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1. Overview

Following the release of the WHO Global Health Estimates of deaths by cause, age, sex and country for
years 2000-2016 (1), WHO projections of mortality and causes of death have been updated and
extended for years 2017-2060 (2). These projections are an update of previous projections released in
2006 (3), 2008 (4) and 2013 (5), and use methods similar to those applied in the original WHO-World
Bank Global Burden of Disease study (6). A set of relatively simple models were used to project future
trends in age-sex specific mortality rates for a “business-as-usual” scenario, based largely on projections
of economic and social development, and using the historically observed relationships of these with
cause-specific mortality rates. Projected death rates were converted to numbers of deaths using the
median population projections of the World Population Prospects 2017 (7). The following Section 2
briefly summarizes these projection models and some revisions made for this update.

Additionally, all the projection covariates have been revised and updated as described in Section 3
below. In the original projections, separate projection models were developed for HIV/AIDS,
tuberculosis, lung cancer, diabetes mellitus and chronic respiratory diseases (3). These models have
been revised and updated for this update as described in Section 4. Additional special projection models
have also been developed for malaria, maternal deaths, road injury, homicide, natural disasters and war
and conflict. Section 5 provides an overview of the global and regional results for cause of death
projections from years 2017-2060, with some comparisons to the most recent all-cause mortality and
life expectancy projections by the UN Population Division.

2. Revisions to the major cause projection models

Projections models for males and females and for seven age groups -- 0-4, 5-14, 15-29, 30-44, 45-59, 60-
69, and 70 years and older -- were developed for 10 cause-of-death clusters with regression equations (3)
of the form:

InM,,, =C,,,+ B InY+p,InHC+B,(InY) + B,T + B InSI (1)

where C,«;is a constant term, M, ;is the mortality level for age group a, sex k, and cause i, and Y, HC
and T denote GDP per capita, human capital and time, respectively. “Human capital” refers to the
average years of schooling for adults aged 25 years and over. Time (measured in years) is a proxy
measure for the impact of technological change on health status. This variable captures the effects of
accumulating knowledge and technological development, allowing the implementation of more cost-
effective health interventions, both preventive and curative, at constant levels of income and human



capital. The “smoking impact” variable S/is the component of observed lung cancer mortality that is
attributable to tobacco smoking (8). The log of the smoking impact S/ is included in the equation only for
malignant neoplasms, cardiovascular diseases, and respiratory diseases. This basic, relationship makes
no specific assumptions about causality, or the relationships between these more distal socio-economic
factors and more proximate determinants of mortality rates such as environmental, life style and
physiological risk factors. Separate regression equations are used to relate age- and sex-specific
mortality rates for 132 detailed causes to the age- and sex-specific mortality rates from corresponding
cause-clusters.

For earlier versions of these projections, the projection regression equations for child deaths were
recalibrated so that back projections of child mortality rates from the early 2000s to 1990 matched
observed trends, by setting the regression coefficient for time to zero for Sub-Saharan Africa, and low
values for other low-income regions. These adjustments were removed for this update, as child
mortality declines accelerated in low income region during the MDG period from the early 2000s to
2015.

Earlier versions of these projections also took into account recent trends in death registration data for
high income countries for ischaemic heart disease, cerebrovascular disease, tuberculosis, suicide and
homicide using a loglinear Poisson regression model for country-years of data from 1985 onwards. In
the original projections, country-specific trends were given 100% weight for the first projection year,
then a weight decreasing by a factor of 0.85 for each subsequent year, until after around 12 years, the
trend was fully determined by the regression models’ trends. For this update, recent trends were
estimated for all regions and for all causes based on the GHE2016 estimates of causes of death for years
2000-2016 (1). Average annual rates of change (ARR) were truncated to the range -50% to +25% and
ARR greater than zero were assumed to decline by 10% per year from 2017 to 2026. Final projection
ARR gave country-specific trends 100% weight for 2017, decreasing smoothly to zero weight in 2027,
after which trends were fully determined by the regression models.

3. Major cause group covariates

3.1 Gross domestic product (GDP)

Latest World Bank estimates of GDP per capita for years 2016 and 2017 (9) were used as the starting
point for projections of GDP per capita in constant 2011 PPP international dollars (purchasing power
parity adjusted). Projections were updated using recent projections of real growth per annum in income
per capita from OECD (10), and International Futures (IFs) (11). Table 1 compares the updated
projections used here with those of IFs (11), the OECD (10), Price Waterhouse Coopers (12) and the
World Bank (13).

For a number of oil-exporting countries, the above projections result in very high incomes per capita by
the end of the century (for example, Qatar would have the highest GDP per capita in the world). This is
almost certainly unrealistic for most such countries, given the likelihood of depletion of oil reserves



during the next 30-60 years for most. Based on World Bank estimates of oil rents for the year 2016 (14),
the following countries were identified as having 12.5% or more of GDP per capita attributable to oil
export: Kuwait (44%), Iraq (42.4%), Saudi Arabia (26.4%), Oman (24.7%), Congo, Rep. (19.4%), Azerbaijan
(17.5%), Qatar (16.3%), United Arab Emirates (14.5%), Iran, Islamic Rep. (13.6). Timor-Leste (20%) and
Equatorial Guinea (15%) were excluded from this list.

