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Abstract
Molecular measurable residual disease (MRD) monitoring based on real-time quantitative reverse transcription PCR (RT-qPCR)
plays an important role in acute promyelocytic leukemia (APL) management, but the performance status of clinical reports is
unknown. This study focuses on the specific elements in molecular MRDmonitoring report and their impact on clinical decision-
making. The participating laboratories were asked to submit real and formal clinical reports for mock samples panel with APL
clinical case. The MRD-specific elements were analyzed and summarized. The significance of longitudinal MRD monitoring
curve and the missing MRD-specific elements for clinical decision-making were assessed. MRD-specific elements were signif-
icantly missing in clinical reports. The element “testing results” existed great inconsistencies in the written form of testing items
and data. The longitudinal MRD monitoring curve of false-negative or false-positive MRD result was obviously different from
all-correct. It not only identified MRD time point of tissue sampling relative to treatment and ensured the reliability of the
negative MRD results, but also gave MRD diagnosis, clinical interpretation, and further recommendation. Clinician-friendly
reports with MRD-specific elements can better serve clinical practice. The correctly intuitive results and clinically important
MRD-specific elements can provide a good description of the reliability and clinical significance of MRD results.

Keywords Clinician-friendly reports . Measurable residual disease . Molecular MRD monitoring . PML/RARA . Acute
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Introduction

Acute promyelocytic leukemia (APL) is a life-threatening co-
agulopathy [1] with an annual incidence rate of 0.23/100,000
persons that accounts for approximately 10% of de novo acute
myeloid leukemia (AML) cases in younger adults [2]. PML/

RARA fusion gene (FG) produced by the characteristic chro-
mosomal translocation t(15;17) is present in almost all APL
cases [3]. Molecular detection of PML/RARA FG plays an
important role in the proper management of APL, including
APL etiological diagnosis, molecular targeted therapy, mea-
surable residual disease (MRD, formerly known as minimal
residual disease) monitoring, and molecular remission [4–9].
The rigorous longitudinal MRD monitoring by real-time
quantitative reverse transcription PCR (RT-qPCR), performed
at the post-consolidation phase, was undertaken as a tool to
identify impending relapse and enable early intervention for
better prognosis [4, 9, 10].

In clinical management of APL, clinical reports are an im-
portant and indispensable medium between medical laborato-
ries and competent hematologists. Whether in admission di-
agnosis or MRD monitoring, clinician-friendly reports should
have the presentation requirements to adapt to the APL man-
agement. The reports not only have clear and accurate test
results, but also carry the corresponding comprehensive clin-
ical interpretations and further recommendations. In addition
to positive or negative results for PML/RARA, quantitative
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results for fusion gene transcript levels should be reported,
including fusion gene copy number (FGCN), control gene
copy number (CGCN), FGCN/CGCN, MRD value, and longi-
tudinalMRDmonitoring graph [11–14]. The qualified clinical
reports for MRDmonitoring can easily help clinicians to fully
understand therapeutic effects of specific APL patient, giving
clinicians a reasonable indicator of treatment resistance and
disease relapse [4].

Although there exist many genetic laboratory reporting rec-
ommendations [15–20], little attention has been paid to the
elements and format of clinical reports on molecular MRD
monitoring of fusion gene–related AML. In particular, APL
diagnosis and relapse monitoring rely on the molecular detec-
tion of PML/RARA fusion gene; clinician-friendly clinical re-
ports issued by medical laboratories are very helpful for clin-
ical decision-making. Therefore, in order to investigate the
impact of the correctness of molecular MRD monitoring and
the clinical report integrity on APL decision-making, we de-
signed APL clinical cases and prepared corresponding mock
leukocyte samples. Afterwards, based on a series of recom-
mendations or consensus from European LeukemiaNet (ELN)
[5, 12, 13, 21], we analyzed the various MRD-specific ele-
ments of clinical reports, summarized the significance of test
results in clinical reports, and gave some suggestions for im-
proving measures.

Material and methods

Design of APL clinical case

According to the NCCN Clinical Practice Guidelines in
Oncology Acute Myeloid Leukemia (Version 3.2017) [4]
and Management of acute promyelocytic leukemia: recom-
mendations from an expert panel on behalf of the European
LeukemiaNet [5], we designed the APL case based on real
case repots. For longitudinal MRD monitoring documenting
by PML/RARA transcript level, clinical information at MRD
monitoring was provided, including induction, consolidation,
maintenance, and follow-up (see Supplementary material 1).

