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ABSTRACT

PURPOSE As risk stratification for patients with AML treated with lower-intensity 
venetoclax-based therapy remains suboptimal, we developed and validated a 
prognostic model integrating clinical, cytogenetic, and molecular features.

METHODS We assembled a multinational data set comprising 2,092 adults with newly 
diagnosed AML treated with hypomethylating agents plus venetoclax (HMA 1 

VEN). One thousand nine hundred eighteen patients with complete data were 
randomly divided into training (70%) and internal validation (30%) cohorts. 
Two independent external validation cohorts were assembled (n 5 500 and 
n 5 222). Modeling overall survival (OS), Elastic Net regression was applied in 
1,000 bootstrap samples from the training cohort to select variables for a 
Ridge regression, which generated a continuous Prognostic Risk Integration 
for Survival Modeling (PRISM) score and risk categories based on tertiles 
(PRISM-3: low, moderate, high). These PRISM indices were then computed for 
the validation cohorts and compared with the 4-gene classifier (based on 
mutations in FLT3-ITD, N/KRAS, and TP53).

RESULTS PRISM integrated 17 clinical and genomic variables and demonstrated a linear 
association with OS. PRISM-3 stratified survival consistently across all cohorts 
(median OS: 25.1-28.8 months for low risk, 12.5-14.7 months for moderate risk, 
and 5.8-6.7 months for high risk; P < .001). Compared with the 4-gene clas-
sifier, PRISM-3 reassigned approximately 40% of patients (and >50% of those 
with favorable risk) and demonstrated significantly better discrimination in 
validation cohorts (C-index 0.63-0.65 v 0.59-0.61; P < .05).

CONCLUSION PRISM is a validated prognostic model for patients with AML receiving HMA 1 

VEN that improves survival risk stratification beyond current standard tools and 
supports individualized, risk-adapted clinical decision making. The model, the 
PRISM-AML Risk Calculator, is publicly available.

INTRODUCTION

AML is an aggressive hematologic malignancy characterized 
by clinical and molecular heterogeneity, with patients 
often harboring multiple somatic genetic mutations 
at diagnosis. 1 Genomic profiling at presentation is central 
to disease classification and prognostication, and is in-
corporated in the current European LeukemiaNet (ELN)

and National Comprehensive Cancer Network (NCCN) 
guidelines. 2 -4

Venetoclax (VEN) combined with a hypomethylating agent 
(HMA; azacitidine or decitabine) or low-dose cytarabine 
(LDAC) is the standard initial therapy for older or unfit 
patients with AML. However, risk stratification in this set-
ting remains incompletely defined. 5 Prognostic models
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derived from younger, intensively treated AML pop-
ulations inadequately discriminate outcomes for venetoclax-
treated patients, underscoring the need for therapy-specific 
approaches. 6

The 4-gene classifier for patients treated with HMA 1 VEN, 
based on mutations in NRAS, KRAS, and TP53, and the 
presence of FLT3-ITD, represents a major advance in 
addressing prognosis and has been incorporated into the 
ELN-2024 recommendations. 2,6 Despite this, its discrimi-
nation is modest and it does not incorporate clinical or 
cytogenetic variables that retain prognostic relevance. 7-9 

Moreover, other models from Beat AML, Mayo Clinic, and 
a refined ELN model were developed in relatively small 
cohorts, limiting generalizability. 7-9

As lower-intensity venetoclax-based therapy is increasingly 
used across diverse patient populations, improved risk 
prediction is needed to guide individualized prognostication, 
therapeutic escalation or de-escalation, and clinical trial 
design. To address this ongoing need, we leveraged a large, 
diverse, multinational data set of patients with AML treated 
with HMA 1 VEN to develop and externally validate a 
therapy-specific prognostic model integrating clinical, cy-
togenetic, and genetic features.

METHODS

Inclusion Criteria and Patient Cohorts

We first assembled a multinational dataset of 2,092 adult 
patients (age ≥18 years) with treatment-na ̈ ıve AML who 
received HMA 1 VEN at 78 participating academic medical 
centers. Clinical and molecular data ascertainable at the 
time of venetoclax initiation were abstracted, along with

treatment characteristics for cycles 1 and 2, response, and 
overall survival (OS). Patients with missing mutation 
characterization were excluded, resulting in 1,918 cases 
within the full initial data set that were randomly divided 
into training (70%; n 5 1,347) and internal validation cohorts 
(IVC; 30%; n 5 571) when stratifying on survival disposition, 
TP53 mutation status, and receipt of HCT.

External validation was performed on patients derived from 

two cohorts: external validation cohort 1 (EVC1; n 5 500) 
patients were treated on the Beat AML trial (ClinicalTrials.gov 
identifier: NCT03013998) or at seven academic medical 
centers. External validation cohort 2 (EVC2; n 5 222) patients 
were treated at The University of Texas MD Anderson Cancer 
Center (Data Supplement, Table S1, online only). Participating 
centers and patient variables are listed in the Data Supplement 
(Tables S1 and S2). All patients provided informed consent in 
accordance with the Declaration of Helsinki.

Response and Survival

Complete remission (CR) and complete remission with in-
complete hematologic recovery (CRi) were defined by ELN-
2022 criteria. 3 OS was calculated from HMA 1 VEN initiation 
until death from any cause or last follow-up and estimated 
using the Kaplan-Meier method. The exception to this was 
OS measured from (landmarked at) 45 and 75 days after 
therapy initiation for analyses of VEN dose and duration 
during cycles 1 and 2, respectively. Survival comparisons 
across groups were performed using the log-rank test and 
Cox proportional hazards regression, producing hazard ra-
tios (HRs) and Wald test P values.

Hematopoietic cell transplantation (HCT) was coded as a 
time-dependent covariate. To specifically assess the impact

CONTEXT

Key Objective
Can we better predict outcomes for patients with AML treated with venetoclax-based therapy by using a risk prediction 
model that combines clinical, cytogenetic, and genomic information?

