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1. Introduction 

 

The Vitality Age model (VA.3) was recently updated in early 2018. The VA.3 is a risk-adjusted health 
assessment tool that gives individuals a snapshot of their overall health, based on lifestyle choices – 
including diet, alcohol consumption and exercise habits – and clinical factors, such as blood pressure, 
cholesterol or body mass index. This is done by calculating a bespoke life expectancy estimate using a pre-
defined set of the individual’s risk-factor measures and comparing it to the life expectancy of an average 
person with the same sex, age, and country characteristics. The VA is then the actual chronological age 
adjusted by the difference in life expectancy; it estimates an individual’s remaining years of life and 
produces an adjusted age estimate so that the individual’s life expectancy remains unchanged. 

The VA.3 concept relies on adjustment of population-level mortality rates, reflecting how one’s risk-factor 
profile compares to that of the general population. However, while the model considers the effects of 
various risk factors on mortality, it does not account for the effects on morbidity. Thus, there is scope to 
extend the model to estimate the health-adjusted life expectancy, taking into account not just the years of 
life lost but also years lived with disability. The Healthy Vitality Age (HVA) is an extension to the VA.3 
model, translating an individual’s lifestyle and risk-factor profile into a health-adjusted age by comparing 
the health of the individual (and the resulting number of healthy years of life lost) to that of an average 
population. While VA.3 compares the individual life expectancy (remaining years of life) to the average 
population life expectancy, HVA uses the concept of Health Adjusted Life Expectancy (HALE), which 
takes into account both mortality and morbidity by adjusting the life expectancy by the amount of time 
lived in less than perfect health. An HVA lower than an actual age suggests additional years of healthy life 
lost, compared to an average individual of the same age and characteristics. Conversely, an HVA higher 
than an actual age signals a lower-than-average number of years of healthy life remaining, with the 
difference between Healthy Vitality Age and actual age being equal to the estimated change in health 
adjusted life expectancy. In summary: 

Healthy Vitality Age = chronological age + population HALE ‐ individual HALE 

This report documents the methodology of the HVA extension to the VA.3 model. Section 2 describes 
the concept and Section 3 presents the sources of data used in the model. The validation and testing of 
the model is described in Section 4. Finally, Section 5 lists the limitations of the model. 
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2. Methodology 

The proposed methodology for the HVA model is largely based on the recent update of the VA.3 model 
done by RAND Europe (Stepanek et al., 2018). This chapter provides a short summary of the VA.3 
model, before describing how it can be extended to an HVA model. 

2.1. Summary of the Vitality Age model 

In short, VA.3 works with elementary risk factor-cause of death pairs and the associated relative risks (RR) 
and mortality rates to compute an individual’s all-cause mortality rates. That is, the algorithm looks 
separately at each risk factor and each cause of death in turn, determines whether and how they are 
connected, and the extent to which the individual’s risk-factor profile affects the estimated mortality rates 
associated with the given cause of death, mediated through the given risk factor. This is done through the 
following steps.  

1. First, the population cause-specific mortality rates (MR) for a given sex, age and location are 
taken as a starting point. Roughly speaking, these are applicable to an individual with the 
population average risk-factor profile.  
 

2. Second, counterfactual baseline mortality rates (BD) for an individual with the same sex, age 
and location characteristics, but no history of exposure to any risk factor considered, are 
calculated from MR using population-attributable fractions (PAF). PAF is the proportional 
reduction in population mortality that would occur if exposure to a given risk factor was reduced 
to its theoretical minimum. For instance, lung cancer mortality lowered by the respective 
smoking-related PAF would represent mortality rate in an equivalent population where no one 
has ever smoked. Formally, the baseline mortality rate for outcome 𝑜, age 𝑎, sex 𝑠, country 𝑐 and 
time 𝑡 is given by:  

 𝐵𝐷௢௔௦௖௧ ൌ 𝑀𝑅௢௔௦௖௧ ൈ ሺ1 െ 𝑃𝐴𝐹௃௢௔௦௖௧ሻ, (1) 

where 

 𝑃𝐴𝐹௃௢௔௦௖௧ ൌ 1 െ ∏ ൣ1 െ 𝑃𝐴𝐹௝௢௔௦௖௧ ൈ ∏ ൫1 െ 𝑀𝐹௜௝௢൯ூ
௜ୀଵ ൧௃

௝ୀଵ . (2) 
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where 𝑃𝐴𝐹௝௢௔௦௖௧ is the PAF for risk factor 𝑗, outcome 𝑜, age 𝑎, sex 𝑠, country 𝑐 and time 𝑡;  
𝑀𝐹௜௝௢ is the modifying factor for risk factor 𝑗 mediated through 𝑖 for outcome 𝑜; 𝑀𝑅௢௔௦௖௧ is the 
population mortality rate for outcome 𝑜, age 𝑎, sex 𝑠, country 𝑐 and time 𝑡, and 𝐽 is the set of all 
risk factors relevant to outcome 𝑜. 𝑃𝐴𝐹௃௢௔௦௖௧ may thus be a joint statistic if the set 𝐽 contains 
more than one element (see Stepanek et al., 2018, for more details). 

