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Abstract
Background: Acute graft-versus-host disease (aGvHD) is a major cause of death 
for patients following allogeneic hematopoietic stem cell transplantation (HSCT). 
Effective management of moderate to severe aGvHD remains challenging despite 
recent advances in HSCT, emphasizing the importance of prophylaxis and risk 
factor identification.
Methods: In this study, we analyzed data from 1479 adults who underwent 
HSCT between 2005 and 2017 to investigate the effects of aGvHD prophylaxis and 
time-dependent risk factors on the development of grades II–IV aGvHD within 
100 days post-HSCT.
Results: Using a dynamic longitudinal time-to-event model, we observed a non-
monotonic baseline hazard overtime with a low hazard during the first few days 
and a maximum hazard at day 17, described by Bateman function with a mean 
transit time of approximately 11 days. Multivariable analysis revealed significant 
time-dependent effects of white blood cell counts and cyclosporine A exposure as 
well as static effects of female donors for male recipients, patients with matched 
related donors, conditioning regimen consisting of fludarabine plus total body 
irradiation, and patient age in recipients of grafts from related donors on the risk 
to develop grades II–IV aGvHD. Additionally, we found that higher cumulative 
hazard on day 7 after allo-HSCT are associated with an increased incidence of 
grades II–IV aGvHD within 100 days indicating that an individual assessment of 
the cumulative hazard on day 7 could potentially serve as valuable predictor for 
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1   |   INTRODUCTION

Acute graft-versus-host disease (aGvHD) is a major cause 
of death for patients after allogeneic hematopoietic stem 
cell transplantation (HSCT).1,2 Despite therapeutic ad-
vancements in the field of HSCT over the last decades,3 
treating moderate to severe aGvHD (grades II–IV) is es-
pecially challenging in steroid-refractory disease. Hence, 
rational use of available prophylaxis and identification of 
risk factors for the development of aGvHD are crucial.

Previous studies on aGvHD risk factors consistently re-
ported that human leukocyte antigen disparity,4–6 female 
donors for male recipients,4,6,7 patient age,4,5,8–10 prior al-
loimmunization of the donor,4,7,10 and insufficient GvHD 
prophylaxis4,5 increases the risk for development of grades 
II–IV aGvHD. Other risk factors, such as donor age,4,11 
intensity of the conditioning regimen,4,12 or stem cell 
source4,8,12 are discussed more controversially. Current 
standard aGvHD prophylaxis consists of a combination 
of methotrexate with a calcineurin inhibitor, cyclosporine 
A (CsA; predominantly used in Europe) or tacrolimus, 
or a combination of CsA with mycophenolate mofetil.13 
Previous investigations revealed a significant relationship 
between low CsA blood levels and higher incidences of 
aGvHD after HSCT.14–21 Alternative prophylaxis strate-
gies aim to remove or modulate donor T-cells ex-vivo or 
in-vivo by monoclonal or polyclonal antibodies,4,22 such 
as anti-thymocyte globulin (ATG). Especially for patients 
with matched unrelated donors, ATG complements stan-
dard GvHD prophylaxis to prevent aGvHD and chronic 
GvHD,23 although treatment success for prophylaxis of 
aGvHD varies.22 Despite prophylaxis and current knowl-
edge of risk factors, approximately 40% of HSCT recipi-
ents develop moderate to severe aGvHD.4,14,16,17 Most risk 
factor studies identified static variables, overlooking the 
highly dynamic interindividual variability of the post-
HSCT process.

Thus, static and baseline variables alone may be in-
sufficient for individual risk assessment of aGvHD 

development and course. Dynamic models with longi-
tudinal, time-dependent data could improve risk predic-
tion24,25 and help monitor prophylaxis effects on grades 
II-IV aGvHD. Hence, this study focused on the develop-
ment and application of a dynamic longitudinal time-to-
event (TTE) analysis for the time from HSCT until the 
initial diagnosis of aGvHD to investigate prophylaxis ef-
fects and time-dependent risk factors for the development 
of harmful grades II–IV aGvHD in a large single-center 
patient cohort.

2   |   METHODS

2.1  |  Clinical data

Data were derived from the XplOit study, where an 
ontology-based IT platform was developed to harmonize 
and pseudonymize large quantities of heterogeneous 
data from hospital information systems for the develop-
ment of predictive models in the field of stem cell trans-
plantation.26 Clinical data were retrospectively collected 
from 1783 adult patients who had undergone allogeneic 
HSCT between January 2005 and August 2017 in the 
Department of Hematology and Stem Cell Transplantation 
of the West-German Cancer Centre at University Hospital 
Essen. Ethics approvals were obtained from the insti-
tutional review board (IRB) of the medical association 
of the Saarland (Protocol N° 33/17) and the IRB of the 
University Duisburg-Essen (Protocol N° 17-7576-BO). The 
requirement for written informed consent was waived due 
to the retrospective nature of the research and the use of 
anonymized data.

2.2  |  Dataset generation

The endpoint of this study was time to the first diagno-
sis of aGvHD in patients developing maximum grades 
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later grades II–IV aGvHD development. Using the final model, stochastic simu-
lations were performed to explore covariate effects on the cumulative incidence 
over time and to estimate risk ratios.
Conclusion: Overall, the presented model showed good descriptive and predic-
tive performance and provides valuable insights into the interplay of multiple 
static and time-dependent risk factors for the prediction of aGvHD.
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II–IV aGvHD after HSCT. The dataset included the time 
of initial diagnosis of aGvHD and the maximum overall 
grades of severity within 100 days post-HSCT. The over-
all grade of severity was calculated using the Consensus 
aGvHD Grading criteria27 based on the maximum re-
corded organ stages. The initial grade of severity was not 
recorded. Only patients without multiple HSCTs (with-
out history of previous transplantation or subsequent 
transplantation until 2019) and with a plausible date of 
aGvHD diagnosis (recorded after HSCT and prior death), 
which received CsA as aGvHD prophylaxis and with 
available laboratory data, were included in this analysis. 
To estimate the effect of CsA, only patients with at least 
one CsA measurement per week on average and at least 
one measurement in the week after HSCT and the week 
before diagnosis or censoring were included (Figure S1). 
The dataset comprised 1479 eligible patients, randomly 
assigned to training and test datasets in a 3:1 ratio. Right 
censoring was performed for dropouts (Type I28) and at 
day 100 after HSCT.

