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SUMMARY
Introduction: Standardization of BCR-ABL1 mRNA quantification by real-time PCR on the International Scale (IS) is critical for monitoring therapy response in chronic myelogenous leukemia (CML). Since 2006, BCR-ABL1 IS standardization is propagated along reference laboratories by calculating a laboratory specific conversion factor (CF), coordinated in Europe through the EUTOS project. Although this process has proven successful to some extent, it has not been achievable for all laboratories due to the complexity of the process and the stringent requirements in terms of numbers of samples to be exchanged. In addition, several BCR-ABL1 IS quantification methods and secondary reference materials became commercially available. However, it was observed that different IS methods generate consistently different results. 
Methods: To overcome these difficulties, we have developed an alternative and simple approach of CF calculation, based on the retrospective analysis of existing external quality assessment (EQA) data. Our approach does not depend on the exchange of samples and is solely based on the mathematical CF calculation using EQA results. 
Results and conclusion: We have demonstrated by thorough statistical validation that this approach performs well in converting BCR-ABL1 measurements to the IS scale. In expectation of a true golden standard method for BCR-ABL1 IS quantification, the proposed method is a valuable alternative.


INTRODUCTION
Serial quantification of BCR-ABL1 messenger RNA (mRNA) by reverse transcription real-time quantitative PCR (RT-qPCR) is the accepted method for monitoring response to Tyrosine Kinase Inhibitors (TKIs) in chronic myelogenous leukemia (CML). The present methods use specific primers to detect transcripts arising from BCR-ABL1 and compares these with the numbers of transcripts from a control gene (typically BCR, ABL1 and GUSB). The results are expressed as a ratio of BCR-ABL1 transcripts to control transcripts, multiplied by 100 to give the result as a percentage. International recommendations for the management of CML include key time-dependent therapeutic milestones largely based on the BCR-ABL1 RT-qPCR molecular monitoring [1].
Unfortunately, inter-laboratory results cannot be compared easily as the equipment, reagents, control genes, and techniques highly differ between laboratories. To help improve the comparability of results, the international RT-qPCR standardization project began in 2006 with the aim of using a common reference baseline to develop a standardized scale [2]. The original baseline material was derived from a pool of 30 newly diagnosed patients, tested in three laboratories with a median result identified for each. This median was then used to derive a laboratory specific conversion factor (CF) to standardize the results on the so called “International Scale” (IS). Importantly, the IS is essentially identical to that used in the International Randomized Study of Interferon and STI571 (IRIS) study, with the IRIS standardized baseline defined as 100% BCR-ABL1IS and major molecular response (MMR, 3-log reduction relative to the standardized baseline) defined as 0.1% BCR-ABL1IS [3]. Other laboratories were invited to participate but subsequently the baseline material became exhausted. Now CFs are created by a comparison of local results with those of the reference laboratory in Adelaide, Australia [4]. To make this process achievable for as many laboratories as possible, the concept of regional or national reference laboratories that have CFs derived by this process, in turn serving as reference laboratories for their regions or countries, has been developed, for example in Europe through the EUTOS group (European Treatment and Outcome Study). For a testing laboratory to establish a CF, a series of 20 to 30 samples, spanning at least three logs of detectable disease, is exchanged and a CF is calculated based on the comparison of results of both testing and reference laboratories. Validation of the CF is required by a similar process, on a further series of samples. Strict criteria are defined for considering a CF validated and suitable for conversion of the testing laboratory results to the IS. 
