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Abstract

Effective clinical and public health decision-making during a pandemic depends on reliable and interoperable clinical diag-
nostic test results. To ensure trustworthy outcomes, we need widely available calibration standards harmonized to a shared
scale. We present a “playbook” for an interlaboratory harmonization study that calibrates any available standards against a

limited-availability standard issued by a global authority like the World Health Organization (WHO).
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What this is

As part of the global response to the COVID-19 pandemic
[1, 2], various organizations rapidly made available a wide
variety of standards and controls to develop, calibrate, and
validate molecular diagnostics for SARS-CoV-2. Our Coro-
navirus Standards Working Group (CSWG) [3] designed and
conducted a “harmonization study” to establish the compa-
rability of a set of these standards and controls (hereafter
collectively referred to as “standards’). Harmonized stand-
ards can be used as a basis for meaningful quantitative com-
parability of test performance, and can underpin quantitative
virology, therapeutic actions, and vaccinology. Historically,
molecular diagnostic results are frequently reported using
assay-dependent measurements, including cycle threshold
(Ct), crossing point (Cp), or quantification cycle (Cq) values.
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Although these measurements are useful within individual
assays, they are not comparable across laboratories and
depend on assay designs, reagents, instrumentation, and
other analytical conditions [4]. Calibration against unified
standards, such as the WHO International Standards, enables
reporting on a common quantitative scale, such as genome
copies/mL or international units (IU)/mL, which allows for
meaningful comparisons across heterogeneous assays and
over time [4]. Harmonization balances the tension between
the widespread need for standards and the limited availabil-
ity of standards from global authorities. Our study is pre-
sented here in the form of a “playbook” as a recipe to con-
duct a robust harmonization study when it is needed again.

We calibrated 8 widely available molecular standards to
the rapidly developed World Health Organization (WHO)
International Standard (IS) [5], putting all the quantitative
values of these standards on this common scale (Supplemen-
tary Table 1A). We recruited 14 laboratories internationally
to participate in a designed experiment to “value assign” the
standards on the scale (Fig. 1A and B and Supplementary
Table 1B). Our intent was for widely available harmonized
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«Fig. 1 A Molecular standard harmonization study design: schematic
representation of the Coronavirus Standards Working Group (CSWG)
molecular standard harmonization study. Four identical aliquots of
each of the secondary reference materials were shipped to the 14 par-
ticipating laboratories. The NIBSC code 20/146 WHO-IS was also
shipped in 4 aliquots to benchmark the 8 secondary reference stand-
ards. B Box and whiskers represent median and interquartile ranges
corresponding to the SARS-CoV-2 concentrations in IU, calibrated
using the NIBSC 20/146 reference material. Each measurement rep-
resents a unique laboratory and assay, with the orange line spanning
the median concentration across the different platforms and assays.
Measurements are ordered from the lowest to highest extrapolated
values. Data are summarized assuming each laboratory and assay
is independent samples from the population. Orange lines represent
population medians, and the dashed gray lines are 95% confidence
intervals estimated from a median absolute deviation. C Observed
concentrations of each standard in log;, TU mL~! versus the nominal
value in log,, genome copies mL~'. The points are population medi-
ans and 95% confidence intervals (same as summary lines in Fig. 1B).
The line represents the IS values for the international standard serial
dilution. The line is the multiplicative factor of the IS value to copies,
showing that this proportionality is consistent across the population
of the 8 standards

standards to be part of the infrastructure to confidently
deploy testing at scale. We prototyped a “proof-of-concept
study” to test whether calibrating with the harmonized
standards would yield comparable results when measuring
clinical samples (Supplementary Fig. 1).

The study was not intended to be a comparison of tests
or laboratories, a survey of test performance, or an evalu-
ation of commutability. This interlaboratory study had the
sole aim to establish the quantitative comparability of these
widely available SARS-CoV-2 standards for molecular diag-
nostics. The study was designed to provide a comprehensive
combined estimate of the sources of variability arising from
variation among laboratories, assays, and standards.