Preparation and distribution of mock leukocyte
samples

In accordance with the well-established protocol of our labo-
ratory [22], we used MS2-armored RNA technology to pre-
pare mock leukocyte samples for PML/RARA FG. The sam-
ples panel was composed of 2 negative samples (A2, A4) and
4 positive samples (A1, A3, A5, and A6). There were A1 for
admission diagnosis, A2 for consolidation, A3 and A4 for
maintenance, and A5 and A6 for follow-up. After being iden-
tified and validated, the samples panel for PML/RARA was
randomly distributed to 50 participating laboratories (for

details, see Supplementary material 2). Each participant was
asked to submit real and formal clinical reports for MRD
monitoring.

MRD-specific elements in clinical reports
for molecular MRD monitoring

The qualified clinical reporting elements of PML/RARA by
RT-qPCR detection consisted of two major parts: the essential
elements and the MRD-specific elements (Table 1). The spe-
cific reporting elements for molecular MRD monitoring were
assessed, including nine elements based on established stan-
dards and guidelines for clinical reports [5, 12, 13, 21]. In
particular, it focused on the presentation of PML/RARA testing
results in clinical reports.

Assessment of clinically significant reporting
elements

Compared with the essential elements of clinical reporting,
MRD-specific elements are more significant for clinicians to
make APL clinical decisions. The summary analysis was
made on the molecular MRD-specific elements in clinical
reports. The representative clinical reports with the false-
positive or false-negativeMRD results were selected to exam-
ine the impact of incorrect results on clinical decision-making.
According to the formula recommended by the Europe
Against Cancer Program (EAC), we calculated the MRD val-
ue and the day-to-day sensitivity [14]:

MRD value %ð Þ ¼
FG CN

CG CN

� �
FUP

FG CN

CG CN

� �
DX

� 100; Sensitivity %ð Þ

¼
1

CG CN

� �
FUP

FG CN

CG CN

� �
DX

� 100;

where DX was admission diagnostic, FUP was follow-up, FG
CN was fusion gene copy number, and CG CN was control
gene copy number. The longitudinal MRD monitoring graph
was made to observe changes in the shape of treatment trend
curve, and then analyze the impact of incorrect PML/RARA
test results on clinical treatment.

Inductive analysis of incorrect MRD results
and inappropriate clinical actions

We analyzed test results of participating laboratories at differ-
ent MRD monitoring time points, in order to find out which
time point has a higher probability of incorrect results. Further,

2348 Ann Hematol (2019) 98:2347–2355



the inappropriate clinical actions triggered by the incorrect
results were analyzed based on the simulated case.

Results

The performance of MRD-specific elements in clinical
reports

Of the 50 participating laboratories, 47 submitted their own
clinical reports of RT-qPCR test for PML/RARA FG. The pre-
sentation of different MRD-specific elements in clinical re-
ports differed significantly between various medical laborato-
ries (Fig. 1). The elements “Time point of tissue sampling
relative to treatment,” “References for molecular MRD mon-
itoring,” “Sample quality,” “Properties of MRD testing meth-
od,” and “Further testing recommendations” were incomplete
or evenmissing. The element “Clinical interpretation”was not
fully rendered by all medical laboratories.

We conducted detailed analysis of the element “testing re-
sults” (Table 2). There were great inconsistencies in written
form of testing items and data between medical laboratories.

Except very few elements being stated, the elements “Day-to-
day sensitivity,” “Longitudinal MRD monitoring,” and
“Diagnosis of MRD monitoring” were almost completely
not shown in clinical reports.

Assessment of clinically significant reporting
elements

For clinical reports of PML/RARA detection, clinicians not
only require clear and correct results, but also hope to obtain
a larger amount of MRD testing information, including con-
tinuous recording of MRD results, properties of testing meth-
od, professional interpretation, and further recommendations.
Because these missing elements in clinical reports are closely
related to clinical practice, we further analyzed and summa-
rized the clinical significance of these reporting elements
(Table 3).

Based on the limited MRD monitoring time points of our
designed APL-simulated cases, the time-span number repre-
sents diagnosis (0), post-induction (1), post-consolidation (2),
maintenance (3 and 4), and follow-up (5 and 6). The longitu-
dinal MRD monitoring curves with all-correct RT-qPCR

Table 1 Qualified clinician-friendly reports of molecular MRD monitoring in APL

No. Recommended reporting elements Reporting content

1 Essential elements

1.1 • Patient identifier Name, age, sex, date of birth

1.2 • Sample identifier Unique sample ID number; date of sample collected and sample arrival; ordering
clinician name and department

1.3 • Laboratory identifier Name and address of reporting laboratory; date of report; signature of lab director

2 Specific elements

2.1 • MRD testing method and instrument employed Real-time quantitative reverse transcription PCR (RT-qPCR), sequencing approaches