2.3  |  Data analysis

NONMEM® (version 7.4.3, ICON Development 
Solutions, Ellicott City, MD, USA)29 was used for TTE 
modeling, with the Laplacian method used for param-
eter estimation.30 Visual Predictive Checks (VPCs) were 
simulated via Pearl-speaks-NONMEM® (version 4.8.1).31 
Model selection was based on significant changes in 
the NONMEM® objective function value (OFV; p-value 
<0.05), precision of parameter estimation (relative 
standard error (RSE) < 50%), and VPC inspection. VPC 
simulations used 1000 dataset replicates to assess ob-
served versus model-predicted 95% confidence intervals 
(CI). R (version 3.6.3, The R Foundation for Statistical 
Computing, Vienna, Austria) was used for visualization 
and statistical evaluation. In addition to the evaluation 
of the final model performance on the retained test data-
set, a five-fold cross validation was performed to address 
bias, potential overfitting, and parameter stability (for 
detailed information see Supplementary Methods 1.2 
Cross validation). The analysis plan, along with subse-
quent post hoc steps, is illustrated in Figure 1.

2.4  |  Model development

The parametric survival function, as shown in Equation 1, 
was used to analyze the time to the first diagnosis of grades 
II–IV aGvHD.

h(t) = Hazard function for aGvHD onset, S(t) = Probability 
of not having a diagnosis of grades II–IV aGvHD within 
the time interval 0 (transplantation) to time t.

A base model was developed testing different functions 
for h(t) including proportional, Weibull and Gompertz ap-
proaches as well the Bateman function as non-monotonic 
hazard descriptions32 with and without a time delay for 
hazard onset (Table 1).

2.5  |  Covariate model

Relevant covariates were obtained from previous lit-
erature4–7,9–12,33 or identified by exploratory analysis 
of covariate-stratified Kaplan–Meier curves using the 
existing dataset (Table S1). Multivariable analysis was 
performed on the base model (significance level of 5%) 
using longitudinal data of cell counts and CsA blood 
levels as well as static data of patient characteristics, 
donor characteristics, and HSCT procedure. Covariate 
effects were either implemented by directly modulating 
the base hazard or the hazard function parametrization. 
Continuous covariates were centered around the popu-
lation median and tested via linear or power functions. 
Missing values were imputed as described in the supple-
ment. CsA whole blood concentrations obtained during 
clinical routine were quantified via antibody-conjugated 
magnetic immunoassay (ACMIA). To avoid confound-
ing effects of other immunosuppressive drugs, patients 
that switched from CsA prophylaxis to another immu-
nosuppressive drug were censored at the last time of 
CsA measurement.

2.6  |  Conditioning regimen, GvHD 
prophylaxis and HLA-typing

Different conditioning regimens were employed, in-
cluding various drug combinations (23% fludarabine, 
22% fludarabine/treosulfan, 17% busulfan/fludarabine) 
with or without total body irradiation (TBI; Table S2). 
Fludarabine was always combined with TBI (2–12 Gy, 
FluTBI). The effects of drug combinations and the use of 
TBI were analyzed separately.

GvHD prophylaxis consisted predominantly of CsA 
plus methotrexate (82%, Table S3). In-vivo T-cell deple-
tion by ATG was assigned additionally to approximately 
55% patients based on clinical treatment protocols (Table 
S4–S6). Treatment of grade I aGvHD adhered to standard 
procedures without systemic treatment or intensification 
of CsA blood levels.

HLA testing was performed using high-resolution typing. 
Donors with a 10/10 HLA matching at HLA-A, -B, -C, -DRB1, (1)S(t) = e−∫

t
0 h(t)dt
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F I G U R E  1   Analysis plan flow chart. The left side displays the primary and, in the center, blue boxes outline detailed steps. On the right, 
green rounded boxes indicate the datasets used for each corresponding analysis step. RR, risk ratio.

Dataset genera�on (n=1479, Supplementary Figure 1)

Dataset split (randomly): 
Training dataset (n=1109) 

Test dataset (n=370)

TTE base model selec�on

Covariate analysis

Final model

tne
mpoleved ledo

M

Training dataset

Test dataset

Complete dataset

gnissecorperp ataD
noitaulave ledo

M

Goodness-of-fit evalua�on:
Visual-predic�ve-checks of the Kaplan-Meier (KM) es�mator 

(Figure 2)

Assessment of parameter stability:
5-fold cross valida�on (Supplementary Figures 2 and 3)

)noitalu
mis ledo

m( coh tsoP

Simula�on scenarios: covariate effects (Figure 3)

Simula�on scenarios: Different CsA blood levels for different 
pa�ent risk constella�ons (Figure 5, Supplementary Figure 4)

Evalua�on of the rela�onship between individual's 
cumula�ve hazard at selected �me points (days: 7, 14, 21) 
and the subsequent number of observed events (Figure 6)

RR calcula�on for covariate effects based on simula�ons 
(Figure 4)

Training dataset

Training dataset

Test dataset

Training dataset

Training dataset

Training dataset

T A B L E  1   Tested hazard functions with resulting objective function values (OFVs).

