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Individual comorbidities have distinct contributions to nonrelapse mortality (NRM)

following allogeneic hematopoietic cell transplantation (allo-HCT). We studied the impact

of comorbidities individually and in combination in a single-center cohort of 573 adult

patients who underwent CD34-selected allo-HCT following myeloablative conditioning.

Pulmonary disease, moderate to severe hepatic comorbidity, cardiac disease of any type,

and renal dysfunction were associated with increased NRM inmultivariable Cox regression

models. A Simplified Comorbidity Index (SCI) composed of the 4 comorbidities predictive of

NRM, as well as age .60 years, stratified patients into 5 groups with a stepwise increase in

NRM. NRM rates ranged from 11.4% to 49.9% by stratum, with adjusted hazard ratios of

1.84, 2.59, 3.57, and 5.38. The SCI was also applicable in an external cohort of 230 patients

who underwent allo-HCT with unmanipulated grafts following intermediate-intensity

conditioning. The area under the receiver operating characteristic curve (AUC) of the SCI

for 1-year NRM was 70.3 and 72.0 over the development and external-validation cohorts,

respectively; corresponding AUCs of the Hematopoietic Cell Transplantation–specific

Comorbidity Index (HCT-CI) were 61.7 and 65.7. In summary, a small set of comorbidities,

aggregated into the SCI, is highly predictive of NRM. The new index stratifies patients into

distinct risk groups, was validated in an external cohort, and provides higher discrimina-

tion than does the HCT-CI.

Introduction

The physiological reserve of candidates for allogeneic hematopoietic cell transplantation (allo-HCT) is
assessed along 3 main axes: age, performance status, and comorbidities.1-3 Typically, comorbidities are
evaluated using a standardized approach, initially codified by the Charlson Comorbidity Index4 and, later,
adapted for allo-HCTwith the development of the Hematopoietic Cell Transplantation–specific Comorbidity
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Key Points

� Cardiac, pulmonary,
hepatic, and renal
dysfunction were
predictive of allo-HCT
mortality and
combined to form the
SCI.

� The new index
stratified patients into
distinct NRM risk
groups and was valid
in 2 cohorts.
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Index (HCT-CI).5 The HCT-CI aggregates the cumulative burden of
15 comorbidities. Each comorbidity is assigned an integer weight
reflective of its contribution to the prediction of nonrelapse mortality
(NRM).

The HCT-CI was originally developed using a heterogeneous popula-
tion (N 5 708) with respect to indication, conditioning, and donors
who underwent allo-HCT at a single center between 1997 and
2003. Each component’s weights were drawn from the hazard ratios
(HRs) for NRM of individual comorbidities, as extracted from a multi-
variable model.5 Performance of the HCT-CI has been studied exten-
sively, with validity varying across centers and cohorts.3,6-15 Notably,
the landscape of transplantation, supportive care, and implications
of comorbidities (eg, peptic ulcer disease) have changed considerably
in the past 2 decades.16 Furthermore, transplantation from alternative
donors, as well as those using CD34-selected grafts, were not repre-
sented in the cohort used to develop the HCT-CI.

Ex vivo T-cell depletion with positive selection of CD34 cells in the
graft is an effective and safe platform for allo-HCT.17-22 Retrospective
studies have demonstrated that contemporary techniques for CD34
selection result in similar survival and relapse rates and less graft-ver-
sus-host disease (GvHD) compared with allo-HCT recipients trans-
planted with unmodified grafts.20,23-27 The main advantage of CD34
selection is the low risk ofGvHD, obviating the need for posttransplan-
tation immunosuppression with agents such as calcineurin inhibitors,
mycophenolate mofetil, and cyclophosphamide.

Given the changes in practice over time, heterogeneity of the develop-
ment set in the HCT-CI, and variations in HCT-CI performance, we
sought to evaluate the influence of comorbidities on NRM in patients
undergoing CD34-selected allo-HCT following myeloablative condi-
tioning. We then aimed to develop and validate a score for NRM
that would capture meaningful comorbidities. Such a score would
be useful when considering the risk/benefit ratio of transplantation
and could potentially impact therapeutic decisions, such as the choice
of conditioning regimens.

