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Abstract: Refractive surgery can unmask or accelerate transforming growth factor-β-induced (TGFBI)-related corneal dystrophies 
that are undetectable by routine slit-lamp examination, creating a clear need for a rapid, standardized, preoperative genetic 
screening. We developed a multiplex, allele-specific real-time quantitative polymerase chain reaction (qPCR) panel targeting five 
high-frequency TGFBI hotspots (R124C/L/H, R555W/Q) and built a statistics-driven analytical framework to optimize assay 
decisions. Receiver operating characteristic (ROC) analysis defined locus-specific cycle threshold (CT) cut-offs that were 
harmonized to a single decision threshold (CT=36) to simplify deployment. Analytical sensitivity was established by Probit 
modeling of serial two-fold dilutions, and confirmed by ≥20 replicates per level. In a 158-sample validation set (38 mutation-
positive; 120 negative), qPCR agreed perfectly with Sanger sequencing (Cohen’s kappa coefficient (κ)=1.0). Probit analysis 
yielded locus-specific limit of detection (LoD) values ranging from 0.035 to 0.200 ng/µL; at 0.200 ng/µL, the detection rate was 
over 95%. Repeatability and intermediate precision were high (CT coefficient of variation (CV) 0.34%–1.21%). No cross-reactivity 
was observed against non-target TGFBI variants or other ophthalmic genes, and interference from blood, oral flora/rinse, or 
toothpaste produced small, bounded shifts (approximately −7.8% to +2.8%). Calibration with serial dilutions demonstrated 
linear CT–log(copy) relationships suitable for routine quality control. Prospective screening of 10 055 refractive surgery candidates 
identified six TGFBI carriers (0.06%) harboring R124H (including one homozygote), R124L, R124C, or R555W mutation, all 
confirmed by Sanger sequencing. This study established a clinically applicable, statistically optimized multiplex qPCR platform 
that integrated ROC-derived cut-offs and Probit-defined LoD with rigorous evaluations of precision, specificity, and robustness, 
enabling large-scale population implementation. Positive screening results guide clinical decision-making through a standardized 
post-screening workflow, and the targeted hotspot screening strategy serves as a cost-effective first-tier high-throughput approach 
for preoperative risk assessment. The framework provides a transparent, reproducible path to standardize preoperative TGFBI 
screening and reduce iatrogenic risk in refractive surgery candidates.
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1 Introduction 

Inherited corneal dystrophies, particularly those 
caused by transforming growth factor-β-induced 
(TGFBI) mutations, pose significant diagnostic and 
surgical challenges (Weiss et al., 2024). These disorders 
are often bilateral, progressive, and clinically heteroge‐
neous, with certain genotypes—such as R124C/L/H 
and R555W/Q—representing over 90% of epithelial-
stromal dystrophy cases in East Asian populations 
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(Song et al., 2017; Cho et al., 2025). This high preva‐
lence of the five hotspot mutations in East Asian popu‐
lations is the core rationale for their selection as the 
assay targets in this study. In refractive surgery candi‐
dates, the subclinical presence of such mutations can 
precipitate corneal opacification following procedures 
such as laser in situ keratomileusis (LASIK) or pho‐
torefractive keratectomy (PRK), leading to irrevers‐
ible visual impairment (Stenson et al., 2020). Current 
slit-lamp-based screening methods lack the sensitivity 
to detect asymptomatic carriers, particularly in younger 
patients, creating an urgent clinical demand for rapid, 
quantitative, and standardized genetic testing before 
surgery (Chao-Shern et al., 2019; Li et al., 2021).

Although Sanger sequencing remains the clinical 
reference method for TGFBI genotyping, its long turn‐
around time and relatively high cost limit its applica‐
tion for large-scale presurgical screening (Han et al., 
2016; Hieda et al., 2023). The integration of real-time 
quantitative polymerase chain reaction (qPCR) with 
statistical validation offers a compelling solution, en‐
abling both rapid detection and rigorous analytical stan‐
dardization (Bostan and Randleman, 2024). Here, we 
designed a multiplex allele-specific qPCR platform tar‐
geting five recurrent TGFBI hotspots and coupled it 
with statistical optimization tools—including receiver 
operating characteristic (ROC) curve analysis for 
threshold calibration and Probit modeling for limit of 
detection (LoD) estimation (Kwak et al., 2021). This 
dual analytical–statistical validation ensures the assay’s 
reproducibility, sensitivity, and clinical reliability, ful‐
filling the methodological rigor expected in analytical 
science (Jiang and Zhang, 2021).

