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Real-Time Reverse Transcription Quantitative 
PCR (RT-qPCR) Methodological Standards and 

Reporting Practices
Stephen A. Bustin a,* and Carl T. Wittwerb

BACKGROUND: Real-time reverse transcription quanti
tative PCR (RT-qPCR) is utilized in many areas of the 
life sciences, diagnostics, and forensics, yet concerns 
about methodological quality and reporting transpar
ency persist. Diagnostic testing during the recent pan
demic brought those concerns into the public domain. 
The Minimum Information for Publication of 
Quantitative PCR Experiments (MIQE) guidelines, in
troduced in 2009 and updated in 2025, were intended 
to standardize assay design and reporting, but their im
pact has been modest.

CONTENT: We assessed trends in RT-qPCR methodo
logical reporting between 2007 and 2025 using 
PubMed Central searches and manual evaluation of 355 
full-text articles from 2019 and 2024. Parameters ana
lyzed included RNA integrity assessment, oligonucleotide 
sequence disclosure, reference gene validation, PCR effi
ciency reporting, and MIQE citation. In addition, tar
geted cohorts of 50 “reference gene” and 50 “PCR 
efficiency” publications from 2024/25 were evaluated. 
Results were compared across timepoints, geographic re
gions, and MIQE-citing vs non-citing studies.

SUMMARY: Reporting of core parameters remained low 
or declined. Between 2019 and 2024, RNA integrity re
porting fell (22% to 11%), reference gene validation was 
rare (13% to 5%), and PCR efficiency reporting collapsed 
(13% to 1%). MIQE-citing papers in 2024 showed better 
adherence (31% RNA integrity, 47% reference gene valid
ation, and 40% PCR efficiency) but still omitted essential 
details. Asia now dominates RT-qPCR output by volume, 
while Europe contributes most MIQE-citing studies. 
Targeted cohorts reported more methodological informa
tion, yet many still failed to meet basic standards. These 
findings confirm that incomplete experimental design 

and reporting continue to undermine reproducibility 
and robustness of RT-qPCR assays.
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Introduction

Real-time reverse transcription quantitative PCR 
(RT-qPCR) is arguably the most widely applied molecu
lar technology, underpinning gene expression studies, 
diagnostic testing, forensic investigations, and diverse ap
plications across the life sciences. During the COVID-19 
testing surge, this laboratory method became a frontline 
clinical assay, with results directly influencing patient 
care, public health measures, and national policy (1). 
For the first time, the limitations of qPCR moved beyond 
the scientific community and into public awareness, as 
questions over false positives, false negatives, and assay 
comparability gained widespread attention (2–5).

These concerns echo long-standing issues with repro
ducibility, incomplete reporting, and variable methodo
logical rigor that pre-date COVID-19 (6–8) and 
compromise confidence in qPCR-derived data (9). 
Misuse of the technology has real public health conse
quences, most notably in the now discredited study claim
ing to detect measles virus in intestinal biopsies from 
children with autism. That study, based on flawed 
RT-qPCR methods, contributed to widespread misinfor
mation about the measles–mumps–rubella (MMR) vac
cine and fuelled vaccine hesitancy (10). In response to 
such misuse and to broader concerns about inconsistent 
experimental quality and incomplete reporting, the 
Minimum Information for Publication of Quantitative 
Real-Time PCR Experiments (MIQE) guidelines were in
troduced in 2009 (11). They were intended to improve 
both technical performance and methodological transpar
ency, thereby reducing misinterpretation and enhancing 
reproducibility (12, 13). However, uptake has been in
consistent, and key quality-assessment parameters are of
ten omitted, as previously documented in a large-scale 
2013 analysis of MIQE compliance (14). Subsequent sur
veys (15–18) and the present study provide further snap
shots showing that little substantive progress has occurred. 
Whilst these studies provide valuable snapshots of practice 
at single timepoints, they have not assessed whether 
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heightened visibility during the COVID-19 testing surge 
has led to measurable improvements in methodological 
quality across the broader literature.

The global diagnostic expansion during the 
COVID-19 pandemic offered a natural experiment to 
ask whether heightened scrutiny improved RT-qPCR 
practice. To address this, we conducted a longitudinal 
analysis of RT-qPCR publications from 2007 to 2025, 
quantifying trends in the reporting of RNA integrity, 
oligonucleotide sequences, reference gene validation, 
PCR efficiency, and MIQE citation. We then performed 
a detailed manual assessment of 355 full-text articles from 
2019 and 2024, analyzed the geographical distribution of 
publications, and evaluated methodological rigour and 
MIQE compliance. Finally, to assess whether heightened 
visibility influenced methodological rigor, we examined 
whether MIQE-citing papers published in 2024 showed 
improved adherence to best practice compared with the 
general (non-MIQE–citing) cohort from 2019.

