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A B S T R A C T

Purpose
Both presence of minimal residual disease (MRD) and achievement of complete remission (CR)
with incomplete platelet recovery (CRp) rather than CR after induction therapy predict relapse in
acute myeloid leukemia (AML). These results suggest a correlation between response (peripheral
count recovery) and MRD at the time of morphologic remission. Here we examine this hypothesis
and whether MRD and response provide independent prognostic information after accounting for
other relevant covariates.

Patients and Methods
We retrospectively analyzed data from 245 adults with AML who achieved CR, CRp, or CR with
incomplete blood count recovery (CRi) after induction therapy. Bone marrow samples were
collected on or closest to the first date of blood count recovery, and MRD was determined by
10-color multiparameter flow cytometry.

Results
The 71.0% of patients who achieved CR had MRD less frequently and had lower levels of
MRD than the 19.6% of patients achieving CRp and 9.4% achieving CRi. Although pretreat-
ment covariates such as cytogenetics, monosomal karyotype, relapsed or refractory rather
than newly diagnosed AML, and FLT3 internal tandem duplication were associated with
relapse, their prognostic effect was much lower once MRD and response were taken into
account, the univariable statistical effect of which was not materially affected by inclusion of
pretreatment covariates.

Conclusion
Our data indicate that post-therapy parameters including MRD status and response are important
independent prognostic factors for outcome in patients with AML achieving remission. MRD
status and type of response (CR v CRp or CRi) should play important, and perhaps dominant, roles
in planning postinduction therapy.

J Clin Oncol 33:1258-1264. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Acute myeloid leukemia (AML) is a clinically, mor-

phologically, and genetically heterogeneous disease

with a variable response to therapy. With standard

chemotherapy, complete remission (CR) rates range

from 20% to 90%, and relapse, the most common

event ultimately leading to death, occurs in 10% to

95%.1-3 Currently, risk stratification is determined

by several patient- and disease-related factors as-

sessed at diagnosis. However, commonly assessed

covariates such as age, de novo versus second-

ary AML, cytogenetics, and aberrations in the

FLT3 and NPM1 genes are of limited predictive

value. For example, Walter et al,4 using area

under the receiver operating characteristic

curves (AUCs), found that inclusion of these

covariates produced predictive ability for treat-

ment resistance (defined in several ways) that

was only intermediate between a coin flip (AUC

� 0.5) and certainty (AUC � 1.0). One way to

improve predictive accuracy is by including

more molecular data as measured pretreatment

(eg, mutation in DNMT3a, IDH1, or IDH2

gene5). Not mutually exclusive, an alternative

means is to incorporate information gained

only after treatment has begun, such as type of

response to therapy (ie, CR v response less than
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CR) and minimal residual disease (MRD) as measured by mul-

tiparameter flow cytometry (MFC).

There is increasing evidence that MRD level after induction ther-

apy is independently associated with risk of relapse and survival.6-14

The prognostic significance of response to induction therapy has also

been recognized, with a recent study showing that achievement of CR,

rather than CR with incomplete platelet recovery (CRp; ie, CR with

platelet count � 100,000/�L), is independently associated with longer

relapse-free survival (RFS).15 These data suggest a potential correla-

tion between MRD and peripheral count recovery, but this topic has

not been explored. The work described here had two goals: to study

the relationship between MRD and clinical response (CR, CRp, and

CR with incomplete blood count recovery [CRi]) and to examine

whether these post-therapy parameters had independent effects on

subsequent outcome in patients with AML who achieved CR, CRp, or

CRi at our institution from 2008 to 2012.

