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SAŽETAK

Uvod: Akutna mijeloblastna leukemija (AML) predstavlja heterogenu grupu klonskih 
neoplastičnih bolesti hematopoeznih ćelija. Određivanje rezidualnih leukemijskih ćelija 
(merljiva rezidualna bolest; engl. measurable residual disease – MRD) predstavlja najvaž-
niji prognostički i prediktivni faktor u akutnoj mijeloblastnoj leukemiji. 

Cilj rada: Cilj rada je analiza efekta primenjene hemioterapije na osnovu rezultata MRD 
testa kod bolesnika sa akutnom mijeloblastnom leukemijom, lečenih na Klinici za hema-
tologiju Univerzitetskog kliničkog centra Srbije. 

Materijali i metode: Naša studija je obuhvatila analizu 111 bolesnika sa akutnom mi-
jeloblastnom leukemijom, lečenih u periodu od januara 2020. do januara 2024. godine. 
Sve dijagnostičke procedure su bazirane na najnovijim preporukama ELN (engl. European 
LeukemiaNet) grupe.

Rezultati: Značajno dužu remisiju (engl. complete remission – CR) i duže ukupno pre-
življavanje (engl. overall survival – OS) imali su bolesnici koji su posle MRD+ nastavili 
lečenje intenzivnom hemioterapijom (HT), primenom punih doza 3+7 hemioterapi-
ja, kao reindukcije. CR (p = 0,004) i OS (p = 0,019) su bili statistički značajno duži kod 
bolesnika koji su na kraju lečenja zadržali negativni MRD status. Kod transplantiranih 
bolesnika, ukupno preživljavanje (OS; p = 0,006) i trajanje remisije (CR; p = 0,002) bili 
su značajno duži (medijana: OS 20 meseci; CR 21 mesec), u odnosu na grupu netran-
splantiranih bolesnika (medijana: OS 13 meseci; CR 8 meseci).
Diskusija: Kao biomarker, merljiva rezidualna bolest (engl. measurable residual disease – 
MRD) može imati prognostički i prediktivni značaj, ali apsolutni merljivi nivo bolesti nije je-
dina determinanta ishoda bolesnika pošto biologija akutne mijeloblastne leukemije i drugi 
klinički faktori samog bolesnika (starost, komorbiditeti, različite komplikacije primenjene 
hemioterapije, naročito infektivne) modifikuju rizik povezan sa rezultatima MRD testa. 

Zaključak: Studija je pokazala veliki značaj pravovremenog određivanja MRD, adekvat-
nost primene intenzivnije HT kod MRD pozitivnih bolesnika, uz nastavak lečenja aloge-
nom transplantacijom matičnih ćelija hematopoeze.

Ključne reči: akutna mijeloblastna leukemija, prognoza, terapija, merljiva rezidualna 
bolest

ABSTRACT

Introduction: Acute myeloblastic leukemia (AML) is an umbrella term for a hetero-
geneous group of clonal neoplastic diseases of hematopoietic cells. Detecting residual 
leukemic cells (measurable residual disease – MRD) is the most important prognostic and 
predictive factor in AML. 

The aim: The study aims to analyze the effect of administered chemotherapy based on 
the results of MRD testing in patients with AML treated at the University Clinical Center of 
Serbia (UCCS) Clinic for Hematology.

Materials and methods: Our study included the analysis of 111 AML patients, treat-
ed between January 2020 and January 2024. All diagnostic procedures performed were 
based on the most recent recommendations of European LeukemiaNet (ELN).

Results: MRD+ patients who continued treatment with intensive chemotherapy (CHT), 
using full doses of 3+7 CHT as reinduction therapy, had a significantly longer remission 
(complete remission – CR) and a longer overall survival (OS). The duration of CR (p = 0.004) 
and OS (p = 0.019) were statistically significantly longer in patients who maintained a 
negative MRD status at the end of treatment. In transplanted patients, overall survival 
(OS; p = 0.006) and duration of remission (CR; p = 0.002) were significantly longer (medi-
an: OS 20 months; CR 21 months), as compared to the group of non-transplanted patients 
(median: OS 13 months; CR 8 months).

Discussion: Measurable residual disease (MRD) can be both prognostic and predictive. 
However, the absolute measurable level of the disease is not the only determinant of 
the patient’s outcome, since the biology of AML, as well as other clinical patient-related 
factors (age, comorbidities, various complications of applied chemotherapy, especially 
infections), modify the risk associated with MRD test results. 

Conclusion: The study has demonstrated the great importance of timely detection of 
MRD, as well as the appropriateness of applying more intensive CHT in MRD-positive 
patients, along with continued treatment with allogeneic hematopoietic stem cell trans-
plantation.

Keywords: acute myeloblastic leukemia, prognosis, therapy, measurable residual 
disease
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INTRODUCTION

Acute myeloblastic leukemia (AML) is an umbrella 
term for a heterogeneous group of clonal neoplastic 
diseases of hematopoietic cells. The use of intensive 
chemotherapy, with or without the use of small mol-
ecule inhibitors or immunotherapy, leads to a high 
percentage of cytomorphological remission of about 
80%, especially in patients younger than 60 years. The 
problem is the high rate of relapse, which is 30% – 60% 
within two years, which represents the main barrier to 
achieving complete cure in AML [1]. It has long been 
known that cytomorphological remission, which has a 
sensitivity level of about 1%, i.e. the presence of less 
than 5% blasts, counted in 300 to 500 nucleated cells, 
is not a guarantee of complete cure when it comes to 
AML [1,2].

Detecting residual leukemic cells, originally re-
ferred to as minimal residual disease (MRD) and subse-
quently measurable residual disease (MRD), is the most 
important prognostic and predictive factor in AML [3].

In the last five years, meta-analyses have shown 
that, regardless of the methodology used to detect 
MRD, patients who were positive, either at a certain 
point in time before allogeneic hematopoietic stem 
cell transplantation (alloTMHC) or in general, during 
any period of treatment for acute myeloblastic leuke-
mia, have significantly shorter survival compared to 
MRD negative patients [4,5].

There are three main techniques for detecting 
MRD in AML: multiparametric flow-cytometry (MFC), 
quantitative polymerase chain reaction (qPCR), and 
next-generation sequencing (NGS) [1,4,5].

Immunophenotyping by MFC is crucial for the diag-
nosis of acute myeloblastic leukemia, but also for MRD 
detection. Precisely applied markers achieve a sensitiv-
ity of 10-3. There are two approaches to this method. 
The first approach is based on the identification of one 
or more immunophenotypes associated with leukemia 
(leukemia-associated immunophenotype – LAIP) at di-
agnosis and monitoring throughout the entire treat-
ment. The second approach focuses on the detection 
of cell populations deviating from antigen expression 
patterns characteristic of normal or regenerating cells, 
the so-called difference from normal (DfN). A combina-
tion of both approaches is recommended [6,7].

The polymerase chain reaction (PCR) method has a 
sensitivity of 10-4 to 10-5. This method can detect DNA 
mutations at very sensitive levels. Polymerase chain 
reaction represents a more sensitive and standardized 
way of quantifying a specific mutation, which seems to 
be an ideal method for the detection of low levels of 
residual leukemic cells. However, this method also has 
several limitations. Perhaps the most important lim-

UVOD

Akutna mijeloblastna leukemija (AML) predstavlja he-
terogenu grupu klonskih neoplastičnih bolesti hema-
topoeznih ćelija. Primena intenzivne hemioterapije, sa 
ili bez primene inhibitora malih molekula ili imunote-
rapije, dovodi do visokog procenta citomorfološke re-
misije od oko 80%, naročito kod bolesnika mlađih od 
60 godina. Problem je visoka stopa relapsa, koja iznosi 
30% – 60% unutar dve godine, što predstavlja glavnu 
barijeru dugotrajnom izlečenju u AML-u [1]. Odavno 
je poznato da citomorfološka remisija, koja ima nivo 
osetljivosti od oko 1%, odnosno prisutnost manje od 
5% blasta, brojano na 300 do 500 ćelija sa jedrom, nije 
garancija potpunog izlečenja kada je u pitanju AML 
[1,2].

Određivanje rezidualnih leukemijskih ćelija, prvo-
bitno nazvano: minimalna rezidualna bolest (engl. mi-
nimal residual disease – MRD) a zatim merljiva rezidu-
alna bolest, (engl. measurable residual disease – MRD), 
predstavlja najvažniji prognostički i prediktivni faktor 
u AML-u [3].

U poslednjih pet godina, meta-analize su pokazale 
da, bez obzira na korišćenu metodologiju određivanja 
MRD, bolesnici koji su bili pozitivni, bilo u određenom 
vremenskom trenutku pre alogene transplantacije ma-
tičnih ćelija hematopoeze (aloTMĆH) ili uopšteno, u 
bilo kom periodu lečenja akutne mijeloblastne leuke-
mije, imaju značajno kraće preživljavanje u odnosu na 
MRD negativne bolesnike [4,5].

Postoje tri glavne tehnike određivanja MRD u 
AML-u: multiparametarska protočna citometrija (engl. 
– multiparametric flow-cytometry – MFC), metoda kvan-
titativne lančane reakcije polimeraze (engl. – quantita-
tive polymerase chain reaction – qPCR) i sekvencionira-
nje sledeće generacije (engl. – next-generation sequen-
cing – NGS) [1,4,5].

Imunofenotipizacija pomoću MFC tehnike je ključ-
na za postavljanje dijagnoze akutne mijeloblastne leu-
kemije, ali i za određivanje MRD. Precizno primenjenim 
markerima postiže se osetljivost od 10-3. Postoje dva 
pristupa u ovoj metodi. Prvi se bazira na identifikaciji 
jednog ili više imunofenotipova povezanih sa leukemi-
jom (engl. – leukemia associated immunophenotype – 
LAIP) pri postavljanju dijagnoze i praćenju tokom celo-
kupnog lečenja. Drugi se fokusira na detekciju ćelijske 
populacije koja pokazuje odstupanje od obrazaca ek-
spresije antigena karakterističnih za normalne ili rege-
nerišuće ćelije, takozvane razlike od normalnog (engl. 
difference from normal – DfN). Preporučuje se kombina-
cija oba pristupa [6,7].

Metoda lančane reakcije polimeraze (engl. polyme-
rase chain reaction – PCR) ima senzitivnost od 10-4 do 
10-5. Ovom metodom se mogu otkriti mutacije DNK 
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itation is the heterogeneity of acute myeloblastic leu-
kemia itself since, despite numerous cytogenetic and 
molecular mutations, the genome is relatively stable in 
AML. Exceptions are late stages of AML, as well as the 
presence of a TP53 mutation or a complex karyotype 
[8,9].

Next-generation DNA and RNA sequencing is the 
most sensitive technique (up to 10-7 sensitivity), but 
standards for this technique are still being established. 
The main limitation of this technique, when it comes 
to detecting MRD, is the fact that AML is a “tornado” 
of low mutational status, where mutations are often 
not in one point, but gene fusions or other structural 
variations, which are more difficult to detect with the 
current NGS approach. Also, another limitation of NGS 
is that variants with a frequency of less than 1% cannot 
be detected, due to the error rate of conventional NGS, 
thus opening the possibility of a false negative result 
[10-12].

After 60 years of relative inactivity in updating 
response criteria in AML, in 2017, the European Leu-
kemia Network (ELN) introduced a new category of 
MRD-negative complete remissions [13]. In 2018, this 
was followed by the announcement of the first ELN 
consensus on standard treatment guidelines, which 
contains detailed instructions for the application of 
flow cytometry, molecular testing, and clinical inter-
pretations of MRD in AML [14].

The ELN AML MRD guidelines have been updat-
ed (with the expectation that these evidence-based 
guidelines will be updated every two to four years). 
They contain almost 60 different recommendations 
covering a range of MRD detection methods, such as 
MRD by multiparametric flow cytometry and molecu-
lar MRD detection, as well as guidelines for the clinical 
use of MRD and instructions for future developments 
in the field of MRD [15].

STUDY AIM

Aware of the great prognostic and predictive signifi-
cance of measurable residual disease, we have analyzed 
the significance of MRD in patients with AML treated 
at the University Clinical Center of Serbia (UCCS) Clinic 
for Hematology, with the aim of presenting the MRD 
testing strategy, the modalities of the therapy applied, 
especially in MRD-positive (MRD+) patients, and the 
survival of patients with AML in relation to the MRD 
values.

MATERIALS AND METHODS

The diagnosis was established using a myelogram. The 
immunophenotypic characteristics of AML were de-
termined at diagnosis; cytogenetic/molecular testing 

na veoma osetljivim nivoima. Lančana reakcija poli-
meraze predstavlja osetljiviji i standardizovaniji način 
kvantifikacije specifične mutacije, što izgleda kao ide-
alna metoda za detekciju niskog nivoa rezidualnih leu-
kemijskih ćelija. Međutim, i ova metoda ima nekoliko 
ograničenja. Možda je najvažnije ograničenje hetero-
genost same akutne mijeloblastne leukemije, jer je, 
uprkos brojnim citogenetskim i molekularnim muta-
cijama, genom relativno stabilan u AML-u. Izuzetak su 
kasni stadijumi AML-a, kao i postojanje mutacije TP53 
ili kompleksnog kariotipa [8,9].

Sekvencioniranje sledeće generacije DNK i RNK 
je najosetljivija tehnika (do 10-7 senzitivnosti), ali se 
standardi ove tehnike još uvek uspostavljaju. Glavno 
ograničenje ove tehnike, kada je u pitanju određiva-
nje MRD, jeste činjenica da je AML „tornado“ niskog 
mutacionog statusa, gde često mutacije nisu u jednoj 
tački, već su u pitanju fuzije gena ili druge strukturne 
varijacije, koje je teže otkriti aktuelnim NGS pristupom. 
Takođe, još jedno ograničenje NGS-a je što se ne mogu 
detektovati varijante sa učestalošću manjom od 1%, 
zbog stope greške konvencionalnog NGS-a, dajući mo-
gućnost lažno negativnog rezultata [10-12]. 

Posle 60 godina relativne stagnacije u osavremenji-
vanju kriterijuma odgovora u AML-u, Evropska mreža 
za leukemiju (engl. European LeukemiaNet – ELN) je, 
2017. godine, uvela novu kategoriju MRD-negativnih 
kompletnih remisija [13]. Zatim je, 2018. godine, usle-
dilo saopštenje prvog ELN konsenzusa o standardnim 
smernicama za lečenje, koji sadrži detaljna uputstva za 
primenu protočne citometrije, molekularnog testiranja 
i kliničkih tumačenja MRD u AML-u [14].

ELN AML MRD smernice su ažurirane (uz pretpo-
stavku da će ove smernice zasnovane na dokazima biti 
ažurirane svake dve do četiri godine). One sadrže sko-
ro 60 različitih preporuka koje obuhvataju niz metoda 
detekcije MRD, kao što je multiparametarska protočna 
citometrija (MFC) MRD, potom molekularni MRD, kao i 
smernice za kliničku upotrebu MRD i uputstva za bu-
dući napredak u sferi MRD [15].

CILJ RADA

Svesni velikog prognostičkog i prediktivnog značaja 
merljive rezidualne bolesti, analizirali smo njen značaj 
kod bolesnika sa AML-om lečenih na Klinici za hemato-
logiju UKCS, sa ciljem da prikažemo strategiju testira-
nja MRD, vidove terapije koje smo primenjivali, poseb-
no kod MRD pozitivnih (MRD+) bolesnika, i preživljava-
nje bolesnika sa AML-om u odnosu na vrednost MRD. 

MATERIJALI I METODE

Dijagnoza je uspostavljena pomoću mijelograma. 
Određivanje imunofenotipskih karakteristika AML-a je 
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was performed; risk stratification of AML patients was 
carried out based on ELN criteria [16]. To determine 
the MRD status, the method of multiparametric flow 
cytometry was applied, using an eight-color flow cy-
tometer [17,18].

Statistical analysis 

Depending on the type of variables and the normali-
ty of distribution, data is presented as n (%) or median 
(min-max). The Kaplan-Meier method was used for sur-
vival analysis. The log-rank test was used to evaluate 
the survival function of these patients depending on 
transplantation and positive MRD after three or more 
cycles of chemotherapy, and the Cox proportional re-
gression model with a 95% confidence interval was 
used to evaluate the independent predictor – fatal out-
come. Data were censored for the following reasons: 
the subject survived the entire follow-up period or was 
lost from the records. Statistical hypotheses were test-
ed at a statistical significance level (alpha level) of 0.05. 
All data were processed with the IBM SPSS Statistics 24 
(SPSS Inc., Chicago, IL, USA) software package or in the 
R programming environment (R Core Team, 2023).

RESULTS 

Our study analyzed 111 AML patients, treated at the 
UCCS Clinic for Hematology, between January 2020 to 
January 2024. All patients received at least two or more 
cycles of chemotherapy (CHT). MRD assessment was 
performed after two cycles of chemotherapy (induction 
and reinduction or induction and first consolidation) 
and at the end of chemotherapy treatment. The medi-
an age of the examined patients was 55 years (18-75 
years). Out of 111 patients, 71 (64%) patients were aged 
18-60 years, while 40 (36%) patients were older than 60 
years. Out of the total number, 64 (57.7%) patients were 
female, while 47 (42.3%) were male. The largest number 
of patients, 59 (53.2%) in total, had ECOG performance 
status (PS) 1. Neuroleukemia was present in 29 (26.1%) 
patients. According to the ELN classification, most pa-
tients were classified in the intermediate risk group, i.e. 
67 (60.4%) patients, 20 (18.0%) patients were in the fa-
vorable risk group, and 24 (21.6%) patients were in the 
adverse risk group. FMS-like tyrosine kinase 3 internal 
tandem duplication (FLT3-ITD) positivity was present in 
15 (13.5%) patients, while the nucleophosmin 1 (NPM1) 
mutation was positive in 27 (24.3%) patients. These re-
sults are presented in Table 1.

The 3+7 regimen was the most frequently applied 
induction chemotherapy regimen. It was used in 61 
(55%) patients. Seven (6.3%) patients received the 
FMS-like tyrosine kinase 3 (FLT3) inhibitor (midostau-
rin) in addition to the 3+7 regimen, while 25 (22.5%) 

izvršeno pri dijagnozi bolesti; urađeno je citogenetsko/
molekularno ispitivanje; stratifikacija rizika bolesnika 
sa AML-om je izvršena na osnovu ELN kriterijuma [16]. 
Za određivanje MRD statusa, korišćena je metoda mul-
tiparametarske protočne citometrije, na osmokolor-
nom protočnom citometru [17,18].

Statistička analiza

U zavisnosti od od tipa varijabli i normalnosti raspode-
le, deskripcija podataka je prikazana kao n (%) ili medi-
jana (min-maks). Za analizu preživljavanja korišćena je 
Kaplan-Majerova metoda. Za procenu funkcije preživ-
ljavanja ovih pacijenata u zavisnosti od transplantacije 
i pozitivne MRD posle tri ili više ciklusa hemioterapije 
korišćen je log-rank test, a za procenu nezavisnog pre-
diktora smrtnog ishoda primenjen je Koksov proporci-
onalni regresioni model sa 95% intervalom poverenja. 
Podaci su cenzorisani iz sledećih razloga: ispitanik je 
preživeo celokupan period praćenja ili je izgubljen iz 
evidencije. Statističke hipoteze su testirane na nivou 
statističke značajnosti (alfa nivo) od 0,05. Svi podaci su 
obrađeni u IBM SPSS Statistics 24 (SPSS Inc., Chicago, IL, 
USA) softverskom paketu ili u R programskom okruže-
nju (R Core Team, 2023).

REZULTATI

Naša studija je obuhvatila analizu 111 bolesnika sa 
AML-om, lečenih na Klinici za hematologiju UKCS, u 
periodu od januara 2020. do januara 2024. Svi bolesni-
ci su primili najmanje dva ili više ciklusa hemioterapije 
(HT). Procena MRD je rađena nakon dva ciklusa hemio-
terapije (indukcija i reindukcija ili indukcija i prva kon-
solidacija) i na kraju lečenja hemioterapijom. Medijana 
starosti ispitivanih bolesnika je bila 55 godina (18-75 
godina). Od 111 bolesnika, 71 (64%) bolesnik je bio 
starosti 18-60 godina, dok je 40 (36%) bolesnika bilo 
starijeg životnog doba, iznad 60 godina. Od ukupnog 
broja, 64 (57,7%) bolesnika je bilo ženskog pola, dok 
je 47 (42,3%) pacijenata bilo muškog pola. Najveći broj 
bolesnika, ukupno 59 (53,2%), imalo je ECOG perfor-
mans status (PS) 1. Neuroleukemiju je imalo 29 (26,1%) 
bolesnika. Prema ELN klasifikaciji, najviše bolesnika je 
svrstano u grupu intermedijarnog rizika, odnosno 67 
(60,4%) bolesnika, povoljan oblik je imalo 20 (18,0%) 
pacijenata, dok je nepovoljan oblik bio prisutan kod 
24 (21,6%) pacijenta. FLT3-ITD (engl. FMS-like tyrosi-
ne kinase 3 internal tandem duplication) pozitivnost je 
bila prisutna kod 15 (13,5%) pacijenata, dok je NPM1 
(engl. nucleophosmin 1) mutacija bila pozitivna kod 27 
(24,3%) bolesnika. Dati rezultati su prikazani u Tabeli 1.

Najčešći primenjivani protokol indukcione hemio-
terapije je bio 3+7 i primenjen je kod 61 (55%) bole-
snika. Sedam (6,3%) pacijenata je uz 3+7 primilo i FLT3 
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patients received the 3+7 light regimen, and 18 (16.2%) 
patients received the 2+5 regimen.

Cytomorphological remission after induction CHT 
was achieved by 64 (57.7%) patients. Cytomorpho-
logical remission after reinduction CHT was achieved 
in another 20 (18%) patients, while the remaining 27 
(24.3%) patients were refractory to the applied CHT. 
Thus, after induction and reinduction, there were 84 
(75.7%) patients in cytomorphological remission.

After two cycles of CHT were administered, MRD 
negativity was achieved in 35 (31.5%) patients, who 
were all subsequently treated with IDAC consolida-
tion therapy. Seventy-six (68.5%) patients who were 
treated with various CHT protocols had a positive MRD 
value: 31 (40.8%) patients received Mitox-VP, 19 (25%) 
patients received IDAC+DA, IDA-VP was administered 
to 8 (10.5%) patients, MEC was received by 7 (9.2%) 
patients, 7 (9.2%) patients received the 3+7 regimen, 
IDAC was given to three (4.0%) patients, while FLAG 
IDA was received by one (1.3%) patient (Graph 1).

In 81 (73%) patients, MRD testing was also per-
formed at the end of treatment. Of these patients, 46 
were MRD-negative, while 35 patients were MRD-pos-
itive. Also, out of 50 patients who demonstrated MRD 
positivity after the second cycle of CHT, 28 (56%) pa-
tients achieved MRD negativity at the end of treat-
ment. Disease relapse occurred in 43 (37.8%) patients.

(FMS-like tyrosine kinase 3) inhibitor (midostaurin), dok 
je 25 (22,5%) bolesnika primalo 3+7 light, odnosno 18 
(16,2%) bolesnika je primilo 2+5 protokol. 

Citomorfološku remisiju nakon indukcione HT po-
stiglo je 64 (57,7%) bolesnika. Citomorfološka remisija 
nakon primene reindukcione HT je postignuta kod još 
20 (18%) pacijenata, dok je preostalih 27 (24,3%) bo-
lesnika bilo refraktorno na primenjenu HT. Dakle, u ci-
tomorfološkoj remisiji je, posle indukcije i reindukcije, 
bilo 84 (75,7%) bolesnika.

Nakon primene dva ciklusa HT, MRD negativnost je 
ostvarena kod 35 (31,5%) bolesnika i svi su u nastav-
ku lečeni IDAC konsolidacionom terapijom. Pozitivnu 
vrednost MRD je imalo 76 (68,5%) bolesnika koji su 
lečeni različitim HT protokolima: Mitox-VP je primao 
31 (40,8%) bolesnik, IDAC+DA je primilo 19 (25%) pa-
cijenata, IDA-VP je dobilo 8 (10,5%) bolesnika, MEC je 
primilo 7 (9,2%) pacijenata, 3+7 je dobilo 7 (9,2%) bo-
lesnika, IDAC su dobila tri (4,0%) bolesnika, dok je FLAG 
IDA primio jedan (1,3%) pacijent (Grafikon 1).

Kod 81 (73%) pacijenta je rađen i MRD na kraju le-
čenja, od kojih je 46 imalo negativan MRD, dok je 35 
bolesnika imalo pozitivan MRD. Takođe, od 50 bolesni-
ka koji su imali MRD pozitivnost nakon drugog ciklu-
sa HT, 28 (56%) pacijenata je ostvarilo negativan MRD 
na kraju lečenja. Relaps bolesti je ustanovljen kod 43 
(37,8%) pacijenta.

Tabela 1. Inicijalne kliničke karakteristike ispitivanih bolesnika Table 1. Initial clinical characteristics of the examined patients

Učestalost   / Frequency Procenat  / Percentage

Starost  / Age
18-60 71 64.0

> 60 40 36.0

Pol  / Gender
Muški / Male 47 42.3

Ženski / Female 64 57.7

ECOG  / ECOG

0 38 34.2

1 59 53.2

2 11 9.9

3 3 2.7

ELN  / ELN

Povoljan / Favorable 20 18.0

Intermedijaran / Intermediate 67 60.4

Nepovoljan / Adverse 24 21.6

Neuroleukemija  / 
Neuroleukemia

Da / Yes 29 26.1

Ne / No 82 73.9

FLT3  / FLT3
Pozitivan / Positive 15 13.5

Negativan / Negative 96 86.5

NPM1  / NPM1
Pozitivan / Positive 27 24.3

Negativan / Negative 84 75.7

Ukupno  / Total 111 100.0

Legenda: ECOG – engl. Eastern Cooperative Oncology Group; ELN – engl. European Leuke-
mia Network; FLT3 – engl. FMS-like tyrosine kinase 3; NPM1 – engl. nucleophosmin 1 

Legend: ECOG – Eastern Cooperative Oncology Group; ELN – European Leukemia Network; 
FLT3 – FMS-like tyrosine kinase 3; NPM1 – nucleophosmin 1
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Median overall survival (OS) in our patients was 13 
months (2-69). The median length of cytomorphologi-
cal remission in our patients was 9 months (0-64). Me-
dian survival in younger patients (18-60 years) was 18.0 
months (95% CI = 13.3-22.7), while in older (> 60 years) 
patients it was 13.0 months (95% CI = 7.5-18.5), which 
is a statistically significant difference (log-rank = 3.722; 
p = 0.054). The length of remission (complete remission 
– CR) was significantly longer in the age group 18-60 
years, as compared to the group > 60 years (p = 0.02, 
HR = 0.568, 95% CI = 0.352-0.915).

There was no statistically significant difference 
in overall survival (OS) and length of remission (CR) 
in relation to gender (p = 0.245, HR = 1.321, 95% 
CI = 0.826-2.114). No statistically significant differ-
ence was found in overall survival (OS) and length of 
CR in relation to MRD I status (after the first consolida-
tion or after two cycles of initial reinduction therapy), 
(p = 0.380; p = 0.288).

However, median survival in patients with a posi-
tive MRD test at the end of treatment was 16.0 months 
(95% CI = 9.3-22.7), while in MRD-negative patients it 
was 36.0 months (95% CI = 17.6-54.4), which is a sta-
tistically significant difference (p = 0.019). Subjects 

Medijana ukupnog preživljavanja (engl. overall 
survival – OS) je kod naših bolesnika iznosila 13 mese-
ci (2-69). Medijana dužine citomorfološke remisije je 
kod naših bolesnika iznosila 9 meseci (0-64). Medijana 
preživljavanja je kod mlađih bolesnika (18-60 godina) 
iznosila 18,0 meseci (95% CI = 13,3-22,7), dok je kod 
starijih (> 60 godina) pacijenata iznosila 13,0 mese-
ci (95% CI = 7,5-18,5), što je statistički značajna razli-
ka (log-rank = 3,722; p = 0,054). Dužina remisije (engl. 
complete remission – CR) je bila značajno veća u staro-
snoj grupi 18-60 godina u odnosu na grupu > 60 godi-
na (p = 0,02, HR = 0,568, 95% CI = 0,352-0,915). 

Nije postojala statistički značajna razlika u uku-
pnom preživljavanju (OS) i dužini remisije (CR) u odno-
su na pol (p = 0,245, HR = 1,321, 95% CI = 0,826-2,114). 
Nije utvđena statistički značajna razlika u ukupnom 
preživljavanju (OS) i dužini CR u odnosu na MRD I status 
(posle prve konsolidacije ili nakon dva ciklusa uvodne 
terapije reindukcije), (p = 0,380; p = 0,288). 

Međutim, medijana preživljavanja kod bolesnika sa 
pozitivnim MRD testom na kraju lečenja je iznosila 16,0 
meseci (95% CI = 9,3-22,7), dok je kod MRD negativnih 
pacijenata iznosila 36,0 meseci (95% CI = 17,6-54,4), što 
je statistički značajna razlika (p = 0,019). Ispitanici sa po-

Grafikon 1. Vrsta primenjene terapije kod MRD pozitivnih bolesnika (nakon II 
ciklusa inicijalne terapije)
Nakon primene dva ciklusa HT, MRD negativnost je ostvarena kod 35 (31,5%) bolesnika 
i svi su u nastavku lečeni konsolidacionom IDAC terapijom. Pozitivnu vrednost MRD-a je 
imalo 76 (68,5%) bolesnika, koji su lečeni različitim HT protokolima: Mitox-VP je pri-
mio 31 (40,8%) pacijent; IDAC+DA je primilo 19 (25%) pacijenata; IDA-VP je primilo 8 
(10,5%) bolesnika; MEC je dobilo 7 (9,2%) pacijenata; 3+7 je primilo 7 (9,2%) bolesnika; 
IDAC je dobilo tri (4,0%) bolesnika; FLAG IDA je primio jedan (1,3%) pacijent.

Graph 1. Type of therapy used in MRD-positive patients (after the second cycle 
of initial therapy)
After two cycles of CHT were administered, MRD negativity was achieved in 35 (31.5%) 
patients and all of them were subsequently treated with consolidation IDAC therapy. 
Seventy-six (68.5%) patients had a positive MRD and were treated with different CHT 
protocols: 31 (40.8%) patients received Mitox-VP; 19 (25%) patients received IDAC+DA; 
8 (10.5%) patients received IDA-VP; 7 (9.2%) patients received MEC; 3+7 was received 
by 7 (9.2%) patients; three (4.0%) patients received IDAC; FLAG IDA was received by one 
(1.3%) patient.
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with positive MRD at the end of treatment had more 
than twice the hazard (HR = 2.06, 95% CI = 1.10-3.85; 
p = 0.024), (Graph 2). Also, the length of CR was statis-
tically significantly longer in patients with negative 
MRD at the end of treatment (p = 0.004, HR = 2.517, 
95% CI = 1.342-4.720).

Overall survival (OS) was significantly longer in 
the group with intermediate risk of leukemia (median 
18 months) according to the ELN classification, com-
pared to the group with favorable (median 13 months) 
and adverse (median 6 months) risk (p = 0.013). Also, 
the duration of remission (CR) was significantly lon-
ger in the group of patients with intermediate risk 
(median 14 months), compared to favorable (medi-
an 11 months) and adverse risk (median 5 months), 
(p = 0.014, HR = 0.503, 95% CI = 0.291-0.871).

Overall survival (OS) was significantly longer in 
patients in whom reinduction with full doses of the 
3+7 regimen was applied after a positive MRD test 
(median survival 35 months), while survival was sig-
nificantly shorter with the application of other proto-
cols: IDAC (median 15.5 months), IDAC+DA (median 13 
months), MEC (median 10 months), Mitox-VP (median 
10 months), IDA-VP (median 7.5 months).

zitivnim MRD na kraju lečenja imali su više od dva puta 
veći hazard za nastanak smrtnog ishoda (HR = 2,06, 
95% CI = 1,10-3,85; p = 0,024), (Grafikon 2). Takođe, du-
žina CR je bila statistički značajno veća kod bolesnika sa 
negativnim MRD na kraju lečenja (p = 0,004, HR = 2.517, 
95% CI = 1,342-4,720). 

Ukupno preživljavanje (OS) je bilo značajno duže u 
grupi sa intermedijarnim rizikom leukemije (medijana 
18 meseci) prema ELN klasifikaciji, u odnosu na grupu 
sa povoljnim (medijana 13 meseci) i nepovoljnim (me-
dijana 6 meseci) rizikom (p = 0,013). Takođe, dužina tra-
janja remisije (CR) je bila značajno duža u grupi bole-
snika sa intermedijarnim rizikom (medijana 14 meseci), 
u odnosu na povoljni (medijana 11 meseci) i nepovolj-
ni rizik (medijana 5 meseci), (p = 0,014, HR = 0,503, 95% 
CI = 0,291-0,871). 

Ukupno preživljavanje (OS) je bilo značajno duže 
kod bolesnika kod kojih je primenjena reindukcija 
punim dozama protokola 3+7 nakon pozitivnog MRD 
(medijana preživljavanja 35 meseci), dok je preživljava-
nje kod primene drugih protokola bilo značajno ma-
nje: IDAC (medijana 15,5 meseci), IDAC+DA (medijana 
13 meseci), MEC (medijana 10 meseci), Mitox-VP (medi-
jana 10 meseci), IDA-VP (medijana 7,5 meseci).

Grafikon 2. Kaplan-Majerova kriva ukupnog preživljavanja (engl. overall survi-
val – OS) u odnosu na MRD status na kraju lečenja 
Medijana preživljavanja kod bolesnika sa pozitivnim MRD-om na kraju lečenja iznosila je 
16,0 meseci (95% CI = 9,3-22,7), dok je kod pacijenata sa negativnim MRD-om iznosila 
36,0 meseci (95% CI = 17,6-54,4), što je statistički značajna razlika (p = 0,019). Ispitanici 
sa pozitivnim MRD-om na kraju lečenja imali su za preko dva puta veći hazard za nastanak 
smrtnog ishoda (HR = 2,06, 95% CI = 1,10-3,85; p = 0,024).

Graph 2. Kaplan-Meier curve of overall survival (OS) in relation to the MRD sta-
tus at the end of treatment
Median survival in patients with a positive MRD at the end of treatment was 16.0 months 
(95% CI = 9.3-22.7), while it was 36.0 months (95% CI = 17.6-54.4) in patients with a 
negative MRD, which is a statistically significant difference (p = 0.019). Subjects with a 
positive MRD at the end of treatment had more than twice the hazard for a fatal outcome 
(HR = 2.06, 95% CI = 1.10-3.85; p = 0.024).
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Transplantation was performed in 40 patients 
(36%). The indications for transplantation were as fol-
lows: adverse risk (ELN), found in six (15%) patients, 
disease relapse, found in 12 (30%) patients, and a 
positive MRD test, which was found in 22 (55%) pa-
tients. Median survival in transplanted patients was 20 
months (95% CI = 4.0-36.0), while in non-transplant-
ed patients it was 13 months (95% CI = 10.1-15.9), 
which is a statistically significant difference (p = 0.006). 
Transplant subjects had a 50% lower risk of death 
(HR = 0.498, 95% CI = 0.296-0.839; p = 0.009), (Chart 3). 
The duration of remission (CR) was significantly lon-
ger (21 months) in transplanted patients, compared 
to the group of non-transplanted patients (8 months), 
(p = 0.002, HR = 0.441, 95% CI = 0.261-0.745).

DISCUSSION

As a biomarker, measurable residual disease (MRD) can 
be both prognostic and predictive. However, the abso-
lute measurable level of the disease is not the only de-
terminant of the patient’s outcome, since the biology 
of AML, as well as other clinical patient-related factors 
(age, comorbidities, various complications of applied 
chemotherapy, especially infections), modify the risk 
associated with MRD test results [19-21].

Clearly, not all mutations detected at AML diagno-
sis will be equally clinically useful for MRD monitoring. 

Transplantacija je izvršena kod 40 bolesnika (36%). 
Indikacije za transplantaciju su bile sledeće: nepovo-
ljan rizik (ELN) kod šest (15%) pacijenata, relaps bolesti 
kod 12 (30%) pacijenata, pozitivan MRD kod 22 (55%) 
bolesnika. Medijana preživljavanja kod transplantira-
nih bolesnika je iznosila 20 meseci (95% CI = 4,0-36,0), 
dok je kod netransplantiranih pacijenata iznosila 13 
meseci (95% CI = 10,1-15,9), što je statistički značaj-
na razlika (p = 0,006). Ispitanici sa transplantacijom su 
imali za 50% manji hazard za nastanak smrtnog ishoda 
(HR = 0,498, 95% CI = 0,296-0,839; p = 0,009), (Grafikon 
3). Trajanje remisije (CR) je bilo značajno duže (21 me-
sec) kod transplantiranih, u odnosu na grupu netran-
splantiranih bolesnika (8 meseci), (p = 0,002, HR = 0,441, 
95% CI = 0,261-0,745).

DISKUSIJA

Kao biomarker, merljiva rezidualna bolest (MRD) može 
imati i prognostički, kao i prediktivni značaj, ali apsolut-
ni merljivi nivo bolesti nije jedina determinanta ishoda 
bolesnika pošto biologija AML i drugi klinički faktori sa-
mog bolesnika (starost, komorbiditeti, različite kompli-
kacije primenjene HT, naročito infektivne) modifikuju 
rizik povezan sa rezultatima MRD testa [19-21].

Jasno je da sve mutacije detektovane pri dijagnozi 
AML-a neće biti od jednake kliničke koristi za praćenje 

Grafikon 3. Kaplan-Majerova kriva ukupnog preživljavanja (engl. overall survi-
val – OS) kod bolesnika na hemioterapiji u odnosu na transplantirane pacijente   
Medijana preživljavanja kod transplantiranih bolesnika iznosila je 20 meseci (95% 
CI = 4,0-36,0), dok je kod netransplantiranih pacijenata iznosila 13 meseci (95% 
CI = 10,1-15,9), što je statistički značajna razlika (p = 0,006). Ispitanici sa transplant-
acijom su imali za 50% manji hazard za nastanak smrtnog ishoda (HR = 0,498, 95% 
CI = 0,296-0,839; p = 0,009).

Graph 3. Kaplan-Meier curve of overall survival (OS) in patients on chemothera-
py in relation to transplant patients 
The median survival in transplant patients was 20 months (95% CI = 4.0-36.0), while in 
non-transplant patients it was 13 months (95% CI = 10.1-15.9), which is a statistically 
significant difference (p = 0.006). Subjects who had received a transplant had a 50% 
lower hazard for the fatal outcome (HR = 0.498, 95% CI = 0.296-0.839; p = 0.009).
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Optimal targets for molecular MRD measurement have 
also not been defined.

Isolated detection of mutations common in age-re-
lated clonal hematopoiesis, e.g. DNMT3A, TET2, or 
ASKSL1, or in germline predisposition syndromes, e.g. 
DDKS41, RUNKS1, or GATA2, do not necessarily consti-
tute residual AML [17-20].

Our study has demonstrated no significant differ-
ence in CR and OS length among patients, with regard 
to MRD status after two cycles of CHT. On the other 
hand, the type of CHT used in MRD+ patients had a sig-
nificant impact on the length of CR, as well as on OS, 
with significantly longer CR and OS in patients who, 
after MRD+, continued treatment with full doses of 
3+7 CHT, as reinduction therapy. Also, CR and OS were 
statistically significantly longer in patients who main-
tained a negative MRD status at the end of treatment. 

In relation to the ELN risk stratification, patients in 
the intermediate-risk group had the longest OS. One of 
the possible explanations is that the patients from the 
favorable-risk group, who were expected to have the 
longest OS, had certain gene mutations that we did 
not detect since, for now, testing for these mutations 
is not part of the standard tests performed at our clinic.

Patients treated with allogeneic HSCT had a statis-
tically longer duration of CR and OS, as compared to 
non-transplanted patients, as demonstrated in several 
large studies [22-24].

CONCLUSION 

Analysis of the results of this study, as well as of the 
data from literature, has yielded several conclusions.

Existing data indicate that mutations in signaling 
pathway genes (FLT3, KIT, RAS, etc.) are useful when they 
are positive, but their negativity in later follow-up does 
not necessarily mean molecular remission, especially 
when the mutation is therapeutically targeted with the 
appropriate agents. Also, it is debatable whether MRD 
negativity has the same prognostic significance if it is 
achieved after intensive versus non-intensive therapy.

As a biomarker, measurable residual disease (MRD) 
can have both prognostic and predictive value. How-
ever, the absolute measurable level of disease is not 
the only determinant of patient outcome, as AML biol-
ogy and other clinical factors modify the risk associat-
ed with MRD test results.

Our study emphasizes the great importance of 
timely detection of MRD, as well as the appropriate-
ness of applying more intensive CHT in MRD-positive 
patients, along with continued treatment with alloge-
neic hematopoietic stem cell transplantation.

Conflict of interest: None declared.

MRD. Optimalni ciljevi za molekularno merenje MRD 
takođe nisu definisani. 	 Izolovana detekcija mutaci-
ja uobičajenih u klonskoj hematopoezi povezanoj sa 
starenjem (engl. age-related clonal hematopoiesis), npr. 
DNMT3A, TET2, ili ASKSL1, ili kod sindroma nasledne 
predispozicije (engl. germline predisposition syndro-
mes), npr. DDKS41, RUNKS1 ili GATA2, nužno ne pred-
stavljaju rezidualnu AML [17-20].

U našoj studiji smo pokazali da nije bilo značajne 
razlike u dužini CR i u OS između bolesnika u odnosu na 
status MRD posle dva ciklusa HT. Sa druge strane, vrsta 
primenjene HT kod MRD+ bolesnika je imala značajnog 
uticaja na dužinu CR, kao i na OS, sa značajno dužom CR 
i dužim OS kod bolesnika koji su posle MRD+ nastavili 
lečenje punim dozama 3+7 HT, kao reindukcije. Tako-
đe, CR i OS su bili statistički značajno duži kod bolesnika 
koji su na kraju lečenja zadržali negativan MRD status.

U odnosu na ELN stratifikaciju rizika, najduže OS 
su imali bolesnici intermedijarne grupe rizika. Jedno 
od mogućih objašnjenja je da su bolesnici iz povoljne 
grupe bolesnika, za koje se očekivalo da imaju najduže 
OS imali određene genske mutacije koje nismo detek-
tovali usled toga što, za sada, testiranje na njih nije deo 
standardnog vida ispitivanja na našoj klinici.

Bolesnici lečeni alogenom TMĆH su imali statistički 
duže trajanje CR i OS, u odnosu na netransplantirane bo-
lesnike, što je pokazano u nekoliko velikih studija [22-24].

ZAKLJUČAK

Analizom rezultata ove studije, kao i podataka iz litera-
ture, izvedeno je nekoliko zaključaka.

Postojeći podaci ukazuju na to da su mutacije u 
genima signalnog puta (FLT3, KIT, RAS, i dr.) korisne 
kada su pozitivne, ali njihova negativnost u kasnijem 
praćenju ne mora obavezno značiti molekularnu remi-
siju, posebno kada je mutacija terapeutski targetovana 
(ciljana) adekvatnim agensima. Takođe, pitanje je da 
li negativnost MRD ima isti prognostički značaj ako se 
postigne nakon intenzivne u odnosu na neintenzivnu 
terapiju.

Kao biomarker, merljiva rezidualna bolest (MRD) 
može imati i prognostički i prediktivni značaj, ali ap-
solutni merljivi nivo bolesti nije jedina determinanta 
ishoda bolesnika, pošto biologija AML-a i drugi klinički 
faktori modifikuju rizik povezan sa rezultatima MRD te-
sta. 

Naša studija je pokazala veliki značaj pravovreme-
nog određivanja MRD, te adekvatnost primene inten-
zivnije HT kod MRD pozitivnih bolesnika, uz nastavak 
lečenja alogenom transplantacijom matičnih ćelija he-
matopoeze.

Sukob interesa: Nije prijavljen.



Rajić  J. i sar.

294       Septembar 2024.  |  Volumen 5 / Broj 3  |  Srpski medicinski časopis Lekarske komore

prognostički i prediktivni značaj merljive rezidualne bolesti u akutnoj mijeloblastnoj leukemiji

prognostic and predictive significance of measurable residual disease in acute myeloblastic leukemia

LITERATURA / REFERENCES 

1.	 Blachly JS, Walter RB, Hourigan CS. The present and future of measurable 
residual disease testing in acute myeloid leukemia. Haematologica. 2022 Dec 
1;107(12):2810-22. doi: 10.3324/haematol.2022.282034. 

2.	 Short NJ, Zhou S, Fu C, Berry DA, Walter RB, Freeman SD, et al. Association of 
measurable residual disease with survival outcomes in patients with acute 
myeloid leukemia: a systematic review and meta-analysis. JAMA Oncol. 2020 
Dec 1;6(12):1890-9. doi: 10.1001/jamaoncol.2020.4600.

3.	 Heuser M, Freeman SD, Ossenkoppele GJ, Buccisano F, Hourigan CS, Ngai LL, 
et al. 2021 Update on MRD in acute myeloid leukemia: a consensus docu-
ment from the European LeukemiaNet MRD Working Party. Blood. 2021 Dec 
30;138(26):2753-67. doi: 10.1182/blood.2021013626.

4.	 Walter RB, Ofran Y, Wierzbowska A, Ravandi F, Hourigan CS, Ngai LL, et al. 
Measurable residual disease as a biomarker in acute myeloid leukemia: the-
oretical and practical considerations. Leukemia. 2021 Jun;35(6):1529-38. doi: 
10.1038/s41375-021-01230-4. 

5.	 Caballero-Velázquez T, Pérez-López O, Yeguas Bermejo A, Rodríguez Arbolí 
E, Colado Varela E, Sempere Talens A et al. Prognostic value of measurable 
residual disease in patients with AML undergoing HSCT: a multicenter study. 
Cancers (Basel). 2023 Mar 5;15(5):1609. doi: 10.3390/cancers15051609.

6.	 Tettero JM, Freeman S, Buecklein V, Venditti A, Maurillo L, Kern W, et al. Te-
chnical aspects of flow cytometry-based measurable residual disease quan-
tification in acute myeloid leukemia: experience of the European Leukemia-
Net MRD Working Party. Hemasphere. 2021 Dec 22;6(1):e676. doi: 10.1097/
HS9.0000000000000676.

7.	 Li SQ, Xu LP, Wang Y, Zhang XH, Chen H, Chen YH, et al. An LSC-based MRD 
assay to complement the traditional MFC method for prediction of AML re-
lapse: a prospective study. Blood. 2022 Aug 4;140(5):516-20. doi: 10.1182/
blood.2021014604. 

8.	 Orvain C, Wilson JA, Fang M, Sandmaier BM, Rodríguez-Arbolí E, Wood BL, et 
al. Relative impact of residual cytogenetic abnormalities and flow cytome-
tric measurable residual disease on outcome after allogeneic hematopoietic 
cell transplantation in adult acute myeloid leukemia. Haematologica. 2023 
Feb 1;108(2):420-32. doi: 10.3324/haematol.2022.281585. 

9.	 Schuurhuis GJ, Heuser M, Freeman S, Béné MC, Buccisano F, Cloos J, et al. 
Minimal/measurable residual disease in AML: a consensus document 
from the European LeukemiaNet MRD Working Party. Blood. 2018 Mar 
22;131(12):1275-91. doi: 10.1182/blood-2017-09-801498. 

10.	 Heuser M, Heida B, Büttner K, Wienecke CP, Teich K, Funke C, et al. Po-
sttransplantation MRD monitoring in patients with AML by next-genera-
tion sequencing using DTA and non-DTA mutations. Blood Adv. 2021 May 
11;5(9):2294-304. doi: 10.1182/bloodadvances.2021004367. 

11.	 Duncavage EJ, Schroeder MC, O’Laughlin M, Wilson R, MacMillan S, Bo-
hannon A, et al. Genome sequencing as an alternative to cytogenetic 
analysis in myeloid cancers. N Engl J Med. 2021 Mar 11;384(10):924-35. doi: 
10.1056/NEJMoa2024534. 

12.	 Patkar N, Kakirde C, Shaikh AF, Salve R, Bhanshe P, Chatterjee G, et al. Cli-
nical impact of panel-based error-corrected next generation sequencing 
versus flow cytometry to detect measurable residual disease (MRD) in acute 
myeloid leukemia (AML). Leukemia. 2021 May;35(5):1392-404. doi: 10.1038/
s41375-021-01131-6. 

13.	 Döhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, Büchner T, et al. 
Diagnosis and management of AML in adults: 2017 ELN recommendations 
from an international expert panel. Blood. 2017 Jan 26;129(4):424-47. doi: 
10.1182/blood-2016-08-733196. 

14.	 Schuurhuis GJ, Heuser M, Freeman S, Béné MC, Buccisano F, Cloos J, et al. 
Minimal/measurable residual disease in AML: a consensus document 
from the European LeukemiaNet MRD Working Party. Blood. 2018 Mar 
22;131(12):1275-91. doi: 10.1182/blood-2017-09-801498.

15.	 Döhner H, Pratz KW, DiNardo CD, Jonas BA, Pullarkat VA, Thirman MJ, et al. 
ELN risk stratification is not predictive of outcomes for treatment-naïve pa-
tients with acute myeloid leukemia treated with venetoclax and azacitidine. 
Blood. 2022 Nov 15;140(Suppl 1):1441-4. doi: 10.1182/blood-2022-169509.

16.	 Döhner H, Wei AH, Appelbaum FR, Craddock C, DiNardo CD, Dombret H, et 
al. Diagnosis and management of AML in adults: 2022 recommendations 
from an international expert panel on behalf of the ELN. Blood. 2022 Sep 
22;140(12):1345-77. doi: 10.1182/blood.2022016867. 

17.	 Moritz J, Schwab A, Reinisch A, Zebisch A, Sill H, Wölfler A. measurable re-
sidual disease detection in acute myeloid leukemia: current challenges and 
future directions. Biomedicines. 2024 Mar 7;12(3):599. doi: 10.3390/biome-
dicines12030599. 

18.	 Döhner H, Wei AH, Löwenberg B. Towards precision medicine for AML. Nat 
Rev Clin Oncol. 2021 Sep;18(9):577-90. doi: 10.1038/s41571-021-00509-w. 

19.	 Tanaka T, Morita K, Loghavi S, Wang F, Furudate K, Sasaki Y, et al. Clonal 
dynamics and clinical implications of postremission clonal hematopoiesis 
in acute myeloid leukemia. Blood. 2021 Nov 4;138(18):1733-9. doi: 10.1182/
blood.2020010483. 

20.	 Gui G, Hourigan CS. Measurable residual disease assessment as a surrogate 
marker in new drug development in acute myeloid leukemia. Cancer J. 2022 
Jan-Feb 01;28(1):73-7. doi: 10.1097/PPO.0000000000000572.

21.	 Rodríguez-Arbolí E, Othus M, Orvain C, Zarling LC, Sandmaier BM, Milano F, 
et al. Contribution of measurable residual disease status to prediction accu-
racy of relapse and survival in adults with acute myeloid leukemia undergo-
ing allogeneic hematopoietic cell transplantation. Haematologica. 2023 Jan 
1;108(1):273-7. doi: 10.3324/haematol.2022.281631. 

22.	 Hourigan CS, Dillon LW, Gui G, Logan BR, Fei M, Ghannam J et al. Impact of 
Conditioning Intensity of Allogeneic Transplantation for Acute Myeloid Le-
ukemia With Genomic Evidence of Residual Disease. J Clin Oncol. 2020 Apr 
20;38(12):1273-83. doi: 10.1200/JCO.19.03011.

23.	 Wang T, Zhou B, Zhang J, Zhang X, Liu T, Qiu H, et al. Allogeneic hematopoietic 
stem cell transplantation could improve survival for pure CBF-AML patients 
with minimal residual disease positive after the second consolidation. Leuk 
Lymphoma. 2021 Apr;62(4):995-8. doi: 10.1080/10428194.2020.1846736. 

24.	 Rautenberg C, Lauseker M, Kaivers J, Jäger P, Fischermanns C, Pechtel S, et al. 
Prognostic impact of pretransplant measurable residual disease assessed by 
peripheral blood WT1-mRNA expression in patients with AML and MDS. Eur J 
Haematol. 2021 Aug;107(2):283-92. doi: 10.1111/ejh.13664. 


