Development and validation of a multivariable risk prediction model for head and neck cancer using the UK Biobank 
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Abstract. Head and neck cancer (HNC) is the eighth most common cancer in the UK, with over 12,000 new cases every year. The incidence of HNC is predicted to increase by 335% by 2035. Risk modelling produces personalised risk estimates for specific diseases, which can be used to inform education, screening programmes and recruitment to clinical trials. The present study describes the development and validation of the first risk prediction model for absolute risk of HNC, using a nested case-control study within the UK Biobank dataset. The UK Biobank recruited 502,647 individuals aged 40-69 years from around the UK. In total, 859 cases of HNC were identified, with 253 incident cases (individuals who developed HNC in the 7 years following recruitment to the UK Biobank study). Logistic regression was used to develop the model, then the model performance was validated using a cohort from the North West of England. Overall, increasing age, male sex, positive history of smoking and alcohol consumption and higher levels of material deprivation were significantly associated with a higher risk of HNC. Consuming at least five portions of fruit and vegetables per day, exercising at least once per week and higher BMI offered a protective effect against HNC. The C-statistic was 0.69 [95% confidence interval (CI), 0.66-0. 71] and the model displayed good calibration. Upon external validation, the C-statistic was 0.64 (95% CI, 0.60-0.68) with reasonable calibration. The model developed and validated in the present study allows calculation of a personalised risk estimate for HNC. This could be used to guide clinicians when counselling individuals on risk behaviour, and there is potential for such models to inform recruitment to screening trials.

Introduction
There were 12,000 cases of head and neck cancer (HNC) in the UK in 2015 and its incidence is predicted to continue to increase by 33% between 2014 and 2035 (1). The burden of disease is unequal within the UK, with the highest incidence being in areas of social deprivation (1,2). Early detection of HNC reduces morbidity and mortality rates and decreases the economic burden placed on the NHS (3). Management is less invasive when the disease is treated at earlier stages and results in improved quality of life for patients (4). Patient’s displaying symptoms of oral cancer, who are ultimately diagnosed with the disease, are known to delay seeking healthcare advice for >1 month in the majority of cases (56.7%), with 10% waiting over one year (5). 
Risk prediction models offer an opportunity to enhance patient care for HNC. The results from personalised risk calculators could be used during patient consultations to communicate levels of risk to individual patients and assist in counselling on risk behaviours (prevention), whilst also providinges an opportunity to enhance patient awareness of the signs and symptoms of disease (6), with the aim of promoting early detection (7). There is also potential for a risk calculator to be used in clinical trial design to enable recruitment of sub-groups of patients with the highest risk of disease. Risk models have been successfully developed and implemented in this context in other cancer types, such as breast (8), colorectal (9) and lung cancer (10). Use of risk prediction models to select individuals at high-risk of lung cancer screening has been recommended, as this improves cost-effectiveness and reduces the risk of false-positive diagnoses (11,12). Therefore, the construction of such risk prediction models for HNC may be useful in the selection of high-risk individuals who would benefit the most from screening (126).
The aim of the present study was to develop and validate the first risk prediction model for HNC in the UK population, to the best of our knowledge, to estimate absolute risk of developing the condition. 

Materials and methods
Transparent reporting of a multivariable prediction model for individual prognosis or diagnosis (TRIPOD) guidelines for development, validation and reporting have been followed (13). 
Data source. The risk prediction model was developed using a nested case-control study within the UK Biobank dataset (1410). The UK Biobank recruited over 500,000 individuals aged 40-69 years between 2006 and 2010, in 35 assessment centres. Participants first completed the consent process via a touch-screen electronic system, allowing for direct data entry. A touch-screen questionnaire was used to collect the majority of data. The individuals were asked questions concerning the following categories: Sociodemographic factors; smoking and alcohol consumption; sexual history, family history of major diseases (including diabetes, some cancer types and cardiovascular disease) and early life factors (for example, infant feeding and maternal smoking); general health and disability; environmental factors; dietary habits; physical activity and psychological and cognitive state. A subsequent computer-assisted personal interview was conducted by trained assessors based on ‘screening’ questions asked as part of the touch-screen questionnaire. For example, patients who indicated they had a particular medical condition would be asked follow-up questions on this during the interview. In addition, the individuals agreed to be followed up via online questionnaires and via links to national data registries (15). Baseline physical measurements were also recorded, including blood pressure, weight, height, waist and hip circumference, bio-impedance (body-fat), hand-grip strength and bone densitometry were measured.	Comment by Editor LM: Please note that your references are not in numerical order – they have jumped from (13) to (15) and reference (14) does not appear to have been mentioned in the manuscript. Please revise the in-text citations accordingly.

