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ABSTRACT

e success of hematopoietic stem cell transplantation is deter-
mined by multiple factors. Additional complexity is conferred by
covariables showing time-dependent effects. We evaluated the

effect of predictors on competing-risk outcomes after hematopoietic
stem cell transplantation in a time-dependent manner. We analyzed
14951 outcomes of adult patients with hematologic malignancies who
underwent a first allogeneic transplant. We extended the combined end-
points of disease-free and overall survival to competing-risk settings: dis-
ease-free survival was split into relapse and non-relapse mortality.
Overall survival was divided into transplant-related mortality, death from
other causes and death from unknown causes. For time-dependent
effects we computed estimators before and after a covariable-specific cut-
point. Patients treated with reduced intensity conditioning had a con-
stantly higher risk of relapse compared to patients treated with myeloab-
lative conditioning. For non-relapse mortality, patients treated with
reduced intensity conditioning had a reduced mortality risk but this effect
was only seen in the first 4 months after transplantation (hazard ratio:
0.76, P<0.001) and not afterwards. Graft source exhibited a time-depen-
dent effect on both transplant-related mortality (in first year: hazard ratio
0.70, P<0.001; after first year: hazard ratio 1.47, P=0.002) and non-relapse
mortality (in first 8 months: hazard ratio 0.75, P<0.001; after first 8
months: hazard ratio 1.38, P<0.001). Patients with a poor Karnofsky per-
formance score (<80) had a considerably higher risk of all endpoints in
the first 4 months. The competing-risk analysis for overall survival and
disease-free survival allows resolution of effects with different vectors
early and later after stem cell transplantation, as shown for graft source.
This information may be useful in risk assessment of treatment choices
and for counseling patients on an individual basis.
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Introduction

Hematopoietic stem cell transplantation has been estab-
lished as a curative treatment for various high-risk hemato-
logic disorders." The success of hematopoietic stem cell
transplantation is determined by multiple factors including
disease-specific predictors, patient and donor characteris-
tics, as well as treatment choices.”® Improvements in clini-
cal care and identification of compatible donors have
enhanced safety and efficacy leading to increasing num-
bers of patients being transplanted.* Outcome is tradition-
ally measured in terms of overall survival and disease-free
survival. However, these endpoints represent a summary
of events with different etiologies, but mainly events relat-
ed to treatment complications and disease relapse. In order
to characterize effects in clinical studies from the perspec-
tive of transplantation biology, subanalyses for event types
are necessary.’” Competing-risk analysis is the standard
approach to time-to-event analyses for endpoints which
represent competing components of a composite
outcome.® Some clinical predictors are strongly associated
with outcome and some of them are particularly involved
in increased early mortality, leading to violation of the pro-
portional hazards assumption in a standard Cox regression
model.”® Such variables include poor Karnofsky perform-
ance score (KPS) and advanced disease stage at the time of
transplantation as well as the pre-transplant toxicity of
myeloablative conditioning. We have previously shown
that these variables have a strong time-dependent effect on
survival endpoints (overall and disease-free survival).” In
this analysis we aimed at investigating potential time-
dependent effects of different variables in an event-specific
fashion. This procedure provides a deeper insight into the
relation between covariables and outcome, extending the

Table 1. Patients’ characteristics.

ariable Characteristics N (%)
Diagnosis Acute myeloid leukemia 7133 (47.7%)
Acute lymphoblastic leukemia 2696 (18.0%)
Myelodysplastic syndromes 2380 (15.9%)
NHL-indolent 1545 (10.3%)
NHL-aggressive 1197 (8.0%)
Patients’ age mean (SD) 46.79 (14.1)
median (range) 48 (18-78)
Graft source Bone marrow 2303 (15.4%)
Peripheral blood stem cells 12648 (84.6%)
Conditioning Myeloablative 9684 (64.8%)
Reduced intensity 5267 (35.2%)
Disease stage Early 6238 (41.7%)
Intermediate 4511 (30.2%)
Advanced 4202 (28.1%)
Year 1976-2000 2727 (18.2%)
of transplantation 2001-2005 3713 (24.8%)
2006-2013 8511 (56.9%)
Karnofsky Good (80-100%) 12244 (81.9%)
performance Poor (<80%) 1018 (6.8%)
score Missing 1689 (11.3%)
Donor type Mismatched related 676 (4.5%)
Mismatched unrelated 2708 (18.1%)
Matched related 5795 (38.8%)
Matched unrelated 5772 (38.6%)

