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1  | INTRODUC TION

Acute lymphoblastic leukemia (ALL) patients with complete re-
mission according to conventional pathologic analysis (particu-
larly morphology assessment) may still have measurable disease 
according to other diagnostic methods, a situation called Minimal 
Residual Disease (MRD). The presence of MRD is considered the 
most significant independent outcome predictor in ALL, and the 
MRD assay has become routine clinical practice for ALL patients,1 
allowing patient stratification into two subgroups according to the 
risk of relapse.

This prevents excessive treatment in patients with low proba-
bility of relapse, which is especially relevant for pediatric patients.2 
The assessment of pre-transplant MRD levels is also important 
to determine the best time point to perform bone marrow (BM) 
transplantation.1

Due to the importance of MRD detection and monitoring in 
supporting clinical decisions, the relevant methodologies have im-
proved in recent years: techniques such as multiparametric flow 
cytometry (MFC), quantitative polymerase chain reaction (PCR) of 
immunoglobulin and/or T-cell receptor gene rearrangements, and 
high-throughput sequencing (HTS) have increased the sensitivity of 
MRD detection and quantification in ALL. However, although current 
methodologies detect similar MRD levels, there may be differences 
in sensitivity and specificity according to treatment time point.3,4 
Moreover, despite their proven clinical usefulness, MRD assays have 
some limitations, such as a lack of identification of leukemia-specific 
markers and/or insufficient information about patient follow-up 
samples. Standardized protocols are, therefore, essential to avoid 
laboratory variability in MRD measurement. Here, we review the 
methodological approaches to measure MRD in ALL and discuss the 
advantages and limitations of the most commonly used techniques.
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Abstract
Minimal Residual Disease (MRD) is the most important independent prognostic fac-
tor in acute lymphoblastic leukemia (ALL) and refers to the deep level of measurable 
disease in cases with complete remission by conventional pathologic analysis, espe-
cially by cytomorphology. MRD can be detected by multiparametric flow cytometry, 
molecular approaches such as quantitative polymerase chain reaction for immuno-
globulin and T-cell receptor (IG/TR) gene rearrangements or fusion genes transcript, 
and high-throughput sequencing for IG/TR. Despite the proven clinical usefulness in 
detecting MRD, these methods have differences in sensitivity, specificity, applica-
bility, turnaround time and cost. Knowing and understanding these differences, as 
well as the principles and limitations of each technology, is essential to laboratory 
standardization and correct interpretation of MRD results in line with treatment time 
points, therapeutic settings, and clinical trials. Here, we review the methodological 
approaches to measure MRD in ALL and discuss the advantages and limitations of the 
most commonly used techniques.
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2  | MRD DETEC TION

Identifying low levels of leukemic blasts presents a challenge be-
cause the specific targets can change in the blast population. 
However, technological advances have allowed the detection of 
abnormal phenotypes, oncogenic gene fusions, and specific im-
munological receptors rearrangements. Currently, there are three 
main approaches for detection of MRD, which differ in sensitivity, 
specificity, accuracy, time, sample requirements, applicability, and 
cost.3,5,6 These approaches are discussed below.

3  | MULTIPAR AMETRIC FLOW 
CY TOMETRY

Multiparametric flow cytometry is widely used for diagnosis and 
monitoring of hematological malignancies. It is faster and less 
labor-intensive than previous techniques, and its sensitivity and 
direct quantification allow monitoring of treatment targets and 
the detection of cells with abnormal phenotype and of leukemia-
associated immunophenotype (LAIP), improving MRD measure-
ments and allowing MFC to become a widely used technique in 
clinical laboratories.