Outcome. Cases were defined as patients with a diagnosis of HNC, as defined by International Statistical Classification of Diseases and Related Health Problems-10 codes C00-14 and C30-31 (16), and this was used as the outcome measure. Laryngeal cancer was excluded when building this model, as screening for oral cancers and laryngeal cancers requires different expertise and laryngeal cancer would not be visible during routine oral examination. Controls included all participants of the UK Biobank study who did not have a diagnosis of HNC recorded in the Cancer Registries data in September 2016 (15). The UK Biobank is linked to the Cancer Registries and is updated to include newly diagnosed disease after each study period. Some patients had a diagnosis of HNC prior to recruitment to the UK Biobank study and others developed the disease during or after the study period, and only incident cases of HNC (individuals who developed HNC in the 7 years following recruitment to the UK Biobank study) were included when developing the present risk model. 

Predictors. The UK Biobank dataset contains 7,800 separate data entries (variables) for each individual. These were reduced to a list of ~250 candidate predictors for consideration for the present risk model, based on known clinical associations with HNC (17). Data regarding age, sex, smoking, alcohol, diet and exercise, body mass index (BMI), medical history and social demographics were selected for further analysis, based on clinical relevance from literature review (18-20) and feedback from patients. Human papillomavirus (HPV) infection is recognised as a risk factor for oropharyngeal cancers (21), but HPV status was not available in the UK Biobank dataset. However, having ≥ six lifetime sexual partners is known to be associated with an increased risk of HPV-associated oropharyngeal cancer (22,23), therefore this was considered for inclusion as a surrogate marker of HPV infection for the present model. 

Validation dataset. Validation of risk prediction models is of paramount importance to determine their generalisability in different populations. Models should be validated in external datasets to confirm their generalisability and predictive accuracy, before they are used in clinical practice (24-26). The North West of England is known to have a higher incidence of head and neck cancer compared with other parts of the UK (2,27). For this reason, the cohort dataset was split geographically, into development and validation sets, to test the model’s performance in a cohort known to have a higher risk of HNC compared with the cohort used to develop the model (25,28). All participants recruited at assessment centres in the North West of England, including Manchester, Liverpool, Bury and Stockport, were included in the validation dataset. The remaining participants were retained in the model development dataset. The development dataset contained 702 cases of head and neck cancer, of which 199 were incident cases and 423,050 controls. The validation dataset contained 78,895 individuals with 157 cases of HNC, of which 54 are incident cases. 

Statistical analysis. 
Data handling. Statistical analysis was completed using Stata version 13 statistical software (StataCorp LLC). Continuous variables, such as age, were modelled as continuous to prevent biological implausibility and inefficient use of data (29). However, to facilitate clinical interpretation, the Townsend Deprivation Index (TDI) variable was categorised into recognised quintiles 1-5 to allow for more meaningful analysis and interpretation of results, with 1 representing least deprived (30). Fruit and vegetable intake was combined and categorised into “< five per day” and “≥ five per day”, in line with current NHS guidelines that everyone should eat at least five portions (400 g) of fruit and vegetables every day (31). Exercise was also categorised into “no exercise” or “moderate exercise for at least 10 minutes, 1-4 days per week” and “moderate exercise on 5 or more days of the week”, in line with current NHS guidelines on exercise (32).
Missing data. A previous study has shown that irrespective of the missing data mechanism, complete case analysis does not pose a major threat to statistical power in datasets with small amounts of missing data (33). In the present study, missing data was minimal [<1% for all variables except exercise (missing data =5.9%)], therefore, complete case analysis was used. Total numbers for each variable are shown in Table I. The final model was developed based on 232 incident cases of HNC and 396,947 controls (events per variable =18). 
Model development. Two-tailed unpaired t-tests were used to describe differences between male and female cases and controls for each continuous, clinically relevant variable. χ2 tests were used to test associations between categorical variables (Table I and SI). P<0.05 was considered to indicate a statistically significant difference.
Each variable of interest was then tested for an (unadjusted) association with the outcome, diagnosis of head and neck cancer, using univariate logistic regression analysis (Table II). This step was performed to detect associations, not to aid in variable selection (34). Final predictors were selected based on clinical significance with regards to published literature, as aforementioned, and following discussion with a local Patient and Public Involvement group (the Liverpool Oral Medicine Patient Research Forum). The patient group were asked to identify questions they would be willing to answer to inform predictor choice, in the context of generating a risk estimate for developing HNC. Smoking status was included as an indicator of current or previous smoking experience. Alcohol status was also used as a reflection of lifetime exposure to alcohol, rather than current alcohol frequency, which does not consider previous intake of alcohol. Type of alcohol was also explored but ultimately excluded from the final model as this cannot be used as a measure of lifetime exposure. 
Household income was not included in the risk model as it was not necessary to include two variables measuring socio-economic deprivation and missing data were greater for household income. Income only reflects one aspect of deprivation, whereas the TDI takes into account income as well as car ownership, education, employment and number of persons per household. TDI is measured over previously-defined Output Areas, which contain ~125 households (30). Multivariate logistic regression analysis was then used to develop the final model (35) with model coefficient and odds ratio (OR) presented, with 95% confidence intervals.
Model performance was assessed by external validation using the North West Cohort from the UK Biobank, according to discrimination and calibration. Discrimination refers to the model’s ability to separate those who develop the disease from those who do not. This is assessed using the C-statistic/area under the receiver operating curve (36). A value of 1 indicates perfect discrimination. Calibration compares observed and expected risks and was assessed using a calibration plot with points lying close to the 45-degree line indicating good calibration (37). Bootstrapping was not completed as the dataset is sufficiently large, with minimal risk of optimism in predictions due to a good number of events per variable (26,38,39).

