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Abstract 

Background:  The International Prognostic Score (IPS) has been used in classic Hodgkin 

lymphoma (cHL) for 25 years.  However, analyses have documented poor calibration of the IPS 

among contemporarily treated patients. Harnessing multi-source individual patient data from the 

Hodgkin Lymphoma International STudy for Individual Care (HoLISTIC) consortium, we 

developed and validated a modern prediction model. 

Methods: Model development was performed on 4,022 newly-diagnosed advanced-stage adult 

cHL patients from eight international phase 3 clinical trials, conducted from 1996-2014.  External 

validation was performed on 1,431 contemporaneously treated patients from four real-world cHL 

registries.  To consider prognostic association over a full range of continuous variables, we 

evaluated piecewise linear splines for potential non-linear relationships.  Five-year progression-

free survival (PFS) and overall survival (OS) were estimated using Cox proportional-hazards 

models. 

Results: Median age in the development cohort was 33 years (18-65); 55% were male; nodular 

sclerosis was the most common histology.  Kaplan-Meier estimators were 0.77 for 5-year PFS 

and 0.92 for 5-year OS.  Significant variables predictors included age, sex, stage, bulk, absolute 

lymphocyte count (ALC), hemoglobin, and albumin, with slight variation for PFS versus OS.  

Moreover, age and ALC yielded non-linear relationships with outcomes.  Optimism-corrected c-

statistics in the development model for 5-year PFS and OS were 0.590 and 0.720, respectively. 

There was good discrimination and calibration in external validation and consistent performance 

in internal-external validation.  Compared with the IPS, there was improved discrimination for 

OS and improved calibration for PFS and OS. 
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Conclusion: We rigorously developed and externally validated a modern-day prediction model 

in >5,000 advanced-stage cHL patients.  Furthermore, we identified several novel non-linear 

relationships and improved the prediction of patient outcomes.  An online calculator was created 

for individualized point-of-care use. 
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Introduction   

Classic Hodgkin lymphoma (cHL) is a B-cell malignancy that occurs predominantly in 

younger adults and is generally associated with favorable disease outcomes.1 However, there is 

no single consensus-based or individualized treatment approach globally beyond use of multi-

agent chemotherapy with curative intent. 

The most widely used prognostication tool in cHL has been the International Prognostic 

Score (IPS), published in 1998 by the German Hodgkin Study Group.2 The IPS identified seven 

clinical factors prognostic for survival at five years in newly-diagnosed advanced-stage disease.  

While used over the past 25 years, this score requires updating for several reasons.  First, 

management strategies and outcomes for cHL have improved over the past 10-20 years.1,3 

Indeed, analyses documented poor calibration of the IPS7 among contemporarily treated 

patients.4,5 Second, predictive modeling techniques have grown in sophistication since the IPS7 

was developed.  For example, the IPS7 relied on the dichotomous categorization of patient and 

disease factors with limited information about model performance (discrimination and 

calibration). Further, the IPS7 was developed based on complete case analyses, but missing 

data were frequent, requiring the use of imputation strategies that were not externally validated. 

In 2018, we formed a trans-discipline international consortium, HoLISTIC (Hodgkin 

Lymphoma International STudy for Individual Care), consisting of worldwide clinical cHL 

experts, decision scientists, statisticians, epidemiologists, and patient advocates.6 We 

subsequently obtained and harmonized individual patient data (IPD) from multiple seminal phase 

III international clinical trials in newly-diagnosed cHL, conducted from 1996-2014.7  In addition, 

we incorporated detailed IPD from contemporaneously treated patients recorded in “real world”  

cHL registries across North America.  Applying established data science methods,8 we created 

a common data model with a detailed data dictionary.  Data were normalized, standardized, and 

harmonized, resulting in the creation of a comprehensive, annotated master database of more 
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than 5,000 adult patients with newly-diagnosed, advanced-stage cHL. 