PATIENTS AND METHODS

Study Population

Our study included 245 adults with newly diagnosed (n � 165) or relapsed
orrefractoryAML(n�80)whoachievedCR,CRp,orCRiafterinductiontherapy
at the University of Washington/Fred Hutchinson Cancer Research Center from
2008 to 2012. Patients with acute promyelocytic leukemia were excluded. Cytoge-
netic risk group was assigned based on Southwest Oncology Group criteria.16-19

All patients were treated according to institutional review board–approved proto-
cols. Standard-dose induction regimens included 7 � 3 (cytarabine plus dauno-
rubicin)ormitoxantroneplusetoposide;high-doseinductionregimenscontained
cytarabine at individual doses � 1 g/m2 with or without other drugs; low-dose
regimens were less intense than 7 � 3 (eg, azacitidine, decitabine, or low-dose
cytarabine with or without other drugs). Response was determined after one cycle
ofhigh-orstandard-intensitytherapyandaftertwocyclesof low-intensitytherapy.
Typically, bone marrow was collected 21 to 28 days after an induction cycle. If the
peripheral count had recovered to the defined level, MRD determination was
basedonthatmarrow.If thecounthadnotrecoveredtothis level,anothermarrow
was obtained 1 to 2 weeks later, and the process was repeated. A third marrow was
requested the next week if the peripheral count still had not recovered, and MRD
was based on that marrow.

Response definition followed the criteria proposed by the International
WorkingGroup.20 CRrequired�5%blastsbymorphologicevaluation(basedon
� 200-cell count), neutrophil count � 1,000/�L, and platelet count � 100,000/
�L.Criteria forCRpwere identicalbutwithplatelet count�100,000/�L.CRiwas
said to be present if morphologic blast count was � 5% and absolute neutrophil
count � 1,000/�L. Response was taken as the best of these, with CR better than
CRp and CRp better than CRi. MRD was assessed by 10-color MFC. Relapse was
defined by marrow with � 5% blasts by morphology unrelated to blood count
recovery. Follow-up data were current as of October 1, 2013.

Flow Cytometry Detection of MRD

Ten-color flow cytometry analysis was performed as previously de-
scribed at University of Washington Medical Center Hematopathology Labo-
ratory.21,22 The panel included three tubes as follows: (1) HLA-DR PB, CD15
FITC, CD33 PE, CD19 PE-TR, CD117 PE-Cy5, CD13 PE-Cy7, CD38 A594,
CD34 APC, CD71 APC-A700, and CD45 APC-H7; (2) HLA-DR PB, CD64
FITC, CD123 PE, CD4 PE-TR, CD14 PE Cy5.5, CD13 PE-Cy7, CD38 A594,
CD34 APC, CD16 APC-A700, and CD45 APC-H7; and (3) CD56 Alexa488,
CD7 PE, CD5 PE-Cy5, CD33 PE-Cy7, CD38 A594, CD34 APC, and CD45
APC-H7. All antibodies were obtained from Beckman Coulter (Fullerton, CA)
and Becton Dickinson (San Jose, CA). Up to 1 million events were acquired,
and data were analyzed using software developed in our laboratory. MRD was
defined as a neoplastic blast population with an abnormal pattern of antigen
expression deviating from normal or regenerating myeloid progenitors.23 The

abnormal blast population was qualified as a percentage of total white cells.
Any level of abnormal blast population detected by flow cytometry was con-
sidered MRD positive.

Statistical Analysis

Overall survival (OS) and RFS were defined from the date of treatment
start and estimated by the Kaplan-Meier method, with patients still alive
and/or in continued response censored at date of last contact. Probabilities of
relapse and nonrelapse mortality (NRM) were summarized using cumulative
incidence estimates,24,25 with death in CR, CRp, or CRi as a competing risk for
relapse and relapse as a competing risk for NRM. Log-rank tests were used to
assess differences between time-to-event curves. Cox regression for multivari-
able analyses was performed to assess the independent effects of the following
factors: age (numeric), type of AML (newly diagnosed v relapsed or refrac-
tory), de novo versus secondary AML (antecedent hematologic disorder or
therapy related) within the newly diagnosed group, cytogenetic risk group
(favorable v intermediate v unfavorable v miscellaneous and of unknown
prognostic significance as per Southwest Oncology Group criteria), mono-
somal karyotypes (yes v no),16,26 FLT3 internal tandem duplication (ITD; yes
v no), NPM1 mutation status (NPM1 mutated and FLT3 wild type v other),
type of induction chemotherapy (low v standard v high intensity), response
(CR v CRp or CRi), MRD status at response (yes v no), MRD level at response,
and hematopoietic cell transplantation (HCT) during response (yes v no).
Effect sizes (hazard ratios [HRs]) are provided with 95% CIs, with two-sided
P � .05 considered statistically significant. The proportional hazards assump-
tion underlying the Cox model was tested. Statistical analyses were performed
using STATA software (STATA, College Station, TX).