Methods

SEARCH STRATEGY FOR PUBLICATION TRENDS (2007 TO 

2025)
We conducted 5 broad searches in the PubMed Central 
(PMC) database (https://pmc.ncbi.nlm.nih.gov) to evalu
ate publication trends between 2007 and 2025. The first 
search recorded the total number of publications contain
ing any of the terms “RT-qPCR,” “real-time RT-PCR,” 
or “qRT-PCR” (Search 1). Papers containing more 
than one search term may appear in multiple parameter 
counts, as we did not perform cross-term deduplication 
using a combined Boolean query. Each parameter was 
analyzed independently and expressed as a proportion 
of all RT-qPCR publications for that year. This approach 
avoids undercounting multi-term papers and does not 
distort the reported frequencies or observed trends.

Subsequent searches combined these terms with 
“RNA integrity” (Search 2), “reference genes” (Search 
3), or “PCR efficiency” (Search 4), and recorded raw 
publication counts without adjustment for overlap. A 
fifth search used the standalone term “MIQE.”

CORE DATA SET ASSEMBLY FOR 2019 AND 2024/5

Three core sets of full-length, primary research articles 
were randomly retrieved from the PMC database. 
Reviews, commentaries, and preprints were excluded. 
Two sets used the term “RT-qPCR,” restricted to pub
lications from January 1 to December 31 in either 
2019 or 2024. The third set used the term “MIQE,” re
stricted to 2024 to 2025. To avoid overrepresentation of 
reference gene studies, any paper with “reference gene” 
or “housekeeping gene” in the title was excluded. The 
resulting 255 papers (3 groups of 85) comprised 

RT-qPCR studies published before and after the 
COVID-19 pandemic, as well as MIQE-citing studies 
published in its aftermath.

TARGETED SUBSETS FOR REFERENCE GENE AND PCR 

EFFICIENCY REPORTING

Two additional targeted searches were carried out for 
2024 to evaluate whether technical focus was associated 
with improved methodological reporting. The first sub
set comprised 50 papers with “reference gene” in the ti
tle, selected at random. The second included 50 papers 
retrieved using the keyword “PCR efficiency.” Both sub
sets were evaluated using the same scoring framework 
applied to the core data set.

SCORING CRITERIA

Each paper was evaluated for 5 predefined parameters. 
Each parameter was scored as 1 if clearly fulfilled, and 
0 otherwise. Mentions without supporting methods or 
data were scored 0. The parameters were as follows: 

1. MIQE citation: whether the study explicitly cited the 
MIQE guidelines.

2. RNA integrity assessment: whether RNA quality was 
assessed using electrophoretic methods (e.g., agarose 
gel or automated platforms). Studies reporting only 
A260/280 ratios were scored 0.

3. Primer and probe disclosure: whether full primer 
and, where applicable, probe sequences were re
ported. Commercial assays without sequence disclos
ure were scored 0.

4. Reference gene validation: whether multiple candi
date genes were evaluated using expression stability 
tools such as BestKeeper (19) or geNorm (20). 
Vague mentions of normalization or use of a single 
default gene were scored 0.

5. PCR efficiency reporting: whether numerical effi
ciency values were determined and reported.

Detailed publication lists, individual methodo
logical scores, and source URLs are provided in the 
Supplementary Material for the manually evaluated 
2019 and 2024/25 cohorts.

GEOGRAPHIC AND JOURNAL METRICS

Geographic region was assigned based on the first author’s 
institutional affiliation and categorized as follows: United 
States; Americas (excluding the United States; including 
Canada, Mexico, Brazil, and Colombia); Europe; Asia 
(China, Japan, and South Korea); and other (including 
Australia, New Zealand, and South Africa).

Journal impact factor (IF) values were retrieved 
from publisher websites in June 2025.

DATA EXTRACTION AND STATISTICAL ANALYSIS

Screening and scoring were performed manually. Statistical 
analyses were conducted using GraphPad Prism for Mac 
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(v10.5). Differences in proportions were evaluated using 
two-tailed z-tests for independent samples. Calculations 
were cross-checked in Excel using the z-statistic and the 
NORM.S.DIST function to obtain two-tailed P values.