The antigen expression pattern detected by MFC in leukemic 
blasts differs from that of normal cells; in particular, there is a change 
in the expression of LAIP. LAIP can include asynchronous antigen 
expression, antigen under- or overexpression, cross-lineage anti-
gen expression, and ectopic phenotypes. It is well established that, 
throughout treatment, these features may undergo considerable 
changes.4,7 However, it is essential to have information about the im-
munophenotype at diagnosis for MRD evaluation; as this information 
is often not available, this can make MRD assessment a challenge.3,4

Another MFC approach is the comparison of differentiation and 
maturation patterns between leukemic blast cells and normal cells. 
For this strategy, called “different from normal,” information about 
the diagnosis immunophenotype or immunophenotypic changes after 
treatment is not so crucial, making it more advantageous than LAIP 
evaluation. In addition, “different from normal” improves sensitivity 
and accuracy relative to LAIP evaluation, as it involves a standardized 
panel of several colors conjugated to antibodies that are used in the 
evaluation of normal as well as leukemic blast patterns. However, this 
strategy requires a profound knowledge of normal antigen expression 
and maturation patterns of all hematopoietic progenitors.

The challenges mentioned above complicate interlaboratory 
standardization. An approach to improve standardization is partic-
ipating in external quality programs, especially for B-lymphoblastic 
Leukemia (B-ALL), provided by the United Kingdom National 
External Quality Assessment Scheme (UKNEQAS) and by the 
College of American Pathologists (CAP). UKNEQAS is a traditional 
interlaboratory program that uses biological samples, in which re-
sults are compared with those obtained from more than 120 partic-
ipants worldwide.

4  | SAMPLE REQUIREMENTS FOR MFC

MRD analysis requires special sample acquisition, handling, and pro-
cessing: a standardized process, minimal sample manipulation, and 
correct instrument setting and validation of reagents are all essential 
to ensure the quality of data analysis and a signal with as little noise 
as possible.

The best results in this assay are obtained by treating peripheral 
blood and BM samples with EDTA or heparin for anticoagulation, 
using ≥2 mL but ≤5 mL of the first BM aspirate. Samples must be 
transported at room temperature and processed within 24-48 hours 
after collection. The sample is then incubated with previously tested 
antibodies and/or cocktails in the dark and at room temperature, 
lysed with a fixative-containing lysing reagent, washed once and 
analyzed with a cytometer. In some cases, a large sample volume 
must be concentrated, requiring the inclusion of and a pre-lysing 
step, followed by a wash centrifugation and the staining procedure. 
However, a study has shown satisfactory results of the “lysis-no-
wash” technique in the MRD assay.8

In order to avoid carryover during acquisition of MRD samples, a 
tube containing sheath fluid should be acquired prior to any sample. 
The use of internal and external quality controls is important to en-
sure the consistency of the results.

Regarding the type o sample, a less invasive and feasible alterna-
tive for an MRD evaluation in B-ALL are the use of peripheral blood 
samples. Indeed, the post-induction analysis allowed the classifica-
tion of patients according to risk of treatment failure or relapse,9,10 
especially on the 8th and 15th of treatment protocol.11,12 A study 
published by the Children's Oncology Group demonstrated that 
MRD by flow cytometry in peripheral blood on the 8th day of treat-
ment predicts a reduction in 5-years event-free survival.13 However, 
multicenter long-term studies should be performed to define an 
ideal cut-off of MRD in peripheral blood that can predict prognostic 
results in earlier time points.

5  | NUMBER OF E VENTS REQUIRED FOR 
THE MFC A SSAY

The number of acquired events will depend on background noise, 
sample quality, and distribution of abnormal cells. When rare events 
are involved in MFC assays, the Poisson statistic is used to determine 
the coefficient of variation (CV). When a CV of 10% is desired, 100 
events in cluster will be necessary to obtain reproducible data. For 
ALL MRD, the recommended current threshold for clinical decisions 
is 0.01% of abnormal cells detection. Thus, to obtain a CV of 10%, 
1 000 000 events must be acquired.14

To ensure analytical sensitivity, accuracy, precision, and repro-
ducibility, MFC laboratories must establish and verify the limit of 
detection (LOD) and lower limit of quantification (LLOQ) in MRD 
measurements. The LOD is defined as the level that can be reliably 
distinguished from noise/background, whereas LLOQ is the lowest 
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concentration that can be readily detected with acceptable accuracy 
and precision (clinical utility).

