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Standardized monitoring of BCR::ABL1 mRNA levels is essential for the management of chronic myeloid leukemia (CML) patients.
From 2016 to 2021 the European Treatment and Outcome Study for CML (EUTOS) explored the use of secondary, lyophilized cell-
based BCR::ABL1 reference panels traceable to the World Health Organization primary reference material to standardize and
validate local laboratory tests. Panels were used to assign and validate conversion factors (CFs) to the International Scale and assess
the ability of laboratories to assess deep molecular response (DMR). The study also explored aspects of internal quality control. The
percentage of EUTOS reference laboratories (n= 50) with CFs validated as optimal or satisfactory increased from 67.5% to 97.6%
and 36.4% to 91.7% for ABL1 and GUSB, respectively, during the study period and 98% of laboratories were able to detect MR4.5 in
most samples. Laboratories with unvalidated CFs had a higher coefficient of variation for BCR::ABL1IS and some laboratories had a
limit of blank greater than zero which could affect the accurate reporting of DMR. Our study indicates that secondary reference
panels can be used effectively to obtain and validate CFs in a manner equivalent to sample exchange and can also be used to
monitor additional aspects of quality assurance.
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INTRODUCTION
Molecular monitoring of chronic myeloid leukemia (CML)
patients undergoing tyrosine kinase inhibitor (TKI) therapy
provides important prognostic information for individual
patients and is used to assess time-dependent treatment
milestones, including early molecular response (EMR), major
molecular response (MMR), and deep molecular response (DMR)
[1, 2]. Molecular monitoring is usually performed using reverse
transcriptase quantitative PCR (RT-qPCR), which estimates the
number of copies of BCR::ABL1 mRNA relative to those of an
internal reference gene, most commonly ABL1, GUSB, or BCR, thus
controlling for variation in sample quality and quantity [3, 4].
Current guidelines specify that assay results should be expressed

on the International Scale (IS) for BCR::ABL1 measurement, which
is effectively the same as that used in the International
Randomized Study of Interferon and STI571 (IRIS). On this scale,
100% BCR::ABL1IS corresponds to the IRIS standardized baseline
derived from analysis of 30 pre-treatment chronic phase CML
cases. [5] EMR is defined as ≤10% BCR::ABL1IS, MMR (also known
as MR3, i.e., a molecular response of ≥3 logs below the
standardized baseline) as ≤0.1% BCR::ABL1IS, and levels ≤0.01%
(MR4) as DMR. [3] Testing laboratories derive results on the IS
either by using commercially available kits or systems that have
been calibrated to the World Health Organization (WHO)
International Genetic Reference Panel for quantitation of BCR::
ABL1 mRNA, or by using a laboratory-developed test (LDT) in
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conjunction with a laboratory-specific conversion factor (CF) to
the IS derived by sample exchange [4, 6–12].
Sample exchange typically involves testing around 30 CML

patient samples spanning the range from MR2-MR4.5 (i.e., 2–4.5
logs below the IRIS standardized baseline) in both an established
reference laboratory and a test laboratory followed by calculation
of the mean difference by Bland–Altman analysis. The CF is then
defined as the multiplication factor needed to correct for the
difference [13]. This process has enabled many laboratories with
validated CFs to establish themselves as national or regional
reference laboratories and then repeat the process of sample
exchange, thus propagating CFs to local centers [14]. Although
this has worked well for laboratories with tests that are stable over
time, it is evident that the establishment and validation of CFs by
sample exchange is time consuming, complex, expensive, and can
be difficult for smaller laboratories to access [7, 15].
In 2010, the first International Genetic Reference Panel for

quantitation of BCR::ABL1 mRNA was developed as a primary,
WHO-accredited standard for IS calibration [8]. The panel is made
of lyophilized K562 and HL60 cell line mixtures and therefore
incorporates cellular RNA extraction into the IS calibration process.
The panel includes four BCR::ABL1IS levels, with different values
assigned to each depending on whether ABL1, BCR, or GUSB is
used as a reference genes. To conserve this limited resource, the
WHO panel is only available to manufacturers of BCR::ABL1 test kits
and secondary standards [15]. In 2016, the first cell-based BCR::
ABL1 secondary reference panel was produced. This is traceable to
the WHO panel and has been produced using a similar format
(lyophilized K562 and HL60 cell mixes) with the addition of a fifth
sample corresponding to MR4.5. BCR::ABL1IS values were assigned
to the secondary panel using reverse-transcription droplet digital
PCR (RT-ddPCR) with reference to ABL1, BCR, and GUSB and the
panel was successfully evaluated by 44 different BCR::ABL1
laboratories [12]. Recently this panel has been commercialized
and is now available for laboratories using ABL1 as a reference
gene (AcroMetrix™ BCR-ABL Panel, Thermo Fisher Scientific).
In addition to accurate measurement of detectable residual

