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SUMMARY

The hematopoietic cell transplantation-specific comorbidity index (HCT-CI) was developed in a 

single center as a weighted scoring system to predict risks of non-relapse mortality (NRM) 

following allogeneic hematopoietic cell transplantation. Information on the performance of the 

HCT-CI in multi-center studies is lacking in the literature. To that end, a collaborative multicenter 

retrospective study was initiated. Comorbidity data from 2523 consecutive recipients of human 

leukocyte antigen-matched grafts from five different US institutions were analyzed. Among all 

patients, HCT-CI scores of 0 vs 1–2 vs ≥3 were associated with 2-year NRM rates of 14%, 23% 

and 39% (p<0.0001), respectively, and 2-year overall survival (OS) of 74%, 61% and 39%, 

respectively (p<0.0001). Using regression models, increasing HCT-CI scores were independently 

associated with increases in hazard ratios for NRM and worse survival within individual 

institutions. The HCT-CI retained independent capacity for association with outcomes within 

different age as well as conditioning intensity groups. C-statistic estimates for the prognostic 

power of the HCT-CI for NRM and OS were 0.66 and 0.64, respectively. The estimates within 

each institution were overall similar. The HCT-CI is a valid tool for capturing comorbidities and 

predicting mortality after hematopoietic cell transplantation across different institutions.
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INTRODUCTION

Appropriate decision making about efficacy versus futility of allogeneic hematopoietic cell 

transplantation (HCT) and about the most suitable regimen intensity could minimize risks of 

non-relapse mortality (NRM) and improve survival. Hence, there is a continued need to 

develop and validate risk-assessment measures that could guide physicians and patients 

throughout the decision making process. This is in particular given the wide variability in 

the intensity of currently available conditioning regimens that allows selecting a regimen 

that can control malignancy with the lowest risk of NRM for each patient (Bacigalupo et al, 

2009). Historically, the decision to offer allogeneic HCT has relied on disease-specific 

characteristics such as remission status and patient-specific characteristics such as age, 

without the inclusion of risks associated with pretransplant comorbidities (Gratwohl, 2012).

The introduction of the hematopoietic cell transplantation-specific comorbidity index (HCT-

CI) in 2005 made it possible to integrate an assessment of pretransplant comorbidities into 

the decision-making process (Sorror et al, 2005). The HCT-CI was developed as a sensitive 

tool to measure the burden of comorbidities before HCT and to predict the risks of NRM 

and the probabilities of survival after HCT (Kerbauy et al, 2005; Sorror et al, 2007b). The 

HCT-CI scores effectively stratified outcomes for patients undergoing allogeneic HCT using 

different conditioning regimens for a wide variety of malignancies (Farina et al, 2009; Lim 

et al, 2010; Ratan et al, 2013; Sorror et al, 2007a). However, the prognostic significance of 

the HCT-CI has been confirmed in some studies (Barba et al, 2010; Farina et al, 2009; 

Fujimaki et al, 2008; Raimondi et al, 2012) but not in others (Birninger et al, 2011; Majhail 

et al, 2008). Here, we report results of a large multi-institutional retrospective study 
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designed to assess the discriminant validity of the HCT-CI across different institutions in 

predicting NRM and overall mortality as well as its prognostic capacity across different ages 

and conditioning regimens. Based on the findings, we also discuss the possible reasons for 

lack of agreement on the significance of the HCT-CI in different studies.

METHODS

Patients

We have designed a large retrospective multi-center study that included data collected from 

five different U.S. transplant centers for patients receiving first allogeneic HCT between 

January 1, 2000, and December 31, 2006. Cord blood recipients were excluded. The study 

was approved by the internal Review Boards (IRB) of all five institutions. The study was 

designed to address three major aims 1) Validation of the HCT-CI across different 

institutions, 2) assessing the independent role of age in predicting HCT outcomes and 

whether age could be combined with the HCT-CI in a composite model, and 3) the 

associations between the HCT-CI and specific post-transplant morbidities such as acute 

graft-versus host disease (GVHD). The last two aims were recently addressed in two 

different publications (Sorror et al, 2014a; Sorror et al, 2014b). Here, we are focusing on 

validating the discriminant validity of the HCT-CI across institutions as well as its 

convergent validity across institutions, ages, and conditioning regimens. Details on inclusion 

criteria, data collection, and assessment of pre-transplant comorbidities were previously 

described (Sorror et al, 2014a; Sorror et al, 2014b). The five institutions were randomly 

assigned letters A, B, C, D, E for description of results.

