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                                                                                                                        Abstract

                                                            Hematopoietic stem cell transplantation is a multifactorial process. Some of the predictors exhibit time-dependent effects. We present a systematic analysis and description of selected clinical predictors influencing outcome in a time-dependent manner based on an analysis of registry data from the German Registry for Stem Cell Transplantation. A total of 14,951 patients with acute myeloid leukemia, acute lymphocytic leukemia, myelodysplastic syndrome and non-Hodgkin lymphoma transplanted with peripheral blood stem cells or bone marrow grafts were included. Multivariate Cox regression models were tested for time-dependent effects within each diagnosis group. Predictors not satisfying the proportional hazards assumption were modeled in a time-dependent manner, extending the Cox regression models. Similar patterns occurred in all diagnosis groups. Patients with a poor Karnofsky performance score (<80) had a high risk for early mortality until day 139 following transplantation (HR 2.42, CI: 2.19–2.68; P<0.001) compared to patients with a good Karnofsky performance score (80–100). Afterwards the risk reduced to HR 1.43, CI: 1.25–1.63; P<0.001. A lower mortality risk was found for patients after conditioning treatment with reduced intensity until day 120 post transplant (HR: 0.81 CI: 0.75–0.88; P<0.001). After this, a slightly higher risk could be shown for these patients. Similarly, patients who had received a PBSC graft exhibited a significantly lower mortality risk until day 388 post transplantation (HR 0.79, CI: 0.73–0.85; P<0.001), reversing to a significantly higher risk afterwards (HR 1.23, CI: 1.08–1.40; P=0.002). Integrating time dependency in regression models allows a more accurate description and quantification of clinical predictors to be made, which may help in risk assessment and patient counseling.
                                                            
                                                            Introduction
Outcome after hematopoietic stem cell transplantation is influenced by different factors. These include disease stage1 or cytogenetic risk,2 but also pre-transplant treatment-related variables, such as conditioning toxicity and selection of therapeutic agents.3 Furthermore, donor or graft properties may affect outcome.4 Of these, for example HLA-matching, cytomegalovirus (CMV) status or graft source are usually considered, as they were found to impact transplant-related outcome.5 Finally, post-transplant treatment in the form of graft-versus-host disease (GvHD) prophylaxis and therapy with growth factors or steroids may influence morbidity and mortality.6 Predictors may be categorized as modifiable, such as type and dosage of therapeutic agent, or as invariable, e.g. genetic factors.
In survival analysis, different groups are compared and effects may vary in size, also in a time-dependent manner, as the outcomes are time-to-event end points. Some effects may change in intensity over time or may be present only for a limited period, e.g. therapeutic interventions. From a clinical perspective, intensity of conditioning treatment is likely to show time-dependent effects as toxicity resolves with time. In addition, graft source may show time dependency as the kinetics of immune reconstitution is quite different in bone marrow (BM) and in peripheral blood stem cell (PBSC) grafts.7 Karnofsky performance score (KPS) has been shown to associate with a high early mortality.98 Finally, disease stage might be of interest, as relapse-associated and transplantation-associated events may have a greater impact on advancing disease stage early after transplantation. One important tool to evaluate survival is Kaplan-Meier analysis,10 in which time-dependent effects may manifest as crossing or diverging/converging survival curves (Online Supplementary Figures S1 and S2). However, Kaplan-Meier analysis is a univariate method and does not allow examination of multiple effects in combination. For multivariate analysis, the standard methodology is Cox regression analysis,11 which is limited by the ”Proportional Hazards Assumption“ (PHA). This means that all effects in the model are assumed to remain constant over time. This is often not the case, and would lead to false regression estimates, and, therefore, false hazard ratios for such effects if ignored. In such situations, the Cox regression model has been extended to allow for adjustment of time-dependent effects.12 To visualize such effects over time, dynamic regression modeling has been proposed.13 Models including time-dependent variables have been used in important clinical studies.1514 However, such time-dependent effects have not been studied in a dedicated analysis of HSCT data before, as their interpretation is not as intuitive as that of relative risk estimates obtained from variables fulfilling the PHA. In this study, we investigated selected clinical predictors of unrelated stem cell transplantation (HSCT) for time-varying effects and aimed to identify, describe and quantify these effects in such a way as to facilitate their interpretation by the clinician. For this reason, we analyzed a large cohort of patients based on data from the German Registry for Stem Cell Transplantation (DRST). Patterns that were observed in a similar fashion across the different disease entities are reported.
