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ABSTRACT:

Polymerase chain reaction (PCR)-based technologies are central to molecular diagnostic pathology.
Quantitative PCR (qPCR) has historically served as the standard method for nucleic acid quantification,
offering robust performance, scalability, and established clinical workflows. However, digital PCR (dPCR)
has emerged as a powerful alternative that enables absolute quantification through sample partitioning and
Poisson statistical modeling, improving analytical precision, sensitivity, and reproducibility, particularly in
low-abundance targets.

This comparative review critically evaluates qPCR and dPCR across analytical performance, clinical
applications, and validation frameworks. Unlike traditional narrative descriptions, a structured comparative
synthesis demonstrates that qPCR remains dominant in routine high-throughput diagnostics, whereas dPCR
provides superior performance in applications requiring rare variant detection, minimal residual disease
monitoring, copy number variation analysis, and inhibitor-resistant quantification.

The review further discusses validation requirements and workflow integration strategies, emphasizing that
both technologies should be viewed as complementary rather than competing platforms within modern
diagnostic pathology.
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INTRODUCTION:

Quantitative PCR (qPCR), introduced in the 1990s standard curves allows relative or semi-quantitative
revolutionized molecular diagnostics by enabling 2nalysis, making it highly adaptable for clinical
real-time detection of nucleic acid amplification diagnostics, including infectious disease monitoring,

through fluorescence-based measurement during 8€N€ _express.ion analysis, apd mutation screening.
exponential amplification cycles. Its reliance on Despite its widespread adoption, qPCR performance
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is inherently influenced by amplification efficiency,
reference standard quality, and assay variability,
which can limit accuracy in low-copy or borderline
detection scenarios.

Digital PCR (dPCR), developed as an evolution of
endpoint PCR quantification, overcomes these
limitations by partitioning samples into thousands of
micro-reactions, enabling absolute quantification
without reliance on standard curves. Using Poisson-
distribution-based statistical modeling, dPCR
minimizes dependence on amplification efficiency
and significantly improves precision in detecting
low-abundance targets.

Although dPCR offers clear analytical advantages,
its clinical adoption remains limited by cost, lower
throughput, and reduced multiplexing capacity.
Therefore, its role in diagnostic pathology is best
understood as complementary to qPCR rather than
as a substitute.

This review aims to provide a structured
comparative analysis of both technologies, focusing
on their analytical characteristics, clinical utility,
validation requirements, and workflow integration
strategies.

2. METHODS
2.1 Literature Search

A structured literature search was performed using
PubMed, Scopus, and NCBI databases covering
publications from 2000 to 2025. Search terms
included “digital PCR,” “quantitative PCR,” “liquid
biopsy,” “minimal residual disease,” and ‘“copy
number variation.”

2.2 Inclusion Criteria

Studies comparing qPCR and dPCR in terms of
analytical performance, clinical applications, or
diagnostic validation were included. Studies lacking
direct comparative or quantitative data were
excluded.

2.3 Data Synthesis

Data were synthesized qualitatively, with an
emphasis on direct comparisons between qPCR and
dPCR across key performance metrics, including
sensitivity, precision, reproducibility, inhibitor
tolerance, and clinical applicability.

2.4 Quality Assessment

Validation parameters such as limit of detection
(LOD), limit of quantification (LOQ), amplification
efficiency, and partition accuracy were extracted and
evaluated where available.

3. RESULTS
3.1 Analytical Performance Comparison

Both qPCR and dPCR demonstrate strong analytical
utility; however, their performance differs
fundamentally due to methodological principles.

qPCR provides reliable relative quantification based
on fluorescence thresholds and standard curves, but
its accuracy is dependent on amplification efficiency
and calibration quality. In contrast, dPCR provides
absolute quantification by partitioning samples into
thousands of independent reactions and applying
Poisson statistics, eliminating the need for external
standards.

In terms of sensitivity, dPCR consistently
outperforms other methods for detecting low-
frequency alleles, particularly in liquid biopsy
applications where mutant allele fractions may fall
below 0.1%. qPCR typically performs well above
1% allele frequency thresholds but loses accuracy
near detection limits.