 

3. Third, the cause-specific mortality rates (𝑀𝑅௢௔௦௖௧) are converted into probabilities of dying 
within twelve months (𝑞௢௔௦௖௧). Following Lim et al. (2015), this is done using a standard life 
table calculation (see Section 2.2 for more information): 

 𝑞௢௔௦௖௧ ൌ
௡ൈெோ೚ೌೞ೎೟

ଵାሺ௡ି೙௔ೣሻൈெோ೚ೌೞ೎೟
 (2) 

where 𝑛 is length of the assumed period in years (hence 𝑛 ൌ 1 as we are interested in probability 
of dying within 12 months) and.௡ 𝑎௫ is the distribution of deaths in the interval [0;1], assumed 
to be 0.5 (a uniform distribution). The process is replicated for both the population mortality 
rates, resulting in population-level probability of dying 𝑞௣, and for the baseline mortality rates 

(BD), resulting in the baseline probability of dying 𝑞௕: 

 𝑞௢௔௦௖௧
௕ ൌ

௡ൈ஻஽೚ೌೞ೎೟

ଵାሺ௡ି೙௔ೣሻൈ஻஽೚ೌೞ೎೟
 (3) 

4. The baseline, cause-specific probability of dying 𝑞௕ can then be transformed into 
individualised probability of dying 𝑞ᇱ by multiplying it by the cause-specific joint relative risk 
(𝑅𝑅) reflecting an individual’s risk-factor profile: 

 𝑞𝒫௢௔௦௖௧
ᇱ ൌ 𝑅𝑅′𝒫௢௔௦௖௧ ൈ 𝑞௢௔௦௖௧

௕ , (4) 

where 𝑅𝑅′𝒫௢௔௦௖௧ is the individualised 𝑅𝑅 for outcome 𝑜, age 𝑎, sex 𝑠, country 𝑐, time 𝑡, and the 

individual’s risk-factor profile 𝒫 ∈ ሾ0, ∞ሻℛ, a vector of risk factor exposures from the risk-factor 

space ℛ, which contains all the risk factors considered in the model. That is, exposure to each 
risk factor is characterised by a single non-negative number and the risk-factor multiplier, which 
together form the vector 𝒫. The risk-factor multipliers are then combined with the baseline 
individual 𝑅𝑅’s to create a single measure 𝑅𝑅′𝒫௢௔௦௖௧ that defines the ratio of mortality rate risk 
compared to a baseline population (see Stepanek et al., 2018, for further details). 

 

The entire process is repeated for each year from an individual’s actual age onwards until an arbitrary 
maximum age set to 120 in our model, providing detailed overview of the mortality risks at any stage in 
life. Figure 1 summarises the steps taken. 
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Figure 1: Determination of individualised probability of dying from a single cause of death 

 
Source: Stepanek et al. (2018). 

 

5. The cause-specific probabilities of dying can be aggregated to an all-cause age- and sex-specific 
probability of dying using the standard competing risk model: 

 𝑄𝒫௔௦௖௧ ൌ 1 െ ∏ ሺ1 െ 𝑞𝒫௢௔௦௖௧
ᇱ ሻℳ

௢ , (5) 

where ℳ refers to the set of all causes of deaths considered (i.e. those included in the Global 
Burden of Disease (GBD) database – see Section 3). 

6. Finally, we can calculate the probability of surviving up to age 𝑖 and dying exactly at age 𝑖 and 
multiply it by 𝑖 to compute 𝑡௜,௢௔௦௖௧, using 

  𝑡௜,௔௦௖௧ ൌ ሺ1 െ 𝑄௔ሻ ൈ ሺ1 െ 𝑄௔ାଵሻ ൈ ሺ1 െ 𝑄௔ାଶሻ ൈ … ൈ ሺ1 െ 𝑄௜ିଵሻ ൈ 𝑄௜ ൈ 𝑖, (6) 

where 𝑄௔ stands for 𝑄௔௦௖௧ for simplicity, 𝑎 denotes an individual’s actual age (as of their last 
birthday), and 𝑖 ∈ ሼ𝑎, … ,120ሽ denotes an age between an individual’s actual age 𝑎 and an 
arbitrary maximum age, set to 120 in the model. The factors 𝑡௜,௔௦௖௧ and 𝑡௜,௔௦௖௧

ᇱ  calculated using 
the population and individualised probabilities of dying, respectively, are used to calculate the 
estimated life expectancies for an average individual (𝑆𝐸௔௦௖௧) and the assessed individual (𝐴𝐸௔௦௖௧) 
(see Stepanek et al., 2018, for details), which in turn form the Vitality Age estimate: 

  𝑉𝐴 ൌ 𝑎 ൅ 𝑆𝐸௔௦௖௧ െ 𝐴𝐸௔௦௖௧, (7) 
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2.2. Estimation of Healthy Vitality Age 

The Healthy Vitality Age is an extension to the VA.3 model, translating an individual’s lifestyle and risk-
factor profile into an estimated number of healthy years of life lost compared to a similar (age, gender, 
location) population average. Analogous to VA, the Healthy Vitality Age is calculated as below, using 
estimates of both population and individual health adjusted life expectancy (HALE): 

Healthy Vitality Age = chronological age + population HALE - individual HALE  (8) 

2.2.1. Estimating Population HALE 

HALEs in Equation 8 refer to health adjusted life expectancies at the chronological age of the individual. 
Given mortality rates (probabilities of dying) and years lived with disability (YLD) per person for each 
age, Population HALE can be computed using Sullivan’s method (Sullivan, 1971, Jagger et al. 2006) 
using life tables. This method is demonstrated in Figure 2, using as an example the table from the 
Australian New South Wales (NSW) Government (2017) deriving Population HALE from the Australian 
Burden of Disease Study (2011).1  