Definitions

NRM was defined as post-transplantation death that was not preceded by disease 

progression or relapse. Progression was defined as >50% increase in the burden of primary 

disease compared to pre-transplant disease status or development of disease at new sites. 

Relapse was defined as reappearance of primary disease following complete remission (CR) 

after HCT. Low disease risk included acute leukemia in first CR, chronic myeloid leukemia 

in first chronic phase, chronic lymphocytic leukemia in CR, myelodysplasia-refractory 

anemia or refractory anemia with ringed sideroblasts, and lymphoma in CR at the time of 

HCT. All remaining other diagnoses were considered high-risk. Non-malignant diseases 

were considered as a separate category for disease risk. Definitions of comorbidities are 

described in Table I and further details were published previously (Sorror, 2013). 

Conditioning regimens were classified into high-dose, reduced-intensity, or 

nonmyeloablative intensity based on previously published criteria (Bacigalupo et al, 2009).

Statistical methods

Cumulative incidence estimates were used to evaluate NRM, while Kaplan Meier estimates 

were used to assess survival. Relapse or progression of the primary disease was treated as a 

competing risk for NRM. Proportional hazards models were used to estimate the hazard 

ratios (HRs) for NRM and overall mortality associated with HCT-CI scores in each of the 

five institutions. The models were calculated for all available events over time and they were 

adjusted for patient-related risk factors: age, Karnofsky performance status score, and 
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cytomegalovirus (CMV) serology results; disease-related risk factors: diagnosis category, 

disease risk, and number of prior regimens; and transplant-related risk factors: donor type, 

stem cell source, degree of conditioning intensity, and inclusion of anti-thymocyte globulin 

(ATG) in conditioning. Multivariate p-values for each variable were based on adjustment for 

all other variables in the model. All p-values were derived from likelihood ratio statistics 

and were two-sided. Tests of homogeneity of HRs across institutions were used to evaluate 

the convergent validity, with any p-value <0.05 indicating lack of homogeneity. Correlation 

between age and HCT-CI scores were evaluated by Spearman rank correlation. Correlation 

coefficients ≤0.30 were considered weak (Fleiss, 1999). Discriminant validity of the HCT-

CI among all patients and within individual institutions was done by computing c-statistic 

estimates (Harrell, Jr. et al, 1984) for 2-year NRM and OS with the same interpretation of 

results as previously described (Sorror et al, 2005). The c-statistic was computed based on 

time to event using the entire follow-up period.

RESULTS

Patient characteristics

Among 3334 patients who met the study criteria, 811 were excluded from the analyses due 

to lack of comorbidity data (n=267), lack of data on patient CMV serology results (n=34), or 

participation in the design of the original model (n=510) yielding a final sample size of 

2523. Institutions differed significantly in their patient-, disease-, and transplant-related 

characteristics (Table II).

Performance of the HCT-CI in predicting NRM among different institutions

Among all patients, increasing HCT-CI scores of 0, 1, 2, 3, 4, 5, and ≥6 were statistically 

significantly associated with step-wise increased 2-year NRM (12%, 21%, 25%, 33%, 45%, 

43%, and 46%, respectively) and decreased 2-year survival (75%, 63%, 59%, 46%, 32%, 

35%, and 28%, respectively). When the scores were collapsed into HCT-CI risk groups of 0, 

1–2, and ≥3 the results for NRM were 14%, 23%, and 39% (p<0.0001) and the results for 

survival were 74%, 61%, and 39% (p<0.0001), respectively. Sepsis and pulmonary 

complications constituted the two most common causes of 2-year NRM among all patients 

(31% and 20%, respectively) (Table III).