χ2 tests were also performed where appropriate to 
compare categorical distributions across multiple groups, 
particularly in geographic analyses. z-Tests were used for 
direct pairwise comparisons of proportions (e.g., MIQE 
vs non-MIQE; reference gene vs PCR efficiency cohorts), 
as they provide a more precise test of differences between 
2 independent proportions. χ2 Tests were reserved for 
comparisons involving more than 2 categories, where 
z-tests are not applicable. The Fisher exact test was used 
once, for the 50-paper reference gene and PCR efficiency 
cohorts, where expected counts were small.

Results

PUBLICATION TRENDS AND METHODOLOGICAL MENTIONS 

(2007 TO 2025)
To assess whether methodological reporting has chan
ged over time, we analyzed RT-qPCR publications 

indexed in PMC from 2007 to 2025. The total number 
of RT-qPCR publications indexed in PMC rose from 
3340 in 2007 to 56 545 in 2022, followed by a modest 
decline to 49 733 in 2025. Given the sharp increase in 
RT-qPCR usage during the pandemic, we examined 
whether this expansion influenced the adoption of re
porting standards. Four parameters were assessed: 
MIQE citation, RNA integrity, PCR efficiency, and 
reference gene use. Two complementary analyses 
were performed: (a) the annual percentage of 
RT-qPCR–related publications retrieved using each 
search term, and (b) the year-on-year percentage 
change in the number of publications retrieved by 
each parameter (Fig. 1).

Because retrieval using a search term does not con
firm that the method was performed correctly or in com
pliance with accepted standards, these values are likely to 
overestimate the true frequency of methodological as
sessment and reporting. MIQE citation peaked between 
2014 and 2016 at approximately 5%, followed by a 
gradual decline in subsequent years (Fig. 1A). 
References to RNA integrity increased modestly from 
4% (146/3340) in 2007 to 6% (2975/34 845) by 

A B

Fig. 1. Trends in RT-qPCR publications and methodological reporting from 2007 to 2025. (A), Annual per
centage of RT-qPCR publications retrieved using the search terms MIQE, RNA integrity, PCR efficiency, 
and reference gene use. The y axis is split into 2 segments to accommodate differences in value ranges; 
(B), Year-on-year percentage change in the number of publications retrieving each parameter, relative to 
the previous year. The thick black line shows total RT-qPCR publications, while the thin lines track the in
dividual search terms. Although fluctuations occur, most parameters show declining annual change, with 
no consistent recovery following the 2020 peak. Because retrieval using a search term does not confirm 
that the method was performed correctly or reported in accordance with accepted standards, these re
sults likely overestimate the number of studies that assessed RNA integrity, determined PCR efficiency, 
or validated reference genes.
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2019, before declining to 5% (2856/53 846) in 2021 
and increasing to 7% ( 3446/49 733) by 2025 (P =  
0.041, two-proportion z-test for 2007 vs 2019). 
Mentions of “PCR efficiency” fell significantly from 
3% (100/3340) in 2007 to <1% (313/49 733) in 2025 
(P < 0.001). “Reference-gene” use decreased from 40% 
(1336/3340) prior to 2009 to 31% (17 529/56 545) in 
2019 and 32% (16 080/49 733) in 2025, a net decline of 
about 8% (P < 0.001).

The year-on-year analysis (Fig. 1B) shows that al
though the absolute number of RT-qPCR publications 
continued to increase until 2022, the rate of growth 
declined over time, except for a transient increase 
during the pandemic years. Because Fig. 1B depicts 
year-on-year percentage change rather than absolute fre
quency, values can remain positive even when long-term 
trends are declining. For example, the proportion of pa
pers mentioning “PCR efficiency” decreased steadily 
over the study period (Fig. 1A), but occasional years of 
slower decline or small transient increases produce brief 
positive changes in Fig. 1B. This slowing was mirrored 
by all four parameters, each showing diminishing 
year-on-year gains that eventually became negative. 
The correspondence between these patterns suggests 

no consistent recovery following the temporary 
2020 to 2021 surge, with methodological engagement 
declining thereafter.

REGIONAL SHIFTS IN RT-QPCR OUTPUT BETWEEN 2019 AND 

2024

An analysis of corresponding author affiliations reveals 
substantial regional shifts in RT-qPCR research output 
between 2019 and 2024 (Fig. 2). In 2019, publications 
were distributed across Europe (39%), the United States 
(33%), Asia (24%), the Americas excluding the United 
States (4%), and “other” regions (1%). By 2024, Asia 
had become the dominant contributor, accounting for 
62% of the general data set compared with 24% in 
2019. This expansion was accompanied by marked de
clines in Europe and the United States, each falling to 
15% of publications. The 2024 MIQE-citing subset 
showed a different pattern: European authors accounted 
for 44% of papers, Asia 21%, and the Americas exclud
ing the United States 14%, while the United States con
tributed only 9%. These regional differences were 
statistically significant (χ2 = 83.2, df = 8, P < 0.0001). 
Asia’s increased share of global output, driven 

