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Supplement to: Nai-Ming Cheng, Jiawen Yao, Jinzheng Cai, et al. Deep learning for 

fully-automated prediction of overall survival in patients with oropharyngeal cancer 

using FDG PET imaging. 
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Table S1: REporting recommendations for tumour MARKer prognostic studies (REMARK) 

 

Item to be reported Where reported 

INTRODUCTION  

1 State the marker examined, the study objectives, and any pre-specified hypotheses.   Introduction, Methods, 

appendix 

MATERIALS AND METHODS  

Patients  

2 Describe the characteristics (e.g., disease stage or co-morbidities) of the study 

patients, including their source and inclusion and exclusion criteria.   
Methods, Results 

3 Describe treatments received and how chosen (e.g., randomized or rule-based).   Results, Protocol 

Specimen characteristics  

4 Describe type of biological material used (including control samples) and methods of 

preservation and storage. 

Methods, Protocol 

Assay methods  

5 Specify the assay method used and provide (or reference) a detailed protocol, 

including specific reagents or kits used, quality control procedures, reproducibility 

assessments, quantitation methods, and scoring and reporting protocols. Specify 

whether and how assays were performed blinded to the study endpoint. 

Methods (FDG PET 

imaging) 

Study design  

6 State the method of case selection, including whether prospective or retrospective and 

whether stratification or matching (e.g., by stage of disease or age) was used. Specify 
the time period from which cases were taken, the end of the follow-up period, and the 

median follow-up time.   

Methods 

7 Precisely define all clinical endpoints examined.  Methods 

8 List all candidate variables initially examined or considered for inclusion in models.  Appendix  

9 Give rationale for sample size; if the study was designed to detect a specified effect 

size, give the target power and effect size.  

Include as many samples as 

possible 

Statistical analysis methods  

10 Specify all statistical methods, including details of any variable selection procedures 

and other model-building issues, how model assumptions were verified, and how 

missing data were handled.  

Methods, appendix, Protocol 

11 Clarify how marker values were handled in the analyses; if relevant, describe methods 

used for cutpoint determination. 
Method, Protocol 

RESULTS  

Data   

12 Describe the flow of patients through the study, including the number of patients 

included in each stage of the analysis (a diagram may be helpful) and reasons for 

dropout. Specifically, both overall and for each subgroup extensively examined report 

the numbers of patients and the number of events. 

Protocol 

13 Report distributions of basic demographic characteristics (at least age and sex), 

standard (disease-specific) prognostic variables, and tumor marker, including 

numbers of missing values.  

Table 1, appendix 

Analysis and presentation   

14 Show the relation of the marker to standard prognostic variables. Table 2 and 3 

15 Present univariable analyses showing the relation between the marker and outcome, 

with the estimated effect (e.g., hazard ratio and survival probability). Preferably 

provide similar analyses for all other variables being analyzed. For the effect of a 

tumor marker on a time-to-event outcome, a Kaplan-Meier plot is recommended.  

Results, figure 2, appendix 

16 For key multivariable analyses, report estimated effects (e.g., hazard ratio) with 

confidence intervals for the marker and, at least for the final model, all other variables 

in the model.  

Table 2 

17 Among reported results, provide estimated effects with confidence intervals from an 

analysis in which the marker and standard prognostic variables are included, 

regardless of their statistical significance.  

Table 2, appendix 

18 If done, report results of further investigations, such as checking assumptions, 

sensitivity analyses, and internal validation. 

Internally tested by nested 

cross-validation, externally 

tested in two cohorts  

DISCUSSION  

19 Interpret the results in the context of the pre-specified hypotheses and other relevant 

studies; include a discussion of limitations of the study. 

Discussion 

20 Discuss implications for future research and clinical value.  Discussion 
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Table S2: Checklist necessary for possible approval of an AJCC (American Joint Committee on 

Cancer) risk model proposed by Kattan et al 

 
Item number Checklist item Comments 

Inclusion Criteria (Model Must Have All of These Characteristics) 

1 The probability of overall survival, DSS, or DSM 

must be the outcome predicted. 

OK, overall survival is predicted. 

2 The model should address a clinically relevant 

question—a prediction someone cares about. 

Yes, predict overall survival of non-metastasis 

oropharyngeal cancer with modern treatment. 

3 At face value, the model should include the relevant 

predictors or explain why something relevant was 
not included. 

Yes, included established predictive factors in the 

nomogram model. 

4 The model validation study should specify precisely 

which patients were used to evaluate the model and 
the validation data set’s inclusion/exclusion criteria. 

OK, main manuscript (Methods) and protocol. 

5 The model should be assessed for generalizability 

and external validation. 

Yes, assessed in internal test sets and external 

validation cohorts from eight centers. 

6 The model should have a well-defined prognostic 
time zero. 

Yes, date of cancer diagnosis, Methods and 
protocol. 

7 All predictors must be known at time zero and 

sufficiently defined for someone else to use. 

OK, main manuscript and appendix. 

8 Sufficient detail must be available to implement the 
model (need the equation, not a crippled version or 

simple, not yet validated score chart) OR the author 

must allow free access to the model. 

OK, main manuscript (Methods) and protocol. 

9 A measure of discrimination must have been 

reported. This is often measured as the concordance 

index and needs to be assessed on the validation 
data set(s). 

OK, c-index and AUC are used and assessed on the 

validation cohorts. 

10 Calibration in the small must be assessed (from the 

external validation data set) and provided. 

Calibration in the small is a plot of predicted 
probability versus observed proportion. 

OK, appendix (risk distribution). 

11 The model should be validated over a time frame 

and in a practice setting that are relevant to 
contemporary patients with disease. 

OK, main manuscript, our marker is validated in 

patients treated between 2003 and 2019. 

12 It should be clear which initial treatment(s), if any, 

were applied, and with what frequency. 

OK, main manuscript, our marker is effective in 

patients treated primarily by radiation with or 

without chemotherapy, surgery with or without 
postoperative treatments, or initial induction 

chemotherapy. 