                                                      
1 http://www.healthstats.nsw.gov.au/Resources/HALE.pdf Please note this link does not open. 

http://www.healthstats.nsw.gov.au/Resources/HALE.pdf
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Figure 2: Calculating Population HALE for all diseases for males in NSW Australia (Source: NSW 
Government 2017) 

  
HALE is a measure of years lived at each age group and years lived with disability. The calculation 
adapted for population HALE estimation in HVA is summarised in the flow chart in Figure 3. While the 
example in Figure 2 uses five-year age groups in the life table, the method remains similar for one-year life 
table, as summarised in Figure 3.  
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Figure 3: Calculation of Population HALE 

 
Key constructs used in estimation of Population HALE using life table method are defined as below: 

 𝑞ሺ𝑥) is the (all cause) probability that a person aged 𝑥 exact will die before reaching age (x+1). 

 𝐼ሺ𝑥) is the number of survivors at the exact age 𝑥 given 100,000 live births of the same sex who 
are assumed to be subject throughout their lives to the mortality rates experienced in the time 
period 𝑡. 

 𝑑ሺ𝑥) is the number of deaths between the exact age 𝑥 and 𝑥 ൅ 1  

 𝐿ሺ𝑥) is the number of person-years lived between age 𝑥 and 𝑥 ൅ 1. Assuming deaths 𝑑ሺ𝑥) are 
uniformly distributed, 𝐿ሺ𝑥) can be estimated as 𝐼ሺ𝑥 ൅ 1ሻ ൅ 0.5 ൈ 𝑑ሺ𝑥ሻ. 

 𝑌𝐿𝐷ሺ𝑥) are years lived with disability per person-year for each age 𝑥. It is the sum of YLDs for all 
causes. 
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 𝑌𝑊𝐷ሺ𝑥) are person-years lived without disability between age 𝑥 and 𝑥 ൅ 1, and can be estimated 
as ሺ1 െ 𝑌𝐿𝐷ሺ𝑥ሻሻ ൈ 𝐿ሺ𝑥ሻ 

Note that 𝑞ሺ𝑥) is also an input to VA.3 and the only additional inputs needed for the estimation of HVA 
are YLDs.  The GBD database provides YLD estimates and so Population HALE can be easily estimated.  

2.2.2. Estimating Individual HALE 

Further, in order to estimate individual/adjusted HALE. it is necessary to adjust the population mortality 
rate (probability of dying) and population YLD estimates for the risk profile of an individual. The VA.3 
adjustment to the probability of dying is described in the previous section; the steps remain unchanged for 
the HVA calculation. The cause-specific probabilities of dying can then be aggregated to an all-cause age- 
and sex-specific probability of dying using Equation 5. 

In order to adjust YLDs for an individual risk profile, it is important to understand how YLDs are 
calculated. For each individual cause 𝑜, the number of YLDs in the population is defined as: 

𝑌𝐿𝐷௢ ൌ 𝐷𝑊௢ ൈ 𝑝௢     (7) 

where 𝐷𝑊௢ is the disability weight for cause/outcome 𝑜 and 𝑝௢ is prevalence for the cause/outcome in the 
population. 

Accordingly, to estimate adjusted YLD (YLD’) for an individual risk profile, it is necessary to adjust the 
prevalence rate to estimate the counterfactual prevalence for an individual risk profile. The adjusted YLD’ 
can be estimated as: 

𝑌𝐿𝐷௢
ᇱ ൌ 𝐷𝑊௢ ൈ 𝑝௢

ᇱ      (8) 

where 𝑝௢
ᇱ

 is the counterfactual prevalence rate using individual risk profile. 

Note that, using Equation (7), DW can be inferred for each cause o as  

𝐷𝑊௢ ൌ 𝑌𝐿𝐷௢ / 𝑝௢     (9) 

The adjusted prevalence rate 𝑝௢
ᇱ  can be estimated using PAFs and adjusted RRs using similar logic as 

mortality rate described in Section 2.1 (Figure 1). Specifically, the baseline prevalence rate can be 
estimated as: 

𝑝௢௕ ൌ 𝑝௢  ൈ ሺ1 െ 𝑃𝐴𝐹ሻ     (10) 

where 𝑝௢௕ is baseline prevalence rate corresponding to counterfactual exposure at the theoretical 
minimum risk exposure level (TMREL) or ideal exposure for a cause/disease, 𝑝௢ is the prevalence rate 
observed in the population segment for a cause 𝑜, and PAF is aggregated across all relevant risks for the 
given cause 𝑜. 