Fig. 2. Regional shifts in RT-qPCR output between 2019 and 2024. Distribution of RT-qPCR publications by 
corresponding author affiliation for the 2019 cohort, the general 2024 cohort, and the 2024 MIQE-citing sub
set. In 2019, Europe and the United States together accounted for over 70% of publications, with Asia con
tributing 24%. By 2024, Asia had become the dominant contributor, representing 62% of publications in the 
general data set, while Europe and the United States each fell to 15%. The MIQE-citing subset in 2024 
showed a different profile, with European authors contributing 44%, Asia 21%, and the United States 
only 9%. The regional disparity between overall output and MIQE citation rates highlights limited uptake 
of established methodological guidelines in the regions now driving the bulk of RT-qPCR publications. 
Regional differences were statistically significant (χ2 = 83.2, df = 8, P < 0.0001).
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predominantly by China, was not matched by propor
tionate MIQE citation. This discrepancy highlights a 
growing gap between output and adherence to reporting 
standards, with potential implications for the reliability 
of diagnostic assay development and validation.

We extracted the journal IFs for all papers and com
pared their distributions across the three cohorts (2019, 
2024, and 2024 MIQE-citing). As the data were not nor
mally distributed, a nonparametric Kruskal–Wallis test 
was used to compare median IFs. No significant differences 
were observed between the groups (H = 0.48, P = 0.785), 
indicating that journal rank, as indexed by IF, did not ac
count for differences in methodological reporting. Papers 
were also categorized by whether they appeared in journals 
with IFs above or below a pragmatic threshold of 
5. Two-proportion z-tests, which evaluate binary differ
ences between independent samples, showed no signifi
cant differences between groups (P > 0.05), indicating 
that MIQE citation was not associated with journal IF.

CHANGES IN REPORTING OF METHODOLOGICAL PARAMETERS

We next assessed the reporting of 4 methodological 
parameters across the three cohorts published in 2019, 
2024, and 2024 citing MIQE, as shown in Fig. 3.

RNA Integrity. Reporting of RNA integrity declined 
from 22% (19/85) in 2019 to 11% (9/85) in 2024 (two- 
proportion z-test, P = 0.039). Among the 2024 MIQE- 
citing papers, reporting was significantly higher at 31% 
(26/85) compared with non-MIQE papers (P = 0.0013; 
Fig. 3A).

Assay Sequence Disclosure. Reporting rates were consist
ently high across all cohorts. The few papers scored as 

“not reporting” had used commercial assays for which 
primer and probe sequences were unavailable. 
Although most provided manufacturer and catalog 
details, none included amplicon context information 
(such as target exon, transcript, or genomic location). 
Because MIQE stipulates that such contextual details 
are essential to permit assay interpretation and repli
cation, these papers were scored as not reporting. 
This indicates that genuine sequence transparency, ei
ther through direct disclosure or adequate contextual 
information is good but remains incomplete. 
(Figure 3B).

Reference Gene Validation. Reporting declined from 
13% (11/85) in 2019 to 5% (4/85) in 2024 (two- 
proportion z-test, P = 0.12), without year-to-year im
provement. In the 2024 MIQE-citing cohort, however, 
reporting was substantially higher at 47% (40/85) (z =  
6.62, P < 0.0001; Fig. 3C).

PCR Efficiency. Reporting fell from 13% (11/85) in 
2019 to 1% (1/85) in 2024 (two-proportion z-test, 
P = 0.004), indicating a significant decline. In the 
2024 MIQE-citing group, 40% (34/85) of papers re
ported PCR efficiency, representing a marked improve
ment compared with the non-MIQE cohort (z = 6.36, 
P < 0.0001; Fig. 3D).

These results show that the 2024 MIQE-citing pa
pers reported methodological details more consistently 
across all four parameters. However, this improvement 
was not reflected in the broader 2024 cohort, where re
porting of core technical details remained low, high
lighting persistent gaps in RT-qPCR methodological 
transparency.

A B C D

Fig. 3. Methodological reporting across cohorts. Percentage of papers reporting key methodological 
parameters in each of the three cohorts: 2019, 2024, and 2024 MIQE-citing papers. (A), RNA integrity as
sessment; (B), Assay sequence disclosure; (C), Reference gene validation; (D), PCR efficiency determin
ation. All bars are plotted on a uniform 0% to 100% scale to allow direct comparison across both 
parameters and timepoints. While assay sequences were disclosed in most papers, this level of transpar
ency was not matched for RNA integrity, reference gene validation, or PCR efficiency. Efficiency reporting 
was the weakest parameter overall, particularly in the 2024 non-MIQE cohort.

