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investigators
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Allogeneic hematopoietic cell transplant (HCT) can cure
many hematologic diseases, but it carries the potential risk
of increased morbidity and mortality rates. Prognostic
evaluation is a scientific entity at the core of care for
potential recipients of HCT. It can improve the decision-
making process of transplant vs no transplant, help
choose the best transplant strategy and allows for future
trials targeting patients’ intolerances to transplant; hence,
it ultimately improves transplant outcomes. Prognostic
models are key for appropriate actuarial outcome esti-
mates,which have frequently been shown tobebetter than
physicians’ subjectiveestimates. Tomake themost accurate
prognostic evaluation for HCT, one should rely on >1
prognosticmodel. For relapse and relapse-relatedmortality
risks, the refined disease risk index is currently the most
informative model. It can be supplemented with disease-
specific models that consider genetic mutations as pre-
dictors in addition to information on measurable residual
disease. For nonrelapse mortality and HCT-related
morbidity risks, the HCT-comorbidity index and Karnofsky
performance status haveproven tobe themost reliable and
most accepted by physicians. These can be supplemented
with gait speed as a measure of frailty. Some other global
prognostic models might add additional prognostic infor-
mation. Physicians’ educated perceptions can then put this
information into context, taking into consideration condi-
tioning regimen anddonor choices. The future of transplant
mandates (1) clinical investigators specifically trained in
prognostication, (2) increased reliance on geriatric assess-
ment, (3) the use of novel biomarkers such as genetic vari-
ants, and (4) the successful application of novel statistical
methods such as machine learning.
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Introduction
In 2005, the hematopoietic cell transplant–comorbidity index
(HCT-CI) was developed to diagnose burdensome comorbid-
ities that contribute to increased nonrelapse mortality (NRM)
after allogeneic HCT.1 This work was motivated, then, by 3
reasons. Firstly, although allogeneic HCT is potentially curative,
it traditionally carried risks of morbidity and mortality; pre-
transplant comorbidities that contribute to these risks need to
be accounted for. Secondly, the advent of reduced-intensity
regimens urged the need for tools to compare their recipients
with those given high-dose regimens. Thirdly, older patients
(aged ≥60 years) were increasingly offered allogeneic HCT;
aging is known to be associated with increased number and
severity of comorbidities.2

Transplant outcomes continue to improve,3,4 yet, we are far
from satisfactory optimization of these outcomes. Data from the
Center for International Blood and Marrow Transplant Research
(CIBMTR) indicate that individuals aged ≥65 years constitute
27% of HCT recipients in 2020.5 Therefore, reduced-intensity
regimens have allowed older patients with different risk pro-
files compared with their younger counterparts (Figure 1), to be
offered HCT. In agreement, multicenter transplant trials indicate
expansion in the percentage of those with HCT-CI scores of ≥3
to be up to 55%.7 We also continue to see NRM rates in the
range from 33% to 35% among older patients.8 Overall survival
(OS) rates continue to be ~54% to 58%, at best,5 and cumula-
tive incidences of relapse are at 44%, both at 3 years.4

Given these data, there have been efforts, and rightly so, to
either validate the HCT-CI, modify it, or create new prognostic
models9-20 to improve our ability to predict transplant out-
comes. We have learned much over the past 2 decades, but
many questions remain. Which tools are best to use in the
clinic? How do these tools compare with each other? Should we
replace them or use them together? Can we improvise the
current tools? (along with many other questions). Herein, I
attempt to answer these questions from my perspective and
discuss future directions.

Is prognostication a science?
Prognostication is “the relative probabilities of the various
outcomes of the natural history of a disease.”21 It is essential to
the science of patient care science and has become an integral
part of the day-to-day clinical skills of oncologists while caring
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Figure 1. The complexity of transplant decision making. Schematic
demonstration of the close correlation between an increase in
intensity of conditioning regimens and increased anticipated toxic-
ities from transplant, between a decrease in conditioning intensity
and the increased reliance on graft-versus-tumor effect for transplant
success, and between decrease in conditioning intensity and
increased age and declined health status of those accepted for
allogeneic transplants that then result in increased chances for tox-
icities (despite the reduced conditioning intensity). Adapted from
Deeg and Sandmaier.6
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for their patients. Furthermore, it is a science that requires a set
of skills, experiences, and appropriate training. Studies show
that the majority of internists (56.8%) feel that they are inap-
propriately trained in prognostication.22 Prognostication has
many advantages varying from aid in choosing appropriate
therapy to prevention of complications.21 It may be divided into
(1) subjective, made directly by the clinician who is taking care
of the patient; (2) actuarial, relying on a set of prognostic fac-
tors; or (3) combined, using a combination of subjective and
actuarial. Prognostication has 2 critical components: (1) fore-
seeing, the science of formulation of prediction; and (2) fore-
telling, the science of communicating the prediction.23 Herein,
the focus will entirely be on the science of foreseeing. There are
2 types of foreseeing or prediction formulation: (1) temporal,
which covers prediction of the time-to-event; and (2) probabi-
listic, which covers prediction of the absolute risk of an event.

Finally, prognostication is complex. It covers 6 different
domains that could be labeled as the “6 D’s”: (1) death, (2)
disease progressions, (3) disability, (4) drug toxicity, (5) dollar
(cost), and (6) derivative health (impact on others).21,24 Most of
the research done so far in the field of HCT focuses primarily on
only the first 2 D’s, highlighting how far behind we are in
exploring this field of science and its huge impact on our
patients and their relatives.