13 The development and/or the validation of the 
prediction model must appear as a peer-reviewed 

journal article. The reference(s) needs to be 

provided. 

In submission. 

Exclusion Criteria (Any of These Exclude a Model From Consideration) 

1 A substantial proportion of patients had essentially 

no follow-up (either missing entirely or very short 

censored follow-up) in the validation data set. 

No, main manuscript, the median follow-up time is 

2.3-4.3 years in validation cohorts. 

2 No information is available on the number of 
missing values in the validation data set. 

No, main manuscript and appendix, information 
missing values is provided. 

3 The number of events in the validation data set is 

small. This is a relatively unexplored literature to 
make firm suggestions on how small is small. 

However, 100 events may be the minimum needed. 

No, main manuscript, there are totally 212 events 

in the internal test sets and validation cohorts. 

 
Source: Kattan, M.W., Hess, K.R., Amin, M.B., Lu, Y., Moons, K.G., Gershenwald, J.E., Gimotty, P.A., Guinney, J.H., Halabi, S., 
Lazar, A.J. and Mahar, A.L. American Joint Committee on Cancer acceptance criteria for inclusion of risk models for 

individualized prognosis in the practice of precision medicine. CA Cancer J Clin 2016; 66: 370-374. 
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Table S3: Clinical characteristics in the entire cohort with known HPV status, cT, cN, and cTNM 

stage information (n=419) 

 
 HPV+ (n=161) HPV– (n = 258) 

Age, years 58 (54-64) 53 (47-61) 

Age, years   
   <55 48 (30%) 144 (56%) 

   ≧55 113 (70%) 114 (44%) 

Sex   

   Female 35 (22%) 16 (6%) 

   Male 126 (78%) 242 (94%) 
cT stage   

   cT1 25 (16%) 15 (6%) 

   cT2 74 (46%) 74 (29%) 
   cT3  39 (24%) 54 (21%) 

   cT4a 17 (11%) 83 (33%) 

   cT4b 6 (4%) 32 (12%) 
cN stage   

   cN0 23 (14%) 57 (22%) 

   cN1 15 (9%) 26 (10%) 
   cN2 116 (72%) 158 (61%) 

   cN3 7 (4%) 17 (7%) 

cTNM stage   
   I 6 (4%) 3 (1%) 

   II 11 (7%) 22 (9%) 
   III 19 (12%) 33 (13%) 

   IVA 113 (70%) 158 (61%) 

   IVB 12 (8%) 42 (16%) 
Primary treatment   

   Surgery 5 (3%) 10 (4%) 

   Radiotherapy 156 (97%) 248 (96%) 
Chemotherapy   

   Yes 129 (80%) 223 (86%) 

   No 32 (20%) 35 (14%) 
Follow-up time, years 3.8 (2.8-5.7) 2.6 (1.3-5.4) 

Event   

   Death 18 (10.9%) 135 (52.3%) 
Overall survival (95% CI)   

   2 years 95.7% (92.7-98.9) 63.8% (58.1-69.9) 

   5 years 85.4% (78.7-92.8) 45.6% (39.6-52.5) 

NOTE. The median age 58 of HPV+ is similar with the median age 57 in the ICON-S study (reference 2 in the main text);  the 
median age 53 of HPV– is similar with the median age 52 in a study from Asian (reference 18 in the main text). Four patients with 

HPV+ were excluded due to the missing cT and cTNM IV sub-stage information. The only HPV– patient in the clinical deployment 

test cohort is not included in this table and the following K-M plot subgroup analysis.  
Abbreviations: HPV=human papillomavirus.  
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Table S4: Univariable Cox regression for overall survival of the DeepPET-OPSCC risk category, 

its constituents, and established prognostic markers in the discovery, TCIA test, and entire cohorts 

with known HPV status 

 
Variables  Discovery cohort (n=268)  TCIA test cohort (n=353)  Entire cohort with known 

HPV status (n=423) 

  HR (95%CI) p value  HR (95%CI) p value  HR (95%CI) p value 

DeepPET-OPSCC (high vs low)  3·17 (2·18-4·63) <0·0001  3·15 (1·97-5·05) <0·0001  3·79 (2·70-5·32) <0·0001 

DeepPET-OPSCC-T (high vs low)  3·07 (2·11-4·46) <0·0001  2·89 (1·81-4·63) <0·0001  3·89 (2·78-5·45) <0·0001 

DeepPET-OPSCC-TN (high vs low)  2·82 (1·95-4·09) <0·0001  2·71 (1·68-4·35) <0·0001  3·08 (2·20-4·32)  <0·0001 
Age (≥55 years vs <55 years)  0·67 (0·46-0·95) 0·026  2·17 (1·19-3·98) 0·012  0·59 (0·43-0·82) 0·0014 

Sex (male vs female)  2·51 (1·02-6·14) 0·048  2·23 (1·07-4·68) 0·032  2·93 (1·44-5·97) 0·0031 

HPV (+ vs –)  0·18 (0·09-0·38) <0·0001  .. ..  0·17 (0·10-0·27) <0·0001 
cT stage (T4 vs T1-T3)  2·92 (2·04-4·17) <0·0001  2·47 (1·49-4·10) 0·00045  3·51 (2·55-4·84) <0·0001 

cN stage (N2-N3 vs N0-N1)  1·81 (1·20-2·74) 0·0051  0·94 (0·55-1·62) 0·83  1·65 (1·13-2·41) 0·010 

cTNM stage (IV vs I-III)  1·86 (1·16-3·00) 0·011  1·20 (0·67 -2·15) 0·55  1·80 (1·17-2·79) 0·0081 
Radiomics signature (high vs low)  1·85 (1·30-2·65) 0·00070  1·81 (1·13-2·90) 0·014  2·21 (1·59-3·06) <0·0001 

SUVmax (≥14.65 vs <14.65)  1·22 (0·86-1·73) 0·26  1·17 (0·73-1·87) 0·52  1·31 (0·95-1·80) 0·095 

MTV (≥22.66 cm3 vs <22.66 cm3)  2·41 (1·68-3·47) <0·0001  1·50 (0·94 -2·39) 0·093  2·40 (1·73-3·34) <0·0001 
Primary treatment (surgery vs radiotherapy)  0·96 (0·35-2·61) 0·94  0·54 (0·13-2·20) 0·39  0·95 (0·39-2·31) 0·91 

Chemotherapy (yes vs no)  0·80 (0·39-1·64) 0·55  0·61 (0·38-0·98) 0·041  1·06 (0·69-1·63) 0·79 

NOTE. Cutoff thresholds for SUVmax and MTV were median values in the discovery cohort. 