RT-qPCR Standards and Reporting Review

Clinical Chemistry 00:0 (2025) 5

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/advance-article/doi/10.1093/clinchem
/hvaf176/8443183 by Tu M

unchen Klinikum
 R

 D
 ISAR

 - D
o not use user on 29 January 2026



TARGETED ANALYSIS OF REFERENCE GENE AND PCR 

EFFICIENCY PAPERS

Because reference gene validation is critical for both the 
discovery and diagnostic phases of RT-qPCR, we exam
ined whether studies explicitly addressing reference gene 
selection adhered more closely to key technical stan
dards. We identified 50 publications from 2024 that in
cluded the terms “RT-qPCR” and “reference gene” in 
the title (Fig. 4). This cohort showed markedly higher 
reporting rates for RNA integrity and PCR efficiency 
than were observed in any other group analyzed. RNA 
integrity was reported in 60% of papers and PCR effi
ciency in 84%, while assay sequences were disclosed in 
98% (Fig. 4A). Within this set, 34 papers cited MIQE 

and 16 did not. MIQE-citing papers reported slightly 
higher rates of RNA integrity (65% vs 50%), PCR effi
ciency (88% vs 75%), and assay sequence disclosure 
(100% vs 97%), but none of these differences were stat
istically significant (Fisher exact test, all P > 0.2). Both 
MIQE and non-MIQE studies therefore outperformed 
the broader literature, suggesting that the technical 
orientation of reference gene papers, rather than 
MIQE citation, drove more complete methodological 
reporting.

When methodological completeness was assessed by 
counting the number of parameters reported (RNA in
tegrity, PCR efficiency, and assay sequences; reference 
gene validation was present by definition), 28 papers 
(56%) reported all three, 16 (32%) reported two, 5 

A B

C D

Fig. 4. Methodological reporting focused on reference gene and PCR efficiency. (A), Percentage of 2024 
reference gene papers (n = 50) reporting RNA integrity, PCR efficiency, and assay sequence disclosure; 
(B), Methodological completeness in the reference gene cohort, calculated as the proportion of papers 
reporting all three parameters (RNA integrity, PCR efficiency, and assay sequences), two, one, or none 
(reference gene validation was present by definition and excluded from scoring); (C), Percentage of 
PCR efficiency papers (n = 50) reporting RNA integrity, reference gene validation, and assay sequence 
disclosure; (D), Methodological completeness in the PCR efficiency cohort, calculated as the proportion 
of papers reporting all three parameters (RNA integrity, reference gene validation, and assay sequences), 
two, one, or none (PCR efficiency was present by definition and excluded from scoring). In both cohorts, 
assay sequence disclosure was high, but the reference gene cohort reported RNA integrity and PCR effi
ciency more frequently, and a significantly greater proportion reported all three assessed parameters 
(56% vs 24%, z = 3.27, P = 0.0011).
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(10%) reported one, and one (2%) reported none 
(Fig. 4B). This distribution confirmed that although ref
erence gene-focused studies were more detailed than the 
general literature, almost half still failed to report all 
three key parameters.

A final 50 papers were selected from a search of 
2024/25 publications that used the terms 
“RT-qPCR” and “PCR efficiency.” Of these, 20 
(40%) reported RNA integrity, 46 (92%) disclosed 
assay sequences, and 19 (38%) reported validated ref
erence genes (Fig. 4C). When methodological com
pleteness was assessed by counting the number of 
parameters reported (RNA integrity, assay sequences, 
and reference gene validation; PCR efficiency was ex
cluded as it was present by definition), 12 papers 
(24%) reported all three, 14 (28%) reported two, 
21 (42%) reported one, and 3 (6%) reported none 
(Fig. 4D).

Compared to the reference gene cohort with 28 of 
50 papers (56%) reporting all three relevant parameters, 
only 12 of 50 (24%) in the PCR efficiency cohort did so 
(z = 3.27, P = 0.0011). This suggests that studies fo
cused on reference gene selection tend to adhere 
more closely to methodological best practice than 
studies focused on PCR efficiency. RT-qPCR assays 
rely on both appropriate reference gene selection and 
evaluation of PCR efficiency for accurate quantifica
tion of pathogen load or gene expression changes. 
Studies on reference gene validation and efficiency as
sessments often focus on technical issues rather than 
extensive experimental research. Such work is critical 
in diagnostics because inadequate normalization or 

poorly characterized amplification performance can 
undermine the reliability of clinical results.