Results
Descriptive statistics. Characteristics of all cases and controls are shown in Table I and differences are summarised below. Males accounted for 62% of cases (n=165) compared with 45.4% (n=191,897) of controls (P<0.001). Patients with HNC were older at recruitment compared with controls [males 58 years (range, 41-70 years) vs. 56 years (range, 37-72 years); females 59 years (range, 40-70 years) vs. 56 years (39-71 years); P<0.001 both sexes). Male cases were less likely to report ‘never smoking’ compared with male controls [32.9% (n=143) of male cases were never smokers vs. 49.2% (n=93,885) of male controls (P<0.001)]. Amongst females, 45.9% (n=119) of cases are never smokers vs. 60% (n=137,805) of controls (P<0.001). More detailed measures of smoking exposure were analysed; however, for smoking duration, the amount of missing data was high (15.9%), therefore this was excluded from the risk model. 
Male and female cases were significantly more likely to report daily consumption of alcohol compared with controls [30.9% (n=136) of male cases vs. 25.8% (n=49,388) of male controls; P<0.001; 18.3% (n=48) of female cases vs. 16.5% (n=38,101) of female controls; P<0.001]. Further detail on consumption of different types of alcohol can be found in Table SI. Significantly more male and female cases reported drinking ‘less alcohol now compared to 10 years previously’ (P<0.017 and <0.001 for males) (data not shown).
Male and female cases had significantly lower BMI compared with controls [mean 26.4 vs. 27.8 for males (P<0.001); 26.1 vs. 27.0 for females (P=0.004), respectively]. Fruit and vegetable consumption was lower amongst male and female cases compared with controls; 29.8% (n=131) of male cases consumed <5 pieces of fruit and vegetables per day vs. 20.7% (n=39,648) of controls; P<0.001. The figures for female cases are 19.1% (n=50) vs. 13.3% n=30,843 in controls (P=0.006). In total, 31.6% (n=139) of male cases were in most-socioeconomically deprived groups (Townsend IV and V) vs. 22.8% of controls (n=43,572; P<0.001). In addition, 19.5% of males (n=80) reported 0 days of exercise per week vs. 13% of controls (n=28,823; P<0.001). 

Univariate analysis. The results of the univariate (unadjusted) analysis are shown in Table II. Increasing age, male sex, current or previous smoking, current and previous alcohol consumption and residence in an area of deprivation (TDI 4 or 5) were associated with increased risk of HNC. Eating greater ≥ five pieces of fruit and vegetables per day and partaking in moderate exercise at least once per week was associated with a protective effect against HNC. A household income of £31,000-100,000 per annum (compared with <£18,000) was also protective. Consuming alcohol only one to three times monthly or only on special occasions was significantly protective against HNC, when compared with daily drinking.
Data on number of sexual partners was missing in 21% (n=64) of cases (data not shown) and there was no significant difference in mean lifetime number of sexual partners on univariable analysis (OR =1.00; 95% CI 0.99-1.00; P=0.656), therefore this variable was excluded from the model. 

Multivariate model. Table III shows the ORs for predictors in the multivariate model. Older age and male sex were significantly associated with increased risk of HNC, with 4% increased risk with every increasing year of age (OR =1.04; 95% CI, 1.02-1.05). Males had nearly twice the risk of HNC compared with females (OR =1.81; 95% CI, 1.38- 2.38). Living in an area of social deprivation (TDI group 4 or 5) was associated with an increased risk of HNC (OR =1.81; 95% CI 1.25-2.63 for TDI group 4). Eating at least five portions of fruit or vegetables per day offered a significant protective effect against HNC (OR =0.71; 95% CI, 0.53-0.97), as did partaking in moderate exercise at least once per week (OR =0.68; 95% CI, 0.47-0.98) and five or more times per week (OR =0.66; 95% CI, 0.46-0.96). Higher BMI also conferred a protective effect (OR =0.96; 95% CI, 0.93-0.99). 