TCIA=The Cancer Imaging Archive. HPV=human papillomavirus. SUVmax=maximum standard uptake value. MTV=metabolic 
tumor volume. 
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Table S5: Multivariable Cox regression for overall survival in the discovery, TCIA test, and entire 

cohort with known HPV status; the multivariable model included the DeepPET-OPSCC risk 

category and established prognostic markers 

 
Variables  Discovery cohort (n=268)  TCIA test cohort (n=353)  Entire cohort with known HPV 

status (n=423) 

  HR (95%CI) p value  HR (95%CI) p value  HR (95%CI) p value 

DeepPET-OPSCC (high vs low)  2.09 (1.34-3.25) 0.0011  2.78 (1.62-4.76) 0.0002  2.34 (1.58-3.47) <0.0001 

Age (≥55 years vs <55 years)  0.88 (0.60-1.30) 0.53  2.20 (1.20-4.05) 0.011  0.86 (0.61-1.20) 0.37 

Sex (male vs female)  1.39 (0.55-3.54) 0.49  2.00 (0.95-4.25) 0.068  1.47 (0.70-3.07) 0.31 

HPV (+ vs –)  0.19 (0.09-0.41) <0.0001  .. ..  0.23 (0.14-0.39) <0.0001 

cT stage (T4 vs T1-T3)  1.69 (1.07-2.69) 0.026  2.17 (1.10-4.25) 0.024  1.75 (1.15-2.64) 0.0084 

cN stage (N2-N3 vs N0-N1)  1.83 (1.19-2.81) 0.0058  1.02 (0.57-1.83) 0.95  1.78 (1.20-2.65) 0.0041 

SUVmax (≥14.65 vs <14.65)  0.69 (0.47-1.02) 0.061  1.33 (0.78-2.30) 0.30  0.77 (0.54-1.08) 0.12 

MTV (≥22.66 cm3 vs <22.66 cm3)  1.28 (0.77-2.13) 0.34  0.60 (0.30-1.17) 0.13  1.09 (0.70-1.70) 0.69 

Chemotherapy (Yes vs No)  1.47 (0.98-2.20) 0.062  0.54 (0.32-0.92) 0.024  0.96 (0.66-1.39) 0.83 

TCIA=The Cancer Imaging Archive. HPV=human papillomavirus. SUVmax=maximum standard uptake value. MTV=metabolic 

tumor volume. 
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Table S6: Multivariable Cox regression for overall survival in the discovery, TCIA test, and entire 

cohort with known HPV status; the multivariable model included the DeepPET-OPSCC-T risk 

category and established prognostic markers 

 
Variables  Discovery cohort (n=268)  TCIA test cohort (n=353)  Entire cohort with known HPV 

status (n=423) 

  HR (95%CI) p value  HR (95%CI) p value  HR (95%CI) p value 

DeepPET-OPSCC-T (high vs low)  1.64 (1.03-2.61) 0.037  2.41 (1.41-4.14) 0.0014  2.14 (1.44-3.18) 0.00016 

Age (≥55 years vs <55 years)  0.94 (0.64-1.39) 0.77  2.21 (1.20-4.08) 0.011  0.91 (0.65-1.28) 0.59 

Sex (male vs female)  1.44 (0.57-3.66) 0.44  1.96 (0.93-4.14) 0.079  1.45 (0.69-3.02) 0.33 

HPV (+ vs –)  0.21 (0.10-0.45) <0.0001  .. ..  0.24 (0.14-0.41) <0.0001 

cT stage (T4 vs T1-T3)  1.79 (1.14-2.82) 0.012  2.24 (1.14-4.41) 0.020  1.71 (1.13-2.59) 0.011 

cN stage (N2-N3 vs N0-N1)  1.94 (1.26-2.99) 0.0026  1.02 (0.57-1.84) 0.94  1.81 (1.22-2.69) 0.0032 

SUVmax (≥14.65 vs <14.65)  0.73 (0.50-1.07) 0.11  1.28 (0.74-2.20) 0.38  0.80 (0.57-1.13) 0.21 

MTV (≥22.66 cm3 vs <22.66 cm3)  1.36 (0.82-2.27) 0.23  0.64 (0.32-1.26) 0.20  1.13 (0.73-1.76) 0.59 

Chemotherapy (Yes vs No)  0.54 (0.25-1.16) 0.11  0.55 (0.33-0.94) 0.028  0.95 (0.66-1.38) 0.79 

TCIA=The Cancer Imaging Archive. HPV=human papillomavirus. SUVmax=maximum standard uptake value. MTV=metabolic 
tumor volume. 
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Table S7: Multivariable Cox regression for overall survival in the discovery, TCIA test, and entire 

cohort with known HPV status; the multivariable model included the DeepPET-OPSCC-TN risk 

category and established prognostic markers 

 
Variables  Discovery cohort (n=268)  TCIA test cohort (n=353)  Entire cohort with known HPV 

status (n=423) 

  HR (95%CI) p value  HR (95%CI) p value  HR (95%CI) p value 

DeepPET-OPSCC-TN (high vs low)  1.92 (1.22-3.01) 0.0045  2.53 (1.46-4.41) 0.0010  1.85 (1.24-2.77) 0.0028 

Age (≥55 years vs <55 years)  0.86 (0.59-1.26) 0.44  2.24 (1.22-4.13) 0.0097  0.86 (0.62-1.21) 0.39 