Finally, the adjusted prevalence rate for counterfactual risk exposure levels for a given cause/disease can be 
estimated as: 

𝑝௢
ᇱ ൌ 𝑝௢  ൈ 𝑅𝑅      (11) 

where, 𝑝௢
ᇱ  is the adjusted prevalence rate and RR is the aggregated relative risk adjusted for exposure levels 

beyond TMREL. 
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It is necessary to use RRs corresponding to morbidity (as opposed to those for mortality) to adjust the 
prevalence. However, for most risk factors that are of interest in VA/HVA, the RR estimates are the same 
for mortality and morbidity. Supplementary Appendix 1 to GBD (2016) explains that for risk-outcome 
pairs, where only the relative risk for morbidity or mortality had enough supporting evidence available, it 
was assumed that the estimate applied to both. Only the risk factors ‘diet low in nuts and seeds’ and ‘high 
body mass index’ have different RRs for morbidity. For the purpose of this study and to limit the 
complications induced by using two different sets of RRs for morbidity and mortality in the algorithm, 
we have used the mortality RRs for each risk-outcome pair used in the model. Considering that PAFs are 
estimated from RRs (GBD, 2016), the same set of PAFs was also used to modify both mortality rates and 
the prevalence rates for an individual risk profile.  

GBD (2016) provides details on estimation of YLDs using comorbidity corrected disability weights. 
Moreover it can be verified that the YLDo values provided in GBD data are adjusted for co-morbidity as 
the sum of YLD across causes is equal to the YLD number at the higher cause level (e.g. the sum of YLDs 
for diabetes mellitus type 1 and diabetes mellitus type 2 is equal to the YLD estimate for diabetes 
mellitus). Therefore, the cause-specific YLDo and YLD’o can be aggregated to an all-cause age- and sex-
specific YLD and YLD’ by simply adding YLD across causes.  

Using the same process as for Population HALE, the individual/adjusted all-cause YLD’ for each age can 
then be used to compute the individual/adjusted YLD’ for each age as ሺ1 െ 𝑌𝐿𝐷′ሺ𝑥ሻሻ ൈ 𝐿ሺ𝑥ሻ, which in 
turn will integrate the computation of the Individual HALE:  

𝐻𝐴𝐿𝐸ᇱሺ𝑥ሻ ൌ ሺ1 െ 𝑌𝐿𝐷′ሺ𝑥ሻሻ ൈ 𝐿ሺ𝑥ሻ     (12) 
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3. Data 

Analogously to VA.3, the HVA tool works with a dataset obtained from the Global Burden of Disease 
(GBD) database.2 Led by the Institute for Health Metrics and Evaluation (IHME) at the University of 
Washington, the GBD database is a result of a project involving over 1,000 researchers from more than 
100 countries, including 26 low- and middle-income countries. The researchers collect all appropriate 
published epidemiological studies and data sources, such as hospital data, disease registry data or censuses, 
and combine the information using a Bayesian meta-regression framework. The GBD database provides a 
consistent and comparative quantification of more than 300 diseases and injuries in nearly 200 countries, 
by age and sex, from 1990 to the present day, and is updated regularly. The GBD data are widely used in 
scientific literature and have the advantage of not being associated with a single cohort of individuals or 
methodology, but rather are a product of a multitude of studies from countries all over the world. The 
database contains data on MR’s, PAF’s and RR’s, as well as supporting documentation on how the risk-
factor multipliers may be calculated. The data are available in 5-year age groups (up to a ‘95+ years’ 
category) for both sexes.  

For HVA estimation, data on YLD and prevalence for each cause is added to the data. For each cause the 
disability weights can be imputed using Equation 9.  

The processed data file contains the following data fields: 

 Cause ID (as set in the GBD Results Tool3) 

 Risk ID (as set in the GBD Results Tool) 

 Proximal Risk 

 Risk level category – when different RRs are provided for categories of risk levels 

 Gender 

 Age group  

 Mortality rate for the cause 

 PAF for the cause – risk pair 

 RR for the cause – risk – proximal risk combination 

 Mediating risk factor for the cause – risk – proximal risk combination 

 YLD for the cause per 100,000 population 

 Prevalence rate per 100,000 population for the cause 

                                                      
2 http://www.healthdata.org/gbd/data (As of 4 February 2019). 
3 http://ghdx.healthdata.org/gbd-results-tool (As of 4 February 2019). 

http://www.healthdata.org/gbd/data
http://ghdx.healthdata.org/gbd-results-tool
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 Disability weight for the cause. 
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Figure 4: Snapshot of processed data for HVA 

 
Note: METs means metabolic equivalents. 

Note that data fields are available at different levels (cause, cause-risk, cause-risk-proximal risk). However, for simplicity, higher-level numbers are repeated to keep 
the data structured. Figure 4 provides a snapshot of the UK data file for males in age group 14 (45–49 years) and cause diabetes mellitus. 

 

cause cause_id risk risk_id proximal_risk risk category gender_id age_idMR PAF RR MF YLD prevalence DW

Diabetes mellitus 587 Smoking (prevalence approach) 9902 1 14 2.514886 0.09422 1.426 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Occupational exposure to secondhand smoke 157 1 14 2.514886 0.07450 1 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Low physical activity 125 High fasting plasma glucose (continuous) 4,000‐7,999 METs 1 14 2.514886 0.02805 1.037 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Low physical activity 125 High fasting plasma glucose (continuous) 600‐3,999 METs 1 14 2.514886 0.02805 1.189 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Low physical activity 125 High fasting plasma glucose (continuous) <600 METs 1 14 2.514886 0.02805 1.387 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Diet high in sugar‐sweetened beverages 118 High body‐mass index 1 14 2.514886 0.02357 1 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Diet high in sugar‐sweetened beverages 118 High fasting plasma glucose (continuous) 1 14 2.514886 0.02357 1 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Diet high in processed meat 117 High fasting plasma glucose (continuous) 1 14 2.514886 0.21147 1.731 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Diet high in red meat 116 High fasting plasma glucose (continuous) 1 14 2.514886 0.05624 1.26 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Diet low in nuts and seeds 114 High fasting plasma glucose (continuous) 1 14 2.514886 0.15848 1.041 0.99 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Diet low in whole grains 113 High fasting plasma glucose (continuous) 1 14 2.514886 0.27743 1.189 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Diet low in fruits 111 High fasting plasma glucose (continuous) 1 14 2.514886 0.13829 1.102 0.99 335.4583 3975.1659 0.0844

