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Abstract

Allogeneic hematopoietic cell transplantation is a curative procedure for hematologic 

malignancies but is associated with a significant risk of non-relapse mortality (NRM). The 

Hematopoietic Cell Transplantation– Comorbidity Index (HCT-CI) is a prognostic tool that 

discriminates this risk in all age groups. A recent survey of transplant physicians demonstrated that 

79% of pediatric providers used the HCT-CI infrequently, and most reported concerns about its 

applicability in the younger population. We conducted a retrospective study using the Center for 

International Blood and Marrow Transplant Research (CIBMTR) database to examine the impact 

of expanded HCT-CI definitions on NRM in pediatric and young adult patients with hematologic 

malignancies. We included 5,790 patients <40 years old receiving allogeneic transplant between 

2008 and 2017 to examine broader definitions of comorbidities in the HCT-CI, including history 

of mechanical ventilation and fungal infection, estimated glomerular filtration rate (eGFR), and 

body mass index (BMI) percentiles. Multivariable Fine-Gray models were created to determine the 

effect of each HCT-CI defining comorbidity and its modification on NRM, and were utilized to 

develop two novel risk scores. We next developed the expanded HCT-CI for children and young 
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adults (youth with malignancies; expanded ymHCT-CI), where 23% patients had an increased 

comorbidity score, compared to the HCT-CI. Comorbidities with hazard ratio (HR) <1.2 were then 

removed to create the simplified HCT-CI for children and young adults (youth with malignancies; 

simplified ymHCT-CI), which demonstrated higher scores corresponded to a greater risk of NRM 

(p<0.001). These novel comorbidity indices with broader definitions are more relevant to pediatric 

and young adult patients, and prospective studies are needed to validate these in the younger 

patient population. It remains to be seen if the development of these pediatric-specific and 

practical risk indices increases their utilization by the pediatric transplant community.

Keywords

HCT-CI; comorbidities; allogeneic hematopoietic cell transplantation; paediatrics; adolescent, and 
young adults (AYA); hematologic malignancies

INTRODUCTION

Allogeneic hematopoietic cell transplantation (HCT) is potentially curative in hematologic 

malignancies, yet it is associated with a significant risk of non-relapse mortality (NRM) 

due to treatment-related complications. While pediatric and young adult patients have 

improved NRM when compared to older adults undergoing HCT1,2, it continues to be a 

concern1–4. In order to assess NRM risk pre-transplant, the HCT-comorbidity index (HCT-

CI) was developed to capture comorbidity burden and predict outcomes after transplant. The 

HCT-CI is a composite score of seventeen comorbidities that effectively discriminates the 

risk of NRM in all ages5–7. However, while older adults have a significant frequency of 

comorbidities across the spectrum of definitions per the HCT-CI, these definitions appear 

to be limited in scope and often not applicable to the pediatric and young adult population. 

This was suggested by two studies which demonstrated scores of 0 in 50–60% patients ≤20 

years old8,9. Similar findings have been shown in studies of adolescents and young adults 

(aged 15–39 years, as defined by the National Cancer Institute)10, in which the prevalence 

of most comorbidities was less than 5%, and the authors argued for the development of a 

simpler risk score for younger patients4,11. In addition, we recently conducted a survey of 

pediatric and adult transplant physicians to assess their utilization of this tool, and found 

that 71% of adult providers used the HCT-CI in assessment of nearly all of their patients 

(75–100% of the time), compared to only 12% among pediatric providers12. Of the pediatric 

providers who use the HCT-CI less than half the time, 34% of responders reported concerns 

about the impact and applicability of the HCT-CI in the younger population12.

Based on the potential limitations of the HCT-CI in younger patients and its limited utility13, 

there is an unmet need to modify the definitions of the comorbidities incorporated in the 

HCT-CI to make the index more suitable to apply in pediatric and young adult patients while 

also creating a tool that is simpler, more practical and utilized more often by clinicians 

in the real-world. Therefore, we conducted a retrospective study using the Center for 

International Blood and Marrow Transplant Research (CIBMTR) database to examine the 

impact of expanded comorbidities using broader definitions to evaluate NRM in pediatric 
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and young adult patients undergoing HCT for hematologic malignancies and to develop a 

more practical risk score for this younger population.

METHODS

Patient population

Patients were identified from the CIBMTR registry, a research partner of the National 

Marrow Donor Program and International Bone Marrow Transplant Registry. There are 

greater than 450 bone marrow transplant centers across the world that submit baseline 

characteristics and longitudinal outcome data to CIBMTR. The CIBMTR collects data at 

two levels: transplant essential data forms (TED) and comprehensive report form (CRF) 

data. All centers contribute TED data that includes patient-, disease-, and transplant-related 

information. More detailed disease and pre- and post-transplant clinical data, including 

additional information organ function, are collected on a subset of patients selected for CRF 

data based on a weighted algorithm. TED and CRF level data are collected pre-transplant, 

at day 100, 6 months, and yearly. Compliance is monitored closely through on-site audits. 