Methods

Study design

To study the impact of individual comorbidities on NRM and develop a
predictive score for NRM, we retrospectively analyzed adult patients
undergoing allo-HCT for hematologic malignancies who received ex
vivo CD34-selected peripheral blood stem cell allografts using the
CliniMACS CD34 Reagent System (Miltenyi Biotec, Bergisch-
Gladbach, Germany). Patients were treated at Memorial Sloan Ketter-
ingCancer Center (MSKCC) between 2008 and 2018 andwere con-
ditioned with any of the following myeloablative regimens at the
discretion of the treating physician: busulfan/melphalan/fludarabine,
clofarabine/melphalan/thiotepa, total body irradiation (TBI; 1375
cGy)/thiotepa/cyclophosphamide, or TBI 1375 cGy/thiotepa/fludara-
bine.19,21,28-31 All regimens included rabbit anti-thymocyte globulin (5
mg/kg). Of 584 patients meeting inclusion criteria, 2 were excluded
because of unavailable comorbidity data. Nine additional patients
were excluded because their diagnosis is not in the current institu-
tional indications at MSKCC for CD34-selected transplants (nonma-
lignant disease, n 5 5; non-Hodgkin lymphoma, n 5 4). For external
validation of the score, we used an independent cohort from the
Sheba Medical Center (Israel) transplanted between 2011 and
2015. Patients in the validation cohort received unmodified grafts

following reduced-toxicity and reduced-intensity conditioning with flu-
darabine and treosulfan (30-42 g/m2) or fludarabine and melphalan
(100-140 mg/m2).32,33 This study was approved by the MSKCC
and Sheba Medical Center Institutional Review Boards according to
the Declaration of Helsinki. All patients signed informed consent for
treatment.

Definitions

Comorbidity definitions are described in supplemental Table 1.5

Adjustment of the diffusing capacity of lung for carbon monoxide
(DLCo) to hemoglobin levels in the pulmonary function test was
done using theCotes and Dinkara formulas in theMSKCC andSheba
cohorts, respectively. Renal dysfunction was defined according to
estimated glomerular filtration rate (eGFR; mL/min per 1.73 m2) using
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation. This formula, based on age, creatinine, and ethnicity, is con-
sidered a more reliable marker of renal function than the Cockcroft-
Gault equation34 and is well correlated with measured 24-hour
creatinine clearance.35 An eGFR $ 90 mL/min per 1.73 m2 was
considered normal, between 60 to 89.9 mL/min per 1.73 m2 was co-
nsideredmildly decreased, and,60mL/min per 1.73m2 was consid-
ered moderately to severely decreased.36

All end points were measured from the date of graft infusion. The pri-
mary and secondary end points were NRM and overall survival (OS),
respectively. Relapse and NRM were considered competing events.

Statistical analysis

Correlation between comorbidities was estimated with the Spearman
coefficient. Comorbidities were only considered in univariable and
multivariable models if their prevalence was $5% within the study
cohort. Univariable analysis was performed by comparing the cumula-
tive incidence of NRM in the presence or absence of the comorbidity
of interest (Gray test). Multivariable models for NRM were generated
for each comorbidity in a cause-specific Cox model adjusted for age,
Karnofsky Performance Status, disease risk,37 recipient cytomegalovi-
rus serostatus, HLA match, and conditioning. Interactions between
comorbidities and conditioning regimen were tested and rejected at
P values . .1. Acute GvHD was graded using the International
Bone Marrow Transplant Registry and Glucksberg grading systems
in the MSKCC and Sheba cohorts, respectively.38,39 Death and
relapse were considered competing events for acute GvHD.

To construct the Simplified Comorbidity Index (SCI) in the MSKCC
cohort, the adjusted HRs of comorbidities with a statistically signifi-
cant association with NRM (P , .05), as well as recipient age,
were converted to an integer score, following the example of HCT-
CI. HRs of 1.3 to 2, 2.1 to 3, and 3 to 4, were assigned weights of
1, 2, and 3, respectively.5 The SCI score was the sum of these integer
weights. The risk of increasing SCI values was studied in a multivari-
able Cox-regression model in the MSKCC and Sheba cohorts, aggre-
gating levels 0 to 1 in the latter because of the smaller sample size.
Time-dependent area under the receiver operating characteristic
curve (AUC) with 95% confidence interval (CI) was calculated over
both cohorts for the SCI, HCT-CI, and Comorbidity-Age Index (a com-
posite score of age and HCT-CI) to evaluate the models’ discrimina-
tion.40 Statistical analysis was performed using R (v.4.0.0).

