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INTRODUCTION
The IRIS trial and follow-up studies have demonstrated the correlation between established treatment response criteria in chronic 
myeloid leukemia (CML) patients and the quantity of BCR-ABL1 fusion transcripts resulting from the major breakpoint (M-BCR) of 
t(9;22) (e13a2 and e14a2). Sensitive molecular methods to quantify the levels of BCR-ABL1 fusion transcripts have therefore emerged 
as valuable tools for the monitoring of treatment response and detection of relapse. However, the use of different platforms, assay 
designs, internal control genes, standard curve materials, and reporting methods by clinical laboratories worldwide has resulted in the 
inconsistent interpretation of individual patient response and comparison of response rates between patients. The International Scale 
(IS) was created to enable laboratories to express their results as BCR-ABL1 IS levels corresponding to specific molecular and clinical 
landmarks. On this scale, baseline BCR-ABL1 to control gene ratio is defined as 100% IS with a 3-log reduction indicative of MMR (major 
molecular response, 0.1% IS or lower).

We previously reported the development and evaluation of the BCR/ABL1 Quant™ (research use only) reagents, a tool for simultaneous 
amplification and detection of three BCR-ABL1 fusion transcripts (e1a2, e13a2, e14a2), ABL1 (an endogenous internal control), 
and BCR/ABL1 Quant™ Norm (an exogenous internal control) (Brown et al., Blood Cancer J., 2011). The reagents are now available 
for export from the U.S. as the BCR/ABL1 Quant™ Test (CE-marked, IVD). The assay includes reverse transcription (RT), multiplex real-
time PCR with TaqMan® probes, quantification of each target relative to Armored RNA Quant® (ARQ) standard curves, the optional 
determination of fusion transcript identity (e1a2, e13a2, or e14a2) via size fractionation by capillary electrophoresis (CE), and the 
optional determination of an exploratory absolute quantity of BCR-ABL1 transcripts. Absolute quantitation may become relevant for 
the assessment and standardization of deep molecular responses below MMR. Here we show the Test’s performance for quantitative 
measurement of BCR-ABL1 to ABL1 ratio relative to an IS reference method (a simplex laboratory-developed test) that is routinely used 
in clinical testing.

MATERIALS AND METHODS
All BCR/ABL1 Quant™ assays were performed according to the instructions for use (Asuragen Inc.) at the IS reference laboratory 
(Medizinische Fakultät Mannheim der Universität Heidelberg, Mannheim, Germany). All residual human specimens in this study were 
de-identified and evaluated according to protocols approved by the originating institution. After erythrocyte lysis, a leukocyte (WBC) 
pellet was then lysed in Trizol and stored below -70 °C. Lysates in a volume equivalent to 20 million WBC were then spiked with 10 uL 
of BCR/ABL1 Quant™ Norm. This lysate was then prepared into total RNA, resuspended in 30 uL water, and a constant 5 uL RNA was then 
added to each RT reaction (estimated average of 1,500 ng/RT). For analytical experiments, RNA specimens were generated by diluting 
cultured cells (BV-173/e13a2 or K562/e14a2) in non-leukemic specimens. RNA was reverse transcribed and amplified by multiplex 
qPCR on the ABI 7500 Fast Dx (in “standard” mode) using primers for BCR-ABL1 (e13a2, e14a2, and e1a2), ABL1 as an endogenous 
internal control, and BCR/ABL1 Quant™ Norm. The variant e1a2 (minor, m-BCR) was not evaluated; however, the standard curves are 
composed of e1a2, verifying the performance of the reagents for this fusion transcript. Four-point standard curves were generated 
using the included multiplex Armored RNA Quant® (ARQ) Calibrators. Each Calibrator was prepared by heat lysis prior to RT. Data were 
analyzed using the qPCR instrument’s software (SDS v1.4).  Determination of a conversion factor (CF) was performed as described in 
Branford et al. (Blood, 2008), except that only an establishment run was performed.
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CONCLUSION
The BCR/ABL1 Quant™ Test is compatible with reporting on the IS and provides results across a broad linear range. The Test quantifies 
e13a2 and e14a2 fusion transcripts and ABL1 in a single reaction and shows excellent correlation with the IS. We note that the 
CF determined in this study is laboratory-specific, and may differ from values determined by other methods (e.g. by comparison 
to materials traceable to the WHO primary reference material). An exploratory absolute quantity of BCR-ABL1 correlated well with 
BCR-ABL1 %IS values, which may have utility in the future, especially for molecular responses below MMR. Streamlined reagent 
formulation, multiplex assay format, and inclusion of ARQ calibrators improve the workflow and increase the number of specimens 
that can be tested per run.