While this process has generally worked well, the cascade of subsequent CF calculations is intrinsically flawed as errors will be propagated along the line. Furthermore, it is apparent that the CF derivation process is time-consuming, complex, expensive and open to only a limited number of laboratories at any given time. In addition, many laboratories struggle to accrue sufficient numbers of suitable samples and about half of laboratories attempting to obtain a validated CF fail in the process [4, 5]. During the last years, several commercial BCR-ABL1 IS quantification methods and secondary reference materials were introduced. However, it has become clear that different IS methods, both commercial and CF-based, generate consistently different IS methods [6]. At present there are not sufficient data available to evaluate and to compare the performance of the different commercial IS methods and a consensus on which method can be considered the golden standard for IS quantification has not been reached.
Considering all these difficulties, we sought to develop an alternative for quantification of BCR-ABL1 on the IS for the Belgian testing laboratories. The approach is based on the calculation of a CF using existing results of the BCR-ABL1 Major Quantification programme as part of the UK NEQAS for Leucocyte Immunophenotyping (UK NEQAS LI) external quality assessment (EQA) (www.ukneqasli.co.uk). Individual laboratory results of 16 consecutive UK NEQAS LI EQA samples were compared to the IS medians as reported by UK NEQAS LI [6]. Different statistical models to derive CFs from these comparisons were evaluated and validated. For this approach no extra samples needed to be analysed and no methodological changes were required, making the approach achievable for all laboratories participating in the BCR-ABL1 Major Quantification programme of UK NEQAS LI. We demonstrate that the selected calculation method and the use of the derived CF is feasible as an alternative BCR-ABL1 IS quantification method for the Belgian laboratories.
METHODS
Data and samples
As part of the BCR-ABL1 Major Quantification programme, UK NEQAS LI sends out two samples derived from lyophilized cell line material to over 100 laboratories every four months. UK NEQAS LI provides clear instructions for storage of the material upon receipt prior to analysis. Laboratories are asked to quantitate the BCR-ABL1 mRNA in these samples by their own method. We used data derived from 16 samples sent out between March 2011 and January 2015 (samples 110-125). As many of the UK NEQAS LI participants report BCR-ABL1/ABL1  IS values, median BCR-ABL1/ABL1 IS values are provided by UK NEQAS LI and were used as the IS reference values for this study [6]. The IS medians of samples 110 to 125 used in this study ranged from 0.01 % to 5.33 %. This information was combined with the BCR-ABL1/ABL1 quantification for these 16 samples from 11 Belgian labs that use ABL1 as control gene. One extreme outlying result (114.79 %) was dropped from all statistical analyses. Based on lab-specific box plots, three more BCR-ABL1/ABL1 results were labelled outlying. Statistical analysis was conducted both including and excluding these outliers. In addition, we used information on the 25th, 50th and 75th percentiles as reported for the IS converted EQA results by UK NEQAS LI [6].
For validation purposes, results of an independent set of six newly collected samples taken between March 2014 and January 2015 (samples 126-131) were used. These 6 samples had IS medians ranging from 0,02 % to 5,7 % [6]. For this validation, EQA results of 9 laboratories were available. 
In addition, for 5 labs (labs 2, 3, 4, 8 and 12), a CF obtained by the analysis of commercial reference material (mostly Nanogen) was available for comparison to the CF calculated in this study.
BCR-ABL1/ABL1 quantification methods
All eleven participating Belgian laboratories use an in-house method for BCR-ABL1/ABL1 quantification. Pre-analytical conditions, RNA extraction, Reverse-Transcription protocols, instruments and calibrators are diverse. The relative quantification and normalisation approach and the primer and probe sequences are at the contrary similar as in all eleven labs, these are based on the Europe Against Cancer programme [7]. All Belgian laboratories have BCR-ABL1/ABL1 quantification methods that are certified by the Belgian Accreditation Organization (BELAC) according to the ISO 15189:2012 standard, as required for reimbursement of the testing.
CF calculation and validation
In order to standardize the BCR-ABL1/ABL1 quantification according to the IS, we propose the use of a conversion factor (CF) based on the mathematical comparison of individual laboratory EQA results to the IS medians as reported by UK NEQAS LI, which serve as the IS target values. Seven different statistical models to derive CFs (CF1 to CF7) from these comparisons were evaluated. All statistical methods are extensively described in appendix 1 of the supporting information.