NHL: non-Hodgkin lymphoma; SD: standard deviation.

scope of the previous analysis. The primary hypothesis
was that poor KPS, conditioning toxicity, bone marrow as
the graft source, and advanced disease stage are associated
with significantly higher early mortality rates in analyses
of mortality endpoints, i.e. transplant-related mortality and
non-relapse mortality. In addition, we aimed to explore the
time dependency in the effect of these covariables on
relapse incidence.

Methods

Patients

We analyzed data from 14951 patients registered in the
German Registry for Stem Cell Transplantation (DRST). Adult
patients having received a first hematopoietic stem cell transplant
for acute myeloid leukemia, acute lymphoblastic leukemia,
myelodysplastic syndrome, and aggressive or indolent non-
Hodgkin lymphoma between 1976 and 2013 were included. Only
transplants for which the graft source was bone marrow or

peripheral blood were included in this study (Table 1).

Definitions

The KPS at transplant was dichotomized into good (80-100%)
and poor (<80%). Early disease stage was defined as transplan-
tation in first complete remission for acute leukemia and as
untreated or in first complete remission for myelodysplastic syn-
drome and non-Hodgkin lymphoma. Intermediate disease stage
grouped together patients with acute leukemia transplanted in
second complete remission, those with myelodysplastic syn-
drome transplanted in second complete or partial remission, and
patients with lymphoma transplanted in second complete remis-
sion, partial remission or stable disease. Stages other than eatly
or intermediate were classified as advanced disease stage."
Conditioning regimen intensity was categorized into myeloab-
lative and reduced intensity according to guidelines of the
European Group for Blood and Marrow Transplantation (EBMT)
Med-AB manual. Two competing risk models were considered:
one with the endpoints transplant-related mortality, death from
other causes and death from unknown causes, and a second
with the endpoints relapse and non-relapse mortality (Table 2,
Figure 1). Death from other causes comprises death due to sec-
ondary malignancies, relapse or progression of disease, and
other causes (not transplant-related). Thus, death from other
causes is one of three competing events, the other two being
transplant-related mortality and death from unknown causes.

Table 2. Competing-risk characteristics.
Variable Characteristics N

CR setting: OS Censored 7073
TRM 3845
DOC 3673
Unknown death 360
Time: Mean (SD): 919 days (1396)
Median (range): 289 days (1-12059)
Censored 6334
Relapse 4002
Death without prior relapse 4344
Missing 271
Time: Mean (SD): 844 days (1374)
Median (range): 218 days (1-12059)
CR: competing risks; OS: overall survival; DFS: disease-free survival; TRM: transplant-related mor-

tality, DOC: death of other cause; SD:standard deviation; censored: patients lost to follow up with-
out having had an event or still event-free at data request.

Event indicator:

CR setting: DFS Event indicator:




Deaths from any cause without prior relapse of the original dis-
ease are events assigned to the non-relapse mortality endpoint.
Its competing event is relapse. Transplant-related mortality rep-
resents deaths which were classified by the treating physician as
directly related to the transplant. Non-relapse mortality com-
prises these events but, in addition, also includes all other deaths
not related to transplantation and also not related to relapse or
progression of the primary disease (other deaths). The patients’
consent to perform analysis of their clinical data was obtained
upon their registration in the EBMT database. The study was
approved by the ethical committee of Ulm University, Germany
(n. 108/15).