The “spiking experiment”15 is an important procedure to verify 
the LLOQ during an MRD assay and can be performed using a sam-
ple with a large lymphoblast amount spiked into a normal sample, to 
create different concentrations and dilutions that cover the linearity 
and sensitivity assumed in this assay considering the LOD and LLOQ. 
However, is important to consider that the type of background cells 
is a crucial factor. Spiking ALL cells in peripheral blood leads to im-
pressive sensitivities even when using limited 4-color panels because 
background cells have very different immunophenotypes compared 
to ALL cells. The challenge is the identification of ALL cells in the 
background of hematogones leading to highly significant changes in 
sensitivity of the assay depending on the treatment time point.

The EuroFlow working group has recently introduced the con-
cept of next generation or high-throughput flow cytometry in MRD 
analysis, by using a technical procedure named erythrocyte bulk 
lysis or just bulk lysis, which allows greater sensitivity in flow cy-
tometry studies where a higher cell count is required. The bulk lysis 
procedure is easy to apply consists in a fixative-free erythrocyte 
lysing solution recommended for the osmotic lysis of the erythro-
cytes before immunofluorescence staining of samples. This protocol 
is used for increasing the sensitivity of MRD detection (up to 1 cell 
in 100  000 cells  =  0.001%) or when nucleated cell concentration 
needs to be increased. In other words, this fully standardized assay 
for highly sensitive MRD measurement in B-lymphoblastic leukemia 
is considered as sensitive as PCR-based methods if more than 4 mil-
lion cells are measured by MFC. With this number of events, MRD-
positive is defined with a LOD of 10 clustered events of abnormal 
B-cell precursors, and the LLOQ is established with a minimum of 40 
clustered events for accurate MRD quantification.6,16,17

6  | MFC DETEC TION OF 
T-LYMPHOBL A STIC LEUKEMIA MRD

T-Lymphoblastic leukemia (T-ALL) MRD is the least described MRD, 
which is why its detection represents a big challenge for flow cy-
tometry laboratories. T-ALL blasts present the immunophenotype 
of early stages of T-cell precursors, including markers detected only 
in thymic phases. This aberrant characteristic is often used as a tar-
get to distinguish and detect T-ALL MRD. MRD is the less described 
MRD in literature, making its detection a major challenge for flow 
cytometry laboratories.

The most common markers used to identify residual T leukemic 
blasts include the absent expression of surface CD3 with cytoplas-
mic CD3 positivity, and the expression of terminal deoxynucleotidyl 
transferase (TdT) and CD34. CD34 is one of the earliest markers to 
appear in hematopoietic progenitor cells, and can be useful in the de-
tection of T-ALL MRD, especially when TdT is negative and in com-
bination with CD7 overexpression. Indeed, the positive expression 
or variations in intensity of CD2, CD4, CD5, CD7, and CD8 levels are 
frequently used as a gating strategy for MRD, as shown in Figure 1.

CD1a can show a positive or a negative expression in T-ALL and 
may also be useful as a target in MRD evaluation.18 CD45 can also be 
used, in association with other T-cell markers, to enhance the iden-
tification of abnormal cells. CD10-positive cells, which are present 
in a minority of T-ALL patients, can be useful for the detection and 
monitoring of MRD; however, this is not considered a stable marker. 
Another marker identified as a potential target is CD99, which pres-
ents high expression levels in immature T cells and has been shown 
to be downregulated after therapy.19 The expression of cross-lin-
eage myeloid antigens such as CD13 and CD33 can affect 19%-32% 
of all T-ALL patients and is important for MRD evaluation. Another 
important myeloid marker that is occasionally positive and may be 
followed after treatment is CD117 (Figure  1). Finally, only 10% of 
cases are positive for CD79a, which may be useful in gate strategies 
to improve the identification of abnormal T residual leukemic blasts.

7  | MFC DETEC TION OF 
B-LYMPHOBL A STIC LEUKEMIA MRD

The MRD evaluation in B-lymphoblastic leukemia (B-ALL) is one of 
the best standardized procedures among others MRD by FCM and 
in literature there is a wide range of markers validated to be useful. 
However, the implementation or revision of panels of markers to in-
vestigate MRD B-ALL requires experienced cytometrists.