Table 1. Average annual growth rate (%) in GDP per capita (2011 PPPS), 2016-2060

Projections BAU IFs (2017) OECD(2014) PWC (2017) WB (2006)
Scenario
World 1.55 1.61 1.82 1.65 1.81
OECD (a) 1.41 1.26 1.69 1.50
BRICS (b) 2.57 2.61 2.95 2.89

(a) 34 OECD Members as of 2014
(b) Brazil, Russia, India, China, South Africa

For these countries, the non-oil GDP per capita in 2016 was assumed to follow the growth rates
projected as described above. The oil proportion of GDP per capita was projected to grow at half the
growth rate of the non-oil GDP from 2016 to 2030. From 2030 onwards, it was projected to decline at
1.5% per annum. Total GDP per capita for these oil countries was then calculated as non-oil GDP per
capita plus half the projected oil GDP per capita (to account for the likelihood that a significant portion
of oil rent in these countries does not flow through to general economic and social welfare).

Table 2 summarizes annual average growth rates for the GDP per capita projections.

Table 2. Average annual growth rates in projected GDP per capita (PPP S 2011 base)

Region 1960-1980  1980-2000 2000-2015 2015-2030  2030-2060
High income OECD? 3.22 2.26 1.06 1.36 1.50
Afr 0.92 -1.06 2.64 0.86 1.94
Amr 2.83 0.37 1.85 1.21 1.14
Emr 2.03 0.94 2.38 1.12 0.71
Eur 3.01 -0.74 3.83 1.60 1.39
Sear 1.97 3.34 4.58 3.48 2.68
Wpr 2.59 6.76 8.12 3.56 2.26
World 2.35 1.42 2.43 1.74 1.45

(a) Highincome OECD countries are excluded from the WHO Regions rows shown above



3.2 Human capital (HC)

The education covariate (referred to as human capital or HC) is the average number of years of
education received by people ages 25 and older, with separate estimates and projections for men and
women. Historical data were derived from the Barro-Lee dataset for years 1950-2010 (15, 16).

Table 3. Projected average years of schooling, ages 25 and over, by region, 2016, 2030 and 2060.

Men Women
Region 2016 2030 2060 2016 2030 2060
High income OECD 11.9 12.8 14.5 11.8 12.9 14.8
Afr 6.0 6.7 8.2 5.3 6.1 8.2
Amr 8.4 9.4 11.1 8.7 9.9 12.1
Emr 7.4 8.3 9.9 6.3 7.5 9.8
Eur 10.3 11.0 12.5 10.0 10.8 12.7
Sear 6.2 7.8 10.8 5.5 7.3 10.9
Wpr 8.6 9.5 11.5 8.2 9.3 11.9

Business-as-usual projections of the historic Barro-Lee dataset were based on the base scenario
projections from Version 7.31 of International Futures (11). The following table summarizes average HC
for high income OECD countries and other countries by WHO Region for years 2016, 2030, and 2060.

3.3 Smoking impact (SI)

Smoking impact (SI) is defined as the lung cancer death rate attributable to smoking and is calculated for
historical data as the total lung cancer death rate minus the nonsmoker lung cancer rates (3). Non-
smoker lung cancer rates used previously were updated using more recent data from the American
Cancer Society Cancer Prevention Study Il (ACS-CPS 11) (17) and two large Chinese prospective
studies (18).

Since smoking-caused lung cancer trends follow smoking prevalence trends with a lag of around 25
years, smoking impact (Sl) projections were revised using historic and projected trends in smoking
prevalence and average cigarette consumption per capita.

WHO has recently published updated estimates and trends for current tobacco smoking prevalence
trends among males and females aged 15 years and over, for the period 2000 to 2025 (19). The Global
Burden of Disease Study 2016 estimated adult smoking prevalence for ages 15 for years 1980-2016 (20).
International Futures (IFs) estimated tobacco smoking prevalence in adults aged 30 years and over from



1960 onwards and projected it forward to 2100 (11). The three inputs were used to prepare a
consistent of estimates and projections of current smoking prevalence for the period 1960-2025.

Country-sex specific average annual rates of change (ARC) in current smoking prevalence for the period
2005-2025 were calculated using regression analysis. For countries where smoking prevalence was
declining, the estimated ARC was used to project smoking prevalence forward from 2025 to 2060. For
years beyond 2030, the ARC was set to zero if the smoking prevalence dropped to 1% or below. For high
income countries, and countries in the WHO European Region, ARC was set to zero if the smoking
prevalence dropped to 4% or below.