Sex (male vs female)  1.53 (0.60-3.90) 0.37  2.06 (0.97-4.34) 0.059  1.50 (0.72-3.13) 0.28 

HPV (+ vs –)  0.19 (0.09-0.39) <0.0001  .. ..  0.22 (0.13-0.37) <0.0001 

cT stage (T4 vs T1-T3)  1.63 (1.02-2.61) 0.042  2.25 (1.14-4.46) 0.020  1.74 (1.14-2.66) 0.0010 

cN stage (N2-N3 vs N0-N1)  1.97 (1.28-3.03) 0.002  1.07 (0.60-1.92) 0.82  1.82 (1.23-2.71) 0.0028 

SUVmax (≥14.65 vs <14.65)  0.68 (0.46-1.00) 0.048  1.26 (0.74-2.14) 0.39  0.80 (0.57-1.13) 0.20 

MTV (≥22.66 cm3 vs <22.66 cm3)  1.36 (0.83-2.25) 0.27  0.58 (0.29-1.16) 0.12  1.17 (0.75-1.84) 0.49 

Chemotherapy (Yes vs No)  0.46 (0.22-0.98) 0.045  0.51 (0.30-0.86) 0.012  0.92 (0.63-1.33) 0.66 

TCIA=The Cancer Imaging Archive. HPV=human papillomavirus. SUVmax=maximum standard uptake value. MTV=metabolic 

tumor volume. 
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Table S8: Multivariable Cox regression for overall survival in the discovery, TCIA test, and entire 

cohort with known HPV status; the multivariable model included the DeepPET-OPSCC score 

(continuous variable) and established prognostic markers 
 

Variables  Discovery cohort (n=268)  TCIA test cohort (n=353)  Entire cohort with known HPV 

status (n=423) 

  HR (95%CI) p value  HR (95%CI) p value  HR (95%CI) p value 

DeepPET-OPSCC (continuous variable)  4.59 (2.29-9.20) <0.0001  8.93 (2.96-26.95) 0.0001  4.45 (2.49-7.96) <0.0001 

Age (≥55 years vs <55 years)  0.99 (0.67-1.46) 0.95  2.16 (1.17-4.00) 0.014  1.07 (0.75-1.53) 0.71 

Sex (male vs female)  1.57 (0.62-3.98) 0.34  1.80 (0.85-3.80) 0.12  1.51 (0.72-3.14) 0.28 

HPV (+ vs –)  0.22 (0.11-0.47) <0.0001  .. ..  0.25 (0.15-0.42) <0.0001 

cT stage (T4 vs T1-T3)  1.92 (1.21-3.07) 0.0061  1.72 (0.78-3.75) 0.18  1.63 (1.08-2.44) 0.019 

cN stage (N2-N3 vs N0-N1)  1.94 (1.26-2.99) 0.0026  0.95 (0.52-1.71) 0.85  1.83 (1.23-2.72) 0.0027 

SUVmax (continuous variable)  0.95 (0.88-1.03) 0.21  1.02 (0.92-1.13) 0.24  1.00 (0.93-1.07) 0.98 

MTV (continuous variable)  1.00 (0.99-1.00) 0.15  1.00 (0.98-1.01) 0.55  0.99 (0.98-1.00) 0.019 

Chemotherapy (Yes vs No)  0.49 (0.23-1.02) 0.056  0.53 (0.31-0.89) 0.017  0.52 (0.32-0.85) 0.0097 

TCIA=The Cancer Imaging Archive. HPV=human papillomavirus. SUVmax=maximum standard uptake value. MTV=metabolic 
tumor volume. 
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Table S9: Complete clinical characteristics (to complement Table 1 in the main text) in the 

discovery cohort 

 
 Discovery cohort (n=268) 

Smoking  

  Yes 213 (79%) 
  No 

Pack-years 

  > 10 
  ≤ 10 

  Missing 

55 (21%) 

 

183 (68%) 
65 (24%) 

20 (7%) 

Alcohol  
  Yes 192 (72%) 

  No 76 (28%) 

Betel nut  
  Yes 153 (57%) 

  No 115 (43%) 

TP53 intensity  
  0 40 (15%) 

  1 4 (1%) 

  2 8 (3%) 

  3 191 (71%) 

  Missing 25 (9%) 

TP53 percentage  
  0-30% 148 (55%) 

  31%-60% 83 (31%) 

  61%-90% 60 (22%) 
  90%+ 1 (<1%) 

  Missing 24 (9%) 

EGFR intensity  
   0 1 (<1%) 

   1  17 (6%) 

   2 80 (30%) 
   3 147 (55%)  

   Missing 23 (9%) 

EGFR percentage  
   0-30% 54 (20%) 

   31%-60% 77 (29%) 

   61%-90% 95 (35%) 
   90%+ 19 (7%) 

   Missing 23 (9%) 

Cyclin D1 intensity  

   0 12 (4%) 

   1 13 (5%) 

   2 39 (15%) 
   3 180 (67%) 

   Missing 24 (9%)  

Cyclin D1 percentage  
   0-30% 156 (58%) 

   31%-60% 47 (18%) 
   61%-90% 41 (15%) 

   90%+ 0  

   Missing 24 (9%) 
ERCC Ki intensity  

   0 25 (9%) 

   1 
   2 

   3 

   Missing 

48 (18%) 
71 (26%) 

98 (37%) 

26 (10%) 
ERCC Ki percentage  

   0-30% 106 (40%) 

  31%-60% 59 (22%) 

  61-90% 71 (26%) 

  90%+ 6 (2%) 

   Missing 26 (10%) 
Cell differentiation  

   Poor 

   Moderate 

70 (26%) 

152 (57%) 
   Well 10 (4%) 

   Missing 36 (13%) 

                                                          Data are expressed as counts (percentages). 
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Table S10: Univariable Cox regression for overall survival in the discovery cohort (with complete 

variables) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                          

HPV=human papillomavirus. MTV=metabolic tumor volume. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variables  Discovery cohort (n=268) 