SUMMARY
• The BCR/ABL1 Quant™ Test showed sensitive, multiplex detection of e1a2, e13a2, e14a2, and ABL1 on the ABI 7500 Fast Dx.

•  The assay demonstrated the preliminary performance required for quantitative measurement of BCR-ABL1 expression compatible 
with reporting on the International Scale (IS).

• The assay showed excellent correlation against results from an international IS reference method.

Figure 1. (A) Assay Calibration and Control with Armored RNA 
Quant® (ARQ) Technology and Sample Processing Workflow. The 
copy number of each target and the ratio of BCR-ABL1 to ABL1 copy 
number are calculated based on 3 calibration curves. The external 
Calibrator Set consists of only 4 vials, each containing a blend of 
precisely quantified BCR-ABL1, ABL1, and BCR/ABL1 Quant™ Norm 
ARQs mixed at different concentrations. In addition, a known fixed 
copy number of BCR/ABL1 Quant™ Norm ARQ can be spiked into 
the specimen lysate prior to or during RNA isolation (exogenous 
internal process control) for monitoring of process efficiency and 
exploratory absolute quantification of BCR-ABL1 copy number (for 
example, normalized copy number of BCR-ABL1 per 106 WBC). 
(B) Representative examples of calibration curves. Following heat 
denaturation, the 4 ARQ calibrators were run in triplicate. The 
resulting Ct values (top) were automatically processed through an 
Excel-based analysis tool to build 3 standard curves for BCR-ABL1, 
ABL1, and Norm (bottom) covering 5 Logs of copies per RT. R2 
were all >0.99.

% ratio Log transformed % ratio 
Specimen IS BAQ IS BAQ d z 

1 0.167 0.77 -0.778 -0.113 -0.664 0.125
2 0.228 2.128 -0.642 0.328 -0.97 0.76
3 0.14 0.674 -0.852 -0.171 -0.681 0.077
4 9.658 98.367 0.985 1.993 -1.008 0.871
5 0.047 0.103 -1.324 -0.988 -0.336 1.078
6 0.421 2.168 -0.375 0.336 -0.711 0.011
7 0.5 2.797 -0.301 0.447 -0.747 0.115
8 0.334 3.052 -0.477 0.485 -0.961 0.736
9 0.123 1.509 -0.91 0.179 -1.089 1.106