A key strength of this work lies in its scale: over 
10 000 preoperative samples were collected prospec‐
tively, yielding a robust and demographically repre‐
sentative dataset that enabled objective performance 
evaluation in situations with real-world clinical vari‐
ability (Rocha-de-Lossada et al., 2021). Such large-
scale empirical validation bridges the gap between re‐
search and clinical utility, demonstrating the feasibility 
of standardized molecular diagnostics in routine surgi‐
cal workflows. Statistical validation metrics—limit of 
blank (LoB), LoD, limit of quantification (LoQ), and 
ROC-derived cut-offs—were not merely descriptive 
but functioned as optimization levers, quantitatively 
refining assay performance (Munier et al., 1997; Song 
et al., 2023).

It is important to note that a negative result for 
the targeted hotspot mutations does not exclude the 
presence of rare or atypical pathogenic variants. Sanger 
sequencing is recommended for individuals with sus‐
picious clinical phenotypes, positive family history, or 
abnormal imaging findings despite a negative qPCR 
screen, to address residual genetic risk. Ultimately, this 
study establishes an evidence-based, statistics-optimized 
workflow for genetic risk screening in refractive sur‐
gery candidates. By uniting molecular diagnostics with 
population-scale statistical evaluation, it provides an 
objective, reproducible framework to minimize post‐
operative complications, elevate preoperative safety 
standards, and offer a scientific foundation for future 
clinical laboratory guidelines (Fig. 1).

2 Materials and methods 

2.1 Clinical samples and study design

Buccal swab samples were collected from the Eye 
Hospital of Wenzhou Medical University, Wenzhou, 
China. To establish and validate the qPCR assay, we 
obtained swab samples from the Department of Cornea 
(Valasek and Repa, 2005). Preoperative genetic testing 
was conducted via swab sampling of 10 055 candidates 
for corneal laser surgery who were evaluated at the 
Department of Refractive Surgery between May 24, 
2021 and December 31, 2024. This study was filed 
in the National Medical Research Filing Information 
System (Filing No. MR-33-25-015232). This study 
adhered to the principles of the Declaration of Hel‐
sinki. Ethics approval was obtained from the institu‐
tional Review Board, and written informed consent 
was obtained from all participants prior to genetic 
testing.

2.2 Sample collection and genomic DNA extraction

Buccal specimens were collected using sterile 
nylon-flocked swabs and immediately transferred to col‐
lection tubes prefilled with a stabilizing agent (Skonier 
et al., 1992). DNA was extracted using the MagPure 
Tissue DNA Kit (Magen Biotechnology Co., Ltd., 
Guangzhou, China) according to the manufacturer’s 
protocol. DNA concentration and purity were assessed 
spectrophotometrically, and extracts were diluted to 
the intended working range for qPCR assays.
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2.3 Design of multiplex allele-specific qPCR assays

Four allele-specific qPCR reactions were estab‐
lished to detect five hotspot mutations in TGFBI: c.370C>
T, c.371G>A, c.371G>T, c.1663C>T, and c.1664G>A.

Primer–probe sets (Table S1) were designed using 
conserved flanking regions and minor groove binder 
(MGB)-modified hydrolysis-based fluorescent probes, 
each labeled with distinct fluorophores to differentiate 
wild-type and mutant alleles (Liskova et al., 2025). 
Amplicon lengths were kept between 85 and 100 bp 
to ensure high amplification efficiency. qPCR reac‐
tions (25 μL) comprised 1× master mix, 300 nmol/L 
primers, 200 nmol/L probes, and 20–50 ng template 
DNA. Amplification was performed on an ABI 7500 
real-time PCR system (Applied Biosystems, Foster 
City, CA, USA): 95 ℃ for 5 min; 40 cycles of 95 ℃ 
for 10 s and 65 ℃ for 40 s. Fluorescence was ac‐
quired at the annealing/extension step.

2.4 Analytical sensitivity: ROC-based CT threshold 
calibration

To establish diagnostic thresholds, cycle thresh‐
old (CT) distributions were obtained from 30 wild-
type samples, 10 heterozygotes, and ten-point serial 
dilutions of two homozygous mutation samples (1×
10−3–1 ng/μL).

