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BACKGROUND: Current guidelines for managing
Philadelphia-positive chronic myeloid leukemia in-
clude monitoring the expression of the BCR-ABL1
(breakpoint cluster region/c-abl oncogene 1, non-
receptor tyrosine kinase) fusion gene by quantitative
reverse-transcription PCR (RT-qPCR). Our goal was
to establish and validate reference panels to mitigate
the interlaboratory imprecision of quantitative BCR-
ABL1 measurements and to facilitate global standard-
ization on the international scale (IS).

METHODS: Four-level secondary reference panels were
manufactured under controlled and validated pro-
cesses with synthetic Armored RNA Quant molecules
(Asuragen) calibrated to reference standards from the
WHO and the NIST. Performance was evaluated in IS
reference laboratories and with non–IS-standardized
RT-qPCR methods.

RESULTS: For most methods, percent ratios for BCR-
ABL1 e13a2 and e14a2 relative to ABL1 or BCR were
robust at 4 different levels and linear over 3 logarithms,
from 10% to 0.01% on the IS. The intraassay and inter-
assay imprecision was �2-fold overall. Performance
was stable across 3 consecutive lots, in multiple labora-
tories, and over a period of 18 months to date. Interna-
tional field trials demonstrated the commutability of
the reagents and their accurate alignment to the IS
within the intra- and interlaboratory imprecision val-
ues of IS-standardized methods.

CONCLUSIONS: The synthetic calibrator panels are ro-
bust, reproducibly manufactured, analytically cali-
brated to the WHO primary standards, and compatible
with most BCR-ABL1 RT-qPCR assay designs. The
broad availability of secondary reference reagents will
further facilitate interlaboratory comparative studies
and independent quality-assessment programs, which
are of paramount importance for worldwide standard-
ization of BCR-ABL1 monitoring results and the opti-
mization of current and new therapeutic approaches
for chronic myeloid leukemia.
© 2013 American Association for Clinical Chemistry

Residual disease in patients with chronic myeloid leu-
kemia undergoing therapy with tyrosine kinase inhib-
itors is assessed by measuring the quantity of tran-
scripts of the BCR-ABL117 (breakpoint cluster region/
c-abl oncogene 1, non-receptor tyrosine kinase) fusion
gene in peripheral white blood cells. This analysis is
carried out with analytically sensitive molecular tests
based on quantitative reverse-transcription PCR (RT-
qPCR)18 technology (1–3 ); however, the wide array of
preanalytical and analytical methods used worldwide
and the lack of consensus guidelines have led to large
variation in quantitative BCR-ABL1 measurements,
which hinder interlaboratory comparative studies, pa-
tient portability, and harmonized definition of treat-
ment response. In 2005, standardization of BCR-ABL1
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reporting across tests and laboratories was established
through a common international scale (IS) anchored
to the baseline BCR-ABL1 expression levels of the IRIS
study (International Randomized Study of Interferon
vs STI571) (4, 5 ). Achieving a 3-logarithm reduction
from the standardized baseline level (defined as 100%
IS) corresponds to the so-called major molecular re-
sponse (MMR or 0.1% IS) and is associated in some
studies with improvements in the long-term response
to tyrosine kinase inhibitors and progression-free sur-
vival (6, 7 ). In addition, the degree of molecular re-
sponse at early time points has recently been shown to
be predictive of overall survival (8, 9 ).

Because of the prognostic value of MMR, a
key goal of the IS standardization effort was to
eliminate— or correct—the relative differences be-
tween MMR ascertainment and response rates across
laboratories. The evaluation of representative sets of
clinical specimens spanning at least 3 logarithms of de-
tectable residual disease in both local and IS reference
laboratories has provided an important proof of prin-
ciple by significantly improving MMR concordance
rates in about 50% of BCR-ABL1 testing laboratories
(10, 11 ). This approach also suffers from some obvious
limitations, however. For example, both conversion
factor (CF) establishment and validation require a set
of 30 – 40 clinical samples (10 ), which can make the
overall process lengthy and costly. Because there is no
mechanism for continuous monitoring of perfor-
mance, local and IS reference laboratories must either
revalidate their CF each time a local method parameter
is changed or risk drifting from the IS over time. Per-
haps one of the most limiting features of the CF con-
version process is that without sharing and testing of a
common set of reference samples on a global scale, each
sample exchange is an independent performance as-
sessment relative to a single IS reference method.