In conclusion, the HCT field has a great need for experts in
prognostication to further expand on current research efforts
and improve our methods of predicting outcomes.
How important is the use of a
prognostic model before HCT?
For the most part, there is a lack of randomized trials that
compare allogeneic HCT with other options; this, together with
the need to make accurate decisions in the clinic, necessitates
the need for prognostic models. As mentioned earlier, actuarial
prognostication is exclusively dependent on the use of ≥1
prognostic factors. Actuarial is superior to subjective
2174 4 MAY 2023 | VOLUME 141, NUMBER 18
prognostication. Physicians’ perceptions of OS tend to be
optimistically incorrect by a factor ranging from 3 to 5.25 Phy-
sicians’ estimates of duration of survival (temporal prediction)
for cancer patients are correct for only a third and can occa-
sionally be pessimistic.26,27 To further complicate the issue of
subjective prognostication, 40.2% physicians were reportedly
found to communicate to their patients more optimistic survival
estimates than what they actually thought.28 Hence, the
majority of patients could potentially be misled twice, mostly
with false optimism, from the reality of their prognosis: first
through an incorrectly formulated and then an incorrectly
communicated prognosis. Physicians’ experiences positively
correlate with improved prognostication, whereas the duration
and intensity of the doctor-patient relationship had negative
impacts on prognostic estimates.25 This suggests a benefit from
multidisciplinary care rather than an individual physician
decision.

It is therefore not surprising that a recent prospective obser-
vational study of patients with acute myeloid leukemia (AML)
who were being considered for HCT found a large discordance
between physician estimates (6%) and patient estimates (61%)
of good (>75%) survival.29 Those estimates were affected by the
type of treatment (higher for those receiving HCT relative to
those not receiving -HCT) chosen by the physicians for their
patients, whereas recipients of HCT and those not receiving
HCT had almost identical estimates of survival for themselves.29

In the same trial (NCT01929408), it was found that physicians’
estimates of 1-year survival had a lower area under the receiver
operating characteristic curve (area under curve [AUC]) of 0.61
compared with a single prognostic marker, such as the Kar-
nofsky performance status (KPS, 0.65), whereas both were
inferior to a composite model of increased age, comorbidity
burden, and cytomolecular risks, namely, the AML-composite
model (AML-CM had an AUC of 0.74). Physicians’ estimates of
both survival and physician-assigned KPS correlated with
increasing patient age (r = 31; P < .0001; and r = 14; P = .001;
respectively), suggesting a potential bias (unpublished results).

Risk aversion and values could differ between physician and
patient. A patient’s overestimation of the chances of cure might
SORROR
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not be shared with the physician (poor risk aversion). Risk
aversion can be considered in clinical decision models by tools
such as standard gamble and time trade-off. Moreover, the
uncertainty surrounding outcome forecasts could be quantified
(eg, by Bayesian statistics) because treatment uncertainty is as
relevant as the risks themselves.30,31

In summary, we cannot rely solely on subjective prognostica-
tion; it creates a cascade of problems in patient management.
Available prognostic tools in the field, albeit not perfect, are
generally better than a physician’s guess alone. A compromised
and likely effective solution (until formally tested) would be to
use actuarial prognostication as the basis of evaluation, but it
should be supplemented with the physician’s educated judg-
ment.32 Consultation with other physicians might be helpful to
avoid biased estimates driven by the physician-patient
relationship.

What are the main sectors of
prognostication in HCT?
Allogeneic HCT is a complex procedure. Many factors
contribute to its appropriate prognostication. There are 3 major
sectors: (1) disease-specific prognostication, including disease
diagnoses, statuses, and cytogenetic/molecular features. Other
less important factors include time from diagnoses and the
number of prior therapies. (2) Transplant-related prognostica-
tion, which involves the donor type, magnitude of HLA and
allele matching, and the source of stem cells. The more recent,
and still developing, sector is (3) patient-specific prognostica-
tion. Formerly, it relied exclusively on age and KPS; comorbidity
burden, other geriatric assessments, and laboratory biomarkers
were added later. Global prognostic models have been
designed to include selected factors from each sector, whereas
combination models combine >1 model (Table 1).

Primary disease-related tools
The disease risk index (DRI) suitably and comprehensively
captures the impact of primary diagnosis, disease status, his-
tologic subtypes (for lymphomas), and chromosomal aberra-
tions (for AML, acute lymphoblastic leukemia [ALL], and
myelodysplastic syndromes [MDS]) on the odds of OS.11 The
DRI creates 4 risk groups with a 4-year OS ranging from 6% to
64%. A study had an independent validation set but did not
include information on measures of model performances, such
as c-statistic.34 A follow-up validation and model refinement
study had minimal improvement in c-statistic estimate over the
original DRI (0.643 vs 0.637 for OS prediction).13

The DRI provides important prognostic information directly
related to the risks of relapse and relapse-related mortality after
HCT. It is considered a vital complement to patient-risk
assessment tools, such as HCT-CI and KPS, when making
decisions in the clinic. It can also be used to compare outcomes
of patients with different diagnoses in outcome research
studies. Yet, it misses the more advanced molecular prognostic
features of certain diseases as well as appraisal of measurable
residual disease (MRD); hence, it needs to be complemented.