GEOGRAPHIC VARIATION IN TARGETED COHORTS

The geographic distribution of papers diverged from 
previous trends (Fig. 5A). Within the reference gene co
hort, MIQE-citing (n = 34) and non-MIQE (n = 16) 
studies showed similar patterns with no significant dif
ferences between them. Analyzing the combined data 
set of 50 papers, the majority originated from Asia 
(28/50, 56%), with smaller contributions from Europe 
(10/50, 20%), “other” regions (10/50, 20%), and only 
isolated representation from the United States (1/50, 
2%) and the Americas outside the United States (1/50, 
2%). Compared with the 2024 MIQE cohort of 85 pa
pers (Fig. 2), which was dominated by European output 
(44%) with far fewer contributions from Asia (21%), the 
shift was striking. A χ2 test confirmed that the distribu
tion of reference gene studies differed significantly from 
that of the 2024 MIQE cohort (χ2= 25.0, df = 4, P <  
0.0001). This change reflects Asia’s emergence as the 
predominant contributor to RT-qPCR reference gene 
studies, while Europe and the United States now account 
for a much smaller proportion.

In the PCR efficiency cohort, Europe was the most 
frequent contributor (46%), followed by Asia (18%), 
the Americas excluding the United States (7%), and 
the “other” category (7%). The United States again con
tributed only a small proportion (4%) (Fig. 5B). 
Although the sample sizes are modest, the differences 
suggest underlying regional variability in methodologic
al focus and publication patterns.

A B

Fig. 5. Geographic origin of papers focused on reference gene and PCR efficiency. (A), Regional origin of the 
2024 reference gene cohort (n = 50). The majority of papers originated from Asia, with smaller contributions 
from Europe, the “other” category, and minimal representation from the United States and the Americas ex
cluding the United States; (B), Regional origin of the 2024/25 PCR efficiency cohort (n = 50). Europe ac
counted for nearly half of all papers, followed by Asia, the Americas excluding the United States, and the 
“other” category. The United States contributed a small proportion in both cohorts.
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Discussion

The reliability of molecular methods, including 
qPCR-based conclusions, is compromised by inconsist
ent design and incomplete reporting, which continue 
to undermine reproducibility in biomedical research 
and public trust in diagnostic science (17, 21). This 
study provides current, empirical evidence that those 
concerns remain justified. The recent publication of 
the MIQE 2.0 guidelines (11) prompted us to reassess 
the technical and reporting standards in contemporary 
RT-qPCR studies, with a focus on MIQE as well as 
RNA integrity (22–24), reference genes (20, 25), and 
PCR efficiency (26, 27), 3 parameters critical for diag
nostic reliability.

MIQE citation rose rapidly after 2009 but declined 
after 2014, returning to near-2011 levels by 2025 
(Fig. 1A). RNA integrity reporting showed modest im
provement, while PCR efficiency reporting declined 
steadily. None of the four parameters exceeded a 7% re
trieval rate in the general literature. Reference gene men
tions dropped until 2021, followed by a minor recovery. 
Figure 1B shows that citation, RNA integrity, and effi
ciency follow similar downward trends, suggesting that 
initial awareness did not translate into sustained prac
tice. Pandemic-era fluctuations were brief interruptions, 
not inflection points, and recent patterns indicate a con
tinued retreat from methodological engagement.

To assess whether the pandemic-era surge in 
RT-qPCR publications masked any underlying shifts 
in practice, we compared 3 cohorts: a pre-pandemic 
baseline from 2019, a general post-pandemic sample 
from 2024, and a targeted 2024 subset of 
MIQE-citing papers. The rise of Asia as the dominant 
contributor to RT-qPCR output in 2024 marks a clear 
geographic realignment (Fig. 2). In 2019, Europe and 
the United States together accounted for over 70% of 
publications. By 2024 Asia, driven predominantly by 
China, was 62% of the total, while Europe and the 
United States had each fallen to 15%. However, this 
expansion was not accompanied by proportional 
methodological engagement. The majority of 
MIQE-citing papers continued to originate from 
Europe, while the United States contributed just 
9%. The regional disparity between overall output 
and MIQE citation rates highlights limited uptake of 
established methodological guidelines in the regions 
now driving the bulk of RT-qPCR publications. 
Regional differences were statistically significant 
(χ2 = 83.2, df = 8, P < 0.0001).

To better understand whether recent shifts have in
fluenced methodological rigor, we compared the same 
three cohorts for reporting of RNA integrity, assay se
quences, reference gene validation, and PCR efficiency. 