disease, it is also important to ensure that assays are sensitive
enough to detect DMR on a routine basis. Many CML patients
achieve sustained (>2 years) DMR on TKI therapy and around half
remain in treatment-free remission (TFR) after stopping therapy
[2, 16]. Standardization of molecular monitoring at deep levels of
response is particularly important, not only to meet the
recommended criteria for attempting TFR, but also to identify
patients showing signs of molecular relapse, for whom DMR is
usually regained after rapid resumption of treatment [17].
To maintain confidence in a CF, ensure that BCR::ABL1 and

reference gene assays are stable over time, and monitor the ability
of assays to detect DMR, testing laboratories need to perform
rigorous internal quality control (IQC) and validate their CF
regularly. IQC is important to monitor variation in assay
performance over time and ensure that low level BCR::ABL1
detection is achieved consistently [18]. Branford et al. have
recommended the analysis of high (c. 10% BCR::ABL1IS) and low (c.
0.1% BCR::ABL1IS) standards on a regular basis, and ideally on
every run to check that BCR::ABL1 and reference gene assays are
stable over time [19, 20].
Given the increased technical sensitivity required for low level

BCR::ABL1 detection, a better understanding of the limits of BCR::
ABL1 assay performance is crucial [21]. The limit of detection (LoD)
and limit of quantification (LoQ) of a qPCR test is dependent on
the background signal (the limit of blank; LoB), which ideally
should be zero. Current BCR::ABL1 RT-qPCR molecular response
(MR) guidelines assume that all laboratories are able to detect
BCR::ABL1 with maximal efficiency [17], but this has never been
formally tested and it is possible that differences in LoB and LoD
for BCR::ABL1 assays between laboratories result in variation in the
way that MR is reported [22].

From 2016 to 2021 the European Treatment and Outcomes
Study (EUTOS) for CML has explored the use of the newly available
cell-based secondary BCR::ABL1 reference panels to assign and
validate CFs for testing laboratories. In addition, the ability of
laboratories to detect MR4.5 reliably was assessed and approaches
to IQC were explored. Here, we present the results of this study
and EUTOS recommendations for ongoing standardization of
molecular monitoring for CML using RT-qPCR.

METHODS
Ability of laboratories to reliably detect MR4.5

From 2016–2021 three batches of nine samples were distributed annually
(5 distributions) from the Wessex Regional Genetics Laboratory, Salisbury
to EUTOS reference laboratories who agreed to participate (2016, n= 49;
2017, n= 48; 2019, n= 50; 2020, n= 49; 2021, n= 49). Three samples
consisted of locally-prepared HL60/K562 cell line mixtures (5 × 105 cells/
vial) at approximately 10%, 0.1% and 0.0032% (DMR cell line lysate) BCR::
ABL1IS lysed in either Trizol (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA), RLT (QIAGEN, Hilden, Germany) or Promega Homogenization
Solution containing 1-Thioglycerol (Promega, Madison, Wisconsin, USA)
according to the preferred RNA extraction method of each center. Plasmid
DNA samples (ERMAD623 BCR-ABL pDNA calibrant, Sigma, St. Louis,
Missouri, USA) were supplied as a mock “cDNA sample”. Each plasmid
sample contained identical and precisely defined ABL1, GUSB, and BCR::
ABL1 copy numbers [11] and were used to establish whether ABL1, GUSB,
and BCR::ABL1 RT-qPCR assays were performing with equal efficiency.
Plasmid samples with different copy numbers were provided for each
annual round of testing. Secondary cell-based reference material panels
were provided and were composed of five vials of lyophilized cells (HL60/
K562) spanning the range 10% - 0.0032% BCR::ABL1IS and supplied by
Novartis Pharmaceuticals Corporation (2016–2019) [12] or Thermo Fisher
Scientific (AcroMetrix™ BCR-ABL Panel, 2020, 2021). Both secondary panels
have BCR::ABL1IS values assigned for the reference gene ABL1 and the
Novartis panel also had BCR::ABL1IS values assigned for the reference gene
GUSB. To enable the AcroMetrix™ BCR-ABL Panel to be used to assign CFs
to laboratories using GUSB as a reference gene, BCR::ABL1IS values were
assigned to the batch by calibrating the reagents with the WHO panel at
the laboratory in Wessex [8].
All samples were tested using RT-qPCR using standard laboratory