  HR (95%CI) p value 

DeepPET-OPSCC (high vs low)  3.17 (2.18-4.63) <0.0001 

DeepPET-OPSCC-T (high vs low)  3.07 (2.11-4.46) <0.0001 

DeepPET-OPSCC-TN (high vs low)  2.82 (1.95-4.09) <0.0001 
Age (≥55 years vs <55 years)  0.67 (0.46-0.95) 0.026 

Sex (male vs female)  2.51 (1.02-6.14) 0.048 

HPV/p16 (+ vs –)  0.18 (0.09-0.38) <0.0001 
cT stage (T4 vs T1-T3)  2.92 (2.04-4.17) <0.0001 

cN stage (N2-N3 vs N0-N1)  1.81 (1.20-2.74) 0.0051 

cTNM stage (IV vs I-III)  1.86 (1.16-3.00) 0.011 
SUVmax (≥14.65 vs <14.65)  1.22 (0.86-1.73) 0.26 

MTV (≥22.66 cm3 vs <22.66 cm3)  2.41 (1.68-3.47) <0.0001 

Smoking (Yes vs No) 
Pack-years (>10 vs ≤10) 

 3.72 (2.00-6.92) 
2.13 (1.20-3.81) 

<0.0001 
0.010 

Alcohol (Y vs N)  2.97 (1.82-4.85) <0.0001 

Betel nut (Y vs N)  1.70 (1.18-2.46) 0.0046 
TP53 intensity  0.89 (0.77-1.04) 0.14 

TP53 percentage  1.01 (1.00-1.01) 0.019 

Cyclin D1 intensity  1.50 (1.13-2.00) 0.0056 
Cyclin D1 percentage  1.01 (1.00-1.02) 0.0021 

EGFR intensity  1.18 (0.89-1.58) 0.25 

EGFR percentage  1.01 (1.00-1.02) 0.015 
ERCC Ki intensity  0.87 (0.73-1.03) 0.11 

ERCC Ki percentage  1.00 (0.99-1.00) 0.43 

Cell differentiation  1.28 (0.91-1.82) 0.15 
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Table S11: Multivariable Cox regression for overall survival in the discovery cohort (with complete 

variables) 

 

 

 
 
 

 

 
 

 

 

 
 

 

 
 

*25 patients excluded due to missing observations. Due to the limited number of death events (n=123), up to 12 variables that are 

significant (p<0.05) in the univariable analysis (Table S9) were chosen for the multivariable analysis to avoid overfitting in the 
model. Pack-years is correlated with Smoking so it is not included. HPV=human papillomavirus. MTV=metabolic tumor volume. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variables  Discovery cohort (n=243*)  

  HR (95%CI) p value  

DeepPET-OPSCC (high vs low)  1.87 (1.19-2.92) 0.0063  

Smoking (Yes vs No)  1.62 (0.68-3.89) 0.30  

Alcohol (Y vs N)  1.69 (0.86-3.33) 0.13  

BetNut (Y vs N) 

HPV/p16 (+ vs –) 

 

 

0.73 (0.47-1.14) 

0.43(0.19-0.99) 
0.16 

0.047 

 

cT stage (T4 vs T1-T3)  1.84 (1.17-2.90) 0.0088  

cN stage (N2-3 vs N0-1)  1.78 (1.15-2.77) 0.010  

MTV (≥22.66 cm3 vs <22.66 cm3)  1.24 (0.77-1.99) 0.38  

Cyclin D1 intensity  1.32 (0.97-1.79) 0.078  

Cyclin D1 percentage  1.00 (0.99-1.01) 0.61  

TP53 percentage  1.00 (0.99-1.01) 0.99  

EGFR percentage  1.00 (0.99-1.01) 0.098  
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Table S12: Harrell’s concordance index with 95% confidence intervals (CIs) between overall 

survival and a DeepPET-OPSCC individual or ensemble model scores, evaluated on the discovery 

cohort and TCIA test sub-cohorts. Bold highlights the best performing single model on the 

discovery cohort and the ensemble model 

 
Variable Discovery cohort TCIA test cohort 

 CGMH TCIA: HN-PET-CT TCIA: HNSCC TCIA: Head-Neck-

Radiomics-HN1 

DeepPET-OPSCC-T score model 1 0.725 (0.625-0.825) 0.616 (0.507-0.725) 0.649 (0.545-0.753) 0.724 (0.586-0.862) 

DeepPET-OPSCC-T score model 2 0.718 (0.619-0.817) 0.643 (0.523-0.763) 0.675 (0.572-0.778) 0.667 (0.524-0.811) 

DeepPET-OPSCC-T score model 3 0.732 (0.638-0.826) 0.649 (0.527-0.772) 0.644 (0.536-0.752) 0.649 (0.520-0.777) 

DeepPET-OPSCC-T score model 4 0.659 (0.529-0.788) 0.729 (0.650-0.809) 0.662 (0.568-0.757) 0.653 (0.523-0.784) 

DeepPET-OPSCC-T score model 5 0.644 (0.520-0.768) 0.663 (0.547-0.779) 0.653 (0.547-0.760) 0.642 (0.506-0.777) 

DeepPET-OPSCC-T score combine 0.702 (0.652-0.752) .. .. .. 
DeepPET-OPSCC-T score ensemble .. 0.669 (0.559-0.778) 0.666 (0.560-0.768) 0.658 (0.517-0.799) 

DeepPET-OPSCC-TN score model 1 0.729 (0.632-0.825) 0.638 (0.520-0.755) 0.676 (0.571-0.781) 0.677 (0.550-0.804) 

DeepPET-OPSCC-TN score model 2 0.684 (0.573-0.794) 0.642 (0.530-0.755) 0.701 (0.616-0.786) 0.717 (0.591-0.843) 
DeepPET-OPSCC-TN score model 3 0.712 (0.622-0.803) 0.617 (0.495-0.739) 0.623 (0.513-0.734) 0.675 (0.560-0.789) 

DeepPET-OPSCC-TN score model 4 0.683 (0.565-0.800) 0.630 (0.509-0.752) 0.692 (0.587-0.797) 0.677 (0.536-0.818) 

DeepPET-OPSCC-TN score model 5 0.616 (0.506-0.726) 0.620 (0.473-0.766) 0.692 (0.604-0.779) 0.667 (0.544-0.791) 
DeepPET-OPSCC-TN score combine 0.682 (0.632-0.733) .. .. .. 