Diabetes mellitus 587 High body‐mass index 108 High fasting plasma glucose (continuous) 1 14 2.514886 0.79331 2.864 1 335.4583 3975.1659 0.0844

Diabetes mellitus 587 High fasting plasma glucose 105 1 14 2.514886 1.00000 1 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Alcohol use 102 0 g/day 1 14 2.514886 0.02187 1 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Alcohol use 102 12 g/day 1 14 2.514886 0.02187 0.921 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Alcohol use 102 24 g/day 1 14 2.514886 0.02187 0.932 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Alcohol use 102 36 g/day 1 14 2.514886 0.02187 1 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Alcohol use 102 48 g/day 1 14 2.514886 0.02187 1.084 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Alcohol use 102 60 g/day 1 14 2.514886 0.02187 1.165 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Alcohol use 102 72 g/day 1 14 2.514886 0.02187 1.198 0 335.4583 3975.1659 0.0844

Diabetes mellitus 587 Secondhand smoke 100 1 14 2.514886 0.04691 1.337 0 335.4583 3975.1659 0.0844
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4. Validation and Testing of HVA Model 

4.1. Introduction and approach 

There are two aspects to benchmarking the outputs of the HVA. The first is to compare the HVA outputs 
to actual GBD data on life and healthy life expectancy. However, GBD data is only available in five-year 
age ranges and the question is what value to assign to individuals across that five-year age range. Thus, 
some degree of interpolation across the range needs to take place to compare the data. The second is to 
compare the GBD interpolation to that obtained from other data sources. In this case, GBD interpolation 
is compared with data provided by the ONS, the statistics body in the UK. This gives us confidence that 
the GBD values that we are deriving at individual age levels are broadly similar to other publicly available 
and validated data. The complication in this benchmarking is that the ONS does not provide data on 
HALE. This will be discussed in Section 4.1) 

In order to look at the outputs of the HVA model, we have to provide relevant inputs to the model that 
allow the outputs to follow. In this way, we feed it different types of data that inform the various analyses. 
Our preference is always to use actual data provided by individuals. First, we look for a data source that 
has all the relevant input values to allow us to do the relevant HVA calculation. Typical population 
surveys do not capture the data needed to undertake the HVA calculation. As such, we turn to the 
Britain’s Healthiest Workplace (BHW) survey. This is an annual workplace survey managed by RAND 
Europe, and that in the year 2018, for the first time, included the VA.3 calculation. This survey provides 
us broadly with the input values across the risk factors (e.g. blood pressure, BMI, modifiable health risks) 
that we need.  

The survey has some limitations. It is a workplace survey and, as such, surveys the working age 
population. Employees also opt in through employers who want to participate in the BHW survey. The 
survey is not intended to be representative of the general population. On an annual basis, about 30,000 
employees take part. Nonetheless, it provides an interesting data set that we can use to see how the HVA 
calculation behaves.  

Furthermore, we have age groups that are not represented in this data set, such as the older (over 65) and 
younger populations (under 18). For these groups, we generated synthetic profiles to complement the 
BHW sample to run through the HVA model. The input values for these profiles were generated 
randomly (within plausible parameters for each risk factor) by machine. A completely random draw from 
individual parameter range for multiple risk parameters can result in implausible combination of values 
for an individual profile. Hence, in order to keep the risk factor distributions (univariate and joint) 
realistic, the random draws were taken from older (60 plus) respondent profiles.  
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These synthetic profiles for older people were added to a randomly drawn sample from the BHW survey 
with the aim to represent gender-age group segments evenly. The combined sample provided 969 profiles 
for validation of the model. This sample size was deemed to provide a good balance to keep the test run 
times manageable, while using a large enough sample in each segment to capture the variation in risk 
profiles.   

Finally we also tested extreme profiles, capturing edge cases in risk values: what would happen to the 
healthiest employees if they became very healthy? This is to look at the sensitivity of the calculation. We 
also did this for some individual risk factors in the HVA model to see what their impact on the 
calculation would be. This was important to see how individual risk factors affected the calculation.  

In summary, we used these data sources to understand how the HVA model behaves compared to other 
data sources (Sections 4.2-4.3-4.4), and finally in Section 4.5 we look at how sensitive the HVA model 
calculation is to individual risk factors.  

4.2. Benchmarking the HVA outputs with GBD data 

GBD 2016 life expectancy values can be used as benchmarks (Table 1) to validate population life 
expectancy (computed as described in Stepanek et al., 2018) estimated from the HVA tool. The GBD life 
expectancy values are available for five-year age groups and are interpreted as years of life remaining at the 
age corresponding to the beginning of each age group. 

The GBD Life Expectancy, as shown in Table 1 below, should be consistent with the VA.3 estimation of 
population Life Expectancy (LE), and the GBD Healthy life expectancy with the HVA estimation of 
Population HALE. 