Trend Description Equation (Hazard function) OFV

Monotonic Proportional h(t) = λ 4814.305

Weibull h(t) = λ∗α∗ (λ∗ t)α−1 4780.307

Gompertz h(t) = λ∗eα∗t 4813.129

Non-monotonic Bateman h(t) = f∗ ka

ka− ke

(

e−ke∗t − e−ka∗t
) 4618.129

Bateman hazard + Time delay As given in the NONMEM control file provided 
in supplementary

4533.434

Abbreviations: f, scale parameter; ka, shape parameter (absorption), ke, shape parameter (elimination); t, time, λ, scale parameter; α, shape parameter.
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-DQB1 were categorized as “matched donors”, whereas 9/10 
and lesser matches were classified as “unmatched donors”. 
It should be noted that HLA-DPB1 was not factored into the 
assessment of donor-recipient compatibility.

2.7  |  Stochastic simulations

Upon completion of model development, stochastic simu-
lations were performed with the final model. For this, the 
final model was used to simulate 1000 replicates of the 
training dataset to assess the effect of covariates on the cu-
mulative incidence of grades II-IV aGvHD over 100 days 
after HSCT. Each covariate effect was explored individu-
ally while keeping other covariates constant. Risk ratios 
(RRs) were calculated as described in the supplement to 
investigate the impact of covariates on the development of 
grades II–IV aGvHD within 100 days posttransplantation.

3   |   RESULTS

3.1  |  Patient characteristics

The final dataset included 1479 eligible study patients, 
who were randomly assigned to either the training dataset 
(n = 1109) or the test dataset (n = 370). Patient character-
istics were comparable between both datasets (Table  2, 
p ≥ 0.05). Patients (median age 54 years, 57% male) were 
most often diagnosed with acute myeloid leukemia 
(46.5%). Donors (median age 37 years) were primarily 
matched unrelated donors (MUD; 53%). Within 100 days 
and 1 year after HSCT, 142 (9.6%) and 301 (20.3%) relapses 
as well as 156 (10.5%) and 526 (35.5%) deaths occurred, 
respectively. The cumulative incidence of grades II–IV 
aGvHD was 41% within 100 days after HSCT for all pa-
tients. Since patients that switched from CsA prophylaxis 
to another immunosuppressive drug were censored at the 
last time of CsA measurement, the analysis included 565 
aGvHD patients (38%, grade II: n = 467, grade III: n = 89, 
grade IV: n = 9) with a median time to onset of 20 days. 
Median CsA blood concentration was 178 ng/mL (5th–
95th percentile: 48.0–333.1 ng/mL) within 100 days after 
HSCT are were recorded on average (median) until day 
91 (5th–95th percentile: 24–100 days). The complete data-
set included 68,109 measurements of white blood cells 
(WBC), 41,469 measurements of lymphocytes, and 32,959 
CsA blood concentrations within 100 days after HSCT. 
For parameter estimation, training dataset records were 
used up to an event or censoring, containing 33,285 WBC 
counts, 17,860 lymphocyte counts, and 17,237 CsA blood 
concentrations.

3.2  |  aGvHD model

Among all tested hazard functions, the non-monotonic 
Bateman function provided the best description of the 
time-varying hazard of grades II–IV aGvHD. The analy-
sis revealed a delayed onset of hazard with a mean transit 
time of 11.3 days (p < 0.001). The maximum hazard was 
observed after 17 days (population median) and it de-
clined with a half-life of 11.3 days. Multivariable covari-
ate analysis revealed WBC count, female donors for male 
recipients, matched related donor (MRD), FluTBI condi-
tioning regimen, CsA exposure, and patient age as signifi-
cant covariates (p < 0.05).

WBC count was included as a continuous time-
dependent covariate. Here, a lower WBC count was as-
sociated with lower hazards, with an estimated exponent 
of 0.125 using an exponential model centred around the 
daily population median WBC count. In the study popu-
lation, the WBC count followed a typical trajectory, with a 
decrease in the first few days after transplantation (min-
imum: 0.055 cells/nl on day 8), followed by an increase 
(maximum: 6.0 cells/nl on day 41) and subsequent stabili-
zation close to WBC reference values (3.9 cells/nl (median) 
within day 50–100). As the daily population median WBC 
count varied over time, individual WBC counts affected 
hazards over time differently. For example, a decrease in 
WBC count by 2.0 cells/nl from the median WBC count of 
2.3 cells/nl and 4.7 cells/nl on day 20 and day 30 reduced 
the hazard by 22.3% and 6.6%, respectively. Neither a sig-
nificant effect of lymphocytes, nor granulocytes nor the 
ratio of lymphocytes over granulocytes could be detected 
on the hazard rate.

The hazards for male recipients with female donors 
were estimated to be 1.45 times higher than for other 
donor-recipient gender combinations. Patients treated 
with FluTBI had a hazard reduction of 23.2% compared 
to patients treated with other drug combinations, and pa-
tients with MRD had a hazard reduction of 22.7% com-
pared to patients with MUD or unmatched donors.

CsA exposure as a continuous time-depending covari-
ate significantly affected hazard elimination. A linear 
model centred around 250 ng/mL CsA and an estimated 
slope of 0.00309 described this relationship, indicating 
that patients with higher CsA levels had a more rapid 
decrease in hazard. For instance, assuming unrelated do-
nors, a patient with constant CsA levels of 100 ng/mL had 
a 7%, 27%, and 66% higher hazard on days 10, 20, and 30 
compared to a patient with constant CsA levels of 250 ng/
mL over 100 days.

In patients with related donors, patient age significantly 
affected the hazard elimination. This effect was estimated 
by an exponential model centred around 54 years with an 
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T A B L E  2   Patient Characteristics.