10 0.623 4.909 -0.205 0.691 -0.896 0.547
11 5.092 36.494 0.707 1.562 -0.855 0.428
12 0.02 0.052 -1.695 -1.281 -0.414 0.85
13 0.149 0.589 -0.826 -0.23 -0.596 0.322
14 0.14 0.426 -0.852 -0.371 -0.481 0.656
16 0.039 0.122 -1.413 -0.913 -0.5 0.602
17 0.061 0.127 -1.218 -0.894 -0.323 1.115
19 0.29 1.043 -0.538 0.018 -0.556 0.439
21 7.2 24.205 0.857 1.384 -0.527 0.525
22 1.141 10.123 0.057 1.005 -0.948 0.697
23 6.673 79.18 0.824 1.899 -1.074 1.063
24 1.317 11.017 0.12 1.042 -0.922 0.623
25 0.012 0.058 -1.91 -1.234 -0.677 0.09
26 0.023 0.114 -1.642 -0.945 -0.697 0.031
27 0.061 0.472 -1.211 -0.326 -0.885 0.515
28 8.604 35.804 0.935 1.554 -0.619 0.256
29 1.493 11.964 0.174 1.078 -0.904 0.569
30 0.878 4.576 -0.057 0.66 -0.717 0.027
31 1.932 17.703 0.286 1.248 -0.962 0.738
32 0.966 3.825 -0.015 0.583 -0.598 0.318
33 2.546 10.529 0.406 1.022 -0.616 0.264
34 2.195 13.226 0.341 1.121 -0.78 0.21
35 7.024 88.719 0.847 1.948 -1.101 1.142
36 0.012 0.045 -1.91 -1.349 -0.561 0.424
37 0.07 0.403 -1.153 -0.395 -0.759 0.148
38 0.011 0.001 -1.943 -2.831 0.888 4.627
39 0.055 0.739 -1.257 -0.131 -1.126 1.213
40 0.018 0.118 -1.734 -0.93 -0.805 0.281

Md -0.708
Sd 0.345

Run 1 Run 2 Mean 

Number of samples tested 37 37 37

MMR negative by IS method 25 (68%) N/A N/A 

MMR positive by IS method 12 (32%) N/A N/A 

Agreement with IS method 35 (95%) 33 (89%) 35 (95%)

Paired correlation (R) 0.98 0.97 0.98

Mean bias -0.754 -0.747 -0.752

Conversion Factor 0.176 0.179 0.177

95% limit of agreement 2.2-fold 3.5-fold 2.7-fold

Figure 2 (at left). Comparison to a laboratory-developed test (LDT) that is an international scale (IS) reference method.  (A) Bias analysis. A total of 40 residual clinical specimens was 
tested in singleton per run across 2 separate runs for BCR/ABL1 Quant™ Test (BAQ) and 1 run for the LDT. The LDT was the standard method used by the international IS reference laboratory at 
Medizinische Fakultät Mannheim der Universität Heidelberg, Mannheim, Germany. Three specimens were excluded from further analysis: 2 were diagnostic specimens with ratios >10%IS, and 
1 had undetectable levels of BCR-ABL1 in both assays. A bias analysis was then performed between LDT and BAQ after transformation of the percent ratios to log base 10 values. The difference 
(Log10LDT – Log10BAQ) was calculated. Md represents the mean of all differences (d) and Sd is the standard deviation of the differences (d). The range for the 95% limits of agreement (LOA) 
was then calculated by determining (Md ± 1.96*Sd). One outlier difference (d) as determined by the 95% LOA was observed (specimen 38). The same outlier was identified by the Grubbs’ 
test after calculation of the value z = | Md – d | ÷ Sd (critical value of 3.00 for n=37). In the bias plot, the mean of the Log10LDT and Log10BAQ values were plotted on the x-axis against (d) 
on the y-axis. The solid black line represents the mean difference (Md). The dotted black lines represent the upper and lower bounds of 95% LOA. A visual check of bias suggests uniform bias 
between assays with a single outlier at low % ratio (red arrow). (B) Correlation analysis. The Log10LDT values were plotted against the Log10BAQ values. The Pearson R correlation coefficient 
was 0.96. (C) Data used in (A) and (B). The conversion factor (CF) is the antilog of the mean difference (Md). The calculated CF was 0.196 (or 0.177 without the outlier), indicating that % ratio 
values from BAQ are about 5.1-fold (or 5.6-fold without the outlier) higher than those from the IS reference method; i.e. on average, (%BAQ x 0.177 = %IS). The 95% LOA were 2.7-fold without 
the outlier. (D) Bias analysis post conversion. The CF of 0.177 was used to convert the %BAQ values to the IS. Calculations were carried out and charted as in (A). A visual check of bias suggests 
uniform bias between assays (the single outlier is not charted). The resulting mean difference was nearly null (Md = 0.00012). (E) Correlation analysis post conversion. A correlation plot was 
generated as in (B). The Pearson R correlation coefficient was 0.98 (increased as compared to (B) due to removal of the single outlier). After conversion to IS, 89% of values were within 2-fold 
of one another, and 97% within 3 fold, when including the single outlier (exclusion of the outlier yields 92% and 100%, respectively.) (F) Assessment of inter-run performance.  Calculations 
were performed as in (A), but comparing %IS values from the 2 runs using the BCR/ABL1 Quant™ Test against one another (n=37). The Pearson R correlation coefficient was 0.98. The 95% 
LOA were 3.2 fold. One outlier was determined by the Grubbs’ test, which is observed in the chart at (-1.8, -2.8). (G) Calculations were performed as in (A) for each of the 2 runs. In addition, 
MMR (0.1%IS) agreement between LDT and BAQ was assessed. All discordant specimens were within 2 fold of MMR (range of 0.055 to 0.15 %IS), suggesting that discordance was within the 
variability of repeated RT-qPCR measurements (see F).