It is likely that the comparability of BCR-ABL1 re-
sults would be improved by the availability of indepen-
dent, broadly accessible external quality-assessment
programs, such as the scheme recently launched by the
United Kingdom National External Quality Assess-
ment Service (12–14 ). White blood cell lysates (11, 15 )
and leukemia cell lines (14, 16 ) have been successfully
used in international comparative studies across BCR-
ABL1 testing platforms and assay designs. In 2009, the
Expert Committee on Biological Standardization of the
WHO approved the first WHO International Genetic
Reference Panel for quantification of BCR-ABL1
mRNA by RT-qPCR (17, 18 ). This 4-level panel con-
sists of freeze-dried e14a2-positive K562 cells diluted in
a background of BCR-ABL1–negative HL-60 cells, with
assigned reference values corresponding to the mean IS
percent ratios obtained by repeat testing in multiple
IS-standardized laboratories (18 ). Unfortunately, the

supply of WHO primary standards is limited, and their
availability has been restricted to manufacturers of sec-
ondary reference standards (17, 18 ). Armored RNA
Quant (ARQ) (Asuragen) is a mature technology that
may be well suited for the development of such second-
ary reference materials. These stable and commutable
synthetic molecules have been extensively validated
with multiple qualitative and quantitative tests for in-
fectious diseases, and their performance has been fully
evaluated against recognized biological international
standards (19 –21 ). More recently, their potential for
use in oncology applications has also emerged (22, 23 ).
The aim of the broad collaborative study we describe
was to develop robust synthetic ARQ reference panels
calibrated to the mean IS percent ratios of the WHO
primary standards in order to support the ongoing
worldwide effort to standardize BCR-ABL1 quantita-
tive measurements on the IS.

Materials and Methods

ARQ PREPARATIONS

Sequences of interest were cloned into pCR2.1 with the
TA Cloning Kit (Life Technologies) and pairs of prim-
ers specific for each target (see the Data Report of Pro-
totype Field Trial Evaluation and Fig. 1 in the online
Data Supplement that accompanies the online version
of this article at http://www.clinchem.org/content/
vol59/issue6). Inserts were subcloned in pT7T3–18-
Kan (Asuragen) for RNA synthesis by in vitro tran-
scription and subsequent packaging, as previously
described (24 ). The sequences of the 4 synthetic tran-
scripts and an overview of the validated ARQ manufac-
turing and QC processes are shown in Figs. 1 and 2 in
the online Data Supplement. The final concentrations
of the packaged RNAs were measured by quantifying
the phosphate groups within each transcript (see Sup-
plemental Data Protocols in the online Data Supple-
ment). Large-scale bulk ARQ preparations were for-
mulated in buffer (10 mmol/L Tris, pH 7.0, 100
mmol/L NaCl, 1 mmol/L MgCl2) and stored at 2 °C–
8 °C. Panels formulated as described in the online
Supplemental Data Protocols were stored below
�15 °C.

EXPERIMENTAL DESIGN AND DATA ANALYSES

Protocols and additional information on the experi-
mental design for each Results section below are pro-
vided in the online Supplemental Data Protocols under
their respective headings. All data analyses assumed a
normal-like distribution of results after log10 transfor-
mation of the percent ratios. Correction parameters
(CPs) were calculated as described in the instructions
for use of the ARQ IS calibrator panels. Correlation
between results was assessed by least squares linear re-
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gression analyses and calculation of the corresponding
slopes, standard errors of the slope, coefficients of de-
termination (square of the Pearson product–moment
correlation coefficient, or r2), and standard errors of
the residuals (root square of the sum of squared resid-
ual differences divided by the degrees of freedom). Dif-
ferences between results were assessed by estimating
the mean bias with the Bland–Altman method and cal-
culating the 95% limits of agreement (LOA) (10, 25 ).
All P values were calculated at the 95% confidence
level.

