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both sexes (C).
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Synthesize fragmentary data to make country-level estimates of
time trends in risk factors by age and sex for all nations.
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1 Motivation: Estimating the Global Burden of Disease
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with a Bayesian model
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Synthesize fragmentary data to make country-level estimates of
time trends in risk factors by age and sex for all nations.
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The likelihood

yh,i∼N

acj[i ] + bcj[i ]ti︸ ︷︷ ︸
geographic hierarchy

+
nonlinear change in time︷ ︸︸ ︷

uj[i ],ti + γi(zh)︸ ︷︷ ︸
flexible age model

+

covariate effects︷ ︸︸ ︷
Xiβ + ei︸︷︷︸

random effects

,

sampling var.︷ ︸︸ ︷
SD2

h,i

nh,i
+ τ 2

i︸︷︷︸
residual var.
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discount unrepresentative studies
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Heteroscedastic random effects ⇒
discount unrepresentative studies

20 40 60 80

11
0

13
0

15
0

Chinese males, 1991

age

S
B

P

●

●

●

●
●

●

● ●
●

●

● ●

1980 1990 2000 2010

11
0

13
0

15
0

Chinese males, 55−64 y.

year

S
B

P ●

●

●

●

●

●

●

●
● ●

●●●
●

●

●

●

●

●

weighted national
unweighted national
sub−national
community

rural
urban
mixed

Var(ei ) =


νw if study i is weighted national
νu if study i is unweighted national
νs if study i is sub-national
νc if study i is community,

with νw < νu < νs < νc .
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Geographic hierarchy ⇒ shrinkage
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Gaussian autoregressive priors ⇒
nonlinear change in time
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Gaussian autoregressive priors ⇒
nonlinear change in time
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Gaussian autoregressive priors ⇒
nonlinear change in time
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Cubic splines ⇒ flexible age model

yh,i∼N

acj[i ] + bcj[i ]ti︸ ︷︷ ︸
geographic hierarchy

+
nonlinear change in time︷ ︸︸ ︷

uj[i ],ti +γi(zh)︸ ︷︷ ︸
flexible age model

+

covariate effects︷ ︸︸ ︷
Xiβ + ei︸︷︷︸

random effects

,

sampling var.︷ ︸︸ ︷
SD2

h,i

nh,i
+ τ 2

i︸︷︷︸
residual var.
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Cubic splines ⇒ flexible age model
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µi = acj[i ] + bcj[i ]ti + Xiβ + uj[i ],ti
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Cubic splines ⇒ flexible age model
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Covariates ⇒ better estimates
when data are unavailable

yh,i∼N

acj[i ] + bcj[i ]ti︸ ︷︷ ︸
geographic hierarchy

+
nonlinear change in time︷ ︸︸ ︷

uj[i ],ti + γi(zh)︸ ︷︷ ︸
flexible age model

+

covariate effects︷ ︸︸ ︷
Xiβ + ei︸︷︷︸

random effects

,

sampling var.︷ ︸︸ ︷
SD2

h,i

nh,i
+ τ 2

i︸︷︷︸
residual var.
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Other model applications: BMI

Articles

564 www.thelancet.com   Vol 377   February 12, 2011

Figure 4: Prevalences of obesity (BMI ≥30 kg/m²; A) and overweight (BMI ≥25 kg/m²; B) in 1980 and 2008
BMI=body-mass index.