Among individual institutions, higher HCT-CI scores were consistently associated with an 

increasing cumulative incidence of NRM and decreasing survival (Table IV). In multivariate 

regression models adjusted for the previously mentioned risk factors, increasing HCT-CI 

scores were statistically significantly (p<0.001) associated with increasing HRs for NRM 

and survival across different institutions except for institution C (p=0.09 for NRM and 

survival), which had the smallest sample size (n=154), although increases in HRs were in 

the same direction as with other institutions.

However, within the same HCT-CI score strata, degrees of increase in HRs for NRM and 

survival were variable across different institutions (Table IV). Additionally, we found that 

the cumulative incidence estimates of NRM differed among patients at the five institutions 

when compared within a single HCT-CI risk group of 1–2 or ≥3 (Fig 1). In order to confirm 
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this observation, we performed a unified cox regression model for NRM that included all 

institutions. The model showed a statistically significant lack of homogeneity across 

institutions for HRs of NRM that were associated with scores 1–2 (p=0.03), and ≥3 (p=0.01) 

compared to score 0, respectively. Similarly, there was a statistically significant lack of 

homogeneity across institutions for overall mortality that was associated with scores ≥3 

(p=0.01) but not with scores 1–2 (p=0.18) compared to score 0, respectively.

Given the above observations of variable magnitudes of impacts of the HCT-CI across 

centers, we decided to investigate the presence of a center effect. Further multivariate 

analysis confirmed the presence of an independent center effect, where the HRs of NRM at 

institutions B, C, D, and E relative to institution A were 0.71, 1.12, 0.81, and 0.69, 

respectively, for NRM (p=0.001) and the HRs for survival were 0.81, 1.25, 0.76, and 0.81, 

respectively (p<0.001).

C-statistic estimates were calculated for prediction of NRM and survival by the HCT-CI 

scores as a continuous predictor. C-statistic estimates were roughly comparable among 

institutions with a range of 0.602 – 0.722 for NRM and 0.625 – 0.708 for survival. These 

estimates were in general comparable to the overall estimates of 0.66 for NRM and 0.64 for 

OS (Table V).

The use of the HCT-CI among conditioning regimens of different intensities

Overall and with few exceptions, increasing HCT-CI scores stratified cumulative incidences 

of NRM and survival rates consistently among recipients treated with high-dose, reduced-

intensity, and nonmyeloablative regimens, respectively (Fig 2 and Table VI). Patients with 

HCT-CI scores of 1–2 had statistically significant higher risks for NRM in pairwise 

comparisons with those who had HCT-CI score of 0 after high-dose and reduced-intensity 

conditioning (p≤0.0001 and p=0.02, respectively), but not after nonmyeloablative 

conditioning (p=0.13) (Table VI). Among patients with HCT-CI scores of ≥3, the magnitude 

and the significance of increased risks of NRM compared to those with score 0 were 

comparable among recipients of all three types of conditioning regimens.

The use of the HCT-CI among different age groups

Overall, the correlation between increasing age and increasing HCT-CI scores was weak 

(r=0.26). Higher HCT-CI score groups were associated with increased 2-year cumulative 

incidences of NRM and worsening of survival rates consistently in the five separate age 

groups (Table VII) including the pediatric population. In a proportional hazards model, tests 

of homogeneity showed no statistically significant age-related differences in the associations 

of HCT-CI scores with risks of NRM (p=0.66 and p=0.86, respectively) or survival (p=0.76 

and p=0.24, respectively), indicating consistency of performance of the HCT-CI at different 

age intervals.

DISCUSSION

Allogeneic HCT is a potentially curative treatment for many patients with hematological 

malignant or non-malignant diseases. The success of allogeneic HCT depends, in part, on 

patient’s overall health status. The HCT-CI has been shown to be a simple tool to evaluate 
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the burden of comorbidities before and to risk-stratify outcomes after allogeneic HCT 

(Sorror et al, 2005). Here, we demonstrated that the HCT-CI has a convergent validity as a 

comorbidity instrument across different transplant centers, different conditioning intensities, 

and different age groups. The predictive capacities as captured by the c-statistic in the whole 

cohort and within each institution were overall comparable to those initially reported with 

the design of the original model (0.66 vs 0.64 and 0.64 vs 0.62 for NRM and OS, 

respectively) (Sorror et al, 2005). This finding clearly demonstrates reproducibility of the 

index.