Results

ESTABLISHMENT OF COMMUTABLE SYNTHETIC MATERIALS

To generate a reproducible and lasting source of refer-
ence material, synthetic and nuclease-resistant ABL1,
BCR, and BCR-ABL1 transcripts were prepared on a
large scale with the validated ARQ manufacturing pro-
cess (see Figs. 1 and 2 in the online Data Supplement).
Transcripts were designed to contain the exonic se-
quences most commonly targeted by BCR-ABL1 RT-
qPCR assays (Fig. 1A; see Fig. 1 in the online Data Sup-
plement). Four-level pilot panels containing a variable
number of copies of e13a2 or e14a2 fusion transcripts
in a constant background of control transcripts were
evaluated in a large international field trial across 29
laboratories in 15 countries (see Report of Prototype
Field Trial Evaluation in the online Data Supplement).
This pilot study demonstrated the compatibility of the
synthetic panels with independent RT-qPCR methods
with 7 different RNA-extraction protocols and 13 dif-
ferent platforms and highlighted their potential as
commutable reference materials.

DEVELOPMENT OF PROTOTYPE CALIBRATOR PANELS

On the basis of the results of the pilot study and current
recommendations for IS standardization (4, 5, 10, 11 ),
4-level ARQ panels were formulated to cover a repre-
sentative interval of percent ratios from �1% to
�0.1% and were calibrated to the mean IS percent ra-
tios of the WHO reference panel (Fig. 1B). With this
design, testing of the secondary ARQ IS calibrator pan-
els in local laboratories would theoretically enable in-
direct comparison to the WHO primary standard, der-
ivation of analytical CPs, and correction of local
percent ratios to IS percent ratios if required (raw local
percent ratio � CP � ISCal percent ratio, where ISCal is
the IS calibrator panel; Fig. 1B). Preliminary evaluation
of the prototype panels showed that the ARQ calibra-
tors could be processed with different RNA-extraction
methods optimized for the quantitative recovery of nu-
cleic acids or be added directly to the reverse transcrip-
tion reaction after a short heat-denaturation step (see
Fig. 3 in the online Data Supplement). Any variation

was streamlined and removed during the preanalytical
steps by performing all subsequent analyses with the
simple and rapid heat-lysis protocol. Repeat testing in 2
IS reference laboratories showed linear and reproduc-
ible detection of both e13a2 and e14a2 over 3 loga-
rithms of IS percent ratios (Fig. 1C). Accurate panel
formulation and compatibility with the IS were con-
firmed for the ABL1 control transcript by the RT-qPCR
method recommended by the Europe Against Cancer
program (26, 27 ) (Fig. 1C, left panels) and for the BCR
control transcript with the method used since 2001 to
maintain the MMR reference value of the IRIS trial
(2, 10, 28 ) (Fig. 1C, right panels). However, synthetic
ARQ BCR-ABL1 cDNA was inefficiently amplified
with a third established qPCR primer/probe design
(3, 11, 15 ), producing a loss of calibrator 4 detection
with or without RNA extraction and with different RT
protocols (data not shown).