Disease-specific models include molecular prognostic features
for each disease that can be used when counseling patients
about the benefits of HCT. These include the European
PROGNOSTIC ASSESSMENT IN ALLO-HCT
Leukemia Network Classification 202235 in AML, the Interna-
tional Prognostic Scoring System, Molecular for MDS,36 the
Mutation and Karyotype-enhanced International Prognostic
Scoring System for primary myelofibrosis,37,38 and the chronic
myelomonocytic leukemia–specific Prognostic Scoring System
with Molecular Features for chronic myelomonocytic leuke-
mia.39 Some of these models are not fully evaluated for pre-
diction of post-HCT outcomes, but they are widely regarded
and used in the clinic because they are based on clinical fea-
tures that have repeatedly been demonstrated to be prog-
nostic, in addition to molecular genetic mutations that have
high sensitivity and specificity for predicting mortality.

MRD at the time of allogeneic HCT constitutes a remarkably
important and measurably easy (MRD vs no MRD) prognostic
parameter for both AML40,41 and ALL.42 Yet, standardization
MRD measurement remains a work in progress.43,44 This topic is
beyond the scope of this article but, in general, timing, type,
and size of sampling as well as method of measuring MRD
remain controversial.

Patient-related tools
The HCT-CI is the most frequently tested and validated tool in
the setting of allogeneic HCT. In its original study, the HCT-CI
had c-statistic for prediction of 1- and 2-year NRMs of 0.692
and 0.685, respectively. For prediction of OS as a secondary
outcome, these figures were 0.661 and 0.657, respectively.1

Patients with the highest comorbidity scores (≥3; ~35% to
45% of recipients of HCT) experience significant increases in
morbidity,45 mortality,46 long-term impairments in quality of
life,47 and use of resources.48 Comorbidity scoring has been
standardized to ensure improved reproducibility across inves-
tigators and institutions.49 It has been combined with many
other prognostic factors or tools such as KPS,50 age,51 bio-
markers,52 the European Group for Blood and Marrow Trans-
plantation (EBMT) model,53 and instrumental activities of daily
living (IADL),54 to improve prognostication. The model has
been widely validated,55 and it remains the only model that was
prospectively validated in 2 large studies, providing a higher
level of evidence than retrospective or single-center studies.56,57

A lack of validation in a smaller number of studies seemed to
result from a lack of essential model components (eg, pulmonary
function tests),58 a very small patient sample size,59 the lack of
model performance testing methods (eg, c-statistics),60 or a lack
of information on inter-rater reliability of score assignment.17 It is
regarded by the majority of surveyed transplant physicians as
reflective of patients’ overall health.61

Some studies attempted to modify the model. The only study
that suggested improvement in the AUC, pending independent
outside validation, was the simplified comorbidity index (SCI) in
which the AUC for 1-year NRM was 0.72 compared with 0.657
for the HCT-CI.16 Interestingly, these figures were reversed
when predicting 4-year NRM (0.618 vs 0.644, respectively),16

suggesting altered impacts of each model over time that
could be because of the higher presentation of comorbidities in
the HCT-CI. The SCI was developed by removing less-frequent
comorbidities and those with P values >.05 for association with
NRM. As a result, patients with SCI scores of ≥3 constituted only
21%, indicating the capturing of a smaller cohort with higher
NRM risks compared with the cohort captured by the HCT-CI
(47%). The study did not provide information about the
4 MAY 2023 | VOLUME 141, NUMBER 18 2175



Table 1. Models investigated in recipients of allogeneic HCT and the required information per model with an accompanying link to an online calculator or mobile
application whenever available

HCT-CI
comorbidities PAM

Modified
PAM

Modified
EBMT

HCT-CI/
EBMT R-DRI* NRM-J The SCI TRM

AML-composite
model

(AML-CM) HCT-CR EASIX

Arrhythmia Age (y) Age: ≥65 Age: <20,
20-40,
and >40

HCT-CI = 0
and EBMT
score = 0-3

Low Age: 50-59
and ≥60

Age: ≥60 Age (y) Age: 50-59
and ≥60

HCT-CI/Age
model

Creatinine

Cardiac Donor type Donor type Disease status:
CR1, CR >1,
and no CR

HCT-CI = 0
and EBMT
score = 4-7

Intermediate Sex: male Composite cardiac: arrhythmia,
cardiac, and heart valve
disease

Performance
status

All HCT-CI comorbidities Revised DRI LDH

Inflammatory
bowel disease

Disease risk† Disease risk‡ Donor: MRD vs
others

HCT-CI = 1-2
and EBMT
score = 0-3

High Performance
status:
1 and ≥2

Hepatic—moderate/severe White blood cell
count

LDH (>200-1000
and >1000)

Platelet count

Diabetes Conditioning§ FEV1|| Donor⁄
recipient
sex: female,
male, or
others

HCT-CI = 0
and EBMT
score = 4-7

Very high HCT-CI: ≥3 Pulmonary—moderate Peripheral blood
blast
percentage

Albumin (<3.5) — —

Cerebrovascular FEV1: >80%,
70%-80%,
<70%

Patient/donor
CMV: –/–,

–/+, +/−, +/+

HCT-CI = ≥3
and EBMT
score = 0-3

— Donor: unrelated BM,
related PB, cord
blood

Pulmonary—severe Type of AML [de
novo vs
secondary]

2017 ELN cytomolecular risks
(favorable, intermediate,
adverse

— —

Psychiatric DLco: >80%,
70%-80%,
<70%

— — HCT-CI = ≥3
and EBMT
score = 4-7

— — Renal dysfunction
per EGFR¶

Platelet count — — —

Hepatic—mild Serum
creatinine:
>106 μmol/L
(>1.2 mg/dL)

— — — — — — Albumin — — —

Obesity ALT: >22
μmol/L (>1.3
mg/dL)

— — — — — — Creatinine — — —

Online calculators: HCT-CI (http://hctci.org/Home/Calculator or http://tgapp.asbmt.org/); PAM (not available); The modified EBMT (not available); R-DRI (https://cibmtr.org/CIBMTR/Resources/Research-Tools-Calculators/Disease-Risk-Index-DRI-Assignment-Tool
or http://tgapp.asbmt.org/); NRM-J (not available); The SCI (http://tgapp.asbmt.org/); TRM (https://trmcalculator.fredhutch.org/); AML-CM (http://amlcompositemodel.org/Home/GetCalculator); and EASIX (https://biostatistics.dkfz.de/EASIX/).