Methods
Patients
The DRST database is a subset of the European Group for Blood and Marrow Transplantation (EBMT) ProMISe database and includes patients transplanted in Germany. Clinical data of all patients receiving a first allogeneic transplant for the disease entities acute myeloid leukemia (AML), acute lymphocytic leukemia (ALL), myelodysplastic syndrome (MDS) and lymphoma were retrieved. The category lymphoma included chronic lymphocytic leukemia (CLL) and was sub-classified in aggressive and indolent. No missing values were accepted for disease stage, HLA-match type, and source of stem cells. Only adult patients and patients transplanted with BM or PBSC were included in this analysis. A total of 14,951 patients were eligible with a median age of 48 years (range 18–78). Transplantations were performed between 1976 and 2013. Median follow up of surviving patients was 49 months. Patients’ characteristics are summarized in Table 1 and Online Supplementary Table S1.
[image: ]

Table 1.Patients’ characteristics.
Definitions
The term “time dependent” is used for covariates not satisfying the PHA, which may be caused by an effect that changes in intensity over time or an effect that is present only for a limited time period and modifies subsequent risk. Disease stage definitions were adopted from the EBMT study group defining the EBMT risk score.14 Early disease stage was defined as transplantation in first complete remission for acute leukemia and as untreated or in first complete remission for MDS and lymphoma. Intermediate disease stage grouped for acute leukemia transplantation in second complete remission, for MDS in second complete or partial remission, and for lymphoma in second complete remission, partial remission or stable disease. Stages other than early or intermediate were classified as advanced disease stage.
Regarding conditioning regimen intensity, the terms myeloablative (MAC), non-myeloablative (NMA), and reduced intensity conditioning (RIC) have been introduced.16 However, the EBMT ProMISe format currently classifies non-myeloablative and reduced intensity together as RIC. From retrospective data, it is sometimes difficult to distinguish between NMA and RIC. Therefore, our study only distinguished between myeloablative and conditioning with less intensity, termed RIC. According to the EBMT standards, MAC conditioning is defined as total body irradiation (TBI) of 10 Gy or more combined with cyclophosphamide or etoposide, or busulfan 16 mg/kg combined with cyclophosphamide 120–200 mg/kg. For lymphomas, also BEAM and CBV polychemotherapy were considered as MAC conditioning. Regimens with lower dosages were considered as RIC (see EBMT MED-AB forms manual Appendix III; www.ebmt.org).
Overall survival (OS) was defined as the fraction of surviving patients at any given time point after transplantation. Death from any cause was considered as an event. Patients alive at the last follow up were censored.
Disease-free survival (DFS) was defined as the proportion of patients alive without evidence of disease at any given time point after transplantation. Death from any cause or recurrence of diseases, whichever occurred earlier, was considered as an event. Patients alive and free from disease at the last follow up were censored. Consent for scientific data analysis was obtained upon registration in the DRST. The study was approved by the ethical committee of the University of Ulm, Germany (n. 108/15).
Statistical analysis
The Cox regression model is a multiplicative hazard model, which means that the effect of covariates is modeled on a multiplicative scale in relationship to the underlying base-line hazard. While the effects of covariates are assumed to be proportional over time, no assumptions are made on the structure of the base-line hazard (the distribution of survival times). In contrast, the Cox-Aalen model includes a multiplicative as well as an additive component. The multiplicative part incorporates covariates that modify the excess risk similarly to the Cox model, while the additive part models the base-line hazard rate allowing for time-varying effects.1817 For OS and DFS multivariate Cox regression models were fitted and PHA was examined by a test based on weighted Scheonfeld residuals according to the algorithm proposed by Grambsch and Therneau implemented in the “survival package” of the R statistical software (R-3.0.2).19 The test basically checks for linearity of Schoenfeld-residuals over time. Covariates not satisfying the PHA were further examined by fitting a Cox-Aalen model and plotting cumulative hazard curves.20 These curves show the change in hazard over time. A positive slope adds risk and therefore correlates to increased hazard rates (i.e. HR>1), a negative slope corresponds to reduced hazard rates (i.e. HR<1), and a slope 0 (a horizontal line) implies no effect on outcome. In time periods where the slope is constant or, in other words, a straight line, the PHA is satisfied for these time periods. Based on this information, it is possible to extend the Cox model by splitting the follow up for time-dependent covariates into observation periods and to estimate regression coefficients separately for these respective time intervals. Cut-off points for these time intervals were determined by fitting models from ranges of cut-off points. Selection of cut-off points was based on optimal log likelihood.