ANALYTICAL VALIDATION

To fully characterize the e13a2 and e14a2 ARQ IS cali-
brator panels, we conducted a series of analytical stud-
ies over a 2-year period. Duplicate analyses performed
on 192 measures from 12 independent runs indicated
that 95% of the paired percent ratios were within a
1.92-fold difference from each other with the expected
increase in imprecision for lower percent ratios (Table
1 and Fig. 2A). An interassay imprecision study of the
mean of triplicate test results from 8 runs over 6
months showed the same pattern, with CVs of 14%,
23%, 28%, and 37% for calibrators 1– 4 and a 95% LOA
of 1.61-fold overall (Table 1 and Fig. 2B). In both stud-
ies, the 4 calibrators covered 3 logarithms of percent
ratios with a precisely linear fit and no significant dif-
ference between the ABL1 and BCR control transcripts
(Table 1; see Fig. 4 in the online Data Supplement).
Stability studies confirmed that each calibrator was re-
producibly detected after 3, 6, 12, or 18 months of stor-
age, with percent ratios all within the imprecision es-
tablished for each calibrator level at time 0 (Fig. 2C).
Finally, the reproducibility of the overall process was
validated with 3 independent consecutive lots of e13a2
and e14a2 calibrators manufactured over a 12-month
period and with each lot being tested in 4 independent
runs (Fig. 2D). The same interval of percent ratios was
observed with a precisely linear relationship between
the 4 calibrator levels across 3 logarithms; similar levels
of imprecision were observed for the 3 lots (18%– 43%
for the level-specific CV; Table 1). The evaluation of 2
independent lots in 2 IS-standardized laboratories 6
months apart also confirmed accurate and linear for-
mulation across 3 logarithms of IS percent ratios (Fig.
1C and data not shown).

Synthetic BCR-ABL1 Calibrator Panels for IS Standardization
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VALIDATION IN IS-STANDARDIZED LABORATORIES

To validate the accuracy of the ARQ IS calibrator pan-
els, we conducted a second international field trial in 7
countries across 8 laboratories with either ABL1 (n �
4) or BCR (n � 4) control transcripts and various plat-

forms and assay designs (2, 26 –29 ). The e13a2 and
e14a2 panels were tested in 3 independent runs at each
site (192 measures overall), and the nominal IS percent
ratios assigned to each calibrator level were compared
directly with the IS percent ratios determined with in-
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Fig. 1. Synthetic calibrator panels for IS standardization.

(A), Schematic representation of the 4 synthetic transcripts packaged in ARQ molecules. Exon numbers according to the
reference sequences NM 005157.3 (ABL1) and NM 004327.3 (BCR) are indicated in color-coded boxes. ABL1, nucleotide (nt)
60 of exon 2 to nt 93 of exon 11; BCR, nt 42 of exon 14 to nt 148 of exon 22; BCR-ABL1, nt 90 of BCR exon 9 to nt 78 of
ABL1 exon 5. (B), Process to align a local-laboratory RT-qPCR method (local percent ratio) to the mean reference values of the
WHO primary standards through secondary synthetic calibrators. (C), Compatibility with IS-standardized methods. The graphs
show the mean IS percent ratios obtained by testing in 3 independent runs of the 4-level e13a2 (top) or e14a2 (bottom)
prototype panels with the heat-lysis protocol and 2 IS-standardized methods (2, 10, 26–28 ) using either ABL1 (left) or BCR
(right) as the endogenous control transcript. Cal, calibrator panel.
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dependent IS-standardized methods and laboratory-
specific CFs (raw local percent ratio � CF � IS percent
ratio). The nominal and measured IS percent ratios
were tightly correlated across the entire scale for both
panels (Table 2). The mean bias between the nominal
and measured IS percent ratios for the 4 calibrator lev-
els combined was �2.25-fold in all laboratories but one
(e13a2 panel in laboratory 8) and 1.37-fold overall (Fig.
3A). A comparison across laboratories showed no sig-
nificant trend in the relative bias between IS-
standardized methods (P � 0.05; Fig. 3B, left panel).
The level-specific interlaboratory CVs (18%–52%)
were in the same range as previously reported for the
4-level WHO primary standards (14%–57%) (18 ),
with similar bias distributions and overall 95% LOA
across 3 logarithms of IS percent ratios (Fig. 3B, right
panel). Importantly, the calibrators were reproducibly
detected at all levels, thereby enabling the derivation of
analytical CPs and correction of the local raw percent

ratios with laboratory-specific CPs (raw local percent
ratio � CP � ISCal percent ratio). As expected, the
resulting postcorrection bias was null [i.e., 1.00-fold,
Fig. 3A (all data combined); see Fig. 5 in the online
Data Supplement]. The relative difference between the
calculated CP and the validated CF (CP/CF ratios) was
1.04- to 3.06-fold in distinct laboratories, correspond-
ing to a minimum agreement in MMR classification
between CP-corrected and CF-converted IS percent ra-
tios of 83.8%–99.4% (see Protocols, Calculation of
MMR Accuracy, in the online Data Supplement).