Training (n = 1109) Test (n = 370) pa Complete (n = 1479)

Median Range Median Range Median Range

Patient age (years) 54 17–76 53.5 17–74 0.423 54 17–76

Donor age (years) 37 12–80 37 13–70 0.957 37 12–80

Months between diagnosis and HSCT 9 1–412 9 2–205 0.812 9 1–412

Death after HSCT (days) 265 1–4896 216 7–3867 0.152 249.5 1–4896

Relapse after HSCT (days) 147 11–4048 189 15–2539 0.206 156 11–4048

Count % Count % Count %

Recipient sex Male 641 57.8 201 54.32 0.250 842 56.93

Female 468 42.2 169 45.68 637 43.07

Donor sex Male 713 64.29 247 66.76 0.414 960 64.91

Female 396 35.71 123 33.24 519 35.09

Female-to-male 
transplantation

159 14.34 49 13.24 0.666 208 14.06

Donor typeb Matched unrelated 595 53.65 194 52.43 0.895 789 53.35

Matched related 255 22.99 89 24.05 344 23.26

Unmatched unrelated 247 22.27 83 22.43 330 22.31

Unmatched related 12 1.08 4 1.08 16 1.08

Stem cell source Bone marrow (BM) 87 7.84 27 7.3 0.323 114 7.71

Peripheral blood stem cell (PBSC) 1014 91.43 343 92.7 1357 91.75

BM and PBSC 8 0.72 0 0 8 0.54

Diagnosis Acute myeloid leukemia 516 46.53 171 46.22 0.126 687 46.45

Acute lymphoblastic leukemia 106 9.56 46 12.43 152 10.28

Myelodysplastic syndromes 103 9.29 39 10.54 142 9.6

Myeloproliferative Disorder 71 6.4 29 7.84 100 6.76

Chronic myeloid leukemia 51 4.6 24 6.49 75 5.07

Non-Hodgkin's lymphoma 113 10.19 32 8.65 145 9.8

Othersc 149 13.43 29 7.83 178 4.06

Disease stage before HSCTd Early 341 30.75 126 34.05 0.352 467 31.58

Advanced 616 55.55 201 54.32 817 55.24

Unknown 152 13.71 43 11.62 195 13.18

Conditioning regimen Fludarabine + Treosulfan 231 20.83 91 24.59 0.244 322 21.77

Busulfan + Fludarabine 194 17.49 61 16.49 255 17.24

Fludarabine + TBI (8 Gy) 132 11.9 44 11.89 176 11.9

Fludarabine + TBI (12 Gy) 60 5.41 21 5.68 81 5.48

Fludarabine + TBI (10 Gy) 53 4.78 22 5.95 75 5.07

Carmustine + Fludarabine + 
Melphalan

102 9.2 18 4.86 120 8.11

Cyclophosphamide + TBI (12 Gy) 51 4.6 24 6.49 75 5.07

Cyclophosphamide + TBI (10 Gy) 40 3.61 12 3.24 52 3.52

Busulfan + Cyclophosphamide + 
Fludarabine

57 5.14 11 2.97 68 4.6

Etoposide + TBI (12 Gy) 36 3.25 25 6.76 61 4.12

Otherse 153 13.8 41 11.08 194 13.12
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estimated exponent of −0.97, reflecting that the hazard 
for younger patients decreased more rapidly than for older 
patients. For example, assuming constant CsA blood con-
centrations (250 ng/mL) and related donors, a 40-year-old 
patient had a 5%, 16%, and 30% lower hazard on days 10, 
20, and 30 than a 54-year-old patient. Neither a significant 
effect of patient age in patients with unrelated donors nor of 
donor age nor the interaction of patient and donor age was 
detectable. The model (code provided in the supplement) 
described the training data adequately and predicted the 
test dataset well (Figure 2) with precisely estimated model 
parameters (RSEs <50%; Table  3). Additionally, parame-
ter were stable as investigated by five-fold cross validation 
(Table S7, Figure S2) with adequate performance metrics 
(5/5 models: log rank p-value >0.10; Figure S3).

3.3  |  Stochastic simulation

3.3.1  |  Visualization of risk factors

Stochastic simulations were performed to demonstrate 
covariate effects on the cumulative incidence of grades 
II–IV aGvHD after HSCT (Figure  3). Here, assum-
ing constant CsA blood levels, stochastic simulations 

revealed the non-linear effect of CsA blood levels 
on the cumulative incidence of grades II–IV aGvHD 
(Figure  3E). Additionally, stochastic simulations of 
WBC counts showed, that an early and intense increase 
in WBC counts as well as an early and moderate in-
crease, resulted in comparable cumulative incidences 
of grades II–IV aGvHD, unlike a late and moderate in-
crease in WBC counts (Figure 3F). Adjusted RRs for the 
effects of covariates on the development of grades II–
IV aGvHD within 100 days after HSCT were calculated 
(Figure  4). Patients with MRD, FluTBI treatment, and 
median CsA blood level above 150 ng/mL (days 10–28) 
showed significantly reduced risk. Moreover, the risk for 
younger patients with related donors was significantly 
reduced compared to peers over 60 years. Conversely, 
an increased risk was observed for patients with an 
area under the WBC-time curve (AUC) above 40 cells/
nl*days and male patients with female donors compared 
to all other recipient-donor gender combinations.