Statistical methods

We used cause-specific Cox proportional hazards models to
relate covariates to the competing survival outcomes. Covariates
not satisfying the proportional hazard assumption were first iden-
tified using the test described by Thereau and Grambsch and
subsequently modeled to have piecewise time-constant effects in
order to facilitate interpretation." Preferential candidate break-
points were as previously reported. They were confirmed using
smoothed time-dependent regression coefficients resulting from
the Therneau and Grambsch test and subsequently maximizing
the maximal partial likelihood.”" Finally, the piecewise constant
Cox model was fitted, thereby obtaining regression estimates
before and after the individual cutpoints. Predictors evaluated in
the models were age, disease stage, year of transplantation (scaled
in the periods 1976-2000, 2001-2005, 2006-2013 in order to get
conceivable effect estimates), graft source, conditioning treat-
ment, and KPS (<80% poor versus 80-100% good). Missing data
for the KPS were treated as ‘good’, choosing a conservative esti-
mation in the sense of an underestimated effect of a poor KPS (see
Table 1). Analyses were stratified for diagnosis, donor type and
transplantation center, summarized in seven categories according
to the total number of transplants. To detect only strong time-
dependent effects, the significance level for the proportional haz-
ard assumption test was set at 0.01. For an effect-estimator a sig-
nificance level of 0.05 was used.

Results

The results of the standard Cox model with the propor-
tional hazard test amended by the results of the piecewise
constant Cox analysis are presented in Tables 3-6 for all

Model OS:
transplanted dead
1. CR model:
os
TRM

other death, i.e.

» | due to relapse/
progression or

sec. malignancies

transplanted

unknown death

competing-risk endpoints. Furthermore, a comparison of
hazard ratios for selected covariables is given in Table 7.

Covariate: age

Higher patients’ age increases risk following
hematopoietic stem cell transplantation. This effect is
constant over time (HR for transplant-related mortality:
1.015; for death from other causes: 1.009; for relapse:
1.008; and for non-relapse mortality: 1.019; all statistically
significant estimates) (Tables 3-6). The estimates describe
the increasing risk per life year for each endpoint.

Covariate: disease stage

The Cox model showed a higher risk conferred by
relapse for all endpoints. In particular, for patients trans-
planted in advanced disease stage, the risk of relapse in
the first 8 months after transplantation was 2.92-fold
higher than that of patients transplanted in early disease
stage. This risk reduced afterwards markedly to a hazard
ratio of 1.78. In line with this, patients in intermediate or
advanced disease stage had a distinctly higher risk of
death from other causes in the first 10 months. This trend
remained subsequently, although it was moderated

(Tables 3-7).

Covariate: year of transplantation

Another covariate included in the Cox model was the
year of transplantation. The effect of this covariate was
time-dependent for relapse, non-relapse mortality, trans-
plant-related mortality and death from other causes
(1976-2000 versus 2006-2013). For all four endpoints, the
event-specific cutpoints could be set at 8 months. Recent
transplants showed lower risk estimates in comparison to
earlier transplants (Tables 3-7).

Covariate: source of stem cells

While for relapse and death from other causes the source
of stem cells had no impact (Tables 4 and 5), we observed
opposing effects for the different time phases in the analy-
sis of non-relapse mortality and transplant-related mortali-
ty when considering the piecewise constant Cox model. In
the first time period a peripheral blood stem cell graft
showed a protective effect for both outcome endpoints,
although this effect was subsequently inverted. The chang-
ing point of this effect was at 1 year for transplant-related

Model DFS:
first
transplanted P»| event:relapse
or death
2. CR model: ‘
; DFS
; relapse
transplanted
NRM

Figure 1. Schematic display of competing-risk settings. OS: overall survival; DFS: disease-free survival, CR: competing risks; TRM: transplant-related mortality; NRM:

non-relapse mortality; sec.: secondary.
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mortality and 8 months for non-relapse mortality (non- cial effect was no longer detectable afterwards. However, as
relapse mortality: HR for first 8 months: 0.75, HR for >8  far as its competing event, relapse, was concerned, reduced
months: 1.38; transplant-related mortality: HR for first intensity conditioning seemed to increase the risk, which
year: 0.70, HR for >1 year: 1.47; all statistically significant was constant over the whole time period (HR for relapse:
estimates) (Tables 3 and 6). This relationship could not be  1.13, P<0.001; HR for non-relapse mortality within the first

revealed using the standard Cox model. 4 months: 0.76, P<0.001, and after 4 months: 1.06, P=0.30)
(Tables 5-7). In the other competing-risk setting, consider-
Covariate: conditioning treatment ing the events transplant-related mortality and death from