RESULTS

Patient Characteristics

A total of 245 patients achieved CR, CRp, or CRi, including 165 with

newly diagnosed AML (by 2008 WHO criteria)27 and 80 with relapsed or

refractory AML; of these 80 patients, 16 had relapsed AML, and 64 were

refractorytoone(n�59)ortwocourses(n�5)of inductiontherapy(�

5%blastsbymorphologyunrelatedtobloodcountrecovery).Table1 lists

the detailed characteristics of the 245 patients. Best response achieved was

CR in 174 (71.0%), CRp in 48 (19.6%), and CRi in 23 patients (9.4%); 73

patients (29.8%) had flow cytometric evidence of MRD (median level,

1.0% of total white cells; range, 0.004% to 7.6%); 136 patients (55.5%)

underwent HCT during remission, including 103 in first CR; 100 of the

245 patients experienced relapse, and 115 died. Median follow-up was 28

months (range, 2 to 68 months) in the 130 patients still alive; 107 of these

patients remained in remission.

Relationship Between MRD Status and Response

The frequency of MRD assessed by MFC was lowest in patients

achieving CR (19.0%), higher in the CRp group (54.2%), and highest

in the CRi group (60.9%; P � .01; Table 2). The tendency for CRp or

CRi to be associated with MRD was true regardless of treatment

intensity or whether patients had newly diagnosed or relapsed or

refractory AML (Appendix Table A1, online only). Similarly, MRD

level was lowest with CR (median, 0.5%; range, 0.004% to 3.9%),

intermediate with CRp (median, 1.1%; range, 0.1% to 4.0%), and

highest with CRi (median, 2.7%; range, 0.1% to 7.6%).

MRD Status and Response As Independent Prognostic

Factors for Relapse, Overall Mortality, and

Nonachievement of RFS

Their strong inter-relationship suggested that response and

MRD might provide similar, overlapping information regarding risks

Response and Minimal Residual Disease in AML
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of relapse, NRM, RFS, and OS. We examined this possibility through

multivariable analyses including the covariates described in Patients

and Methods. In general, univariable analyses showed expected results

(Table 3 summarizes results for relapse; Table 4 summarizes results for

relapse or death). The unadjusted risk of MRD positivity versus neg-

ativity was 3.81 (95% CI, 2.56 to 5.66; P � .001) for relapse, 2.51 (95%

CI, 1.73 to 3.63; P � .001) for death (Appendix Table A2, online only),

and 2.79 (95% CI, 1.92 to 4.04; P �. 001) for relapse or death (com-

plement of RFS). Likewise, as MRD increased (in 1% or 0.1% incre-

ments), so did risks of these outcomes (Tables 3 and 4). Achievement

of CRp or CRi rather than CR conferred an unadjusted risk of 6.31

(95% CI, 4.19 to 9.51; P � .001) for relapse, 2.96 (95% CI, 2.04 to 4.30;

P � .001) for death, and 3.33 (95% CI, 2.30 to 4.83; P � .001) for

relapse or death. Although both MRD and CRp or CRi increased risks

for relapse, death or relapse, and death, neither affected NRM (Figs 1

and 2). Intermediate and unfavorable cytogenetics as compared with

favorable cytogenetics were associated with increased risks for relapse,

death, and relapse or death. Although there was no statistically signif-

icant effect of intermediate versus unfavorable cytogenetics on these

outcomes, a monosomal karyotype conveyed increased risk for each

(Tables 3 and 4). Considered on their own, HCT in CR and newly

diagnosed AML were associated with decreased risks for relapse,

death, and relapse or death, whereas the opposite was true for presence

of FLT3 ITD.