RNA integrity reporting fell significantly between 2019 
and 2024 (P = 0.039), and although MIQE-citing pa
pers showed higher reporting rates (31%), this was 
only modestly above the 2019 general literature (22%) 
(Fig. 3A). Assay sequence disclosure was high across all 
groups (Fig. 3B), but reference gene validation remained 
low. In 2024, only 5% of non-MIQE papers reported 
validation, down from 13% in 2019, while only 46% 
of MIQE-citing papers included any validation 
(Fig. 3C). PCR efficiency reporting was nearly absent 
in non-MIQE studies (1%) and reported in less than 
half (40%) of MIQE-citing papers (Fig. 3D).

These omissions are not minor technicalities. RNA 
integrity, reference gene validation, and PCR efficiency 
act as 3 interdependent safeguards. They confirm the 
quality of the input material, the accuracy of the normal
ization strategy, and the quantitative reliability of ex
pression changes. Failure to document any one of 
these weakens both the reliability of research findings 
and the validity of diagnostic results, regardless of how 
well the others are addressed.

Figure 4 illustrates a critical distinction: methodo
logical rigor is not uniformly poor across RT-qPCR stud
ies. When technical focus is explicit, as it is in papers 
dedicated to reference gene selection, reporting standards 
improve but remain patchy (Fig. 4A). This suggests that 
omissions in the general literature are not solely due to 
lack of awareness but may also reflect prioritization. 
When rigor is central to the research question, authors 
tend to perform and report accordingly. The reference- 
gene cohort reported all three parameters in 56% of pa
pers, compared with 47% in the MIQE-citing 
(Fig. 4B). Nearly half of the reference-gene papers did 
not cite MIQE, yet their reporting was no different 
from those that did (P = 0.31). This indicates that tech
nical focus alone does not guarantee adherence to best 
practice and that awareness of methodological principles 
does not consistently translate into complete reporting.

In contrast, the PCR efficiency cohort performed 
markedly worse, despite addressing a parameter that dir
ectly influences quantitative accuracy (Fig. 4C). Only 
40% of these papers reported RNA integrity, and just 
38% validated their reference genes. While assay se
quence disclosure was high (92%), this is arguably the 
least diagnostically consequential of the three parameters 
and often the easiest to report. That only 24% of 
these PCR efficiency papers reported all three contextual 
parameters (Fig. 4D) reinforces the conclusion that tech
nical focus does not guarantee methodological com
pleteness. In fact, the PCR efficiency cohort performed 
significantly worse than the reference gene cohort (z =  
3.27, P = 0.0011), despite targeting a parameter with 
direct consequences for diagnostic quantification. This 
gap underscores that even within technically themed 
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publications, reporting is often narrow in scope and dis
connected from the broader requirements of assay 
validation.

This is not just a theoretical problem. Unknown or 
uncorrected PCR efficiencies can skew fold-change cal
culations by 20% to 40% or more. One study demon
strated that even modest inaccuracies in efficiency 
estimation can substantially distort calculated expression 
ratios, particularly when comparing transcripts with 
large expression differences (28). A recent modelling 
analysis showed that at a ΔCq of 4, fold-change esti
mates vary from 11.3 (92% efficiency) to 23.0 
(110%)—a 40% deviation in either direction from the 
ideal 16-fold value (29). If RNA integrity is also unveri
fied, these distortions are compounded. The fact that 
such fundamental issues remain underreported even in 
efficiency-focused literature points to a systemic weak
ness in the way methodological rigor is conceived and 
operationalized in RT-qPCR studies.

Fig. 5 shows a clear geographic shift in methodo
logically focused RT-qPCR studies. The reference gene 
cohort was dominated by papers from Asia, with little 
contribution from Europe, the United States, or “other” 
regions. In contrast, the PCR efficiency cohort was led 
by Europe, with fewer papers from Asia and minimal in
put from elsewhere.

These patterns suggest that while Asia’s output is 
increasing, reporting quality remains variable. Europe 
retains strength in technical areas like PCR efficiency, 
but performance was inconsistent across both cohorts. 
Regional shifts in focus do not equate to uniform adher
ence to best practice.

The regional patterns likely stem from a complex 
interplay of editorial expectations, reporting norms, 
and research culture, rather than differences in assay cap
ability. However, the practical consequence is the same. 
Variable adherence to best practices weakens the com
parability of RT-qPCR results across regions. In diag
nostics, this matters. Assays validated under differing 
or undocumented quality parameters may perform in
consistently when transferred or replicated elsewhere. 
If methodological reporting remains regionally fragmen
ted, so too will diagnostic confidence.