Knowledge Generated
The Prognostic Risk Integration for Survival Modeling (PRISM) model identified risk groups with consistent survival 
stratification across multiple patient cohorts. Substantial patient risk reclassification and improved prognostic discrim-
ination were observed in independent validation data sets compared with existing risk models.

Relevance (C. Craddock)
The PRISM model provides important prognostic information to inform the management of adults with newly diagnosed 
AML treated with venetoclax-based therapy, including the timing of stem-cell transplantation. These innovative data have 
the potential to inform the design of future trials in fit and unfit adults with newly diagnosed AML receiving venetoclax-
containing induction regimens.*

*Relevance section written by JCO Associate Editor Charles Craddock, MD.
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of risk group on the incidence of HCT, we performed com-
peting risk analyses with HCT as the event of interest and 
death without HCT as the competing event on the full initial 
data set and EVC1 with available detailed HCT data. Gray’s 
test was used to compare cumulative incidence functions, 
and Fine-Gray regressions were fit to estimate sub-
distribution hazard ratios (SHRs) and Wald test P values.

Model Development

To avoid low counts that could impair precision of statistical 
estimates, only genetic and clinical features observed in >4% 

of the initial full data set were considered for OS modeling 
(Data Supplement, Fig S1). In addition, DDX41, mutated in 
3.8% of patients tested with an next-generation sequencing 
panel containing this gene (74%, n 5 1,413/1,918), was in-
cluded. This decision to include DDX41 was driven by (1) its 
inclusion in ELN-2024 risk stratification guidelines and (2) 
its expanding coverage on targeted myeloid hotspot se-
quencing platforms (Data Supplement, Fig S2). 2,10,11

Variable categorizations were explored on training co-
hort patients, with consolidation of smaller-sized groups 
exhibiting similar associations with OS (Data Supplement, 
Figs S3 and S4). Karyotype was coded as a 4-level categorical 
variable (diploid [reference], favorable/intermediate, ad-
verse, and missing) after consolidating favorable- and 
intermediate-risk cytogenetics defined by ELN-2022. The 
missing karyotype category accounted for the 7% of patients 
with culture failure or missing cytogenetics in the initial 
data set.

Multivariable Cox regression for OS with Elastic Net regu-
larization (mixing parameter a 5 .5) was applied to 1,000 
bootstrap samples from the training cohort. Retained fea-
tures for postselection modeling were those with unidirec-
tional selection (ie, nonzero b coefficients of the same sign) 
in ≥75% of bootstrap iterations. These features were sub-
sequently fit using Cox regression with Ridge regularization 
to address multicollinearity. Coefficient estimates from this 
Ridge model of OS were multiplied by the corresponding 
variable values and summed to generate the linear predictor, 
termed the Prognostic Risk Integration for Survival Mod-
eling (PRISM) score. Penalized spline modeling was applied 
to assess linearity in the log-hazard of death for continuous 
predictors of OS. For clinical interpretability, the PRISM 

score was divided into tertiles using training cohort patients 
to produce PRISM-3 risk groups: low, moderate, and high. 
The training set–derived b coefficients for calculating 
PRISM and the cut points for producing PRISM-3 were di-
rectly applied to score and risk-stratify all validation cohort 
patients.

After constructing PRISM, exploratory analyses were per-
formed on the full initial data set to evaluate the OS effects of 
VEN duration during cycles 1 and 2 (Data Supplement, Figs S5 
and S6), VEN dosing in the presence of a strong CYP3A4 
inhibitor (Data Supplement, Fig S7), and model performance

in patients attaining CR/CRi and/or receiving extended 
venetoclax cycles. Exploratory subgroup analyses were 
performed in younger (age <65 years) and older (age ≥65 
years) patients using all four cohorts.

Cohort and Model Comparison

Between-cohort differences were evaluated using Fisher’s 
exact test for categorical variables and the Wilcoxon rank-
sum test for continuous variables. Discriminatory perfor-
mance of Cox OS models was quantified by Harrell’s con-
cordance index (C-index) with comparisons between models 
based on 5,000 bootstraps.

RESULTS

Patient Demographics

Characteristics of the training and IVC (n 5 1,918) are 
summarized in Table 1. Median age at diagnosis was 74 years 
(range, 19-93; Data Supplement, Fig S8A). According to the 
4-gene classifier, 56% of patients were favorable-, 21% 

intermediate-, and 23% adverse-risk, with similar distri-
bution across age quartiles (Data Supplement, Fig S8B).

Overall, 57% of patients had de novo AML (n 5 1,099), while 
43% had sAML (n 5 819), including sAML-AHD (n 5 638) 
and therapy-related AML (defined as receipt of prior cyto-
toxic chemotherapy or radiotherapy; n 5 181). Among pa-
tients with available dosing information (76%, n 5 1,459), 
75% received >14 days of venetoclax during cycle 1. Median 
number of treatment cycles received was three (range, 0-71); 
12% (n 5 225) of patients underwent allogeneic HCT.

Diploid (33%) and ELN-2022 adverse-risk karyotypes (34%) 
were most common (Data Supplement, Fig S8C). Patients 
had a median of three mutations at diagnosis (Data Sup-
plement, Fig S8D). The most frequently detected mutations 
were TP53 (23%), ASXL1 (22%), TET2 (21%), RUNX1 (21%), 
SRSF2 (20%), DNMT3A (19%), NPM1 (14%), IDH2 (14%), and 
NRAS (11%; Data Supplement, Fig S8E).

Distinct patterns of mutational enrichment were observed 
across AML subtypes (Data Supplement, Figs S8E and S9). 
sAML was enriched for mutations in ASXL1, TET2, SRSF2, 
JAK2, SF3B1, and KRAS, which frequently co-occurred (Data 
Supplement, Fig S8F). As expected, TP53 mutations were 
more prevalent in therapy-related (33%) as opposed to de 
novo AML (20%), whereas NPM1 mutations were more 
common in de novo (19%) versus sAML-AHD (6%) or 
therapy-related AML (12%). There were no clinically 
meaningful differences in baseline characteristics between 
the training and IVC (Table 1).