Model performance. Discrimination, as measured by the C-statistic, was 0.69 (95% CI, 0.66-0. 71), which demonstrated that the model was better compared with chance at predicting a case of HNC. The calibration plot is shown in Fig. 1. Expected and observed risk are plotted for ten risk groups, and the model displays good calibration. The 45-degree line indicates perfect calibration. CIs are narrow, due to the large number of participants. Most of the deciles are clustered close to the left side of the graph, indicating the very low risk of head and neck cancer in the general population. 

External validation in the North West cohort. Characteristics of cases and controls within the validation dataset are presented in Table I. The prevalence of HNC in this population was 198 per 100,000 compared with 165 per 100,000 in the development dataset, indicating the higher risk of disease in this population. In total, 60,240 individuals (76.4%) were available for complete case analysis (contained no missing data). The C-statistic for the model in the validation data is 0.64 (95% CI, 0.60-0.68) (Table III), which shows that the model is better than chance at predicting the outcome. This value was close to the C-statistic obtained from apparent discrimination indicating the performance was similar in the validation dataset. The risk of disease was very low and the observed and expected probabilities are close to the reference line, demonstrating reasonable calibration. The calibration slope was 0.83 and the calibration plot (Fig. 2) showed several data points lying above the reference line, which demonstrated that the model slightly under-predicted risk of head and neck cancer. 

Discussion 
The present study developed and validated of a risk prediction model for HNC using the UK Biobank dataset, with the aim of highlighting the potential for the use of risk prediction models within HNC. This risk model allows the calculation of an individual risk score for development of HNC.
The model performance was good in terms of its ability to discriminate between cases and controls (C-statistic =0.69) and displayed good calibration. The model was validated in a sub-group of individuals from the North West of England, known to have a higher incidence of HNC (2). The performance of the model in this external validation was reasonable, with a C-statistic of 0.64 and a calibration slope of 0.67. Further validation should be performed using a truly independent dataset, to confirm the transportability of the present model to other populations. This C-statistic indicates good discrimination of the model but there is potential for improvement. For example, Lee et al reported area under the curve values (compared with the C-statistic) of 0.701-0.798 for a risk prediction models for oral and oropharyngeal cancer for men and women in the US population (40). The better performance compared with the present study may be attributed to the much larger sample size in their cohort. 
Risk prediction modelling has been identified as an area of opportunity for early detection of cancer by the National Cancer Institute (41). The power of big data is increasingly recognised (42), and analysis of large population databases allows predictions to be made regarding the development of specific diseases in individuals, based on demographics and risk behaviours (42). Risk models have been shown to improve selection criteria for lung cancer screening programmes (12), for example the Liverpool Lung Project risk model (10) is currently used to guide recruitment of individuals at a high-risk of lung cancer to the UK Lung Cancer Screening trial (43). This demonstrates that with proper development, validation and implementation, risk models can be of benefit to both physicians and patients for numerous diseases, including HNC.
	Increasing age, male sex, smoking and alcohol consumption are well established risk factors for HNC (20,44,45), and these were confirmed by the present study. Previous alcohol consumption was identified as a risk factor for HNC in the present study. Alcohol is a recognised risk factor for HNC, particularly when combined with either current or previous history of smoking (18,19). The present study reveals previous consumption of alcohol appears to be a greater risk factor for HNC compared with current drinking. It is possible that those currently not drinking have stopped consuming alcohol for health-related reasons, for example alcoholic liver disease. The UK Biobank does not contain data regarding lifetime alcohol consumption, therefore this is a limitation of the present study. However, a significantly greater number of male and female cases reported drinking ‘less alcohol now than 10 years previously’ compared with controls (see results), which suggested a pattern of previous higher alcohol consumption amongst HNC cases.
Consuming at least five portions of fruit and vegetables (combined) per day is protective against HNC. Chuang et al have also published evidence of the protective effect of fruit and vegetables on the risk of HNC (46). Their study used the international INHANCE (International Head and Neck Cancer Epidemiology) consortium of studies with 14,520 cases and 22,737 controls; Consuming fruit 7 or more times per week offered a protective effect of 48% (OR 0.52 (95% CI 0.43 – 0.62)) and vegetables OR 0.66 (95% CI 0.49 – 0.90). This may be due to the antioxidant effects of fruits and vegetables as reactive oxygen species (ROS)-mediated DNA-damage is known to be a significant factor in carcinogenesis (47). Antioxidants are involved in the prevention of cellular and tissue damage caused by ROS and therefore have a well-established role in cancer prevention (48). 
BMI has been investigated in association with HNC risk, with mixed results (49). The present study reported that increasing BMI confers a protective effect against HNC. A pooled analysis of 17 international studies also appeared to show a protective effect of higher BMI against HNC amongst smokers and consumers of alcohol (BMI >30; OR =0.38; 95% CI, 0.30-0.49); however, this protective effect was not significant for never smokers (OR =0.95; 95% CI, 0.47-1.91) (40). A similar tendency for leanness (BMI <25) has been noted in other smoking-related malignancies, such as lung and oesophageal cancer (50). The reason for this is unclear; however, this could be explained by residual confounding by smoking or another risk factor, reverse causation or a true effect. Smokers with lower BMI have been found to have higher levels of 8-hydroxydeoxyguanosin, a marker of oxidative DNA damage (51), which is associated with increased risk of various cancer types, including breast, lung, prostate and bladder cancer (52). 
Hashibe et al investigated risk factors for HNC within prostate, lung, colorectal and ovarian cancer (n=101,182) and demonstrated that physical activity for >3 h per week offered a protective effect against HNC of ~40% (OR =0.58; 95% CI, 0.35-0.96) (20). The present study also reported that moderate exercise, for at least ten minutes, at least once per week, offers a protective effect against HNC. Current NHS guidelines recommend moderate exercise for 150 minutes per week and strength exercises on ≥2 days per week. The guidance suggests that one way to do the recommended 150 min of weekly physical activity is to do 30 min on 5 days every week(32). 
This study has confirmed a role for social deprivation in HNC, with those living in deprived areas (TDI 4) having an increased risk of developing HNC compared with those people living in the most affluent areas (TDI 1). This supports a previous study which demonstrates HNC is more common in lower socio-economic groups and those with lower educational attainment compared with those in higher socio-economic groups (OR =1.9; 95% CI, 1.6-2.3) (53). This highlights the issue of social inequality in HNC that has been identified by the International Association for Cancer Research as a research priority (54). 
	