ALT, alanine transaminase; CMV, cytomegalovirus; EASIX, Endothelial Activation and Stress Index; ELN-2022, European Leukemia Network Classification 2022; LDH, lactate dehydrogenase.

*Disease status: low: Hodgkin lymphoma (HL) in complete remission (CR), chronic lymphocytic leukemia (CLL) in CR or partial remission (PR), mantle cell lymphoma CR, indolent lymphoma CR or PR, acute myeloid leukemia (AML) favorable cytogenetics CR, chronic
myeloid leukemia (CML) chronic phase 1 or 2; intermediate: CML advanced phase, mantle cell lymphoma PR, myeloproliferative disease, AML intermediate cytogenetics CR, acute lymphoblastic leukemia (ALL) CR1, T-cell NHL CR/PR, multiple myeloma (MM) CR/
very good partial remission (VGPR)/PR, aggressive non-Hodgkin lymphoma (NHL) CR, low-risk myelodysplastic syndromes (MDS) intermediate cytogenetics (early/advanced), low-risk MDS adverse cytogenetics (early), advanced indolent NHL, advanced CLL,
aggressive NHL PR; high: advanced T-cell NHL, advanced AML favorable cytogenetics, advanced HL, advanced high-risk MDS intermediate cytogenetics, early/advanced high-risk MDS adverse cytogenetics, ALL CR2/CR3, AML adverse cytogenetics CR,
advanced mantle cell lymphoma, Burkitt lymphoma CR, advanced MM, advanced low-risk MDS adverse cytogenetics, advanced AML intermediate cytogenetics; very high-risk: CML blast phase, advanced ALL, advanced aggressive NHL, advanced AML adverse
cytogenetics, advanced Burkitt lymphoma (BL) in PR.

†Disease risks include low-risk diseases included chronic myelogenous leukemia in chronic phase, refractory anemia, aplastic anemia, and the Blackfan-Diamond syndrome. Intermediate-risk diseases included chronic myelogenous leukemia in accelerated or
phase after blastic phase, acute leukemia or lymphoma in remission, refractory anemia with excess blasts, chronic lymphocytic leukemia, and paroxysmal nocturnal hemoglobinuria. High-risk diseases included chronic myelogenous leukemia in blastic phase,
juvenile chronic myelogenous leukemia, acute leukemia or lymphoma in relapse, refractory anemia with excess blasts in transformation, and myeloma. Solid tumors and nonhematologic diseases were also classified as high-risk diseases.

‡Overall-risk groups were determined based on the risk index developed by Armand et al, which includes disease risk, stage risk, and cytogenetic data for AML and MDS. The poor and very poor MDS cytogenetic risk categories defined by Deeg et al33 were
grouped as high-risk disease, and all other categories were grouped as intermediate-risk disease.

§Myeloablative regimens were categorized based on the dose of total-body irradiation used (12 Gy or 12 Gy). All patients in the nonmyeloablative group received 2 Gy of total-body irradiation.

||The relative change in hazard ratio for each decrease in FEV1 by 10%.

¶Based on estimated glomerular filtration rate (eGFR) mL/min per 1.73 m2, using the chronic kidney disease epidemiology collaboration (CKD-EPI) formula for estimating creatinine clearance. An eGFR of ≥90 mL/min per 1.73 m2 was considered normal, from 60 to
89.9 mL/min per 1.73 m2 was considered to be mildly decreased, and <60 mL/min per 1.73 m2 as moderately to severely decreased.

2176
4
M
A
Y
2023|

VO
LU

M
E
141,N

U
M
B
ER

18
SO

RR
O
R

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/141/18/2173/2048408/blood_bld-2022-017999-c-m

ain.pdf by guest on 18 M
ay 2024

http://hctci.org/Home/Calculator
http://tgapp.asbmt.org/
https://cibmtr.org/CIBMTR/Resources/Research-Tools-Calculators/Disease-Risk-Index-DRI-Assignment-Tool
http://tgapp.asbmt.org/
http://tgapp.asbmt.org/
https://trmcalculator.fredhutch.org/
http://amlcompositemodel.org/Home/GetCalculator
https://biostatistics.dkfz.de/EASIX/


Table 1 (continued)

HCT-CI
comorbidities PAM

Modified
PAM

Modified
EBMT

HCT-CI/
EBMT R-DRI* NRM-J The SCI TRM

AML-composite
model

(AML-CM) HCT-CR EASIX

Infection — — — — — — — — — — —

Rheumatologic — — — — — — — — — — —

Peptic ulcer — — — — — — — — — — —

Renal—moderate/
severe

— — — — — — — — — — —

Pulmonary—
moderate

— — — — — — — — — — —

Prior malignancy — — — — — — — — — — —

Heart valve
disease

— — — — — — — — — — —

Pulmonary—
severe

— — — — — — — — — — —

Hepatic—
moderate/
severe

— — — — — — — — — — —

Online calculators: HCT-CI (http://hctci.org/Home/Calculator or http://tgapp.asbmt.org/); PAM (not available); The modified EBMT (not available); R-DRI (https://cibmtr.org/CIBMTR/Resources/Research-Tools-Calculators/Disease-Risk-Index-DRI-Assignment-Tool
or http://tgapp.asbmt.org/); NRM-J (not available); The SCI (http://tgapp.asbmt.org/); TRM (https://trmcalculator.fredhutch.org/); AML-CM (http://amlcompositemodel.org/Home/GetCalculator); and EASIX (https://biostatistics.dkfz.de/EASIX/).