2.2 • Analyzed tissue type Bone marrow (BM) and/or peripheral blood (PB)

2.3 • Time point of tissue sampling relative to treatment APL treatment phase

2.4 • Sample quality Suitable or not suitable for MRD monitoring (based on ABL1 copy number ≥ 104)
2.5 • Testing results

2.5.1 MRD target Fusion genes and/or mutations

2.5.2 Quantification of MRD target Copy number and CT value

2.5.3 Control gene ABL1, B2M, GUSB, or BCR

2.5.4 Quantification of control gene Copy number and CT value

2.5.5 Day-to-day sensitivity Assay sensitivity of an individual real-time qPCR measurement

2.5.6 Qualitative MRD result Positive or negative MRD

2.5.7 Quantitative MRD result FGCN/CGCN, MRD value

2.5.8 Longitudinal MRD monitoring During treatment: at diagnosis, post-induction/consolidation, maintenance
every 3 months for 3 years;

After treatment: every 3 months for 2 years during follow-up

2.5.9 Diagnosis of MRD monitoring Confirmation of APL, complete molecular remission, molecular relapse

2.6 • Clinical interpretation The general description of clinical significance on therapy decision-making

2.7 • Properties of MRD testing method Analytical sensitivity, specificity, linearity, and limit of detection, etc.

2.8 • Further testing recommendations Other time points and/or other detection methods

2.9 • References for report facts Guidelines, recommendations, expert consensus, and/or appropriate references
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results showed a “W” shape, which, at the post-consolidation
(2) and maintenance (4), coincided with the day-to-day sensi-
tivity curves (Fig. 2a). When false-positive MRD result was
reported at maintenance (4) due to cross-contamination, even
if ultra-low copies of PML/RARA increased in the PCR sys-
tem, the MRD value curve will be significantly upward away
from day-to-day sensitivity (Fig. 2b). For two positive MRD
monitoring (5 and 6) during the follow-up period, only one
error type occurred: the first test result was false-negative, the
second result was correctly positive. Because the low-quality
RNA samples can lead to false-negative results, the day-to-
day sensitivity curve will be higher than the sample quality
curve (Fig. 2c).

Incorrect MRD results and inappropriate clinical
actions

There were different numbers of incorrect results at each
MRD time point, especially when PML/RARAwas low-copy
level, such as false-positive MRD results after consolidation
therapy and false-negative MRD results during maintenance
therapy (Table 4). False-positive or false-negative results at
different time points triggered different clinical actions, which
have different degrees of impact on clinicians and patients
(Table 4).

Discussion

The Chinese health authorities have adopted the approval sys-
tem for PCR amplification laboratories and conducted techni-
cal reviews on a series of projects including test reports.

Although basic elements of test reports are specified, detailed
and professional report templates for fusion gene in leukemia
are unable to be given. In order to standardize test reports for
MRD monitoring in leukemia, the European LeukemiaNet
presented the report template in order to better serve the clinic
[12]. The clinician-friendly clinical report was essential to
APL management, which can help the clinician to grasp de-
tailed and reliable MRD results and to determine molecular
relapse status. The results of the reporting performance
showed that the great majority of laboratories missed some
MRD-specific elements required in clinical reports according
to the consensus document from the European LeukemiaNet
(ELN) MRD Working Party [13].

As can be seen from Table 4, most laboratories can correct-
ly monitor MRD in APL management. At critical clinical
decision-making points, such as post-consolidation, and the
fixed time during maintenance and follow-up, MRD monitor-
ing results can trigger a range of adverse clinical actions
(Table 4). Samples of low-copy PML/RARA transcript or
Taq enzyme inhibitors can cause false-negative MRD results,
while aerosol or cross-contamination can lead to false-positive
results, which may be the main reasons for out-of-control in
clinical laboratories. The correctness of MRD monitoring re-
sults is the first part of clinicians’ attention in qualified clinical
reports, followed by the standardization and intuitiveness of
reporting form.

Various differences in the content of MRD monitoring re-
sults were obviously found in clinical reports (Table 2). A
small number of medical laboratories clearly presented quali-
tativeMRD results (positive or negative). Fusion gene, control
gene, and FGCN/CGCN were all presented in written reports of
most laboratories, while few laboratories only reported MRD

Fig. 1 The presence and
fulfillment of MRD-specific
elements in clinician-friendly
reports of molecular MRD
monitoring
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value. Furthermore, there was marked inconsistency in the
nomenclature of FG and CG, the number format of “copy
number,” and the unit of quantitative value (Table 2). From
the perspective of facilitating clinical practice, these inconsis-
tent situations can cause uncertain recognition of MRD results
by different clinicians or patients, making it impossible to
compare test results among different patients or between dif-
ferent laboratories. Therefore, medical laboratories should of-
fer the unified format and content of test results according to
the corresponding guidelines. The gene symbol should adopt
the HGVS nomenclature, e.g., PML/RARA and ABL1 [17, 25].
In addition to clearly indicating the qualitative results of MRD
monitoring, the absolute copy numbers of PML/RARA for RT-
qPCR results should be in clinical reports, to enable the clini-
cian to make his/her own judgments [13]. Thirdly, it was nec-
essary to report the exact number format and unit of copy
number detected by RT-qPCR.