Observational studies supported by the CIBMTR are performed in compliance with all 

applicable federal regulations pertaining to the protection of human research participants. 

Protected health information is collected and maintained in the CIBMTR’s capacity as 

a Public Health Authority under the Health Insurance Portability and Accountability Act 

Privacy Rule.

Using the CIBMTR registry, patients <40 years of age who underwent first allogeneic HCT 

for hematologic malignancies in the United States between January 2008 and December 

2017 were identified. Patients were excluded if they were transplanted using a syngeneic 

donor, at embargoed centers, at centers with <85% completeness of follow-up, had less 

than 100 days of follow-up, or if they were missing HCT-CI comorbidities or additional 

components to be tested in this study (Figure 1).

Study outcomes and definitions

The primary outcome for this study was NRM. NRM was defined as death after HCT, 

without evidence of relapse or disease progression. Disease relapse or progression was the 

competing risk for NRM. The secondary outcome for these patients was overall survival 

(OS), defined as death from any cause.

The comorbidities were defined pre-transplant as per HCT-CI developed by Sorror et 

al6. In addition to the factors needed to calculate the HCT-CI, additional pre-transplant 

factors were reviewed including a history of mechanical ventilation and history of invasive 

fungal infection (proven, suspected or documented) at any time prior to HCT per CIBMTR 

definitions. Further, supplemental data was collected on renal function and nutritional status. 

Chronic kidney disease (CKD) was assessed by calculating the estimated glomerular filtrate 

rate (eGFR) using the Bedside Schwartz equation for children <18 years old and the Chronic 

Kidney Disease Epidemiology Collaboration (CKD-EPI) equation for patients 18–39 years 

old14,15. CKD was categorized by eGFR as normal (>90 ml/min), mild CKD (60–89 ml/

min), or moderate/severe CKD (<60 ml/min)14,15. BMI percentiles were utilized to expand 
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the definition of obesity in children based on CDC referenced percentiles (<18 years: BMI 

≥95th percentile), while also assessing poor nutritional status by creating a new, underweight 

category (<18 years: BMI <5th percentile, ≥18 years: <18 kg/m2)16.

Conditioning intensity was described as myeloablative or reduced intensity utilizing 

CIBMTR consensus criteria17. Donors were classified as “well-matched” if they were 

human leukocyte antigen (HLA)-matched with recipient at HLA-A, -B, -C, and -DRB1 

(8/8) for bone marrow or peripheral blood stem cells or matched at HLA-A, -B, and -DRB1 

(6/6) for cord blood grafts. All others were partially matched or mismatched donors.

Statistical analysis

The study population was distributed randomly into a training cohort (3,605 patients) 

and a validation cohort (2,185 patients) using a 2/3 and 1/3 split. All HCT-CI-defining 

comorbidities and additional risk factors (as defined above), including history of invasive 

fungal infection, history of mechanical ventilation, nutritional status (obesity, underweight), 

or CKD by eGFR, were tested in the multivariable models. Multivariable Fine-Gray models 

for NRM were fit on the training data to identify the effect of each factor on NRM, 

after adjusting for age, conditioning intensity, disease, donor type, performance score, 

race, recipient CMV status, and year of HCT. From these models, broader comorbidity 

definitions were defined and new risk scores were built on the training dataset, and validated 

on an independent test sample. The expanded HCT-CI score for younger patients with 

malignant diseases (expanded ymHCT-CI) included all of the HCT-CI comorbidities but 

with expanded definitions. The simplified HCT-CI score for younger patients with malignant 

diseases (simplified ymHCT-CI) was a modification of the expanded ymHCT-CI, removing 

comorbidities with HR <1.2, as done in the development of the original HCT-CI7.

Scoring for the broader definitions used the same weights as the HCT-CI, except as noted 

below. For the expanded HCT-CI, history of invasive fungal infection was combined with 

the infection comorbidity. Similarly, BMI >95th percentile was included with the definition 

of obesity as a single comorbidity. History of mechanical ventilation was assessed with 

severe pulmonary comorbidity, primarily as a potential surrogate for patients that could 

not complete spirometry. Renal disease was separated into two categories: “mild disease” 

was characterized by HCT-CI-defined creatinine levels or history of renal transplant, with 

the addition of eGFR 60–89 ml/min based on similarities in HRs by multivariable models 

and scored as per the original HCT-CI with score of 2, and “moderate/severe disease” was 

defined by eGFR <60 ml/min or history of dialysis and scored as 3. The underweight 

category, defined by BMT <5th percentile or <18 kg/m2, was ultimately not included as 

a separate comorbidity as it was not shown to be associated with NRM in multivariable 

analysis. C-statistics were calculated to compare the performance of the new scores to the 

original HCT-CI. To establish the predictive value of the additional comorbidities included 

in the expanded ymHCT-CI, the cohort was split based on whether patients had an upgrade 

of their score using the expanded ymHCT-CI. This variable was then assessed in the Fine-