Reduced intensity conditioning protected against non- other causes, reduced intensity conditioning showed a
relapse mortality only in the first 4 months and this benefi- time-dependent effect with the optimal cutpoint at 4

Table 3. Competing risk model 1. Competing risk transplant-related mortality.
Cox model analysis Piecewise constant Cox model analysis

Variable P-value Cl  P-value PH-test HR P-value Cl P-value PH-test
Patient age 1.015 <0.001  1.012-1.018 0.398 1.015 <0.001 1.013-1.018 0.127
Intermediate disease stage 1.32 <0.001 1.20-1.43 0.223 1.32 <0.001 1.21-1.44 0.428
Advanced disease stage 1.60 <0.001 1.47-1.73 0.003

first 5 months 1.69 <0.001 1.53-1.86 0.334

after 5 months 1.42 <0.001 1.26-1.61 0.962
Year of transplantation 2001-2005 0.66 <0.001 0.60-0.73 <0.001

first § months 0.58 <0.001 0.51-0.65 0.792

after 8 months 0.94 0.487 0.78-1.13 0.973
Year of transplantation 2006-2013 0.50 <0.001 0.46-0.56 <0.001

first 8 months 0.44 <0.001 0.39-0.49 0.669

after 8 months 0.78 0.013 0.65-0.95 0.500
PBSC as graft source (vs. BM) 0.79 <0.001 0.72-0.87 <0.001

first year 0.70 <0.001 0.64-0.78 0.231

after Ist year 147 0.002 1.16-1.86 0.269
Reduced intensity (vs. MAC) 0.91 0.018 0.85-0.98 <0.001

first 4 months 0.78 <0.001 0.70-0.87 0.852

after 4 months 1.10 0.090 0.99-1.22 0.299
KPS <80 (us. 80-100) 1.84 <0.001 1.64-2.06 <0.001

first 4 months 2.10 <0.001 1.84-2.40 0.428

after 4 months 1.37 0.004 1.10-1.70 0.587

PBSC: peripheral blood stem cells; BM: bone marrow; MAC: myeloablative conditioning; KPS: Karnofsky performance score; HR: hazard ratio; Cl confidence interval; PH-test: pro-
portional hazard test.

Table 4. Competing risk model 1. Competing risk death of other cause.

Cox model analysis Piecewise constant Cox model analysis
Variable P-value Cl P-value PH-test HR P-value Cl  P-value PH-test
Patients’ age 1.009 <0.001 1.006-1.012 0.752 1.009 <0.001 1.006-1.012 0.459
Intermediate disease stage 1.86 <0.001 1.71-2.04 <0.001
first 10 months 2.35 <0.001 2.08-2.66 0.936
after 10 months 1.45 <0.001 1.27-1.66 0.261
Advanced disease stage 2.68 <0.001 247-2.92 <0.001
first 10 months 3.39 <0.001 3.02-3.81 0.881
after 10 months 2.07 <0.001 1.83-2.34 0.541
Year of transplantation 2001-2005 1.10 0.078 0.99-1.23 0.158 1.10 0.082 0.99-1.22 0.259
Year of transplantation 2006-2013 0.98 0.714 0.88-1.09 0.003
first 8 months 0.88 0.041 0.77-0.99 0.811
after 8 months 113 0.073 0.99-1.29 0.034
PBSC as graft source (vs. BM) 1.01 0.784 0.91-1.13 0.613 1.01 0.836 0.91-1.12 0.256
Reduced intensity (vs. MAC) 1.04 0317 0.96-1.12 0.005
first 4 months 0.89 0.130 0.77-1.03 0.971
after 4 months L1 0.024 1.02-1.21 0.168
KPS <80 (vs. 80-100) 1.88 <0.001 1.67-2.12 <0.001
first 4 months 2.75 <0.001 2.23-3.25 0.856
after 4 months 1.34 <0.001 1.13-1.59 0.396