protocols following the process shown in Supplementary Fig. 1. To monitor
the quality of local routine samples, anonymized reference gene transcript
copy numbers were collected for 50 local samples analysed at each
laboratory over a 4-week audit period.

Derivation of conversion factors and monitoring stability over
time
CFs were determined using laboratory BCR::ABL1 results from the secondary
reference lyophilized cell line panels using the method described at https://
www.nibsc.org/documents/ifu/09-138.pdf; (included in the Supplementary
Information along with a CF calculation spreadsheet). The stability of
laboratory CFs was assigned annually using the following criteria, which were
based on the previously described definition of optimal performance (+/−
1.2 fold difference from reference method) [7], and the observed mean
standard deviation in the initial international assessment of the freeze dried
cell secondary reference panel (0.2 log/1.6 fold) [12].
Optimal (+/− 1.2 fold): Previous panel CF/New panel CF= 0.83–1.2
Satisfactory (+/− 1.6 fold): Previous panel CF/New panel CF= 0.63–1.58
Unvalidated: Previous panel CF/New panel CF < 0.63 or >1.58
The unvalidated category also included new laboratory assays where

there was no existing CF for comparison.

Monitoring of internal quality control and correlation with
stability of conversion factors
We aimed to measure variation in assay performance over time for
individual laboratories and assess how this correlated with stability of CFs.
We prepared high and low internal quality control standards by making
mixtures of HL60 and K562 cell lines (see Supplementary Information)
which were stored and distributed as lysates in either Trizol (Thermo Fisher
Scientific), RLT (QIAGEN), or Homogenization Solution containing
1-Thioglycerol (Promega). These standards had BCR::ABL1IS values of
approximately 5% (high level control) and 0.05% (low level control).
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Participants were asked to use their established protocols to extract RNA
from both controls on a monthly basis, prepare two independent cDNA
samples and test by RT-qPCR. Each laboratory submitted a minimum of 12
results from both high- and low-level controls over the 6-month period of
the study. Data were submitted for reference gene transcript number, BCR::
ABL1 transcript number, %BCR::ABL1/reference gene and BCR::ABL1IS for
each IQC sample type. Six batches of high- and low-level control samples
were distributed to 46 laboratories and 43 data sets were returned from 41
laboratories at the completion of the study (89%).

Limit of blank for BCR::ABL1 RT-qPCR assays
We aimed to determine the LoB for BCR::ABL1 RT-qPCR in a subset of
experienced molecular monitoring laboratories (n= 12). The LoB is defined
as the highest measurement result that is likely to be observed for a
negative sample i.e., the likelihood of reporting a false positive BCR::ABL1
result at a defined probability (α). When α= 0.95, the likelihood of a true
negative sample giving a result greater than zero (false positive result) is
5%. To determine the LoB, the Clinical and Laboratory Standards Institute
guidelines recommend the following minimum requirements: test four
negative samples, using two reagent lots of qPCR master mix, on one
instrument, on three independent days, analysing two replicates per
sample, generating 60 blank replicate results per reagent lot [21]. Prior to
the study, a pre-study questionnaire was sent to all laboratories to
determine sample requirements (lysis type for subsequent RNA extraction
and volume). Fresh (<48 h), 4 ml non-leukemic peripheral blood samples
(n= 360) were processed and pooled to generate BCR::ABL1 negative
lysates with sufficient ABL1 copies (Trizol n= 4, RLT n= 4). BCR::ABL1
negative samples (n= 4) were provided to each participating laboratory.
After local RNA extraction and cDNA synthesis, 18 RT-qPCR replicates (15x
BCR::ABL1, 3x ABL1) were performed per sample, per reagent lot using their
local standard protocols. Four BCR::ABL1 negative samples were analysed
using two reagent lots of RT-qPCR master mix, on one instrument, on three
independent days, analysing two replicates per sample. This generated 144
individual RT-qPCRs in total; 60 BCR::ABL1 and 12 ABL1 replicates for each
reagent lot (Supplementary Fig. 2). To calculate the LoB for each reagent
lot, the BCR::ABL1 copy number measurements of all samples were ranked
in order from lowest to highest X(1), X(2), …, X(60). The rank position
corresponding to the chosen value of α was calculated using the equation:

“Rank position= 0.5+ (B x α)” where B is the number of replicates and α
was 0.95. For most laboratories, the rank position was assigned as 57.5 (B
= 60). The LoB was the highest measurement value of the sample at the
given rank position across both lots.

RESULTS
Ability of laboratories to detect MR4.5

Analysis of information collected from participating EUTOS
reference laboratories showed that there is substantial variation
in the methodology used to perform molecular monitoring for
CML. Laboratories used different RNA extraction methods,
reference genes, PCR machines and RT-qPCR methods (Supple-
mentary Table 1). To assess whether individual laboratories could
reliably detect MR4.5, data from all test samples were analysed
according to five categories of relevant technical measures: (i)
median number of reference gene transcripts reported for cell line
lysates, (ii) detection of BCR::ABL1 in the DMR cell line lysates and
MR4.5 freeze dried reference panel samples, (iii) reference gene
and BCR::ABL1 transcript numbers per µl cDNA, (iv) %BCR::ABL1/
reference gene for cDNA sample and (v) quality of reference gene
audit data. Each category was scored and arbitrarily weighted
according to the perceived relevance of each component: cell line
results and MR4.5 detection> reference gene copy number audit
data >cDNA transcript values and cDNA ratio (see Supplementary
Table 2 for more details). Combined scores were calculated and an
overall laboratory score per reference gene was defined as green
(detects MR4.5 in a high proportion of samples, combined score
>80%), amber (detects MR4.5 in most samples, combined score
>60%) or red (unable to detect MR4.5 in most samples, combined
score <60%) as detailed in Supplementary Table 2. The number of
data sets in each category, per year, per reference gene are shown
in Fig. 1. Several laboratories submitted data for more than one
reference gene or assay and therefore the number of data sets
analysed is greater than the number of participating laboratories.

2016 (n=55) 2017 (n=53) 2019 (n=57) 2020 (n=55) 2021 (n=58)
Green 83.6 88.7 91.2 85.5 98.3
Amber 14.5 9.4 8.8 10.9 1.7
Red 1.8 1.9 0.0 3.6 0.0

0

10

20

30

40

50

60

70

80

90

100

desylana stes atad f o 
%

Fig. 1 Ability of laboratories to detect MR4.5. Overall laboratory scores per reference gene were defined as green (detects MR4.5 in a high
proportion of samples, combined score > 80%), amber (detects MR4.5 in most samples, combined score > 60%) or red (unable to detect MR4.5

in most samples, combined score < 60%). The bar charts show the number of data sets in each category for all laboratories. Several
laboratories submitted data for more than one reference gene or assay and therefore the number of data sets analysed is greater than the
number of participating laboratories.
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The categories for cDNA transcript values and cDNA ratios were
not scored during the 2021 round due to technical issues. Due to
the small sample size and variability of assay conditions it was not
possible to observe any significant differences in performance
between platform or lysate type.