In short, CF1 and CF2 were respectively the mean and median of the ratios of the IS median to the lab measurement. CF3 to CF7 were derived from statistical models accounting for the effect of the fact that samples were measured at different time-points and in different labs, and using log-transformed values of the lab measurement and/or of the IS medians. 
The performance of these seven CFs in IS standardization was extensively evaluated as described in Appendix 2 of the supporting information. In summary, evaluation and comparison of CF1 to CF7 was performed using the following parameters: the percentage of times the converted values fell within the 25th and 75th percentiles reported by UK NEQAS LI, total deviation (all samples and all laboratories) and the percentage of samples with deviation < 2, < 3 and < 5. For the latter parameter, predefined criteria for good performance were respectively > 50 %, > 75 % and > 90 %. Based on these evaluation criteria, we selected the best performing CFs. The selected CFs were further validated using a leave-one-out method, where each observation was left out once while calculating the CF [8]. The evaluation criteria of good performance of the CFs after dropping a sample were similar as those described above. 
Bland-Altman plots were constructed to visualize the improvement when converting original lab values using the 7 different calculated CFs by comparison to the IS median values and to evaluate the stability of the approach over the full range of results. 
Furthermore, we validated the performance of the selected CF on 6 newly collected samples, sent out by UK NEQAS LI between March 2014 and January 2015 (samples 126-131) [6]. Bland-Altman plots were constructed for this independent set of data, both for the comparison of the original single lab BCR-ABL1/ABL1 values to the IS medians, as well as for the CF1 converted single laboratory values compared to the IS medians. For this validation, EQA results of 9 laboratories were available. 
As a further method for validation, we compared the best performing CF with the CF obtained through commercial reference material (mostly Nanogen) available for five labs (labs 2, 3, 4, 8 and 12) using a Wilcoxon Signed-Rank test.  
To further explore the need to update the CF whenever new EQA results become available, the use of the selected CF as the moving average of the last ten samples whereby the CF was updated by every 2 additional EQA measurements (CFmoving) was evaluated. 
RESULTS
Calculation of CFs
A comparison of the CFs for the 11 labs showed that while some labs needed upscaling, others needed downscaling (Table 1). Differences between different CFs (CF1 to CF7) of a single lab can be explained by the fact that CFs 1, 2, 3 and 5 were obtained using the original lab measurements and the UK NEQAS LI medians, while CFs 4 and 6 were obtained using the log transformed lab measurements and the UK NEQAS LI medians and CF 7 was obtained using the log transformed lab measurements and the log transformed UK NEQAS LI medians. 
Evaluation of the suggested CFs
We compared the performance of the seven suggested CFs and learned that the percentage of times the converted values fell between the 25th and 75th percentiles increased when using any conversion (Supporting information, Figure 1). The percentage was rather low for values converted using CFs 4, 6 and 7 while it was higher when using the other four CFs. Total deviation decreased when using any CF but was lowest when using CFs 1, 2, 3 or 5. The percentage of sample deviations below 2 was above 50% for values converted using all CFs but was highest for values converted using CF 1. The percentage of sample deviations below 3 was above 75% for values converted using all CFs but was highest for values converted using CFs 1 or 2. The percentage of sample deviations below 5 was very high for all values. 
The best performing CFs are those with a high percentage of times the converted values fell between the 25th and 75th UK NEQAS LI percentiles, a high percentage of sample deviations below 2, 3 and 5 and a low total deviation. Therefore, we selected CFs 1, 2, 3 and 5.     
Bland-Altman plots of log-transformed original or converted values versus log transformed UK NEQAS LI medians show that the range of the differences was quite stable when using CFs 1, 2, 3 or 5 while it was rather unstable when using CFs 4, 6 or 7 (Supporting information, Figure 2). These plots hence confirm our preference for CFs 1, 2, 3 and 5. The plot for CF1 is shown in figure 1. 