For each locus, we generated ROC curves by plot‐
ting sensitivity versus 1−specificity. CT cut-offs maxi‐
mizing the Youden index (J=sensitivity+specificity−
1) were selected (Holden et al., 2016). Since all loci 
showed highly similar discrimination performance, a 
unified cut-off of CT=36 was adopted for operational 
simplicity.

2.5 LoD determination via Probit modeling

To quantify analytical sensitivity, LoD was esti‐
mated using two-fold serial dilutions of heterozygous 

Fig. 1  Schematic overview of the workflow for multiplex allele-specific real-time quantitative polymerase chain reaction 
(qPCR) screening of transforming growth factor-β-induced (TGFBI) hotspot mutations, including buccal swab collection, 
genomic DNA extraction, qPCR-targeted amplification, and result interpretation. ROC: receiver operating characteristic.
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genomic DNA (0.8–0.006 25 ng/μL; n=5 replicates 
per level). Detection rates across concentrations were 
modeled by a Probit regression, yielding the concen‐
tration corresponding to 95% detection probability 
(International Myopia Institute, 2021).

LoD values (0.035–0.200 ng/μL across loci) were 
independently validated by testing 20 replicates at 
each concentration (0.4, 0.2, and 0.1 ng/μL). The low‐
est concentration with ≥95% detection consistency was 
defined as the empirical LoD.

2.6 Precision and reproducibility studies

Assay precision was evaluated at low and high 
template concentrations. Intra-day precision: eight rep‐
licates per allele, evaluated on a single day. Inter-day 
precision: repeated across three non-consecutive days. 
Operator reproducibility: experiments performed by 
three independent technologists (Zhang and Song, 
2023). Precision was expressed as CT coefficient of 
variation (CT CV), with acceptable analytical repro‐
ducibility defined as CV≤2%.

2.7 Specificity and cross-reactivity evaluation

Specificity was assessed using genomic DNA 
containing non-target TGFBI variants and mutations 
in other ocular disease genes (e.g., NMNAT1, EYS, and 
ABCA4). Assays were considered specific when non-
target templates produced no amplification (CT≥40) in 
mutant channels.

2.8 Interference testing

To assess robustness in a clinically realistic ma‐
trix, buccal DNA was spiked with 5% (volume frac‐
tion) venous blood, 300 colony-forming unit per milli‐
liter (CFU/mL) Staphylococcus aureus, 5% (volume 
fraction) mouthwash, and 1 g/L toothpaste. Interference 
was defined as the percent deviation of CT values rela‐
tive to non-spiked controls. Acceptable performance 
was predetermined as <±10% CT shift.

2.9 Standard curve construction and amplification 
efficiency

Serial dilutions of homozygous reference DNA 
(1×106–10 copies/reaction) were used to generate stan‐
dard curves for each allele. Slope, coefficient of deter‐
mination (R2), and amplification efficiency were cal‐
culated from CT versus logarithm of template copy 
number.

Efficiencies ranging between 90% and 110% and 
R2≥0.98 were considered analytically acceptable.

2.10 Sanger sequencing confirmation

For all qPCR-positive samples and 120 randomly 
selected negatives, bidirectional Sanger sequencing was 
performed (Wang Y et al., 2020). PCR products were 
purified and sequenced using ABI 3730 instruments 
(Applied Biosystems). Chromatograms were manually 
reviewed to confirm allele calls.

2.11 Large-scale preoperative screening

All 10 055 participants were screened using the 
optimized qPCR assay. Individuals with CT<36 in any 
mutant channel were classified as mutation carriers. 
Positive cases were reviewed by corneal specialists and 
confirmed with Sanger sequencing. Demographic 
distribution and mutation frequency were summarized 
descriptively.

A standardized post-screening clinical workflow was 
implemented for qPCR-positive individuals: (1) qPCR-
positive results were confirmed by bidirectional Sanger 
sequencing; (2) screen-positive individuals were re‐
ferred to corneal specialists for comprehensive clin‐
ical evaluation and genetic counseling; (3) treating cli‐
nicians determined surgical planning decisions (can‐
celling surgery or modifying the surgical approach) 
based on the combined genetic and clinical findings.

2.12 Statistical analysis

Analytical performance metrics (sensitivity, spec‐
ificity, area under curve (AUC), LoD, and CV) were 
computed using MedCalc (MedCalc Software Ltd., 
Ostend, Belgium) and GraphPad Prism (GraphPad 
Software Inc., San Diego, CA, USA). Continuous vari‐
ables were reported as mean±standard deviation (SD). 
Categorical variables were summarized as proportions 
with 95% confidence intervals (CIs). All statistical tests 
were two-sided, with P<0.05 considered significant.