Provision of conversion factors and monitoring stability over
time
CFs were calculated and provided to laboratories on an annual basis
for RT-qPCR assays using ABL1 and GUSB as reference genes.
The stability of each CF was determined as either optimal,
satisfactory or unvalidated by comparison with the previous year’s
CF. At the start of the study, laboratories supplied the CF that they
were currently using to report BCR::ABL1IS in their laboratory (n=
49). Where information was provided (n= 41), the laboratory-
specific CFs had been obtained using sample exchange from
2014–2016 (93%) or 2012–2013 (7%). Figures 2 and 3 show the
number of laboratories for each category, per year, for ABL1 and
GUSB reference gene data sets, respectively. Several laboratories
submitted data for more than one reference gene or assay and
therefore the number of data sets analysed is greater than the
number of participating laboratories. The mean, median, maximum,
and minimum laboratory CFs for each reference gene per year are
shown in Supplementary Table 3. The median CF value from data
sets submitted over the course of the study were 0.604 for ABL1
(interquartile range (IQR)= 0.480–0.780, n= 213) and 1.576 for GUSB
(IQR= 1.16–2.29, n= 70) (Supplementary Fig. 3, Supplementary
Table 3). This compares to median CFs of 0.563 for ABL1 (IQR=
0.37–0.81, n= 245) and 0.960 for GUSB (IQR= 0.68–1.34, n= 44)
for CFs derived by the EUTOS sample exchange program between
2006 and 2016.
To assess whether the CFs were converting data to the IS

reliably, the raw data (%BCR::ABL1/reference gene) from each
laboratory were converted to the IS using the newly derived CF for

the three test samples. For example, in the 2017 round, 72.3% of
results were reported within 2-fold of the expected IS value when
no conversion factor was applied. This increased to 95.5% of
results when data were converted to BCR::ABL1IS using the newly
derived CF (Supplementary Table 4). Similar results were seen for
all rounds.

Use of internal quality control material
For the high and low-level standards, the CV was calculated for
BCR::ABL1IS, total reference gene transcript values and BCR::ABL1
transcript values for each laboratory. The median, 1st quartile and
3rd quartile CVs for each laboratory and for each parameter are
summarized in Table 1.
Overall, the degree of variability for BCR::ABL1IS was comparable

to that seen in a previous study [20]. CVs for BCR::ABL1IS

determination were used to assess how assay variability might
correlate with CF status (optimal, satisfactory, or unvalidated)
using data for 2019/2020 since this corresponded to the period
when the variability data was collected. The stability of a CF is
likely to be affected by variability in assessment of both the high
and low standard and therefore we assigned a combined
“variability score” using the following criteria:
3 points: CV < 1st quartile
2 points: CV between 1st quartile and median
1 point: CV between median and 3rd quartile
0 points: CV > 3rd quartile
Variability Score (CbVar)= score high level standard+ score for

low level standard.
The data obtained (Fig. 4) shows that 56% of laboratories with

unvalidated conversion factors had red variability scores com-
pared to only 19% of optimal laboratories. Overall, there is a clear
relationship between variability and CF stability and therefore the
BCR::ABL1IS CV of IQC samples is an important quality control
metric for laboratories to record routinely.

2016% (n=43) 2017% (n=45) 2019% (n=42) 2020% (n=39) 2021% (n=41)
Op�mal 32.6 60.0 53.8 48.7 73.2
Sa�sfactory 34.9 22.2 28.2 43.6 24.4
Unvalidated 32.6 17.8 17.9 7.7 2.4
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Fig. 2 Stability of CFs for laboratories using ABL1 as a reference gene. CFs were calculated and provided to laboratories on an annual basis.
The stability of each CF was determined as either optimal (bright green), satisfactory (green) or unvalidated (amber) by comparison with the
previous year’s value using the following criteria; Optimal (+/− 1.2 fold): Old CF/New CF= 0.83–1.2, Satisfactory (+/− 1.6 fold): Old CF/New
CF= 0.63–1.58 or Unvalidated: Old CF/New CF < 0.63 or >1.58. The bars charts show the number of laboratories for each category, per year for
ABL1 reference gene data sets. Several laboratories submitted data for more than one assay and therefore the number of data sets analysed
may be greater than the number of participating laboratories.

H.E. White et al.

4

Leukemia



Assessment of limit of blank for BCR::ABL1 detection
For 75% of laboratories (n= 9, Laboratories A - I) the likelihood of
a true negative sample giving a result greater than zero (i.e., a false
positive result) was 5% (Table 2). However, for 25% of laboratories
(n= 3: laboratories J, K, & L) the likelihood of a true negative
sample giving a result greater than zero ranged from 10–50%
(Table 2), indicating a significant background of false positive
results.