Results of the current study show that the HCT-CI serves as a discriminant predictor of 

mortality. Overall, each digit increase in the score of the HCT-CI was associated with 

increases in the unadjusted rates as well as the adjusted HRs for NRM and overall mortality. 

The three risk groups of the HCT-CI retained the unadjusted and adjusted associations with 

NRM and survival at each of the five institutions. The ability to demonstrate statistically 

significant differences between groups categorized by the HCT-CI depends on two factors: 

the magnitude of the difference between groups and the size of the cohort. Results of a 

recent study suggested that a sample of at least 200 patients is required to detect differences 

in outcomes between comorbidity subgroups (Sorror et al, 2011a). In the current study, the 

only institution with a total sample size <200 patients was the one with a marginal statistical 

significance in the associations between HCT-CI scores and outcomes, even though those 

associations were in the same directions as those in other institutions’ results. Statistically 

significant associations between HCT-CI and NRM have been shown in studies with ~200 

patients or more (Barba et al, 2010; Farina et al, 2009; Pavlu et al, 2010; Smith et al, 2011), 

but not in those with <200 patients (Bokhari et al, 2012; Guilfoyle et al, 2009; Terwey et al, 

2010). Small numbers of patients in validation studies could result in random variation in the 

significance of statistical associations and in the difficulty to appropriately adjust for 

confounding factors. Findings suggest that a sample size of at least 200 patients is needed 

for appropriate validation analyses of the performance of the HCT-CI.

Variation in mortality rates associated with higher HCT-CI scores across centers could be 

explained, in part, by differences in baseline risk factors that are not included in the HCT-

CT, such as CMV serology results, diagnosis category, disease risk, number of prior 

regimens, donor type and stem cell source (Sorror et al, 2011b). However, variation across 

centers persisted even after adjustment for these known risk factors, revealing undefined 

“center effect” that also influenced outcomes. This observation clearly demonstrates the 

value of the HCT-CI in revealing differences in outcomes across institutions. Variability of 

outcomes across institutions could reflect differences in the continuity of care, the 

availability of consult services, or other confounders known to influence outcomes such as 

the proximity to the specialized treatment centers (Abou-Nassar et al, 2012) or other socio-

demographic characteristics (Rao et al, 2007). Therefore, while HCT-CI proves to be an 

important tool to predict NRM and overall mortality after allogeneic HCT, accountability for 

other baseline risk factors and for center effect is crucial when comparing trial results across 

institutions. The Center for International Blood and Marrow Transplantation Research 

(CIBMTR) has incorporated comorbidities and other variables into Center-Outcome 
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Analyses designed to compare outcomes across transplant centers and to provide this 

information to patients, insurance companies, and academic investigators.

The HCT-CI calibrates the tolerability of conditioning regimens for patients with given 

comorbidity risks. For example, patients with scores of 1–2 had non-significantly different 

2-year incidence of NRM compared to those with score 0 when given nonmyeloablative 

regimens but they had statistically significant higher NRM incidence when given higher 

intensity regimens, respectively. The importance of intensity in conditioning regimens for 

allogeneic HCT remains controversial. Accrual in a clinical trial randomizing patients 

between high-dose and reduced-intensity conditioning allogeneic HCT (NCT00322101) was 

stopped earlier than planned after an interim analysis showed a benefit from high-dose 

regimens. This clinical trial used the HCT-CI as a stratification factor between the two arms 

and served as a key inclusion criterion to avoid offering high-dose regimens to patients with 

scores >3. Our results support continuation of this practice. However, these decisions need 

continuous evaluation given that clinical practice is constantly changing as new conditioning 

regimens are explored with the aim of improving disease control while reducing NRM. The 

HCT-CI could help assess the tolerability of new regimens as compared to current regimens.