Gray model while adjusting for patient, disease, and transplant-related factors, as well as the 

HCT-CI score itself. Kaplan-Meier method was used to estimate OS and Chi Square test to 

compare proportions.
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RESULTS

Patient and donor characteristics

Based on the selection criteria, a total of 5,790 patients who received allogeneic HCT for 

hematologic malignancy were included in this study.

In the study cohort, the median age was 22 (0–39) years. Indications for allogeneic HCT 

were primarily acute myeloid leukemia (43%) and acute lymphoblastic leukemia (31%). The 

conditioning regimen was most frequently myeloablative (85%). The most common donor 

types were cord blood (35%), HLA-matched unrelated (28%) and HLA-matched sibling 

(18%). Donor source was peripheral blood stem cells in 41%, umbilical cord blood in 35%, 

and bone marrow in 24% patients. The median follow-up of survivors was 42 (3–126) 

months. Patient characteristics are summarized in Table 1.

Distribution of comorbidities

The most common HCT-CI comorbidities in the cohort were pulmonary dysfunction 

(moderate 18%, severe 11%), psychiatric disturbance (14%), and hepatic dysfunction (mild 

8.9%, moderate/severe 2.9%) (Figure 2). However, by incorporating broader age-based 

definitions to the original HCT-CI, the incidence of obesity increased from 8.4% to 17%. 

Renal dysfunction became much more frequent, increasing from 0.4% using the original 

HCT-CI definition, to 9.5% with the expanded definition. The incidence of infection (12.5%) 

and severe pulmonary comorbidity (16.4%) also increased substantially by including a 

history of invasive fungal infection (6.2%) and history of mechanical ventilation (6.8%), 

respectively. History of mechanical ventilation was reported in 12% of patients 0–2 years, 

7% in 3–10 years, 8% in 11–18 years, 5% in 19–29 years, and 3% in 30–39 years. Further, 

4.2% of patients were classified as underweight when using BMI percentiles.

To further understand the impact of the expanded definitions, we analyzed these 

comorbidities in more detail in pediatric (<18 years) and young adult (18–39 years) 

subgroups. The increase in the frequency of obesity with the expanded definitions was 

primarily seen in pediatric patients, as only 18.1% of patients with BMI >95th percentile met 

the classification of obesity based on the original HCT-CI, while 68.4% of adults fit both 

definitions. In contrast, the significant increase in the proportion of renal dysfunction was 

due to vast under-representation of this risk factor by HCT-CI definition in both age groups, 

as pediatric and young adult patients with GFR <90 ml/min rarely met the original HCT-CI 

definition of renal comorbidity (3.0% and 1.6%, respectively). Of the patients determined to 

have severe pulmonary comorbidity by original HCT-CI, pediatric patients were more likely 

to have reported a history of mechanical ventilation than young adults (21.3% vs. 9.3%).

Expanded definitions were then evaluated for their impact on NRM in a multivariate model. 

BMI>95th percentile (HR 1.31, 95% confidence interval [95CI] 1.07–1.59), history of 

invasive fungal infection (HR 1.69, 95CI 1.30–2.19), and eGFR<60 ml/min (HR 3.18, 95CI 

1.82–5.54) were associated with greater NRM. History of mechanical ventilation was shown 

to be statistically associated with inferior outcomes using the TED-level data (HR 1.35, 

95CI 1.12–1.61) (not shown). BMI<5th percentile did not affect outcomes (HR 0.99, 95CI 

0.67–1.47) (Table 2).
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Assessment of HCT-CI

Based on the original HCT-CI, scores of 0, 1–2, and ≥3 were seen in 45.6%, 26.8%, and 

27.6% of the patient population, respectively. Using the validation cohort, higher HCT-CI 

score was associated with greater risk of NRM, with scores of 1–2, and ≥3 translating to HR 

0.91 (95CI 0.67–1.23) and HR 1.53 (95CI 1.16–2.01), respectively, compared to score of 0 

(p=0.001). Similarly, for OS, scores of 1–2, and ≥3 translated to HR 1.02 (95CI 0.83–1.24) 

and HR 1.65 (95CI 1.37–1.99), respectively, compared to score of 0 (p<0.001). Three-year 

estimates for cumulative incidence of NRM and OS probability are shown in Table 3.