The clinically significant reporting elements were the main
focus in clinician-friendly reports, especially the intuitiveness

of the change of MRD results. The element “Time point of
tissue sampling relative to treatment” should be clearly
marked to facilitate clinicians to judge the status of MRD
and adjust clinical treatment plans. The NCCN recommend
that APL patients should undergo RT-qPCR detection for
PML/RARα in the same laboratory to ensure the consistent
accuracy in MRD monitoring [4]. Simultaneously, the
Europe Against Cancer Program (EAC) further recommend
laboratories use FGCN/CGCN to calculate MRD value and
day-to-day sensitivity to plot the longitudinal MRD monitor-
ing curve on the logarithmic scale as a presentation form for
MRD results [11, 12, 14]. As shown in Fig. 2d, the ideal MRD
monitoring curve for a durable molecular remission should be
“L” shaped, MRD value decreasing from 100% at diagnosis to
low level after induction treatment, then turning negative at
post-consolidation, continuous negative result at subsequent
regular MRD monitoring. The comparison of time series
MRD values provided by medical laboratories can facilitate
clinician’s comprehensive understanding of the treatment of

Table 2 The specific performance of the element “testing results”

No. Testing results Presentation of reporting content Specific performance (%, specific lab/total
labs)

2.5.1 MRD target Inconsistent nomenclature of fusion gene PML-RARA (23.4%, 11/47)
PML/RARα (10.6%, 5/47)
PML-RARα (63.8%, 30/47)
None-stated (2.2%, 1/47)

2.5.2 Quantification of MRD
target

Inconsistent format of “copy number” Scientific notation (48.9%, 23/47)
Original number (44.7%, 21/47)
None-stated (6.4%, 3/47)

Inconsistent unit of quantitative value Copy number per test (0)
Copy number per volume (14.9%, 7/47)
None-stated quantitative range (85.1%,

40/47)

2.5.3 Control gene Inconsistent nomenclature of control gene ABL1 (10.6%, 5/47)
ABL (74.5%, 35/47)
None-stated (14.9%, 7/47)

2.5.4 Quantification of control
gene

Inconsistent format of “copy number” Scientific notation (48.9%, 23/47)
Original number (44.7%, 21/47)
None-stated (6.4%, 3/47)

Inconsistent unit of quantitative value Copy number per test (0)
Copy number per volume (14.9%, 7/47)
None-stated quantitative range (85.1%,

40/47)

2.5.5 Day-to-day sensitivity The individual assay sensitivity Clearly stated (0)

None-stated (100%, 47/47)

2.5.6 Qualitative MRD result Positive or negative MRD Clearly stated (40.4%, 19/47)

None-stated (53.2%, 25/47)

2.5.7 Quantitative MRD result FGCN/CGCN, MRD value FGCN/CGCN (100%, 47/47)

MRD value (0)

2.5.8 Longitudinal MRD
monitoring

A graph for presentation of longitudinal MRD data Clearly stated (2.13%, 1/47)

None-stated (97.87%, 46/47)

2.5.9 Diagnosis of MRD
monitoring

Diagnosis confirmation, complete molecular remission, molecular
relapse

Clearly stated (0)

None-stated (100%, 47/47)
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APL patients. During the induction and consolidation phases
in APL management, the decreasing slope of longitudinal
MRD curve can be used to judge the patient’s sensitivity to
ATRA treatment regimens, especially MRD values after 2
courses of consolidating treatment. The complete molecular
remission (CRMRD-) was defined as two successive MRD
negative samples obtained within an interval of ≥ 4 weeks

based on complete morphologic remission (CR) at a sensitiv-
ity level of at least 1 in 1000 [13]. We used 1 × 104 copies of
ABL1 as the lowest value for calculating CG CNFUP in day-to-
day sensitivity and plotted “sample quality” line on longitudi-
nal MRD monitoring curve [13, 14, 23]. The significance of
drawing “sample quality” line was: for MRDmonitoring after
consolidation treatment, if day-to-day sensitivity was above