PBSC: peripheral blood stem cells; BM: bone marrow; MAC: myeloablative conditioning; KPS: Karnofsky performance score; HR: hazard ratio; CI confidence interval; PH-test: pro-
portional hazard test.
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months. The effect was significantly reduced for transplant-
related mortality in the first time period and increased for
death from other causes in the second time period (HR for
transplant-related mortality in first 4 months: 0.78, P<0.001
and after 4 months: 1.10, P=0.090; HR for death from other
causes within the first 4 months: 0.89, P=0.130 and after 4
months: 1.11, P=0.024) (Tables 3, 4 and 7).

Covariate: Karnofsky performance score

KPS exhibited a significant effect on all outcome events.
While applying the proportional hazard test it was found
that a covariate-specific cutpoint had to be defined for
each of the competing risks examined in this study. For

Table 5. Competing risk model 2. Competing risk relapse.

KPS the changing points of risk level could be fixed at 4
months for all outcome parameters. This means that
patients with a poor KPS had a higher risk in the first 4
months after hematopoietic stem cell transplantation
when compared to patients with a KPS of 80-100. In the
first time period the risk for all outcome endpoints was
increased at least 2-fold (Tables 3-7).

Discussion

To the best of our knowledge, our study is the first
comprehensive analysis exploring time-dependent effects

Cox model analysis Piecewise constant Cox model analysis

Variable HR P-value Cl  Pvalue PH-test HR P-value Cl  P-value PH-test
Patients’ age 1.002 0.074 1.000-1.005 0.031 1.003 0.059 0.999-1.005 0.015
Intermediate disease stage 1.74 <0.001 1.60-1.89 <0.001

first 10 months 1.87 <0.001 1.69-2.07 0.226

after 10 months 1.52 <0.001 1.36-1.77 0.907
Advanced disease stage 247 <0.001 2.28-2.68 <0.001

first 8 months 2.92 <0.001 2.65-3.21 0.418

after 8 months 1.73 <0.001 1.50-1.99 0.323
Year of transplantation 2001-2005 1.03 0.577 0.93-1.14 0.002

first 8 months 0.95 0.391 0.84-1.07 0.616

after 8 months 1.21 0.025 1.02-1.42 0.181
Year of transplantation 2006-2013 0.86 0.030 0.80-0.99 <0.001

first 8 months 0.82 <0.001 0.72-0.92 0.757

after 8 months 1.10 0.273 0.93-1.30 0.122
PBSC as graft source (vs. BM) 1.04 0.423 0.94-1.15 0.138 1.04 0.486 0.94-1.15 0.165
Reduced intensity (vs. MAC) 113 <0.001 1.05-1.21 0418 113 <0.001 1.05-1.22 0472
KPS <80 (us. 80-100) 1.72 <0.001 1.53-1.94 <0.001

first 4 months 2.10 <0.001 1.81-2.43 0.697

after 4 months 1.26 0.021 1.03-1.53 0.422

PBSC: peripheral blood stem cells; BM: bone marrow; MAC: myeloablative conditioning; KPS: Karnofsky performance score; HR: hazard ratio; CI confidence interval; PH-test: pro-

portional hazard test.

Table 6. Competing risk model 2. Competing risk non-relapse mortality.
Cox model analysis