DeepPET-OPSCC-TN score ensemble .. 0.648 (0.522-0.773) 0.694 (0.596-0.792) 0.672 (0.534-0.811) 

In the discovery cohort, each of five models was evaluated on the corresponding test sets in the nest five-fold cross-validation. 
When applying to the TCIA test cohort, each of five models was evaluated on all the patients. DeepPET-OPSCC-T=deep learning 

prognosis model uses SUV map/image and tumor mask as input. DeepPET-OPSCC-TN=deep learning prognosis model uses SUV 

map/image, tumor mask, and nodes-to-tumor distance map as input. CGMH=Chang Gung Memorial Hospital. TCIA=The Cancer 
Imaging Archive. 
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Table S13: Comparison between DeepPET-OPSCC and other computational models for overall 

survival prediction 

 
Variable Discovery cohort (n=268) TCIA test cohort (n=353) 

 c-index P c-index P 

DeepPET-OPSCC 0.707 (0.658-0.757) ref 0.689 (0.621-0.757) ref 

DeepPET-OPSCC-T  0.702 (0.652-0.752) 0.29 0.672 (0.604-0.739) 0.10 

DeepPET-OPSCC-TN  0.682 (0.632-0.733) 0.012 0.692 (0.625-0.760) 0.63 

3D ResNet-OPSCC 0.646 (0.595-0.697) 0.0022 0.665 (0.599-0.731) 0.21 

2D DeepPET-OPSCC  0.605 (0.552-0.658) <0.0001 0.591 (0.519-0.663) 0.0058 

Radiomics signature 0.621 (0.570-0.672) 0.0001 0.608 (0.538-0.677) 0.0044 

p-value is measured by the dependent Student t test. 
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Table S14: Clinical characteristics in the treatment analysis of using induction chemotherapy (IC) 

before concurrent chemoradiotherapy (CCRT) for patients with HPV– and TNM stage IVB cancer, 

in the entire cohort with known HPV status 

 
 IC+CCRT (n=14) CCRT (n = 26) p value 

Age, years 48 (44-54) 51 (44-58) 0.48 

Age, years   0.48 
   <55 11 (79%) 17 (65%)  

   ≧55 3 (21%) 9 (35%)  

Sex   0.53 

   Female 0 (0%) 2 (8%)  
   Male 14 (100%) 24 (92%)  

cT stage   0.45 

   cT1 0 (0%) 0 (0%)  
   cT2 1 (7%) 4 (15%)  

   cT3  0 (0%) 3 (12%)  

   cT4a 1 (7%) 1 (4%)  
   cT4b 12 (86%) 18 (69%)  

cN stage   0.61 

   cN0 1 (7%) 4 (15%)  
   cN1                         0 1 (4%)  

   cN2 8 (57%) 10 (39%)  

   cN3                         5 (36%) 11 (42%)  
Follow-up time, years 1.8 (1.0-2.7) 3.1 (1.1-6.0)  

Event    

   Death 
Overall survival (95% CI) 

   2 years 

   5 years 

11 (78.6%) 
 

50.0% (29.6-84.4%) 

21.4% (7.86-58.4%) 

15 (57.7%) 
 

61.5% (45.4-83.4%) 

43.8% (27.8-69.1%) 

 

*p values were calculated by the Kruskal-Wallis test for continuous variables and the Chi-square test or Fisher exact test for 

categorical variables, as appropriate. 
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Table S15: Associations between DeepPET-OPSCC risk category and the general characteristics 

of patients in the entire cohort with known HPV status (n=419) 

 
Variable  DeepPET-OPSCC risk category  Spearman’s correlation 

  High risk (n=179) Low risk (n=240)  Rho (95% CI) P 

Age (continuous), years  55 (48–62) 56 (50–62)  -0.063 (-0.16 to 0.030) 0.198 

Age (dichotomous), years  .. ..  -0.068 (-0.16 to 0.028) 0.168 
   <55  89 (50%) 103 (43%)  .. .. 

   ≧55  90 (50%) 137 (57%)  .. .. 

Sex  .. ..  0.14 (0.058 to 0.22) 0.003 
   Female  12 (7%) 39 (16%)  .. .. 

   Male  167 (93%) 201 (84%)  .. .. 

HPV  .. ..  -0.28 (-0.36 to -0.19) <0.001 
   +  41 (23%) 120 (50%)  .. .. 

   –  138 (77%) 120 (50%)  .. .. 

cT stage  .. ..  0.48 (0.40 to 0.55) <0.001 
   cT1  8 (4%) 32 (13%)  .. .. 

   cT2  28 (16%) 120 (50%)  .. .. 

   cT3   41 (23%) 52 (22%)  .. .. 
   cT4a  69 (39%) 31 (13%)  .. .. 

   cT4b  33 (18%) 5 (2%)  .. .. 

cN stage  .. ..  0.18 (0.089 to 0.27) <0.001 
   cN0  26 (15%) 54 (23%)  .. .. 

   cN1  11 (6%) 30 (13%)  .. .. 

   cN2  125 (70%) 149 (62%)  .. .. 
   cN3  17 (9%) 7 (3%)  .. .. 

cTNM stage  .. ..  0.35 (0.27 to 0.42) <0.001 

   I  1 (<1%) 8 (3%)  .. .. 
   II  4 (2%) 29 (12%)  .. .. 

   III  12 (7%) 40 (17%)  .. .. 