Harnessing this rich multi-source data and employing modern methods, we sought to build 

upon the original IPS to develop and validate a robust, modern prediction model known as the 

Advanced-stage cHL International Prognostication Index (A-HIPI) to predict five-year 

progression-free survival (PFS) and overall survival (OS).  An associated objective was to 

create a model at the individual patient level, based on continuous forms of data, and to harness 

a newly created online calculator. 

METHODS   

Data sources and study population 

We obtained IPD obtained through formal data-sharing agreements with global cHL clinical trial 

groups and cancer registries.  Once the data were harmonized, model development was 

performed on a cohort of 4,022 cHL newly-diagnosed patients treated on eight international 

advanced-stage phase III clinical trials from 1996-2014: HD9601, HD2000, UK Stanford V, 

ECOG2496, SWOG0816, RATHL, HD0801, HD0607 (Table S1).9-16 External validation was 

performed in a separate cohort of 1,431 advanced-stage cHL patients treated with curative 

intent from four major cancer registries (BC Cancer, Princess Margaret Cancer Centre, 

Iowa/Mayo SPORE, Australia) from 1996-2019.17-20 Registry patients enrolled on trials utilized in 

the model development were excluded from the validation cohort.  Model development and 

validation were restricted to patients ages 18-65 years with stages IIB, III, or IV disease as this 

constituted the vast majority of patients enrolled in the cHL clinical trials. 

Outcomes 

The two primary outcomes were 5-year PFS and 5-year OS in part as most of cHL 

relapses occur within the first 5 years from diagnosis.21  Time was defined as days from 

registration (clinical trials) or pathologic diagnosis (registries) to the event; censoring occurred if 
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patients were lost to follow-up or at five years.  PFS events were defined as progression, 

relapse, or death.  Adjudication of primary outcomes was performed by the data source and was 

not revised in the data harmonization process.  

Candidate Predictors 

We considered the following baseline predictors based on clinical relevance and 

standard data capture on the clinical trials: sex, stage (IIB, III, IV), B symptoms, histology 

(lymphocyte depleted, lymphocyte rich, mixed cellularity, nodular sclerosis, NOS), any bulk (by 

trial/registry definition: Table S2), age at diagnosis, white blood cell count (WBC), absolute 

lymphocyte count (ALC), hemoglobin, albumin, and erythrocyte sedimentation rate (ESR).  ESR 

had not been routinely collected across all trials, particularly among studies that did not include 

early-stage unfavorable disease.  We excluded patients who were missing data on more than 

50% of the candidate predictor variables.  See Table S3 for full details of missing data by 

variable.  Multiple imputation was performed to address missing data on the remaining 

patients.22  Stage was considered as a three-level categorical variable (IIB, III, IV) and a binary 

variable (IIB/III, IV).  Linearity of continuous variables was assessed based on partial residual 

plots and fitting-penalized smoothing splines.  Based on this, and to reduce the risk of overfitting 

when using restricted cubic splines, we created piecewise linear splines with one inflection point 

(i.e., knot) for relevant variables.  

Statistical analysis 

Separate models for PFS and OS were fit using Cox proportional hazards (PH) models.  

Backward elimination with p<0.05 was used to select variables to include in the prediction 

models.  Because variable selection was used, and because the purpose of our modeling was 

parameter estimation rather than statistical inference, we do not provide 95% confidence 

intervals. Discrimination was assessed using Harrell's c-statistic.23,24  Calibration was assessed 
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by comparing observed and predicted probabilities of 5-year outcomes within deciles of 

predicted probabilities and estimating calibration intercepts and slopes.  We also performed 

internal validation to obtain shrinkage factors for the final model coefficients to decrease the risk 

of overfitting.  

As part of internal-external validation, we performed cross-validation on the model 

development cohort, where each clinical trial was left out ‘one at a time’ to account for between-

trial heterogeneity (e.g., use of baseline imaging, definitions of bulk, treatment regimen), to refit 

the model and assess its performance (using the c-statistic) within the excluded trial.  Final 

model coefficients, including the baseline hazard for 5-year PFS and OS for the “average 

patient”, were applied to the external validation cohort of cancer registries. Discrimination and 

calibration were evaluated in the validation cohort as above. We also examined performance of 

the IPS7 and IPS3 in our validation cohort. Sensitivity analyses included imputation of out-of-

range lab values and stratification by clinical trial in model development.  Additional methods for 

model development and validation are in the Supplement. 