1526 SHOUVAL et al 8 MARCH 2022 • VOLUME 6, NUMBER 5



Results

Population characteristics

A total of 573 patients with a median age of 56 years (interquartile
range [IQR], 46-64) was included in the analysis (Table 1). The major-
ity of patients had a Karnofsky Performance Status $ 90 (64%).
Acute leukemia was the leading transplantation indication (53%), fol-
lowed by myelodysplastic syndrome (21%) and multiple myeloma
(20%). HLA-matched unrelated donors were used in 49% of cases,
followed by HLA-matched related donors (34%) and HLA-
mismatched donors (17%). Conditioning regimens were melphalan
and TBI based in 76% and 24%, respectively. The median follow-up
was 4.8 years (IQR, 2.4-6.3). In the entire cohort, the probability of
4-year OS was 56.9% (95% CI, 52.7-61.5); the cumulative incidence
of 4-year NRM and relapse was 24.9% (95% CI, 21.43-28.96) and
27.4% (95% CI, 23.8-31.6), respectively; and grade $ 2 and grade
$ 3 day-100 acute GvHD cumulative incidence was 25% (95% CI,
19.7-31.73) and 3.43% (95% CI, 1.65-7.12), respectively.

Prevalent comorbidities, determined as part of the pretransplant eval-
uation, included moderate (31%) and severe pulmonary (12%) dis-
ease, prior malignancy (15%), and mild hepatic disease (14%)
(Figure 1A). No patient met the HCT-CI definition of moderate to
severe renal comorbidity (ie, serum creatinine . 2 mg/dL). However,
24% and 5% had an eGFR of 60 to 89.9 mL/min per 1.73 m2 and
,60 mL/min per 1.73 m2, respectively. The prevalence of composite
cardiac disorder, defined as cardiac comorbidity meeting the HCT-CI
definition, arrhythmia, or valvular disorder, was 10%. HCT-CI levels 0,
1, 2, 3, and $4 corresponded with 23%, 17%, 19%, 20%, and
21% of the population, respectively. Patients with an HCT-CI $ 4
were older (P , .001), had a lower Karnofsky Performance Status
(P , .001), and were more likely to receive chemotherapy-based
myeloablative conditioning (P , .001; supplemental Table 2).

We assessed the dependency between types of comorbidities, as
well as age (Figure 1B). Overall, comorbidities were not correlated,
aside from weak correlations between diabetes and obesity (r 5
10.28) and older age and low eGFR (r 5 10.26).

Comorbidity-associated NRM

The risk of NRM varied between comorbidities when studied using
multivariable Cox regression (Figure 2A). Increasing severity of pulmo-
nary disease was associated with a greater risk for NRM. Compared
with the absence of pulmonary disorder, the HR was 1.64 (95% CI,

Table 1. Population characteristics

MSKCC cohort Sheba cohort

Recipient age, median (IQR), y 56 (46-64) 61 (53-65)

Age ,60 y 358 (62) 110 (48)

Age $60 y 215 (38) 120 (52)

Recipient sex

Male 329 (57) 144 (63)

Female 244 (43) 86 (37)

Karnofsky performance status

90-100 365 (64) 189 (82)

,90 207 (36) 28 (12)

Missing 1 (0.2) 13 (6)

HCT-CI

0 132 (23) 37 (16)

1 98 (17) 47 (20)

2 106 (18) 38 (17)

3 116 (20) 40 (17)

$4 121 (21) 68 (30)

Recipient CMV serostatus

Absent 222 (39) 42 (19)

Present 351 (61) 182 (81)

Diagnosis

Acute myeloid leukemia 217 (38) 53 (23)

Myelodysplastic syndrome 125 (22) 57 (25)

Multiple myeloma 115 (20) 17 (7)

Acute lymphoblastic leukemia 57 (10) 15 (7)

Myeloproliferative neoplasm 31 (5) 4 (2)

Chronic myeloid leukemia 17 (3) 3 (1)

Other leukemia 9 (2) 0 (0)

Lymphoma 0 (0) 81 (35)

Disease risk*

Low/intermediate 387 (68) 138 (60)

High 140 (24) 92 (40)

Unclassifiable 46 (8) 0 (0)

Time from Dx to HCT, median (IQR), mo 7 (5-25) 12 (4-34)

Donor/recipient sex

Female/male 114 (20) 52 (23)

Other 459 (80) 175 (77)

Donor type†

Matched related 192 (34) 100 (43)

Matched unrelated 283 (49) 98 (43)

HLA mismatched 98 (17) 32 (14)

HCT year, median (IQR) 2014 (2012-2016) 2013 (2012-2014)