USAGE VALIDATION

To further validate the interlaboratory imprecision and
the intended use of the ARQ IS calibrators, we evalu-
ated the synthetic panels in 8 non–IS-standardized lab-
oratories with the same commercial RT-qPCR assay
that had previously been shown to be compatible with
reporting on the IS (22 ). Each laboratory followed the

Table 1. Summary of analytical-characterization studies.

Intraassay Interassay Lot 1 Lot 2 Lot 3

ABL1

Measures, n 96 64 32 32 32

� Percent ratio, log10 3.02 3.06 2.97 3.07 2.97

Slope 0.987 �1.014 �0.999 �1.022 �0.996

SESa 0.013 0.015 0.017 0.024 0.015

r2 0.984 0.986 0.991 0.983 0.993

SER 0.144 0.138 0.110 0.154 0.095

BCR

Measures, n 96 64 32 32 32

� Percent ratio, log10 3.01 3.00 2.97 3.00 2.96

Slope 0.999 �0.995 �0.998 �1.000 �0.990

SES 0.013 0.015 0.018 0.028 0.014

r2 0.984 0.988 0.991 0.976 0.994

SER 0.146 0.127 0.112 0.179 0.087

Overall

Measures, n 192 128 64 64 64

Percent ratio, log10 3.02 3.03 2.97 3.04 2.96

Slope 0.993 �1.005 �0.999 �1.011 �0.993

SES 0.009 0.011 0.014 0.019 0.012

r2 0.984 0.986 0.988 0.979 0.992

SER 0.144 0.133 0.124 0.168 0.104

Cal 1 CV, % 7.0 14 18 22 18

Cal 2 CV, % 10 23 27 27 25

Cal 3 CV, % 15 28 29 41 25

Cal 4 CV, % 31 37 39 43 28

a SES, standard error of slope; SER, standard error of residuals, Cal, calibration panel.

Synthetic BCR-ABL1 Calibrator Panels for IS Standardization
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calibrators’ instructions for use, which recommended
3 independent runs on different days for each panel
(228 measures overall). The linear regression coeffi-
cients were similar (mean slope, 1.029; 95% CI, 0.994 –
1.063), indicating strong correlation and absence of
trend in the bias relative to the nominal IS percent ra-
tios (Table 3). Calculations of the mean bias for each
laboratory produced CPs ranging from 0.369 to 0.648
with 95% LOA of 1.28- to 2.87-fold. The mean CP was
0.50 (95% CI, 0.43– 0.57). After correction of the indi-
vidual raw percent ratios with either the laboratory-
specific CP or the mean CP, the residual mean bias was
null in both cases (postcorrection CP close to 1.00, Ta-
ble 3). Establishment of a preliminary CF by sample
exchange (n � 61) in 2 different laboratories relative to
2 independent IS-standardized methods further
showed an overall agreement in MMR classification of
91.8% between CP-corrected and CF-converted per-
cent ratios, and 90.2% between CP-corrected and IS
reference percent ratios (data not shown).