For countries where the sex-specific ARC was positive (rising trend), the trend was assumed to peak and
then start to decline after a certain number of years. This was done using global average “epidemic
curves” constructed from the ARR time series for countries with rising and then falling smoking
prevalence during the period 1990-2010, time-shifted to all peak at the same time. Separate epidemic
curves were constructed for countries with positive ARR in the following bands: 1.0 -1.005, 1.005 -1.01,
1.01-1.02,1.02 —1.05, and >1.05. Estimated and projected smoking prevalences for the period 2000-
2060 are summarized below in Table 4.

Table 4. Smoking prevalences (%) for males and females aged 15 years and over, by region, 2000-2060

Males Females
Region 2000 2015 2030 2060 2000 2015 2030 2060
High income 39.8 28.5 213 13.0 233 18.2 14.3 9.0
countries
Afr 214 18.4 16.4 12.0 3.7 2.8 2.2 1.8
Amr 30.9 21.9 16.6 11.2 15.3 9.6 6.3 33
Sear 393 29.4 23.5 15.1 43 3.2 2.8 2.0
Eur 59.2 47.5 38.3 25.6 16.7 16.0 15.6 12.3
Emr 32.1 314 30.9 24.7 4.9 4.6 4.0 3.2
Wopr 56.0 49.5 44.1 331 3.4 2.7 2.2 1.5
World 41.6 32.9 27.1 18.2 9.2 6.8 53 3.4

Persons

2000 2015 2030 2060

World 255 20.0 16.3 10.8

WHO has previously estimated the apparent annual consumption of cigarettes per capita for years 1940-
2008 from production and trade data (21). This was updated to the period 1940-2016 using more
recently compiled IHME datasets for cigarette consumption for periods 1970 to 2005 (22) and 1980-
2016 (20). These estimates were combined with the smoking prevalence estimates to prepare estimates
of cps, the average cigarettes per smoker per day for the period 1950 to 2016. The average annual
change in cps for the most recent five year period 2011-2016 was calculated for each country and



truncated to the range -0.5 to +1 and used to project cps for 2017. Then cps was projected forwards to
2030 assuming that the annual change for each year was 85% of the change for the previous year. From
2030 onwards, cps was assumed to remain constant.

Age-standardized smoking impact (SI) was calculated from lung cancer death rates derived from death
registration data from 1950 to 2016 in the WHO Mortality Database (23) plus lung cancer mortality
estimates for 183 countries for years 2000-2016 in the WHO GHE2016 (24). In all, there were 2968 data
points for 97 countries before year 2000, and 5918 data points for 183 countries from 2000-2016. The
log of the age-standardized Sl was then regressed against smoking prevalence and average cigarettes
per smoker per day for 25 years earlier for males and females separately. Interaction terms for both
independent variables with region were included for the African region, Asian region (Western Pacific
plus South East Asian) and Eastern Mediterranean region. This allowed the relationships between
smoking prevalence and cigarettes per day with smoking impact to vary by region. Data were weighted
for quality as follows: high quality death registration data were given a weight of 3, low quality death
registration data a weight of 2, and GHE2016 data for countries without death registration data were
given a weight of 1.

The regression for men had an overall r2 of 0.94 and that for women an r? of 0.82. Varying the lag
between smoking prevalence and cigarettes per day from 25 years to 30 years made minimal difference
to the r? values or the regression coefficients. These regressions were then used to project age-
standardized Sl rates for men and women from 2017 to 2060 for all countries. The annual projected
rates of change in the age-standardized Sl rates was then applied to the age-specific Sl rates in the base
year 2016 in order to project Sl by country, age and sex to 2060. The resulting regional age-standardized
total lung cancer death rates for years 2000 to 2060 are shown below for WHO Regions and the world.

Figure 1. Projected age-standardized lung cancer death rates by WHO Region and sex, 2000-2060
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4. Specific cause models

4.1 Tuberculosis

Business-as-usual projections of tuberculosis (TB) mortality rates were updated based on the most
recent time series for TB deaths as published in the WHO Global Tuberculosis Report 2017 (25). Average
annual rates of change (ARC) in country-sex-age specific TB death rates (for age group 0-4, 5-14, 15-29,
30-44, 45-59, 60-69, 70-79. And 80+) were estimated using a Poisson regression on TB deaths for the
period 2000-2016 and weights giving more importance to recent years (weight = 0.85(017-vea") For
regressions where there were less than 15 total TB deaths for 2005-2016, regional ARC were used. The
regions used were: high-income countries, WHO African Region, WHO American Region, WHO European
Region, Other regions. Russia, China and India were kept separate, as these three countries have the
largest numbers of drug-resistant TB cases (47% of the global total) (25).

ARR percentiles were then estimated by region and age, excluding countries with populations below
500,000. Outlier ARR beyond the 10" and 90™ percentiles by region and age were replaced by the 10%
and 90™ percentiles. ARR were projected forward for years 2017-2030 assuming that ARRs below the
25™ percentile converged on the 25™ percentile in 2030. Similarly, ARRs above the 75™ percentile
converged on the 75 percentile in 2030.