DISCUSSION
MRD results directly impact treatment decisions in CML thus it is
very important that the accuracy and precision of BCR::ABL1 assays
are maintained across the entire measurement range, and that the
sensitivity of the test is sufficient to measure DMR. It is well known
that variability exists between RT-qPCR methods [23] and
considerable work been undertaken to improve standardization

of results for patients with detectable MRD [14, 24], but detailed
assessment of the ability of laboratories to detect MR4.5 has not
been undertaken. Furthermore, the “gold standard” methodology
for deriving laboratory-specific CFs by sample exchange has
proven to be unsustainable.
The EUTOS molecular standardization study indicates that

secondary reference panels can be used effectively to obtain
and validate IS CFs over time in a manner equivalent to sample
exchange. They can also be used to monitor additional aspects of
quality assurance. Over the period of the study, the percentage of
laboratories with CFs validated as optimal or satisfactory increased
from 67.5% (2016) to 97.6% (2021) and 36.4% (2016) to 91.7%
(2021) for ABL1 and GUSB, respectively. The percentage of
laboratories able to detect MR4.5 in most samples was high across
all years with a median of 98.2% (range 96.4 to 100%).
The distribution of ABL1 CF values was similar to that observed

by the EUTOS sample exchange program between 2006 and 2016.

2016% (n=11) 2017% (n=12) 2019% (n=12) 2020% (n= 13) 2021% (n=12)
Op�mal 9.1 25.0 41.7 46.2 66.7
Sa�sfactory 27.3 41.7 50.0 7.7 25.0
Unvalidated 63.6 33.3 8.3 46.2 8.3
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Fig. 3 Stability of CFs for laboratories using GUSB as a reference gene. CFs were calculated and provided to laboratories on an annual basis.
The stability of each CF was determined as either optimal (bright green), satisfactory (green) or unvalidated (amber) by comparison with the
previous year’s value using the following criteria; Optimal (+/− 1.2 fold): Old CF/New CF= 0.83–1.2, Satisfactory (+/− 1.6 fold): Old CF/New
CF= 0.63–1.58 or Unvalidated: Old CF/New CF < 0.63 or >1.58. The bars charts show the number of laboratories for each category, per year for
GUSB reference gene data sets. Several laboratories submitted data for more than one reference gene or assay and therefore the number of
data sets analysed may be greater than the number of participating laboratories.

Table 1. 1st quartile, median, and 3rd quartile for the CV (%) values calculated per laboratory for BCR::ABL1IS, reference gene copy number, BCR::ABL1
copy number for the high and low standard.

High Level IQC Sample CV (%) Low Level IQC Sample CV (%)

BCR::ABL1IS 1st quartile 9.7 14.6

Median 14.3 21.1

3rd quartile 22.5 28.9

Reference gene copies 1st quartile 21.8 22.9

Median 28.2 28.2

3rd quartile 38.3 35.4

BCR::ABL1 copies 1st quartile 25.1 26.8

Median 31.0 33.3

3rd quartile 38.7 45.6
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However, the distribution of GUSB CF values showed an
approximate 1.64-fold increase compared to those obtained using
sample exchange. It is unclear why this difference occurs, but if
the assumption is made that the level of GUSB transcripts is 2.4
fold higher than ABL1, as shown previously in patient samples [17],
then the CF values for GUSB assays would be expected to be
correspondingly higher. This suggests that the CF values obtained
from the cell line panels are valid (ABL1 median CF 0.604 vs GUSB
median CF 1.576; 2.6 fold difference). In this study, laboratories
using GUSB as a reference gene had a higher percentage of
unvalidated CFs compared to ABL1 laboratories (2.4–32.6% ABL1
vs 8.3–63.6% GUSB). The GUSB assays also demonstrated a higher
degree of variation (mean CbVar= 2) compared to ABL1
laboratories (mean CbVar= 3.14) when testing internal quality
control material, suggesting that the GUSB assay may be more
inherently variable. It should also be noted that the number of
GUSB datasets was low for both studies and several GUSB
laboratories reported technical difficulties using the lyophilized

material, possibly due to inexperience in handling this material,
resulting in low GUSB copy numbers.
Nevertheless, given the potential instability of GUSB assays

observed in this study, we would suggest that laboratories using
this reference gene should monitor the stability of their assays at
least monthly using high- and low-level control samples. If
instability is detected, the laboratory should consider switching
to a validated ABL1 assay until investigations into the GUSB assay
stability have been undertaken and successfully actioned. More
data are required to fully investigate the use of the panels to
derived CFs for GUSB assays. Unfortunately, the current AcroMe-
trix™ BCR-ABL Panel has not been calibrated to the primary WHO
material for GUSB (or BCR) and therefore this panel cannot be used
to directly derive CFs for this reference gene. Although other
approaches may be possible, laboratories using GUSB (or BCR) as a
reference gene will need to continue to perform sample exchange
with a reference laboratory to derive a CF. Once a laboratory has
established a CF, it should also be possible to revalidate that CF or