ALT, alanine transaminase; CMV, cytomegalovirus; EASIX, Endothelial Activation and Stress Index; ELN-2022, European Leukemia Network Classification 2022; LDH, lactate dehydrogenase.

*Disease status: low: Hodgkin lymphoma (HL) in complete remission (CR), chronic lymphocytic leukemia (CLL) in CR or partial remission (PR), mantle cell lymphoma CR, indolent lymphoma CR or PR, acute myeloid leukemia (AML) favorable cytogenetics CR, chronic
myeloid leukemia (CML) chronic phase 1 or 2; intermediate: CML advanced phase, mantle cell lymphoma PR, myeloproliferative disease, AML intermediate cytogenetics CR, acute lymphoblastic leukemia (ALL) CR1, T-cell NHL CR/PR, multiple myeloma (MM) CR/
very good partial remission (VGPR)/PR, aggressive non-Hodgkin lymphoma (NHL) CR, low-risk myelodysplastic syndromes (MDS) intermediate cytogenetics (early/advanced), low-risk MDS adverse cytogenetics (early), advanced indolent NHL, advanced CLL,
aggressive NHL PR; high: advanced T-cell NHL, advanced AML favorable cytogenetics, advanced HL, advanced high-risk MDS intermediate cytogenetics, early/advanced high-risk MDS adverse cytogenetics, ALL CR2/CR3, AML adverse cytogenetics CR,
advanced mantle cell lymphoma, Burkitt lymphoma CR, advanced MM, advanced low-risk MDS adverse cytogenetics, advanced AML intermediate cytogenetics; very high-risk: CML blast phase, advanced ALL, advanced aggressive NHL, advanced AML adverse
cytogenetics, advanced Burkitt lymphoma (BL) in PR.

†Disease risks include low-risk diseases included chronic myelogenous leukemia in chronic phase, refractory anemia, aplastic anemia, and the Blackfan-Diamond syndrome. Intermediate-risk diseases included chronic myelogenous leukemia in accelerated or
phase after blastic phase, acute leukemia or lymphoma in remission, refractory anemia with excess blasts, chronic lymphocytic leukemia, and paroxysmal nocturnal hemoglobinuria. High-risk diseases included chronic myelogenous leukemia in blastic phase,
juvenile chronic myelogenous leukemia, acute leukemia or lymphoma in relapse, refractory anemia with excess blasts in transformation, and myeloma. Solid tumors and nonhematologic diseases were also classified as high-risk diseases.

‡Overall-risk groups were determined based on the risk index developed by Armand et al, which includes disease risk, stage risk, and cytogenetic data for AML and MDS. The poor and very poor MDS cytogenetic risk categories defined by Deeg et al33 were
grouped as high-risk disease, and all other categories were grouped as intermediate-risk disease.

§Myeloablative regimens were categorized based on the dose of total-body irradiation used (12 Gy or 12 Gy). All patients in the nonmyeloablative group received 2 Gy of total-body irradiation.

|| The relative change in hazard ratio for each decrease in FEV1 by 10%.

¶Based on estimated glomerular filtration rate (eGFR) mL/min per 1.73 m2, using the chronic kidney disease epidemiology collaboration (CKD-EPI) formula for estimating creatinine clearance. An eGFR of ≥90 mL/min per 1.73 m2 was considered normal, from 60 to
89.9 mL/min per 1.73 m2 was considered to be mildly decreased, and <60 mL/min per 1.73 m2 as moderately to severely decreased.
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outcomes of those with HCT-CI comorbidities (~26%) but
considered them to be score 0 per the SCI. If, collectively, these
patients were to have increased NRMs compared with patients
with HCT-CI scores of 0, then it would not be advantageous to
these patients to be categorized as being at low risk. Although a
simplified model sounds attractive from a usage perspective,
what we really need is a comprehensive model that appraises all
risks for all patients.

Comorbidity evaluation per the HCT-CI is, however, only a part
of a larger picture when it comes to pretransplant prognostic
evaluation (Figure 2). It is specific for the prediction of NRM but
it can also be informative for OS. It is not meant to be the sole
model for accurate actuarial prognostication but, rather, to be
used in combination with disease-specific models for optimum
prediction of outcomes. In addition to the prognostic benefit, it
allows design of trials that can target patients who are medically
infirm, identified by HCT-CI scores, with novel supportive care
methods (NCT03870750). It is not perfect, but efforts should be
better directed toward using objective biomarkers or genetic
indicators of NRM risks rather than simply eliminating some
comorbidities.