Translocation BAQ % ratio LDT % ratio 

e13a3 Undetected 0.12

e14a3 Undetected 0.79

e19a2 0.011 1.1

e19a2 0.06 0.35

e19a2 0.005 1.2

Figure 3. Assessment of linearity of BCR-ABL1:ABL1 ratio against the IS 
reference method using cultured cells. RNA specimens were generated 
by diluting cultured cells containing major breakpoint t(9;22) (M-BCR) in  
non-leukemic specimens. RNA preparation was performed per standard 
laboratory procedure. RNAs were then analyzed across 2 separate runs for 
BCR/ABL1 Quant™ Test and 1 run for the LDT. The R2 indicated linearity at 
>0.99, and exceeded the IS reference laboratory’s requirement of ≥0.98. 
Negative specimens did not generate a fluorescence signal for BCR-ABL1 
(data not shown).

Figure 4. Evaluation of exploratory, normalized absolute quantitation 
against %IS values. The volume of exogenous internal control material 
BCR/ABL1 Quant™ Norm (Norm) was optimized in relation to the number 
of leukocytes (WBC) in the original specimen. Absolute copy numbers of  
BCR-ABL1 were determined by BQV/N, where B = observed BCR-ABL1 copies, 
Q = copies/uL Norm material, V = volume in uL added per 106 WBC, and N = 
observed Norm copies. We observed similar absolute BCR-ABL1 copy numbers 
when adding 0.25, 0.50, or 1.0 uL Norm per 106 WBC (data not shown). This 
volume was thereafter held constant at 0.5 uL Norm per 106 WBC (i.e. 10 uL 
per specimen, as 2x107 WBC were extracted for each). The absolute copies 
and %IS values were log converted then charted. The Pearson R correlation 
coefficient was 0.99.

Figure 5. Evaluation of performance against specimens containing micro 
and rare BCR-ABL1 translocations. Residual clinical specimens previously 
characterized by the reference laboratory to contain a micro (e19a2) or rare 
(e13a3, e14a3) translocation were analyzed with the BCR/ABL1 Quant™ Test. 
The quantitative results for these specimens are expressed in unconverted 
BCR-ABL1:ABL1 percent ratios because an international scale has not been 
established for these translocations. The “LDT” column represents results 
from the routine laboratory assay designed specifically to detect M-BCR 
(e13a2, e14a2), whereas the “BAQ” column represents results from BCR/ABL1 
Quant™ Test, designed to detect e1a2, e13a2, and e14a2. Neither assay is 
designed for e13a3, e14a3, or e19a2. As expected, e13a3 and e14a3 were 
undetected in BAQ since the target of the reverse primer (exon a2) is missing. 
Specimens positive for the e14-containing e19a2 fusion transcript gave low 
positive results, but yielded percent ratios 1 to 2 logs lower than the LDT.
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