Multivariable analyses adjusting for these covariates as well as

induction treatment intensity indicated that despite the strong corre-

lation between response and MRD (Table 2), each provided indepen-

dent prognostic information for relapse (MRD positivity v negativity:

HR, 3.28; 95% CI, 1.87 to 5.75; P � .001; CRp or CRi v CR: HR, 3.72;

95% CI, 2.13 to 6.51; P � .001; Table 3), death (MRD positivity v

negativity: HR, 2.50; 95% CI, 1.47 to 4.24; P � .001; CRp or CRi v CR:

HR, 2.26; 95% CI, 1.30 to 3.92; P � .001; Appendix Table A2, online

only), and either relapse or death (MRD positivity v negativity: HR,

3.12; 95% CI, 1.80 to 5.43; P � .001; CRp or CRi v CR: HR, 2.56; 95%

CI, 1.49 to 4.40; P � .001; Table 4).

After accounting for MRD and response, the statistical associa-

tions between pretreatment cytogenetics (other than monosomal

karyotype), FLT3 ITD mutation status, disease status (relapsed or

refractory v newly diagnosed), and treatment intensity were much

weaker with regard to relapse (Table 3), death (Appendix Table A2,

online only), and relapse and death (Table 4) than had been the case

when these covariates were considered individually; in contrast, ac-

counting for these pretreatment covariates had no effect on the statis-

tical impact of response and MRD (Tables 3 and 4). HCT in CR

remained an independent prognostic factor; patients who underwent

HCT were less likely to experience relapse and had better OS and RFS.

The proportional hazards assumption was verified for all covariates

except AML status and monosomal karyotype for relapse, age and

treatment status for RFS, and age and FLT3/NPM1 mutation status for

OS. However, it should be noted that these were not the most impor-

tant covariates in the multivariable analyses.

We also examined various statistical interactions (data not

shown). A significant interaction (P � .009) was identified between

HCT and response such that the negative effect of CRp or CRi on

Table 1. Demographic and Clinical Characteristics of Study
Population (N � 245)

Characteristic No. %

Age, years

Median 54

Range 18 to 80

Sex

Female 104 42.4

Male 141 57.6

AML status

Newly diagnosed 165 67.3

De novo 97 59

Secondary 68 41

Refractory or relapsed 80 32.7

Chemotherapy regimen

High intensity 132 53.9

Low intensity 40 16.3

Standard 73 29.8

Response

CR 174 71.0

CRp 48 19.6

CRi 23 9.4

MRD status

Negative 172 70.2

Positive 73 29.8

MRD level, %�

Median 1.0

Range 0.004 to 7.6

No. of patients

1 � 0.01 to 0.001

10 � 0.1 to 0.01

24 � 1 to 0.1

38 � 1

Cytogenetic risk group

Favorable 26 10.7

Intermediate 121 49.6

Miscellaneous or unknown 21 8.6

Unfavorable 76 31.1

Monosomy karyotype

No 214 88.1

Yes 31 11.9

HCT

No 109 44.5

In CR1 103 42.0

Not in CR1 33 13.5

Abbreviations: AML, acute myeloid leukemia; CR, complete remission; CR1,
first complete remission; CRi, complete remission with absolute neutrophil
count � 1,000/�L; CRp, complete remission with platelet � 100,000/�L; HCT,
hematopoietic cell transplantation; MRD, minimal residual disease.

�Among 73 patients with MRD.