For projecting beyond 2030, ARR were calculated for regional age-standardized death rates by sex.
Outlier rates of -7 to -10% for Russia and European Region (excluding high income countries) were then
projected to trend to the 75" percentile regional ARR rate of -6.7% over the period 2031 to 2045.
Similary, ARR greater than the regional 25™ percentile of -1.9% were assumed to trend to -1.9% by 2045 .
For the period 2046-2060, ARR below the regional median age-standardized ARR of -5.2% were assumed
to trend to that value in 2060. ARR higher than -3.4% (the 2007-2016 global average age-standardized
ARR) were assumed to trend to that value in 2060.

The following graphs summarize the global and regional TB mortality projections. These are business-as-
usual projections of current trends in TB mortality rates and do not include the scale-up in annual rates
of change that would be required to reach TB targets set in the WHO End TB Strategy (26), or for the
Sustainable Development Goals (25). To reach the targets set out in the End TB Strategy, the annual
decline in global TB incidence rates must first accelerate from 2% per year in 2015 to 10% per year by
2025. Secondly, the proportion of people with TB who die from the disease (the case-fatality ratio)
needs to decline from a projected 15% in 2015 to 6.5% by 2025 (27). According to the 2017 Global
Tuberculosis Report (25), “an unprecedented acceleration in the rate at which TB incidence falls globally
is required if the 2030 and 2035 targets are to be reached. Such an acceleration will depend on a
technological breakthrough that can substantially reduce the risk of developing TB disease among the
approximately 1.7 billion people who are already infected with Mycobacterium tuberculosis. Examples
include an effective post-exposure vaccine or a short, efficacious and safe treatment for latent TB
infection.”

However, these business-as-usual projections are somewhat more optimistic than a recent more
sophisticated projection model which attempted to take account of the impact of population ageing and
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demographic change on TB transmission dynamics, by explicitly taking account of transmission contact
patterns across ages (28). That model was applied to four countries Ethiopia, Indonesia, India and

Nigeria. These four countries accounted for 52% of global TB deaths in 2016. The transmission model

projected a 30% decline from 2015 to 2050 in the overall TB death rate for these four countries

combined, compared to 50% from the business-as-usual projections described here.

Figure 2. Global and regional projected trends in age-standardized TB mortality rates, 2016-2060.
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deaths from 1.29 million in 2016 to 997 thousand in 2060. This is a long way from the End TB target of a
95% decline in global TB deaths by 2035, highlighting the need for dramatic increases in rates of decline

to achieve these targets.

4.2 HIV/AIDS

UNAIDS has released updated 2018 estimates of HIV death rates, which take into account the continued

scale up of antiretroviral therapy coverage (29). A dataset of age-sex specific death rates by country
provided by UNAIDS for years 1985-2017 was used to prepare business-as-usual projections of HIV .

Average annual rates of change (ARC) in country-sex-age specific HIV death rates (for age group 0-4, 5-
14, 15-29, 30-44, 45-59, 60-69, 70-79. And 80+) were estimated using a Poisson regression on HIV
deaths for the period 2008-2017 with weights giving more importance to recent years (weight =

0.85(2017-vean)) For regressions where there were less than 15 total HIV deaths for 2008-2017, regional
ARC were used. The regions used were: high-income countries, WHO African Region, WHO American

Region, WHO European Region, Other regions.



ARR percentiles were then estimated by region, sex and age, excluding countries with populations below
500,000. Outlier ARR beyond the 10" and 90™ percentiles by region and age were replaced by the 10%
and 90™ percentiles. ARR were projected forward for years 2017-2030 assuming that ARRs below the
25™ percentiles converged on the 25 percentiles in 2050. ARRs above the 50" percentiles also
converged on the 50" percentiles in 2050 for all regions.

For projecting beyond 2030, the age-sex-region specific 50 percentiles of ARR were replaced by -0.5%
of they were greater than -0.5% and by -4% if they were less than -5%. The 25™ percentile was replaced
by -2.5% if it was greater than -2.5%. were then projected to trend to the 75" percentile regional ARR
rate of -6.7% over the period 2031 to 2045. Similarly, ARR greater than the regional 25" percentile of -
1.9% were assumed to trend to -1.9% by 2045. For the period 2046-2060, ARR below the regional
median age-standardized ARR of -5.2% were assumed to trend to that value in 2060. ARR higher than -
3.4% (the 2007-2016 global average age-standardized ARR) were assumed to trend to that value in 2060.
Beyond 2050, age-specific ARRs were assumed to converge on -7.5% for under 5s, -5% for ages 5-44, -
4.5% for ages 45-59, -2.5% for ages 60-79 and -7.5% for ages 80+.

The following Figure shows the projected age-standardized mortality rates by region for years 2018-
2060 and the evolution of the age pattern of HIV deaths towards older ages over that period. Total HIV
deaths are projected to decline from 987,247 in 2016 to 702,700 in 2030 and 435,800 in 2060.