PRISM Risk Score Generation and PRISM-3 Risk Groups

Seventeen clinical and genomic variables were selected 
for the final PRISM model (Data Supplement, Fig S10).

2424 | © 2026 by American Society of Clinical Oncology
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Adverse-risk features included mutations in KRAS, TP53, 
JAK2, and ASXL1; FLT3-ITD; nondiploid cytogenetics (ie, 
ELN-2022 adverse-risk cytogenetics; ELN-2022 favorable

and nondiploid intermediate); sAML; male sex; and older 
age. Favorable-risk features included mutations in BCOR, 
IDH1, STAG2, RUNX1, IDH2, CEBPA, NPM1, and DDX41. Feature

TABLE 1. Cohort Comparisons

Characteristic Overall (N 5 1,918) Training (n 5 1,347) Validation (n 5 571) P

Age at diagnosis, years, median (range) 74 (19-93) 73 (19-93) 74 (20-91) .98

4-gene classifier risk, No. (%) .97

Favorable 1,072 (56) 754 (56) 318 (56)

Intermediate 410 (21) 286 (21) 124 (22)

Adverse 436 (23) 307 (23) 129 (23)

Karyotype group, No. (%) .90

Diploid karyotype 627 (33) 443 (33) 184 (32)

ELN 2022 favorable/intermediate karyotype (excluding diploid) 489 (25) 344 (26) 145 (25)

ELN22 adverse karyotype 660 (34) 456 (34) 204 (36)

Missing karyotype 142 (7.4) 104 (7.7) 38 (6.7)

AML type, No. (%) .32

De novo AML 1,099 (57) 762 (57) 337 (59)

Secondary AML 819 (43) 585 (43) 234 (41)

Prior CMML 58 (3.0) 39 (2.9) 19 (3.3)

Prior MDS 440 (23) 313 (23) 127 (22)

Prior MPN 127 (6.6) 85 (6.3) 42 (7.4)

Prior AHD-NOS 13 (0.7) 8 (0.6) 5 (0.9)

Therapy-related 181 (9.4) 140 (10) 41 (7.2)

HMA backbone, No. (%)

Azacitidine 1,691 (88) 1,189 (88) 502 (88) .83

Decitabine 227 (12) 158 (12) 69 (12) .83

Treatment cycles, median (range) 3.0 (0.0-71.0) 3.0 (0.0-66.0) 3.0 (1.0-71.0) .22

Cycle 1 venetoclax dose, median (range) 100 (20-800) 100 (20-800) 100 (50-400) .57

Cycle 1 strong CYP3A4 use, No. (%) 958 (68) 670 (67) 288 (70) .16

Cycle 1 VEN duration, weeks, No. (%) .19

1-7 days 102 (6.6) 68 (6.2) 34 (7.5)

8-14 days 283 (18) 202 (18) 81 (18)

15-21 days 293 (19) 221 (20) 72 (16)

22-28 days 826 (53) 571 (52) 255 (57)

>28 days 41 (2.7) 32 (2.9) 9 (2.0)

Cycle 1 VEN duration, days, median (range) 28 (0-42) 28 (0-42) 28 (0-42) .69

Cycle 2 VEN dose, median (range) 100 (50-800) 100 (50-800) 100 (50-400) .77

Cycle 2 strong CYP3A4 use, No. (%) 422 (77) 302 (77) 120 (77) .96

Cycle 2 VEN duration, weeks, No. (%) .25

1-7 days 18 (3.0) 14 (3.3) 4 (2.4)

8-14 days 123 (21) 94 (22) 29 (17)

15-21 days 164 (28) 111 (26) 53 (31)

22-28 days 274 (46) 198 (47) 76 (45)

>28 days 15 (2.5) 8 (1.9) 7 (4.1)

Cycle 2 VEN duration, days, median (range) 21.0 (0-51) 21.0 (0-41) 21.0 (0-51) .43

OS, months, median (95% CI) 12.6 (11.4 to 13.8) 12.4 (11.2 to 14.2) 12.9 (10.7 to 14.4) .71

Follow-up, months, median (95% CI) 22.3 (20.3 to 24.1) 21.8 (19.8 to 24.1) 22.6 (20.3 to 29.5) .29

Allogeneic HCT, No. (%) 225 (12) 160 (12) 65 (11) .76

Abbreviations: AHD-NOS, antecedent hematologic disorder- not otherwise specified; CMML, chronic myelomonocytic leukemia; ELN, European 
LeukemiaNet; HCT, hematopoietic cell transplantation; MDS, myelodysplastic neoplasm; MPN, myeloproloiferative neoplasm; OS, overall survival; 
PRISM, Prognostic Risk Integration for Survival Modeling; VEN, venetoclax.
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weights derived from the postselection Ridge regression 
model are shown in Figure 1A. Missing karyotype (included 
to accommodate patients without cytogenetic data) had a 
small prognostically favorable coefficient, consistent with a 
near-null effect.

The continuous PRISM score demonstrated a linear asso-
ciation with OS and was discretized into three risk groups 
(PRISM-3 low, moderate, and high) for clinical interpreta-
tion. Distinct enrichment patterns were observed across 
PRISM-3 groups in the training cohort (Fig 1B). Low-risk 
patients were enriched for IDH2 (31%), RUNX1 (29%), and 
NPM1 (28%) mutations, with a higher frequency of DDX41 
(8%). Moderate-risk patients exhibited higher frequencies 
of male sex (70%), ASXL1 mutations (28%), and sAML 
(50%). High-risk patients had a predominance of TP53 
mutations (63%) and ELN-2022 adverse-risk cytogenetics 
(76%). NRAS mutations, not selected for the final PRISM 

model, were not associated with OS in the training cohort 
(HR, 0.90 [95% CI, 0.72 to 1.13]; P 5 .37).