Fig. 2 Ideal and incorrect
longitudinal MRD monitoring
curves. The number 0~6 on the x-
axis represents MRD monitoring
time points, including diagnosis,
post-induction, post-
consolidation, maintenance 1,
maintenance 2, follow-up 1, and
follow-up 2. a All-correct MRD
results based on simulated APL
case. b False-positiveMRD result
at maintenance 2 due to cross-
contamination. c False-negative
MRD result at follow-up 2 due to
the low quality of RNA samples.
d Ideal MRD monitoring curve
for a durable molecular remission

Table 4 Incorrect MRD results and inappropriate clinical actions

Time point of
MRD monitoring

Sample ID Established
MRD value

False-negative
(FN) OR false-positive
(FP) MRD results

Clinical actions and corresponding adverse events Ref.

Admission A1 Positive FN, 0/50 Failure to molecularly confirm the clinical presumptive
diagnosis requires a new sample for inspection and
delays the specific targeted therapy for APL.

[5–8]

Induction Given Positive / Incorrect test results for judging clinical treatment
effectiveness reduce the clinicians’ and patients’
confidence for better prognosis, and even adjust
treatment regimen.

[9]

Consolidation A2 Negative FP, 8/50 The pre-emptive ATO therapy will be taken and confirmed
molecular relapse by a repeat sample within 2 to 4 weeks.

[9, 24]

Maintenance A3 Positive FN, 8/50 Clinicians are misled to continue the original treatment
plan and miss the timely preemptive treatment, which
result in potential patients more prone to hematologic relapse.

[4, 5, 9]

A4 Negative FP, 7/50 The pre-emptive ATO therapy will be taken and confirmed
molecular relapse by a repeat sample within 2 to 4 weeks.
Detection of RARA or ATO resistance mutation points.

[4, 9, 10, 24]

Follow-up A5 Positive FN, 6/50 Clinicians are misled to continue the original treatment plan
and miss the timely preemptive treatment, which result
in potential patients more prone to hematologic relapse.

[4, 5, 9]

A6 Positive FN, 1/50 Clinicians are misled to continue the original treatment plan
and miss the timely preemptive treatment; the hematological
relapse may have occurred.

[4, 5, 9]
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the line, this result was not reliable and a repeat sample should
be sent for test, especially for a negative result. Molecular
relapse was defined as an increase of MRD level ≥ 1 log 10
between 2 positive samples in the patient who previously test-
ed negative in technically adequate samples [13]. These clin-
ically significant reporting elements are summarized in
Table 3.

“Sample quality” and “Day-to-day sensitivity” were miss-
ing in clinical reports submitted by almost all medical labora-
tories. For molecular MRD monitoring in APL management,
false-negative MRD results were more detrimental than false-
positive results, because false-negative results made potential
patients more prone to hematologic relapse for missing the
timely pre-emptive therapy. Therefore, sample quality must
be evaluated before confirming the molecular MRD monitor-
ing results, which can reduce the risk of false-negative results
MRD and provide accurate reports. The EAC/UK Clinical
Molecular Genetics Society recommend the “Sample quality”
must be evaluated for amplification of ABL1 (at least 104

ABL1 molecules per reaction volume) to verify RNA quality
[11, 12, 14, 23]. Furthermore, the EAC/the European
LeukemiaNet MRD Working Party recommend that the
“day-to-day sensitivity” should be calculated to meet the de-
tection limit of at least 10−3 for the particular assay to deter-
mine the reliability of the result obtained [11–14]. As shown
in Fig. 2c, in the longitudinal MRD monitoring curve at
follow-up (5), “MRD value” and “day-to-day sensitivity”
curve overlapped, which can be visually observed above the
“sample quality” curve. This suggested that the MRD result
may be false-negative due to the suboptimal quality of extract-
ed RNA (ABL1 CN/test, < 104). At the same time, medical
laboratories should further clarify “Diagnosis of MRD moni-
toring” (MRD result is not reliable and the false-negative re-
sult cannot be excluded), “Clinical interpretation” (because of
the poor sample quality, the MRD result may lack precision
and should be treated with caution), and “Further testing rec-
ommendations” (a repeat sample should be sent for testing).
Based on the clinician-friendly reports for false-negative
MRD result, clinicians had to quickly inform APL patients
in follow-up to re-collect BM samples for PML/RARA detec-
tion, and confirm the actual MRD status, and take appropriate
treatment measures as soon as possible.