We cannot ignore chronological age because increasing age
could affect patient preferences and goals of care (cure, length
of life, and quality of life).62 It could also play a role in donor
availability and physicians’ comfort in using higher- vs lower-
intensity regimens. Yet, large studies have shown the lack of
association between chronological age with NRM or OS, when
other factors were taken into account.46,63,64

The KPS scale adds important information to prognostication
based on comorbidities.50,65 It is still widely used by physi-
cians61 and frequently used to select patients for transplant.66

However, there has been an increasing interest in some geri-
atric assessment domains. Gait speed (4-meter walk test) seems
to be the easiest and most efficient geriatric prognostic element
in allogeneic HCT29,54 and overall health.67 Hence, it is highly
recommended to consider it together with comorbidity burden
(HCT-CI) and performance status (KPS) when evaluating
patients in the clinic.

ADL, IADL, cognitive impairment, social vulnerability, quality of
life impairments, and depressive symptoms all seem to play
important additional roles in selecting patients for transplant
and predicting risks of mortality and morbidity.29,54,66,68-70 The
comprehensive health assessment risk model is designed to
analyze the potential additional prognostic impacts of age,
HCT-CI, KPS, physical function, IADL, falls, gait speed, cogni-
tion, depression, number of medications, weight loss, albumin
level, and C-reactive protein level to best predict NRM among
older patients (NCT03992352).

Other important prognostic factors
Although HCT-CI, KPS, and gait speed, together with the
refined DRI (R-DRI) can provide a wealth of prognostic infor-
mation, they need to be complemented. As indicated earlier,
each tool alone provides a maximum predictive power of 0.65
(with 0.5 and 1.0 indicating the least and best prediction,
respectively) of a c-statistic estimate. Using these tools together
should improve our ability to construct a reliable actuarial
prognostication before HCT. We then need to consider the
conditioning regimen that should be used for a specific patient.
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This is done while recognizing the opposing impact of each
regimen intensity on the chances of developing toxicities,
experiencing relapse, or succumbing to NRM.71 Likewise, we
have to also consider the donor type and magnitude of HLA-
matching that are available to the patient, with an understand-
ing of the risks of acute and/or chronic graft-versus-host disease
(GVHD) that come with each choice, and the subsequent
impacts on morbidity and mortality.72-80 Finally, physician-
educated and experience-based articulation of all this informa-
tion is required to put the prognostic information into context.

Global models
Global models are designed from factors that cover patient-,
disease-, and, sometimes, transplant-related variables. The
earliest model was the EBMT model that was modified
(mEBMT) to take into account changes in practice, such as the
increasing age of transplant recipients.81 It has an AUC of 0.630
for survival.10 The assessment of mortality (PAM) model com-
prises 8 different clinical variables (Table 1) reflecting all 3
prognostication sectors.9 In its original study, PAM had c-sta-
tistic estimates for prediction of survival that ranged from 0.69
to 0.76. When the investigators retested the model in a more
recent patient cohort, its performance decreased to 0.62. The
PAM investigators then attempted to modify it but, similar to
that observed with the HCT-CI, modifications only improved
the model’s performance slightly from 0.62 to 0.63.14 The
representation of comorbidity burdens and disease cytomo-
lecular features in the revised-PAM are limited, making the use
of independent and more specific tools, such as the HCT-CI and
the R-DRI, more prognostically attractive. Yet, using either the
mEBMT or revised-PAM could be considered as a supplement
to other models to verify potential prognoses (Table 2). How-
ever, for the greater part, these models are only academically
interesting for analysis of patient data. A similar assertion
applies to models such as the NRM-J (c-statistic, 0.67).15

The Endothelial Activation and Stress Index takes a different
approach, focusing on the biomarker equation [(creatinine ×
lactate dehydrogenase) ÷ thrombocytes] to predict mortality
after HCT. It was validated to have a c-statistic estimate of 0.629
for 1-year survival,82 but it has the benefit of predicting specific
HCT-related complications, such as microangiopathy.

Other global models include those developed in the settings of
patients with AML but were used in the field of HCT as well. The
treatment-related mortality model (TRM) was shown to
discriminate NRM with a c-statistic of 0.661.17 Combining the
TRM with HCT-CI/age and PAM did not move that estimate
beyond 0.697, highlighting the limited benefit from statistically
summating these models. Interestingly, the TRM was reported
to have a c-statistic of 0.76 for predicting early death after
induction therapy for AML, but a follow-up validation study
found that estimate to be lower at 0.64.83 The AML-CM has c-
statistic estimates for survival rates ranging from 0.719 to
0.728,18,19 and it was validated to show relatively similar
discriminative power in an independent cohort (0.70)83 and was
used in comparing HCT vs non-HCT.29

Combination models
Some studies have attempted to combine the HCT-CI with
other models. The HCT-CI/IADL combines the HCT-CI and
IADL as 2 different measures of patient-specific risks.54 It was
SORROR



Table 2. Prognostication tools in HSCT: classification and recommendations for clinical use

