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Part IIa: Analysis of measurable residual disease by IG/TR gene rearrangements: Guidelines for interpretation of real-time quantitative PCR data


Note: The  substantive changes as compared to the original publication (Van der Velden et al, Leukemia 2007) 1 are marked in yellow.


Experimental set-up

A standard curve should be made by serially diluting the diagnostic DNA specimen in DNA obtained from mononuclear cells (MNC) from a pool of five to ten healthy donors. Due to the much easier collection of peripheral blood MNC, most laboratories within EuroMRD (previously known as European Study Group on Minimal Residual Disease in Acute Lymphoblastic Leukemia, ESG-MRD-ALL) use peripheral blood MNC. The serial dilutions should range from 10-1 to at least 10-5 (preferably with inclusion of a 5x10-4 step) and should be tested at least in duplicate. The first dilution step of the diagnostic sample should be based on the blast cell percentage determined in exactly the same sample (e.g. by flow cytometry), so that the 10-1 dilution really contains 10% blast cells. By plotting the logarithmic value of the dilution against the cycle threshold or crossing point (for simplicity, both referred to as CT), a standard curve can be obtained. If triplicates are used for the standard curve, all three values should be used, except for obvious technical reasons (e.g. broken capillary). Since in most MRD-based protocols a sensitivity 10-4 is required, EuroMRD recommends the use of at least 500 ng DNA per reaction.
The threshold of the RQ-PCR assay should always be set in the region of exponential amplification across all amplification plots. This region is depicted in the log view of amplification plots as the portion of the curve that is linear. Often the threshold automatically determined by the instrument software can be used. However, if the threshold appears to be positioned outside the linear part of (some of) the amplification curves, adjustments may be made.
To determine the background of the RQ-PCR assay, i.e. the non-specific amplification of comparable IG/TR gene rearrangements present in normal cells, DNA obtained from mononuclear cells from a pool of five to ten healthy donors should be used. Since non-specific amplification is generally only detected at a low level and outside the quantitative range of the RQ-PCR, non-specific amplification controls should be run at least in 6-fold in each RQ-PCR analysis for each IG/TR marker. The lowest CT value of these non-specific amplification controls is specified as the (highest) background level. In addition, no template controls (NTC) should always be included at least in duplicate in each RQ-PCR experiment.
Analysis of follow-up samples should be performed in triplicate and all three values should be taken into account.



Definition of the ‘Quantitative Range’ and the ‘Sensitivity’

The sensitivity of an RQ-PCR assay is dependent on several factors, including the type of rearrangement, the size of the junctional region, and the amount of DNA in each reaction. 2-4 If a relatively high proportion of leukemic cells is present, the MRD level can be reliably quantified in the majority of cases. If the level of MRD is very low the assay becomes less accurate. Thus, the variation in CT values between replicates is generally less than 1.5, but this increases when the mean CT value of the replicates is high (e.g. CT>36). 5 Within EuroMRD it was therefore decided to define the ‘Quantitative Range’ and the ‘Sensitivity’. The ‘Quantitative Range’ reflects the part of the standard curve in which the MRD levels can be quantified reproducibly and accurately, whereas the ‘Sensitivity’ reflects the lowest MRD level that still can be detected, although not reproducibly and accurately.

To determine the ‘Quantitative Range’ and the ‘Sensitivity’ of the RQ-PCR assay, both the standard curve and the background need to be analyzed. As indicated above, non-specific amplification is often only detected at a low level and outside the quantitative range of the RQ-PCR. Consequently, an accurate determination of the non-specific amplification can be difficult. Furthermore, the non-specific amplification observed in the normal MNC DNA may not be similar to non-specific amplification present in the follow-up samples of patients as it is well known that follow-up samples can differ significantly in cellular composition, dependent on the follow-up time-point in the protocol. For example, high percentages of T cells can be found during induction therapy, 6 whereas high percentages of precursor-B-cells can be found post-induction and post-maintenance therapy and after hematopoietic stem cell transplantation. 7, 8 Consequently, due to higher frequency of IG/TR gene rearrangements, respectively, the non-specific amplification in follow-up samples may be higher than the generally used non-specific amplification control (normal PB MNC DNA). 9 It was decided, therefore, that within EuroMRD the ‘Quantitative Range’ should be sufficiently apart from the background, so that cellular composition-related variations in non-specific amplification would not affect MRD analysis in the ‘Quantitative Range’.
 