Risk Reclassification Relative to the 4-Gene Classifier

Within the training cohort (n 5 1,347), PRISM-3 reclassified 
43% of patients relative to the 4-gene classifier. Reclassi-
fication was most pronounced among patients categorized 
by the 4-gene classifier as favorable-risk, of whom 52% 

were reassigned to PRISM-3 moderate-risk (40%) or high-
risk groups (12%; Fig 1C). Similarly, in the IVC (N 5 571), 42% 

of all patients were reclassified, with 52% of 4-gene 
favorable-risk patients reassigned to moderate-risk (41%) 
or high-risk (11%) PRISM categories.

Clinical Outcomes Across PRISM-3 Groups

Rates of CR/CRi differed significantly across PRISM-3 groups 
in the training (low: 78% v moderate: 61% v high: 42%; 
Fig 2A) and IVC (76% v 49% v 40%; Fig 2B).

After a median follow-up of 22 and 23 months, 59% of 
patients in both training and IVC were deceased. Median OS 
differed markedly across PRISM-3 low-, moderate-, and 
high-risk groups in the training cohort (25.1 v 14.6 v 6.7 
months; P < .001) and the IVC (25.6 v 14.7 v 6.0 months; P < 
.001; Figs 2C and 2D). OS HRs comparing PRISM-3 groups 
were consistent across cohorts, supporting model repro-
ducibility (Fig 2E). Adjustment for HCT did not alter these 
associations (Data Supplement, Table S3).

PRISM-3 had superior discrimination for OS compared with 
the 4-gene classifier (C-index 0.63 v 0.60; P 5 .030) in the 
IVC, on which PRISM was not built (Fig 2F).

External Validation of the PRISM Model

Patient features in the training, IVC, EVC1, and EVC2 were 
broadly comparable (Table 2), although EVC1 included fewer 
male and sAML patients, while EVC2 had higher-risk

patients per the 4-gene classifier and PRISM-3 risk cate-
gories (Figs 3A and 3B; Data Supplement, Fig S11A).

In EVC1, PRISM-3 risk assignment (available in 93% 

[n 5 467/500] of patients) reclassified 42% of patients 
relative to the 4-gene predictive signature, including 52% 

of favorable-risk patients (Data Supplement, Fig S11B). In 
EVC2, PRISM-3 reclassified 41% of patients relative to the 
4-gene classifier, including 57% of favorable-risk patients 
(Data Supplement, Fig S11B).

Within the combined EVCs, PRISM-3 stratified OS with 
significantly inferior outcomes for moderate-risk (HR, 2.05 
[95% CI, 1.60 to 2.63]; P < .001) and high-risk patients (HR, 
3.96 [95% CI, 3.11 to 5.03]; P < .001) versus low-risk patients. 
Compared with the 4-gene classifier, PRISM-3 improved 
survival discrimination (C-index 0.65 v 0.61; P < .001; Figs 3C 
and 3D).

In pooled analyses using patients with available PRISM 

scores across all cohorts (N 5 2,607), the prognostic effect of 
PRISM-3 was consistent across 4-gene risk strata (3E, 3F, 
and 3G). OS based on 4-gene versus PRISM-3 for all cohorts 
is displayed in the Data Supplement (Figs S12 and S13).

Within all validation cohort patients (n 5 1,260), PRISM-3 
(C-index 0.65) significantly improved survival prognosti-
cation compared with the 4-gene classifier (0.61, P < .001), 
Beat AML (0.62, P < .001), and Mayo Clinic (0.62, P < .001) 
risk models, and trended toward improvement versus the 
refined ELN-2024 risk model (0.63, P 5 .071; Data Supple-
ment, Fig S14).

Impact of Allogeneic Hematopoietic 
Cell Transplantation

Across training, IVC, and EVC1 cohorts, 12% of patients 
underwent HCT (n 5 286/2,407) after a median of 4.6 
months. There was significant OS improvement with HCT 
across PRISM-3 favorable-risk (24-month OS: 74% v 55%), 
moderate-risk (79% v 34%), and high-risk groups (35% v 
15%; P < .001; Figs 4A-4C).

In competing risk analyses, patients with moderate-risk 
PRISM-3 were less likely to undergo HCT (SHR, 0.67 [95% 

CI, 0.52 to 0.87]; P 5 .003) and more likely to die without HCT 
(SHR, 1.71 [95% CI, 1.49 to 1.96]; P < .001) compared with 
PRISM-3 low-risk patients. These effects were even more 
pronounced when comparing high- versus low-risk PRISM-
3 groups (SHR, 0.37 [95% CI, 0.27 to 0.52]; P < .001 for HCT 
and SHR, 3.39 [95% CI, 2.95 to 3.90]; P < .001 for death 
without HCT; Fig 4D).

PRISM-3 Stratification in Exploratory Subgroups

PRISM-3 stratified survival across age strata (<65 v ≥65 
years; Data Supplement, Figs S15A–S15D). Within validation 
cohort patients, PRISM-3 improved prognostic performance
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versus the 4-gene classifier in younger (n 5 163; C-index 
0.65 v 0.61, P 5 .076) and older patients (n 5 1,097; C-index: 
0.64 v 0.61, P < .001).