Precision is also improved in dPCR, with
significantly lower coefficient of variation at low
template concentrations, whereas qPCR variability
increases due to exponential amplification
dependence.
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For copy number variation analysis, qPCR requires
normalization against reference genes, introducing
potential bias, while dPCR provides absolute
quantification and improved discrimination of subtle
genomic gains or losses.

Regarding inhibitor resistance, dPCR is more robust
in the presence of PCR inhibitors due to sample
partitioning, which reduces competition effects
within individual reactions. qPCR, in contrast, is
more susceptible to inhibition, particularly in
complex clinical matrices such as FFPE tissues and
plasma.

3.2 Clinical Applications

In infectious disease diagnostics, qPCR remains the
established standard due to its high throughput,
compatibility with automation, and validated clinical
thresholds for viral load monitoring in infections
such as HIV, HBV, and HCV. However, dPCR has
demonstrated superior sensitivity in detecting low-
level viremia and residual viral reservoirs, making it
particularly valuable in treatment monitoring and
cure research.

In oncology, particularly liquid biopsy, qPCR is
widely used for mutation detection but is limited in
detecting low-frequency circulating tumor DNA
variants. dPCR significantly improves detection
sensitivity for clinically relevant mutations such as
EGFR, KRAS, and BRAF, especially in early-stage
disease or post-treatment monitoring.

For minimal residual disease, dPCR provides an
enhanced ability to detect rare leukemic clones and
fusion transcripts at extremely low abundance,
enabling earlier relapse detection compared to
qPCR.

In gene expression studies, qPCR remains widely
used due to established normalization strategies;
however, dPCR allows absolute transcript
quantification without reliance on housekeeping
genes, reducing normalization bias and improving
reproducibility in translational research settings.

3.3 Workflow and Validation Considerations

qPCR validation focuses on amplification
efficiency, linear dynamic range, standard curve
reliability, and assay reproducibility. It benefits from

well-established  regulatory  frameworks and
standardized protocols.
In contrast, dPCR validation emphasizes

consistency in partition volume, accuracy in Poisson
distribution, determination of the limit of blank, and
droplet stability. Proper control of partition
occupancy is essential to avoid saturation effects that
can compromise the accuracy of quantification.

Both platforms require strict quality control
measures, including positive and negative controls,
strategies to prevent contamination, and internal
amplification controls. However, dPCR additionally
requires optimization of partition uniformity and
droplet generation consistency.

From a workflow perspective, qPCR is preferred for
high-throughput screening and routine diagnostics,
while dPCR is better suited for confirmatory testing,
low-abundance detection, and precision molecular
applications.

4. DISCUSSION

This comparative review demonstrates that qPCR
and dPCR represent complementary rather than
competing molecular diagnostic technologies. gPCR
continues to dominate routine clinical workflows
due to its cost-effectiveness, scalability, and
established diagnostic thresholds. Its utility remains
particularly strong in infectious disease monitoring
and standardized gene expression analysis.

In contrast, dPCR offers distinct advantages in
analytical precision, sensitivity, and resistance to
technical variability. These strengths make it
especially valuable in applications requiring the
detection of rare variants, including liquid biopsy,
minimal residual disease monitoring, and copy
number variation assessment.
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Despite these advantages, dPCR is limited by higher
operational costs, reduced multiplexing capacity,
and evolving regulatory standardization. Therefore,
its integration into clinical laboratories should be
guided by specific diagnostic needs rather than by
replacing qPCR platforms.

A key implication of this comparison is the need for
standardized reporting frameworks. While qPCR
relies on cycle threshold (Ct) values, dPCR requires
reporting of absolute copy numbers with associated
confidence intervals. Harmonization of these
reporting standards is essential for inter-laboratory
comparability and clinical translation.

Future developments in microfluidics, automation,
and multiplexing capacity are expected to further
enhance the clinical utility of dPCR and may expand
its role in routine diagnostics.

S. CONCLUSION

qPCR and dPCR serve distinct but complementary
roles in diagnostic pathology. While qPCR remains
the backbone of routine molecular diagnostics,
dPCR provides superior analytical precision for low-
abundance and high-precision applications. Optimal
diagnostic ~ strategies should leverage both
technologies based on clinical context, analytical
requirements, and resource availability.
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