Regimen (%)‡

Melphalan based 436 (76) NA

TBI based 137 (24) NA

Fludarabine-treosulfan (30 g/m2) NA 33 (14)

Fludarabine-treosulfan (36-42 g/m2) NA 156 (68)

Fludarabine-melphalan (100 mg/m2) NA 27 (12)

Table 1. (continued)

MSKCC cohort Sheba cohort

Fludarabine-melphalan (140 mg/m2) NA 14 (6)

Unless otherwise noted, data are n (%).
CMV, cytomegalovirus; Dx, diagnosis; HCT, hematopoietic cell transplantation; NA, not

applicable (regimens specific to individual centers).
*Disease risk was classified using Center for International Bone and Marrow Transplant

Research criteria (MSKCC cohort) and European Society for Blood and Bone
Transplantation criteria (Sheba cohort).
†Matched donor was defined at an 8/8 HLA allele level for the MSKCC cohort and a 10/

10 HLA level at the Sheba Medical Center. Corresponding definitions for mismatched
donors were 7/8 and 9/10.
‡Among patients in the Sheba cohort, 173 (77%) and 51 (23%) received methotrexate-

based or mycophenolate mofetil–based GvHD prophylaxis, respectively, and 143 (62%)
received anti-thymocyte globulin.
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1.12-2.40) for moderate pulmonary disease and 2.10 (95% CI, 1.31-
3.38) for severe pulmonary disease. In the univariable analysis (Figure
2B), the cumulative incidence of 4-year NRM with absent, moderate,
and severe pulmonary disease, was 20.4% (95% CI, 16.3-25.7),
28.2% (95% CI, 22.0-36.2), and 37.4% (95% CI, 27.4-51.2),
respectively (P 5 .0041). Moderate to severe hepatic disease, but
not mild disease, was associated with increased NRM in the multivar-
iable analysis (HR, 2.25; 95% CI, 1.15-4.42). Cumulative NRM inci-
dence with absent, mild, and moderate to severe hepatic disease
was 23.9%, 26.1%, and 37.9%, respectively (P 5 .093; Figure
2C). In a multivariable analysis, no other comorbidity included in the
HCT-CI was associated with increased NRM. Although cardiac
comorbidity did not meet the statistical significance threshold for
association with NRM (HR, 1.56; 95% CI, 0.85-2.86; P 5 .154), a
composite of any cardiac disorder had an HR of 1.71 (95% CI,
1.04-2.83; P 5 .036) and a 4-year NRM of 39.3% (95% CI, 27.6-
56.0) vs 23.5% (95% CI, 19.9-27.7; P 5 .009; Figure 2D). Com-
pared with an eGFR $ 90 mL/min per 1.73 m2, increasing impair-
ment of renal function was strongly associated with NRM; HR 2.01
for eGFR 60 to 89.9 mL/min per 1.73 m2 (95% CI, 1.35-2.97;
P 5 .001), HR 3.37 for eGFR , 60 mL (95% CI, 1.95-5.85;
P , .001). Corresponding 4-year NRM rates were 18.9% (95% CI,

15.3-23.4), 35.8% (95% CI, 28.0-45.6), and 57.5% (95% CI,
42.0-78.7; P , .001), respectively (Figure 2E).

The SCI

To develop the SCI, we included comorbidities associated with a sig-
nificant increase in NRM (Figures 2A,3A). Age with a cutoff of 60
years was also included because it reflects physiological reserve to
some extent and is related to increased NRM risk (HR, 1.64; 95%
CI, 1.23-2.19; P 5 .001). HRs of the components were transformed
into score weights, using the same cutoffs as in the HCT-CI.5 Defini-
tions and weights of the SCI’s components are listed in Table 2. The
SCI’s scale ranges from 0 to 9; 27%, 31%, 22%, 12%, or 9% of
patients had a score of 0, 1, 2, 3, or$4, respectively. Corresponding
rates for 4-year NRM (Figure 3B) were 11.4% (95% CI, 7.1-18.1),
20.2% (95% CI, 14.7-27.6), 29.8% (95% CI, 22.4-39.7), 40.6%
(95% CI, 29.7-55.3), and 49.9% (95% CI, 37.8-66.0; P , .001);
corresponding rates for OS were 74.5% (95% CI, 67.4-82.4),
61.2% (95% CI, 53.8-69.7), 43.9% (95% CI, 35.3-54.6), 43.6%
(95% CI, 32.3-58.9), and 38.1% (95% CI, 26.7-54.4; P , .001),
respectively. In a multivariable model (Table 3) adjusted for perfor-
mance status, disease risk, cytomegalovirus (CMV) serostatus, donor
type, and conditioning regimen, the simplified score was the strongest
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Figure 1. Comorbidities in the study population. (A) Prevalence of each of the studied comorbidities in the MSKCC. (B) Co-incidence of pairs of comorbidities across the study