Discussion

Efficient monitoring of treatment response in chronic
myeloid leukemia requires precise and accurate quan-
tification of BCR-ABL1 expression across a wide linear
dynamic interval of IS percent ratios (1, 4, 30 ). For that
reason, interlaboratory IS standardization cannot be
achieved with a single reference sample. Both impreci-
sion (intra- and interlaboratory reproducibility) and
accuracy (mean bias relative to the IS) should be as-
sessed across a clinically relevant interval of IS percent
ratios (4, 8 –11 ). We have demonstrated that 4-level
synthetic calibrator panels reproducibly manufactured
under controlled processes and directly anchored to
the reference values of the WHO primary standards
enable reproducible analytical calibration of local RT-
qPCR methods within the expected intra- and inter-
laboratory imprecision of IS-standardized methods.
Testing of the ARQ IS calibrator panels generates valu-
able information at multiple levels: (a) assessment of
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(A), Correlation between 192 duplicate percent ratio measures. Black line, equality line (i.e., second measure � first
measure). Dashed lines, overall 95% LOA. (B), Distribution of percent ratios determined in 8 independent runs for each
calibrator level (32 measures per level). Dash lines, overall 95% LOA. (C), Mean percent ratios obtained by testing the
same lot of calibrators panels stored at �15 °C to �30 °C over time. (D), Correlation of mean percent ratios (16 measures
per level) for 3 independent lots of calibrators. The error bars represent the 95% LOA for each calibrator level and lot.
Cal, calibrator panel.
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linearity, analytical sensitivity, and imprecision; (b) es-
timation of the mean bias and corresponding correc-
tion parameter, if required; and (c) estimation of the
correlation between measures across the entire scale.
We propose that the ARQ IS calibrator panels may be
used as secondary IS reference materials to facilitate
interlaboratory comparative studies or external
quality-assessment programs.

To ensure the long-term adequacy and integrity of
calibration measurements requires reference materials
to be stable, homogeneous, traceable, and commut-
able. Synthetic transcripts have the advantage of being
nuclease resistant, reproducible, well characterized,
and linked to reference standards from the WHO and
the NIST, but they are limited to specific sequence con-
tents. Although all BCR-ABL1 assays must target the
junction between BCR exon 13 or 14 and ABL1 exon 2,
unfortunately no global consensus exists on the iden-

tity of the control gene. Therefore, the synthetic cali-
brator panels were designed to be compatible with a
majority of laboratories using ABL1 or BCR control
transcripts—about 80% of the assays used worldwide
(4 ). To date, the calibrators have been evaluated in
about 50 laboratories in 17 different countries on 5
continents, including 10 laboratories that use RT-
qPCR methods already standardized to the IS through
sample-exchange programs. With the exception of 1
established assay design in which a single reverse
primer targeting ABL1 exon 4 is used to generate long
ABL1 and BCR-ABL1 e13a2 or e14a2 amplicons
(3, 11, 15 ), all evaluations were successful, with robust
detection at all calibrator levels.

The synthetic calibrators are not process controls,
and like white blood cell lysate or cell line reference
samples, they cannot fully recapitulate the variety of
clinicopathologic presentations, biological variation,
and sample collection, storage, or shipping conditions
encountered in the clinical setting. Direct processing
with the heat-lysis protocol, however, decreases the
likelihood of RNA loss or degradation during the pre-
analytical steps and also removes any variation poten-
tially affecting the imprecision or analytical sensitivity
of local RT-qPCR methods. It therefore preserves the
stability and homogeneity of the calibrators, 2 impor-
tant characteristics for an analytical reference material.
In our study, the direct heat-lysis protocol was compat-
ible with multiplex and singleplex methods, 1- and
2-step protocols, various real-time PCR instruments
from multiple manufacturers, manual and auto-
mated setups, and commercial and laboratory-
developed reagents (2, 22, 26 –29 ), but it could not
be evaluated with integrated closed-assay systems
such as the GenXpert instrument (31 ).

Throughout the study, we observed remarkably
stable 95% LOA of �2.5-fold across multiple laborato-
ries, assay designs, and platforms. The 95% LOA is a
key performance metric because it is a global estimate
of method imprecision across the entire interval of per-
cent ratios assessed. Unlike other common metrics
such as the CV, 95% LOA are appropriately calculated
with normally distributed log-transformed values,
provide quantitative information on the same unit as
the measurement itself (-fold or logarithmic change),
and allow easier interpretation of variation indepen-
dently from the mean of the distribution (25 ). In our
study, all performance metrics were within the interval
expected for the quantitative measurement of percent
ratios: from about 10% to �0.01%. For example, the
interassay imprecision study produced CVs from 14%
to 37% and 95% LOA from 1.21- to 2.09-fold for cali-
brators 1– 4. Without adequate imprecision values, a
given RT-qPCR method cannot be accurately aligned
to the IS, and its performance cannot be reproducibly

Table 2. Correlation between nominal IS percent
ratios and 8 IS-standardized methods.