Patients with HCT-CI scores of ≥3 had at least three-fold higher risks for NRM compared to 

those with scores of 0 consistently across the three categories of regimen intensity (adjusted 

HRs, 3.42, 3.80, and 3.33, respectively). The 2-year incidences of NRM for these patients 

were in the range of 32–42% regardless of the regimen intensity and in the range of 34–53% 

regardless of the center. Thus far, this information has been used only in counseling patients 

before allogeneic HCT. Recent findings suggest that comorbidities might also be associated 

with the risk of common post-HCT complications such as severe acute GVHD (Sorror et al, 

2014a). These findings could pave the way for future intervention studies aimed at 

ameliorating the impact of comorbidities on post-HCT morbidity and hence, decreasing 

mortality associated with HCT. Likewise, Higher HCT-CI scores were associated with 

worsening of survival and NRM consistently in all 5 age groups. A proportional hazard 

model test for homogeneity showed no statistically significant age related differences in the 

associations of HCT-CT with risks of NRM or survival. These results suggest suitability of 

the HCT-CI for risk-stratification among older as well as children and young adult patients.

The retrospective design of the current study is a limitation, but strengths come from the 

recruitment of consecutive patients from five different centers and the low amount of 

missing comorbidity data (8%). Comorbidity research in HCT is still at an early stage of 

development. Comorbidity data are being used by collaborative research groups and 

centralized data collection systems such as the CIBMTR to open new avenues of biomedical 

outcome research. Comorbidity scores could be integrated into decision-making on the type 

of conditioning regimen, donor graft, and hematopoietic cell source appropriate for 

individual patients. How comorbidities interact with each other and result in post-HCT 

cause-specific morbidity and mortality is another important question. Comorbidity data 

could be used in genetic epidemiology studies evaluating toxicities after HCT (Chien et al, 

2012) in order to understand whether specific genetic polymorphisms contribute to a given 

pre-HCT comorbidity and a given outcome after HCT. Current results showing the 

prognostic validity of the HCT-CI coupled with previous evidence on excellent reliability of 
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the index (Sorror, 2013) will support its use as a platform for future investigations into the 

independent roles of plasma biomarkers (Sorror et al, 2009), patient quality of life (Sorror et 

al, 2013), and frailty measures on HCT outcomes (Muffly et al, 2014).
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Figure 1. 
Non-relapse mortality (NRM) according to HCT-CI scores at different institutions. 

Cumulative incidences of NRM are shown for patients who received allogeneic HCT at 

institutions A, B, C, D and E, respectively. HCT-CI scores were stratified as (A) 0, (B) 1–2, 

and (C) ≥3.
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Figure 2. 
NRM according to HCT-CI scores and conditioning intensity. Cumulative incidences of 

NRM are shown for patients who had HCT-CI scores of 0, 1–2, and ≥3 and received (A) 

high-dose, (B) reduced-intensity, and (C) nonmyeloablative conditioning regimens before 

allogeneic HCT.
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Table I

Definitions of comorbidities included in the HCT-CI and the corresponding HCT-CI scores

Comorbidity Definitions of comorbidities included in the new HCT-CI HCT-CI weighted scores

Arrhythmia Any type of arrhythmia that necessitates treatment at any time point during past 
medical history.

1

Cardiac Coronary artery disease,§ congestive heart failure, myocardial infarction, low EF 
≤ 50% for adults or SF ≤ 26% for children (lack of EF or SF doesn’t preclude 
calculation of a total score)

1

Inflammatory bowel disease Documented Crohn’s disease or ulcerative colitis in the past medical history 
(endoscopy± biopsy) requiring treatment.

1

Diabetes Diagnosis of diabetes mellitus or steroid induced hyperglycemia requiring 
continuous treatment with insulin or oral hypoglycemics but not diet alone 
during the instantaneous period of 4 weeks before day −10.

1

Cerebrovascular disease Transient ischemic attack or cerebrovascular accident at any time point of past 
medical history.