Ultimately, Fig. 5 reinforces a central message of 
this study: improving RT-qPCR reliability is not solely 
a technical task. It requires harmonized standards across 
regions to ensure that diagnostic accuracy does not de
pend on geography. Despite renewed visibility for 
qPCR during the COVID-19 testing expansion, there 
has been no improvement in adherence to these princi
ples. The decline in methodological engagement ob
served between 2007 and 2019 has persisted. For 
diagnostic applications, this means that many studies 
and the assays they underpin risk producing unreliable 
results. Without a sustained commitment to transparent 

and complete reporting, methodological weaknesses will 
continue to erode both scientific credibility and clinical 
confidence in RT-qPCR data.

These findings suggest that regional and field- 
specific variation in methodological rigor reflects 
broader systemic pressures rather than purely technical 
limitations. RT-qPCR is widely regarded as a routine, 
low-complexity assay, fostering procedural complacency 
and the assumption that standard protocols ensure reli
ability. Publication pressure, short funding cycles, and 
performance metrics that reward output over reprodu
cibility discourage detailed validation and transparent 
reporting. MIQE is often cited perfunctorily rather 
than implemented, and editorial enforcement remains 
weak: reviewers seldom assess methodological ad
equacy, and journals rarely require compliance docu
mentation. Such patterns align with broader analyses 
of reproducibility failures across biomedical research, 
which link declining rigor to incentive structures, edi
torial inertia, and misplaced confidence in “mature” 
technologies (30).

Correcting these trends requires coordinated action. 
Journals should reinstate concise, method-specific 
checklists and instruct reviewers to assess compliance. 
Funders and institutions should embed reproducibility 
training into research assessment and career progression. 
Practical reinforcement could include integration of 
MIQE-derived modules within electronic laboratory no
tebooks or data repositories. RT-qPCR’s apparent sim
plicity conceals significant analytical nuance, and 
restoring confidence in its outputs will depend on re
building the culture of methodological transparency 
that originally defined the technology’s reliability.

Conclusions

Accurate diagnostic RT-qPCR depends, among other 
factors, on 3 interdependent methodological safeguards: 
RNA integrity assessment, reference gene validation, 
and PCR efficiency determination. Together, these para
meters confirm input quality, validate normalization, 
and underpin reliable quantitative interpretation. 
Neglect of any one undermines diagnostic accuracy, re
gardless of compliance with the others.

This study shows that omissions at these check
points are frequent, often occurring together, even in 
publications that cite MIQE or focus on assay optimiza
tion. The resulting data may appear precise, yet rest on 
unstable methodological foundations, increasing the risk 
of misleading diagnostic conclusions. Despite the re
newed attention to qPCR during the recent period of 
global testing expansion, adherence to these basic princi
ples has not improved, and in some areas has declined. 
For diagnostics, this means that many reported assays 
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cannot be assumed to be robust or reproducible without 
independent verification. Sustained improvements will 
require not just guideline citation, but consistent, trans
parent application of the underlying principles in both 
research and clinical contexts.

LIMITATIONS

This study relied on keyword-based searches of PMC to 
identify references to RNA integrity, reference genes, 
and PCR efficiency. Because PMC indexes only the 
full text of open-access publications, the data set may 
not be fully representative of all RT-qPCR papers. 
Open-access journals often have less restrictive format
ting and more variable editorial standards, which could 
bias the observed frequencies of methodological report
ing in either direction. Nevertheless, manual review of 
355 full-text articles confirmed the same directional 
trends seen in the automated analysis, suggesting that 
our estimates reflect genuine reporting patterns across 
the broader literature.

Not all papers in the data set were diagnostic in fo
cus; however, all reported RT-qPCR data intended to 
support biological or clinical interpretation. The key is
sue is therefore not the study type but the lack of essen
tial methodological detail, which prevents independent 
verification and limits reproducibility across both re
search and diagnostic contexts.

These limitations do not weaken our conclusions. 
On the contrary, they reinforce the central concern. 
The difficulty of locating key methodological informa
tion—whether due to inconsistent terminology, incom
plete reporting, or inaccessible formatting—is itself 
symptomatic of the broader transparency problem. 
Reporting opacity is not a peripheral inconvenience; it 
is integral to the problem of reproducibility. Given 
that our approach likely underestimates the true scale of 
these deficiencies, the case for improving methodological 
clarity, transparency, and compliance is, if anything, 
understated.

Supplemental Material

Supplemental material containing the URLs for all pa
pers analyzed in this study and the scores recorded for 
each one is available at Clinical Chemistry online.
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