3.3.2  |  CsA blood level adaption

Stochastic simulations were conducted to illustrate po-
tential adjustments required in the CsA blood level for 

Count % Count % Count %

ATG Yes 612 55.18 200 54.05 0.718 812 54.9

Recipient CMV serostatus Positive 640 57.71 210 56.76 0.709 850 57.47

Negative 459 41.38 155 41.89 614 41.51

Unknown 10 0.90 5 1.35 15 1.01

Relapse 311 28.04 103 27.84 1.00 414 27.99

Graft loss 9 0.81 2 0.54 0.741 11 0.74

Acute GvHD Total 887 79.98 305 82.43 0.635 1192 80.59

Grade 1 434 39.13 145 39.19 579 39.15

Grade 2 370 33.36 128 34.59 498 33.67

Grade 3 77 6.94 28 7.57 105 7.1

Grade 4 6 0.54 4 1.08 10 0.68

Chronic GvHD De-novo 97 8.75 27 7.3 0.244 124 8.38

Progressive 577 52.03 211 57.03 788 53.28

No chronic GvHD 435 39.22 132 35.68 0.150 567 38.34

cGvHD Stadium Limited 384 34.63 149 40.27 533 36.04

Extensive 290 26.15 89 24.05 379 25.63
aUnadjusted p-values of Fisher's exact test (if feasible), χ2 test or two-sample Wilcoxon test.
bFor donor-recipient matching human leukocyte antigen (HLA)-A, -B, -C, -DRB1, -DQB1 were considered.
cOther diagnosis includes the following malignancies: Hemoglobinopathy, Congenital hematologic disorder, Other hematologic malignancies, Chronic 
myelomonocytic leukemia, Hodgkin's lymphoma, Non-malignant hematological diseases, Chronic lymphocytic leukemia, Multiple Myeloma.
dEarly stages: De-novo AML in 1st remission, ALL in 1st remission, MDS with single lineage dysplasia, and MDS with single lineage dysplasia and ring 
sideroblasts, CML in 1st chronic phase. Advanced disease stages: All other stages that did not correspond to early stages, such as AML in 2nd remission.
eA detailed list of all conditioning regimens is given in Table S2.

T A B L E  2   (Continued)
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8 of 16  |      OCH et al.

patients with risk factors, aimed at achieving a cumula-
tive incidence analogous to those patients without risk 
factors, maintaining a constant CsA blood level of 200 ng/
mL (Figure S4).

To examine and visualize the relationship between 
CsA blood concentration and incidence of grades II–IV 
aGvHD, considering patient age, we plotted the simulated 
median 100-day cumulative incidence of grades II–IV 
aGvHD against CsA blood concentration for discrete pa-
tient ages (Figure 5A). The figure demonstrates an approx-
imately linear increase in 100-day cumulative incidence as 
patient age rises. For example, at a CsA concentration of 
200 ng/mL (dark blue points/line), the median cumulative 
incidence for a male patient with a female donor without 
FluTBI treatment increases 34% to 49% to 60% at ages 30, 
50, and 70 years, respectively.

Furthermore, for higher CsA blood concentrations, 
the cumulative incidence over time decreases. The graph 
also reveals the increased CsA blood concentrations re-
quired for older patients to attain a similar incidence as 
younger patients with the same risk factors. For instance, 
the cumulative incidence for a 60-year old male patient 
with a female donor without FluTBI conditioning regi-
men attaining 300 ng/mL CsA blood levels is comparable 
to a 30-year old male patient with the same risk factors 
attaining 100 ng/mL CsA blood level (median; 60-year-old 
and 300 ng/mL CsA: 45% vs. 30-year-old and 100 ng/mL 
CsA: 48%).

Further analyses were performed to determine the po-
tential reduction in the median 100-day cumulative inci-
dences of grades II–IV aGvHD achievable via alterations 
in constant CsA blood concentrations compared to a ref-
erence of 200 ng/mL (Figure  5B). For example, the 100-
day cumulative incidences for male patients with female 

F I G U R E  2   Model performance on the cumulative incidence of grades II–IV acute GvHD within 100 days after transplantation. (A) 
Descriptive performance of the final model on the training dataset. (B) Predictive performance of the final model on the test dataset. The red 
lines show the observed cumulative incidence. The blue lines show the model simulation. The blue shaded areas show the 95% confidence 
interval calculated from stochastic simulations of 1000 replicates.

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 25 50 75 100
Days after Transplantation

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 a
G

vH
D

(A)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 25 50 75 100
Days after Transplantation

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 a
G

vH
D

(B)

Observed data Model simulation (Median, 95% CI)

T A B L E  3   Parameter estimates with relative standard error (%) 
of the final model.

Parameter Value RSE (%)

Basic model

ktr 0.619 5.5

kel 0.0616 12.5

f 0.0339 10.4

Covariate effects

γWBC
a 0.125 33.0

λMRD
a 0.773 13.2

λSex mismatch
a 1.45 13.5

λFlu
a 0.768 12.7

γAge
b −0.97 43.3

SlopeCsA
b 0.00309 27.8

Abbreviations: CsA, cyclosporine A; f, scale parameter; ktr, hazard transit 
rate; kel, shape parameter (hazard elimination); RSE, relative standard error.
a�WBC=effect ofWBC count on h(t), �MRD=effect ofmatched related donor on 	
h(t), �sexmismatch=effect of sexmismatch onh(t), �Flu=effect of fludarabine on h(t) 	
	
with h(t)=h0(t)∗�MRD∗�Sexmismatch∗�Flu∗

Individual leukocyte count

Median population leukocyte count

�WBC

.

b�Age=effect of age on kel, slopeCsA=effect of CsA on kelwith typical kel=kel  

∗1+SlopeCsA∗
(

ConcCsA−250
)

∗
age patient

54

(�Age∗relFactor)

 ; relFactor = 1 for 	

related donors, relFactor = 0 for unrelated donors.
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      |  9 of 16OCH et al.

donors of the ages of 30, 40, 50, 60 or 70 years, all receiving 
conditioning regimens other than FluTBI, would increase 
by 41%, 35%, 31%, 26%, and 23%, respectively, if CsA 
blood levels are reduced from 200 ng/mL to 100 ng/mL. 
For these patients, an increase in CsA blood levels from 
200 ng/mL to 300 ng/mL, 400 ng/mL, or 500 ng/mL would 
result in reductions of the median cumulative incidences 
of 17–23%, 30–37%, or 40–47%, respectively. It is important 
to note that all simulations displayed in Figure 5 were con-
ducted assuming constant CsA blood concentrations over 
a 100-day duration.