PRISM-3 maintained its prognostic discrimination in pa-
tients attaining CR/CRi (n 5 1,063; C-index 0.61; Data 
Supplement, Figs S16A and S16B), receiving ≥7 treatment
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FIG 1. Construction of the PRISM prognostic model and comparison with the 4-gene classifier. (A) Ridge regression b coefficients for clinical, 
cytogenetic, and molecular features selected for the final PRISM model, with positive coefficients indicating adverse prognostic impact and 
negative coefficients indicating favorable impact. Karyotype groups are compared with diploid karyotype as the reference group. Intermediate-
risk karyotypes are those classified as favorable or intermediate risk, excluding diploid karyotype, according to ELN 2022 criteria. (B) Enrichment 
of key clinical and genomic features across PRISM-3 risk groups (low, moderate, and high) in the training cohort, expressed as percentage of 
patients with each feature. (C) Alluvial plots demonstrating patient reclassification from 4-gene risk categories to PRISM-3 risk groups in the 
training cohort (left) and IVC (right), highlighting substantial redistribution within the 4-gene favorable-risk group. ELN, European LeukemiaNet; 
IVC, internal validation cohort; PRISM, Prognostic Risk Integration for Survival Modeling.
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FIG 2. Treatment response and OS according to PRISM-3 risk stratification. (A, B) Rates of CR/CRi across PRISM-3 risk groups in the 
(A) training cohort and (B) IVC. (C, D) Kaplan-Meier estimates of OS by PRISM-3 risk group in the (C) training cohort and (D) IVC, 
demonstrating consistent and marked separation of survival curves. Cox regression global Wald test P values are displayed. (E) HRs for 
OS comparing PRISM-3 moderate-risk and high-risk groups to the low-risk group in the training cohort and IVC. (F) Comparison of 
prognostic discrimination between PRISM-3 and the 4-gene classifier using Harrell’s concordance index (C-index), demonstrating 
superior performance of PRISM-3. CR/CRi, complete remission or complete remission with incomplete hematologic recovery; HR, hazard 
ratio; IVC, internal validation cohort; OS, overall survival; PRISM, Prognostic Risk Integration for Survival Modeling.
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cycles similar to VIALE-A patients (n 5 376; C-index 0.65; 
Data Supplement, Figs S16C and S16D), and treated 
with ≥21 days of venetoclax in cycle 1 (n 5 1,133; C-index 
0.64; Data Supplement, Figs S6C and S6D).

DISCUSSION

In this large, multinational study of patients with newly 
diagnosed AML treated with HMA 1 VEN, we developed and 
externally validated PRISM, a therapy-specific risk model 
integrating clinical, cytogenetic, and molecular features 
to provide individualized risk estimation. PRISM-3 risk

groups outperformed current standard-of-care risk models 
in external validation set patients and demonstrated 
robust generalizability. To facilitate clinical translation, 
PRISM has been implemented as a publicly available web-
based clinical decision support tool, the PRISM-AML Risk 
Calculator. 25

Multiple prognostic models exist for patients with AML 
treated with venetoclax; however, many were derived from 

smaller cohorts or include limited molecular features. 6-9 The 
4-gene classifier represents an important advancement, is 
widely validated, and is incorporated within the context of

TABLE 2. PRISM Score Features Across Cohorts

Characteristic Training (n 5 1,347) IVC (n 5 571) EVC1 (n 5 467) EVC2 (n 5 222)

Age at diagnosis, years, median (range) 73 (19-93) 74 (20-91) 74 (46-92) 75 (26-92)

Sex (male), No. (%) 851 (63) 338 (59) 256 (55) 135 (61)

Secondary AML, No. (%) 585 (43) 234 (41) 149 (32) 91 (41)

4-gene risk, No. (%)

Favorable 754 (56) 318 (56) 256 (55) 99 (45)

Intermediate 286 (21) 124 (22) 99 (21) 43 (19)

Adverse 307 (23) 129 (23) 112 (24) 80 (36)

PRISM score, median (range) 1.35 (–0.29 to 2.89) 1.32 (0.01-2.78) 1.34 (–0.05 to 2.59) 1.56 (0.32-2.74)

PRISM-3 group, No. (%)

Low 449 (33) 189 (33) 153 (32.7) 61 (28)

Moderate 449 (33) 213 (37) 166 (36) 60 (27)

High 449 (33) 169 (30) 148 (32) 101 (45)

Genetic features (PRISM), No. (%)

DDX41 44 (3.3) 17 (3.0) 6 (1.3) 6 (2.7)

CEBPA 65 (4.8) 30 (5.3) 32 (6.9) 8 (3.6)

NPM1 182 (14) 88 (15) 63 (13) 42 (19)

IDH1 101 (7.5) 47 (8.2) 38 (8.1) 15 (6.8)

IDH2 182 (14) 85 (15) 67 (14) 29 (13)

FLT3-ITD 118 (8.8) 54 (9.5) 40 (8.6) 11 (5.0)

KRAS 68 (5.0) 27 (4.7) 32 (6.9) 9 (4.1)

JAK2 99 (7.3) 32 (5.6) 44 (9.4) 6 (2.7)

RUNX1 264 (20) 132 (23) 112 (24) 32 (14)

ASXL1 296 (22) 131 (23) 109 (23) 36 (16)

STAG2 116 (8.6) 42 (7.4) 35 (7.5) 7 (3.2)

BCOR 122 (9.1) 61 (11) 56 (12) 5 (2.3)

TP53 307 (23) 129 (23) 112 (24) 80 (36)

Karyotype risk (PRISM), No. (%)

Diploid 443 (33) 184 (32) 180 (39) 67 (30)

ELN 2022 adverse risk 456 (34) 204 (36) 163 (35) 114 (51)

ELN 2022 fav./int. risk 344 (26) 145 (25) 89 (19) 33 (15)

Missing karyotype 104 (7.7) 38 (6.7) 35 (6.9) 8 (3.6)

Allogeneic HCT, No. (%) 160 (12) 65 (11) 61 (13) 24 (11)

Time to HCT, months, median (range) 5.0 (0.1-25.3) 4.9 (1.5-33.8) 3.9 (0.1-9.4) 3.9 (2.3-16.2)

Follow-up time, months, median (range) 21.8 (19.8-24.1) 22.6 (20.3-29.5) 28.1 (23.2-37.1) 48.8 (44.7-59.7)

OS, months, median (range) 12.4 (11.2-14.2) 12.9 (10.7-14.4) 12.5 (10.8-14.3) 9.6 (7.9-12.1)