cohort, as measured by Spearman’s correlation coefficient. Pairs with positive coefficients are in blue, and those with negative coefficients are in yellow. Comorbidities with .1 level (ie,

moderate and severe pulmonary) are studied as a single comorbidity with ordinal levels. eGFR was measured using the CKD-EPI formula. IBD, inflammatory bowel disease.
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predictor of NRM andOS. Scores of 3 and$4 had an HR for NRM of
5.03 (95% CI, 2.64-9.60) and 7.04 (95% CI, 3.61-13.73), respec-
tively. SCI remained an independent predictor of NRM when consid-
ering grade $ 2 acute GvHD in a multivariable time-dependent Cox
regression model (supplemental Table 3). Patients with an HCT-CI
score of 1, 2, or 3 had a similar cumulative incidence of NRM
(23.3%; 95% CI, 15.9-34.1), 20.8% (95% CI, 14.2-30.5), or
25.4% (95% CI, 18.2-35.3), respectively; Figure 3C). The SCI’s
AUC for NRM was higher than the HCT-CI and the Comorbidity-
Age Index at all time points (Table 4), with the largest difference at
the 1-year mark (70.3, 95% CI, 64.4-76.1; 61.74, 95% CI, 54.6-
67.1; and 61.0, 95% CI, 54.0-68.1, respectively). Notably, age $

60 years as a component of the SCI contributed to its discrimination,
because the performance of the SCI without age was lower than the
version with age (supplemental Table 4). Causes of NRM by SCI level
are shown in Figure 3D.

An online calculator for the SCI is available at https://jfdemo.
shinyapps.io/sciapp/.

External validation

Population characteristics of the Sheba cohort are listed in Table
1. The leading indications for transplant were lymphoma (35%)
and acute leukemia (30%). Donors were primarily HLA-matched
siblings (43%), followed by HLA-matched unrelated donors
(43%). Patients received fludarabine and treosulfan (82%) or
fludarabine and melphalan (18%). The median follow-up was
2.8 years (IQR, 1.8-4.3). In the entire cohort, the probability of
2-year OS was 46.9% (95% CI, 40.2-53.6); the cumulative
incidence of 2-year NRM and relapse was 26.4% (95% CI,
20.6-32.2) and 28.0% (95% CI, 22.1-33.9), respectively; and

the cumulative incidence of grade $ 2 and grade $ 3 day-100
acute GvHD was 20.1% (95% CI, 14.9-25.3) and 7.4% (95%
CI, 4.0-10.8), respectively.

In a multivariable Cox regression model, increasing SCI lev-
els were associated with a greater risk for NRM (HR, 1.94 [95
CI%, 0.60-6.25]; HR, 2.90 [95% CI, 1.02-8.20]; HR, 4.07
[95% CI, 1.45-11.45]; supplemental Table 5). The impact of
SCI on NRM remained consistent in a time-dependent Cox-
regression model, adjusted for acute GVHD (supplemental Table
6). SCI scores of 0-1, 2, 3, and $4 corresponded with 2-year
NRM of 9.6% (95% CI, 1.4-17.8), 21.7% (95% CI, 9.1-34.3),
30.9% (95% CI, 18.7-43.1), and 40.0% (95% CI, 28.5-51.5;
P 5 .001) and 2-year OS of 60.7% (95% CI, 47.2-74.3),
56.4% (95% CI, 41.0-71.7), 42.9% (95% CI, 29.6-56.3), and
31.9% (95% CI, 20.8-43.0; P , .001). The same score groups,
but using HCT-CI, had 2-year NRM of 21.2, 21.4, 22.9, and 37.7
(95% CIs of 12.1-30.3, 8.2-34.6, 9.8-36.0, and 25.9-49.4,
respectively; P 5 .063). Similar to the MSKCC cohort, AUC for
NRM at 1 year was higher with the SCI (72.0; 95% CI, 62.0-
76.5) compared with the HCT-CI (65.7; 95% CI, 56.7-74.6)
and the Comorbidity-Age Index (63.7; 95% CI, 55.2-72.2;
Table 4).