Results   

Patient characteristics 

The median age in the development cohort was 33 years. See Table 1 for all other patient 

and disease characteristics.  The median follow-up was 62 months (IQR 36-90), and by 5 years, 

858 patients experienced progression, relapse, or death (21%), and 278 died (7%).  Kaplan 

Meier estimators at 5 years were 77% (95% CI: 76%-78%) for PFS and 92% (95% CI: 91%-

93%) for OS.  Consort flow diagrams for the development and validation cohort eligibility are 

detailed in Figure S1.  Seven patients (<1%) were excluded because of >50% missing values, 

while 135 (3%) patients were excluded because of out-of-reference range laboratory values.   

Development of the A-HIPI  
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Continuous values of age and ALC had non-linear relationships with PFS and OS when 

modeled with piecewise linear splines (Figure 1).  These findings were consistent across all 

datasets. See Figures S2-S5 for relationships of total WBC count, hemoglobin, albumin, and 

ESR with survival.  Univariate associations between baseline clinical variables and 5-year PFS 

and OS are reported in Tables S4 and S5.  Additionally, Kaplan-Meier plots depicting PFS and 

OS for sex, stage, bulk, histology, and B-symptoms are in Figures S6-S10.  The following 

clinical predictors were eliminated from the PFS model: sex, B symptoms, histology, bulk, WBC 

count, hemoglobin, and ESR; the following predictors were eliminated from the OS model: B 

symptoms, histology, WBC count, and ESR.  

Model variables with parameter estimates, hazard ratios, and optimism-corrected 

parameter estimates on multivariable analyses for the A-HIPI model are delineated in Table 2.  

Please see the Supplemental Results for full model equations.  Age, stage, ALC, and albumin 

were significant for both 5-year PFS and OS; sex, bulk disease, and hemoglobin were 

significant only for 5-year OS.  C-statistics in the model development dataset were 0.605 (95% 

CI: 0.585, 0.624) for 5-year PFS and 0.732 (95% CI: 0.700, 0.761) for 5-year OS, with optimism-

corrected values of 0.590 (95% CI: 0.584, 0.623) and 0.720 (95% CI: 0.689, 0.756), 

respectively.  Based on internal/external validation, c-statistics in the omitted trial ranged from 

0.54 to 0.65 for PFS and 0.61 to 0.77 for OS (Tables S6-S7). 

External validation 

Baseline characteristics and outcomes of the external validation cohort were similar 

besides a difference in stage (38% IIB, 30% III, 32% IV) and longer median follow-up (74 

months, IQR 31-132) (Table 1).  C-statistics for the A-HIPI model were 0.590 (95% CI: 0.557, 

0.622) for 5-year PFS and 0.730 (95% CI: 0.681, 0.774) for 5-year OS in external validation. By 

comparison, c-statistics for 5-year PFS and OS with the IPS7 were 0.597 and 0.692, 

respectively, and 0.579 and 0.657, respectively, for the IPS34,25, as derived from the validation 
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cohort (see Tables S8-S9).  Sensitivity analyses demonstrated no change in model parameters 

or c-statistic (Tables S10-S12).  In addition, the predicted PFS and OS distribution and the 

observed outcomes stratified by quartile of predicted risk in the external validation cohort are 

shown in Figure 2.  See Figure S11 for the distribution of predicted risk in the development 

cohort. 