Piecewise constant Cox model analysis

Variable P-value Cl P-value PH-test HR P-value Cl  P-value PH-test
Patients’ age 1.019 <0.001  1.016-1.022 0473 1.019 <0.001  1.016-1.022 0.681
Intermediate disease stage 1.42 <0.001 1.31-1.54 0.269 1.42 <0.001 1.30-1.54 0.197
Advanced disease stage 1.77 <0.001  1.64-1.91 0.053 1.75 <0.001 1.62-1.90 0.064
Year of transplantation 2001-2005 0.77 <0.001 0.69-0.85 <0.001

first 8 months 0.67 <0.001 0.59-0.75 0.863

after 8 months 1.04 0.654 0.87-1.25 0.324
Year of transplantation 2006-2013 0.65 <0.001 0.59-0.71 <0.001

first 8 months 0.56 <0.001 0.50-0.62 0.834

after 8 months 0.9 0.907 0.82-1.19 0.946
PBSC as graft source (vs. BM) 0.89 0.015 0.81-0.98 <0.001

first 8 months 0.75 <0.001 0.68-0.84 0.928

after 8 months 1.38 <0.001 1.14-1.66 0.012
Reduced intensity (vs. MAC) 0.87 <0.001  0.81-0.94 <0.001

first 4 months 0.76 <0.001 0.69-0.83 0.813

after 4 months 1.06 0.299 0.95-1.18 0.396
KPS <80 (vs. 80-100) 1.89 <0.001  1.70-2.10 <0.001

first 4 months 2.29 <0.001 2.02-2.59 0.437

after 4 months 1.26 0.028 1.03-1.55 0.900

PBSC: peripheral blood stem cells; BM: bone marrow; MAC: myeloablative conditioning; KPS: Karnofsky performance score; HR: hazard ratio; CI confidence interval; PH-test: pro-

portional hazard test.
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on the outcome with hematopoietic stem cell transplan-
tation in a setting with competing risks. We adjusted
these variables in a piecewise-constant manner for the
time-dependent effects, extending standard Cox-regres-
sion models in order to obtain more accurate risk esti-
mates. For transplant-related mortality these were
advanced disease stage, year of transplantation, source of
stem cells, conditioning intensity and KPS. All these
effects were highly significant (P<0.001). Year of trans-
plantation before 2001, advanced disease stage, myeloab-
lative conditioning and a poor KPS were associated with
significantly increased early mortality after transplanta-
tion. This observation is related to effects induced by tis-
sue damage caused by the acute toxicity of condition-
ing.""'® After resolution of the acute toxicity these effects
diminish.” We estimate the time to resolution of acute
toxicity to be around 4 months after transplantation
according to the results obtained for the predictors condi-
tioning intensity and KPS. The strikingly high transplant-
related mortality risk for patients with a poor KPS in the
first 4 months (HR: 2.10) substantially decreased in
patients surviving this critical phase (HR: 1.37). Our data
further suggest that improvements in transplantation pro-
cedures and supportive care over time affect mainly mor-
tality early after transplantation.” Such a relationship
may not be obvious in a Cox-regression approach with-
out time-dependent effects. Peripheral blood stem cells as
a graft source were associated with a lower risk of trans-
plant-related mortality in the first year after transplanta-
tion but a higher risk thereafter. The protective effect of
peripheral blood stem cell grafts is most likely due to the
faster engraftment of these stem cells as compared to
bone marrow, leading to a shorter period of aplasia and
decreased vulnerability to infections.” It has been report-
ed that transplantation with peripheral blood stem cell
grafts leads to an increased incidence of chronic graft-ver-
sus-host disease, which in turn may explain the higher

Table 7. Comparison of hazard ratios of selected covariables.

risk of transplant-related mortality more than 1 year after
transplantation.” Our analysis reveals here that the trans-
plantation biology of bone marrow and peripheral blood
stem cells is determined by two opposing effects, which
would not have been detected in a more conventional
analysis. Our approach enables a better understanding of
the dynamic risk changes after hematopoietic stem cell
transplantation.