Discussion

Comorbidities are a critical component in evaluating candidates’ suit-
ability for allo-HCT and individualizing protocols to patients’ features.
In this retrospective analysis, we studied the relationship between
common comorbidities and NRM among patients undergoing
CD34-selected allogeneic transplantation following myeloablative
conditioning. Of the comorbidities with a prevalence $5% and
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included in the original HCT-CI, only pulmonary and moderate-to-
severe hepatic dysfunction were associatedwith a significant increase
in NRM. A composite of cardiac comorbidity consisting of cardiac
comorbidity, arrhythmia, and valvular disorders was also related to
excess NRM. As measured by the eGFR, the degree of renal dysfunc-
tion was among the strongest predictors of NRM. A score combining
these selected comorbidities and age (the SCI) distinguished
between low- and high-risk patients. It was validated in an external
cohort of patients undergoing allo-HCT with unmodified grafts and
reduced-intensity/toxicity conditioning.

The original HCT-CI was developed using allo-HCT performed 2 dec-
ades ago.5 The development cohort included a heterogeneous group
of patients receiving myeloablative and reduced-intensity conditioning
and a mixture of GvHD regimens. Importantly, the transplantation field
has changed dramatically in the past 20 years16,41; indications for
transplantation, patient and disease profile, transplantation techni-
ques, and supportive care have shifted. These changes provided
the impetus to revisit the weights of the HCT-CI components. Further-
more, in the original HCT-CI, transplants with CD34-selected grafts
were not included. Acknowledging the limitation of a small sample
size and excluding comorbidities with a low burden (ie,,5%), several
comorbidities stand out. First, there was a stepwise increase in NRM
with a greater degree of pulmonary dysfunction; NRM cumulative

incidence with severe pulmonary disease, defined based on aberrant
pulmonary function tests, was 37.4% (95% CI, 27.4-51.2) at 2 years.
Indeed, pretransplant pulmonary dysfunction, as well as a decline in
pulmonary function tests posttransplant, has repeatedly been shown
to be a determinant of NRM.10,42-44 Thresholds for pulmonary comor-
bidities are derived from DLCo and forced expiratory volume in 1 sec-
ond. These measures were selected because they are not correlated
with one another and were predictive of mortality and respiratory fail-
ure in earlier studies. Overall, pulmonary dysfunction is likely the most
robust element from the comorbidities considered in the HCT-CI. In
our cohort, moderate-to-severe, but not mild, hepatic dysfunction
was associated with increased NRM. The relationship between a pre-
transplantation elevation in transaminases and posttransplantation
early mortality, sinusoidal obstruction syndrome, and liver injury was
demonstrated in studies performed in the late 1990s. Since then,
transplantation practice has changed, with better supportive care
and the introduction of ursodiol and defibrotide to prevent and treat
sinusoidal obstruction syndrome. These changes may explain why
we and other investigators find that only a severe distortion of hepatic
biomarkers resulted in elevated mortality.10 Cardiac comorbidity, as
defined by in the HCT-CI (ie, coronary artery disease, congestive heart
failure, myocardial infarction, or ejection fraction,50%), was present
in only 6% of the MSKCC population. Valvular disorders and
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arrhythmia were also infrequent and were grouped with cardiac
comorbidity to form a composite cardiac comorbidity that was associ-
ated with excess NRM. Ideally, it would be best to study elements of
cardiac dysfunction in hematopoietic cell transplantation recipients,
but, individually, these are rare.

Renal dysfunction is emerging as an important predictor of NRM fol-
lowing allogeneic transplantation.10,45,46 A creatinine threshold . 2
mg/dL, as used in the HCT-CI, would disqualify many patients from
allogeneic transplantation, especially for myeloablative conditioning.
Using eGFR, which is more sensitive to impaired renal function, we

Table 2. SCI definitions

SCI feature SCI definition SCI assigned score

Composite cardiac disease/dysfunction Coronary artery disease, congestive heart failure, history of
myocardial infarction, or left ventricular ejection fraction #
50% OR atrial fibrillation or flutter, sick sinus syndrome, or
ventricular arrhythmias OR valvular heart disease (except

mitral valve prolapse)

1

Moderate pulmonary dysfunction DLCo* or FEV1 66-80% or dyspnea on slight activity 1

Age $ 60 y 1

Severe pulmonary dysfunction DLCo* or FEV1 , 66 or dyspnea at rest/oxygen dependent 2