Calibration plots for the A-HIPI, showing deciles of predicted PFS and OS plotted 

against observed values in the external validation cohort are shown in Figure 3.  The A-HIPI 

model showed good calibration in the external validation cohort except for a slight 

overestimation of risk in the highest risk decile.  For the A-HIPI PFS model, the calibration 

intercept was -0.40 (95% CI: -0.82, 0.00) and the slope was 0.83 (95% CI: 0.50, 1.16); for the A-

HIPI OS model, the calibration intercept was -0.43 (95% CI: -0.96, 0.09) and the slope was 0.89 

(95% CI: 0.66, 1.11). The calibration plots for the IPS7 in the external validation cohort are 

shown in Figure S12.  IPS7 showed an overestimation of risk among all risk groups.   

To simplify the application of the A-HIPI model, a calculator was created for point-of-care 

use (https://holistic-calculator.web.app/). 

Discussion   
 

Via unique worldwide partnerships fostered through the HoLISTIC Consortium and the 

application of rigorous data science principles, we obtained and harmonized detailed IPD 

for more than 5,000 newly-diagnosed, advanced-stage cHL patients.  This work leveraged 

a carefully constructed common data model and included many seminal clinical trials 

conducted in the field over the past 15-20 years, together with IPD from prominent cancer 

registries. In this inaugural output from HoLISTIC, we developed and validated a modern-

day prognostic model for adults with advanced-stage cHL, the A-HIPI.  The model contains 

several novel non-linear relationships of key variables.  Furthermore, while discrimination 
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did not differ significantly for PFS from the IPS7, there was improved discrimination for OS, and 

improved calibration for both PFS and OS with the A-HIPI.    

The IPS7 was a seminal publication in the field.2 It was largely developed on data from 

the 1980s in an era that included patients who received heavier alkylator therapy +/- total nodal 

irradiation (one-quarter of patients in IPS7 received non-anthracycline alkylator-based therapy).  

Clinical trials attempting to use the IPS7 as a tool to predict treatment effect have been 

negative.26-28  In addition, subsequent analyses showed a diminished utility of the original IPS 

among contemporarily treated cHL patients.4,5 Moccia et al. examined 740 patients treated with 

advanced-stage cHL in British Columbia.5 The IPS7 remained prognostic, but the range of PFS 

and OS rates narrowed considerably across IPS scores of 0-7 in patients treated with ABVD or 

ABVD-like regimens, indicating poor calibration.  Furthermore, Diefenbach et al. evaluated the 

IPS7 among 854 patients on E2496, one of the eight clinical studies included herein.4,25 Among 

the original IPS7 variables, only age, stage, and hemoglobin were prognostic; it was labeled the 

IPS3.  However, both of these were smaller datasets and neither had a formal assessment of 

model calibration. 

Outcomes have continued to improve for cHL patients over the past two decades.29,30 

This is partly a result of improved pathology capabilities leading to more accurate diagnosis, use 

of positron-emission tomography (PET) imaging for more precise delineation of stage,31 and 

preservation of treatment dose intensity, especially with ABVD-based therapy.32  Other 

noteworthy changes in practice have included response-adapted therapy,33,34 and improved 

post-relapse salvage treatment modalities, including stem cell transplantation and integration of 

novel targeted therapeutics, that have helped maintain OS despite treatment failure.1 

Just as therapy has changed for advanced-stage cHL over the ensuing 25 years since 

the original IPS, so have predictive modeling methods. This includes assessment of internal 

validation to obtain shrinkage factors to decrease the risk of overfitting, internal-external 
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validation to assess heterogeneity of model performance across studies, and calibration for 

predicted versus observed outcomes in the external validation cohort. Additionally, candidate 

predictive variables in the original IPS were dichotomized to yield a score up to seven points, 

with total scores reflecting different prognostic significance for survival.  In contrast, we utilized 

continuous values for age and all laboratory values, characterizing them based on the shape of 

their observed relationship with the outcomes.  We found a striking non-linear effect with PFS 

outcomes improving for patients from ages 18 through 30 years, before a more typical 

association (e.g., worsening outcomes associated with advancing age) after age 30.35 This 

finding is intriguing and quite distinct from a simple dichotomization of age at 45 years.  It may 

represent unique biology in older adolescents and young adults that warrants further study.  