Figure 3. Regional projected trends in age-standardized HIV mortality rates and age pattern, 2016-2060.
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Projected age distribution of global HIV deaths
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4.3 Malaria

For 31 countries in the African Region where malaria comprises 5% or more of all deaths in children
under 5, child malaria deaths under age 5 were projected based on projections of malaria parasite
prevalence (PfPR). PfPR is the proportion of the population carrying asexual blood-stage parasites and
zed considered as an indicator of malaria transmission intensity (30). Updated national time series for
years 2000-2017 were produced by the Malaria Atlas Project at Oxford University in close collaboration
with WHO (31).

Average annual rates of change (AAR) in PfPR for the period 2008-2017 were projected to 2030
assuming that ARR below the median ARR converged to the median (-6.3% per annum), ARR between
the median and 60" percentile converged to the 60" percentile (-3.5%), and ARR above the 60"
percentile converged to the 75" percentile (-1.6%). From 2031-2050, ARR below the median were
assumed to converge to the 60" percentile, and ARR above the 60th percentile were assumed to
converge to the 75™ percentile . From 2050 to 2100, all ARR were assumed to converge to the 75"
percentile.

The under 5 malaria mortality rate (USMMR) was predicted from the projected PfPr based on a
regression of USMMR against PfPr for years 2000-2017 (r? = 0.89). The over 5 malaria mortality rate was
predicted from USMMR using the methods documented in the 2017 World Malaria Report (32). These
projected rates were then used to project 2016 age-sex-specific malaria mortality rates forward to 2100
for the 31 high malaria countries in Africa. Malaria death rates for other countries were projected using
the major-cause projection model results for Group 1 causes.

The following two graphs show projected total malaria deaths by year, and projected trends in global
US5MMR and age-standardized death rate for ages 5 years and over.

Figure 4. Projected trends in malaria mortality, by age and all ages, 2016-2060.
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4.4 Maternal deaths

For estimation of trends in maternal mortality ratios, WHO has used a covariate-based regression model
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within a Bayesian framework in recent years, where the proportion of all deaths of women of
reproductive age due to maternal causes (PMDF) is modelled as

PMDF = exp(-0.30662 * In(GDP/1.13348) + 0.96681 * In(GFR) - 0.84051 * SAB)

where the three covariates are defined as

GDP GDP per capita in 2005 PPPS

GFR General fertility rate (live births per woman aged 15-49 years)
SAB Skilled attendant at birth (as a proportion of live births)

and the numeric coefficients are those obtained from fitting the above equation to the maternal
mortality data for the 2014 UN Interagency Report on Trends in Maternal Mortality (33, 34). The
numeric coefficient 1.13348 converts the projected GDP time series in 2011 PPPS$ to 2005 PPPS.

The above equation was used with projected covariates to project rates of change of PMDF, and these
were used to project baseline 2016 PMDF from 2016 to 2060. GFR projections for years 2016 to 2060
were based on the median projections of fertility in the World Population Prospects 2017 (7). Historical

time series of SAB by country for years 1985-2015 (35) were projected forward to 2060 using a
regression of logit(SAB) against In(GDP) together with the business-as-usual GDP projections.

4.5 Diabetes mellitus

Previous projections of diabetes mortality were based on projections of the prevalence of overweight

2060

and obesity, together with the increased risk of diabetes associated with overweight and obesity (3).

2070

Relative risks for diabetes mellitus mortality associated with increasing levels of body mass index (kg/m?)

were revised downwards based on latest information from the Asia Pacific Cohorts study (36). For the
business-as-usual projections, the diabetes mortality rate associated with the counterfactual BMI
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distribution (mean 21 and standard deviation 1 kg/m?) was assumed to be declining at the same rate as
‘Other Group II’ causes.

BMI distributions by age, sex and country for years 1980-2008 were estimated by Finucaine et al (37).
The distributions were assumed normal and characterized in terms of mean and standard deviations.
Updated time series and projections of means and standard deviations for years 2010-2025 were
prepared by Kontis et al (38). These projections simply extended the trends for the most recent period
2006-2010. We used these projections for WHO Member States for age groups 30-34, 35-44, 45-54, 55-
64, 65-74, 75-79, 80+.

In order to extend these projections beyond 2025, we assumed that the recent age-sex-specific trends
would continue but that mean BMI increase would be limited and in the long run would not exceed
separately estimated mean BMI “ceilings” as functions of GDP per capita. Estimates of mean BMI for
years 2000-2010 for countries excluding Pacific Islands and low- and middle-income countries of the
Eastern Mediterranean Region were used to estimate the 90" percentile mean BMI for each age-sex
group for grouped categories of GDP per capita. The ceiling mean BMIs were then estimated as a
function of GDP per capita by linear interpolation (see Figure B.1)

Figure 5. BMI “ceilings” as a function of In(gdp). where gdp is GDP per capita in 2011 constant PPPS
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4.6 COPD and asthma

Projections for chronic respiratory disease mortality were adjusted for the updated projected changes in
smoking impact Sl, using methods described previously (3). The non-smoker rates for all these chronic
respiratory diseases were assumed to be declining with socioeconomic growth at the same rate as
‘Other Group II’ causes.
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4.7 Road injury

The relationships between injury mortality rates and the main projections covariates of income per
capita and human capital are not straightforward and the major cause regression models did not
perform well for road injury or other injury causes (3). For low income countries, road injury death rates
tend to rise with economic growth and higher levels of motor vehicle ownership, whereas for higher
income countries, they tend to fall with increased economic growth (39). We make use of Smeed’s Law
(40) to project road injury mortality rates as a function of average vehicles per capita (VPC), at first rising
with increasing VPC and then falling:

M, =M, ,xSmeed, x pe xexp(—Smeedbx e j
” w 1000 1000

where vpc is vehicles per 1000 population, and Smeed, and Smeed;, are two numerical coefficients.