1

Psychiatric disturbance Requiring treatment during the instantaneous period of 4 weeks before day −10. 1

Hepatic, mild Prior diagnosis of an infection with hepatitis B or C at any time point of past 
medical history, bilirubin > ULN to 1.5 × ULN, or AST/ALT> ULN to 2.5 × 
ULN (at least two values at two different days between day −24 and day −10 or 
day −40 and day −10 if only one value is available).

1

Obesity Patients with a body mass index > 35 kg/m2 for patients >18 years or BMI for 
age ≥ 95th percentile for patients ≤18 years.

1

Infection Fever of unknown origin, suspected pulmonary fungal infection by imaging, or 
documented infection resulting in the start of a specific antimicrobial therapy 
before the start of conditioning regimen and the continuation of the same 
antimicrobial therapy during as well as after completion of conditioning regimen

1

Rheumatologic Any rheumatologic or autoimmune disease requiring specific treatment in the 
patient’s past medical history.

2

Peptic ulcer Prior endoscopic or radiologic diagnosis of peptic ulcer in the patient’s past 
medical history.

2

Moderate/severe renal Chronic renal failure requiring weekly dialysis during the instantaneous period of 
4 weeks before day −10, history of renal transplant or serum creatinine > 2 
mg/dL (at least two values at two different days between day −24 and day −10 or 
day −40 and day −10 if only one value is available)

2

Moderate pulmonary DLco and/or FEV1 66%–80% or dyspnea on slight activity that is attributed to 
pulmonary disease and cannot be corrected by blood transfusion for anemia, as 
assessed during a clinic visit within the immediate period of two weeks before 
day −10 (a total score cannot be calculated in the absence of pulmonary function 
tests except if it wasn’t done due to technical difficulties e.g. pediatric patients)

2

Prior solid tumor Treated at any time point in the patient’s past history, excluding nonmelanoma 
skin cancer. Same lineage prior malignancies are not scored for this comorbidity 
e.g. diagnosis of a non-Hodgkin lymphoma that was preceded by Hodgkin 
lymphoma or acute myeloid leukemia preceded by myelodysplastic syndromes.

3

Heart valve disease Moderate to severe valve stenosis or insufficiency as assessed by 
echocardiogram, prosthetic mitral or aortic valve, or symptomatic mitral valve 
prolapse.

3

Severe pulmonary DLco and/or FEV1 ≤ 65% or dyspnea at rest or requiring intermittent or 
continuous oxygen administration during the instantaneous period of 4 weeks 
before day −10.

3

Moderate/severe hepatic Liver cirrhosis, bilirubin > 1.5 × ULN, or AST/ALT > 2.5 × ULN (at least two 
values at two different days between day −24 and day −10 or day −40 and day 
−10 if only one value is available)

3

Abbreviations: EF = ejection fraction; SF= shortening fraction; ULN= upper limit of normal; SLE= systemic lupus erythmatosis; RA= rheumatoid 
arthritis; CTD = connective tissue disease; DLco= diffusion capacity of carbon monoxide.

§
One or more vessel-coronary artery stenosis requiring medical treatment, stent, or bypass graft.
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Table III

Causes of 2-year NRM among the total population.

Cause of NRM Total NRM (n=768)

%

Sepsis without GVHD 31

Pulmonary complications‡ 20

GVHD† 19

Sepsis with aGVHD 11

Multiple organ failure 7

Vascular complications§ 3

Others* 9

Abbreviations: aGVHD= acute graft versus host disease; NRM= non-relapse mortality.

‡
Includes acute respiratory distress syndrome (ARDS); idiopathic pneumonia syndrome (IPS); and Bronchiolitis obliterans organizing pneumonia 

(BOOP).

†
Includes acute and chronic GVHD.

§
Includes hemorrhagic or thrombotic complications.

*
For example: graft rejection or failure, second malignancy, sinusoidal-obstructive syndrome.
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Table V

c -statistic estimates for 2-years NRM and OS across different institutions.

c-statistic estimates for NRM c-statistic estimates for OS

Overall 0.665 0.640

Sites A 0.659 0.645

B 0.659 0.633

C 0.602 0.625

D 0.662 0.633

E 0.722 0.708

NRM and OS indicate non- relapse mortality and overall survival, respectively
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