Slope SESa r2 SER

e13a2 Panel

Lab 1 ABL1 0.956 0.032 0.989 0.123

Lab 2 BCR 1.038 0.038 0.987 0.142

Lab 3 ABL1 0.931 0.033 0.987 0.127

Lab 4 BCR 1.036 0.033 0.990 0.125

Lab 5 ABL1 1.012 0.030 0.991 0.116

Lab 6 BCR 1.023 0.040 0.985 0.149

Lab 7 BCR 1.007 0.023 0.995 0.086

Lab 8 ABL1 0.949 0.040 0.982 0.153

Mean 0.994 0.034 0.988 0.127

Combined 0.992 0.017 0.973 0.187

e14a2 Panel

Lab 1 ABL1 0.902 0.033 0.987 0.134

Lab 2 BCR 0.922 0.039 0.982 0.155

Lab 3 ABL1 1.004 0.030 0.991 0.122

Lab 4 BCR 1.016 0.026 0.994 0.102

Lab 5 ABL1 0.876 0.030 0.988 0.121

Lab 6 BCR 0.954 0.030 0.990 0.120

Lab 7 BCR 0.970 0.022 0.995 0.087

Lab 8 ABL1 0.966 0.042 0.981 0.171

Mean 0.951 0.032 0.989 0.127

Combined 0.981 0.022 0.953 0.259

Overall

Mean 0.972 0.033 0.988 0.127

Combined 0.981 0.015 0.955 0.246

a SES, standard error of slope; SER, standard error of residuals.
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monitored over time (5 ). With a demonstrated vari-
ability of �2.5-fold over 3 logarithms of values, the
synthetic calibrators enabled precise analytical assess-
ments of distinct assay designs. Evaluations in 8 labo-
ratories with the same reagents further highlighted the
contribution of other parameters, such as operator, in-
strument, interpretation of raw data, and intralabora-
tory variation (95% LOA of 1.28- to 2.87-fold).

Previous studies have shown that very large biases,
sometimes �1 logarithm, can be efficiently corrected
(10, 11 ). Similarly, an analytical CP can be calculated
to correct any amount of bias, provided the impreci-
sion of the local RT-qPCR method is adequate (95%
LOA of �2.5-fold) and there is no trend in the bias
(slope of the least squares linear regression analysis). If

the slope is between 0.90 and 1.10, the maximum po-
tential error on the measurement of a change of 3 log-
arithms is 0.3 logarithms, or 2-fold. At MMR (a
3-logarithm change from IS baseline), that would be
equivalent to measuring 0.1% on the IS between 0.05%
and 0.2% at most, which is within the imprecision of
current RT-qPCR methodologies (10 ). For example,
during the international field trial in 8 independent
IS-standardized laboratories, the differences between
measured IS percent ratios and nominal calibrator IS
percent ratios were �2.25-fold for most laboratories,
with an overall slope of 0.981. Because imprecision was
low in all IS laboratories, 67.2% and 98.4% of the 192
individual measures were within 2- and 4-fold of the
nominal IS percent ratio, respectively, well within
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Fig. 3. Evaluation in 8 laboratories using independent IS-standardized RT-qPCR methods.