Validation of selected CFs
Cross-validation of CFs 1, 2, 3 and 5 showed that the performance of all four CFs was quite stable, with CFs 1 and 2 being slightly more stable than CFs 3 and 5 (Supporting information, Figure 3). Therefore, CFs 1 and 2 were preferred over the other two. 
[bookmark: _Ref406586564]More details on the comparison of the four selected CFs are given in Appendix 2 of the supporting information. While for some labs the CFs were quite stable, other labs were more sensitive to the removal of samples (Supporting information, Figure 4). Although the removal of some samples had an impact on all CFs, this impact seemed to be smaller for CF1. 
The good performance of CF1 was further confirmed by applying CF1 on an independent set of 6 subsequent EQA measurements (samples 126 – 131), obtained during the period from March 2014 to January 2015. Bland-Altman plots for the unconverted as well as the CF1 converted EQA results, compared to the IS medians are presented in figure 2.
We did not detect a statistical difference between CF1 and the CF obtained using commercial reference material (mostly Nanogen), as evaluated for 5 labs (p=0,1250, Wilcoxon Signed-Rank test) (Table 2). For example, the laboratory with the commercial CF with the highest deviation from 1, being lab 8 with a commercial CF of 0,4200 has a CF1 by the present approach of 0,4514, indicating good comparison. These data confirm the validity of the present approach for standardisation to the IS.
CF1 calculated as the moving average of the ten most recent EQA results, performed at least as good as the standard CF1 (Figure 3, right). Bland-Altman plots for the unconverted as well as the CF1 converted EQA results, either with the standard CF1 or the CF1 as moving average, compared to the IS medians are presented in figure 3.
DISCUSSION
The implementation of BCR-ABL1 IS quantification by using a CF based approach or a commercially available method has been hampered by the complexity of the process of obtaining a CF and by the inconsistency between different methods.
[bookmark: _GoBack]To overcome these difficulties, we have developed an alternative and simple approach of calculating a CF, based on the retrospective analysis of existing external quality assessment (EQA) data from the UK NEQAS LI BCR-ABL1 Quantification Programme. Since many years, UK NEQAS LI sends out 6 samples a year to all participating laboratories which are spread all over Europe. Laboratories are asked to quantitate the BCR-ABL1 mRNA by their own method. Since 2011, laboratories have the possibility to send in IS converted results. In trial BCR-ABLQ 1101, organized in March 2011, of 114 participants, 40 also returned results on the IS, which represents 35 % of all participants. In 2015, for trial BCRQ 141502, this percentage had increased to 76 % (127 of 167 participants). Importantly, UK NEQAS LI reports the median value of all received IS converted results [6]. For the IS CF calculation approach developed in this study, these IS medians are considered the reference values, to which all individual laboratory UKNEQAS EQA results are compared. In Belgium, there are 15 BCR-ABL1 testing laboratories, of which 11 participated in this study, all using ABL1 as the control gene. Results of 16 UK NEQAS LI samples, sent out and analysed over a period of 5 years (2011 – 2015), were collected from these 11 laboratories. Discarding outliers demonstrated to retrieve better performing CFs. Seven different calculation methods, to derive a CF from the comparison of the individual laboratory non-IS values to the IS UK NEQAS LI medians, were developed. CF1 and CF2 were respectively the mean and median of the ratios of the IS median to the lab measurement. CF3 to CF7 were derived from statistical models accounting for the effect of the fact that samples were measured at different time-points and in different labs, and using log-transformed values of the lab measurement and/or of the IS medians. The performance of these seven CFs in IS standardization was evaluated and compared by the following parameters: the percentage of times the converted values fell within the 25th and 75th percentiles reported by UK NEQAS LI, total deviation (all samples and all laboratories) and the percentage of samples with deviation less than 2, less than 3 and less than 5. For the latter parameter, predefined criteria for good performance were respectively > 50 %, > 75 % and > 90 %. 
Based on this evaluation, we selected CF1, CF2, CF3 and CF5  as best performing conversion factors. Bland-Altman plots showed that the range of the differences was quite stable when using CF1, CF2, CF3 and CF5 while it was rather unstable when using CF4, CF6 and CF7 (Figure 1; Supporting information, figure 2). This instability can be explained by the log transformation used on the BCR-ABL1 measurements which keeps the small values comparable in size while it downsizes the big values. After cross-validation using the leave-one-out method, we noticed that CF1 and CF2 were slightly more stable than the other two. In a last phase we examined the stability of the CFs themselves and found that CF1 was slightly less impacted by the removal of a sample. However, ideally, the CF should be revalidated whenever new data are available. This would be relatively easy to do for CF1, which represents a straightforward calculation of means. 
When comparing CF1 with the CF obtained using commercial IS reference material, which could be done for 5 labs, no statistical difference could be detected, suggesting good accuracy of the approach (Table 2) when considering the commercial IS method as the reference method for IS standardization.
CF1 was further validated as having a good performance in IS standardization by analysing an independent additional set of UK NEQAS LI EQA results (Figure 2). These data were also used to calculate updated CF1, as the moving average of the 10 most recent EQA measurements. Also CF1moving performed well (Figure 3) and the use of a continuously updated CF1 may be considered. Note that whenever methodological changes occur, a revalidation, and if necessary an adaptation, of the conversion factor would be required in order to assure its accuracy. This could be done by studying the relationship between results for at least 10 positive samples analysed both before and after the changes occurred and adapting the conversion factor accordingly. 