Multivariate models included risk factors defined by the EBMT risk score: age, disease stage, time from diagnosis to transplant, donor type, and recipient-donor sex combination. In addition, year of transplantation, graft source and conditioning therapy and KPS (<80=poor vs. 80–100=good) were included. Missing data for KPS (11.3%) were included in the models as separate category. Stratification was performed for diagnosis and donor-type; a center effect was adjusted using a gamma frailty term. Final models were tested for PHA and after adjustment for time-dependent effects all models satisfied PHA. P=0.01 was considered statistically significant.
Results
As predictors of primary interest, we defined disease stage, graft source, conditioning regimen intensity, and KPS. Cox regression modeling for OS and testing of PHA indicated a strong non-proportionality of KPS (<80 vs. 80–100; P<0.001), conditioning regimen (RIC vs. base-line MAC; P<0.001), and graft source (PBSC vs. BM; P<0.001) (Table 2). The estimates for disease stage showed no time-dependent effect in OS analysis. For DFS, KPS (P<0.001), RIC vs. MAC (P<0.001), and PBSC vs. BM (P=0.001), as well as both the estimates for intermediate disease stage (intermediate disease stage vs. base-line early disease stage; P=0.004) and advanced disease stage (advanced disease stage vs. base-line early disease stage; P<0.001) indicated strong time-dependent effects. Based on these results, cumulative hazard curves were plotted to visualize the change in hazards over time [OS: Figures 1–3; DFS: Online Supplementary Figures S3–S7]. After selection of optimal cut-off points, final multivariate models were adjusted in a time-dependent manner. For the estimates of all time periods, the PHA assumption held; the PHA test was not significant (Tables 2 and 3), which proved that the specified cut-off points were adequate for our dataset. For OS analysis, these time periods were before and after day 139 for KPS, before and after day 120 for conditioning intensity, and before and after day 388 for graft source (Figures 1–3). For DFS, these time periods were before and after day 130 for KPS, before and after day 140 for conditioning intensity, before and after day 242 for graft source, before and after day 309 after transplantation for intermediate disease stage, and before and after day 242 for advanced disease stage (Online Supplementary Figures S3–S7). Follow up of the cohort was split into observation intervals, and separate hazard ratios were obtained for time-dependent covariates within the respective time periods. For analysis of KPS, the estimates obtained were considerably higher in the early period after transplantation as compared to the period later on. Unadjusted values lay in between (Tables 2 and 3). For conditioning therapy, no significant effect on OS and DFS was found in the unadjusted model, but modeling of time-dependent effects showed opposing significant effects before and after the cut-off time points for OS and DFS. In the early post-transplant period, reduced intensity conditioning appears to have a protective effect, whereas later on a higher hazard ratio was found for patients who had undergone conditioning with a reduced intensity. The observed effects correlate with lower early mortality and higher late mortality in this patient cohort. In the unadjusted models for OS and DFS, graft source did not correlate with significantly different outcomes. Interestingly, the effect of graft source could be better described by modeling separate estimates for the early and for the later period after transplantation. Similarly for OS and DFS, significant effects were found in the early period after transplantation, indicating lower probability for adverse events for patients transplanted with PBSC, while in the later period these patients seemed to do less well, as higher hazard ratios were observed (Tables 2 and 3). Other predictive covariates in the final model were: age (OS: HR 1.013, CI: 1.011–1.015, P<0.001; DFS: HR 1.011, CI: 1.01–1.013, P<0.001), year of transplantation 2001–2005 (OS: HR 0.89, CI: 0.82–0.96, P<0.001; DFS: HR 0.94, CI: 0.87–1.01, P=0.092), year of transplantation 2006–2013 (OS: HR 0.73, CI: 0.67–0.79, P<0.001, DFS: HR 0.81, CI: 0.75–0.88, P<0.001), and time to transplantation from initial diagnosis of more than 12 months (OS: HR 1.18, CI: 1.12–1.25, P<0.001; DFS: HR 1.21, CI: 1.16–1.29, P<0.001). A subset analysis was performed for transplantations using PBSC grafts performed between 2006 and 2013. For OS analysis, KPS and conditioning intensity showed time-dependent characteristics. For DFS analysis, KPS, conditioning intensity as well as disease stage (intermediate and advanced stage) could be confirmed as time-dependent variables. For both end points, similar risk estimates such as those seen in the analysis of the complete dataset were obtained in the subset analysis (Online Supplementary Tables S2 and S3).