It was not possible to separate HNC cases associated with HPV status, as this information is not captured by ICD-10 codes for head and neck cancer types. A future model for risk of HPV-associated HNC should be considered, if a suitable dataset were to become available. The present model is intended for use in primary care and it is unlikely that a patient’s HPV status would be available for entry into a risk calculator, therefore HPV-status would not be a helpful addition to the risk prediction model in this context (40). 
A limitation of the present study was that data regarding family history of HNC was not available from the UK Biobank, therefore this could not be considered as a potentially relevant risk factor. In addition, the majority of participants within the UK Biobank were born in the UK or Republic of Ireland (93.3% of cases and 92.6% of controls), which may limit the application of the present model outside to these populations. The model could be externally validated in other populations to test its transportability, if a suitable database were available. 
General dental practitioners are required to screen all patients for oral cancer (55). Using a personalised risk estimate could identify high-risk patients and support discussions between dental professionals and patients regarding risk behaviours, such as smoking and alcohol consumption. This would also provide the opportunity to discuss health promoting behaviours, such as eating fresh fruit and vegetables and taking regular exercise. There is evidence from a randomized controlled trial that use of a risk score when providing smoking cessation advice results in longer term success with smoking cessation (6). 
In future, a web-based tool could be co-designed by patients and clinicians to allow easy generation of the risk score. Feasibility and clinical utility studies would be required to test whether the present HNC risk model is well-received by clinicians and patients. An impact study could then be completed to assess the effect on smoking cessation rates and other risk behaviours.
	To the best of our knowledge, the present study was the first to develop and validate a risk model for head and neck cancer in the UK population, using statistical methodology developed according to TRIPOD guidelines (13). The model provides the opportunity to calculate a risk score, which can be used to discuss personalised risk of HNC with patients. This foundation could be built upon by including salivary biomarkers (56,57) such as loss of heterozygosity at 9p, 17p and 4q (58), in future iterations of the model. Risk prediction modelling is currently under-utilised in HNC research; there is great potential to build, validate and implement risk calculators in several areas of HNC clinical practice. The model developed should be further assessed for clinical utility particularly for its suitability to screen individuals at high-risk of HNC and recruit them to clinical trials, as well as to guide dental practitioners when counselling patients on risk behaviours. 
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Figure legends
Figure 1. Calibration plot for the multivariate model for prediction of head and neck cancer. Expected risk is plotted against observed risk. Perfect calibration is indicated by the 45-degree line.