The standard curve of the RQ-PCR assay should theoretically have a slope of –3.3. However, in practice several patient-specific RQ-PCR assays may perform somewhat less efficiently, resulting in a lower slope. In addition, due to experimental variation the slope of the standard curve may sometimes be slightly higher than expected. Within EuroMRD, it was, therefore, decided to accept small deviations of the theoretical slope of –3.3.

The ‘Quantitative Range’ is defined by the lowest dilution that meets all the following criteria:
· Must give specific amplification, as determined by the shape of the amplification curve and (for the ABI Prism instruments) the multicomponent graph. 
· Must give reproducible amplification:  CT of all replicates 1.5;
· Must have all CT values 3.0 lower than the lowest CT value of the background (= amplification observed in normal MNC DNA);
· Must have a mean CT value within a defined range from the mean CT value of the previous 1x10-x dilution point:
• 2.6 – 4.0 CT between 10-fold dilutions (e.g. 10-3 – 10-4);
• 0.5 – 1.5 CT between 2-fold dilutions (e.g. 10-3 – 5x10-4);
• 1.2 – 2.4 CT between 3.2-fold (half log) dilutions (e.g. 10-3 – 3.2x10-4);


The ranges between two dilution points were defined based on theoretical considerations (i.e. 1 CT equals a two-fold difference in amount of template) and practical applicability, as determined by analysis of over 1400 RQ-PCR assays. Note that all guidelines use one decimal place for CT values; it is recommended to use the CT data as they come from the RQ-PCR machine and to round up in the final step of the analysis. In the Supplement appendix 1 two examples of rounding data are presented.
 

The resulting standard curve, including the lowest dilution of the ‘Quantitative Range’ and all previous dilutions:
· Must include at least three dilution points;
· Must have a minimum range of two logs;
· Must have a slope between -3.1 and -3.9;
· Must have a correlation coefficient 0.98.

If an RQ-PCR does not fulfil the criteria for the ‘Quantitative Range’ and resulting standard curve, further analysis should not be performed because of the poor performance of the RQ-PCR. 

In some patients it may not be possible to prepare a full standard curve (ranging from 10-1 to 10-5), for example due to a low tumor load percentage or very limited amount of diagnostic material available. In such cases, the first dilution of the standard curve can be 10-2 and the minimum range is allowed to be 1.5 log (10-2-5x10-4).

The ‘Sensitivity’ is the lowest dilution that meets all the following criteria:
· Must give specific amplification, as determined by the shape of the amplification curve and (for the ABI Prism instruments) the multicomponent graph;
· Must have at least one positive replicate; CT of the replicates is not relevant;
· Must have the lowest CT value 1.0 lower than the lowest CT value of the background (= amplification observed in normal MNC DNA);
· Must have the lowest CT value <20 cycles from the undiluted sample or, if this undiluted sample is not included in the standard curve, from the intercept of the standard curve (representing the 100 dilution). 

The 20 cycles in the last criteria reflect five log steps in case of a standard curve with a maximally accepted slope (-3.9). The five log steps were chosen because the theoretical sensitivity of an RQ-PCR assay using the recommended DNA input of 500 ng/reaction (corresponding to approximately 1x105 cells), is 10-5. 

Both the ‘Quantitative Range’ and the ‘Sensitivity’ should be determined based on the results obtained in the RQ-PCR run in which the follow-up samples are analyzed. 