Prognostication
sector

Prognostication
area Model/factor Specific diseases

Required Patient factors Comorbidity burden HCT-CI —

Performance status KPS —

Disease factors Disease risk index R-DRI —

Transplant factors Donor Type and HLA-matching —

Regimens Conditioning intensity and GVHD prophylaxis —

Physician Subjective Educated and experience-based perception —

Highly recommended Patient factors Gait speed 4-meter walk test —

Disease factors Disease-specific models ELN-2022 AML

IPSS-M MDS

MIPSS70+ Primary MF

CPSS-Mol CMML

MRD PCR or multiparameter flow cytometry AML or ALL

Considered Patient factors Age Calendar —

Geriatric assessment IADL —

ADL —

Depression —

Cognitive impairments —

Social vulnerability —

Mixed factors Global models Revised PAM —

Modified EBMT —

EASIX —

Academic interest Patient factors Combination models HCT-CI/IADL —

Mixed factors HCT-CR —

HCT-CI/EBMT —

Mixed factors Global models TRM —

AML-CM —

NRM-J —

CPSS-Mol, Chronic Myelomonocytic Leukemia–Specific Prognostic Scoring System with Molecular Features; IPSS-M, International Prognostic Scoring System (Molecular); MF, myelofibrosis;
MIPSS70+, Mutation and Karyotype-Enhanced International Prognostic Scoring System; PCR, polymerase chain reaction.
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combined with the DRI to form the HCT–composite risk (HCT-
CR) with a c-statistic estimate of only 0.6220 and combined
with the EBMT with estimate of 0.63 and 0.662 to predict
NRM and OS, respectively.53 These models do not show
improved performance over single models and they lose the
benefit of the granularity of individual weights of each model
separately. It is advisable to use prognostic models like the
HCT-CT and the R-DRI separately in the clinic, augmented by
physician perception, as detailed earlier. Combination
models will remain of academic interest and proof that not
much is gained by combining models.
What are the main problems behind
current study interpretations?
One problem highlighted by many of validations studies is
the lack of distinction made between models representing
different prognostic sectors, for example, comparing the
PROGNOSTIC ASSESSMENT IN ALLO-HCT
performance of a patient-based model like HCT-CI with that of
a disease-specific model like the DRI, or comparing either
model with a global model like the PAM, mEBMT, or TRM
model.17,84 These comparisons are not helpful because they
simply assume that 1 model can replace another. We need at
least 1 model per prognostic area to achieve the most suc-
cessful actuarial prognostication (Table 3).

It is also obvious that we can achieve a maximum of ~0.7 (but in
many times <0.65) power of prediction per c-statistic estimate
regardless of modifying definitions of some models, selecting
certain components of a model and ignoring the others,
combining models, or combining all data that are available in
the patient records into a mixed model. These efforts could not
produce a reliable, valid, and more efficient tool than, for
example, using the HCT-CI, for NRM, and R-DRI for relapse-
related mortality. Although academically investigators might
be interested in continuing similar efforts, the eventual yield in
the clinic is modest.
4 MAY 2023 | VOLUME 141, NUMBER 18 2179



Table 3. Recommendations for future prognostic studies

Approaches Topic Area Type Specifics

To do Statistical approaches Model development
and validation

Methods used C-statistic/AUC

Positive and negative predictive values

Brier scores

Net Reclassification Index

New investigation areas Novel prognostic factors Patient factors Micro-RNAs

SNPs

Organ-specific biomarkers

Sarcopenia/muscle mass

Validated predictive and brief battery of
geriatric assessment tools

Newly designed models Patient factors CHARM

Disease factors DRI updated with molecular and MRD
data

Transplant factors Appraisal of complexity of different
donor types and HLA-matching
degrees

Novel statistical methods Cubic splines

Machine learning and
artificial intelligence

The least absolute shrinkage and
selection operator and object-oriented
regression

FIS
GBM
Bayesian belief networks
Markov models

Principal component analysis
and joint decomposition
regression

Novel methodological
approaches

Reversibility of prognostic
factors

Designing dynamic models that provide
different prognostic estimates
depending on timing in patient’s
treatment journey

Decision curve analysis Net benefit evaluations for prediction
models

New specialty Prognostication Oncology—palliative Trained investigators/MDs

Not to do Validation Studies Model performances Comparing models from different
prognostic areas

Small sample studies

Different diagnoses

Different transplant settings

Practice Clinical Counseling Ignoring prognostic data

Using physician perception alone

Unilateral decision in complicated
situations

CHARM, comprehensive health assessment risk model; FIS, fuzzy inference system; GBM; gradient boosting machine; SNPs, single nucleotide polymorphisms.
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Many of the validation studies do not even provide a c-statistic
estimate as the least required measure of model performance.
Many of the studies also have small patient cohorts, heterog-
enous patient characteristics, and different treatments from the
those in the original study for a model.
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Moreover, it is important to keep in mind that the balance
between undesirable and desirable outcomes cannot be totally
mathematically decided. When using prognostic models, we
have to weigh in clinically meaningful differences (eg, survival
differences of 5% vs 15%) in outcomes and acceptable
SORROR
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thresholds for the kind of decision making (eg, transplant vs no
transplant, high-dose vs reduced-intensity regimens, etc) that
we are managing. Two previous studies, for example, sug-
gested that an improvement in progression-free survival of at
least 10% based on an individual patient’s risks are required to
justify a transplant.85,86

Future directions and conclusions
In summary, since 2005, the knowledge about prognostic
assessment before allogeneic HCT improved significantly
through the use of a set of new models. We can now use the
HCT-CI (the combined age/augmented HCT-CI) to diagnose
comorbidity burden, KPS to diagnose function, and, maybe,
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also gait speed to diagnose frailty; and, together, get a rela-
tively good estimate of risks of NRM. We can also use the R-DRI
alone or together with disease-specific models and knowledge
about MRD to calculate a potentially accurate risk of relapse
and risk of relapse-related mortality. These major, reliable, and
frequently validated tools can help us make the best decision in
the clinic on whether transplantation is the right choice for a
patient, and, if so, what conditioning regimen intensity, donor
type, and HLA-level matching would work best. An experienced
and well-educated physician or, even better, a group of phy-
sicians (especially in complicated cases) can put all of this in
perspective to make the best informed decision (Figure 2;
Table 2). We can also use the aforementioned models to target
patients in clinical trials to further improve supportive care;
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introduce novel interventions; use different, less toxic or more
effective conditioning regimens; and design randomized trials
to answer the question of whether HCT is the best option for a
specific group of patients with identified risks.