Figure 2. Calibration plot for validation of the head and neck cancer prediction model using external data. Expected risk is plotted against observed risk. Perfect calibration is indicated by the 45-degree line.
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Tables 
[bookmark: RANGE!A1:K76]Table I. Difference between HNC cases and controls in the model development and validation datasets.
	Variable 
	Development data 
	Validation data

	
	HNC cases
	Controls
	P-value
	HNC Cases
	Controls
	P-value

	
	Males
	Females
	Males
	Females
	Male
	Females
	Males
	Females
	Males
	Females
	Males
	Females

	Total number, na
	440 (62.7)
	262 (37.3)
	191,897 (45.4)
	231,153 (54.6)
	-
	-
	94 (59.9)
	63 (40.1)
	36,747 (46.7)
	41,991 (53.3)
	-
	-

	Total number of incidence cases of HNC
	165
	88
	-
	-
	
	
	23
	31
	-
	-
	
	

	Age at recruitmentb
	58 (41-70)
	59 (40-70)
	56 (37- 72)
	56 (39 - 71)
	<0.001
	<0.001
	59.4 (6.5)
	57.0 (7.0)
	56.7 (8.2)
	56.6 (8.0)
	0.003
	0.697

	 Smoking Statusa
	
	
	
	
	
	
	
	
	
	
	
	

	  Never smoked
	143 (32.9)
	119 (45.9)
	93,885 (49.2)
	137,805 (60.0)
	<0.001
	<0.001
	33 (35.1)
	21 (33.3)
	17,435 (47.8)
	24,163 (57.8)
	0.012
	<0.001

	  Ex-smoker
	201 (46.2)
	113 (43.6)
	73,365 (38.5)
	72,021 (31.3)
	
	
	50 (53.2)
	34 (54.0)
	14,012 (38.4)
	13,306 (31.8)
	
	

	  Current smoker
	91 (20.9)
	27 (10.4)
	2,3449 (12.3)
	20,021 (8.71)
	
	
	11 (11.7)
	8 (12.7)
	5,066 (13.8)
	4,316 (10.4)
	
	

	  Missingc
	1 (0.6)
	1 (1.1)
	1,202 (0.6)
	1,308 (0.6)
	
	
	0
	0
	234 (0.6)
	206 (0.5)
	
	

	 Smoking durationb,c
	32.8 (13.0)
	29.3 (12.3)
	26.5 (12.9)
	25.2 (12.7)
	<0.001
	<0.001
	30.4 (14.5)
	25.8 (13.2)
	27.4 (12.9)
	26.8 (12.7)
	0.105
	0.675

	  Missingc
	22 (13.3)
	14 (15.9)
	28,317 (14.7)
	33,220 (14.4)
	
	
	4 (12.9)
	2 (8.7)
	5,167 (14.0)
	5,696 (13.6)
	
	

	Alcohol statusa
	
	
	
	
	
	
	
	
	
	
	
	

	  Never
	9 (2.0)
	12 (4.6)
	5,421 (2.8)
	13,846 (6.0)
	<0.001


	<0.001
	2 (2.1)
	1 (1.6)
	1,037 (2.8)
	2,219 (5.3)
	 0.035

	0.274

	  Previous
	46 (10.5)
	22 (8.4)
	6,765 (3.5)
	8,317 (3.6)
	
	
	8 (8.5)
	4 (6.4)
	1,309 (3.6)
	1,644 (3.9)
	
	

	  Current
	385 (87.5)
	228 (87.0)
	179,059 (93.3)
	208,335 (90.1)
	
	
	84 (89.4)
	58 (92.1)
	34,291 (93.3)
	38,042 (90.1)
	
	

	  Missingc
	0
	0
	652 (0.3)
	665 (0.3)
	
	
	0
	0
	110 (0.3)
	86 (0.2)
	
	

	Current alcohol frequencya,b
	
	
	
	
	
	
	
	
	
	
	
	

	  Daily or almost daily
	136 (30.9)
	48 (18.3)
	49,388 (25.8)
	38,101 (16.5)
	<0.001
	<0.001
	27 (28.7)
	8 (12.7)
	8,363 (22.8)
	5,721 (13.7)
	0.126
	0.943

	  3-4 times per week
	92 (20.9)
	55 (21.0)
	49,714 (26.0)
	47,218 (20.5)
	
	
	17 (18.0)
	16 (25.4)
	9,729 (26.6)
	8,622 (20.6)
	
	

	  1-2 times per week
	94 (21.4)
	56 (21.4)
	48,936 (25.6)
	58,788 (25.5)
	
	
	29 (30.9)
	16 (25.4)
	10,075 (27.5)
	11,329 (27.0)
	
	

	  1-3 times per month
	28 (6.4)
	29 (11.1)
	17,033 (8.9)
	29,896 (13.0)
	
	
	5 (5.3)
	7 (11.1)
	3,293 (9.0)
	5,583 (13.3)
	
	

	  Special occasions
	35 (8.0)
	40 (15.3)
	13,988 (7.3)
	34,332 (14.9)
	
	
	6 (6.4)
	11 (17.5)
	2,831 (7.7)
	6,787 (16.2)
	
	

	  Neverd
	55 (12.5)
	34 (13.0)
	12,186 (6.4)
	22,163 (9.6)
	
	
	10 (10.6)
	5 (7.9)
	2,346 (6.4)
	3,863 (9.2)
	
	

	  Missingc
	0
	0
	652 (0.3)
	655 (0.3)
	