Table 1: GBD UK life expectancy 2016–years of life remaining  

Age group  Life expectancy 
Healthy life 
expectancy 

Females  Males  Females  Males 

1 –4  82.15  78.26  70.23  68.43 

5–9  78.20  74.32  66.40  64.60 

10–14  73.23  69.35  61.60  59.82 

15–19  68.26  64.39  56.94  55.14 

20–24  63.31  59.49  52.44  50.62 

25–29  58.38  54.65  48.03  46.17 

30–34  53.46  49.82  43.68  41.78 

35–39  48.57  45.02  39.40  37.46 

40–44  43.71  40.27  35.19  33.21 

45–49  38.93  35.60  31.07  29.06 

50–54  34.22  31.01  27.05  25.01 

55–59  29.63  26.55  23.14  21.11 

60–64  25.17  22.29  19.37  17.43 

65–69  20.88  18.27  15.77  14.00 

70–74  16.80  14.51  12.42  10.86 
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75–79  13.02  11.13  9.39  8.11 

80–84  9.64  8.17  6.75  5.78 

85–89  6.83  5.78  4.62  3.95 

90–94  4.66  3.98  3.04  2.63 

95+  3.17  2.79  2.02  1.82 

 

For example, life expectancy for females in age group 65–69 is estimated as 20.88 from the GBD data. 
This value is interpreted as 20.88 years of life remaining from the age of 65. This interpretation is 
consistent with the GBD, using the life table method in its estimation.4 Along with life expectancy, GBD 
also provides healthy life expectancy estimates (Table 1). 

Further, in order to facilitate the comparison of GBD life expectancy and GBD healthy life expectancy, 
with population life expectancy (LE) and population HALE values obtained from the HVA tool, it is 
necessary to interpolate GBD benchmark values for individual years within each age group. Accordingly, 
the GBD values were linearly interpolated between starting points of two adjacent age groups. For 
example, using life expectancy values for ages 80 and 85, the interpolated values can be calculated as 
shown in Table 2. The interpolated LE values were found to be close to the estimates available from 
ONS, UK for each age (ONS, UK 2018). ONS values are estimated for Great Britain based on data for 
the years 2014 to 2016, whereas GBD group estimates are for United Kingdom for the year 2016. 
Accordingly, there will be some differences in these two benchmarks. However, Figure 5 clearly shows 
that these differences are small, and, as such, we have confidence that the interpolated GBD LE 
benchmark can be used for comparison with the HVA model outputs in this chapter. Since ONS does 
not provide estimates of HALE by individual ages, it was not possible to compare the interpolated GBD 
estimates. 

Table 2: Example of GBD life expectancy (LE) and years of health adjusted life expectancy (HALE) 
interpolated for ages within an age group 

Age 
Age 
group 

GBD Group 
LR estimate 

GBD LR‐
interpolated 

ONS LR‐
2014‐2016 

GBD Group HLR 
estimate 

GBD HLR‐
interpolated 

80  80–84  8.17  8.17  8.33  5.78  5.78 

81  80–84  n/a  7.69  7.79  n/a  5.41 

82  80–84  n/a  7.22  7.27  n/a  5.05 

83  80–84  n/a  6.74  6.77  n/a  4.68 

84  80–84  n/a  6.26  6.31  n/a  4.31 

85  85–89  5.78  5.78  5.86  3.95  3.95 

 

                                                      
4 http://ghdx.healthdata.org/record/global-burden-disease-study-2016-gbd-2016-reference-life-table (As of 4 
February 2019). 

http://ghdx.healthdata.org/record/global-burden-disease-study-2016-gbd-2016-reference-life-table
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 Figure 5: Comparison of GBD interpolated UK life expectancy with ONS estimates for GB 

 
  

4.3. Benchmarking with GBD 

Having established that the interpolated GBD data is broadly similar to the publicly available data 
available through the ONS in the UK, we now compare the various outputs of the HVA tool with this 
GBD data. 

 

4.3.1. Population life expectancy (LR) – comparison with GBD 

The distribution of difference between GBD interpolated population life expectancy and that estimated 
from the HVA tool is presented in Table 3. Figure 6 suggests broadly that the HVA model provides a 
reasonable fit, compared to GBD data. Here, we use a random sample drawn from BHW and 
complemented with synthetically generated profiles of about a 1,000 individuals.  

Table 3: Distribution of difference between GBD interpolated population life expectancy years 
and that estimated from the HVA tool 

   Males  Females 

Count – number of profiles  469  500 

Mean  0.17  0.19 

Standard deviation  0.03  0.02 

Minimum  0.02  0.11 

25th Percentile  0.16  0.19 
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50th Percentile  0.18  0.20 

75th Percentile  0.18  0.20 

Maximum  0.19  0.20 

 

 

 

Figure 6: Comparison of GBD interpolated population life remaining with that estimated from 
HVA tool 

 

 
 

4.3.2. Population health adjusted life expectancy (HALE) – comparison with GBD 

Distribution of difference between GBD interpolated population life expectancy and that estimated from 
the HVA tool is presented in Table 4 and Figure 7. Here we use a larger BHW sample that includes 
additional synthetically generated profiles for the older populations. Again, we see broadly a good fit 
between what we see in the GBD data and the HVA model outputs.  