It should be noted that the ‘Quantitative Range’ of the RQ-PCR assay should be used to determine whether the RQ-PCR assay is sufficiently sensitive (generally 10-4) for reliable quantitative MRD analysis. However, when two IG/TR targets are required per patient, some protocols allow the second target to have a lower ‘Quantitative Range’ (e.g. 5x10-4), if the ‘Sensitivity’ is 10-4. The required criteria for MRD-PCR targets need to be determined for each MRD-based clinical protocol since the cut-off MRD values for escalation or reduction of treatment can differ between clinical protocols.

Figure 1 shows a flow chart how the quantitative range and sensitivity can be determined.


Definition of MRD-positivity and MRD-negativity in follow-up samples

The interpretation of RQ-PCR results obtained in follow-up samples is most difficult if MRD levels are outside the ‘Quantitative Range’ of the assay. In these cases, it may not always be clear whether the signal observed is due to specific amplification from leukemic cell DNA or from non-specific amplification of normal DNA. Based on detailed analysis of RQ-PCR, fragment length and NGS data, further distinction can be made between highly likely MRD positive samples, MRD of uncertain significance samples, and MRD negative samples (see accompanying manuscript by Kotrova et al). By the introduction of these new categories, the previously designed separate guidelines for protocols that aim at therapy reduction and for protocols directed towards therapy intensification becomes redundant and therefore have been removed.

It is recommended to monitor two IG/TR gene rearrangements, in order to limit the chance of false-negativity due to oligoclonality or ongoing/secondary rearrangements [ref]. The highest MRD level should be used as the final MRD result and for subsequent therapeutic decisions. If more than two targets are being monitored, one should realize that this will increase the chance of having false-positive MRD data (especially if IG targets are being used, due to increased background levels in regenerating BM samples) 9-11.





A follow-up sample is considered to be MRD positive if:

· The CT value of at least one of the three replicates is 1.0 CT lower than the lowest CT of background.
AND
· The CT value of at least one of the three replicates is within 4.0 CT from the highest CT value of the previously defined ‘Sensitivity’;

Consequently, a follow-up sample is considered ‘MRD negative’, if no amplification is observed at all, if the lowest CT value of the target is within 1 CT from the lowest CT of the background, or if all CT values are more than four cycles separated from the highest CT value of the ‘Sensitivity’.

Logically, very low MRD levels (below the ‘Quantitative Range’) should always be judged with caution; especially if only one well of the three replicates is positive. In such case, re-analysis of the doubtful sample(s) may be performed, but one should be aware that by definition the results will often not be reproducible. 


Quantitation of MRD levels in follow-up samples

Although RQ-PCR is in principle a quantitative technique, it does not mean that the data obtained can be quantified in each case. Within EuroMRD, it was decided that data can only be quantified if the MRD level is within the ‘Quantitative Range’. Outside that range, data are no longer fully reproducible and therefore cannot be quantified accurately; the only exception being samples that are confirmed MRD positive by NGS analysis. 11-14Thus, if RQ-PCR data are confirmed by NGS data, the quantitative results of the NGS assay (according to the validated assay quantification guidelines of the applied assay)  can be reported. However, based on available data (see accompanying manuscript by Kotrova et al), MRD levels in samples with CT values outside the quantitative range but with all replicates positive and sufficiently apart from the background, can be extrapolated from the standard curve and this information can now also reported (see below). 

Furthermore, in order to obtain accurate MRD data, the RQ-PCR data obtained for the IG/TR gene rearrangements should be corrected for the amount and “amplifiability” of the DNA of the diagnosis sample and the follow-up samples. This should be done by analyzing a control gene in parallel to the IG or TR gene target. If the RQ-PCR of the control gene shows a lower amount of template than expected based on physical measurements (e.g. optical density measurement), special caution is needed since this lower value can be the result of inhibition, which can be found in a substantial number of bone marrow or peripheral blood samples (5-10%). 15 Addition of bovine serum albumin (BSA) prevents inhibition 15 and EuroMRD therefore recommends the inclusion of 0.04% BSA in all RQ-PCR reactions. Furthermore, since the addition of less amount of template will result in loss of sensitivity, the control gene values of all samples need to be within predefined ranges (e.g. 250 – 1000 ng/reaction). This is especially relevant in the analysis of follow-up samples that seem to be MRD negative. If such samples have control gene results below the predefined range, they should be reported with a clear remark about their limited sensitivity.