Development of novel risk scores

Adapting the HCT-CI definitions to a younger patient population—By adding 

pediatric-specific definitions to the HCT-CI, we developed the expanded ymHCT-CI (Table 

2), with scores of 0, 1–2, and ≥3 attributed to 33.8%, 30.7%, and 35.5% of the patients, 

respectively. Overall, use of the expanded ymHCT-CI led to an increase in comorbidity 

scores for 23% of patients and fewer patients with a comorbidity score of 0, compared to 

the original HCT-CI (Figure 3). Utilizing the validation cohort, increased scores with the 

expanded ymHCT-CI corresponded to a higher risk of NRM, with scores of 1–2 and ≥3 

demonstrating HR of 1.02 (95CI 0.76–1.38) and 1.52 (95CI 1.16–1.99), respectively, vs. 

score of 0 (p<0.002). This risk score demonstrated a similar effect on OS, with scores of 1–2 

and ≥3 equating to HR 1.02 (95CI 0.76–1.38) and HR 1.52 (95CI 1.16–1.99), respectively, 

compared to score of 0 (p<0.001). Three-year estimate of OS probability was 62% (95CI, 

58–66%) for score of 0, 61.3% (95CI, 57.1–65.5%) for score of 1–2, and 49.3% (95CI, 

45.3–53.3%) for score of ≥3.

In order to determine the predictive value of the modified comorbidities included in the 

expanded ymHCT-CI, we assessed whether patients with an increase in their comorbidity 

score experienced more NRM than those whose scores remained the same. An increased 

comorbidity score using the expanded ymHCT-CI was associated with a significant risk of 

NRM (HR 1.34, 95% CI 1.02–1.74), after adjusting for patient and transplant-related factors 

including the HCT-CI itself. Cumulative incidence of NRM is compared among the different 

risk scores in Figure 4, stratified by scores of 0, 1–2, and ≥3. The performance of the 

scores as analyzed by C-statistic, showed similar discriminatory capacity up to 24 months 

(HCT-CI: 65.7 vs. expanded ymHCT-CI: 66.0).

Simplifying the expanded ymHCT-CI into the simplified ymHCT-CI—By removing 

comorbidities with HR <1.2 from the expanded ymHCT-CI model, we created the simplified 

ymHCT-CI, with scores of 0, 1–2, and ≥3 attributed to 46.3%, 27.1%, and 26.5% of 

the patients, respectively. For this younger population with hematologic malignancies, 

the HCT-CI categories of arrhythmia, inflammatory bowel disease, psychiatric disease, 

cerebrovascular disease, mild hepatic disease, moderate pulmonary disease, peptic ulcer 

disease, and rheumatologic disease were all removed in the simplified ymHCT-CI (Table 2). 

The simplified ymHCT-CI model, using the validation cohort, discriminated risk of NRM 

well, with scores of 1–2, and ≥3 exhibiting HRs of 1.41 (95CI 1.08–1.87) and 1.66 (95CI, 

1.33–2.12), respectively, compared to score of 0 (p<0.001). Cumulative incidence of NRM 

is compared among the HCT-CI, expanded ymHCT-CI and simplified ymHCT-CI, stratified 
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by score, in Figure 4. In addition, an increased comorbidity score was associated with lower 

OS, with scores of 1–2 and ≥3 demonstrating HRs of 1.00 (95CI 0.82–1.22) and 1.51 (95CI 

1.26–1.81), respectively, vs. score of 0 (p < 0.001). Three-year estimate of OS probability 

was 62.9% (95CI, 59.7–66.1%) for score of 0, 53.3% (95CI, 48.4–58.2%) for score of 1–2, 

and 50.1% (95CI, 45.7–54.6%) for score of ≥3+. Compared to the original HCT-CI, the 

simplified ymHCT-CI performed similarly, as validated C-statistics at 24 months (HCT-CI: 

65.7 vs. simplified ymHCT-CI: 66.0) were not significantly different.

DISCUSSION

The HCT-CI has been widely used as a predictive tool for NRM and OS for a variety of 

hematologic malignancies undergoing allogeneic transplantation5–7, and has been validated 

in the pediatric population4,8,9,11. Despite this, the HCT-CI has not been as widely 

accepted by the pediatric transplant community, as evidenced by our recent survey12, 

with many pediatric transplant physicians reporting that this tool is not pertinent to their 

patient population. In our study, we demonstrated that several comorbidity definitions 

used in the HCT-CI do not adequately capture risk assessment or are not observed with 

sufficiently high frequency to be relevant to this younger population. Therefore, we utilized 

broader comorbidity definitions to ultimately create two modified risk scores that are more 

applicable to pediatric and young adult patients, and can effectively discriminate the risk 

of NRM. By doing so, we better quantify comorbidity risk in this younger population, 

which will lead to not only improved recognition of pretransplant comorbidities but also the 

severity of the final score.

