulative recombination probability across the panel of 48 HBB-flanking SNPs (a panel-level
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estimate, not a per-family value) was <0.0047 from the deCODE population-based recombination map

(Additional file 1) [46], supporting a low estimated recombination risk within the interrogated region.

Consistent with this design principle, no recombination-related inconsistencies were observed among

the 96 clinical families. Nevertheless, when discordant inheritance signals occur across multiple loci,

increasing informative-locus coverage and evaluating locus-specific recombination probability will

improve confidence; if the discordance persists, invasive prenatal diagnosis is recommended for

confirmation [45]. For paternal inference, the current implementation relies on a single Pat-iSNP when

parental mutations are identical; future expansion to multiple flanking Pat-iSNPs may further reduce

dependence on single-locus measurements.

Several limitations should be considered. First, some samples exhibited low cfDNA input or low FF,

reducing inference robustness. Across the cohort, cfDNA input median 8.34 ng and FF median 6.44%,

reflecting the use of residual plasma from routine clinical testing (1-2 mL per sample), including

standard EDTA tubes and pre-analytical delays, rather than dedicated cfDNA preservation tubes.

Maternal gDNA contamination, a recognized consequence of such pre-analytical conditions, was

directly visualized by capillary electrophoresis in the sample with the lowest FF in the cohort (FF =

2.31%; Additional file 1: Figure S21), although its overall contribution to the reduced FF across the

cohort was not systematically quantified. The median FF in this cohort (6.44%) was lower than the

~11.6% typically reported in routine NIPT [47]. Both limitations are addressable prospectively by

using cfDNA preservation tubes, collecting 5—10 mL of plasma, and ensuring timely processing. For

cases in which FF remains suboptimal despite proper collection, enrichment of fetal-derived cfDNA

fragments [27, 43] or real-time fragment-length assessment could further improve reliability. Second,
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occasional insufficient informative SNP coverage occurred in some families, likely due to

population-specific linkage disequilibrium patterns. Expanding the SNP panel or integrating population

haplotype reference databases [28] may improve performance across diverse populations and additional

monogenic disorders. Third, this study was conducted in southern China and focused on B-thalassemia,

where mutation spectra and linkage disequilibrium are population-specific. SNP informativeness may

differ in other ethnic groups, and the B-thalassemia mutation spectrum varies considerably outside East

and Southeast Asia. Thus, the SNP panel and analytical conditions should be prospectively evaluated

before clinical use in other populations. Nevertheless, the experimental framework (multiplex SNP

genotyping, physical haplotype phasing, and dPCR-based allele quantification) is readily transferable

to other diseases and populations with appropriate SNP adaptation.

From a translational perspective, several requirements should be met before routine clinical

adoption. First, the assay needs parental blood samples for MMCA genotyping and Drop-Phase phasing

in addition to maternal plasma, so implementation is best suited to prenatal diagnostic centers that

already manage carrier couples. Second, pre-analytical conditions matter: the low median FF observed

here reflected residual plasma and pre-analytical delays with standard EDTA tubes, and prospective use

of cfDNA preservation tubes with 5—10 mL plasma collection is expected to improve both FF and

informative-locus availability. Third, the current SNP panel is optimized for the Chinese population,

and panel adaptation guided by population-specific allele frequencies will be required in other regions.

Operationally, dRHDO is intended not to replace invasive prenatal diagnosis in all pregnancies, but to

provide a rapid noninvasive option for carrier couples when the predefined analytical conditions are

met; samples falling outside these conditions are reported as challenging, prompting repeat sampling,
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expanded locus testing or confirmatory invasive diagnosis. This decision structure is particularly

relevant for high-prevalence regions where large numbers of carrier couples require accessible prenatal

genetic testing.

Conclusions

In summary, we established a sequencing-free RHDO strategy on a dPCR platform for noninvasive

prenatal testing of B-thalassemia. Under predefined analytical conditions, the assay provided accurate

results in the multicenter cohort, supporting its analytical and clinical validity in eligible cases.

Compared with sequencing-based RHDO approaches [27, 48, 49], dRHDO does not require

sequencing, avoids complex bioinformatic phasing, and offers substantially shorter turnaround times,

enabling same-day analysis from extracted DNA to result. Compared with conventional dPCR-based

RMD strategies, dRHDO introduces experimentally resolved haplotype information, converting single-

locus dosage measurement into multi-locus haplotype dosage inference. Although challenges remain

for samples with limited FF or insufficient informative loci, the analytical conditions and classification

framework established here provide a practical foundation for clinical translation. More broadly,

dRHDO offers a scalable strategy for extending RHDO principles to a wider range of autosomal

recessive inherited disorders.
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