When APL patients in CRMRD- emerged the first time
change in status of PML/RARA by RT-qPCR from negative
to positive, clinicians will take pre-emptive ATO therapy and
confirm molecular relapse by a repeat sample within 2 to
4 weeks [9, 24]. Cross-contamination or artificial sampling
mistake between specimens can cause false-positive MRD
results. Thus, the second positive MRD results should be con-
sidered carefully, especially in low copy number range, which
results in patients receiving standard therapy for relapse. In
order to judge conversing accuracy of MRD from negative
to positive, the European LeukemiaNet MRD Working Party

recommend that CT value of the patient sample should be
within the valid range of PML/RARA standard curve to ensure
the linearity measured at the measured MRD level, and mo-
lecular relapse should be diagnosed as MRD increases in the
second samples ≥ 1 log10 [13]. The “linearity” and “limit of
detection (LOD)” should be clarified in clinical reports. As
shown in Fig. 2b, in longitudinal MRD monitoring curve at
maintenance (4), the day-to-day sensitivity was lower than
“sample quality” curve; MRD value was higher than the
day-to-day sensitivity, but relatively increased < 1 than the
first sample. When the linear range of RT-qPCR assay is
106~102, and the LOD is 10/test, the copy number of PML/
RARA (3 copies/test) was lower than LOD, and which highly
suspected due to aerosol or cross-contamination. Medical lab-
oratories should further report “Diagnosis of MRD monitor-
ing” (MRD result is not reliable and the false-positive result
cannot be excluded), “Clinical interpretation” (the molecular
relapse cannot be confirmed and should be treated with cau-
tion), and “Further testing recommendations” (a repeat sample
should be sent for testing). Thus, clinicians should actively
request medical laboratories to conduct sample review to
eliminate the possibility of contamination and ensure the reli-
ability of positive MRD results.

Clinician-friendly MRD monitoring reports should get
more attention and improvement because the intuitive results
and clinically important MRD-specific elements can provide a
good description of the reliability and clinical significance of
MRD results. Medical laboratories should improve and stan-
dardize clinical reports from the perspective of clinical prac-
tice, making the MRD report more conducive to the clinical
decision-making. It not only identified time point of tissue
sampling relative to treatment and ensured the reliability of
the negative MRD results, but also gave a clear MRD diagno-
sis, clinical interpretation, and further recommendation.

Compliance with ethical standards

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Tallman MS, Kwaan HC (1992) Reassessing the hemostatic disor-
der associated with acute promyelocytic leukemia. Blood 79(3):
543–553

2. Park JH, Qiao B, Panageas KS, SchymuraMJ, Jurcic JG, Rosenblat
TL, Altman JK, Douer D, Rowe JM, Tallman MS (2011) Early
death rate in acute promyelocytic leukemia remains high despite
all-trans retinoic acid. Blood 118:1248–1254. https://doi.org/10.
1182/blood-2011-04-346437

2354 Ann Hematol (2019) 98:2347–2355

https://doi.org/10.1182/blood-2011-04-346437
https://doi.org/10.1182/blood-2011-04-346437


3. Grignani F, Ferrucci PF, Testa U, Talamo G, Fagioli M, Alcalay M,
Mencarelli A, Grignani F, Peschle C, Nicoletti I, Pelicci PG (1993)
The acute promyelocytic leukemia-specific PML-RARα fusion
protein inhibits differentiation and promotes survival of myeloid
precursor cells. Cell 74(3):423–431

4. O’Donnell MR, TallmanMS, Abboud CN, Altman JK, Appelbaum
FR, Arber DA, Bhatt V, Bixby D, BlumW, Coutre SE, de Lima M,
Fathi AT, FiorellaM, Foran JM, Gore SD, Hall AC, Kropf P, Lancet
J,Maness LJ, Marcucci G, MartinMG,Moore JO, Olin R, Peker D,
Pollyea DA, Pratz K, Ravandi F, Shami PJ, Stone RM, Strickland
SA, Wang ES, Wieduwilt M, Gregory K, Ogba N (2017) Acute
myeloid leukemia, version 3.2017, NCCN clinical practice guide-
lines in oncology. J Natl Compr Cancer Netw 15(7):926–957.
https://doi.org/10.6004/jnccn.2017.0116

5. Sanz MA, Grimwade D, Tallman MS, Lowenberg B, Fenaux P,
Estey EH, Naoe T, Lengfelder E, Buchner T, Dohner H, Burnett
AK, Lo-Coco F (2009) Management of acute promyelocytic leu-
kemia: recommendations from an expert panel on behalf of the
European LeukemiaNet. Blood 113(9):1875–1891. https://doi.org/
10.1182/blood-2008-04-150250