One challenge of assessing HCT-CI-defined pulmonary disease in younger patients is 

that spirometry cannot be reliably completed by many younger children. For this reason, 

pulmonary assessment is based solely on symptoms and resting pulse oximetry, which 

may underestimate pulmonary dysfunction13. Therefore, we tested whether a history of 

mechanical ventilation could act as an adjunct to conventional pulmonary function testing 

in the assessment of pulmonary disease. We found that a history of mechanical ventilation 

demonstrated an association with poor outcomes in multivariable analysis (HR 1.35, 95CI 

1.12–1.61), consistent with prior studies18,19. Furthermore, of the patients less than 18-

years-old in our study who had severe pulmonary dysfunction, more than 20% also reported 

a history of mechanical ventilation, suggesting that such history correlated with impaired 

pulmonary function. Among this subgroup, 28% of patients were less than 10-years-old, 

many of whom were likely unable to perform spirometry. Thus, we included a history 

of mechanical ventilation as a supplement in the expanded ymHCT-CI for patients that 

could not complete spirometry, thereby increasing the prevalence of significant pulmonary 

disease in our study from 29.1% to 34.8% (p<0.0001). While data is not available regarding 

the indication for mechanical ventilation in these patients, regardless of the underlying 

reason, mechanical ventilation can lead to significant pulmonary damage in pediatric and 

young adult patients, that is associated with poor outcomes20,21. We argue that a history of 

mechanical ventilation is a potential surrogate for prior pulmonary injury in populations that 

cannot perform spirometry and should be confirmed in future studies.
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Similar challenges are seen with the classification of obesity in the HCT-CI, as the CDC 

standard definition of obesity for patients <18 years old is >95th percentile, as opposed to 

absolute numbers. With the addition of this classification to the definition of obesity, the 

prevalence of obesity increased by more than two times in our cohort (from 8.4% to 17%) 

and was significantly associated with greater NRM, as also shown in prior studies22–24. 

While patients who are underweight are not captured by the HCT-CI, recent studies have 

shown that these patients may also suffer worse outcomes and that this risk factor is 

likely underrecognized by the current reporting measures22,25,26. Therefore, in our study, 

we described a new “underweight” comorbidity which had a prevalence of 4%. However, 

this risk factor was not associated with greater NRM (HR 0.99, 95CI 0.67–1.47), though 

other studies have demonstrated similar findings27,28, suggesting that low BMI may only be 

impactful in a specific subset of patients, and requires additional investigation. Nonetheless, 

other markers of nutritional status including, vitamin D deficiency, hypoalbuminemia, and 

prediabetes have been correlated with inferior outcomes in prior publications29–31, and these 

factors should be studied in greater detail in larger studies.

Compared to the comorbidities mentioned above, renal disease is much less common in 

pediatric and young adult patients, but is likely underrecognized in this population using the 

definition in the HCT-CI. While often useful as a marker of renal impairment in adults, 

absolute serum creatinine values do not correlate well with renal function in younger 

patients and GFR using large-volume urine collections or nuclear medicine testing is often 

used to improve accuracy. When a formal GFR assessment cannot be performed, a method 

that provides a reasonable equivalent such as an eGFR calculation may be used, given that 

it accounts for age, race, sex, and body size32. We demonstrated that the inclusion of low 

eGFR greatly increased the incidence of renal disease in pediatric and young adult patients 

(from 0.8% to 9.5%), and was highly associated with NRM. In particular, patients with 

eGFR <60 ml/min were more than three times as likely to suffer NRM (HR 3.18, 95CI 

1.82–5.54), and therefore, we created a new definition of “moderate/severe renal disease” 

and gave it a score of 3. Patients with eGFR 60–89 ml/min had a similar risk of NRM (HR 

1.33, 95CI 1.04–1.70) as patients with creatinine >2 mg/dL (HR 1.38, 95CI 0.50–3.81), so 

they were both considered to have “mild renal disease” and scored as 2 per the HCT-CI. 

Still, the optimal method to estimate GFR in pre-transplant patients is unclear, and several 

studies have examined the use of alternative markers such as cystatin C that may serve as 

better predictors of renal injury than creatinine33–35. Further studies are needed to compare 

the various methodologies of assessing pre-transplant renal function, especially in pediatric 

and young adult patients.