0% 10% 20% 30% 40%

South Asia

Central Africa

East Africa

Southeast Asia

West Africa

East Asia

Asia-Pacific, high income

Andean Latin America

Caribbean

Central Asia

Tropical Latin America

Oceania

Eastern Europe

Southern Africa

North Africa and Middle East

Western Europe

Central Latin America

Central Europe

Australasia

Southern Latin America

North America, high income

Male obesity prevalences and uncertainty intervals 

0% 20% 40% 60%

Central Africa

South Asia

East Africa

Southeast Asia

West Africa

East Asia

Asia-Pacific, high income

World

Andean Latin America

Caribbean

Central Asia

Southern Africa

Oceania

Tropical Latin America

Eastern Europe

North Africa and Middle East

Central Europe

Western Europe

Central Latin America

Southern Latin America

Australasia

North America, high income

World

Male overweight prevalences and uncertainty intervals 

1980
2008

1980
2008

0% 10% 20% 30% 40%

Asia-Pacific, high income

Central Africa

Southeast Asia

Western Europe

Tropical Latin America

Central Europe

Central Asia

Andean Latin America

Eastern Europe

Southern Latin America

North America, high income

Central Latin America

North Africa and Middle East

Southern Africa

Female obesity prevalences and uncertainty intervals 

0% 20% 40% 60%

South Asia

Central Africa

Asia-Pacific, high income

East Africa

East Asia

Southeast Asia

West Africa

World

Western Europe

Central Europe

Central Asia

Tropical Latin America

Andean Latin America

Caribbean

Eastern Europe

Australasia

Oceania

Southern Latin America

Central Latin America

North Africa and Middle East

North America, high income

Southern Africa

Female overweight prevalences and uncertainty intervals 

South Asia

East Africa

East Asia

West Africa

World

Australasia

Caribbean

Oceania

1980
2008

1980
2008

A Obesity

B Overweight

Finucane∗, Stevens∗, ..., and Ezzati; The Lancet, 2011 28 / 42



Bayesian
Estimation of
Health Metric

Trends

Mariel
Finucane

Motivation

‘Shrinkage’

Blood
Pressure

Childhood
Undernutrition

Outline

1 Motivation: Estimating the Global Burden of Disease

2 Bayesian modelling ⇒ ‘shrinkage’

3 Blood Pressure

4 Childhood Undernutrition
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The Global Burden of Disease:
Risk Factors in 1990 and 2010
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Figure 1: Burden of disease 
attributable to 20 leading 

risk factors in 1990, 
expressed as a percentage of 

global disability-adjusted 
life-years

For men (A), women (B), and 
both sexes (C).
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Height-for-age z-score distributions are

skewed, and assuming normality ⇒ bias
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Use a mixture of normals ⇒
estimate the shape of distributions

HAZ
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m=4
m=5

Let f (y) be a

distribution of HAZ

values:

f (y) =
5∑

m=1

wm N (µm, σ
2
m),

where m denotes a
mixture component.
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Allow the weights (w) to vary ⇒
a distribution for each study

Let fi (y) be the distribution of HAZ values in study i :

fi (y) =
5∑

m=1

wmi N (µm, σ
2
m)
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Borrow strength geographically,
in time, and in covariates

as in the SBP model

fi (y) =
5∑
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2
m)

wmi = Φ(αmi )
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2
mi )

m=1
m=2
m=3
m=4
m=5

j = Kyrgyzstan
a = 1 year olds

t = 1997

−6 −2 2 6

j = Kyrgyzstan
a = 1 year olds

t = 1998

−6 −2 2 6

j = Kyrgyzstan
a = 1 year olds

t = 1999

−6 −2 2 6

j = Kyrgyzstan
a = 1 year olds

t = 2000

−6 −2 2 6

m=1
m=2
m=3
m=4
m=5

j = Kyrgyzstan
a = 1 year olds

t = 1997

−6 −2 2 6

j = Kyrgyzstan
a = 1 year olds

t = 1998

−6 −2 2 6

j = Kyrgyzstan
a = 1 year olds

t = 1999

−6 −2 2 6

j = Kyrgyzstan
a = 1 year olds

t = 2000

−6 −2 2 6

Finucane, Paciorek, Stevens, and Ezzati; JASA, in press 35 / 42



Bayesian
Estimation of
Health Metric

Trends

Mariel
Finucane

Motivation

‘Shrinkage’

Blood
Pressure

Childhood
Undernutrition

Combine individual-level data
with summary statistics

mean(HAZ)
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P(θ|y) ∝ P(y |θ) P(θ)

= P(yindividual|θ) P(ysummary|θ) P(θ)
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Combine individual-level data
with summary statistics
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Inference
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moderately or severely underweight (fi gure appendix 2). At 
the other extreme, children in Chile, Jamaica, and Kuwait 
had HAZ distributions indistinguishable from a well-
nourished population in 2011, with means between 0·01 
and 0·04. Similarly, 25 countries, mostly in the Latin 
America and Caribbean region and the central Asia, 
Middle East, and north Africa region, had WAZ means 
that surpassed the WHO standards, with the highest WAZ 
mean and lowest underweight prevalence in Chile.