Why it matters

The pandemic response (including development of diagnos-
tics) was based on best practices developed in the moment.
We offer here a study design pre-positioned for a better
response to emerging pathogens with pandemic potential.
Harmonizing standards with this design will assure com-
parability of results from diagnostic tests [4]. Comparable
results enable quantitative, systematic diagnostic virology
to understand pathogenesis and rapidly integrate data across
space and time. Understanding pathogenesis [6] and trans-
mission [2, 7-9] is critical for clinical and public health
decision-making, and well-calibrated controls are essential
for adjudicating accuracy of diagnostics, especially tests
using new or nascent technology. We present and support
this approach here for a viral pathogen but recognize that the
principles would apply to non-viral pathogens. While we did
not deploy quantitative virology at scale in the SARS-CoV-2

pandemic, the playbook presented here is aspirational,
because quantitation has proved to be useful in other pan-
demics (e.g., HIV/AIDS and HCV). This harmonization
framework supports the broader transition from qualitative
interpretation of Ct/Cq values toward quantitative viral load
reporting using traceable units. Such calibrated reporting has
been recommended to improve interpretation of molecular
diagnostics and facilitate comparison across laboratories,
clinical studies, and public health surveillance.

What we did

The study was coordinated by the Joint Initiative for Metrol-
ogy in Biology, the convener of the CSWG [3]. The coor-
dinating laboratory worked with the CSWG to design the
study, develop a standard operating procedure (SOP), and
create a reporting template for the study. The study design
ensured that the results meaningfully represented the variety
of standard materials and laboratories and their protocols
(Fig. 1A). The SOP ensured that we obtained results from
a common experimental design that permitted assessment
of variability (Supplement 1), and the template ensured
consistent analysis of results (Supplementary Table 2 and
Methods). We developed an open public web-based analysis
package to transparently present and share results (Shiny
App: https://msalit.shinyapps.io/RNAstudy/).

We selected 8 widely available standards (including mate-
rials derived from inactivated virus, recombinant virus, and
recombinant bacteriophage) that could be processed in the
laboratory workflow as clinical specimens. We recruited
14 laboratories from different sectors (clinical, academic,
public, commercial, and government) to each calibrate the
standards to Medicines and Healthcare Products Regulatory
Agency (MHRA), formerly known as National Institute for
Biological Standards and Control (NIBSC) 20/146 [4], the
first WHO International Standard for SARS-CoV-2 RNA
(WHO-IS) that defined the international units (IU, Fig. 1C,
Supplementary Table 1A). Our study design used 4 replicate
serial dilutions of the IS across 6 orders of magnitude, with 4
replicates of each dilution of the WHO-IS and each standard
(Supplementary Figs. 2A-K). After calibration of these 8
standards, they were harmonized to a common scale by their
value assignment in IU.

We operated a companion study to evaluate the hypoth-
esis that the PCR tests calibrated with harmonized standards
yield comparable results when measuring clinical samples
(Supplementary Fig. 1). We used pooled biobanked samples
(15 pools including negative controls and clinical positives
at 3 viral load levels), evaluated by a subset of laboratories
(3 laboratories using a total of 5 different assays). Three
calibrated standards representing the three material classes
were distributed to participating laboratories. However, due
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to lot changes in the Asuragen standards, we only used two
of the 8 standards: Thermo Fisher (inactivated virus), and
LGC (recombinant virus), now shown in Fig. 2B.

How it came out
Harmonization results

The 8 standards were all successfully value-assigned to a
common, shared reference: the IU (Fig. 1C and Results v.
Nominal in analysis dashboard of the Shiny app). The analy-
sis dashboard also contains figures showing the measure-
ment results for each standard by assay within laboratory for
each of the 8 materials sortable by rank order or laboratory;
deviations from median value for each assay; tabular results,
and raw data.