Abbreviations: ELN, European LeukemiaNet; EVC, external validation cohort; HCT, hematopoietic cell transplantation; IVC, internal validation 
cohort; OS, overall survival; PRISM, Prognostic Risk Integration for Survival Modeling.
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ELN-2024 risk stratification. 2,6-9,12 However, its discrimi-
natory capacity is modest, presumably reflecting the sub-
stantial proportion of patients deemed favorable-risk as well

as conflicting data regarding the prognostic value of certain 
mutations (ie, NRAS) at diagnosis. 7 Additionally, clinical 
variables such as age, sex, AML ontogeny, and karyotype are
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FIG 3. Validation of PRISM-3 across EVCs. (A) Distribution of patients by 4-gene risk category in the training, internal validation, and two 
EVCs (EVC1 and EVC2). (B) Distribution of patients by PRISM-3 risk group in these same cohorts. (C, D) Kaplan-Meier estimates of OS by 4-
gene classifier and PRISM-3 risk group in patients comprising EVC1 and EVC2. (E-G) Kaplan-Meier estimated OS by PRISM-3 risk group 
within each 4-gene classifier category (favorable, intermediate, and adverse risk), illustrating that PRISM-3 furnishes prognostic dis-
crimination even within established molecular risk strata for AML. EVC, external validation cohort; MDACC, MD Anderson Cancer Center: 
OS, overall survival; PRISM, Prognostic Risk Integration for Survival Modeling.
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not currently incorporated despite retaining prognostic 
significance. 8,13,14 By integrating a broader, consistently 
selected feature set and validating performance across di-
verse patient populations, PRISM provides prognostic in-
formation that improves upon existing risk stratification 
frameworks.

Several features incorporated into PRISM underscore 
the therapy-specific nature of risk stratification in AML. 
Mutations in RUNX1, STAG2, and BCOR—mutations char-
acteristic of AML with myelodysplasia-related changes 
(AML-MRC) and historically associated with adverse out-
comes after intensive chemotherapy—were associated with

favorable outcomes, consistent with their enhanced sensi-
tivity to venetoclax observed in clinical practice. 14-17 IDH1/2 
mutations retained a favorable prognostic effect and were 
enriched within the PRISM-3 low-risk group despite not 
being incorporated into the 4-gene classifier. CEBPA mu-
tations also had a favorable influence, independent of 
biallelic or bZIP domain status. 18,19 In contrast, NPM1 mu-
tations contributed modestly to risk discrimination, sug-
gesting that outcomes in this subgroup are more dependent 
on comutations. 2,6,8,20,21

Conversely, TP53 mutations and ELN-2022 adverse-risk 
cytogenetics had a strong negative prognostic impact,
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FIG 4. Impact of allogeneic HCT across PRISM-3 risk groups in the training, IVC and EVC1. Time of HCT was not collected for EVC2. (A-C) Extended 
Kaplan-Meier curves (Simon-Makuch plots) of OS by time-dependent HCT status within PRISM-3 low-, moderate-, and high-risk groups. P values are 
from Wald tests based on Cox regression models of OS with HCT coded as a time-dependent predictor. (D) PRISM-3 risk group CIF estimates for the 
competing events of HCT and death without HCT, measured from HMA 1 VEN initiation. P values are from 2 degree-of-freedom Gray’s tests 
comparing CIF differences across PRISM-3 groups for each competing event. CIF, cumulative incidence function; EVC, external validation cohort; 
HCT, hematopoietic cell transplantation; IVC, internal validation cohort; OS, overall survival; PRISM, Prognostic Risk Integration for Survival 
Modeling; VEN, venetoclax.
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reaffirming the therapeutic resistance of this biologic sub-
group. NRAS mutations, previously associated with ven-
etoclax resistance, were not sufficiently prognostic to be 
included in PRISM, suggesting their effects are context-
dependent and influenced by co-occurring mutations and 
clinical factors. 20-22 These findings exemplify how PRISM 

captures treatment-relevant biology not reflected in existing 
molecular classifiers.

Beyond prognostic discrimination, PRISM provides clinically 
actionable risk reclassification. Approximately 40%-50% of 
patients were reassigned relative to the 4-gene classifier, 
including a substantial subset of patients initially labeled as 
favorable-risk. Notably, patients classified as favorable-risk 
by the 4-gene classifier but reassigned to higher-risk PRISM 

groups had markedly poor outcomes.

Higher PRISM-3 risk groups were associated with a reduced 
likelihood of undergoing HCT and an increased cumulative 
incidence of death without HCT, suggesting that excess 
mortality in higher-risk patients is not driven by inferior 
post-transplant outcomes. These findings have clinical 
implications, indicating that PRISM-3 identifies patients at 
high risk for mortality before reaching potentially curative 
transplantation and may support prioritization of early HCT 
evaluation and expedited referral pathways.

Although venetoclax-based regimens are approved in older 
or unfit patients, their use is expanding into younger, in-
tensive chemotherapy-eligible populations with differing 
molecular drivers of AML and competing risk models based 
on therapy applied. In an exploratory analysis of patients 
younger than 65 years, PRISM-3 retained its ability to 
stratify survival. This suggests broader applicability of 
PRISM by identifying younger, fit patients who may benefit 
most from HMA 1 VEN (ie, patients classified as PRISM-3 
low-risk and ELN 2022 intermediate-/adverse-risk) and 
patients who benefit most from alternative strategies, in-
cluding intensified chemotherapy, triplet regimens incor-
porating targeted agents, and early transition to HCT, 
particularly among those classified as PRISM-3 moderate-
risk or high-risk.

Beyond prognostication, PRISM-3 may inform the design of 
future clinical trials in both fit and unfit AML populations. In 
younger or fit patients, PRISM-3 could identify and allocate

higher-risk patients unlikely to benefit from HMA 1 VEN 

into trials incorporating intensified or novel combination 
strategies, including triplet regimens or transplant-directed 
approaches. In patients unfit for intensive therapy, PRISM 

may help identify candidates for novel triplet combinations 
to facilitate HCT candidacy. Alternatively, within an older, 
unfit patient population, PRISM low-risk patients may 
represent ideal candidates for dynamic, measurable residual 
disease-adapted treatment de-escalation or time-limited 
treatment strategies. 21,23 Such applications position PRISM 

as a framework not only for prognostication but for treat-
ment selection and clinical trial eligibility and design.