3 Results 

3.1 Establishment of qPCR assay for TGFBI hotspot 
mutations

Four TGFBI hotspot mutations located in exons 4 
and 12 were selected as assay targets (Fig. 2a). Custom-
designed primer–probe sets (Table S1) were used to 
establish four locus-specific qPCR assays covering 
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five clinically relevant variants: c.370C>T, c.371G>A, 
c.371G>T, c.1663C>T, and c.1664G>A. Among them, 
the c.371 assay enabled simultaneous discrimination 
of both c.371G>A and c.371G>T, while the remaining 
loci detected single-base substitutions individually. The 
AUC values of the ROC curves for all detection loci 
were 1.000 (95% CI: 1.000–1.000).

The assay was first evaluated using wild-type, het‐
erozygous, and homozygous clinical samples, alongside 

recombinant plasmids and negative controls including 
genomic DNA from common oral bacteria and nuclease-
free water. As shown in Figs. 2b–2e, wild-type sam‐
ples produced only wild-type amplification curves, 
homozygous mutants yielded only mutant curves, and 
heterozygous specimens showed dual-signal amplifica‐
tion. No amplification was observed in any negative 
controls, confirming assay specificity at the qualitative 
level.

Fig. 2  Allele-specific real-time quantitative polymerase chain reaction (qPCR) performance for the four transforming 
growth factor-β-induced (TGFBI) loci, showing distinct amplification patterns for wild-type and mutant alleles and 
receiver operating characteristic (ROC)-derived cycle threshold (CT) values supporting accurate discrimination across all 
targeted hotspot mutations. (a) Genomic locations of the five hotspot mutation sites in the TGFBI gene. (b–e) Representative 
genotyping results for the loci c.370, c.371, c.1663, and c.1664 from clinical samples and recombinant plasmids. Wild-
type alleles are indicated by blue lines, homozygous mutations by red or green lines, and heterozygous mutations by 
dashed lines. ΔRn is defined as the net specific amplification fluorescence signal after baseline background subtraction, 
calculated automatically by ABI7500 SDS software for each amplification cycle. (f) ROC curve analysis of the qPCR assay 
for each locus.
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To determine the decision cut-off, we tested a panel 
of 30 wild-type, 10 heterozygous, and one homozy‐
gous samples for each locus across 10 serial concen‐
trations (Fig. S1). ROC curve analysis (Fig. 2f) yielded 
locus-specific CT values: c.370 (35.85/35.30 for C/T), 
c.371 (35.71/34.76/35.24 for G/A/T), c.1663 (35.47/
35.46 for C/T), and c.1664 (36.12/35.62 for G/A). To 
streamline interpretation and assay deployment, a uni‐
fied cut-off of CT=36 was adopted for all targets.

3.2 Performance validation of the TGFBI qPCR assay

To assess analytical accuracy, 158 clinical sam‐
ples (38 mutation-positive and 120 wild-type) were 
tested. qPCR results demonstrated identical results 
with Sanger sequencing (Cohen’s Kappa coefficient 
(κ)=1.0), confirming assay accuracy for all five target 
mutations (Table S2).

Analytical sensitivity was evaluated using four 
heterozygous samples—including one artificially gen‐
erated 371GAT pool—subjected to a two-fold dilution 
series from 0.8 ng/µL across 10 concentrations. Each 
dilution was tested in five replicates, and Probit model‐
ing was applied to estimate the lower limit of detection 
(LLoD). As shown in Fig. 3a, LLoD values were 
0.162/0.035 ng/µL (c.370C/T), 0.200/0.178/0.162 ng/µL 
(c.371G/A/T), 0.081/0.041 ng/µL (c.1663C/T), and 
0.200/0.081 ng/µL (c.1664G/A). The overall LLoD 
was therefore defined as 0.2 ng/µL (95% CI: 0.182–
0.231 ng/µL). To validate this cut-off, five heterozy‐
gous samples were diluted to 0.4, 0.2, and 0.1 ng/µL 
and tested in 20 replicates (Table S3). A ≥95% posi‐
tive rate was consistently achieved at 0.2 ng/µL.