HAZ probably deteriorated in 17 countries between 
1985 and 2011, nearly all in sub-Saharan Africa and 
Oceania (appendix pp 230–239); most had large 
uncertainties, but the PPs for the observed deteriorations 
were 0·90 in Côte d’Ivoire and Niger. The largest 
improvement in children’s height was in China, followed 
by smaller improvements in six other Asian countries, 
Brazil, and Tunisia; in these countries mean HAZ 
increased by 0·35–0·51 per decade, all with PPs of 0·99 
or greater. WAZ improvements varied less across 
countries, ranging from possible worsening in Somalia, 
Burkina Faso, Central African Republic, Zimbabwe, 
Côte d’Ivoire, and Madagascar to improve ments of 0·25 
or greater per decade in Brazil and some countries in 
Asia and Middle East, all with PPs of 0·98 or greater. 
Mirroring these, underweight prevalences declined by a 
third or more per decade in 21 countries, nearly halving 
each decade in Brazil. 

In most countries, changes in moderate-and-severe 
stunting or underweight prevalences between 1985 and 
2011 were statistically indistinguishable from those we 
expected had the whole HAZ and WAZ distribution 
shifted by as much as its median (appendix p 232). In 
other words, reductions in prevalence were generally 
because of overall improvements in population nutri-
tion versus interventions targeting children at high 
risk. In some countries, especially in the Latin America 
and Caribbean region, however, prevalence declined 
more than expected from the improvement in the popu-
lation median—ie, an inequality-reducing change in 
the distribution.

Despite improvements, the probability that develop-
ing countries as a whole will meet the MDG 1 target is 
less than 0·05 if post-2000 trends continue. The 
probability ranged from virtually zero in sub-Saharan 
Africa to close to 1 in the two Latin America and 
Caribbean regions. 27 countries in the Latin America 
and Caribbean region, the central Asia, Middle East, 
and north Africa region, and east and southeast Asia 
have probabilities of 0·80 or greater, with probability 
close to 1·0 in Chile, Brazil, Mexico, and China. 
Another 34 countries had prob abilities between 0·50 
and 0·80, leaving 80 countries with less than a 
50% chance of reaching this target (fi gure 5). Only six 
countries in sub-Saharan Africa had probabilities of 

No estimate made
0−0·12
0·13−0·24
0·25−0·37
0·38−0·49
0·50−0·62
0·63−0·74
0·75−0·87
0·88−1·00

Figure 5: Posterior probability of meeting the MDG 1 target
Defi ned here as halving the prevalence of WAZ below –2 between 1990 and 2015 or reaching a prevalence 2·3% or lower if post-2000 trend continues. WAZ=weight-for-age Z score.
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The Global Burden of Disease Study 2010 (GBD 2010) 
estimates provide important new insights. Alongside 
estimates of health burden attributable to 291 diseases 
and injuries,1 Stephen Lim and colleagues2 estimate the 
health burden associated with 67 risk factors, organised 
into a hierarchy of clusters. So as to distinguish real 
changes in global burden and risk factors from changes 
in methods, they not only estimated the burden and risk 
factor ranking for 2010, but also recalculated estimates 
for 1990. This study represents the work of several 
expert working groups, who led systematic reviews of 
the health eff ects and prevalence of each risk factor.

In such a complex and ambitious exercise, trade-off s 
between rigour and policy relevance are inevitable. 
Judgment calls have to be made when data are not 
reliable or consistent, and these will sometimes be con-
ten tious. In the long term, the work’s value will depend 
on whether the fi ndings are internally consistent, 
complete, and supported by scientifi c consensus.

Although many of the rankings of disease burden and 
risk factors are internally consistent, discrepancies exist 
because of the incompleteness of risk factors analysed. 
For example, diarrhoea and HIV/AIDS are leading causes 
of global disability-adjusted life years (DALYs), but their 
associated risk factors do not feature strongly (fi gure). 
For diarrhoea, in 2010 the associated risk factors of 
sanitation and unsafe water only ranked 26 and 33, 
respectively, and estimates for poor hygiene were not 
included.2 For HIV, unsafe sex was not included as a risk 
factor, by contrast with the previous Global Burden of 
Disease analysis (GBD 2006).3 

More generally, the 1990–2010 comparison of risk 
factors suggests that alcohol, tobacco smoking, and 
several dietary factors have moved up the rankings, 
whereas others, such as being underweight, suboptimal 
breastfeeding, poor sanitation, vitamin A defi ciency, 
zinc defi ciency, and unsafe water, have decreased in 
importance.2 These changes portray real demographic 