Vehicles per capita time series for all countries were prepared for the years 1950-2014 drawing on data
from the International Road Federation (41), IFs (11), and the WHO Global Surveillance of Road Safety
Reports of 2013 and 2015 (42, 43). The resulting dataset is reasonably complete for most recent years,
but much fewer data are available for earlier years. Overall, the dataset contains 3,729 observations for
197 countries.

VPC has been projected from income per capita (GDP) using the following functional form (40):
VPC = VPCmax X exp(a x exp( 8 * GDP/1000))

where vpcmax is @ country-specific maximum vehicles per capita ranging from 852 per 1000 downwards
depending on population density and per cent urban. Country-level values calculated by Dargay, Gately
and Sommer (44) are used.

The parameters a and 8 were re-estimated using the updated VPD and GDP datasets by regressing
y =In( - In(vpc/1000))

against GDP using a linear regression model with random country effects. The estimated equation was
then used to project VPC from the projected GDP time series. For five mainly very small countries where
vpc exceeded vpcmax in 2014, vpc was projected to decline to vocmax over the long-term.

Koren and Borsos (45) re-estimated the parameters for Smeed’s Law by region, using data for 137
countries in 2007. They found that fatality rates peaked at a vehicle ownership level of around 200 to
250 per 1000 population, with some variations in levels and trends across regions. They also found that
for countries well above the fatality turning point, Smeed’s law is too pessimistic and rates of decline are
higher than projected (for example in many high income countries).

The Smeed’s Law parameters a and 8 have been re-estimated for this update of the mortality
projections using a dataset of crude death rates (total road injury deaths per 100,000 population) drawn
from the GHE2016 estimates for 186 countries for years 2000-2016 plus death registration data for
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country-years before 2000 from the WHO Mortality Database. In all, there were 3,890 observations for
187 countries, with 1,953 of these being observations for 53 high income countries.

A number of models were fitted involving various regional fixed effects, but these did not result in
substantial differences in projected mortality rates, so the parameters from the simplest model fitted to
all the data were used (with a fixed effect for WHO Mortality Database as source, to account for any
systematic adjustments made in preparing GHE2016 estimates). This model gave a =332 and 6 =5.5,
resulting in a fatality rate turning point at 182 vehicles per 1000 population.

To provide a higher rate of decline at high levels of vehicle ownership matching that observed in high
income countries in the last decade, a time parameter was introduced to Smeed’s law as follows:
vpc

Majer = Mg o X (147 X (t —2016)) x 332 X Tpoo X exp (—5.5 X

vpc
1000)

The parameter t was set at -1.81 so that the projected overall death rate for the high income countries
would match the overall death rate in 2016 if the country-level average annual rates of change observed
over the period 2007-2016 were projected to continue unchanged. The following figure shows the
resulting trends in road injury crude deaths rates and total deaths for high income countries, low- and
middle-income countries, and all countries combined.

Figure 6 Projected trends in road injury mortality, world and
high income (HIC) and low- and middle-income (LMIC) countries, 2016-2060.
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These business-as-usual projections assume that rates of decline in high-vehicle ownership countries will
remain similar to those observed in high income countries currently. Potential changes in vehicle
technology and road safety, as well as responses to global warming and sustainability, are not factored
into the business-as-usual scenario, and this is a cause of death where business-as-usual is quite unlikely
to be the most probable future.
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4.8 Homicide

For the WHO Global status report on violence prevention 2014 (46) an ensemble of five regression
models was used to estimate levels for countries without data and to fill time series gaps. This ensemble
made use of the following five covariates:

e proportion of the population that are 15-30 year old males
e infant mortality rate

e percent of the population living in urban areas

e alcohol drinking pattern

e gender inequality index

e religious fractionalization

We used this ensemble model with regression coefficients from the analysis for the 2014 report,
together with projected covariates to estimate projected annual rates of change of total homicide rate
at country level. For the first three covariates above we used projections from the World Population
Prospects 2017 (7) and the World Urbanization Prospects (47). We assume that alcohol drinking
patterns (48) and religious fractionalization (49) remain constant into the future. The gender inequality
index (gii) of the UNDP (50) was projected forward using a regression of gii against In(lagged gdp) and
indicator variables for region and interaction of region with In(lagged gdp). Lagged gdp is a weighted
average of the last five years of gdp values.