Table 4: Distribution of difference between GBD interpolated population health adjusted life 
expectancy (HALE) and that estimated from the HVA tool 

   Males  Females 
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Count – number of 
profiles 

13492  13030 

Mean  0.12  0.13 

Standard deviation  0.05  0.04 

Minimum  ‐0.28  ‐0.32 

25th Percentile  0.10  0.12 

50th Percentile  0.14  0.15 

75th Percentile  0.15  0.16 

Maximum  0.16  0.16 

 

Figure 7: Comparison of GBD interpolated population health adjusted life expectancy with that 
estimated from HVA tool 

 

 
 

4.4. Distribution of adjusted healthy life expectancy 

The main use-case of the HVA model is to understand the effect of health risks on healthy life expectancy. 
In other words, how does a healthy life expectancy change when an individual is exposed to risk levels 
different to the population average? Accordingly, we are interested in estimating the adjusted healthy life 
expectancy for an individual and comparing it with the population/standard healthy life expectancy. The 
average difference in population life expectancy (also called life remaining) and adjusted life expectancy 
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(LR - LRadj) across age groups, as estimated for the BHW respondents, is about -0.33 year (first graph in 
Figure 8). Whereas the average difference in health adjusted life expectancy (also called healthy life 
remaining; HLR) compared to the population (HLR – HLRadj ) is about 0.24 years, (second graph in 
Figure 8). The expectation here is that as our sample sizes increase and become more representative of the 
population of GB, these differences will approach to zero. The difference of 0.24 suggests that HVA 
model is outputting values close to the interpolated GBD 2016 data, but some differences remain.  

Figure 8: Life expectancy difference compared to population 
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The distributions for number of healthy years lost for the population (LR - HLR) and for BHW 
respondents (LRadj - HLRadj) are presented separately in Figure 9. The average difference for population 
is 7.78 years, whereas for respondents it is 8.35 years (considering male and female respondents together). 
The expectation here is that as our sample sizes increase and become more representative of the 
population of GB, these differences will be equal. This suggests that the HVA tool is reducing the number 
of healthy life years left potentially by about 0.5 years for this population, compared with the GBD 2016 
estimate.  

Figure 9: Healthy years lost – population versus respondents 
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Another way to look at this difference of healthy years lost between the population and the respondents is 
to compare the ratio of healthy years lost/years of life lost (Figure 10). The average ratio for the 
population is 0.81 years, whereas for the respondents it is 0.80 years, considering male and female 
respondents together. The values also compare well within each age group (Table 5). It gives us 
confidence that the HVA model is outputting plausible values that remain close to other data sources (in 
this case other data derived from GBD 2016).  
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Figure 10: Healthy years lost/years of life lost – population versus respondents 
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Table 5: Healthy years lost as a ratio HLR/LR 

   Females  Males 

ageGrp  HLR/LR  HLRadj/LRadj  HLR/LR  HLRadj/LRadj 

15 to 19  0.83  0.83  0.85  0.84 

20 to 24  0.83  0.82  0.85  0.84 

25 to 29  0.82  0.81  0.84  0.83 

30 to 34  0.82  0.80  0.84  0.82 

35 to 39  0.81  0.79  0.83  0.82 

40 to 44  0.80  0.78  0.82  0.80 

45 to 49  0.80  0.78  0.81  0.80 

50 to 54  0.79  0.77  0.80  0.79 

55 to 59  0.78  0.77  0.79  0.78 

60 to 64  0.77  0.76  0.78  0.77 

65 to 69  0.75  0.76  0.77  0.75 

70 to 74  0.74  0.75  0.75  0.76 

75 to 79  0.71  0.74  0.72  0.74 

80 to 84  0.70  0.72  0.71  0.72 

85 to 89  0.68  0.73  0.68  0.69 

90 to 94  n/a  na/  0.67  0.63 
 

Finally, the difference between healthy life expectancy for the population and the respondents can be 
presented as Healthy Vitality Age. Figure 11 presents the estimates of VA and HVA for each age of the 
respondents. The diagonal lines in Figure 11 represent the line of equality. When numbers on the x and y 
axis are the same, they fall on this line. 

The HVA for most respondents is lower than their chronological age (meaning more healthy life years 
remaining when compared to the population) and is closer to the Vitality Age. On average, the difference 
in healthy life expectancy in respondents, compared to that of the population, is generally higher for 
younger respondents, as opposed to respondents over 60. This is shown by the trend line in Figure 12. 
There is also a higher variance in the different values for younger respondents compared to those who are 
older. This fan shape of the plot is expected, as the extreme negative risk profiles at a younger age will 
reduce the healthy life expectancy a lot more than at an older age. 
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Figure 11: Estimates of VA and HVA for BHW respondents 

 

Figure 12: HLR-HLRadj for BHW respondents 

 

4.5. Sensitivity to different exposure levels of risks 

Sensitivity tests were carried out on the HVA tool in order to understand the impact each risk factor has 
on the outcome. For these tests, a sample of 20 people in each (age x gender) group – or 50 people in each 
5-year age group – was used. These individuals are drawn randomly from the above sample of Britain’s 
Healthiest Workplace (BHW) respondents, plus a synthetic population using stratified random sampling. 



Healthy Vitality Age 

26 
 

The synthetic population was required to represent ages over 65 (which were underrepresented in the 
BHW study). The synthetic population used exposure values from BHW respondents of 65 to 70 years of 
age. Thus the combined sample contained data for over 600 people. 