Moderate to severe hepatic dysfunction Serum bilirubin . 1.5 times ULN; ALT or AST . 2.5 times
ULN, or chronic hepatitis

2

Mild renal dysfunction eGFR† between 60 and 89.9 mL/min per 1.73 m2 2

Moderate to severe renal dysfunction eGFR , 60 mL/min per 1.73 m2 3

ALT, alanine aminotransferase; AST, aspartate aminotransferase; DLCo, diffusion capacity of the lung for CO; FEV1, forced expiratory volume in 1 second; ULN, upper limit of normal.
*DLCo was corrected for hemoglobin using the formula of Cotes et al.49

†eGFR was calculated using the CKD-EPI equation of Levey et al.34

Table 3. Multivariable HRs for NRM and OS

NRM OS

HR (95% CI) P HR (95% CI) P

SCI score

0 Reference

1 2.04 (1.11-3.74) .021 1.71 (1.13-2.59) .0105

2 3.09 (1.66-5.73) .000 2.6 (1.7-3.97) ,.001

3 5.03 (2.64-9.6) .000 3.15 (1.95-5.07) ,.001

$ 4 7.04 (3.61-13.73) .000 4.08 (2.46-6.77) 0

Regimen

Melphalan-based Reference

TBI-based 0.89 (0.53-1.5) .670 1.03 (0.71-1.49) .888

Karnofsky performance status

# 80 Reference

902100 1.53 (1.08-2.17) .017 1.53 (1.17-2) .002

CIBMTR disease risk

Low/Intermediate Reference

High 1.05 (0.7-1.58) .818 1.31 (0.97-1.76) .078

Unclassifiable 0.57 (0.27-1.18) .130 0.53 (0.28-0.98) .042

Recipient CMV serostatus

Negative Reference

Positive 1.13 (0.8-1.61) .491 1.19 (0.91-1.57) .197

Donor type

Matched related Reference

Matched unrelated 1.1 (0.73-1.65) .662 0.92 (0.68-1.24) .590

Mismatched 2.4 (1.51-3.82) .000 1.7 (1.19-2.42) .003

CIBMTR, Center for International Blood and Marrow Transplant Research; CMV, cytomegalovirus.
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could identify patients at risk for NRM who were not captured using
the HCT-CI criteria. Although none of the patients had creatinine .
2 mg/dL, �30% had an eGFR , 90 mL/min per 1.73 m2, corre-
sponding with stage $2 renal dysfunction. Adopting this more sensi-
tive threshold, we find renal function to be one of the key determinants
of hematopoietic cell transplantation outcomes. Patients with an
eGFR of 60 to 89.9 mL/min per 1.73 m2 and ,60 mL/min per
1.73 m2 had markedly high rates of NRM (35.8% and 57.5%, respec-
tively). One of the primary advantages of CD34-selected allografts is
the freedom from systemic immunosuppression, including calcineurin
inhibitors posttransplantation. Given these agents’ nephrotoxic poten-
tial, we hypothesized that patients with underlying renal dysfunction
would be good candidates for CD34-selected transplantation; how-
ever, these data would suggest otherwise. Nonmyeloablative or
reduced-intensity conditioning platforms with posttransplantation
cyclophosphamide, minimizing calcineurin inhibitor exposure, may
be a better option in patients with baseline renal comorbidity; however,
this requires further exploration.

Selection of comorbidities in the original HCT-CI score was driven by
the NRM HR for each comorbidity in a multivariable model, irrespec-
tive of the 95% CI, P value, or comorbidity prevalence. Notably, 11
of the 17 comorbidities in the HCT-CI occurred in,5% of the cohort,
with some being as low as 1%. In the current analysis, we used amore
conservative approach. First, we excluded rare comorbidities. Then,
we adopted a P value, .05 for determining whether there is an asso-
ciation with NRM. Using these criteria, we did not find an association
between NRM and diabetes mellitus, psychiatric comorbidity, infec-
tion requiring continuation of antimicrobial treatment after day 0, obe-
sity, or prior malignancy. Importantly, “absence of evidence is not
evidence of absence,” and the study may have been underpowered
to detect these effects. However, because comorbidities guide thera-
peutic decisions, we exercised caution. The Comorbidity-Age Index is
a modified version of the HCT-CI that assigns points for age $ 40
years.47 Although the addition of age improved the SCI's discrimina-
tion, theComorbidity-Age Index did not provide significant benefit over
the HCT-CI (Table 4; supplemental Table 4). With current practice,
selecting a restrictive age threshold of 60 years in SCI may be
more informative of NRM and could explain, in part, the better
discrimination.