CF1 ranged from 0,3141 (lab 15) to 2,6775 (lab 7) (Table 1) suggesting almost 1-log difference among Belgian laboratories. This finding confirms that IS standardization is desirable to minimize interlaboratory differences and that this can be achieved by the novel CF calculation approach as demonstrated by this study. This approach obviates the need for exchanging many samples by many laboratories, as is required by the EUTOS IS approach. In Belgium, all laboratories participate for their proficiency testing, required for reimbursement of the testing, to the UK NEQAS LI BCR-ABL1 Quantification Programme. Consequently, the necessary data to come to the proposed CF are readily available for all Belgian labs, allowing a coordinated and uniform national IS standardization. In addition, the approach might be achievable for all UK NEQAS LI participants. The propagation of this approach among European laboratories might in fact result in a more extensive standardization, abrogating the observed variability between the various IS methods presently in use. However, this approach could not have been initiated without the IS converted results submitted to UK NEQAS LI by laboratories using the EUTOS IS approach or other commercially available IS methods.
Despite having demonstrated that the proposed approach using CF1 has a good performance for IS standardization, the method may have a few drawbacks. Firstly, the samples distributed by UK NEQAS LI are not patient material and thus not fully representative for the samples analysed in routine BCR-ABL1 monitoring. Nonetheless, the material has proven to be of good stability and fit for distribution all over Europe, therefore allowing the comparison of results of many different laboratories, which would not be possible with patient material. Secondly, critical to the approach is the premise of considering the UK NEQAS LI reported IS medians as the IS reference values. This premise may be disputable, however considering the lack of a golden standard IS method which would be able to derive the “true” BCR-ABL1 IS value, an estimation of the “true” IS value resulting from this premise might be acceptable. The IS medians of the UK NEQAS LI samples are calculated from IS values, that are converted by many different IS methods, including both commercial kits (AliTech, Asuragen, Cepheid, Nanogen, Qiagen) and conversion methods with CFs derived from different reference laboratories (Adelaide, Mannheim, Napoli, Uppsala, Wessex). It is indeed clear from the UK NEQAS LI reports that all these different IS methods generate consistently different median results, with the ratio between the highest and the lowest median typically ranging from 4 to 6 [6]. In the absence of a method to determine the “true” IS value, it might be assumed that the median of over 100 IS values, derived by many different IS methods may be considered as a useful approximation. In addition, as proficiency testing is generally used to evaluate the accuracy of testing methods by many laboratories worldwide, using these data for standardizing methods may be considered an adequate approach.
Thirdly, the approach is not validated for laboratories using control genes other than ABL1. In Belgium, however, the large majority of laboratories is using ABL1, allowing a broad national implementation. In addition, 146 of 167 participants of the latest BCR-ABL1 EQA trial of UK NEQAS LI use ABL1 [6]. Therefore, only a small minority of European labs would not be able to implement the present IS approach. 
The IS approach proposed by this study, applies for detectable disease and not for samples with an undetectable amount of BCR-ABL1, which is encountered in a minority of cases [9]. The EUTOS group recently developed laboratory recommendations for scoring molecular responses (MR), both for detectable and undetectable disease [10]. The IS based MR definitions for detectable disease were endorsed, but for undetectable disease, the MR definitions are solely based on the absolute quantification of (replicates of) the control gene. UK NEQAS LI data show that inter-laboratory reproducibility of the ABL1 copy number quantification is far from optimal [6]. The Belgian working group on BCR-ABL1 standardization is at present in the process of optimizing comparability of ABL1 quantification results between laboratories, as this is critical to the reproducible application of the MR definitions in case of undetectable disease. The standardized molecular monitoring of very deep molecular responses will gain importance when treatment free remission might be considered in the future [1].
An important milestone in the standardization of BCR-ABL1 quantification was the establishment of the first World Health Organization International Genetic Reference Panel for quantification of BCR-ABL1 mRNA in 2010 [11]. This material could not be produced on a worldwide scale, therefore its function was limited to the calibration of secondary reference reagents, allowing different commercial companies to each develop reagents fit for BCR-ABL1 quantification on the IS scale. However, at present there are not sufficient data available to evaluate and to compare the performance of the different commercial IS methods, but it may be expected that the use of calibrated reagents is likely to replace the use of CFs [12].
In conclusion, we have set up and validated a novel approach for BCR-ABL1 quantification on the IS scale for all Belgian laboratories participating in the working group. The approach does not depend on the exchange of samples and is solely based on the mathematical calculation using existing EQA results to derive a conversion factor. The calculation method was chosen based on thorough statistical evaluation. We have shown that the chosen method performs well in converting BCR-ABL1 measurements to the IS scale. In expectation of more widely available IS reference materials, the proposed method may largely improve the inter-laboratory comparability of detectable BCR-ABL1 measurements among Belgian laboratories. The working group continues its activities to improve the precision and accuracy of ABL1 copy number quantification, which is required for the reproducible application of MR definitions when BCR-ABL1 becomes undetectable.
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Table 1: Final CFs  for IS standardizing lab measurements computed using 7 different calculation methods and the primary dataset of 16 samples.
	