MRD positive follow-up samples can be quantified if:

· The mean CT value of the replicates is  than the highest CT value of the ’Quantitative Range’;
AND
· The CT of the replicates is 1.5.

Quantitation is performed:
· Using the standard curve, excluding dilutions below the ‘Quantitative Range”, of the involved IG/TR target;
· Using the mean CT of the triplicates of the follow-up sample;
· Correcting the MRD level according to the DNA quality/quantity of the diagnostic sample and the follow-up sample as determined by RQ-PCR of the control gene.

For MRD positive samples that cannot be quantified (i.e. CT of the replicates >1.5 and/or mean CT value outside ‘Quantitative Range’):

A sample is considered to be ‘MRD low positive, < quantitative range’ if:

· The CT values of all three replicates are 1.0 CT lower than the lowest CT of background
AND
· The CT value of at least one of the three replicates is 3.0 CT lower than the lowest CT of background.
AND
· The CT value of at least one of the three replicates is within 4.0 CT from the highest CT value of the previously defined ‘Sensitivity’;
AND
· Fragment length analysis (if performed, which is strongly recommended) confirms appropriate PCR product length (expected length or expected length + 3 nucleotides) 11, 14, 16.

If the mean CT value of replicates is outside ‘Quantitative Range’: data should be presented as “MRD low positive, <QR” (e.g. MRD low positive, <10-4). If the mean CT value of the replicates is within the ‘Quantitative Range’ but the CT of the replicates >1.5: one should aim to repeat the analysis, because the key data of the RQ-PCR assay allow a quantification on this MRD level, and only pipetting errors prevent this quantification. If such a repeat is not possible, e.g. due to a too low DNA quantity, the sample has to be formally classified as "not quantifiable for technical reasons". However, since there might be more detrimental clinical impact to report a "not quantifiable for technical reasons" than to report a quantified result with a possible slight inaccuracy, one could report such MRD result (using the mean MRD value of the replicates) with a remark about the less accurate quantification.   

Since available data show that the MRD levels in the ‘positive, below quantitative range’ samples (as defined by these updated guidelines) can be extrapolated from the standard curve (see accompanying manuscript by Kotrova et al), the estimated MRD level is reported in between brackets, e.g. MRD low positive, <10-4 (6x10-5).   

A sample is considered to be ‘MRD of uncertain significance’ if:

· The CT value of at least one of the three replicates is 1.0 CT lower than the lowest CT of background.
AND
· The CT value of at least one of the three replicates is within 4.0 CT from the highest CT value of the previously defined ‘Sensitivity’.

Also MRD positive samples that do not fulfill the criteria for quantification or for the ‘MRD low positive, < quantitative range’ category, should be considered as ‘MRD  of uncertain significance’. If fragment length analysis is performed and does not confirm the appropriate size of the PCR product, the sample should be classified as MRD negative.

For samples that cannot be quantified, the quality/quantity of the DNA should always be checked by RQ-PCR analysis of the control gene. These control gene data should be within the predefined acceptable range, but are not used for correcting the MRD level.

All MRD data (either quantitative, positive below quantitative range, MRD of uncertain significance, or negative) should always be reported together with the ‘Quantitative Range’ and the ‘Sensitivity’ of the assay.

Figure 2 shows a flow chart for the interpretation of follow-up samples.
 