Alternatively, it may represent barriers or challenges to cancer care delivery in this age group, 

including non-adherence or dose delays.  

In addition, we identified a similar non-linear relationship between ALC and survival.  

Lymphopenia has been identified as an adverse prognostic factor across multiple lymphoma 

subtypes and it was a variable in the IPS7 as a dichotomized value (i.e., <6003/µL or <8% of 

WBC); however, laboratory values were not examined as continuous variables in that analysis.  

Patients with values towards the higher range of normal and above the normal range for ALC 

(i.e., >2.03/µL) here also had inferior outcomes.  Increasing WBC count is an adverse factor in 

the IPS7 and other lymphoid malignancies (e.g., mantle cell lymphoma);36 increased ALC may 

represent a hyper-inflammatory state in cHL.  Additional translational and biologic studies are 

warranted to delineate this relationship. 

In the original IPS, the sample size of the discovery cohort was 1,618 cHL patients with 

complete data.2  This was validated among 2,643 patients with missing serum albumin levels 

estimated by linear regression from hemoglobin levels and missing ALC that relied on inguinal 

node involvement as a surrogate indicator.  It is important to highlight in our database that we 
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had little missing data across disease and patient characteristics, and we used multiple 

imputation to address missing data.  In total, implausible or missing lab values were seen in a 

minority of patients.  In sensitivity analyses, we compared two approaches to address missing 

lab data, including eliminating those cases versus multiple imputation and comparing the 

resultant model performance (Tables S10-S11); the results were similar.  

We demonstrated superior discrimination for 5-year OS with the inclusion of continuous 

variables (and non-linear relationships) compared with the IPS7 and IPS3, although there was 

an overestimate in the highest deciles of predicted risk in the A-HIPI. Interestingly, despite use 

of dichotomous variables and missing data as highlighted above, the IPS7 had similar 

discrimination to the A-HIPI for prediction of PFS, suggesting that there are still unaccounted for 

predictors of 5-year treatment failure. Response-adapted trials with midstream therapy 

adjustment (e.g., de-escalation or escalation of treatment based on interim PET-based imaging) 

and other potential factors may make baseline data less relevant in PFS outcomes.  We 

assessed potential differences in model performance by trials in the development cohort using 

leave-one-out internal-external validation; performance was relatively stable across trials, which 

varied in their use of baseline imaging, definitions of bulk, and treatment regimens.  

However, the A-HIPI had improved calibration, comparing observed versus expected 

events, for both PFS and OS compared with IPS7 (Figure 3 and Figure S12).  Unlike 

discrimination, which refers to a model's ability to separate high versus low-risk patients, 

calibration refers to the ability of a model to accurately predict outcomes in other cohorts and 

future patients.37 To this end, the A-HIPI may be used to compare outcomes across cHL clinical 

trials and to reliably identify high-risk future patient groups for clinical trial design.  

Limitations of these data include a paucity of older adults ages >65 years as treated in 

the clinical trials utilized for model development.  There remains a need to build collaborative 

datasets for the entire age spectrum that include older adults who have been generally 
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understudied and have inferior outcomes.38,39  We intend to enrich the current large annotated 

dataset with older patients over ages 60-65 years, as well as with younger adolescent and 

young cHL patients who are also often sparsely represented in clinical trials. Additionally, these 

data will need to be validated in cohorts who received more immediate intensive chemotherapy 

(e.g., BEACOPP) and novel targeted agents as part of frontline therapy.  As is standard practice 

in predictive modeling, we did not consider the impact of specific treatments on outcomes since 

treatment is downstream of the baseline prediction.  However, this dataset will serve as a 

platform to incorporate important post-baseline variables such as receipt of different treatment 

regimens, response-adapted imaging results, and key biologic findings into the model utilizing 

multistate modeling, and also the use of simulation modeling that can estimate the 

individualized risk of post-acute and late effects that occur decades after the completion of 

therapy.40  Moreover, we have intentionally constructed this dataset and the associated model 

to allow for the dynamic incorporation of new studies and data and to allow for model re-

calibration as outcomes evolve. 