(A), Relative difference between nominal and measured IS percent ratios for all calibrator levels combined. The relative
differences (black diamond) for each laboratory and panel (e13a2 or e14a2) are sorted from the lowest to highest 95% LOA
values (error bars). Overall results for all data combined (192 measures) using raw, CF-converted, or CP-corrected percent ratios
are also shown on the right. (B), Bias analyses for the ARQ IS calibrator panels evaluated in the present study (left) and for the
WHO primary standards (right) previously evaluated in 9 laboratories (18 ). Each point represents the difference between
laboratory-specific IS percent ratios and the reference IS percent ratios (mean IS percent ratios across all laboratories per fusion
transcript and control transcript) plotted against the mean of both values. Black lines, mean bias. Dashed lines, 95% LOA. P,
P value associated with the slope of the least squares linear regression.
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the acceptance criteria defined for CF validity (10, 11 ).
The bias in 50% of the laboratories was �1.6-fold, cor-
responding to an agreement in MMR classification be-
tween CP-corrected and CF-converted IS percent ra-
tios of at least 93% for a representative sample set
covering 3 logarithms on the IS. Even with a maximum
difference of 2.5-fold, only samples generating IS per-
cent ratios between 0.04% and 0.25% would have the
potential to be misclassified, within the imprecision of
most RT-qPCR methods. The corresponding mini-
mum MMR agreement would be 87% to 92% for sam-
ples covering 3 to 5 logarithms, which is within the
interval previously reported for IS standardization via
sample exchange (10, 11 ). This expected performance
was further confirmed by the results of testing 61 rep-
resentative clinical samples covering 3.36 logarithms of
percent ratios with independent IS standardized meth-
ods and the commercial assay. These tests reproducibly
generated a CP of 0.50 (agreement in MMR classifica-
tion of 91.8%, with all discrepant IS percent ratios be-
tween 0.061% and 0.236%).

In summary, our comprehensive study demon-
strated that synthetic calibrators anchored to the WHO
primary standards have the performance characteris-
tics required to facilitate rapid and accurate calibration
of BCR-ABL1 RT-qPCR methods to the IS. Ultimately,
we expect the calibrators to reduce the need for BCR-
ABL1 testing laboratories to complete the lengthy and
costly process of CF establishment, validation, and pe-
riodic revalidation. In addition, the ARQ IS calibrator

panels are reproducibly manufactured, broadly avail-
able, and commercially distributed worldwide, features
that should enable dynamic monitoring of perfor-
mance over time and further reduce the potential drift
of methods already IS standardized. Finally, the rate of
patients achieving an at least 4-logarithm decrease on
the IS (MR4.0) has increased substantially because of
the advent of the second-generation tyrosine kinase
inhibitors nilotinib and dasatinib (30, 32 ). These
extremely low to undetectable BCR-ABL1 concen-
trations must be carefully interpreted in the context
of the exact number of ABL1 cDNA copies present in
the qPCR; consequently, the absolute quantity of
ABL1 transcripts should be comparable across test-
ing laboratories (30 ). Future studies will determine
whether the synthetic calibrators whose copy num-
bers are precisely measured and traceable to a NIST
Standard Reference Material can help further the
standardization of these deep molecular responses
below the MMR.
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Table 3. Summary of evaluation results for 8 laboratories using the same RT-qPCR method.

Correlation analysis Bias analysis

Slope SESa r2 SER Mean CP 95% LOA

Results by laboratory

Lab A 1.020 0.012 0.996 0.067 �0.340 0.457 1.369

Lab B 1.020 0.027 0.991 0.122 �0.289 0.514 1.719

Lab C 1.074 0.035 0.964 0.197 �0.331 0.466 2.537

Lab D 0.996 0.009 0.998 0.055 �0.302 0.499 1.279

Lab E 1.055 0.037 0.967 0.229 �0.433 0.369 2.867

Lab F 0.996 0.014 0.995 0.081 �0.188 0.648 1.435

Lab G 1.093 0.030 0.981 0.178 �0.249 0.563 2.507

Lab H 0.975 0.024 0.994 0.091 �0.326 0.472 1.509

Mean 1.029 0.023 0.986 0.128 �0.307 0.499 1.903

All data combined

No correction 1.041 0.010 0.983 0.153 �0.303 0.497 2.049

Single CP (0.50) 1.041 0.010 0.983 0.153 �0.002 0.994 2.049

Lab-specific CP 1.038 0.009 0.986 0.138 0.002 1.004 1.913

SES, standard error of slope; SER, standard error of residuals.
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