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Table 2.Overall survival.
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Table 3.Disease-free survival.
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Figure 1.Cumulative non-parametric hazard (CNPH) curve, overall survival (OS) for Karnofsky Performance Score (KPS) less than 80 compared to KPS 80–100. The vertical red line marks day 139 after transplantation.
[image: ]

Figure 2.Cumulative non-parametric hazard curve (CNPH) curve, overall survival (OS) for reduced intensity conditioning (RIC) compared to myeloablative conditioning (MAC). The vertical red line marks day 120 after transplantation.
[image: ]

Figure 3.Cumulative non-parametric hazard curve (CNPH) curve, overall survival (OS) for peripheral blood stem cells (PBSC) compared to bone marrow (BM) as graft source. The vertical red line marks day 388 after transplantation.
Discussion
We show in a large German patient cohort that important clinical predictors (KPS, disease stage, conditioning regimen and graft source) exhibit significant time-dependent effects. These effects may be quantified in a sense that regression coefficients and relative risk can be calculated for follow-up periods, which satisfy the PHA, by extending the Cox regression model. We describe patterns that were valid for all disease entities included in this analysis. Our data contain a large proportion of transplantations performed in recent years (2006–2013, 56.9%) and may, therefore, represent current approaches in conditioning treatment and supportive care. The selection of diagnoses aimed to include a large number of patients, while, on the other hand, restricting disease-associated heterogeneity to a limited number of disease entities. Considering time-dependent effects may reveal relationships that could remain undetected in standard Cox regression models. Such effects can be shown for KPS in analysis of OS and DFS. In the early phase after transplantation, the hazard ratio is substantially higher as compared to the later phase after day 139 (OS) and 130 (DFS), respectively. The biological explanation is that the higher risk in the early phase may be attributed to a substantially higher early mortality. This indicates that patients with a poor KPS tolerate transplantation-associated morbidity/toxicity less well. In the later phase, the effect of transplantation morbidity/toxicity disappears (according to our data around 139) and the higher risk in this group diminishes. It is, therefore, no coincidence that the estimated cut-off time points are similar for KPS and conditioning treatment (between days 120–140 post transplantation) as they most likely both correlate to conditioning-associated toxicity.
Perhaps even more interesting is the observation that the intensity of conditioning regimen, which did not show a statistically significant effect in standard regression modeling, showed clearly significant effects depending on the time interval after transplantations. Our data show that, in the early phase after transplantation, risk is significantly reduced for patients who had undergone a dose-reduced conditioning regimen when compared to patients who had received a standard myeloablative conditioning therapy. This observation was obtained consistently for OS-and DFS-associated risk (OS: HR 0.81; DFS: HR: 0.88). However, later on and presumably after resolution of acute conditioning toxicity, the slope of the cumulative hazard curve changes from negative to positive and the risk is higher in the patient group with reduced intensity conditioning. It has been shown that non-relapse mortality is lower in patients undergoing RIC as compared to patients treated with MAC.21 As non-relapse mortality is dominated by treatment-associated mortality soon after transplantation, this effect reflects a potentially protective effect of RIC in the early phase. However, later on, and as conditioning toxicity resolves, a differential effect on relapse remains. Lower relapse rates are observed in patients treated with MAC compared to patients treated with RIC, which explains the adverse effect of RIC in the later time period after HSCT.22 The time-dependent effect of conditioning treatment may, therefore, be explained by opposing effects with different time kinetics on treatment-related mortality and relapse incidence. The cumulative hazard curves are very similar for OS and DFS (Figure 2 and Online Supplementary Figure S4). The differences in cutoff time points are probably a result of optimal model selection rather than a correlate of clearly different time kinetics. We could show an almost 20% risk reduction in early mortality for patients with RIC in the OS analysis, which is of clinical significance. The above-mentioned differences were less intense in the DFS analysis, which may be attributed to the fact that higher relapse rates observed in RIC patients tend to partly attenuate the beneficial effect of RIC on mortality for this end point. Without considering time dependency, these effects would not have been noticed. In a Kaplan-Meier analysis, such a relationship is shown as overlapping survival curves (Online Supplementary Figure S1).