Death from other causes summarizes deaths due to
relapse or progression of disease and deaths unrelated to
hematopoietic stem cell transplantation. With regards to
this endpoint, time-dependent effects for disease stage,
year of transplantation (2006-2013), conditioning intensi-
ty and a poor KPS were detected.”” For disease stage, a
considerably higher risk of death from other causes was
observed in the first 10 months after transplantation,
which reflects the higher incidence of relapse in patients
in late disease stage.” This is consistent with the results
for relapse incidence within the composite endpoint of
disease-free survival. This risk is considerably decreased
in patients surviving more than 10 months after trans-
plantation. Such information might allow physicians to
reassure patients reaching this phase of follow-up.
Patients transplanted in recent years had a slightly lower
risk of transplant-related mortality and death from other
causes in the first 8 months after transplantation, with no
significant difference afterwards, which is most likely
attributable to optimization in conditioning treatments
and supportive care.” Similarly, reduced intensity condi-
tioning led to a lower early mortality in the first 4 months
and a higher risk afterwards, highlighting the divergent
effects on toxicity and relapse incidence.” This cutpoint
provides an estimate for the duration of conditioning tox-
icity after hematopoietic stem cell transplantation. A poor
KPS is evoked by more severe disease burden and comor-
bidity. These problems can cause relapse and death from
other causes. Consequently a poor KPS was associated

Covariable TRM DOC Relapse NRM
HR P-value HR P-value HR P-value HR P-value
Intermediate disease stage 1.32 <0.001 1.42 <0.001
first 10 months 2.35 <0.001 1.87 <0.001
after 10 months 145 <0.001 1.52 <0.001
Advanced disease stage 1.75 <0.001
first 5 1101 8 months 1.69 <0.001 3.39 <0.001 2.92 <0.001
after 5 1101 8 months 142 <0.001 2.07 <0.001 1.73 <0.001
Year of transplant 2001-2005 1.10 0.082
first § months 0.58 <0.001 0.95 0.391 0.67 <0.001
after § months 0.94 0.487 1.21 0.025 1.04 0.654
Year of transplant 2006-2013
first § months 0.44 <0.001 0.88 0.041 0.82 <0.001 0.56 <0.001
after 8 months 0.78 0.013 113 0.073 1.10 0.273 0.99 0.907
RIC (vs. MAC) 113 <0.001
first 4 months 0.78 <0.001 0.89 0.130 0.76 <0.001
after 4 months 1.10 0.090 1.1 0.024 1.06 0.299
KPS <80 (vs. 80-100)
first 4 months 2.10 <0.001 2.75 <0.001 2.10 <0.001 2.29 <0.001
after 4 months 1.37 0.004 1.34 <0.001 1.26 0.021 1.26 0.028

TRM: transplant-related mortality; DOC: death of other cause; NRM: non-relapse mortality; HR: hazard ratio; MAC: myeloablative conditioning; RIC: reduced intensity condition-

ing; KPS: Karnofsky performance score.



with a high early mortality risk in the analysis of death
from other causes, an effect probably related to higher
relapse rates.

The competing-risk endpoint relapse was derived from
disease-free survival. Time-dependent variables that
showed increased early relapse risk were intermediate
and advanced disease stage, and a poor KPS." A poor KPS
may be related to the primary disease or to any comor-
bidity/toxicity.” It can be speculated that an increased
relapse risk is mainly due to patients whose primary dis-
ease is the predominant reason for their poor KPS. We
may, therefore, assume that, for this subset of patients,
the risk may be even higher than our estimates.
Interestingly, for the source of stem cells no significant
differences could be detected between bone marrow and
peripheral blood stem cells, which confirms the findings
of a previous prospective trial.”

The analysis of non-relapse mortality (death without
prior relapse) showed time-dependent effects for year of
transplantation, source of stem cells, conditioning intensi-
ty and poor KPS. Of these variables myeloablative condi-
tioning and a poor KPS were strongly associated with
early mortality after transplantation.”® These effects are
related to transplantation-associated morbidity, particu-
larly toxicity in the case of conditioning intensity and
comorbidity or disease burden in the case of a poor KPS.
Again, the first 4 months after transplantation were con-
firmed to be a critical phase for conditioning toxicity and
transplantation-related morbidity. The opposing effects
of peripheral blood stem cell grafts on early and late mor-
tality was prominent in this analysis, showing a highly
significant protective effect in the first 8 months, proba-
bly due to a shorter period of aplasia, and highly signifi-
cant adverse effects later on, most likely caused by an
increase of chronic graft-versus-host disease.'””
Improvements in conditioning therapy and supportive
care are reflected in the reduction of early mortality in the
first 8 months after transplantation in the more recent
periods regarding year of transplantation.”