In conclusion, harnessing a large annotated database of recent seminal clinical trials 

together with cHL registries, we developed and validated a modern prognostic model, A-HIPI, to 

predict five-year PFS and OS.  We identified novel non-linear relationships between age and 

ALC with outcomes and unique prognostic variables significant for PFS versus OS.   Finally, to 

enhance the use of A-HIPI, we developed an online calculator to assist clinicians and future 

patients in estimating individualized prognosis (https://holistic-calculator.web.app/).  Collectively, 

the multi-source predictive modeling approach herein may also inform the development of 

similar methods, treatment models, and analytic algorithms for other cancers and diseases. 
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Table 1.  Baseline characteristics for development and validation cohorts. 
 Development 

(N=4022) 

Validation 

(N=1431) 

Study*, n (%)   

ECOG2496 632 (15.7%)  

SWOG0816 322 (8.0%)  

HD2000 276 (6.9%)  

HD9601 310 (7.7%)  

HD0607 769 (19.1%)  

HD0801 466 (11.6%)  

Stanford V 314 (7.8%)  

RATHL 933 (23.2%)  

PMH  318 (22.2%) 

Iowa/Mayo SPORE  251 (17.5%) 

Australia  260 (18.2%) 

BC Cancer  602 (42.1%) 

Age (years), mean (SD) 35.1 (12.0) 35.6 (13.1) 

Age (years), median (Q1, Q3) 33.0 (25.0, 43.0) 32.0 (25.0, 44.5) 

Categorical age (years), n (%)   

18 to 30 1618 (40.2%) 613 (42.8%) 

>30 2404 (59.8%) 818 (57.2%) 

Female sex, n (%) 1828 (45.5%) 622 (43.5%) 

Stage, n (%)   

Stage IIB 1106 (27.5%) 536 (37.5%) 

Stage III 1568 (39.0%) 427 (29.8%) 

Stage IV 1348 (33.5%) 468 (32.7%) 

Histology, n (%)   
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Lymphocyte depleted 46 (1.1%) 7 (0.5%) 

Lymphocyte rich 102 (2.5%) 22 (1.5%) 

Mixed cellularity 521 (13.0%) 85 (5.9%) 

Nodular sclerosis  2986 (74.2%) 1023 (71.5%) 

NOS 367 (9.1%) 294 (20.6%) 

B symptoms, n (%) 2938 (73.1%) 1104 (77.1%) 

Any bulk †, n (%) 1408 (35.0%) 433 (30.3%) 

WBC count (10^3/µL), mean (SD) 10.7 (5.3) 10.8 (5.2) 

Lymphocyte count (10^3/µL), mean (SD) 1.5 (0.7) 1.4 (0.7) 

Categorical lymphocyte count (10^3/µL), n (%)   

0.1 to 2 3183 (79.1%) 1160 (81.0%) 

2 to 5 839 (20.9%) 271 (19.0%) 

Hemoglobin (g/dL), mean (SD) 12.0 (1.9) 12.0 (1.9) 

Albumin (g/dL), mean (SD) 3.7 (0.6) 3.7 (0.6) 

ESR (mm/hour), mean (SD) 59.0 (35.7) 52.8 (35.6) 

 
Abbreviations: PMH refers to Princess Margaret Hospital; BC to British Columbia; Australia to 
Australasian Lymphoma and Related Diseases Registry; NOS to not otherwise specified; WBC to white 
blood cell; n, number; ESR to erythrocyte sedimentation rate. 

* Number of patients by trial and registry refer to the subset of patients who met our eligibility criteria 
(see Table S1 and Figure S1). 

† Bulk was defined per clinical trial or registry as either mediastinal and/or non-mediastinal bulk; 
clinical trial and registry definitions were used (see Table S2). 

 

 

 

 

 

 

 



 
 

21 

Table 2.  Model parameters for PFS and OS. 