Table 2. Correlation of MRD With Response

MRD Status

All Patients CR CRp CRi

No. % No. % No. % No. %

Total 245 100.0 174 71.0 48 19.6 23 9.4

Positive 73 29.8 33 19.0 26 54.2 14 60.9

Negative 172 70.2 141 81.0 22 45.8 9 39.1

Level, %

Median 1.0 0.5 1.1 2.7

Range 0.004 to 3.9 0.1 to 4.0 0.1 to 7.6

Abbreviations: CR, complete remission; CRi, complete remission with abso-
lute neutrophil count � 1,000/�L; CRp, complete remission with platelet �

100,000/�L; MRD, minimal residual disease.
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death or relapse was greatly reduced in patients who underwent HCT

compared with those who did not (HCT: HR, 1.36; 95% CI, 0.67 to

2.79; P � .397 v no HCT: HR, 5.16; 95% CI, 2.43 to 11.0; P � .001).

There was no interaction between MRD and HCT for any outcome. A

significant interaction (P � .012) was identified between MRD and

responseforrelapse;theeffectofCRporCRiwasmoreobviousinpatients

without MRD than in those with MRD. Specifically, HR for relapse was

1.94 (95% CI, 0.95 to 3.99; P� .071) or CRp or CRi versus CR in patients

with MRD; it was 7.31 (95% CI, 3.43 to 15.6; P � .001) for CRp or CRi

versusCRinpatientswithoutMRD.Incontrast, therewerenosignificant

Table 3. Univariable and Multivariable Cox Regression Analyses for Relapse

Covariate

Univariable Analysis Multivariable Analysis

HR 95% CI P HR 95% CI P

Age (continuous) 1.01 0.99 to 1.02 .391 0.99 0.97 to 1.01 .45

MRD (positive v negative) 3.81 2.56 to 5.66 � .001 3.28 1.87 to 5.75 � .001

MRD (continuous by 1-unit increase) 1.29 1.16 to 1.43 � .001

MRD (continuous by 0.1-unit increase) 1.03 1.01 to 1.04 � .001

Response (CRp or CRi v CR) 6.31 4.19 to 9.51 � .001 3.72 2.13 to 6.51 � .001

Cytogenetic risk group

Intermediate v favorable 4.38 1.37 to 14.0 .013 2.36 0.66 to 8.51 .188

Miscellaneous v favorable 2.45 0.59 to 10.3 .22 3.78 0.69 to 20.8 .126

Unfavorable v favorable 4.96 1.53 to 16.0 .008 2.26 0.61 to 8.38 .221

Treatment regimen

High intensity v standard 1.96 1.16 to 3.33 .012 1.19 0.60 to 2.38 .623

Low intensity v standard 2.48 1.32 to 4.65 .005 0.80 0.34 to 1.92 .624

AML status

Newly diagnosed v relapsed or refractory 0.56 0.37 to 0.83 .004 0.64 0.36 to 1.14 .132

De novo v secondary 1.01 0.60 to 1.72 .964

FLT3/NPM1 status

FLT3 ITD positive v other 1.8 1.08 to 3.01 .025 1.72 0.91 to 3.24 .093

NPM1 positive/FLT3 ITD negative v other 0.72 0.32 to 1.58 .41 0.64 0.27 to 1.52 .309

Monosomy karyotype (yes v no) 2.19 1.30 to 3.71 .003 2.42 1.03 to 5.66 .042

HCT (yes v no) 0.47 0.32 to 0.71 � .001 0.21 0.12 to 0.40 � .001

Abbreviations: AML, acute myeloid leukemia; CR, complete remission; CRi, complete remission with absolute neutrophil count � 1,000/�L; CRp, complete
remission with platelet � 100,000/�L; HCT, hematopoietic cell transplantation; HR, hazard ratio; ITD, internal tandem duplication; MRD, minimal residual disease.