To establish the LoQ, heterozygous samples 
were tested across a broader concentration range 
(0.2–50 ng/µL). Linear regression of CT versus 
log10concentration demonstrated high linearity, and 
LoQ was defined as the lowest concentration with CT 
CV<5%. Corresponding slopes, amplification efficien‐
cies, R2 values, and LoQ values for each locus are 
summarized in Table S4 and Fig. S2.

We examined reproducibility using heterozygous 
samples prepared at high and low concentrations for 
each locus. Samples were analyzed by different opera‐
tors over three consecutive days, with eight replicates 
per day. As shown in Fig. 3b, intra- and inter-day CT 
values displayed no statistically significant variation, 
and CV values ranged from 0.34% to 1.21%, support‐
ing stable assay performance.

Specificity was assessed using 10 samples carry‐
ing alternative TGFBI mutations. Each hotspot variant 
was detected only by its corresponding assay, while 
samples with other TGFBI mutations produced nega‐
tive results (Table S5). All eight samples harboring 
mutations in other ocular disease genes were also nega‐
tive (Table S6), supporting high analytical specificity. 
Taken together, the specificity of the detection system 
was 100.00% (95% CI: 99.25%–100.00%).

To evaluate robustness, potential interference from 
venous blood, S. aureus, mouthwash, and toothpaste 
was examined in both heterozygous and wild-type 
samples. Interference rates remained low across all 
conditions (Fig. 3c): −0.77% to +1.48% (5% blood), 
−3.75% to +1.29% (300 CFU/mL S. aureus), −5.85% 
to +0.84% (5% mouthwash), and −7.78% to +2.77% 
(1 g/L toothpaste), indicating strong assay tolerance to 
common contaminants.

3.3 Preoperative screening of refractive surgery 
candidates

The assay was administered to 10 055 individu‐
als undergoing preoperative evaluation for corneal re‐
fractive surgery. Six individuals (0.06%) were ident‑
ified as mutation carriers (Table S7, Fig. 4a), but slit-
lamp examination showed no obvious corneal abnor‐
malities. The overall cohort consisted of 6312 males 
(62.8%) and 3743 females (37.2%), with a mean age 
of (22.57±5.94) years.

Among mutation-positive individuals (four males 
and two females; mean age (22.67±4.23) years), no 
significant differences in sex (P=1.00) or age (P=0.91) 
were observed compared with mutation-negative par‐
ticipants. Identified variants included two cases of 
c.371G>A (p.R124H), one of which was homozygous, 
as well as single cases of c.371G>T (p.R124L), c.370C>
T (p.R124C), and c.1664G>A (p.R555W). All qPCR-
positive results were verified by Sanger sequencing 
(Fig. 4b). Multidisciplinary consultations involving cli‐
nicians, genetic counselors, and surgeons were per‐
formed to evaluate the clinical status, genetic charac‐
teristics, and individual needs of each carrier. After 
comprehensive multidisciplinary evaluation and fur‐
ther communication with the subjects and their fam‐
ilies, refractive surgery was ultimately cancelled for 
all six mutation-positive carriers and regular follow-
up was scheduled.
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4 Discussion 

In this study, we developed a multiplex allele-
specific qPCR assay targeting five recurrent TGFBI 
hotspot mutations and established an analytical valida‐
tion framework to address a key unmet clinical need: 

reliable presurgical detection of asymptomatic carriers 
at risk for TGFBI-related corneal dystrophies. As out‐
lined in the Introduction, slit-lamp examination alone 
is insufficient for identifying genetically predisposed 
individuals, particularly young refractive surgery can‐
didates. Against this background, a rapid, standardized, 

Fig. 3  Analytical sensitivity, precision, and robustness of the multiplex allele-specific real-time quantitative polymerase 
chain reaction (qPCR) assay across all transforming growth factor-β-induced (TGFBI) hotspot loci. (a) Probit-modeled limits 
of detection using two-fold serial dilutions. The dashed lines represent the distribution of the 95% confidence intervals 
for the detection rate. (b) Intra- and inter-day reproducibility across operators (D1–D3) and concentrations (low, high). 
(c) Interference testing with common contaminants in clinical samples. Interference rates of 5% venous blood, 300 CFU/mL 
Staphylococcus aureus (with triangle on the top), 5% mouthwash (with diamond on the top), and 1 g/L toothpaste (with 
circle on the top). Conc.: concentration.
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and statistically supported genetic screening method is 
essential for improving preoperative risk assessment 
(Wang XR et al., 2020).