The most common markers used to identify blastic B cells and 
to differentiate them from normal progenitor B cells (hematogones) 
are CD10, CD19, CD34, CD38, and CD45.17,20-22 In B-ALL, CD10 
and CD45 usually display abnormally low levels, although, in some 
cases, CD10 expression is higher, which assists in the distinction be-
tween lymphoblasts and hematogones. It is possible to identify an 
uncoordinated maturation in both cases, as markers such as CD20, 
CD34, and CD38 are extremely useful in MRD characterization 
(Figure 2).17,23,24 In some B-ALL subtypes, such as MLL gene trans-
locations, CD10 is absent. This can be useful for MRD screening 
when associated with another immature B-lymphoid marker, such 
as CD34: the expression of CD34 is normal in hematogones and may 
be used as a marker of malignant phenotype when associated with 
uncoordinated maturation. However, CD34 should not be used as 
the first-line strategy in MRD analysis, as in some cases, treatment 
causes levels of this marker to decrease, sometimes completely dis-
appearing.23,25 Another informative marker for B-ALL MRD is CD38, 
considering that hematogones have bright expression of CD38 and 
that this marker is frequently heterogeneous or present in low levels 
in blasts.23

Leukemic B lymphoblasts may express abnormal myeloid mark-
ers, such as CD13, CD15, CD33, and CD66c, making these LAIPs 
extremely useful for MRD evaluation. Interestingly, CD13 and CD33 
can be used in the same channel of the panel, as the expression of 
either or both is sufficient for an MRD-positive diagnosis.23,26,27

Normal immature B cells present high CD9 and CD81 levels, 
which become absent during later maturation stages. In B-ALL, 
these markers may be reduced or absent, which can be useful in 
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MRD detection. In addition, B-ALL is characterized by an abnormal 
expression pattern of CD9 or CD10 combined with CD20, and thus 
these markers should be used in MRD FC panels.6

Some studies show the utility of assessing the expression lev-
els of CD73, CD86, and CD304 in hematogones differentiated from 
lymphoblastic cells (Figure  2). CD73 can be an optimal marker for 
B-ALL in MRD detection, as it displays high specificity and the same 
sensitivity as other LAIPs, such as CD13, CD15, and CD33.28-30 
However, CD73 expression is bimodal in mature B cells, and thus 
it should be used in combination with other markers such as CD10, 
CD19, CD34, so that mature B cells can be distinguished from blast 
cells.28,30 Studies about CD86 are still limited, but this marker has 
shown positive expression in half of the patients with pediatric 
B-ALL.28,29,31 Finally, the expression of CD304 is weak/partial in 
hematogones and decreases with maturation, becoming absent in 
mature B cells. However, when present in B leukemic blasts, CD304 
shows a strong expression or overexpression and can be used to 

distinguish hematogones from MRD.32 Studies about the expression 
of this marker in a post-therapy scenario are limited and controver-
sial, but CD304 may be useful in MRD monitoring.

The introduction of anti-CD19 therapy, which employs T cells 
genetically engineered to express a chimeric antigen receptor di-
rected against CD19 (CAR-T-19), and with blinatumomab therapy, 
brought a greater challenge for flow cytometry laboratories in MRD 
detection. Studies have shown that both therapies can lead to losses 
of CD19 on ALL cells by different mechanisms, which has some 
implications for the use of this marker in gate strategies to detect 
MRD B-ALL.33,34 Recently, a study by Cherian and colleagues (2018) 
showed that CD22 and CD24 may be used to detect MRD B-ALL 
after anti-CD19 therapy. However, the use of this marker has some 
limitations for B-cell identification. CD22 and CD24 are expressed 
in early B-cell populations: therefore, these markers have to be used 
together with CD10 and CD34, or even CD79a, to avoid false nega-
tive or false positive results.32,35

F I G U R E  1   Minimal residual disease detection in post-treatment T-ALL samples. The MRD population (0.24% with 3513 events in 
cluster and represented by blue color) shows abnormal phenotype with expression of cytoplasmic CD3 and overexpression of CD7, CD33, 
and CD117. The absence of membrane CD3, CD2, CD4, CD8, and CD56 levels completely characterizes this abnormal phenotype. The 
Radar plot visualization easily distinguishes the normal T-cell population (in purple) from the T-ALL MRD 
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It is important to mention that anti-CD20 and anti-CD22 ther-
apies can add extra challenges in the MRD detection, including im-
munophenotypic switches. It is crucial that this information reaches 
the laboratory for the correct/appropriated MRD assessment in-
cluding the markers described above and the analysis of B-cell mat-
uration pathway.