6. Dayton VJ, McKenna RW, Yohe SL et al (2017) Relapsed acute
promyelocytic leukemia lacks “classic” leukemic promyelocyte
morphology and can create diagnostic challenges. Am J Clin
Pathol 147(1):69–76. https://doi.org/10.1093/ajcp/aqw202

7. Imagawa J (2018) Switching from all-trans retinoic acid to arsenic
trioxide for newly diagnosed acute promyelocytic leukemia. Leuk
Lymphoma 4:1–3. https://doi.org/10.1080/10428194.2018.
1443333

8. de Thé H, Chen Z (2010) Acute promyelocytic leukaemia: novel
insights into the mechanisms of cure. Nat Rev Cancer 10(11):775–
783. https://doi.org/10.1038/nrc2943

9. GrimwadeD, Jovanovic JV, Hills RK, Nugent EA, Patel Y, Flora R,
Diverio D, Jones K, Aslett H, Batson E, Rennie K, Angell R, Clark
RE, Solomon E, Lo-Coco F, Wheatley K, Burnett AK (2009)
Prospective minimal residual disease monitoring to predict relapse
of acute promyelocytic leukemia and to direct pre-emptive arsenic
trioxide therapy. J Clin Oncol 27(22):3650–3658. https://doi.org/
10.1200/JCO.2008.20.1533

10. Albano F, Mestice A, Pannunzio A et al (2006) The biological
characteristics of CD34+ CD2+ adult acute promyelocytic leuke-
mia and the CD34 CD2 hypergranular (M3) and microgranular
(M3v) phenotypes. Haematologica 91(3):311–316

11. Gabert J, Beillard E, Van der Velden VHJ et al (2003)
Standardization and quali ty control studies of ‘real-
time’quantitative reverse transcriptase polymerase chain reaction
of fusion gene transcripts for residual disease detection in
leukemia–a Europe Against Cancer program. Leukemia 17(12):
2318–2357. https://doi.org/10.1038/sj.leu.2403135

12. Østergaard M, Nyvold CG, Jovanovic JV, Andersen MT, Kairisto
V, Morgan YG, Tobal K, Pallisgaard N, Özbek U, Pfeifer H,
Schnittger S, Grubach L, Larsen JK, Grimwade D, Hokland P
(2011) Development of standardized approaches to reporting of
minimal residual disease data using a reporting software package
designed within the European LeukemiaNet. Leukemia 25(7):
1168–1173. https://doi.org/10.1038/leu.2011.69

13. Schuurhuis GJ, Heuser M, Freeman S, Béné MC, Buccisano F,
Cloos J, Grimwade D, Haferlach T, Hills RK, Hourigan CS,
Jorgensen JL, Kern W, Lacombe F, Maurillo L, Preudhomme C,
van der Reijden BA, Thiede C, Venditti A, Vyas P, Wood BL,
Walter RB, Döhner K, Roboz GJ, Ossenkoppele GJ (2018)
Minimal/measurable residual disease in AML: consensus document
from ELN MRD Working Party. Blood 131(12):1275–1291.
https://doi.org/10.1182/blood-2017-09-801498

14. Beillard E, Pallisgaard N, Van der Velden VHJ et al (2003)
Evaluation of candidate control genes for diagnosis and residual
disease detection in leukemic patients using ‘real-time’quantitative
reverse-transcriptase polymerase chain reaction (RQ-PCR)–a
Europe against cancer program. Leukemia 17(12):2474–2486.
https://doi.org/10.1038/sj.leu.2403136

15. Scheuner MT, Hilborne L, Brown J, Lubin, for the members of the
RAND IM (2012) A report template for molecular genetic tests
designed to improve communication between the clinician and lab-
oratory. Genet TestMol Biomarkers 16(7):761–769. https://doi.org/
10.1089/gtmb.2011.0328

16. Deans Z, Ahn JW, Bergbaum A, et al. Best practice guidelines for
internal quality control in genetic laboratories. 2015

17. Gulley ML, Braziel RM, Halling KC et al (2007) Clinical labora-
tory reports in molecular pathology. Arch Pathol Lab Med 131(6):
852–863. https://doi.org/10.1043/1543-2165(2007)131[852:
CLRIMP]2.0.CO;2

18. Haga SB, Mills R, Pollak KI, Rehder C, Buchanan AH, Lipkus IM,
Crow JH, Datto M (2014) Developing patient-friendly genetic and
genomic test reports: formats to promote patient engagement and
understanding. Genome Med 6(7):58. https://doi.org/10.1186/
s13073-014-0058-6

19. Claustres M, Kožich V, Dequeker E et al (2014) Recommendations
for reporting results of diagnostic genetic testing (biochemical, cy-
togenetic and molecular genetic). Eur J HumGenet 22(2):160–170.
https://doi.org/10.1038/ejhg.2013.125