3.4  |  Risk assessment day 7

In order to determine whether an early post-allo-HSCT 
time point can serve as an indicator for the later risk of 
developing grades II–IV aGvHD, we evaluated the cor-
relation between an individual's cumulative hazard at 
selected time points (day 7, day 14, and day 21) and the 
subsequent number of observed events. For this, we clas-
sified patients into high and low-risk categories based on 
their cumulative hazard at each time point relative to the 

population median. Stratification based on day 7 showed a 
marked distinction in event rate. In both the training and 
the test dataset, patients categorized as high-risk exhibited 
higher incidence rates of grades II–IV aGvHD compared 
to those in the low-risk group (training dataset: 41.41% vs. 
34.52%, test dataset: 42.94% vs. 35.98%).

The described relationship is graphically depicted in 
Figure 6, where we plotted the cumulative hazard, current 
hazard, and individual probabilities of not developing 
grades II–IV aGvHD over time for each patient in both the 
test and training datasets. Additionally, the event rates for 
the two risk groups are presented, stratified by the respec-
tive dataset.

4   |   DISCUSSION

This study presents a novel dynamic TTE model for grades 
II–IV aGvHD, which identified a time-varying Bateman 
function to modulate baseline hazard and investigate 
the role of CsA blood levels and WBC count as continu-
ous longitudinal data without grouping. By applying 
the modeling approach of fitting joint longitudinal and 

F I G U R E  3   Simulation scenarios of covariate effects on grades II–IV aGvHD over 100 days after transplantation. (A–C) Stochastic 
simulations with and without covariate effect for the three discrete covariates: female donors for male recipients (A), matched related 
donors (B), and FluTBI conditioning regimen (C). (D) For the continuous covariate, patient age, three different age groups were simulated 
based on the 5th, 50th, and 95th percentile of the dataset: 37 years (green), 54 years (yellow), and 64 years (blue). (E) For the time-dependent 
covariate, CsA blood level, three constant CsA blood levels of 100 ng/mL (green), 200 ng/mL (yellow), or 300 ng/mL (blue) were used. (F) For 
the time-dependent covariate, WBC counts, three exemplary courses of leukocyte recovery over time from the training dataset were used for 
stochastic simulations: leukocytes recover early and strongly (green), early and moderate (yellow), and late and moderate (blue).

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 25 50 75 100
Time after transplantation [days]

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 a
G

vH
D

Female recipient or male donor Male recipient and female donor

Female-to-male transplantation

(A)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 25 50 75 100
Time after transplantation [days]

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 a
G

vH
D

Donor type Matched related donor Other donor types

Matched related donor type

(B)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 25 50 75 100
Time after transplantation [days]

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 a
G

vH
D

Conditioning regimen FluTBI Other regimens

FluTBI

(C)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 25 50 75 100
Time after transplantation [days]

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 a
G

vH
D

Patient age [years] 37 54 64

Patient Age [related donor type]

(D)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 25 50 75 100
Time after transplantation [days]

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 a
G

vH
D

CsA blood level [ng/ml] 100 200 300

Cyclosporine A

(E)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0

5

10

15

20

0 25 50 75 100
Time after transplantation [days]

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 a
G

vH
D

W
B

C
 [cells/nl]

WBC Model simulation

White blood cells

(F)

 20457634, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cam

4.6833 by U
niversitaet D

es Saarlandes, W
iley O

nline L
ibrary on [04/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 16  |      OCH et al.

time-to-event data, we gained deeper insight into the role 
of CsA blood levels and WBC count on the development 
of grades II–IV aGvHD. Additionally, multivariable analy-
sis confirmed significant static factors (female donors for 
male recipients, MRD, FluTBI and patient age in subjects 
with related donors) for the development of grades II–IV 
aGvHD within 100 days after HSCT.

Elevated CsA blood levels were significantly asso-
ciated with a lower risk for developing grades II–IV 
aGvHD. This finding is consistent with previous stud-
ies14–21 that employed stratified data analysis17–19 or 
used varying cut-off values for CsA concentrations 
(150 ng/mL,14 195 ng/mL,21 200 ng/mL,34 348 ng/mL,16 
350 ng/mL15). In contrast, our study considered CsA 
exposure as a continuous, time-dependent variable, 
providing a more fine-grained concentration-effect rela-
tionship. Previous studies have reported a 30% decrease 
in the incidence of aGvHD per 100 ng/mL increase in 
CsA blood levels. In the presented study, we observed a 
comparable but slightly smaller reduction in 100-day in-
cidence per 100 ng/mL, indicating a non-linear relation-
ship (Figure 5B). Notably, the reduction in incidence is 
more pronounced at lower CsA blood concentrations 
compared to higher levels.

Our stochastic simulations have demonstrated that the 
risk associated with static factors, such as age, might be 

mitigated by adjusting CsA blood levels. For this, neces-
sary modulations of treatment with CsA can be effectively 
estimated using the presented model. However, formu-
lating a precise CsA target level range that balances risk 
and benefit proves challenging due to ambiguous results 
concerning the correlation between CsA exposure and 
potential adverse outcomes (toxicities).15,35–37 Various 
side effects associated with CsA usage, such as nephro-
toxicity, neurotoxicity, hepatotoxicity and hypertension, 
have been documented.38 Notably, nephrotoxicity is most 
frequently reported, whereas neurotoxicity predominated 
in cases of acute overdose (>1000 ng/mL).39 However, the 
literature lacks definitive conclusions regarding the blood 
concentration-toxicity relationship. While CsA trough lev-
els exceeding 500 ng/mL are considered to induce nephro-
toxicity,40,41 this linkage has not been confirmed by other 
investigations.15,37