To support clinical implementation, we deployed PRISM as a 
publicly accessible web-based clinical support tool enabling 
point-of-care risk estimation using routinely available 
clinical and molecular data. The platform provides the con-
tinuous PRISM score, PRISM-3 risk, and 4-gene classifier 
risk to support shared decision making in routine clinical 
care. A paired exploratory survival page enables evaluation of 
outcomes in additional clinical, molecular, and cytogenetic 
subgroups not explicitly represented in PRISM. To our 
knowledge, as the largest genomically annotated data set of 
patients treated with HMA 1 VEN, PRISM provides a robust 
reference framework and a valuable benchmark for future 
studies evaluating venetoclax-based combinations or novel 
agents, especially within biologically defined subgroups.

Several limitations merit consideration. Despite leveraging a 
large data set with external validation, low-frequency mu-
tations with the potential for prognostic significance were 
not included due to less reliable estimation for small counts. 
Furthermore, AML phenotype and dynamic variables such as 
measurable residual disease, which can influence survival 
after initiation of venetoclax-based therapy, were not rou-
tinely collected. 21,23,24 These limitations aside, PRISM dem-
onstrated robust performance across a global population of 
patients, thereby accounting for heterogeneity in treatment 
settings.

In conclusion, PRISM is a validated, therapy-specific risk 
model that improves survival stratification beyond current 
standards and provides a clinically actionable framework to 
guide treatment selection, transplant timing, and clinical 
trial design in patients with AML treated with venetoclax-
based therapy.
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Andrius Žuˇ cenka, Jennifer Marvin-Peek, Jayastu Senapati, Yasmin
Abaza, Alok Swaroop, Irene Zacheo, Federica Monaco, Amine Belhabri, 
Urbain Tauveron-Jalenques, Emmanuelle Tavernier, Martin Carr´ e,
Gaspar Aspas Requena, Elie Traer, Jenny O’Nions, Faisal Basheer, John 
Laurie, Shivani Handa, Eytan M. Stein, Maria R. Baer, Rebecca Olin, Gary 
Schiller, Emily Curran, Ashley Yocum, Ellen Madarang, Tapan M. Kadia, 
Giovanni Marconi, Yazan Madanat, Richard Dillon, Juan E. Arango Ossa, 
Sanam Loghavi, Daniel A. Pollyea
Data analysis and interpretation: Curtis A. Lachowiez, Joshua F. 
Zeidner, Jad Othman, Andy Kaempf, Michael Heuser, Jayastu Senapati, 
Emmanuelle Tavernier, Rachel J. Cook, Jennifer N. Saultz, Eytan M. 
Stein, Maria R. Baer, Rebecca Olin, William Blum, Tara Lin, Emily Curran, 
Naval Daver, Tapan M. Kadia, Courtney D. DiNardo, Justin Watts, Sanam 

Loghavi, Daniel A. Pollyea, Elsa Bernard
Manuscript writing: All authors
Final approval of manuscript: All authors
Accountable for all aspects of the work: All authors

ACKNOWLEDGMENT

The PRISM-AML Investigators are listed in the Appendix (online only).

Journal of Clinical Oncology ascopubs.org/journal/jco | Volume 44, Issue 25 | 2433

Venetoclax-Based Risk Prognostication in AML

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 1
58

.1
29

.1
62

.1
94

 o
n 

Se
pt

em
be

r 
14

, 2
02

6 
fr

om
 1

58
.1

29
.1

62
.1

94
C

op
yr

ig
ht

 ©
 2

02
6 

A
m

er
ic

an
 S

oc
ie

ty
 o

f 
C

lin
ic

al
 O

nc
ol

og
y.

 A
ll 

ri
gh

ts
 r

es
er

ve
d.

 

mailto:lachowie@ohsu.edu
https://ascopubs.org/doi/full/10.1200/JCO-26-00347
http://ascopubs.org/journal/jco


REFERENCES
1. Papaemmanuil E, Gerstung M, Bullinger L, et al: Genomic classification and prognosis in acute myeloid leukemia. N Engl J Med 374:2209-2221, 2016
2. D¨ ohner H, DiNardo CD, Appelbaum FR, et al: Genetic risk classification for adults with AML receiving less-intensive therapies: The 2024 ELN recommendations. Blood 144:2169-2173, 2024
3. D¨ ohner H, Wei AH, Appelbaum FR, et al: Diagnosis and management of AML in adults: 2022 recommendations from an international expert panel on behalf of the ELN. Blood 140:1345-1377, 2022
4. National Comprehensive Cancer Network: NCCN Clinical Practice Guidelines in Oncology: Acute Myeloid Leukemia, Version 2.2025. 2025. https://www.nccn.org
5. DiNardo CD, Jonas BA, Pullarkat V, et al: Azacitidine and venetoclax in previously untreated acute myeloid leukemia. N Engl J Med 383:617-629, 2020
6. D¨ ohner H, Pratz KW, DiNardo CD, et al: Genetic risk stratification and outcomes among treatment-naive patients with AML treated with venetoclax and azacitidine. Blood 144:2211-2222, 2024
7. Lachowiez CA, Ravikumar VI, Othman J, et al: Refined ELN 2024 risk stratification improves survival prognostication following venetoclax-based therapy in AML. Blood 144:2788-2792, 2024
8. Gangat N, Elbeih A, Ghosoun N, et al: Mayo genetic risk models for newly diagnosed acute myeloid leukemia treated with venetoclax1 hypomethylating agent. Am J Hematol 100:260-271, 2025
9. Hoff FW, Yocum AO, Borate UM, et al: Beat AML genetic risk stratification model in an older VEN/HMA-treated AML patient cohort. Blood Neoplasia 3:100125, 2025
10. Bataller A, Loghavi S, Gerstein Y, et al: Characteristics and clinical outcomes of patients with myeloid malignancies and DDX41 variants. Am J Hematol 98:1780-1790, 2023
11. Yashar WM, Eide CA, Kurtz SE, et al: DDX41-mutated AML: A case report and perspectives. JCO Precis Oncol 10.1200/PO-25-00992
12. Bataller A, Bazinet A, DiNardo CD, et al: Prognostic risk signature in patients with acute myeloid leukemia treated with hypomethylating agents and venetoclax. Blood Adv 8:927-935, 2024
13. Othman J, Lam HP, Leong S, et al: Real-world outcomes of newly diagnosed AML treated with venetoclax and azacitidine or low-dose cytarabine in the UK NHS. Blood Neoplasia 1:100017, 2024
14. Senapati J, Loghavi S, Marvin-Peek J, et al: Clinico-genomic interrogation of secondary-type acute myeloid leukemia: Response and outcomes to contemporary therapies. Am J Hematol 100: 