However, beyond that, if we only use the factors, information,
and methods we have at hand, it seems that we have reached a
dead-end regarding the improvement of prognostication in HCT.

Nonetheless, there is much room for improvement. To better
predict NRM when considering patient risk factors, there are
promising areas that call for further efforts. Molecular bio-
markers such as genetic variants are reportedly associated with
different HCT-related morbidities, such as infections or
GVHD,87,88 but also mortality.89 There is also interest in the
non-HLA genetic variants in unrelated HCT.90 Yet, ensuring
replication of results remains essential before we are able to
incorporate this information in future prognostic models.91

Investigating micro-RNAs that are known to regulate gene
expression as molecular biomarkers for comorbidities and other
health impairments could prove to be powerfully prognostic for
outcomes.92 If we are to truly improve the performance of the
HCT-CI, we must use organ-specific and validated biomarkers
(eg, galectin-3 and soluble suppression of tumorigenicity 2)93 or
tests (eg, VO2 max94) specific to each organ comorbidity. This
should also further improve the model interrater reliability and
avoid lower performance in large registry studies.95 There is
also interest in incorporating sarcopenia (skeletal muscle
wasting) as a predictor of morbidity, mortality, and increased
hospital costs96,97 in the current patient-driven risk models.
Added to that is the interest in endothelial predictors of the
pathogenesis of GVHD and their possible direct associations
with mortality.98 All these potential future efforts require sig-
nificant funding resources for accurate, successful, and reliable
replication and validation and for a potential model with a
discriminative power of ≥0.8.

The area of incorporating cancer-specific genetic mutations is
already very active for each myeloid malignancy.35-37,39 It
remains to be seen whether this information can be added to
the current R-DRI to aid in selecting the best transplant strategy
but also in formulating successful post-HCT maintenance plans.
If we are to achieve discriminative power of ≥0.8 in diagnosing
risks of relapse, then incorporating MRD is imperative.

We also need to revolutionize our statistical approaches and
methods. We should shy away from reliance on the P value,
which is greatly influenced by the number of events or patients,
and we should frequently use model performance measures
such as c-statistic estimates and/or AUC when developing or
validating a model. However, the c-statistic has its own limita-
tion because it relies on the distribution of the important vari-
ables in the model.99 Therefore, patient sample size and
characteristics could play a major role in validation of results.
Moreove, the c-statistic does not measure calibration. Hence,
we need to report positive and negative predictive values for
each model. Other methods that can be used include Brier
scores that can provide estimates of prediction accuracy100,101

and the net reclassification index that quantifies the improve-
ment in prognostication by adding new biomarkers.102
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Novel statistical methods are also needed. When building a
model, we must recognize that the association between a
specific prognostic factor and a specific outcome is not always
linear (eg, age and NRM). Hence, using restricted cubic splines
are probably the best approach to account for complex and
nonlinear associations (best reviewed in Gauthier et al103).
Machine learning approaches104,105 should also be considered
because they are now at the forefront of predictive analytics:
exploring large and complex health care data sets and gener-
ating models for predictive medicine/health. When facing
larger numbers of predictors, traditional statistical methods are
prone to overfitting (ie, fitting noise), and as a result can led to
degraded performance in validation studies. Approaches such
as the least absolute shrinkage and selection operator106 can be
used to select predictors, which are then complemented by
object-oriented regression techniques for building a repro-
ducible predictive model. Other artificial intelligence–based
methods such as the fuzzy inference system, gradient boost-
ing machine, Bayesian belief networks, and Markov models are
of interest for future model development.107,108 When con-
fronted with a data set in which the number of variables is larger
than the patient sample size (genetic variant data), using prin-
cipal component analysis and joint decomposition would be
advisable.109

Novel methodological approaches are also of interest. For
example, many criteria of prognostic models could change over
time depending on at what stage a patient might be along their
treatment journey.31 Updating current models or creating new
models that have dynamic characteristics (ie, providing different
prognostic estimates per different times) adaptable to different
stages (ie, diagnosis, after induction therapy, before transplant,
early after transplant, etc) would greatly improve our abilities to
generate accurate decision making.

An example of important posttransplant prognostic criteria
would be biomarkers such as the regenerating islet-derived 3α
and the suppressor of tumorigenesis 2. The Mount Sinai Acute
GVHD International Consortium has combined both biomarkers
into an algorithm that can predict 6-month NRM, acute GVHD,
and response to treatment of acute GVHD.110,111

With the relatively large number of currently available models,
the need for decision-analytic measures to summarize the per-
formance of models in supporting decision making is height-
ened. Decision curve analysis (plot of net benefit against
threshold probability), introduced in 2006,112 and the net
benefit (a weighted sum of true and false positives, the
weighting accounting for differential consequences of each)
evaluation113-120 are recommended by the transparent report-
ing of a multivariable prediction model for individual prognosis
or diagnosis guidelines for prediction models.121 Similarly,
computer clinical decision support system that automates
personalized clinical care can be of extreme help.122

Finally, training new investigators in the field of prognostication
is important. Importantly, a multidisciplinary collaboration of
experts from oncology, palliative care, epidemiology, geriatric
medicine, and biostatistics is required to improve prognosti-
cation beyond its current status.
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