Additionally, WBC count was found to be another 
longitudinal factor influencing the development of 
grades II–IV aGvHD. Specifically, a lower WBC count 
is associated with a reduced hazard. Interestingly, lym-
phocyte and neutrophil counts or the ratio of lympho-
cytes over granulocytes did not show a significant effect 
on hazard for grades II–IV aGvHD, despite the well-
established role of T-cells in aGvHD development33,42,43 
and the previous report of steep neutrophil recovery 

F I G U R E  4   Adjusted risk ratios (95% CI) for covariate effects on grades II–IV aGvHD within 100 days after transplantation. Covariates 
that show a significant effect in the multivariable model were simulated univariate (1000 replicates) and risk ratio (black dot) and 95.0% 
confidence interval (error bar) for the survey period of 100 days after transplantation were calculated. The reference group for the age effect 
of unrelated donors were patients older than 59 years. To calculate RR for high, medium, and low WBC counts, the area under the WBC-
time curve (AUC) within days 10–28 was used as a surrogate since WBC counts strongly fluctuated over time after HSCT. The reference 
group for the WBC effect was WBC AUC below 15 cells/nl*days. The reference group for the CsA effect was CsA blood level below 150 ng/
mL. The reference group for the female-to-male transplantation effect was transplantation of all other recipient-donor gender combinations. 
The reference group for matched related donor effect was transplantation of all other donor types. The reference group for the FluTBI effect 
was the conditioning regimen of all other drug combinations. CsA, cyclosporine A, WBC, white blood cell.

Covariates 
(Covariate group vs. Reference) 

Patient age
(Patient age as per margin vs. >= 60 years)

WBC AUC [day 10‒28]
(WBC AUC as per margin vs. < 15 ng/ml*day)

CsA blood level  [median; day 10‒28]
(Blood level as per margin vs. < 150 ng/ml)

Male recipient and female donor

Matched related donor

Conditioning regimen
FluTBI

17‒40 years
40‒59 years

>= 15‒40 cells/nl*day
>= 40 cells/nl*day

>= 150 ng/ml

Covariate group 
Patients (Events) 

61 (16)
142 (57)

364 (149)
535 (239)

926 (439)

159 (87)

255 (88)

250 (86)

Reference 
Patients (Events) 

64 (30)
64 (30)

210 (76)
210 (76)

183 (109)

950 (401)

854 (360)

859 (363)

RR (95% CI) 

0.54 (0.31‒0.9)
0.85 (0.61‒1.23)

1.14 (0.92‒1.41)
1.23 (1.02‒1.51)

0.79 (0.7‒0.91)

1.29 (1.1‒1.53)

0.82 (0.67‒0.98)

0.82 (0.66‒0.97)

P-value 

<0.05
0.36

0.24
<0.05

<0.001

<0.01

<0.05

<0.05

0 0.5 1 1.5
Risk ratio (95% CI)
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after allogeneic HCT as risk factor for aGvHD.44 The 
prediction of aGvHD development may be complicated 
by the composition of lymphocytes, which includes not 
only conventional T-cells that contribute to aGvHD but 
also regulatory T-cells and natural killer cells, both of 
which play a role in modulating the severity of aGvHD. 
This diversity in lymphocyte subtypes may interfere 
with the accuracy of predicting aGvHD based on undif-
ferentiated lymphocyte counts. However, WBC, primar-
ily composed of lymphocytes and neutrophils, exhibited 
a significant impact on hazard, with lower WBC counts 
associated with a higher hazard for developing grades 
II–IV aGvHD. It should be noted, that WBC counts were 
measured 1.9 times more frequently compared to lym-
phocyte and neutrophil counts, which may have biased 

the perceived importance of WBC count as a reliable bio-
marker compared to individual cell types in our model.

The effect of male recipients with female donors4,6,7 and 
the effect of MRD6,9 on the hazard of developing grades 
II–IV aGvHD have been described in previous studies. 
However, the effect of male recipients with female donors 
could not be confirmed in all studies9 or only for certain 
severity grades.12 The presented analysis confirmed both 
factors. Our stochastic simulations indicate that female 
patients or patients with male donors attaining 200 ng/
mL CsA blood levels over 100 days exhibited a median 
cumulative incidence of 42.7%. In contrast, male patients 
with female donors would require 62.5% higher CsA lev-
els (325 ng/mL) for a comparable median incidence rate. 
Furthermore, patients with donor types other than MRD 

F I G U R E  5   Median cumulative incidence of grades II–IV aGvHD on day 100 after transplantation for different ages and CsA blood 
concentrations stratified by FluTBI conditioning regimen in male recipients with female donors. (A) Median cumulative incidence of grades 
II–IV aGvHD on day 100 was simulated for five different constant CsA blood concentrations over 100 days (100, 200, 300, 400, 500 ng/
mL) and five patient ages (30, 40, 50, 60, 70 years). (B) Estimated average percentage change in the 100-day cumulative incidence for each 
stratum compared to a constant 200 ng/mL CsA blood concentration over 100 days. CsA, cyclosporine A, FluTBI, fludarabine plus total body 
irradiation.
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would require 37.5% higher CsA levels (275 ng/mL) over 
100 days for a similar cumulative aGvHD incidence as 
patients with MRD attaining 200 ng/mL CsA blood levels 
over 100 days (median; MRD: 38.2% vs. non-MRD: 38.9%).

For related-donor patients, older patient age signifi-
cantly increased the hazard of grades II–IV aGvHD. 
Although patient age is a commonly considered risk fac-
tor for aGvHD,4 conflicting results have been reported 
regarding its effect on aGvHD12 or its exclusive effect 
on chronic GvHD.6 To address potential confounders, 
we tested the effect of ATG treatment and specifically 
examined the interaction of highly correlated variables 
(recipient age and donor age) within the subgroup of 
related-donor patients. However, no significant effects 
could be observed.