The analytical strategy used here incorporates 
statistical modeling and experimental evaluation in 
a structured manner that aligns with contemporary 
analytical chemistry principles. The allele-calling thresh‑
olds are a result of ROC-based analyses, and the 
unified decision threshold is justified by clustering of 
locus-specific cut-offs. This threshold standardization 
is consistent with the assay’s intended clinical applica‐
tion; it reduces interpretive variability while maintain‐
ing analytical rigor. Likewise, the quantitative esti‐
mates of detection limits are the outcome of Probit 
modeling of two-fold dilution data, and are supported 
by independent replicate testing. The agreement be‐
tween modeled and empirical LoD values strength‐
ens confidence in the assay’s performance at low tem‐
plate concentrations, where precision is often most 
challenging (Banning et al., 2006). Results from preci‐
sion, specificity, and interference studies further rein‐
force the robustness of the proposed assay. The low 
levels of intra- and inter-day variations, together with 

consistent performance across operators, reflect stable 
amplification behavior and reliable allele discrimina‐
tion (Poulsen et al., 2016). These findings collectively 
confirm the assay’s analytical stability under condi‐
tions representative of clinical laboratory workflows.

The large-scale administration of the assay to 
10 055 refractive surgery candidates demonstrates its 
operational feasibility and provides a clinically rele‐
vant context for interpreting analytical metrics. The 
observed carrier rate of 0.06% in this study is slightly 
lower than the 0.1%–0.3% rate reported in other East 
Asian population-based studies. We attribute this dis‐
crepancy primarily to the unique characteristics of the 
study cohort: all participants were refractive surgery 
candidates recruited from a tertiary ophthalmic center, 
who underwent comprehensive preoperative ophthal‐
mic assessment and generally presented with no clini‐
cally evident corneal pathology. Thus, the cohort rep‐
resents a selected “healthier-cornea” subpopulation, 
rather than a random population-based sample. Addi‐
tional factors contributing to the prevalence difference 
may include variations in recruitment settings, age 
structures, regional genetic characteristics, and the 
hotspot-targeted testing strategy used in this study. 
Therefore, the 0.06% prevalence estimate should be 
interpreted as the mutation rate in refractive surgery 
candidates, not the general East Asian population.

Although the mutation frequency we found was 
low (0.06%), the identification of both heterozygous 
and homozygous carriers underscores the importance 
of targeted genetic screening in populations that other‐
wise appear healthy. The complete concordance be‐
tween qPCR and Sanger sequencing in all positive 
cases supports the validity of the assay as a primary 
screening tool. These observations are consistent with 
established epidemiological patterns of TGFBI dystro‐
phies and reinforce the utility of hotspot-based assays 
for focused, high-throughput clinical screening (Zeng 
et al., 2017).

This multiplex qPCR platform offers distinct ad‐
vantages compared with other TGFBI screening strat‐
egies, including full-gene Sanger sequencing and next-
generation sequencing (NGS) panels. Full-gene Sanger 
sequencing (the gold standard for TGFBI genotyping) 
offers comprehensive mutation coverage but has limi‐
tations in large-scale screening due to its low through‐
put, long turnaround time, and high per-sample cost. 
NGS panels enable simultaneous detection of multiple 
mutations in multiple genes and provide broad mutation 

Fig. 4  Application of the validated multiplex real-time 
quantitative polymerase chain reaction (qPCR) assay in a 
large preoperative screening cohort of 10 055 refractive 
surgery candidates. (a) Distribution and frequency of detected 
transforming growth factor-β-induced (TGFBI) hotspot 
mutations; (b) Sanger-sequencing confirmation of a qPCR-
positive c.371G>A homozygous sample.
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coverage, but they require complex experimental work‐
flows, time-consuming data analysis, and expensive 
instrumentation and reagents, and are not easily acces‐
sible for basic clinical laboratories. In contrast, our 
qPCR assay is a statistically validated, high-throughput 
tool designed specifically for preoperative screening, 
with the advantages of rapid turnaround, low cost, 
simple operation, and high scalability. It is not intended 
to replace comprehensive sequencing-based diagnostics, 
but to serve as an efficient first-tier screening method 
for large cohorts of refractive surgery candidates.