The projected rates of change of homicide death rates from the ensemble model were used to project
the baseline death rates forward to 2060 under the business-as-usual scenario. Overall, the global age-
standardized homicide rate is projected to decline 19% from 6.4 per 100,000 in 2016 to 5.2 per 100,000
in 2060. Total global homicides rise from 477 thousand in 2016 to 485 thousand in 2030 and 501
thousand in 2060.

4.9 Natural disasters

The frequency of occurrence of natural disasters is highly dependent on type of disaster and
geographical location and higher magnitude disasters typically follow a power law distribution (51), with
rare large disasters dominating global mortality levels (for example, the 2010 Haiti earthquake and the
2004 Asian tsunami were responsible for 91% and 94% of global natural disaster deaths in those years).

The probability of occurrence of a natural disaster was modelled using WHO estimates of deaths due to
natural disasters, by type, country and year for the period 1985-2017 (52), based largely on data
collected in the EM-DAT/CRED International Disaster Database (53). Disasters were classified into five
categories: earthquakes, floods, tsunamis, storms, and drought/heatwave. The INFORM project (54, 55)
estimates indicators (on a 0 to 10 scale) for 191 countries for three dimensions of disaster risk: risk of
occurrence for the above listed five disaster categories, vulnerability and lack of coping capacity. For
each of the five disaster categories, the annual probability of occurrence was modelled using logistic
regression with category specific risk and year as covariates and WHO region-level fixed effects. A
penalized likelihood method was used to fit the logistic regression, as standard likelihood estimators are
biased for rare events (56, 57).
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For each of the five types of disasters, the death rate per event was assumed to follow a log-normal
distribution whose mean was modelled using the following covariates: disaster risk, vulnerability, lack
of coping capacity with WHO region-level fixed effects. Lognormal distribution was assumed rather than
a power law, as the power law distribution does not have a defined variance (58).

To project disaster deaths by country, the following procedure was carried out for each disaster type:

1. For each country-year, a random draw was taken from a uniform distribution and used to assign
occurrence or non-occurrence of disaster based on the predicted country-level probability of
occurrence.

2. For each country-year disaster, the mortality rate was taken as a random draw from a log-
normal distribution with the regression-estimated country-level mean. Rare extreme outliers
were adjusted to avoid occasional super-disasters beyond maximum observed levels.

3. Five independent sets of projected estimates were averaged at country-year level.

Time covariates were included in some of the regression analyses and they resulted in an overall 1% per
annum growth rate in the global natural disaster death rate and 2% annual growth in total number of
deaths. While some types of disasters such as tropical storms, floods, drought and heatwave are
predicted in increase in frequency and severity with global warming, these projections have not
explicitly attempted to take this into account. It is also quite possible that continued economic growth
and risk mitigation activities may reduce vulnerability and increase the ability of countries to cope. So
these projections should be taken as no more than an indicative business-as-usual projection that does
not take account of potential future changes in disaster risk and response. Additionally, unlike for other
causes, the stochastic nature of the disaster projections means that they will change every time they are
run, and so should NOT be taken as any more than broadly indicative at regional level.

The following figure summarizes the projected global deaths for natural disasters by year and WHO
region.

Figure 7 Historical levels and stochastic projection of natural disaster deaths by WHO Region, 1990-2060
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4.10 Collective violence

Unlike natural disasters, conflicts are not always discrete events localized within a short time period.
However, for the purposes of projection, duration of conflict was ignored and conflict occurrence was
modelled independently for each year. WHO estimates of deaths due to conflicts (organized violence
including wars, communal conflict, non-state actors, genocide and terrorism) for the period 1989-2017
were used to model the probability of non-zero conflict deaths using penalized likelihood logistic
regression (56, 57) with regional fixed effects and the following covariates: the EIU democracy index (59),
the PTS Political Terror Scale (60), Worldwide Governance Indicators (WGI) for political stability and
absence of violence (pve) and for government effectiveness (gee) (61, 62), the INFORM indicator for
conflict risk (54, 55), log of GDP per capita, average ethnolinguistic fractionalization (63) religious
fractionalization and language fractionalization (49). For the business as usual projections, covariate
values for 2016 were assumed to remain constant into the future.

The death rate per conflict event was assumed to follow a log-normal distribution whose mean was
modelled using the following covariates: with regional fixed effects and the following covariates: the
EIU democracy index (59), the PTS Political Terror Scale (60), Worldwide Governance Indicators (WGI)
for political stability and absence of violence (pve) and for control of corruption (cce) (61, 62), the
INFORM indicators for conflict risk and current conflict intensity (54, 55), young men aged 15-29 as per
cent of total population (7), average ethnolinguistic fractionalization (63) and language fractionalization
(49).

To project conflict deaths by country, the following procedure was carried out for each disaster type:

1. For each country-year, a random draw was taken from a uniform distribution and used to assign
occurrence or non-occurrence of conflict based on the predicted country-level probability of
occurrence.

2. For each country-year conflict, the mortality rate was taken as a random draw from a log-normal
distribution with the regression-estimated country-level predicted mean. Extreme outliers were
censored to avoid occasional very large estimates.