Table 4. Univariable and Multivariable Cox Regression Analyses for RFS

Covariate

Univariable Analysis Multivariable Analysis

HR 95% CI P HR 95% CI P

Age (continuous) 1.02 1.00 to 1.03 .029 1.01 0.99 to 1.03 .464

MRD (positive v negative) 2.79 1.92 to 4.04 � .001 3.12 1.80 to 5.43 � .001

MRD (continuous by 1-unit increase) 1.19 1.06 to 1.34 .003

MRD (continuous by 0.1-unit increase) 1.02 1.01 to 1.03 .003

Response (CRp or CRi v CR) 3.33 2.30 to 4.83 � .001 2.56 1.49 to 4.40 � .001

Cytogenetic risk group

Intermediate v favorable 3.37 1.22 to 9.29 .019 1.76 0.48 to 6.46 .397

Miscellaneous v favorable 4.08 1.30 to 12.8 .016 1.77 0.50 to 6.25 .377

Unfavorable v favorable 3.91 1.40 to 10.9 .009 4.14 0.91 to 18.9 .067

Treatment regimen

High intensity v standard 1.34 0.85 to 2.10 .209 0.81 0.42 to 1.56 .524

Low intensity v standard 1.84 1.06 to 3.22 .031 0.53 0.22 to 1.28 .157

AML status

Newly diagnosed v relapsed or refractory 0.51 0.35 to 0.74 � .001 0.45 0.26 to 0.78 .004

De novo v secondary 0.73 0.44 to 1.20 .217

FLT3/NPM1 status

FLT3 ITD positive v other 1.81 1.10 to 2.99 .02 1.87 1.02 to 3.40 .052

NPM1 positive/FLT3 ITD negative v other 0.61 0.26 to 1.41 .244 0.62 0.25 to 1.55 .307

Monosomy karyotype (yes v no) 2.13 1.29 to 3.50 .003 2.52 1.09 to 5.81 .03

HCT (yes v no) 0.63 0.43 to 0.91 .014 0.29 0.16 to 0.53 � .001

Abbreviations: AML, acute myeloid leukemia; CR, complete remission; CRi, complete remission with absolute neutrophil count � 1,000/�L; CRp, complete
remission with platelet � 100,000/�L; HCT, hematopoietic cell transplantation; HR, hazard ratio; ITD, internal tandem duplication; MRD, minimal residual disease;
RFS, relapse-free survival.

Response and Minimal Residual Disease in AML

www.jco.org © 2015 by American Society of Clinical Oncology 1261



interactionsbetweenresponseandMRDwithregardtodeathortorelapse

or death. Considering CRp or CRi as a so-called positive test and CR as a

negative test, the sensitivity of CRp or CRi was 60%, 50%, and 50% for

predicting relapse, RFS, and OS (at 3 years), respectively; corresponding

specificities were 91%, 95%, and 87%, respectively. Likewise, MRD was

more specific than sensitive; sensitivities of 54%, 46%, and 47% for pre-

dicting relapse, RFS, and OS (at 3 years), respectively, with corresponding

specificities of 86%, 89%, and 84%, respectively.

DISCUSSION

It is a truism that in medicine, the choice of therapy often depends on

prognosis.Forexample,inAML,aspatients’ likelyoutcomewithstandard

therapy worsens, their reluctance to receive such therapy in lieu of a

clinical trial grows. However, our ability to deliver accurate prognoses, at

least on the basis of commonly measured pretreatment covariates, is

limited.4 Although inclusion of more pretreatment genetic and pharma-

cogenetic, epigenetic, or proteomic data may improve prognostic ability,

Bayes law implies the potential of post-treatment data to do the same. A

simple example is that the rate of peripheral blood blast clearance during

induction therapy predicts CR and RFS.28,29 However, many patients do

not have circulating blasts. In the last decade, MRD detected by flow

cytometry or molecular methods has proven to be predictive of relapse

and survival,6-14 and risk-directed therapy based on MRD assessment

may improve outcome in high-risk patients,30-34 although this remains

untested in a randomized trial. Another post-treatment parameter—

response as defined by blood count recovery (CR v CRp or CRi)—has

alsobeenrecognizedasprognosticallysignificant,15 suggestingapotential,

but yet to be proven, relationship between MRD and response.