758-769, 2025
15. Cherry EM, Abbott D, Amaya M, et al: Venetoclax and azacitidine compared with induction chemotherapy for newly diagnosed patients with acute myeloid leukemia. Blood Adv 5:5565-5573, 2021
16. Othman J, Potter N, Ivey A, et al: Molecular, clinical, and therapeutic determinants of outcome in NPM1-mutated AML. Blood 144:714-728, 2024
17. Lachowiez CA, Asimomitis G, Bernard E, et al: Multimodal and data-driven assessment of myeloid neoplasms refines classification across disease states. Blood Cancer Discov 6:425-436, 2025
18. Pollyea DA, DiNardo CD, Arellano ML, et al: Impact of venetoclax and azacitidine in treatment-näıve patients with acute myeloid leukemia and IDH1/2 mutations. Clin Cancer Res 28:2753-2761, 
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2022
24. Lachowiez CA, Heiblig M, Aspas Requena G, et al: Genetic and phenotypic correlates of clinical outcomes with venetoclax in acute myeloid leukemia: The GEN-PHEN-VEN study. Blood Cancer 

Discov 6:437-449, 2025
25. PRISM-AML Risk Calculator: Prognostic Risk Integration for Survival Modeling in Acute Myeloid Leukemia. https://prism-aml.com/

2434 | © 2026 by American Society of Clinical Oncology

Lachowiez et al

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 1
58

.1
29

.1
62

.1
94

 o
n 

Se
pt

em
be

r 
14

, 2
02

6 
fr

om
 1

58
.1

29
.1

62
.1

94
C

op
yr

ig
ht

 ©
 2

02
6 

A
m

er
ic

an
 S

oc
ie

ty
 o

f 
C

lin
ic

al
 O

nc
ol

og
y.

 A
ll 

ri
gh

ts
 r

es
er

ve
d.

 

https://www.nccn.org
https://ascopubs.org/doi/full/10.1200/PO-25-00992
https://prism-aml.com/


AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS OF INTEREST

Risk Prognostication After Hypomethylating Agents Combined With Venetoclax in AML: The PRISM Risk Model

The following represents disclosure information provided by authors of this manuscript. All relationships are considered compensated unless 
otherwise noted. Relationships are self-held unless noted. I 5 Immediate Family Member, Inst 5 My Institution. Relationships may not relate to the 
subject matter of this manuscript. For more information about ASCO’s conflict of interest policy, please refer to www.asco.org/rwc or 
ascopubs.org/jco/authors/author-center.

Open Payments is a public database containing information reported by companies about payments made to US-licensed physicians (Open 
Payments).

Curtis A. Lachowiez
Consulting or Advisory Role: SERVIER, Rigel, AbbVie/Genentech, Cota 
Healthcare, Syndax, Astellas Pharma, Oryzon Genomics
Research Funding: AbbVie
Travel, Accommodations, Expenses: SERVIER, AbbVie

Joshua F. Zeidner
Consulting or Advisory Role: AbbVie, Shattuck Labs, SERVIER, Gilead 
Sciences, Foghorn Therapeutics, Syndax, Novartis, Sellas Life Sciences, 
Daiichi Sankyo/UCB Japan, AstraZeneca, Sumitomo Pharma Oncology, 
NeoGenomics Laboratories, Genmab, Astellas Pharma, Crossbow 

Therapeutics, Ipsen, Jazz Pharmaceuticals, Johnson and Johnson/ 
Janssen, Relmada Therapeutics, Rigel, Kura Oncology, Genentech, 
Geron, Halia Therapeutics, Cullinan Oncology
Research Funding: Merck (Inst), Gilead Sciences (Inst), Arog (Inst), 
Astex Pharmaceuticals (Inst), Sumitomo Dainippon Pharma Oncology 
(Inst), AbbVie (Inst), Stemline Therapeutics (Inst), Shattuck Labs (Inst), 
Jazz Pharmaceuticals (Inst), Zentalis (Inst), Sellas Life Sciences (Inst), 
Newave Pharmaceutical (Inst), Loxo (Inst), AstraZeneca (Inst), Faron 
Pharmaceuticals (Inst), Akeso Biopharma (Inst), Novartis (Inst), 
Ascentage Pharma (Inst), Auron Therapeutics (Inst), Aptevo 
Therapeutics (Inst), Lin BioScience (Inst), Kura Oncology (Inst), Daiichi 
Sankyo/UCB Japan (Inst)

Jad Othman
Consulting or Advisory Role: SERVIER 
Speakers’ Bureau: Pfizer, Astellas Pharma

Michael Heuser
Honoraria: Pfizer, Daiichi Sankyo Europe GmbH, Astellas Pharma, 
Otsuka, SERVIER
Consulting or Advisory Role: AbbVie, Daiichi Sankyo Europe GmbH, 
Ascentage Pharma, Astellas Pharma, Janssen Oncology, Miltenyi 
Biotec, SERVIER
Research Funding: Bayer (Inst), AbbVie (Inst), Glycostem (Inst), Jazz 
Pharmaceuticals (Inst), PinotBio (Inst), SERVIER, Toray Industries

Andrius Žučenka
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