8  | MOLECUL AR A SSAYS

In opposition to MFC-based detection, in which MRD analysis can be 
performed even with no or limited information about the sample at 
diagnosis, molecular measurement of MRD involves the identifica-
tion of a leukemic marker at diagnosis, be it an abnormal gene fusion, 
gene mutation or a rearranged B- or T-cell receptor, and use it to 
track the presence of malignant cells at low levels during cytologi-
cal remissions. This can be accomplished by PCR-based approaches 

such as quantitative PCR (qPCR) and digital PCR (dPCR) or through 
high-throughput DNA sequencing (HTS).36-39 The sensitivity of mo-
lecular methods varies among different studies and techniques, with 
reported increased sensitivity for HTS in few studies, but it should 
be mentioned that one of the main determinant of the sensitivity of 
an assay is the amount of input DNA/RNA being assayed.

9  | RECURRENT ONCOGENIC GENE 
FUSIONS DETEC TION BY PCR-BA SED 
APPROACHES

Chimeric gene fusions are major oncogenic drivers present in more 
than 40% of the cases of B-ALL and less frequently in T-ALL.40 These 
rearrangements are intrinsic to the oncogenic process and therefore 
are normally stable in the course of disease, what makes them good 
targets for MRD detection. There are now several gene fusions 

F I G U R E  2   Minimal residual disease detection in post-treatment B-ALL samples. The MRD population (0.20% with 215 events in a cluster 
and represented by blue color) shows abnormal phenotype with CD19, CD22, CD34 expression, overexpression of CD10 and CD58, CD73/
CD304, and downregulation of CD38 and CD81. In addition, the abnormal maturation profile in the MRD population in empty space of 
CD20xCD10 curve completely characterizes the abnormal phenotype. The Radar plot visualization easily distinguishes the normal B-cell 
population (in purple) from the B-ALL MRD 
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for which standardized protocols for MRD detection are available, 
such as t(1;19) – E2A-PBX1, t(4;11) – MLL-AF4, t(9;22) – BCR-ABL 
p190 and p210, t(12;21) – TEL-AML1, microdeletion 1p32 – SIL-
TAL1, etc,36,41 but other gene fusions can potentially be successfully 
used.42

Additionally, fusion transcript detection has the advantage of 
using standardized universal primers (specific for each gene fusion), 
what simplifies the process of MRD detection when compared to 
immunologic receptor detection. Regarding limit of detection, most 
studies show that fusion transcript is equivalent to immunologic re-
ceptor-based approaches, with estimated sensitivity of 10−4 to 10−5 
(0.01-0.001%).43

Nevertheless, there is evidence that at least in the case of ALL 
with BCR-ABL1, MRD monitoring with BCR-ABL1 levels can be 
more sensitive than with immunologic receptors.44,45 It is import-
ant to notice that BCR-ABL1 transcripts have been detected in 
non-lymphoid hematopoietic cells in these patients, what suggests 
the involvement of hematopoietic stem cells,45 and this explains, 
at least in part, its higher sensitivity. Therefore, in the case of ALL 
with BCR-ABL1, MRD can be evaluated either by analysis of the 
immunological receptor or the BCR-ABL1 fusion. The later assay 
being more frequently used given its sensitivity, simplicity and 
more widespread possibility of use. Nevertheless, in one study, 
BCR-ABL1 MRD status did not affect post-transplant outcome in 
ALL.46 It is possible that the best approach for MRD detection in 
BCR-ABL1+ ALL would be the monitoring of both fusion gene and 
immunologic receptor.

10  | IMMUNOGLOBULIN AND T- CELL 
RECEPTOR RE ARR ANGEMENT DETEC TION 
BY PCR-BA SED APPROACHES

The detection of leukemia-specific rearrangements of immuno-
globulin and T-cell receptor (IG/TR) genes by qPCR is used in MRD 
assays since 1998.47-49 This method is very well standardized and 
has been used in thousands of patients in dozens of clinical trials 
over the years as showed by meta-analysis of Berry et al 2017,1 
what makes the most well-studied molecular technique for MRD 
detection. It consists in the identification of the heavy chain CDR3 
rearrangement of B- or T-cell receptor of the leukemic blast at di-
agnosis (VDJ or incomplete DJ), the development of a PCR-based 
(qPCR or digital PCR) assay specific for the identified rearrange-
ment and then the posterior study of post-therapy samples during 
hematologic remission in search for the same rearrangement. The 
estimated sensitivity of this method is around 10−4 to 10−5 (0.01-
0.001%),3 nevertheless strategies such as nested PCR50 or the use 
of higher amounts of input DNA50 could lead to increased sensitiv-
ity, reaching 10−6.

One of the main advantages of the qPCR technique for IG/TR 
is that, in opposition to gene fusion-based assays, it can be applied 
for the majority of B- or T-ALL patients, with the exception of pa-
tients for which a rearrangement cannot be identified at diagnosis. 

However, a disadvantage of this strategy is the necessity for fast 
assay development and validation, and its applicability only to sin-
gle patients. Since each patient with ALL will carry a unique VDJ 
rearrangement, the assay has to be individualized. The workflow 
consists of initial characterization of the gene rearrangement in the 
diagnostic sample, with subsequent optimization of a new qPCR 
assay for the identified rearrangement. This complete workflow may 
take up 3-5 weeks.4

When compared to fusion detection, qPCR for IG/TR rear-
rangement is associated with higher cost and more bench time. 
However, during follow-up routine the MRD results can be gen-
erated within 1 or 2  days once the assays are established and 
validated, and the turnaround time is equivalent to fusion gene 
transcripts, or even faster, because no cDNA synthesis is needed. 
A potential improvement in the workflow can potentially be 
achieved through the utilization of NGS-based assays for the ini-
tial identification of IG/TR rearrangements and MRD monitoring 
with PCR-based assays.

Another potential limitation of this technique is the instability of 
the IG/TR rearrangement in the course of disease evolution, since 
the VDJ rearrangement is not essential for tumor survival, meaning 
that some patients will relapse with clones that do not harbor the 
same rearrangement identified in the diagnostic sample, implying a 
false negative result.51 Strategies to circumvent this occurrence, the 
utilization of more than one heavy chain rearrangement (when iden-
tified at diagnosis), or a light chain rearrangement should be adopted 
for MRD assessment. Also, the utilization of DNA next generation 
sequencing (NGS)-based assays is possibly advantageous in the re-
spect, since it is associated with a higher number of rearrangements 
identified at diagnosis. Lastly, there are reports of false positive 
MRD results associated with the use of PCR-based assays for IG/TR 
rearrangement.52 The use of NGS base assays also has the potential-
ity to improve this aspect.

A relatively novel and less well-studied approach is the utilization 
of digital PCR (dPCR) for MRD detection in lymphoid malignancies, 
including ALL.53 The bench work and standardization are similar 
with other PCR-based assays, with the advantage that for dPCR, 
a standard curve is not needed, since it yields absolute quantifica-
tion. Assays for MRD detection using digital PCR can detect either 
fusion transcripts or IG/TR rearrangements, and initial reports sug-
gest an increased sensitivity when compared to PCR-based assays. 
Although a promising strategy, more data and standardization stud-
ies are needed before it can be applied in the clinic for MRD detec-
tion in ALL.

11  | HIGH-THROUGHPUT SEQUENCING

HTS for IG/TR gene rearrangement is a rapid, reliable, highly sensi-
tive, and reasonably affordable strategy for routine analysis of MRD 
in ALL.3 The feasibility of studying immune receptors through NGS 
was demonstrated for the first time in 2009,54 and since then, sev-
eral authors have explored it for MRD assessment in ALL.
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The HTS technique allows the sequencing of a large number of 
DNA molecules in a short time, with low cost per sequenced nucle-
otide, and has contributed to the improvement of cancer research 
and has several clinical applications.55 The workflow of HTS-based 
MRD detection in ALL consists in the utilization of a single assay that 
evaluates all possible IG/TR rearrangements at diagnosis and then 
to use the same assay after treatment to detect the neoplastic clone 
during hematologic remission. Therefore, patient-specific reagents 
are not necessary.