   IVA  120 (67%) 151 (63%)  .. .. 
   IVB  42 (23%) 12 (5%)  .. .. 

SUVmax (continuous variable)  15.9 (11.8–21.8) 12.6 (9.5–17.6)  0.26 (0.16 to 0.34) <0.001 

MTV (continuous variable), cm3a  41.6 (22.5–62.2) 14.2 (7.8–23.3)  0.54 (0.46 to 0.60) <0.001 
Death time  15.7 (11.8-25.2)  23.9 (16.1-37.0)  -0.22 (-0.36 to -0.06) 0.006 

Follow-up time (Censored)  52.2 (31.6-86.7) 51.3 (37.6-77.9)  -0.02 (-0.15 to -0.10) 0.703 

HPV, human papillomavirus; SUVmax, maximum standardized uptake value; MTV, metabolic tumor volume. 
a Spearman’s correlation calculated for an increase of 1 cm3. 
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Table S16: Associations between the DeepPET-OPSCC risk category and the general 

characteristics of patients in the TCIA test cohort (n=348) 

 
Variables  DeepPET-OPSCC risk category  Spearman’s correlation 

  High risk (n=103) Low risk (n=245)  Rho (95% CI) p value 

Age (continuous), years  62 (54-68) 61 (54-67)  0.002 (-0.11 to 0.11)   0.97 

Age (dichotomous), years  .. ..  -0.03 (-0.14 to 0.08)   0.60 

   <55  31 (30%) 67 (27%)  .. .. 

   ≧55  72 (70%) 178 (73%)  .. .. 

Sex  .. ..  0.14 (0.04 to 0.22) 0.011 

   Female  13 (13%) 61 (25%)  .. .. 

   Male  90 (87%) 184 (75%)  .. .. 
HPV*  .. ..  -0.28 (-0.45 -0.12) 0.00047 

   +  22 (49%) 82 (77%)  .. .. 

   –  23 (51%) 24 (23%)  .. .. 
cT stage  .. ..  0.33 (0.21 to 0.43) <0.0001 

   cT1  11 (11%) 43 (18%)  .. .. 

   cT2  25 (24%) 124 (51%)  .. .. 
   cT3   27 (26%) 60 (24%)  .. .. 

   cT4a  37 (36%) 14 (6%)  .. .. 

   cT4b  3 (3%) 4 (2%)  .. .. 

cN stage  .. ..  0.11 (0.01 to 0.21) 0.035 

   cN0  8 (8%) 41 (17%)  .. .. 

   cN1  11 (11%) 23 (9%)  .. .. 
   cN2  75 (73%) 170 (69%)  .. .. 

   cN3  9 (9%) 11 (4%)  .. .. 

cTNM stage  .. ..  0.16 (0.06 to 0.25) 0.0025 
   I  0 6 (2%)  .. .. 

   II  2 (2%) 21 (9%)  .. .. 

   III  12 (12%) 36 (15%)  .. .. 
   IVA  77 (75%) 167 (68%)  .. .. 

   IVB  12 (12%) 15 (6%)  .. .. 

SUVmax (continuous)  15.3 (10.7-22.7) 12.9 (9.3-17.6)  0.18 (0.08 to 0.28) 0.0010 
MTV (continuous), cm3**  32.3 (14.9-57.1) 12.8 (6.6-22.6)  0.38 (0.27 to 0.48) <0.0001 

Death time  24.4 (14.5-44.9)  36.0 (19.2-57.4)  -0.17 (-0.41 to 0.07) 0.159 

Follow-up time (Censored)  64.8 (42.3-86.0) 53.9 (39.9-82.4)  0.06 (-0.05 to 0.17) 0.325 

*197 patients without HPV status. ** included as continuous variable (Spearman’s correlation corresponds to an increase of 1 cm3). 

Patients with substage missing were not included. TCIA=The Cancer Imaging Archive. HPV=human papillomavirus. 

SUVmax=maximum standard uptake value. MTV=metabolic tumor volume. 
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Table S17: 5-year area under the curves (AUCs) of integrated nomograms, DeepPET-OPSCC 

score, and clinical factors in the discovery and TCIA test cohorts 

 
Variables  Discovery cohort (n=268)  TCIA test cohort (n=348)  TCIA test cohort with known 

HPV status (n=151) 

  AUC (95% CI) p value  AUC (95% CI) p value  AUC (95% CI) p value 
Integrated nomogram  0.793 (0.749-0.834) 1 (ref)  .. ..  0.801 (0.727-0.874) 1 (ref) 
Integrated nomogram without HPV   0.755 (0.706-0.801) 0.019  0.727 (0.671-0.780) 1 (ref)  .. .. 

Clinical model  + MTV  0.765 (0.717-0.810) 0.025  .. ..  0.754 (0.659-0.843) 0.036 

Clinical model  0.768 (0.722-0.813) 0.052  .. ..  0.749 (0.649-0.842) 0.031 
Clinical model (wo HPV) + MTV  0.715 (0.663-0.770) 0.0029  0.657 (0.594-0.721) 0.0035  .. .. 

Clinical model (wo HPV)  0.713 (0.662-0.767) 0.0029  0.659 (0.597-0.723) 0.0066  .. .. 

DeepPET-OPSCC score  0.728 (0.677-0.777) 0.0048  0.670 (0.594-0.745) 0.057  0.667 (0.549-0.794) 0.0052 
HPV  0.634 (0.593-0.674) <0.0001  .. ..  0.624 (0.530-0.729) <0.0001 

cT  0.686 (0.632-0.738) 0.0003  0.613 (0.553-0.674) 0.0003  0.632 (0.522-0.745) 0.0014 

cN  0.582 (0.529-0.634) <0.0001  0.504 (0.443-0.564) <0.0001  0.524 (0.441-0.610) <0.0001 

cTNM  0.593 (0.536-0.645) <0.0001  0.522 (0.458-0.586) <0.0001  0.517 (0.423-0.614) <0.0001 

SUVmax  0.539 (0.481-0.595) <0.0001  0.485 (0.421-0.547) <0.0001  0.572 (0.479-0.671) 0.0002 
MTV  0.642 (0.584-0.697) <0.0001  0.598 (0.534-0.662) 0.0003  0.651 (0.552-0.747) 0.0038 

Integrated nomogram: combining DeepPET-OPSCC score, age, sex, HPV status, cT, cN, and cTNM stage.  