	Lab 1
	Lab 2
	Lab 3
	Lab 4
	Lab 5
	Lab 7
	Lab 8
	Lab 9
	Lab 12
	Lab 14
	Lab 15

	CF1
	0.7559
	0.7604
	1.1623
	0.8639
	0.5708
	2.8205
	0.4514
	1.7661
	0.7951
	0.6484
	0.3141

	CF2
	0.7459
	0.7182
	0.9245
	0.7826
	0.5077
	2.4450
	0.3804
	1.5175
	0.7275
	0.5434
	0.3044

	CF3
	0.6303
	0.6283
	0.7622
	0.7808
	0.4705
	2.2220
	0.4801
	1.0539
	0.6529
	0.4912
	0.2352

	CF4
	1.7170
	1.7252
	1.9931
	1.8918
	1.3175
	3.6473
	1.4171
	2.3996
	1.7456
	1.4398
	1.1387

	CF5
	0.6262
	0.6356
	0.7654
	0.7899
	0.4439
	2.4401
	0.4809
	1.0622
	0.6610
	0.4829
	0.2481

	CF6
	1.0655
	1.0860
	1.3448
	1.2222
	0.8833
	3.1357
	0.7943
	1.8432
	1.1130
	0.8249
	0.5656













Table 2: Comparison of CF obtained using commercially available IS standards and the CF1 obtained by the present UK NEQAS approach for 5 laboratories. p=0,1250 (Wilcoxon Signed-Rank test).
	Laboratory
	Commercial CF method
	Commercial CF
	CF1 UK NEQAS approach

	2
	Nanogen
	0.7143
	0.7604

	3
	Nanogen
	1.0800
	1.1623

	4
	Nanogen
	0.7600
	0.8639

	8
	Nanogen
	0.4200
	0.4514

	12
	Mean of Nanogen and Auragen
	0.8190
	0.7951


















FIGURE LEGENDS
Figure 1. Bland-Altman plots of log-transformed original (left) and CF1 converted values (right) versus log-transformed UK NEQAS LI IS medians on the primary set of collected data (n = 16). The X-axis and the Y-axis represent respectively the mean and the difference of the log-transformed original laboratory values and the log-transformed IS medians as reported by UK NEQAS LI (reference values). Data from the 11 participating laboratories are represented. The plots show that the comparability of the individual laboratory values to the reference values improve after conversion with CF1 (right compared to left).
Figure 2. Bland-Altman plots of log-transformed original (left) and CF1 converted values (right) versus log-transformed UK NEQAS LI medians on an independent set of six samples. The X-axis and the Y-axis represent respectively the mean and the difference of the log-transformed original laboratory values and the log-transformed IS medians as reported by UK NEQAS LI (reference values). Data from 9 different laboratories are represented. The plots show that the comparability of the individual laboratory values to the reference values improve after conversion with CF1 (right compared to left). 
Figure 3. Bland-Altman plots of log-transformed original (left), CF1 (middle) and CF1moving (right) converted values versus log-transformed UK NEQAS LI medians on the full set of collected samples (n=22). The X-axis and the Y-axis represent respectively the mean and the difference of the log-transformed original laboratory values and the log-transformed IS medians as reported by UK NEQAS LI (reference values). The plots show that the comparability of the individual laboratory values to the reference values improve after conversion with CF1 (middle) as well as after conversion with CF1moving which is calculated by using the moving average of the last 10 EQA data (right). 
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