Part IIb: Analysis of measurable residual disease by IG/TR gene rearrangements: Guidelines for reporting MRD data


Essential content according to ISO 15189 norm 17:

Lab info
· Name of the lab, including contact information (e-mail address or phone number)
Diagnostic assessment
· Clear name of the diagnostic assessment, if applicable the analytical methods (e.g. MRD analysis by qPCR)
Requesting person
· Name and contacts details of requesting person 
Patient
· Identification: Name, Date of Birth or patient other identifier (trial /protocol ID/lab patient ID)
Sample(s) assessed
· Date of collection 
· Type of material (bone marrow, blood, etc.)
Evaluation/interpretation
· Technical: yes
· Clinical: possible
Critical comments
· Reduced quality of the sample etc. and description of the impact on the results, if necessary  
Other essential information
· Names/signatures of the person(s) (four eye principle) who checked and approved the report (not necessary that this is done by a medical doctor)
· Date of the finalization of the report
· Page numbers (page 1 of 2 etc.) 
· Patient identifier on each page
Accreditation logo

Essential MRD related information:
 
Assay info
· Clonal markers used for the analysis: e.g. V(D)J names, KMT2A rearrangements, IGH::BCL2
· Quantitative range of each marker
· Sensitivity of each marker
Quantitative MRD results
· No digits after the comma/dot; no %  2x10-3 (but not 2.2x10-3 and not 0.22%)
Non-quantifiable MRD results
· Positive, below QR <10-4 positive, not quantifiable (but not 1E-06 or 10-6)
Negative MRD results
· Negative or <10-5 negative (but not 1E-08 or 10-8)
Maximal MRD levels of all evaluated targets

Optional additional useful information:
  
Lab Info
· Logo of the lab	
Treatment protocol
· Trial or/and protocol ID and name
Disease
· ALL, lineage: BCP- or T-ALL
· Initial diagnosis or relapse diagnosis
Diagnosis sample (used for MRD marker identification and standard curve)
· Date of collection, sample ID or blast percentage 
Samples assessed
· Date and of arrival
· Date of analysis
· Date of DNA extraction
· Time point during treatment
Assay info
· Explanation of terms (such as quantitative range, sensitivity, positive not quantifiable) and cite the respective paper 1 and its update (part IIa)
· Explanation of technology or/and sample processing, statement if analyzed according to guidelines 
Cumulative MRD results
· In a table or in a figure
External services
· Involvement of external services (sequencing, e.g. KMT2A breakpoint sequencing by Diagnostic Center of Acute Leukemia (DCAL), Frankfurt)
Separate report for TR/IG markers identified at initial diagnosis /relapse 

Layout:
 
· According to national, local requirements
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Legends to the figures

A.
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B.
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Figure 1. Flow chart for assessing the quantitative range (A) and sensitivity (B) of an RQ-PCR assay.
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Figure 2. Flow chart for the interpretation of follow-up samples. If fragment length analysis is not performed or inconclusive, the fragment length may be assumed to be correct.



Appendix 1 – Rounding issues

Example 1:

The CT values of the 10-4 dilution are reproducible (delta CT <1.5) and sufficiently apart from the lowest CT of the background. Calculation of the slope of a standard curve including the 10-4 dilution results in   -3.05. Rounded to one decimal place this results in 3.0, which is outside the accepted range for the slope (-3.1 to -3.9). Therefore, the quantitative range is not 10-4.
[image: ]



The CT values of the 5x10-4 dilution are reproducible (delta CT <1.5) and sufficiently apart from the lowest CT of the background. Calculation of the slope of a standard curve including the 5x10-4 dilution results in -3.10. Rounded to one decimal this results in 3.1, which is inside the accepted range for the slope     (-3.1 to -3.9). Therefore, the quantitative range is 5x10-4.
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Example 2:

Follow up sample 2 shows non-reproducible replicates (delta CT >1.5). The lowest delta CT value is 41.5, which seems within 20 CT from the intercept of the standard curve (21.5):
[image: ]

However, it the raw values from the instrument are taken into account (as is recommended), the delta CT becomes >20:
[image: ]
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