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Abstract Life expectancy has risen sharply in the last 50 years. We applied the classic Michaelis–
Menten enzyme kinetics to demonstrate a novel mathematical relationship of income to childhood (aged 
0–5 years) and adult (aged 15–60 years) survival. We treat income as a substrate that is catalyzed to 
increase survival (from technologies that income buys) for 180 countries from 1970 and 2007. Michaelis–
Menten kinetics permit estimates of maximal survival and, uniquely, the critical income needed to 
achieve half of the period-specific maximum. Maximum child and adult survival rose by about  
1% per year. Critical incomes fell by half for children, but doubled for men. HIV infection and smoking 
account for some, but not all, of the rising critical incomes for adult survival. