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The effect of allogeneic stem cell transplantation on 
outcome in younger acute myeloid leukemia patients
with minimal residual disease detected by flow
cytometry at the end of post-remission chemotherapy 

With modern chemotherapy, complete
remission (CR) may be achieved in up to
70% of younger adults (≤60 years old),

with acute myeloid leukemia (AML), but long-
term survival rates are as low as 25-40%.1 Relapse
of the disease is due to minimal residual disease
(MRD) defined as the persistence of submicro-
scopic levels of leukemic cells in bone marrow
with morphological CR. So far, MRD levels detect-
ed by multi-parameter flow cytometry have been
investigated as a predictor of prognosis in adult
AML in four studies, which have shown that the
presence of MRD defines patient populations with
a poor outcome.2-5 However, the concept of adjust-
ing post-remission treatment according to the lev-
els of MRD has not been established. Furthermore,
it has not yet been fully determined whether MRD
predicts prognosis in AML patients treated by allo-
geneic or autologous stem cell transplantation
(SCT). The aim of this study was to evaluate the
prognostic significance of MRD in relation to SCT
in younger adult AML patients.

Design and Methods

Patients
Between July 1994 and June 2001, 62 younger

adults were diagnosed as having non-promyelo-
cytic AML at Karolinska University Hospital,
(Stockholm, Sweden). Of these 62 patients, 53
(85%) achieved morphological CR. Eight patients
were excluded due to uninformative phenotypes
(n=3), lack of sufficient clinical data (n=2) or flow
cytometric information (n=3). Follow-up MRD
information was available for 45 patients with
morphological CR (85%), 23 males and 22
females. At diagnosis the following data were
recorded [(median (range)]: age 47 (19-60) years,
percentage of bone marrow blasts 71% (34-96%),
total white blood cell (WBC) count 23 (0.5-
237)×109/L, hemoglobin level 89 (44-128) g/L, and
platelet count 50 (15-263)×109/L. The median fol-
low-up time of surviving patients was 5 years
(range 2-9 years). Most of the MRD data were col-

lected during 1994-2000 and integrated in the
European BIOMED-1 Concerted Action (BMH-
CMT 94-1675).6 The results were not available to
the treating physicians. The study was conducted
according to the Helsinki Declaration and was
approved by the local ethics committee.

Morphological diagnosis and cytogenetics
The diagnosis of AML was based on morpholo-

gy and cytochemistry according to the French-
American-British (FAB) classification:7 three
patients had M0, ten had M1, 9 had M2, eleven
had M4, 10 had M5, one had M6, and there was
one case of acute undifferentiated leukemia (AUL).
All samples were reviewed and reclassified accord-
ing to the World Health Organization (WHO) clas-
sification:8 according to this reclassification, three
had AML with recurrent genetic abnormalities
(one AML with t(8;21)(q22;q22), one with
inv(16)(p13q22) or t(16;16)(p13;q22) and one with
11q23 (MLL) abnormality), four had therapy-relat-
ed AML, and 38 had AML not otherwise catego-
rized (four with minimally differentiated AML, ten
with AML without maturation, six with AML
with maturation, eight with acute myelomonocyt-
ic leukemias, eight with acute monoblastic and
monocytic leukemias, one with acute erythroid
leukemia, and one with bilineage acute leukemia).
Morphological CR was defined as less than 5%
blasts without detectable Auer rods in bone mar-
row samples displaying ≥20% cellularity with the
maturation of all hematopoietic cell lines in the
bone marrow aspirate. Karyotypes (available for
43 patients) were classified into three groups
essentially in accordance with the descriptions of
Grimwade et al.:9 (i) two patients with t(8;21) and
inv(16) formed a group with a favorable prognosis;
(ii) five patients with 5q-, near-tetraploid and com-
plex aberrant karyotypes (i.e. three or more clonal
chromosome aberrations) were considered as a
group with an unfavorable prognosis; (iii) 36
patients with trisomy 8, t(9;22), other aberrations
and normal karyotypes formed the group with an
intermediate prognosis.
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Minimal residual disease (MRD) levels were determined by multi-parameter flow cytometry in 45
younger adult patients (≤60 years old) with acute myeloid leukemia (AML) in complete remission.
Data were collected after induction (MRD1; n=43) and/or at the end of post-remission
chemotherapy or before stem cell transplantation (SCT)(MRD2; n=31). Patients with detectable
MRD2 who underwent allogeneic or autologous SCT had significantly better 5-year relapse-free
survival than patients not transplanted (80%, 53% and 0%, respectively p=0.003). Therefore allo-
geneic SCT should be considered in younger adult AML patients with detectable MRD at the end
of post-remission chemotherapy. Autologous SCT may be an alternative for patients not eligible
for allogeneic SCT.
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Treatment and outcome
Most patients (n=42) received ICE induction therapy: idaru-

bicin (10 mg/m2 infusion days 1-3), AraC (1000 mg/m2 infusion
twice daily days 1-4), and etoposide (100 mg/m2 infusion days
1-5). Patients in CR were given two cycles of consolidation ther-
apy consisting of idarubicin (10 mg/m2 infusion days 1-2), AraC
(1000 mg/m2 infusion twice daily days 1-3), and etoposide
(100mg/m2 infusion days 1-4). The third cycle of consolidation
consisted of AraC (1000 mg/m2 infusion twice daily days 1-6).
One patient with AUL was given ABCDV, which consisted of
AraC, betamethasone, cyclophosphamide, doxorubicin and
vincristine, and two patients were treated with mitoxantrone,
etoposide and AraC (MEA).10 Allogeneic SCT in the first CR
was performed in 16 patients.11 Autologous SCT as consolida-
tion in the first CR was performed in 15 patients. Patients in CR
with no sibling donor received total body irradiation and high-
dose AraC followed by autologous-SCT.12,13 Thirty patients
achieved morphological CR after one induction course, 12 after
two courses and 3 after three courses. MRD levels were deter-
mined at two time-points: at first morphological CR after
induction treatment and at the end of post-remission
chemotherapy or before SCT. A relapse was diagnosed in 17/45
patients who achieved morphological CR (38%) at a median of
10 months after achieving the remission (range 2-20 months).
One patient developed a myelodysplastic syndrome (MDS).
Relapse-free survival for patients who had achieved CR was
determined as the duration from the date of the first CR to a
censoring point, first relapse or death due to any cause. The
median duration of relapse-free survival was 36 months (range
2-105 months). Overall survival was measured from the date of
diagnosis to death or the censoring point. Twenty patients
(44%) died and the median overall survival was 42 months
(range 4-107 months). The cause of death was AML relapse in
13 patients, MDS in one patient, allogeneic transplant-related
complications in three patients and non-leukemia related fac-
tors in three patients.

Flow cytometry
Flow cytometric immunophenotyping was performed as

described previously.14 Data were acquired using a FACScan or
FACS-Calibur flow cytometer, equipped with Lysis II or Cell
Quest software programs from Becton Dickinson [(BD),
Franklin Lakes, NJ, USA]. At diagnosis a total of 15×103 non-
gated events were acquired. Based on immunophenotypes at
diagnosis, phenotypic abnormalities were defined and used in
the investigations of follow-up samples. Three-color monoclon-
al antibody combinations were tested in normal or reactive
bone marrow samples for their sensitivity in detecting
leukemia-associated immunophenotypes (LAIP) in the current
study or by other groups.2,4,15,16 At follow-up, at least 30×103 cells
were analyzed in each tube. Live-gate analysis was used in five
cases (a total of 100-500×103 analyzed cells) with a sensitivity of
at least 0.015%. Data were analyzed using Paint-a-Gate Pro
(BD) software (Figure 1). In most cases CD34/SSC or
CD117/SSC gates were applied. Detectable MRD was defined
as a distinct cluster of 15-20 dots. Sensitivity levels were deter-
mined as: (i) 0.1% if 30,000 events were acquired, (ii) 0.05% if
30,000 events were acquired in cases with highly aberrant LAIP
such as co-expression of CD34 and CD7, CD14, CD56 or
CD65 and CD34+/CD15+/HLA–DR– and (iii) 0.015% if the live-
gate approach was used.15

Statistical analyses
Dichotomous variables were compared between different

groups using the χ2 test and continuous variables by Student's t
test. Spearman’s rank correlation (r) was used to investigate cor-
relations between continuous variables. Relapse-free survival
and overall survival were estimated according to the Kaplan-
Meier method and differences between groups were analyzed
using the log-rank test. The Cox proportional hazard method
was used for multivariate analysis. All calculations were per-
formed using the SPSS 12.0 software (SPSS, Chicago, IL, USA).
All reported p values are two-sided.

Results and Discussion

Frequency of aberrant phenotypes
AML blasts from 93.5% of all patients (58/62) and 94% of

those in patients in morphological CR (50/53) expressed LAIP at
diagnosis. Aberrant phenotypes were divided into four groups:
cross-lineage infidelity (n=32), asynchronous antigen expres-
sion (n=48), antigen over-expression (n=9) and lack of antigen
expression (n=5). Blasts from 28 of 50 patients (56%) expressed
highly aberrant phenotypes (mainly cross-lineage infidelity) and
blasts from 22 patients (44%) had aberrant phenotypes, based
mostly on maturation asynchrony (Table 1).15,17,18 At diagnosis
13, 20, 7 and 5 patients expressed one, two, three and four LAIP,
respectively.

MRD as a prognostic factor in AML
Prediction of survival by MRD. MRD was analyzed at the first

time point in 43 patients in morphological CR and at the second
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Figure 1. Example of sequential flow cytometry MRD analyses after induc-
tion (MRD1), at the end of post-remission treatment (MRD2) and before
overt relapse in an AML patient who eventually relapsed. The three-color
monoclonal antibody combination CD34 FITC/CD11b PE/HLA-DR PerCP
was used in the follow-up samples. The aberrant phenotype relied on over-
expression of CD11b and lower than normal expression of HLA-DR in
CD34+ cells. The positivity for CD11b and HLA-DR was similar at diagnosis
and at incipient relapse (exemplified in the right upper and lower plots).
The left upper plot shows CD34 positivity at diagnosis [CD34 PE/Side scat-
ter (SSC) plot] and the left lower plot shows the gating strategy during fol-
low-up (CD34 FITC/SSC plot). The frequencies of CD34+ /CD11b+ /HLA-
DRdim triple positive cells at indicated time-points expressed as percent-
ages of total bone marrow events are shown in the upper and lower mid-
dle plots. The diagnostic flow cytometry panel included FITC-conjugated
CD7, CD10, CD19, CD22 and CD34; PE-conjugated CD5, CD8, CD11b,
CD19, CD38 and CD56; PerCP-conjugated CD3, CD4, CD20, CD45, HLA-
DR, cytoplasmic CD3 and all IgG controls from Becton Dickinson; FITC-con-
jugated CD2, CD4, CD15, anti-MPO, anti-TdT, PE-conjugated CD2, CD13
and CD33 from DakoCytomation (DAKO, Glostrup, Denmark), PE-conjugat-
ed CD34 and CD117 from Immunotech (Marseille, France), PE-Cy5 conju-
gated CD13, CD14, CD19 and CD33 from Caltag Laboratories (San
Francisco, CA, USA) and FITC-conjugated CD65 from An-der-Grub
Biosearch (Vienna, Austria).

Diagnosis MRD1 MRD2 Relapse

MRD1 MRD1 MRD2 Relapse
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time point in 31 patients. MRD was evaluated at both time
points in 30 patients. MRD was detectable in 32 (74%) patients
at the first time-point and in 17 (55%) at the second time-point.
The mean MRD levels were 0.23% (median 0.13%, range 0.01-
2.48%) and 0.23% (median 0.06%, range 0.04-2.0%) at the first
and second time-points, respectively. By Cox analysis,
detectable MRD at the first time point did not predict either
relapse-free or overall survival, but there was a trend for longer
relapse-free survival in patients with no detectable MRD at the
second time-point (p=0.061). Both relapse free survival and
overall survival were longer in patients who underwent SCT
than in the remainder (p<0.001 and p=0.001, respectively).
However, by log-rank test patients with detectable MRD at the
first and second assessments had significantly lower 5-year
relapse-free survival rates than patients without detectable
MRD [51% versus 90% for the first time-point (p= 0.044) and
42% versus 85% for the second time-point (p=0.039), respec-
tively]. Overall survival was not significantly different between
patients according to MRD status at the first or second time-
points. The percentage of blasts in bone marrow at diagnosis,
absolute WBC count, hemoglobin levels, platelet count, num-
ber of cycles to achieve morphological CR, and cytogenetic risk
groups were not significant predictors of relapse-free or overall
survival.

Prognostic significance of allogeneic SCT in relation to MRD status
Since SCT was the only significant prognostic factor in the

studied group of AML patients we decided to investigate how
this therapy influenced survival of MRD-positive and MRD-
negative patients. For this analysis, the patients were divided
into four categories: (a) no detectable MRD and allogeneic SCT;
(b) detectable MRD and allogeneic SCT; (c) no detectable MRD
and no allogeneic SCT; (d) detectable MRD and no allogeneic
SCT. These groups had significantly different relapse-free sur-
vival rates based on MRD status at both the first and second
time points (Figure 2A and B) and showed a trend for a differ-
ence in overall survival (p=0.069) based on the second MRD
assessment. Patients with detectable MRD at the first and/or
second time-points  who did not undergo allogeneic SCT had
the worst outcome (5-year relapse-free survival 24% and 20%,
respectively; and overall survival 34% and 35%). MRD-positive

patients who underwent allogeneic SCT had similar cumulative
relapse-free survival (Figure 2A and B) to patients who had no
detectable MRD at the first and/or second time-point. Similar
overall survival rates were also observed in both these groups
(67% versus 70% for the first time-point and 75% versus 75%
for the second time-point, respectively). 

Prognostic significance of autologous SCT in relation to MRD status
During 1994-1997 eligible AML patients were included in an

extended British-Italian-Swedish phase II trial of autologous
SCT as consolidation treatment in first morphological CR.12 The
treatment results have been promising.12,13 Since autologous
SCT improved relapse-free and overall survival, we analyzed
the potential impact of this management in the MRD-positive
younger adult-AML patients in more detail. Indeed, patients
with detectable MRD at the first and/or second time-points
who underwent SCT had significantly better relapse-free sur-
vival (Figure 2C and D) than had patients in morphological CR
who received only conventional post-induction chemotherapy.
However, the comparison of relapse-free survival (Figure 2C
and D) showed that MRD-positive patients who underwent
allogeneic SCT had a significantly better prognosis than
patients who underwent autologous SCT or received conven-
tional chemotherapy. The 5-year overall survival rate was also
significantly better in the allogeneic SCT recipients than in the
autografted group or those who received conventional
chemotherapy [67%, 46 % and 31% for the first time-point
(p=0.021) and 75%, 53% and 25% for the second time-point
(p=0.046), respectively]. 

MRD follow-up by flow cytometry in AML

Table 1. Aberrant phenotypes used in MRD studies.

Aberrant phenotype No (%)

Cross-lineage infidelity 32 (34)
CD2 5
CD7 14
CD19 5
CD56 8
Antigen over-expression 9 (10)
CD34++ 9
Antigen under-expression 5 (5)
CD33- 5
Asynchronous antigen expression 48 (51)
CD34+/CD38-/My+ 1
TdT+/My+ 6
CD34+/CD11b+ 11
(CD34+,CD117+)/HLA-DR-/My+ 5
(CD34+,CD117+)/CD4+/My+ 5
(CD34+,CD117+)/CD15++/My+ 15
(CD34+,CD117+)/CD14+ or CD65+/My+ 5

Overall, 94 aberrant phenotypes were detected in 45 patients. My: myeloid
marker.

A B

C D

Figure 2. Relapse-free survival (RFS) of younger adult AML patients divided
according to MRD status and type of post-remission treatment. MRD status
was studied after induction treatment (A and C) and at the end of post-
remission chemotherapy or before stem cell transplantation (B and D). A
and B: AML patients 19-60 years old were divided in four groups: no
detectable MRD (MRD–) and allogeneic SCT ( ); detectable MRD (MRD+)
and allogeneic SCT ( ); MRD– and no allogeneic SCT ( ); and MRD+ and no
allogeneic SCT ( ). MRD+ patients who underwent allogeneic SCT had sim-
ilar RFS to MRD– patients who did not undergo allogeneic SCT. C and D: Only
MRD+ patients were considered. The MRD+/no allogeneic SCT group was
divided into two subgroups: patients who underwent autologous SCT ( )
and those who received only conventional chemotherapy ( ). Patients with
detectable MRD after induction treatment (C) or at the end of post-remis-
sion chemotherapy/before stem cell transplantation (D) subjected to allo-
geneic SCT ( ) had significantly longer relapse-free survival than patients
who received autologous SCT ( ) or only conventional chemotherapy ( ).
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In summary, we demonstrated that the prognostic signifi-
cance of MRD differs depending on the therapy applied. This
explains why MRD was not identified as a significant predictor
of prognosis in the younger adults with AML. Although our
series of patients was limited, our data strongly indicate that
patients in morphological CR who have detectable MRD
remaining after post-remission chemotherapy have a worse
prognosis and may benefit from allogeneic SCT in first CR.
Furthermore, our data suggest that if allogeneic SCT is not fea-
sible, autologous SCT could be considered as an alternative
approach. Finally, AML patients in whom MRD is not
detectable after induction treatment and who remain MRD-
negative at the end of post-remission chemotherapy have long-
term relapse-free survival and overall survival similar to allo-
geneic SCT recipients. These patients may, therefore, not
require transplantation procedures that are associated with rel-
atively high treatment-related morbidity and mortality.
Therefore MRD analysis by flow-cytometry may be used for
refining the selection of therapeutic strategies and improving
clinical outcome in individual patients.  Key issues in flow cyto-
metric monitoring of MRD in AML are  the sensitivity and
specificity of the method. Highly sensitive-LAIP together with
the live-gate approach, have a maximum sensitivity of 0.001-
0.01%.3,18 This level of sensitivity may be difficult to achieve
with other antibody combinations, due to very small cell popu-
lations with similar phenotypes that may be present in regener-
ating bone marrow.16,18 Data from previously published studies,
as well as our study, indicate that MRD levels above 0.1%
define the population of patients with the highest risk of
relapse.3,4,18,19 However, MRD levels between 0.01-0.1% may
also define AML patients with an increased risk of relapse.3 In

our study, LAIP were identified in 94% of patients. By improv-
ing the panel of antibodies and the application of more fluo-
rochromes, flow cytometry could be used for all AML
patients.16 The limitation of this approach may be a lower sen-
sitivity due to the increased application of less aberrant LAIP.
Another important way of improving the sensitivity and appli-
cability of the flow cytometric method is to add CD45 into a
four-color MRD assessment. Via CD45 gating, the blast cell
population covers a separate area and does not overlap with
other bone marrow cell populations. Furthermore, a recent
study showed that CD45 gating improves the sensitivity of
flow cytometry-based MRD monitoring by one log.20 To con-
firm these single institution results and to further improve
response-adapted management of patients with AML, large
prospective international studies are needed in which MRD lev-
els are thoroughly followed and used to allocate patients to dif-
ferent predefined therapies.
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