Given that these more broadly-defined comorbidities were associated with inferior 

outcomes, we included them to create two novel risk indices for pediatric and young 

adult patients with hematologic malignancies. The expanded ymHCT-CI, comprised of all 

comorbidities, appears to better capture comorbidity risk in younger patients than the HCT-

CI with 23% of patients having an increase in their comorbidity score. Further, for patients 

whose score increased with the utilization of the expanded ymHCT-CI, we demonstrated 

that such patients had a significantly higher risk of NRM. The expanded ymHCT-CI showed 

comparative performance to the original HCT-CI, but given that the expanded ymHCT-CI 

conforms to the comorbidity definitions of real-world assessments, it is more practical and 
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relevant for use in pediatric and young adult patients. In addition, given the large number of 

children in our cohort, there was a substantial proportion of patients receiving umbilical cord 

blood as donor source (35%), which was not included in HCT-CI7. While use of umbilical 

cord blood was associated with greater NRM in our cohort (HR 2.59, 95CI 1.97–3.41), as 

our models adjusted for donor source and given our relevant patient population, we believe 

its inclusion enhances applicability of the risk scores in younger patients.

While the expanded ymHCT-CI captures more pediatric and young adult patients, it only 

discriminates risk for patients with scores of ≥3, likely because several comorbidities 

were rather uncommon as demonstrated in prior studies4,8,11,13. Subsequently, we excluded 

comorbidities with HR<1.2 and designed the simplified ymHCT-CI. This risk score included 

several risk factors that were quite common (prevalence >10%), including pulmonary, 

psychiatric, infection, and hepatic disease, similar to recent work4,11. This pattern of 

comorbidities could argue for a simpler model such as the proposed simplified ymHCT-

CI that may be preferable, particularly for pediatric transplant physicians, given that 

it includes fewer comorbidities, most of which occurred frequently in this population. 

Further, this abbreviated model performed similarly to the expanded ymHCT-CI (c-statistic: 

66.0 vs. 66.0), suggesting that the additional comorbidities included in the expanded 

ymHCT-CI provided no greater benefit in predicting NRM. Additionally, while scores of 

≥3 discriminated risk well in both models, scores of 1–2 were significantly associated 

with greater NRM only in the simplified ymHCT-CI, implying that simplified ymHCT-CI 

may have broader applicability to the pediatric and young adult patient population. Still, 

as demonstrated with the original HCT-CI, scores of ≥3 on either model provided the 

optimal threshold to predict an elevated risk of NRM. Both models should be validated 

prospectively, along with study of additional biomarkers and age-related variables including 

pharmacokinetics, immune reconstitution, and psychosocial challenges34,36,37, in order to 

further improve pre-transplant risk assessment for this younger population. These scores will 

help guide patient counseling, influence transplant approaches, and may even prove useful as 

an eligibility criterion for clinical trials.

This study has several limitations inherent to a large retrospective cohort. The data that 

is available from the CIBMTR is supplied directly by the centers but may not always 

be accurate. Although CIBMTR performs audits of data that they receive, we ultimately 

rely on the reporting from centers to supply the data. The forms provided to centers are 

designed to gather information about particular patient and transplant-related variables, 

yet there are limited data collected on risk factors specific to pediatric and young adult 

patients including a comprehensive psychosocial assessment, complete medical history to 

provide a more detailed account including the timing of potential comorbidities, and certain 

biomarkers. In addition, the comprehensive research level data utilized in this study allowed 

for exploration of different comorbidity definitions, but is not performed on all patients 

undergoing HCT and therefore, may not be representative of the broader population. Further, 

some comorbidities were infrequent making it challenging to assess the impact of individual 

comorbidities on NRM. However, this study is the largest study to date to examine the use 

of HCT-CI in pediatric and young adult patients with hematologic malignancies, while also 

creating and examining the impact of broader comorbidity definitions in order to develop a 

more applicable risk score for a younger population.
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In conclusion, while the HCT-CI has been validated in all age groups, it has not been 

widely adopted by pediatric transplant physicians. We carefully examined the impact 

of expanding the comorbidity definitions in pediatric and young adult patients with 

hematologic malignancies, and developed and tested two novel risk scores that are more 

practical and relevant for this population. Prospective studies are needed to optimally 

compare and validate these scores, as well as refine them by testing additional comorbidities 

and biomarkers specific to pediatric and young adult patients.
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Highlights:

• Expanded HCT-CI comorbidity definitions resulted in an increase in 

comorbidity score for 23% young patients (age <40 years) with hematologic 

malignancies in this registry study (n=5790).

• Patients who had an increased comorbidity score experienced an increased 

non-relapse mortality risk with allogeneic transplantation, compared to those 

with no change in score (HR 1.34, 95% CI 1.02–1.74).

• Modification to the HCT-CI specific for youth with malignancies (ymHCT) 

is clinically relevant and better suited to capture comorbidity for children, 

adolescents, and young adults.
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Figure 1. 
Schema of study design
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Figure 2. 
Incidence of comorbidities comparing HCT-CI vs. expanded ymHCT-CI.
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Figure 3. 
Change in comorbidity score using HCT-CI, expanded ymHCT-CI, or simplified ymHCT-

CI.
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Figure 4. 
Cumulative incidence of NRM for (A) HCT-CI, (B) expanded ymHCT-CI, and (C) 

simplified ymHCT-CI.
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Table 1.