Should the GBD risk factor rankings be used to guide policy?
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Figure: Main causes of global DALYs and top fi ve risk factors for poor health in 1990 and 2010 
Data from Murray and colleagues1 and Lim and colleagues.2 DALYs=disability-adjusted life years.
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The Global Burden of Disease Study 2010 (GBD 2010) 
estimates provide important new insights. Alongside 
estimates of health burden attributable to 291 diseases 
and injuries,1 Stephen Lim and colleagues2 estimate the 
health burden associated with 67 risk factors, organised 
into a hierarchy of clusters. So as to distinguish real 
changes in global burden and risk factors from changes 
in methods, they not only estimated the burden and risk 
factor ranking for 2010, but also recalculated estimates 
for 1990. This study represents the work of several 
expert working groups, who led systematic reviews of 
the health eff ects and prevalence of each risk factor.

In such a complex and ambitious exercise, trade-off s 
between rigour and policy relevance are inevitable. 
Judgment calls have to be made when data are not 
reliable or consistent, and these will sometimes be con-
ten tious. In the long term, the work’s value will depend 
on whether the fi ndings are internally consistent, 
complete, and supported by scientifi c consensus.

Although many of the rankings of disease burden and 
risk factors are internally consistent, discrepancies exist 
because of the incompleteness of risk factors analysed. 
For example, diarrhoea and HIV/AIDS are leading causes 
of global disability-adjusted life years (DALYs), but their 
associated risk factors do not feature strongly (fi gure). 
For diarrhoea, in 2010 the associated risk factors of 
sanitation and unsafe water only ranked 26 and 33, 
respectively, and estimates for poor hygiene were not 
included.2 For HIV, unsafe sex was not included as a risk 
factor, by contrast with the previous Global Burden of 
Disease analysis (GBD 2006).3 
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The Global Burden of Disease Study 2010 (GBD 2010) 
estimates provide important new insights. Alongside 
estimates of health burden attributable to 291 diseases 
and injuries,1 Stephen Lim and colleagues2 estimate the 
health burden associated with 67 risk factors, organised 
into a hierarchy of clusters. So as to distinguish real 
changes in global burden and risk factors from changes 
in methods, they not only estimated the burden and risk 
factor ranking for 2010, but also recalculated estimates 
for 1990. This study represents the work of several 
expert working groups, who led systematic reviews of 
the health eff ects and prevalence of each risk factor.

In such a complex and ambitious exercise, trade-off s 
between rigour and policy relevance are inevitable. 
Judgment calls have to be made when data are not 
reliable or consistent, and these will sometimes be con-
ten tious. In the long term, the work’s value will depend 
on whether the fi ndings are internally consistent, 
complete, and supported by scientifi c consensus.

Although many of the rankings of disease burden and 
risk factors are internally consistent, discrepancies exist 
because of the incompleteness of risk factors analysed. 
For example, diarrhoea and HIV/AIDS are leading causes 
of global disability-adjusted life years (DALYs), but their 
associated risk factors do not feature strongly (fi gure). 
For diarrhoea, in 2010 the associated risk factors of 
sanitation and unsafe water only ranked 26 and 33, 
respectively, and estimates for poor hygiene were not 
included.2 For HIV, unsafe sex was not included as a risk 
factor, by contrast with the previous Global Burden of 
Disease analysis (GBD 2006).3 

More generally, the 1990–2010 comparison of risk 
factors suggests that alcohol, tobacco smoking, and 
several dietary factors have moved up the rankings, 
whereas others, such as being underweight, suboptimal 
breastfeeding, poor sanitation, vitamin A defi ciency, 
zinc defi ciency, and unsafe water, have decreased in 
importance.2 These changes portray real demographic 

Should the GBD risk factor rankings be used to guide policy?
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Figure: Main causes of global DALYs and top fi ve risk factors for poor health in 1990 and 2010 
Data from Murray and colleagues1 and Lim and colleagues.2 DALYs=disability-adjusted life years.
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Data from Murray and colleagues1 and Lim and colleagues.2 DALYs=disability-adjusted life years.
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Why use a Bayesian approach for
complex hierarchical analyses?

• To account for hyperparameter uncertainty

• To impose a penalty on model complexity

• To obtain, via MCMC:

• Computational feasibility
• Posterior draws for stakeholders
• Inference on complex functionals
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Thanks!

• Chris Paciorek (U.C. Berkeley)

• Majid Ezzati (Imperial College London)

• Gretchen Stevens (WHO)

• Goodarz Danaei (Harvard)
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