Proof-of-Concept results

Calibrating the assays with harmonized standards allowed
us to compare results from different laboratories and tests
on the clinical samples (Fig. 2A). Each laboratory used its
own experiment design, representing real-life testing where
laboratories use different tests. This proof-of-concept experi-
ment demonstrated the use of calibration to bring clinical
sample results from disparate assay modalities (reverse tran-
scription quantitative real-time PCR (RT-qPCR) and reverse
transcription digital PCR (RT-dPCR)) to the same scale,
plotted on the same axis (Fig. 2B). Critical analysis of these
data and assessment of bias and variability is in the Sup-
plement (Supplementary Fig. 3A—C). Lessons learned from
this experiment have been incorporated into the playbook
recommendations. Results from these studies suggest that
harmonized calibration has the potential to enable aggrega-
tion of quantitative test results across laboratories and over
time, although broader validation across additional labora-
tories, assays, and clinical specimens will be needed.

What we learned

It is practical and possible to harmonize standards and
controls early in an outbreak or pandemic by strategically
bringing together a diverse set of specialists. A thoughtful
study design supported by clear SOPs and consistent data
reporting makes harmonization possible. Our CSWG experi-
ence cultivated a community of practitioners working col-
lectively to respond to a global emergency, fostering new
fruitful collaborations.

Our harmonization study and proof-of-concept study were
conducted at different times, a year apart. We recommend
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that these studies be done simultaneously, with the same
assays and lots of standards used in the harmonization. This
improved design (see “playbook” in Supplement 3) can be
periodically repeated to maintain comparability as the patho-
gens, assays and tests, sampling, and standards evolve.

The heterogeneity of laboratories, assays, and materials
highlights the influence of these variables on test perfor-
mance. The most significant artifacts we observed arose
from standards developed from different materials. Full-
genome inactivated virus standards and recombinant whole-
virus samples behaved differently than the much smaller
genomes with limited PCR target coverage of the bacterio-
phage materials. These different materials also had very dif-
ferent genome concentrations, requiring different dilution
and handling in the laboratory.

The study design permits robust estimates of measure-
ment uncertainty. Such estimates promise the ability to prop-
agate uncertainties in calibrated results. This design ensures
broad applicability to the heterogeneous tests and materials
deployed internationally.

How to do it next time

It is inevitable that new pathogens (viral, bacterial, fungal
or parasites) will emerge. The WHO provides guidance on
preparing secondary standards to test for emerging patho-
gens [10]. Our experience with the harmonization study
conducted by the CSWG for SARS-CoV-2 is captured and
presented (Supplement 3) in a generalized Playbook for Har-
monization of Standards to Calibrate Pathogen Molecular
Diagnostics. In future implementations of the playbook,
we recommend conducting the clinical sample evaluation
concurrently with the harmonization study, using the same
breadth of participating laboratories, assays, and instru-
ments. In the present study, however, access to the clini-
cal samples became available only after completion of the
harmonization study. Consequently, the proof-of-concept
evaluation was performed in a smaller subset of participat-
ing laboratories and assays than the primary harmonization
study.

Summary

Both the harmonization and proof-of-concept studies dem-
onstrate that it is possible to contribute to the standardization
of measurement results for diagnostic laboratories through
international and interdisciplinary cooperation. Our data
provide a framework to break the glass when needed and
rapidly harmonize molecular standards.
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Fig.2 A Study design of a proof-of-concept application of the har-
monized secondary reference materials to real clinical samples. 15
pools of biobanked samples (from 3 patients each) were aliquoted and
shipped to three participating laboratories (Los Alamos National Lab-
oratory (LANL), Biogazelle, and Biodesix), along with 2 calibrated
standards representing the 3 classes: Inactivated virus: AcroMetrix/
ThermoFisher Scientific, recombinant virus: AccuplexTM/LGC
Clinical Diagnostics, and recombinant bacteriophage: Armored RNA
Quant SARS-CoV-2/Asuragen. Laboratories performed PCR using

their described testing platforms and sent raw Cq or count data from
their RT-qPCR or RT-dPCR platforms, respectively. B Harmonized
measurements of viral load in 12 pooled clinical samples s01-s12:
Calibrated measurements in clinical samples reported in IU mL™'.
Pooled samples with different viral loads were measured by different
laboratories along with two calibrant materials: LGC Clinical Diag-
nostics, and AcroMetrix. Data are shown after calibration of the raw
data from both qPCR and dPCR platforms (Supplementary Fig. 3)
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00769-026-01721-w.
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