The SCI is a simple tool to implement. Nevertheless, its levels distin-
guish well between risk groups, identifying patients at low and high
risk for mortality. There is greater than one third NRM with scores $

3, suggesting that these patients should be considered for other forms
of transplantation or therapy. Segregation was not as clear with the
HCT-CI in the MSKCC and Sheba cohorts, as reflected by the over-
lapping NRM rates between risk groups and lower AUC. There
appears to be a higher proportion of organ failure in the SCI develop-
ment cohort in patients with an SCI of 4, implying that baseline organ
dysfunction directly contributed to death; however, establishing a
direct link is challenging. Patients with a high SCI are likely to be
less resilient to allo-HCT’s typical complications, such as infections
and GvHD.

The HCT-CI remains an established tool for the standardized assess-
ment of comorbidities. Nevertheless, it is expected that there will be
considerable variation in its performance across centers and stud-
ies.3,6-15 Grouping of risk levels, as is often done in prognostic scores,
differences in the population characteristics, and the accuracy of
comorbidity data all contribute to this heterogeneity. We strongly rec-
ommend that centers using the HCT-CI for decision making validate
its utility and calibration in their populations. Adding to the complexity
of applying comorbidity scores, specific comorbidities may interact
with the type of regimen used rather than its overall intensity.10 There-
fore, an alternative strategy to optimize the allo-HCT outcomesmay be
guided by considering individual comorbidities, rather than a compos-
ite score, when selecting the conditioning regimen. In the current anal-
ysis, we did not identify any interactions between the conditioning
regimen and comorbidities; however, the study may have been under-
powered to detect such interactions.

In summary, we show that a small number of comorbidities are highly
informative of NRM risk following allogeneic transplantation with
CD34-selected grafts and myeloablative conditioning. Grouping
these comorbidities, as well as the patient age, yielded a simplified
score that could discriminate well between patients at low and high
risk for NRM. Although the score was developed on a relatively
selected and homogenous cohort of patients, it was applicable in
an external cohort of patients receiving unmanipulated grafts following
reduced-intensity and reduced-toxicity conditioning. Nevertheless,

Table 4. Models’ NRM discrimination by the AUC (95% CI)

SCI HCT-CI Comorbidity-Age[40]* Index Comorbidity-Age[6o]* Index

MSKCC cohort

Years

1 70.3 (64.4-76.1) 61.7 (54.6-67.1) 61.0 (54.0-68.1) 58.8 (55.1-67.0)

2 68.9 (63.3-74.4) 63.1 (55.8-67.2) 62.5 (55.8-69.2) 59.4 (56.9-68.1)

3 68.7 (63.1-74.4) 63.0 (55.6-66.9) 62.7 (55. 8-69.6) 59.6 (56.9-68.5)

4 67.5 (61.6-73.5) 63.3 (56.0-67.4) 62.5 (55.4-69.7) 59.9 (56.5-68.6)

Sheba cohort

Years

1 72.0 (62.0-76.5) 65.7 (56.7-74.6) 63.7 (55.2-72.2) 64.4 (56.0-72.8)

2 67.6 (57.4-77.9) 62.8 (53.3-72.2) 61.1 (52.0-70.3) 57.1 (52.4-70.6)

3 64.9 (54.1-75.7) 63.6 (53.1-74.1) 63.5 (53.0-74.1) 62.4 (51.9-73.0)

4 61.8 (48.0-75.5) 64.4 (52.7-76.1) 61.9 (49.8-74.0) 59.2 (46.6-71.8)

*The Comorbidity-Age Index was developed with age $ 40 years as a threshold to add a point to the HCT-CI. Because the impact of age has likely changed over time, we tested the index
with the original age threshold (Comorbidity-Age[40] Index) and with age $ 60 years as a threshold (Comorbidity-Age[60] Index).

1532 SHOUVAL et al 8 MARCH 2022 • VOLUME 6, NUMBER 5



external validation in larger cohorts and across a variety of transplan-
tation strategies are warranted for broader implementation. The score
could be used to estimate the NRM risk associated with transplan-
tation. It can supplement decision support tools, such as geriatric
assessment,48 to obtain a comprehensive approximation of the risk
for NRM. Based on the calculated NRM probability, physicians and
investigators may design interventions to mitigate risk or consider
alternative therapeutic strategies.
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