Our study seems to be the first to demonstrate a significant correla-

tion between MRD and response (Table 2); patients who achieved CR

withincompletebloodcountrecovery(CRporCRi)morefrequentlyhad

MRD and higher levels of MRD than patients achieving CR. This finding

suggests that failure of blood count recovery may result from inadequate

treatment of AML, as well as the more commonly assumed toxicity to

normal progenitors. It has been suggested that persistent leukemic blasts

disrupt the marrow microenvironment and act as cytotoxic agents.35 In

any event, delaying therapy in patients with only partial blood count

recovery despite marrow with � 5% blasts may be unlikely to improve

blood counts.

Perhaps our most noteworthy findings are that despite their strong

inter-relationship, MRD and response convey independent prognostic

information and that accounting for these post-treatment factors renders

some traditional pretreatment prognostic factors less relevant. In particu-

lar,althoughmonosomalkaryotype,FLT3ITDmutation,andrelapsedor

refractory AML are assumed to be associated with greater risk of relapse,

whereas favorable cytogenetics are assumed to be associated with a re-

duced risk of relapse,10,14,15,36 and were found to be so in our univariable

analyses, these factors lost much of their significance once MRD and

response were taken into account. Clearly, risk assessment at diagnosis

should be adjusted in light of post-therapy data. For example, the unfa-

vorable effect of achieving only a CRp or CRi was much more obvious in

the absence of HCT. Hence, our study provides empiric support for the

currently only intuitive view that patients with favorable cytogenetics or
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Fig 1. Impact of minimal residual disease (MRD) after induction therapy on outcomes in patients with acute myeloid leukemia. Cumulative incidence of (A) relapse

and (B) nonrelapse mortality. Kaplan-Meier survival analysis of probability of (C) overall and (D) relapse-free survival.
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with NPM1 mutation–positive/FLT3 ITD–negative status pretreatment

who attain only one of these lesser responses should receive HCT. In

contrast, patients who enter a second CR and are MRD negative may not

necessarily require HCT in second CR, because whether the CR is the first

or second becomes less relevant in this case. However, it should be noted

that for most of our patients with refractory disease, only one course of

therapy failed.

Our study has several limitations. First, there are a considerable

number of patients who remained in CR, CRp, or CRi, and addition of

more relapses might alter our conclusions. Second, although our

conclusions were not affected by intensity of induction therapy, rela-

tively few patients received nonintense therapies such as azacitidine or

decitabine, and information about therapy after CR, CRp, or CRi

(other than receipt of HCT) was often missing, because patients fre-

quently returned to their local communities to receive subsequent

therapy. Third, although in principle MRD should be measured at a

fixed time, preferably when absolute neutrophil and platelet counts

are highest, this was not logistically feasible. Fourth, the predictive

value of MRD may have been affected by interlaboratory variations in

testing and lack of consensus on the timing and type of technique used.

Even with our relatively sophisticated MRD protocols, 20% of patients

who had no MRD before HCT experienced relapse after HCT.37 With

less sensitive MRD measurements, the relative prognostic importance

of response may increase; in any event, monitoring of blood count

recovery is straightforward and consistent among laboratories.

In addition, we did not use Mantel-Byar methodology,38 in

which patients would enter the HCT group only after undergoing

HCT, and this may have contributed to an overestimation of the

effect of HCT. However, if anything, this seems likely to have

increased the effect of response and MRD. Finally, our population

was obviously heterogeneous; however, this reflects the disease

itself, which is treated with various regimens and includes newly

diagnosed and relapsed cases. Although several regimens were

included in each of our high-, standard-, and low-intensity co-

horts, treatment intensity had no effect on outcome after response

and MRD were taken into account. More importantly, including

patients with both newly diagnosed and relapsed or refractory

disease enabled us to observe that response and MRD were more

important than pretreatment disease status, a finding with clinical

implications as noted.

In conclusion, our study suggests that although peripheral

count recovery (CR v CRp or CRi) and MRD level are linked, each

is an independent prognostic factor for relapse, OS, and RFS in

AML. Information about these post-treatment factors is likely

more important than information about several traditional pre-

treatment prognostic factors and should play a major—and per-

haps the dominant—role in planning postinduction therapy.