The approach to sensitivity tests involved changing the exposure levels for each risk factor for all people in 
the sample, starting from 0/very low exposure to a certain maximum value iteratively. In each of these 
iterations all other risk factors were kept at the levels as observed in BHW data and acted as control 
variables. Any missing values were replaced by median exposure for each age in these 'control' risk factors. 
This approach allowed the impact of exposure levels for one risk factor to be isolated at a time. 

The risk factors and corresponding exposure levels used are as below (Table 6). The levels cover a range, 
with at least two levels under TMREL and two over.  

 

Table 6: Risk factors and exposure levels used for sensitivity testing 

Risk factor  Levels of exposure 

Alcohol use 
0,12,24,36,48,60,72 (drinks 
per week) 

Diet low in fruits 
0,2,4,6 (daily consumption of 
fruits) 

High systolic blood pressure  90,110,130,150,190 

Diet low in vegetables 
0,3,6,9 (daily consumption of 
vegetables) 

Diet low in whole grains 

0,4,8,12(daily consumption of 
foods containing 
wholegrains) 

High body‐mass index  8,16,24,32,40 (BMI reading) 

High fasting plasma glucose (continuous)  2,4,6,8,10 

High total cholesterol  2,4,6,8 

Low physical activity 

500,1000,3000,5000,9000 
(weekly metabolic  equivalent 
task minutes) 

Diet low in nuts and seeds 

0,0.5,1,2 (daily consumption 
of items containing nuts and 
seeds) 

Diet high in processed meat 

0,40,80,120 (daily 
consumption of grams of 
processed meat) 

Smoking  0,1 (non‐smoker, smoker) 
 

Figure 13 to Figure 19 present the findings of sensitivity tests for females of two age groups (20–24 and 
50–54).  We chose these two age groups because we needed a younger and an older group for 
comparison, and we focused on females because the results are similar for both genders. As such, we 
randomly chose the female population. We discounted the even older age groups because we do not have 
actual data for them in the BHW distribution. Focusing on these two segments allows us to keep the test 
time manageable, as each segment is used for a number of scenarios. Each figure presents both the life 
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expectancy (LR) and the healthy life expectancy (HLR) at various exposure levels tested for the given risk 
factor. The difference between the two allows us to see the variations in years of life lived with disabilities. 
The results of the tests indicate that the HVA tool is able to respond to changes in each of the risk factors 
listed in Table 6. We see that the older group consistently has fewer healthy life years remaining, as we 
would expect. With the exception of dietary risk factors, all other risk factors have a large impact on loss 
of healthy years, especially in the younger age group.  Again, this is what was expected. This also raises 
some interesting questions that we cannot resolve here about the relative impact of specific risk factors, as 
presented to us in the GBD data set on healthy life years remaining.   
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Figure 13: HVA sensitivity to risk factors – alcohol, smoking 
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Figure 14: HVA sensitivity to risk factors – fruits and vegetables 
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Figure 15: HVA sensitivity to risk factors – nuts and wholegrains 
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Figure 16: HVA sensitivity to risk factors – processed meat 
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Figure 17: HVA sensitivity to risk factors – glucose 
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Figure 18: HVA sensitivity to risk factors – cholesterol and blood pressure 
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Figure 19: HVA sensitivity to risk factors –physical activity and BMI 

 

 
 



Healthy Vitality Age 

35 
 

 



 

36 
 

5. Limitations 

There are three potential limitations to the proposed approach. First, similar to the VA.3 model, the HVA 
model is fully reliant on the existence and accuracy of the existing empirical estimates. The HVA model, 
similar to the VA.3 model, does not allow explicit differentiation between individuals with one or more of 
the selected pre-existing conditions that negatively affect their health and life expectancy. A separate 
extension of VA.3 has been developed to account for some pre-existing conditions (Stepanek et al, 2019). 
However, due to lack of data availability it was not possible to combine the extension for pre-existing 
conditions into the HVA model. 

The second limitation relates to the limited ability to reflect indirect effects of risk factors through 
interactions with other risk factors or dependence on the set of risk factors included in the GBD database. 
As in the VA.3 model, there are likely to be ways of addressing these limitations through additional 
adjustments beyond the core model, such as explicit assumptions on the temporal causal pathways 
between risk factors. For instance, we note the limited impact of nutrition or the modest impact of 
physical activity on the outputs of the HVA model. The takeaway message here should not be that 
nutrition and physical activity are not important risk factors, but that the impact of these risk factors is 
likely captured in intermediate variables such as blood pressure and BMI. The nutrition and physical 
activity risk factors here could be understood as additional to those intermediate factors, though that 
conceptualisation is perhaps not entirely satisfactory. It highlights the complexity of including the 
temporal dimension and joint effects in the GBD data set. Furthermore, some of the adjustments, such as 
the addition of mental health as a separate risk factor, are more challenging, as mental health has a direct 
impact on quality of life and therefore disability-adjusted life years DALYs.  

Finally, more research is needed on the variance in disability weights for the same outcome across 
individuals. For example, two otherwise equal individuals with diabetes may have completely different 
YLDs if one of them has also become blind due as a result of the diabetes. The calculation may, therefore, 
need to assume a probability distribution of various outcomes for each condition. 
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