	
	0
	0
	110 (0.3)
	86 (0.2)
	
	

	Body Mass Indexb
	26.4 (4.5)
	26.1 (5.0)
	27.8 (4.2)
	27.0 (5.2)
	<0.001
	0.004
	26.7 (3.8)
	26.1 (5.6)
	28.1 (4.4)
	27.4 (5.2)
	0.003
	0.04

	 Missing
	1 (0.6)
	0
	1,355 (0.7)
	1,196 (0.5)
	
	
	0
	0
	290 (0.8)
	263 (0.6)
	
	

	Fruit and vegetablesa, ≥5 pieces/day 
	
309 (70.2)
	
212 (80.9)
	
152,249 (79.3)
	
200,310 (86.7)
	
<0.001
	
0.006
	30 (31.9)
	12 (19.1)
	8,469 (23.0)
	6,649 (15.8)
	0.040
	0.485

	  <5 pieces/day
	
131 (29.8)
	
50 (19.1)
	
39,648 (20.7)
	
30,843 (13.3)
	
	
	64(68.1)
	51 (84.2)
	(28,341) (77.0)
	35,375 (84.2)
	
	

	 Missing
	0
	0
	275
	168
	
	
	0
	0
	0
	0
	
	

	Townsend Deprivation Indexa
	
	
	
	
	
	
	
	
	
	
	
	

	  1 
	142 (32.3)
	90 (34.4)
	69,171 (36.1)
	82,830 (35.9)
	<0.001
	0.62
	31 (33.0)
	23 (36.5)
	13,170 (35.8)
	15151 (36.1)
	0.525
	0.432


	  2
	90 (20.4)
	60 (22.9)
	45,201 (23.6)
	55,750 (24.1)
	
	
	17 (18.1)
	15 (23.8)
	8,523 (23.2)
	10147 (24.2)
	
	

	  3
	69 (15.7)
	47 (17.9)
	33,687 (17.6)
	41,913 (18.2)
	
	
	17 (18.1)
	15 (23.8)
	6,148 (16.7)
	7,244 (17.3)
	
	

	  4
	77 (17.5)
	37 (14.1)
	26,406 (13.8)
	31,797 (13.8)
	
	
	15 (16.0)
	4 (6.4)
	4,812 (13.1)
	5,538 (13.2)
	
	

	  5 
	62 (14.1)
	28 (10.7)
	17,166 (9.0)
	18,563 (8.0)
	
	
	14 (14.9)
	6 (9.5)
	4,064 (11.1)
	3,880 (9.2)
	
	

	  Missing
	0
	0
	266 (0.1)
	300 (0.1)
	
	
	0
	0
	30 (0.1)
	31 (0.1)
	
	

	Household income, £ per yeara
	
	
	
	
	
	
	
	
	
	
	
	

	  ≤17,999
	109 (28.4)
	75 (35.1)
	33,918 (19.8)
	45,880 (24.1)
	<0.001
	<0.001
	29 (40.3)
	11 (24.4)
	7,734 (25.3)
	9,470 (29.2)
	0.039
	0.229


	  18,000-30,999
	100 (26.0)
	71 (33.2)
	41,177 (24.1)
	49,735 (26.1)
	
	
	12 (16.7)
	19 (42.2)
	8,076 (26.4)
	9,011 (27.8)
	
	

	  31,000-51,999
	94 (24.5)
	37 (17.3)
	46,075 (26.9)
	48,832 (25.6)
	
	
	19 (26.4)
	7 (15.6)
	7,834 (25.6)
	7,895 (24.3)
	
	

	  52,000-100,000
	64 (16.7)
	27 (12.6)
	38,807 (22.7)
	36,518 (19.2)
	
	
	10 (13.9)
	6 (13.3)
	5,770 (18.9)
	5,090 (15.7)
	
	

	  >100,000
	17 (4.4)
	4 (1.9)
	11,034 (6.5)
	9,750 (5.1)
	
	
	2 (2.8)
	2 (4.4)
	1,156 (3.8)
	969 (3.0)
	
	

	  Missingc
	20 (12.1)
	14 (15.9)
	20,922 (10.9)
	40,472 (17.5)
	
	
	7 (22.6)
	7 (30.4)
	6,192 (16.8)
	9,567 (22.8)
	
	

	Moderate exercise, days per weeka
	
	
	
	
	
	
	
	
	
	
	
	

	  0
	80 (19.5)
	34 (13.6)
	23,823 (13.0)
	26,776 (12.4)
	<0.001
	0.512

	20 (22.0)
	11 (18.6)
	4,990 (14.3)
	5,445 (13.9)
	0.111
	0.185


	  1-4
	159 (38.8)
	128 (51.2)
	85,767 (46.7)
	106,225 (49.0)
	
	
	38 (41.8)
	32 (54.2)
	15,747 (45.1)
	18,702 (47.8)
	
	

	  ≥5
	171 (41.7)
	88 (35.2)
	74,097 (40.3)
	83,824 (38.7)
	
	
	33 (36.2)
	16 (27.1)
	14,179 (40.6)
	14,976 (38.3)
	
	

	  Missing
	16 (9.7)
	3 (3.4)
	8,224 (4.3)
	14,337 (6.2)
	 
	
	1 (3.2)
	2 (8.7)
	1,833 (5.0)
	2,870 (6.8)
	 
	


Two-tailed t-tests were used for continuous variables and χ2 tests for categorical variables. aPresented as n (%). bPresented as mean (SD). cVariable not included in the risk model. HCN, head and neck cancer.