Op�mal (37%) Sa�sfactory (35%) Unvalidated (21%)
CbVar Score 1 or 0 18.8 33.3 55.6
CbVar Score 3 or 2 25.0 20.0 22.2
CbVar Score 5 or 4 37.5 26.7 22.2
CbVar Score 6 18.8 20.0 0.0
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Fig. 4 Use of IQC material to assess how CFs correlate with assay variability. CVs for BCR::ABL1IS results from high and low level internal
quality control material were used to assess how assay variability might correlate with CF status (optimal, 37% of laboratories who tested the
internal quality control material; satisfactory, 35% of laboratories; unvalidated, 21% of laboratories). Combined variability scores for the high
and low standards were assigned using the following criteria: 3 points: CV < 1st quartile, 2 points: CV between 1st quartile and median, 1
point: CV between median and 3rd quartile. 0 points: CV > 3rd quartile. The overall variability score (CbVar) was defined as the sum of the
scores for the high and low level standards. The bar charts show the % of laboratories per CF status that had a combined variability scores of 6
(bright green). 4 or 5 (green), 2 or 3 (amber) or 1/0 (red).

Table 2. Limit of blank: data for the 12 participating laboratories.

Lab A B C D E F G H I J K L

Final BCR::ABL1 LoB (95%) 0 0 0 0 0 0 0 0 0 0.41 2.35 2.57

Final BCR::ABL1 LoB (90%) – – – – – – – – – 0 0.6 2.17

Final BCR::ABL1 LoB (85%) – – – – – – – – – – 0 1.95

Final BCR::ABL1 LoB (50%) – – – – – – – – – – – 0.79

Total BCR::ABL1 replicates 120 120 120 120 120 120 90 120 120 120 120 120

No. of negative BCR::ABL1 replicates 120 120 120 120 120 120 90 119 119 117 110 3

% Negative BCR::ABL1 replicates 100 100 100 100 100 100 100 99.2 99.2 97.5 91.7 2.5

Max BCR::ABL1 copy number 0 0 0 0 0 0 0 1.44 2.15 2.67 2.9 4.25

Laboratories A–I have a likelihood of ≤5% that a true BCR::ABL1 negative sample will give a result greater than zero. Laboratories J, K, and L have a likelihood
ranging from 10–50% (indicated in bold) that a true BCR::ABL1 negative sample will give a result greater than zero.
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derive a new CF using archived samples (e.g., lysates) with known
IS values that span the range from MR1 to MR4.5 in a manner
analogous to sample exchange with an external reference
laboratory.
It is difficult to define exactly how frequently CFs should be

revalidated, but we suggest it should be performed at least
annually if ongoing IQC data demonstrates assay stability at high
and low BCR::ABL1 values. If the newly derived CF is classified as
optimal or satisfactory then it is acceptable to continue to use the
original CF, although some centers may prefer to adopt the newly
derived CF. However, when a newly derived CF is classified as
unvalidated (and the assay has remained unchanged) further
investigations should be considered to improve the assay stability.
If the method or equipment is changed, or assay drift is noted
though ongoing IQC then a new CF will need to be derived [7],
although it is important to demonstrate first that any new assay is
stable over time. Although we have demonstrated that commer-
cially available secondary reagents can be used to derive a CF, it is
important to note that this is not the only option, e.g., sample
exchange with a validated laboratory remains an alternative
approach, and laboratories may perform their own internal sample
exchange, e.g., by comparing results from around 30 stored
samples (ideally lysates) spanning 10% to DMR tested with the
new method against results from the same samples with the
previous, validated method.
For IQC procedures, it is recommended that laboratories