The core purpose of this screening strategy is to 
identify high-risk individuals with TGFBI gene muta‐
tions at an early stage, so as to intervene in advance 
and reduce the risk of adverse clinical outcomes. The 
clinical relevance of this assay is further highlighted 
by the standardized post-screening workflow imple‐
mented for positive results. qPCR-positive findings are 
first confirmed by Sanger sequencing, with the next 
steps being evaluation by a corneal specialist and ge‐
netic counseling for affected individuals. Treating cli‐
nicians integrate genetic results with clinical findings 
to make individualized surgical decisions, including 
possibly cancelling surgery or modifying the surgical 
approach. This workflow ensures that genetic screen‐
ing results are directly translated into clinical decision-
making to reduce postoperative iatrogenic risk. In 
terms of cost-effectiveness, we quantified the total 
cost of large-scale screening (including sample collec‐
tion, detection reagents, instrument operation, person‐
nel training, and quality control) and considered econ‐
omies of scale. Expanded screening volume is expected 
to reduce the unit cost of reagents and instrument de‐
preciation, alleviating the program’s overall economic 
burden. For benefit evaluation, we focused on reduc‐
ing subsequent clinical treatment costs and improving 
patients’ quality of life: early identification of positive 
subjects enables timely intervention, which prevents 
or delays disease progression, thus reducing medical 
expenses (e.g., corneal transplantation, opacity treat‐
ment, and long-term medication) and medical resource 
burden. It also maintains visual function, avoiding ir‐
reversible visual impairment-related physical and psy‐
chological distress, and thus yielding significant intan‐
gible social and humanistic value. Clinically, the pro‐
posed assessment program fills the gap in early diag‐
nosis of related genetic diseases, provides a basis for 
clinical decision-making, and helps formulate person‐
alized management plans (e.g., regular follow-up for 

TGFBI carriers with normal slit-lamp results to moni‐
tor corneal lesions and improve prognosis). In terms 
of promotion, it is scalable and can be integrated into 
routine or specialized ophthalmic screening, especially 
for high-incidence regions and families with relevant 
genetic history, improving case-detection efficiency; 
it also enhances public awareness of genetic disease 
and preventive health care, laying a foundation for hi‐
erarchical disease prevention and control.

Some limitations should be acknowledged. First, 
the assay is only designed to detect the most common 
hotspot mutations and does not cover the full spec‐
trum of rare or atypical pathogenic variants. Second, 
all samples were recruited from a single tertiary oph‐
thalmic center, which may limit the generalizability of 
the results to other populations or clinical settings. Fi‐
nally, the clinical consequences for mutation-positive 
individuals in the screened cohort were not evaluated 
longitudinally, and the predictive value of presurgical 
genetic screening on postoperative outcomes remains 
to be determined.

Despite these limitations, the present work pro‐
vides a statistically grounded and experimentally vali‐
dated platform for routine preoperative genetic assess‐
ment. By integrating ROC-guided cut-off selection, 
Probit-derived detection limits, and comprehensive an‐
alytical performance testing, this assay offers a repro‐
ducible and operationally simple approach for identi‐
fying TGFBI mutation carriers in large clinical popu‐
lations. The methodology described here also provides 
a generalizable model for developing similar multi‐
plex qPCR assays for other clinically actionable gen‑
etic markers, supporting broader efforts to incorpo‐
rate quantitative molecular diagnostics into clinical 
decision-making.

5 Conclusions 

This work establishes a multiplex allele-specific 
qPCR assay that enables rapid and standardized detec‐
tion of five clinically significant TGFBI hotspot muta‐
tions. The assay’s performance—defined by statisti‐
cally calibrated CT values, experimentally verified de‐
tection limits, and stable precision across operators and 
conditions—demonstrates a high level of analytical ro‐
bustness. Its successful application in more than 10 000 
refractive surgery candidates highlights not only oper‐
ational scalability but also the value of integrating 
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quantitative molecular methods into routine presurg‑
ical evaluation.

Importantly, the analytical framework developed 
here provides more than a diagnostic tool: it introduces 
a reproducible, data-driven approach that supports 
precise, laboratory-ready decision thresholds and im‐
proves the reliability of genetic risk assessment. The 
standardized post-screening clinical workflow ensures 
that genetic results are effectively integrated into pre‐
operative clinical decision-making, and the assay’s cost-
effective high-throughput design makes it suitable for 
large-scale clinical application. By offering a method 
capable of producing consistent, interpretable, and clin‐
ically actionable results, this study enhances the quality 
and precision of molecular testing in ophthalmic clin‐
ical laboratories and beyond.
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