Clinical model: combining age, sex, HPV status, cT, cN, and cTNM stage. 

p-value is measured by the z test using 1000 bootstrap replicates. TCIA=The Cancer Imaging Archive. HPV=human papillomavirus.  
Notably, for TCIA test cohort (n = 353), 5 patients were labelled as cT4 stage but no information of cT4a or cT4b was available. 

Four of those five cases had HPV data. Since we applied integrated nomogram in subsequent studies that included clinical 

information (age, sex, HPV status, cT, cN, and cTNM stage), those five patients lacked cT information did not participate in 
nomogram and ROC curves analyses. Therefore, 348 (353 minus 5) cases were enrolled in model performance studies. 
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Table S18: Harrell’s concordance index (c-index) of integrated nomograms, clinical nomogram, 

clinical nomogram with MTV, radiomics, and PET-based markers in the discovery and TCIA test 

cohorts 
 

Variables  Discovery cohort (n=268)  TCIA test cohort (n=348)  TCIA test cohort with known 

HPV status (n=151) 

  c-index (95% CI) p value  c-index (95% CI) p value  c-index (95% CI) p value 

Integrated nomogram  0·757 (0·714-0·800) 1 (ref)  .. ..  0·792 (0·720-0·865) 1 (ref) 

Integrated nomogram (without HPV)   0·731 (0·684-0·779) 0.024  0·712 (0·646-0·777) 1 (ref)  .. .. 

Clinical model + MTV  0·726 (0·682-0·770) 0.0003  .. ..  0·771 (0·697-0·845) 0·070 
Clinical model  0·726 (0·683-0·769) 0.0006  .. ..  0·768 (0·694-0·842) 0.056 

Clinical model (without HPV) + MTV  0·690 (0·645-0·735) <0·0001  0·664 (0·595-0·733) 0·0087  .. .. 

Clinical model (wo HPV)  0·684 (0·640-0·729) <0·0001  0.664 (0.596-0.731) 0.011  .. .. 
DeepPET-OPSCC score  0·707 (0·658-0·757) 0.0023  0·688 (0·621-0·756) 0.186  0·714 (0·607-0·822) 0.034 

Radiomics signature   0·621 (0·570-0·672) <0·0001  0·607 (0·537-0·676) 0·0004  0·694 (0·588-0·800) 0·022 

SUVmax   0·559 (0·504-0·614) <0·0001  0·495 (0·421-0·569) <0·0001  0·563 (0·445-0·681) 0·0003 
MTV   0·641 (0·592-0·690) <0·0001  0·629 (0·560-0·698) 0·0027  0·677 (0·562-0·791) 0·015 

Integrated nomogram: combining DeepPET-OPSCC score, age, sex, HPV status, cT, cN, and cTNM stage.  

Clinical model: combining age, sex, HPV status, cT, cN, and cTNM stage. 
p-value is measured by the dependent Student t test. TCIA=The Cancer Imaging Archive. HPV=human papillomavirus. 

SUVmax=maximum standard uptake value. MTV=metabolic tumor volume. 
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Table S19: 2-year area under the curves (AUCs) of integrated nomograms, DeepPET-OPSCC 

score, and clinical factors in the discovery and TCIA test cohorts  

 
Variables  Discovery cohort (n=268)  TCIA test cohort (n=348)  TCIA test cohort with known 

HPV status (n=151) 

  AUC (95% CI) p value  AUC (95% CI) p value  AUC (95% CI) p value 
Integrated nomogram  0.804 (0.758-0.848) 1 (ref)  .. ..  0.867 (0.797-0.931) 1 (ref) 
Integrated nomogram without HPV   0.772 (0.718-0.823) 0.022  0.754 (0.659-0.841) 1 (ref)  .. .. 

Clinical model + MTV  0.775 (0.724-0.820) 0.034  0.724 (0.634-0.809) 0.15  0.849 (0.778-0.916) 0.18 

Clinical model  0.778 (0.727-0.823) 0.059  0.720 (0.632-0.803) 0.14  0.846 (0.775-0.912) 0.15 
Clinical model (wo HPV) + MTV  0.738 (0.683-0.793) 0.0037       

Clinical model (wo HPV)  0.734 (0.678-0.788) 0.0036       

DeepPET-OPSCC score  0.741 (0.686-0.795) 0.0057  0.724 (0.625-0.815) 0.23  0.762 (0.626-0.887) 0.033 

HPV  0.621 (0.587-0.654) <0.0001  .. ..  0.751 (0.647-0.849) 0.0063 

cT  0.700 (0.643-0.758) 0.0003  0.701 (0.612-0.786) 0.14  0.704 (0.551-0.843) 0.022 

cN  0.615 (0.565-0.663) <0.0001  0.557 (0.483-0.629) 0.0008  0.618 (0.542-0.696) <0.0001 

cTNM  0.618 (0.570-0.666) <0.0001  0.568 (0.492-0.639) 0.0053  0.596 (0.519-0.676) <0.0001 
SUVmax  0.596 (0.531-0.656) <0.0001  0.529 (0.432-0.629) <0.0001  0.558 (0.412-0.705) 0.0004 

MTV  0.671 (0.610-0.731) <0.0001  0.700 (0.612-0.790) 0.099  0.744 (0.588-0.881) 0.045 

Integrated nomogram: combining DeepPET-OPSCC score, age, sex, HPV status, cT, cN, and cTNM stage.  

Clinical model: combining age, sex, HPV status, cT, cN, and cTNM stage. 

p-value is measured by the z test using 1000 bootstrap replicates. TCIA=The Cancer Imaging Archive. HPV=human papillomavirus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 