Patient characteristics for 5790 patients in the study cohort who received allogeneic transplant for hematologic 

malignancy between 2008 and 2017.

Characteristic N (%)

Age, median (range) - years 22 (<1–39)

Age group, N (%)

0–2 years 432 (8)

3–10 years 937 (16)

11–18 years 1036 (18)

19–29 years 1636 (28)

30–39 years 1749 (30)

Sex

Male 3246 (56)

Female 2544 (44)

Race

Caucasian 4235 (73)

African-American 701 (12)

Asian 366 (6)

Pacific islander 23 (<1)

Native American 48 (<1)

Mixed race 140 (2)

Missing 277 (5)

Ethnicity

Hispanic or Latino 1298 (22)

Non-Hispanic or non-Latino 4361 (75)

Non-resident of the U.S. 38 (1)

Missing 93 (2)

Karnofsky/Lansky performance score

90–100 4215 (73)

<90 1486 (26)

Missing 89 (1)

HCT-CI

0 2609 (45)

1–2 1536 (26)

3+ 1645 (29)

Diagnosis – no. (%)

AML 2494 (43)

ALL 1807 (31)

MDS 397 (7)

Non-Hodgkin lymphoma 316 (6)

CML 264 (5)

Hodgkin lymphoma 197 (3)
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Characteristic N (%)

MPN 123 (2)

Other malignancy 192 (3)

Leukemia/MDS disease status

CR 4226 (81)

PR 12 (<1)

Advanced or active disease 932 (18)

Missing 71 (<1)

Lymphoma disease status

CR 227 (44)

PR 79 (15)

Advanced 206 (40)

Missing 1 (<1)

Donor type

HLA-identical sibling 1016 (18)

Other related 595 (10)

Well-matched unrelated 1615 (28)

Cord blood 2018 (35)

Mismatched unrelated 546 (10)

Graft source

Bone marrow 1419 (24)

Peripheral blood 2353 (41)

Cord blood 2018 (35)

Conditioning intensity

Myeloablative 4942 (85)

Reduced intensity 442 (8)

Non-myeloablative 297 (5)

Missing 109 (2)

Donor/recipient CMV serostatus

+/+ 1225 (21)

+/− 478 (8)

−/+ 1033 (18)

−/− 998 (17)

CB – recipient + 1292 (22)

CB – recipient − 707 (12)

CB – CMV unknown 19 (<1)

Missing 38 (<1)

GVHD prophylaxis

TAC + MTX +- other(s) (except MMF, post-CY) 1954 (34)

CSA + MMF +- other(s) (except post-CY) 1226 (21)

TAC + MMF +- other(s) (except post-CY) 840 (15)

CSA + MTX +- other(s) (except MMF, post-CY) 514 (9)

Post-CY + other(s) 354 (6)
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Characteristic N (%)

TAC + other(s) (except MMF, MTX, post-CY) 261 (5)

Other regimen 641 (10)

Serotherapy

ATG 1540 (27)

Alemtuzumab 139 (2)

None 4065 (70)

Missing 46 (<1)

Year of transplant

2008–2010 2271 (39)

2011–2013 1238 (22)

2014–2017 2281 (39)

Follow-up, median (range) (months) 42 (3–126)
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Table 2.

Multivariable analysis demonstrating impact of HCT-CI comorbidities and expanded definitions on NRM, 

as well as risk scores including HCT-CI, emHCT-CI, and smHCT-CI. Models adjusted for age, conditioning 

regimen, disease, donor type, KPS, race, recipient CMV status, and year of transplant.

Comorbidity Definition HR (95% CI) HCT-CI Expanded 
HCT-CI

smHCT-CI

Arrhythmia Atrial fibrillation or flutter, sick sinus syndrome, or 
ventricular arrhythmias

0.88 (0.42–
1.86)

1 1 0

Cardiac disease Coronary artery disease, congestive heart failure, 
myocardial infarction, or EF ≤50% on most recent test

1.40 (1.00–
1.96)

1 1 1

Inflammatory bowel 
disease

Crohn disease or Ulcerative colitis 0.54 (0.18–
1.62)

1 1 0

Diabetes Requiring treatment with insulin or oral 
hypoglycemics, but not diet alone

1.38 (0.94–
2.02)

1 1 1

Psychiatric disease Requiring psychiatric consult or treatment in the last 4 
weeks

1.18 (0.96–
1.46)

1 1 0

Cerebrovascular Any history of transient ischemic attack, subarachnoid 
hemorrhage, or cerebrovascular accident

0.76 (0.35–
1.65)

1 1 0

Infection* Requiring antimicrobial treatment OR history of 
invasive fungal infection

1.51 (1.23–
1.85)