 5-year PFS* 5-year OS* 

 Beta 
coefficient HR  

Optimism-
corrected 

beta 
coefficient 

Beta 
coefficient HR  

Optimism-
corrected 

beta 
coefficient 

Age (years)       

Linear effect in 
18 to 30† -0.026 0.97 -0.024 -0.022 0.98 -0.020 

Linear effect in 
>30† 0.016 1.02 0.014 0.049 1.05 0.046 

Female    -0.251 0.78 -0.234 

Stage^       

Stage IIB       

Stage III 0.207 1.23 0.184    

Stage IV 0.423 1.53 0.377 0.285 1.33  0.266 

Any bulk    0.312 1.37  

Lymphocyte 
count (103/µL)       

Linear effect in 
.1 to 2† -0.287 0.75 -0.255 -0.497 0.61 -0.463 

Linear effect in 
2 to 5† 0.188 1.21 0.167 0.396 1.49 0.369 

Hemoglobin 
(g/dL)    -0.124 0.88 -0.116 

Albumin (g/dL) -0.307 0.74 -0.274 -0.406 0.67 -0.379 

PFS refers to progression-free survival; OS to overall survival; and HR to hazard ratio. 

* Separate models were built for OS and PFS with some variables included in one model but not the other.  
Blank cells indicate that a variable is not included in the model.  Variables dropped from both models are not 
included.  For continuous variables, the effect estimates represent a 1-unit increase in the predictor variable.  
Beta coefficients and HRs are from the multivariable model after backwards elimination that was fit in the 
development cohort.  Optimism-corrected beta coefficients were derived using internal validation to obtain 
shrinkage factors for the beta coefficients to decrease the risk of overfitting. Because variable selection was 
used, and because the purpose of our modeling was parameter estimation rather than statistical inference, we 
do not provide 95% confidence intervals.  

† Effect estimate shown is the combination of the two piecewise linear splines for the group with values above 
the inflection point.  Piecewise linear splines are interpreted as follows.  Age: for those aged 18 to 30 years, a 1-
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year increase in age indicates improving outcomes, while for those >30 years, a 1-year increase in age indicates 
worse outcomes.  Lymphocyte count: for an ALC of 0.1 to 2.0 (103/µL), a 1-unit increase in lymphocyte count 
indicates improving outcomes, while for an ALC 2.0 to 5.0 (103/µL), a 1-unit increase in lymphocyte count 
indicates worse outcomes.  See Table S13 for the optimism-corrected beta coefficients that correspond to each 
individual piece of the spline.   

^ For the PFS model, the reference is stage IIB; for the OS model, the reference is stage IIB and III.   
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Figure Legends 

 

Figure 1.  Relationship between continuous variables and survival.  Plots of penalized 

smoothing splines based on partial residuals from multivariable Cox PH model for continuous 

variables.  Plots demonstrate non-linear associations between age with (A) progression-free 

survival (PFS) and (B) overall survival (OS), and for absolute lymphocyte count (ALC) with (C) 

PFS and (D) OS.    

 

Figure 2.  Distribution of predicted risk and observed outcomes stratified by predicted 

risk quartiles in the validation cohort.  Distribution of predicted (A) progression-free survival 

(PFS) and (B) overall survival (OS) in the external validation cohort.  Kaplan-Meier observed (C) 

PFS and (D) OS rates stratified by quartile of predicted risk in the external validation cohort.  

The term “event” on upper left x axis and lower left y axis of PFS plots indicates progression, 

relapse, or death. 

 

Figure 3.  Calibration plots in the validation cohort.  Deciles of predicted (A) progression-

free survival (PFS) (B) or overall survival (OS) plotted against observed values in the external 

validation cohort.  The diagonal line with a slope of 1 denotes perfect calibration.  The red line 

shows the calibration slope using local regression (loess).  Calibration curves show moderate 

calibration but with overestimate of risk in the highest decile of predicted risk.  The term “event” 

on the y axis of the PFS plot on the left indicates progression, relapse, or death.  
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