Testing of this hypothesis will be greatly helped by standardization

of methods for MRD determination and for timing of assessment

of MRD and response.
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Appendix

Table A1. Correlation of MRD With Response in Different Patient Groups

MRD Status

All Patients CR CRp CRi

No. % No. % No. % No. %

High intensity regimen 132 94 71.2 30 22.7 8 6.1

Positive 41 31.1 21 22.3 15 50 5 60

Negative 91 68.9 73 77.7 15 50 3 40

Standard intensity 73 64 87.7 4 5.5 5 6.8

Positive 9 12.3 6 9.4 2 50 1 20

Negative 64 87.7 58 90.6 2 50 4 80

Low intensity regimen 40 16 40 14 35 10 25

Positive 23 57.5 6 37.5 9 64.3 8 80

Negative 17 42.5 10 62.5 5 35.7 2 20

Newly diagnosed AML 165 133 80.6 18 10.9 14 8.5

Positive 38 23 21 15.8 9 50 8 57.1

Negative 127 77 112 84.2 9 50 6 42.9

Relapsed or refractory AML 80 41 51.3 30 37.5 9 11.2

Positive 35 43.8 12 29.3 17 56.7 6 66.7

Negative 45 56.2 29 70.7 13 43.3 3 33.3

Abbreviations: AML, acute myeloid leukemia; CR, complete remission; CRi, complete remission with absolute neutrophil count � 1,000/�L; CRp, complete
remission with platelet � 100,000/�L; MRD, minimal residual disease.

Table A2. Univariable and Multivariable Cox Regression Analyses for Overall Mortality

Covariate

Univariable Analysis Multivariable Analysis

HR 95% CI P HR 95% CI P

Age (continuous) 1.02 1.00 to 1.03 .026 1.01 0.98 to 1.03 .55

MRD (positive v negative) 2.51 1.73 to 3.63 � .001 2.50 1.47 to 4.24 � .001

MRD (continuous by 1-unit increase) 1.17 1.05 to 1.32 .007

MRD (continuous by 0.1-unit increase) 1.02 1.01 to 1.03 .007

Response (CRp or CRi v CR) 2.96 2.04 to 4.30 � .001 2.26 1.30 to 3.92 .004

Cytogenetic risk group

Intermediate v favorable 3.15 1.14 to 8.70 .027 2.07 0.58 to 7.39 .264

Miscellaneous v favorable 4.26 1.36 to 13.4 .013 1.78 0.51 to 6.26 .368

Unfavorable v favorable 3.64 1.31 to 10.2 .014 3.92 0.88 to 17.5 .073

Treatment regimen

High intensity v standard 1.31 0.83 to 2.06 .243

Low intensity v standard 1.77 1.02 to 3.09 .044

AML status

Newly diagnosed v relapsed or refractory 0.52 0.36 to 0.76 � .001 0.49 0.30 to 0.82 .007

De novo v secondary 0.72 0.44 to 1.19 .202

FLT3/NPM1 status

FLT3 ITD positive v other 1.75 1.06 to 2.89 .028 1.71 0.95 to 3.09 .074

NPM1 positive/FLT3 ITD negative v other 0.62 0.27 to 1.45 .272 0.63 0.26 to 1.56 .32

Monosomy karyotype (yes v no) 1.91 1.16 to 3.14 .011 1.62 0.72 to 3.64 .246

HCT (yes v no) 0.63 0.43 to 0.91 .015 0.32 0.18 to 0.55 � .001

Abbreviations: AML, acute myeloid leukemia; CR, complete remission; CRi, complete remission with absolute neutrophil count � 1,000/�L; CRp, complete
remission with platelet � 100,000/�L; HCT, hematopoietic cell transplantation; HR, hazard ratio; ITD, internal tandem duplication; MRD, minimal residual disease.
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