Patient age may affect the development of aGvHD by 
increasing thymic dysfunction and thereby impairing 
the negative selection of host-reactive T-cells, as sup-
ported by studies showing a correlation between low 
pre-transplantation sjTREC counts and higher risk of 
aGvHD.45,46 It is worth noting that a pediatric study pre-
viously reported a substantial decline in thymic activity 
among patients with MUD compared to those with MRD 
within the observation period of 6 months following 
HSCT.47 This suggests that the age of patients with MUD 

may play a less crucial role in influencing thymic function 
compared to those with MRD.

It is well-known that aGvHD is initiated by tissue dam-
age caused by myeloablative conditioning regimens,33,42,43 
while reduced-intensity conditioning regimens are as-
sumed to provoke less aGvHD. Considering that the 
transplant conditioning intensity (TCI) score48 designates 
FluTBI based on the predominant cumulative dose ap-
plied (8 Gy: 52.2%, 10 Gy: 22.3%, 12 Gy: 24.0%) within the 
intermediate-intensive conditioning regimens, the ob-
served reduction in hazard for aGvHD seems reasonable.

The relationship between the patient-individual cu-
mulative hazard on day 7 and the actual number of ob-
served events indicates a potential pathway for early-stage 
patient risk classification, as exemplified in our analysis 
(see Figure 6). A potential clinical application of this risk 
classification could assist in identifying high-risk patients 
by leveraging the estimated day 7 cumulative hazard. 
Consequently, this approach could guide clinicians in 
their decisions regarding the administration of escalated 
CsA dosages, aiming to optimize treatment outcomes.

The developed predictive model for aGvHD offers an 
approach for early detection and management of patients 
at risk, especially considering the notable incidence of ste-
roid resistance in grades II–IV aGvHD cases. The model 

F I G U R E  6   Individual time courses of cumulative hazard, hazard and event-free probability stratified by test and training dataset. Each 
colored line represents an individual patient, black vertical lines indicate day 7 post-HSCT. For each risk group the observed event rate 
within 100 days after allo-HSCT was calculated (lower panel). Colors indicate risk group (red = high, green = low).
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allows for timely interventions by estimating the probabil-
ity of aGvHD development between allo-HSCT and Day 
100. Potential interventions include adjusting CsA blood 
levels or administering ATG to remove donor T cells. 
These strategies, guided by the model estimations, could 
contribute mitigating aGvHD progression and enhance 
patient management in clinical settings. Further research 
should explore the model's integration into clinical work-
flows and validate its applicability across varied patient 
groups.

In contrast to previous studies,49–51 our model was de-
veloped using a large dataset and incorporated a compre-
hensive combination of baseline pre-HSCT parameters 
along with longitudinal laboratory results (such as WBC 
counts and CsA blood levels). Our approach differs from 
previous approaches that predominately relied on static 
variables,51,52 utilized a limited set of covariates,50 or re-
lied on data that is not readily available in routine clinical 
practice.49

However, our study has some limitations. Firstly, the 
dataset only provided information on the initial diagno-
sis date and the maximum grade of severity of aGvHD, 
which limited the ability to develop a predictor of initial 
severity and time from the initial diagnosis to the maxi-
mum grade of severity. Secondly, the analysis dataset, due 
to censoring, included a slightly smaller cumulative inci-
dence of grades II–IV aGvHD at 38%, compared to the 41% 
observed in the uncensored raw data. Moreover, the data 
was obtained from a single centre, potentially introduc-
ing biases.53,54 Furthermore, the model does not account 
for potential effects of tapering off immunosuppressive 
drugs, such as methotrexate or mycophenolate mofetil, 
as detailed information regarding their co-administration 
(individual dose, duration, or measured plasma concen-
tration) was unavailable. Additionally, our model does 
not account for potential interaction of WBC and various 
affection factors (infections, treatment with anti-infection 
drugs, granulocyte colony-stimulation or granulocyte-
macrophage colony-stimulating factors, transfusion and 
poor graft function) due to unavailability of specific pa-
tient data. Lastly, the model relies on daily longitudinal 
data to predict the onset of aGvHD, which necessitates 
making assumptions or forecasts regarding individual 
daily WBC counts and CsA blood levels for the period of 
prospective investigation.

Despite these limitations, the primary strength of 
our model and analysis lies in its emphasis on capturing 
time-depending changes following allo-HSCT. Firstly, the 
estimated baseline hazard for developing grades II–IV 
aGvHD was modeled using a Bateman function, which 
represents periods after allo-HSCT where the likelihood 
of an event is higher (around day 17) or lower (in the very 
first days after allo-HSCT or temporally distant days). This 

allows for a more nuanced understanding of the temporal 
dynamics. Secondly, laboratory values such as CsA and 
WBC are included as longitudinal and continuous covari-
ates, ensuring that no information is lost due to grouping 
or discretization.

In conclusion, we successfully developed a TTE model 
to predict the development of grades II–IV aGvHD within 
100 days after HSCT. The results indicate that CsA treat-
ment effectively reduces the cumulative incidence of 
grades II–IV aGvHD. However, to optimize CsA dosing 
using our model, further investigations are needed to ex-
plore CsA concentration-dependent adverse effects and 
establish a clearer dose-concentration relationship. In ad-
dition to confirming previously known factors influencing 
the development of aGvHD, we identified a negative ef-
fect of WBC counts on the hazard to develop grades II–IV 
aGvHD. However, it is important to note that further ex-
amination is required to distinguish the specific influences 
of lymphocyte and WBC counts, which would necessitate 
more frequent and finely-grained observations, allowing 
for better stratification and analysis. Furthermore, the 
individual cumulative hazard on day 7 post-allo-HSCT 
demonstrates an association with the 100-day incidence 
of grades II–IV aGvHD. This observation suggests that an 
assessment of the cumulative hazard at this early time 
point could serve as a useful predictor for the subsequent 
development of this condition.
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