[bookmark: RANGE!A1:E38]Table II. Univariate analysis of head and neck cancer risk in the UK Biobank
	Variable
 
	Odds ratio (OR)
	95% Confidence Interval
	P-value

	Age, years
	1.04
	1.02-1.05
	<0.001

	Sex     
	1
	
	

	  Female
	
	
	

	  Male
	2.26
	1.74-2.92
	<0.001

	Smoking status
	
	
	

	  Never smoked
	1
	
	

	  Ex-smoker
	1.95
	1.46-2.60
	<0.001

	  Current Smoker
	4.06
	2.93-5.61
	<0.001

	Alcohol Status
	
	

	  Never drinker
	1
	
	

	  Previous drinker
	5.31
	2.18-13.0
	<0.001

	  Current drinker
	1.84
	0.82-4.13
	0.141

	Alcohol Frequency 
	
	
	

	  Daily
	1
	
	

	  3-4 times per week
	0.73
	0.51-1.04
	0.081

	  1-2 times per week
	0.82
	0.59-1.15
	0.267

	  1-3 times per month
	0.42
	0.24-0.74
	0.003

	  Special occasions
	0.58
	0.35-0.94
	0.028

	  Never
	1.19
	0.78-1.83
	0.411

	Body Mass Index
	0.98
	0.95-1.01
	0.163

	Fruit and vegetable intake, ≥5 pieces/day
	0.58
	0.44-0.77
	<0.001

	Townsend Deprivation Index
	
	
	

	  1
	1
	
	

	  2
	1.29
	0.90-1.82
	0.25

	  3
	1.21
	0.82-1.79
	0.192

	  4
	2.04
	1.42-2.91
	<0.001

	 5 
	2.06
	1.36-3.12
	0.001

	Household Income, £ per year
	
	
	

	   ≤17,999
	1
	
	

	  18,000-30,999
	0.95
	0.67-1.35
	0.78

	  31,000-51,999
	0.66
	0.45-0.97
	0.032

	  52,000-100,000
	0.65
	0.43-0.99
	0.042

	  >100,000
	0.64
	0.33-1.25
	0.192

	Moderate exercise, number days/week
	
	
	

	   0
	1
	
	

	   1-4
	0.6
	0.42-0.85
	0.005

	   ≥5
	0.66
	0.46-0.94
	0.022



Table III. Multivariable model for head and neck cancer risk in the UK Biobank.
	Variable
	Odds Ratio
	P-value
	95% Confidence Interval

	Age, years
	1.04
	<0.001
	1.02
	1.05

	Sex
	
	
	
	

	  Female
	1
	
	
	

	  Male
	1.81
	<0.001
	1.38
	2.38

	Smoking Status
	
	
	
	

	  Never
	1
	
	
	

	  Previous
	1.59
	0.003
	1.17
	2.15

	  Current
	3.1
	<0.001
	2.17
	4.4

	Townsend Deprivation Index
	
	
	
	

	  1
	1
	
	
	

	  2
	1.3
	0.177
	0.9
	1.81

	  3
	1.14
	0.499
	0.77
	1.7

	  4
	1.81
	0.001
	1.25
	2.63

	  5
	1.66
	0.02
	1.08
	2.56

	Body Mass Index
	0.96
	0.011
	0.93
	0.99

	Alcohol consumption
	
	
	
	

	 Never
	1
	
	
	

	  Previous
	3.26
	0.01
	1.32
	8.04

	  Current
	1.42
	0.406
	0.62
	3.21

	Moderate Exercise, number of days per week
	
	
	
	

	  0
	1
	
	
	

	  1-4
	0.68
	0.04
	0.47
	0.98

	   ≥5
	0.66
	0.03
	0.46
	0.95

	Fruit and vegetable intake per day
	
	
	
	

	  <5 
	1
	
	
	

	  ≥5 
	0.71
	0.031
	0.53
	0.97


Model Intercept Coefficient -9.54 (95% confidence interval, -11.2 - -7.88; P<0.001). Based on 397,179 observations (n=232 cases and n=396,947 controls with no missing data available for complete cases analysis).