20. Dorschner MO, Amendola LM, Shirts BH, Kiedrowski L, Salama
J, Gordon AS, Fullerton SM, Tarczy-Hornoch P, Byers PH, Jarvik
GP (2014) Refining the structure and content of clinical genomic
reports[C]. Am J Med Genet C: Semin Med Genet 166(1):85–92.
https://doi.org/10.1002/ajmg.c.31395

21. Döhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR,
Büchner T, Dombret H, Ebert BL, Fenaux P, Larson RA, Levine
RL, Lo-Coco F, Naoe T, Niederwieser D, Ossenkoppele GJ, Sanz
M, Sierra J, Tallman MS, Tien HF, Wei AH, Löwenberg B,
Bloomfield CD (2017) Diagnosis and management of AML in
adults: 2017 ELN recommendations from an international expert
panel. Blood 129(4):424–447. https://doi.org/10.1182/blood-2016-
08-733196

22. Zhan S, Li J, Xu R, Wang L, Zhang K, Zhang R (2009) Armored
long RNA controls or standards for branched DNA assay for detec-
tion of human immunodeficiency virus type. J Clin Microbiol
47(8):2571–2576. https://doi.org/10.1128/JCM.00232-09

23. Foroni L, Wilson G, Gerrard G, Mason J, Grimwade D, White HE,
de Castro DG, Austin S, Awan A, Burt E, Clench T, Farruggia J,
Hancock J, Irvine AE, Kizilors A, Langabeer S, Milner BJ,
Nickless G, Schuh A, Sproul A, Wang L, Wickham C, Cross
NCP (2011) Guidelines for the measurement of BCR-ABL1 tran-
scripts in chronic myeloid leukaemia. Br J Haematol 153(2):179–
190. https://doi.org/10.1111/j.1365-2141.2011.08603.x

24. Nagai S, Nannya Y, Arai S, Yoshiki Y, Takahashi T, Kurokawa M
(2010) Molecular or cytogenetic monitoring and preemptive thera-
py for central nervous system relapse of acute promyelocytic leu-
kemia. Haematologica 95(1):169–171. https://doi.org/10.3324/
haematol.2009.015545

25. Dunnen JT, Dalgleish R, Maglott DR et al (2016) HGVS recom-
mendations for the description of sequence variants: 2016 update.
Hum Mutat 37(6):564–569. https://doi.org/10.1002/humu.22981

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Ann Hematol (2019) 98:2347–2355 2355

https://doi.org/10.6004/jnccn.2017.0116
https://doi.org/10.1182/blood-2008-04-150250
https://doi.org/10.1182/blood-2008-04-150250
https://doi.org/10.1093/ajcp/aqw202
https://doi.org/10.1080/10428194.2018.1443333
https://doi.org/10.1080/10428194.2018.1443333
https://doi.org/10.1038/nrc2943
https://doi.org/10.1200/JCO.2008.20.1533
https://doi.org/10.1200/JCO.2008.20.1533
https://doi.org/10.1038/sj.leu.2403135
https://doi.org/10.1038/leu.2011.69
https://doi.org/10.1182/blood-2017-09-801498
https://doi.org/10.1038/sj.leu.2403136
https://doi.org/10.1089/gtmb.2011.0328
https://doi.org/10.1089/gtmb.2011.0328
https://doi.org/10.1043/1543-2165(2007)131<852:CLRIMP>2.0.CO;2
https://doi.org/10.1043/1543-2165(2007)131<852:CLRIMP>2.0.CO;2
https://doi.org/10.1186/s13073-014-0058-6
https://doi.org/10.1186/s13073-014-0058-6
https://doi.org/10.1038/ejhg.2013.125
https://doi.org/10.1002/ajmg.c.31395
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1128/JCM.00232-09
https://doi.org/10.1111/j.1365-2141.2011.08603.x
https://doi.org/10.3324/haematol.2009.015545
https://doi.org/10.3324/haematol.2009.015545
https://doi.org/10.1002/humu.22981

	Clinician-friendly reports of molecular measurable residual disease monitoring in acute promyelocytic leukemia
	Abstract
	Introduction
	Material and methods
	Design of APL clinical case
	Preparation and distribution of mock leukocyte samples
	MRD-specific elements in clinical reports for molecular MRD monitoring
	Assessment of clinically significant reporting elements
	Inductive analysis of incorrect MRD results and inappropriate clinical actions

	Results
	The performance of MRD-specific elements in clinical reports
	Assessment of clinically significant reporting elements
	Incorrect MRD results and inappropriate clinical actions

	Discussion
	References