We considered two competing-risk settings, one with
time until a specific cause of death and one with time
until a first event (relapse or death) (Figure 1). The results
of the analyses for non-relapse mortality and transplant-
related mortality are quite similar as there is a large,
although not complete, overlap. Non-relapse mortality
additionally includes deaths not related to transplantation
or disease relapse/progression. In our study we needed
both endpoints to construct different competing-risk set-
tings (Figure 1). One difference between transplant-relat-
ed mortality and non-relapse mortality is that the former
requires the classification of deaths as transplant-related
by a physician, which may be difficult in some situations,
whereas the classification of non-relapse mortality does
not require this assessment and is based instead on the
plain and objective distinction between death in complete
remission or not. Thus, the advantage of transplant-relat-
ed mortality is that it is more specific for transplantation-
related adverse events while the advantage of non-relapse
mortality is that it is easier and more objective to classify.

Limitations of our analysis are that exact patterns of
HLA-mismatches, regarding number and loci of mis-
matches, were not available for the majority of the trans-
plants and so only a rough stratification according to
donor type was feasible (i.e. matched related, mis-
matched related, matched unrelated, mismatched unre-

Time-dependent effects on competing-risk endpoints -

lated). A certain degree of heterogeneity is related to the
large time span over which the transplants included in
this study were performed, with changes in transplant
procedures, graft source preferences, donor selection
algorithms and supportive care over the years. This het-
erogeneity was only partly addressed by including the
time period of transplantation as a covariate. In a separate
analysis in which the only transplants included were
those carried out in the periods 1998-2005 and 2006-
2018, we found results comparable to those presented in
this manuscript (i.e. inclusion of transplants from 1976
onwards). In order to be consistent with our previous
publication, in which we used a similar approach to
investigate the effect of various covariates on overall and
disease-free survival in a time-dependent manner, we
decided to carry out our analyses for this work based on
the same data set as previously.” Center-specific unob-
served variables were included by using stratification
according to frequency of transplants in the transplant
center. Another highly predictive clinical variable is cyto-
genetic risk.” This predictor could not be evaluated as
information regarding cytogenetic risk is sparse in the
DRST/EBMT database.

Grathwohl et al. and Zwaan et al. highlighted the dis-
ease-related adjustment for time from diagnosis to trans-
plantation.”* We chose not to include this variable in our
models due to difficulties in its interpretation. Several fac-
tors influence time from diagnosis to transplantation.
These are disease-inherent risk, pretreatment, clinical sta-
tus of the patient, clinical urgency of transplantation,
prompt availability of a suitable donor as well as the
patient”s choice with regard to alternative treatment
options. The profile of these factors differs between dis-
tinct disease entities. Thus, the information provided by
global estimates for this predictor is not meaningful.
Several methods that allow modeling of time-dependent
effects of covariables have been described.” Here, we fol-
lowed the approach of Fuerst et al.,” and chose piecewise
constant effects estimation for ease of interpretation.”* It
is possible that the true underlying time-dependent
effects are more complex, and a careful interpretation of
our results would be that of averaged effects on the
respective time intervals. In addition, we aimed to extend
the results of Fuerst et al.’ to the more specific endpoints
transplant-related mortality, death from other causes,
relapse and non-relapse mortality. Consequently, prefer-
ential candidate time intervals were as described in Fuerst
et al.,” and were not cross-validated.

In summary, this analysis of competing risks disentan-
gles how the previously described net effect’ is achieved
via the different outcomes summarized in the composite
endpoint of overall survival (or disease-free survival). The
description of time-dependent effects allows a better
understanding of transplantation biology regarding com-
peting-risk endpoints. Reasons for early mortality may be
described and quantified more precisely. Predictors with
ambivalent effects, such as graft source and conditioning
toxicity, may be identified. These observations may sup-
port treatment choices, individual patient counseling and
reassurance during follow-up.
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