attempt initially to optimize assays to decrease variability such
that the CV for each category (BCR::ABL1IS, reference gene copy
number, BCR::ABL1 copy number) are at least less than the 3rd
quartile value obtained in this study (Table 1). Ideally, variability
should be close to or lower than the median CV values (Table 1).
Once assay variability is established in this range then the
application of Westgard rules to accept or reject each run based
on the performance of high and low controls (as recommended by
Branford et al. [7, 19]) could be used to monitor assays on a
regular basis (Supplementary Fig. 4). Laboratories may elect to use
a lower standard e.g., 0.01% in addition to, or instead of, 0.1%. The
exact level is not critical but we recommend that all laboratories
regularly monitor the performance of their assays using at least
two standards. Standards may be best prepared locally as lysates
of cell line mixtures (see Supplementary Information), or may be
purchased from commercial suppliers (e.g., the AcroMetrixTM BCR-
ABL panel).
The use of high- and low-level standards can help monitor all

the processes in the assay from RNA extraction through to RT-
qPCR. Collecting data and monitoring the reference gene number,
BCR::ABL1 copy number and %BCR::ABL/reference gene is an ideal
way to observe if there are any immediate technical problems
occurring with the assay as well as monitoring assay stability over
time. Each parameter can provide different information e.g., the
copy number information may be useful to determine variability
in the cDNA synthesis. In this case, the BCR::ABL1IS may be
unaffected but the copy numbers for the reference and target
gene may be variable between runs, which may, in turn, affect the
LoD. However, if the copy number of one gene is more variable
than the other then this may indicate an issue with the RT-qPCR
reagents or processes. This would likely affect the BCR::ABL1IS

value obtained. For robust IQC, it is therefore recommended to
record values for BCR::ABL1IS, reference gene copy number, BCR::
ABL1 copy number and also the gradient of the plasmid standard
curves and Cq values for each standards on every run. For
laboratories using the ERM plasmid the Cq values for ABL1 and
BCR::ABL1 should be comparable for each standard as the plasmid
standard contains exactly the same number of BCR::ABL1 and ABL1
copies [11].
Laboratories should be aware of the variability of their assay

and communicate this to clinical staff so that they are informed of
the acceptable degree of variability of BCR::ABLIS values at critical

clinical decision points. For example, a laboratory that has an
optimal CV of 9.7% for a high level control sample could
reproducibly report a 10% BCR::ABLIS sample in the range of
9.03–10.97% (this range is based on one standard deviation; some
laboratories may prefer to use two standard deviations). In the
case of a laboratory with an assay demonstrating high variability,
e.g., a CV of 22.5%, the range for the same sample increases to
7.75–12.25%. For samples at MMR (0.1% BCR::ABLIS) the same
laboratories would report a true MMR sample in the range
0.085–0.115% (CV 14.6%) and 0.071–0.129% (CV 28.9%)
respectively.
Defining the LoB and LoD of quantitative assays is important for

validation of molecular tests and is necessary for accreditation of a
diagnostic test to ISO 15189 (2012). Our study provides a practical
recommended protocol for determining the LoB for BCR::ABL1 RT
qPCR testing, and we recommend that laboratories establish their
LoB. A major challenge was the production of truly BCR::ABL1
negative samples. Initially, material was prepared from several
BCR::ABL1 negative human cell lines from different sources but in
our hands these showed very low level but reproducible
amplification with BCR::ABL1 EAC RT-qPCR assays. Therefore, the
use of cell line derived material for LoB studies is not
recommended. Preparation of pooled blood samples from non-
leukemic patients was time consuming however provided good
quality material for the study. Using this material, we found that
25% of laboratories had a LoB greater than zero which may have
implications for the accurate reporting of DMR, thus demonstrat-
ing the importance of establishing a LoB. Laboratories with poorly
optimized assays may either fail to detect BCR::ABL1 and
erroneously conclude that a patient had achieved DMR (variation
in LoD) or exhibit a low level false positive rate and erroneously
detect BCR::ABL1 (variation in LoB). Laboratory LoBs and LoDs have
not been examined comprehensively to date because of a lack of
suitable control reagents and agreed methodology.
In summary, we provide a number of recommendations for

optimal monitoring of residual disease in CML by RT-qPCR,
including establishment of laboratory-specific CFs and mainte-
nance of reporting on the IS. We anticipate that these
recommendations will further help to improve the quality of
molecular monitoring for CML, with resulting benefits for patient
management.
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