In addition, this approach frequently leads to the detection of 
more neoplastic rearrangements than PCR-based methods at diag-
nosis, what can improve detection of recurrence. Another advantage 
is the simultaneous monitoring of, not only the neoplastic rearrange-
ment(s), but all IG/TR repertoire, what can provide additional insight 
regarding disease biology.56,57 In one study, a decreased repertoire 
diversity at days 33 and 78 of therapy was independently associated 
with relapse and decreased overall survival.56 Although preliminary, 
this finding deserves further evaluation.

Another potential advantage of HTS-based assays is the capa-
bility of better characterizing and monitoring clonal evolution. The 
clinical consequence to be avoided regarding clonal evolution is the 
absence of the diagnostic rearrangement at relapse. The use of HTS, 
by enabling the detection and tracking of multiple clones, has to po-
tential to circumvent this problem.58

Several studies, most retrospective, have suggested that HTS-
based assays have an increased sensitivity compared to MFC and 
qPCR and could potentially lead to improved risk stratification and 
better outcomes in ALL,51,53,59 what need to be confirmed in more 
prospective comparative studies. Moreover, HTS can circumvent the 
increasing challenges in using MFC assays in the era of immunother-
apy against surface cell antigens, such as CD19, CD20, and CD22. 
However, HTS and PCR-based methods are uninformative in very 
immature B- and T-ALL, when the IG/TR rearrangements have not 
yet occurred. Importantly, in B-ALL, patients with no IG rearrange-
ment trackable by HTS have worse outcome than patients with IG 
rearrangement in their lymphoblasts.59

The use of HTS in clinical routine still faces some challenges in 
terms of technical procedure, including multicenter standardiza-
tion, requirement of a diagnostic sample to characterize the IG/
TR rearrangements before MRD assessment, complex bioinformat-
ics pipeline, clear definition for positivity (especially for accurate 
identification and discrimination of clonal sequences to normal 
background), and a turnaround time of approximately 1  week per 
sample.4,5,59 In addition, the characterization and monitoring of 
clonal evolution are still experimental and need validation and stan-
dardization for clinical practice applications.

Nevertheless, the US Food and Drug Administration (FDA) autho-
rized the marketing of the ClonoSEQ in vitro diagnostic assay, a next 
generation sequencing (NGS)-based test to detect MRD in patients 
with ALL, multiple myeloma and later, chronic lymphocytic leukemia. 
This assay simultaneously detects and monitors heavy and light chain 
rearrangements. This suggests that HTS has now the potential for 
wide clinical application in diagnostic and clinical trial settings.60

Table  1 summarizes the characteristics of all techniques de-
scribed above regarding MRD detection in ALL. It is important to 
mention that discrepancy between the MFC and molecular assays 
may occur and is associated with some causes, such as: limited 
number of cells analyzed by MFC assays; presence of hematogones 
during therapy and related to age; drug-induced immunophenotype 
modulation; quality of the PCR clonal markers; amplification of non-
specific DNA, oligoclonality and clonal evolution.61 So, the labora-
tories need to seek continuous standardization for each technique, 
and apply all the parameters of the "EU in vitro diagnostic regula-
tion" law and others national e international regulations, so that they 
work in a reproducible and harmonious way.

12  | CONCLUSIONS

The value of MRD as an independent predictor of outcome in ALL 
is well established and has been incorporated into pediatric and 
adult follow-up to improve relapse risk stratification and therapeu-
tic management. The choice of an optimal method for MRD de-
tection depends on the sensitivity, specificity, reproducibility, and 
the various clinical protocols scenarios. There are ongoing efforts 
to improve flow cytometer detection, PCR-based methods, and 
high-throughput technologies in order to standardize MRD meas-
urements in different laboratories to ensure that accurate results 
can be safely translated into clinical and therapeutic applications 
in ALL.
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