Peripheral blood stem cells are considered by many transplant physicians as graft source of choice for adult patients with malignant diseases of the hematopoietic system.2423 One advantage of PBSCs is the faster engraftment compared to bone marrow, leading to a shorter aplasia time, which may reduce early post-transplant morbidity.25 Our data do not support this practice, as patients who were transplanted with allogeneic PBSCs showed similar hazard ratios compared to patients receiving BM grafts (OS: HR 0.94, CI: 0.87–1.01; P=0.069). However, regarding both end points, a significant time-dependent effect was detected, which, similarly to the analysis of conditioning regimen, allowed a distinction between a phase with risk reduction and a phase with increased risk. In the early phase (before day 388 in OS and before day 242 in DFS), PBSC had a protective effect, possibly because of the faster engraftment time, which reduces aplasia time and in turn has a beneficial influence on transplant-related mortality early after transplantation.26 In the later phase, a risk increase for PBSC was observed, which might be attributed to late complications, e.g. chronic GvHD.2927 The earlier cut-off time point for DFS is caused by the addition of relapse events, which accumulate early after transplantation when compared to OS. For analysis of OS, a 21% risk reduction in the early phase after transplantation was seen, while the risk afterwards was increased by 23%. These differences are in the magnitude of a single HLA-mismatch and are of clinical relevance. DFS analysis revealed weaker differences compared to those observed in OS analysis, underscoring the stronger influence of relapse events in the analysis of DFS. In general, PBSC might be preferred in cases where high early post-transplant mortality is expected, e.g. in elderly patients or in patients with relevant comorbidity.
In DFS analysis, the variables “intermediate disease stage” and “advanced disease stage” showed time-dependent effects when compared with early disease stage, which was not seen in the OS analysis. The reason for this observation is that occurrence of relapse is counted as an event in DFS analysis, whereas for OS only death from relapse accounts for an event. Since relapse does not necessarily lead to death from relapse, and as many relapse events occur early after transplantation, such events accumulate for DFS in the early phase after transplantation, particularly for patients with more advanced disease stages. The difference in relative risk seen between advanced and early disease stage patients (HR 2.43 early after transplantation vs. HR 1.79 in the later phase after transplantation) highlights the problem of early morbidity/mortality in advanced disease stage patients, while on the other hand predicting a more favorable outcome for such patients who managed to survive these early complications.
Other commonly used approaches for inclusion of time-dependent variables are stratification on non-proportional variables as well as landmark analysis with refitting of separate models. Stratification, however, allows no quantification or comparison of the effects of various levels of the stratified variable. For the landmark approach, different models are fitted based on landmark time points with inclusion of case subsets with a survival time, which is at least as long as the landmark time points.30 It is often difficult to interpret the results of landmark analysis from a clinical perspective, as subsets of patients are analyzed in each landmark model and multiple models might be necessary. Generally speaking, our approach could be considered as a variant of a landmark approach using the cut-off time points we describe as landmarks. However, only one statistical model is necessary to include all time-dependent variables, which facilitates interpretation. Adjustment of variables for time dependency, in the way we describe here, does not affect the estimates for the other covariates satisfying the PHA in the multivariate Cox regression model. To address the problem of confounding by older transplantations and over-representation of BM grafts in this group, a subset analysis was performed for patients transplanted with PBSC grafts between 2006 and 2013. Very similar risk estimates to those seen in the analysis of the complete dataset were found (Online Supplementary Tables S2 and S3), indicating that our approach did not introduce a relevant bias, but instead allowed us to evaluate the effect of graft source in the context of the other predictors mentioned.
A limitation of our analysis is that exact HLA-matching patterns could not be included, as definitions of HLA-matching changed over time, and detailed information about the number and resolution of HLA-mismatches is currently not available from the DRST database. Therefore, stratification had to be performed for the covariate “donor type”. In addition, the dataset included also historical transplantations, which leads to heterogeneity with regard to changes in transplant protocols, graft source, donor selection, or supportive care. This heterogeneity is probably only partly reflected by including the time period of transplantation as covariate. Another important clinical covariate is cytogenetic risk.3231 However, cytogenetic information is currently not available in the majority of patients in the DRST database, which precluded inclusion in our analysis.
Hematopoietic stem cell transplantation is a highly complex and multifactorial process. Understanding and evaluating time-dependent effects allows more sophisticated risk quantification in HSCT to be made, particularly when a predictor has differential impact on outcome, as is the case for conditioning regimen intensity and graft source. Such information may help clinicians choose treatment according to the individual patient.
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