The conflict projections involve a set of random draws at country level, and should not be taken as more
than a broadly indicative at regional level under a business as usual scenario in which current overall
global conflict death rates remain broadly similar into the future. The following figure summarizes the
projected global deaths for natural disasters by decade, disaster type and WHO region.

Figure 8 Historical levels and stochastic projection of conflict deaths by WHO Region, 1990-2060
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5. Overview of results

Projected global deaths in 2030 and 2060 under the business-as-usual scenario are 68.2 million and
101.8 million respectively. Projected global deaths in 2030 under the UN medium variant projections are
2% higher in 2030 at 69.5 million and 0.7% lower at 101.1 million in (see Figure 9) . Our global
projections for all-cause mortality are remarkably close to the UN projections given that our projections
are the sum of independent projections for 20 separate cause groups, whereas the UN projections are
based on estimated trends in all-cause mortality and fertility. Figure 9 also shows the projected numbers
of deaths for the three major cause groups: Group 1 (infectious diseases, maternal, neonatal and
nutritional causes), Group 2 — noncommunicable diseases, and Group 3 —injuries.

Figure 9 Comparison of projected global deaths with UN WPP2017 projections, 2016-2060
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Figure 10 Comparison of projected deaths with UN WPP2017 projections, by WHO Region, 2016-2060
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Figure 10 compares projected total deaths by WHO region with the UN WPP2017 projections. The
results are very similar for all regions except the South East Asian Region and the African Region. For
the South East Asian Region, the UN projections are higher, with 3.5% more deaths in 2030 rising to 12%
more deaths in 2060. For the African Region, the UN projections are slightly higher in 2030 but by 2060
are 12% lower.
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Figure 11 compares projected life expectancies at birth for the world and for WHO income groups. The
projections are very similar for the world and for middle- and high-income countries. The main
difference is for low income countries (predominantly African) where the WHO projected life
expectancy is 1 year lower than the UN projected life expectancy in 2030 rising to 3.9 years difference in
2060.

Figure 11 Comparison of projected life expectancies at birth, by country income group, 2016-2060
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At the global level, the age-standardized death rates for most important causes are falling with time,
faster in most cases for Group 1 causes than Group (see figures 12A and 12B). The main exceptions are
for diabetes, breast cancer and road injuries. However, for many of these causes, the total projected
deaths are rising with time because of population growth and ageing. Only the relatively fast declining
Group 1 causes are likely to also have declining total numbers of deaths (see figures 13A and 13B).

Figure 12 Projected global age-standardized death rates, selected causes, 2000-2060

20



Age -standrdized death rate per 1000,000

Age -standrdized death rate per 1000,000

Projected global death rates, selected causes (A)

140 -
120 A1
100 A
Cancer
80 A
IHD
60 A Injuries
Stroke
40 A
CcopD
20 4— - ARI*
Diabetes Other infectious
HIV,TB,malaria
0 T T T T T 1
2000 2010 2020 2030 2040 2050 2060
Projected global death rates, selected causes (B)
50 -~
45 A Maternal/Perinatal
40 A
35 o
30 A
25 +
Lung cancer
20 Road injury
1 -
> Suicide
10 4 Colorectal ca
— = /
5 4 M ————____  Homicide
0 Breast cancer Malaria
2000 2010 2020 2030 2040 2050 2060

21



Figure 13 Projected global deaths, selected causes, 2000-2060
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The projections of deaths by cause are not intended as forecasts of what will happen in the future but as
projections of current and past trends, based on certain explicit assumptions. The methods used base
the disease burden projections largely on broad mortality projections driven by projections of future
growth in income and increases in human capital in different regions of the world, together with a
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model relating these to cause-specific mortality trends based on the historical observations in countries
with death registration data over the last 60 years. The results depend strongly on the assumption that
future mortality trends in poor countries will have a similar relationship to economic and social
development as has occurred in the higher income countries. If governments give increased priority and
resources to achievement of the Sustainable Development Goals and progress towards Universal Health
Coverage with the most relevant cost-effective interventions, it is entirely possible that future declines
in mortality for many causes will be faster than these business-as-usual projections.

Despite these uncertainties, projections provide a useful perspective on sustainable health trends and
health policies, provided that they are interpreted with a degree of caution. Projections enable us to
appreciate better the implications for health and health policy of currently observed trends, and the
likely impact of fairly certain future trends, such as the ageing of the population, and the continuation of
the epidemiological transition in developing countries. These projections represent one scenario of the
future for population health, under an explicit set of assumptions. If the future is not like the past, for
example through sustained and additional effort to address the Sustainable Development Goals and
progress towards Universal Health Coverage, or through major scientific breakthroughs, then the world
may well achieve faster progress than projected under the business-as-usual scenario. On the other
hand, if economic growth in low income countries is lower than the forecasts used here, and global
warming results in additional adverse impacts on economic and social development, then the world may
achieve slower progress and widening of health inequalities.
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