1 1 1

Obesity* BMI >35 kg/m2 OR BMI >95th percentile by CDC 
guidelines for (<18yo)

1.27 (1.05–
1.53)

1 1 1

Underweight* BMI <5th percentile by CDC guidelines for (<18yo) 
or <18kg/m2 (≥18yo)

0.99 (0.67–
1.47)

N/A 0 0

Mild hepatic disease Chronic hepatitis, bilirubin >upper limit of normal to 
1.5x upper limit of normal, or AST/ALT upper limit 
of normal to 2.5x upper limit of normal

0.95 (0.72–
1.27)

1 1 0

Moderate/severe 
hepatic disease

Liver cirrhosis, bilirubin >1.5x upper limit of normal, 
or AST/ALT >2.5x upper limit of normal

1.28 (0.82–
1.99)

3 3 3

Moderate pulmonary 
disease

Corrected diffusion capacity of carbon monoxide 
and/or FEV1 66–80%, or dyspnea on slight activity

0.88 (0.71–
1.07)

2 2 0

Severe pulmonary 

disease*
Corrected diffusion capacity of carbon monoxide 
and/or FEV1 ≤65%, or dyspnea at rest, or requiring 
oxygen OR history of mechanical ventilation

1.33 (1.10–
1.60)

3 3 3

Peptic ulcer disease Confirmed by endoscopy and requiring treatment 0.88 (0.24–
3.18)

2 2 0

Rheumatologic disease Systemic Lupus, Rheumatoid Arthritis, Polymyositis, 
Mixed connective tissue disease, or polymyalgia 
rheumatic requiring treatment

0.61 (0.16–
2.41)

2 2 0

Mild renal disease * Creatinine >2mg/dL or prior renal transplant OR 
eGFR 60–89ml/min (by Bedside Schwartz calculation 
for <18y, CKD-EPI calculation for ≥18yo)

1.32 (1.04–
1.70)

2 2 2

Moderate/severe renal 

disease*
On dialysis OR eGFR <60ml/min (by Bedside 
Schwartz calculation for <18y, CKD-EPI calculation 
for ≥18yo)

3.18 (1.82–
5.54)

N/A 3 3

Prior solid tumor At any point in patient’s history, excluding non-
melanoma skin cancer, leukemia, lymphoma, or 
multiple myeloma

1.63 (1.23–
2.16)

3 3 3

Heart valve disease Except asymptomatic mitral valve prolapse 1.41 (0.77–
2.58)

3 3 3

*
Comorbidities that included modified definitions. FEV1=forced expiratory volume in one second.
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Table 3.

Prediction of non-relapse mortality (NRM), overall survival (OS) and associated hazard ratios (HRs) among 

the different risk scores.

HR (95%CI), NRM P-value 3-year NRM HR (95%CI), OS P-value 3-year OS

HCT-CI

 0 1.00 16.8% (14.0–19.7%) 1.00 62.1% (58.6–65.6%)

 1–2 0.91 (0.67–1.24) 0.543 15.8% (12.4–19.2%) 1.02 (0.83–1.24) 0.874 60.4% (55.8–65.0%)

 3+ 1.53 (1.16–2.01) 0.002 25.4% (21.3–29.5%) 1.65 (1.37–1.99) <0.001 46.1% (41.5–50.7%)

Expanded ymHCT-CI

 0 1.00 15.8% (12.6–18.9%) 1.00 62.0% (58.0–66.0%)

 1–2 1.02 (0.76–1.38) 0.888 16.5% (13.2–19.7%) 1.00 (0.82–1.22) 0.998 61.3% (57.1–65.5%)

 3+ 1.52 (1.16–1.99) 0.003 24.1% (20.7–27.6%) 1.51 (1.26–1.81) <0.001 49.3% (45.3–53.3%)

Simplified ymHCT-CI

 0 1.00 15.0% (12.6–17.4%) 1.00 62.9% (59.7–66.1%)

 1–2 1.41 (1.07–1.86) 0.016 20.5% (16.5–24.5%) 1.34 (1.11–1.61) 0.002 53.3% (48.4–58.2%)

 3+ 1.65 (1.28–2.12) <0.001 24.9% (21.0–28.8%) 1.53 (1.29–1.82) <0.001 50.1% (45.7–54.6%)

Transplant Cell Ther. Author manuscript; available in PMC 2024 February 01.


	Abstract
	INTRODUCTION
	METHODS
	Patient population
	Study outcomes and definitions
	Statistical analysis

	RESULTS
	Patient and donor characteristics
	Distribution of comorbidities
	Assessment of HCT-CI
	Development of novel risk scores
	Adapting the HCT-CI definitions to a younger patient population
	Simplifying the expanded ymHCT-CI into the simplified ymHCT-CI


	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.
	Table 3.

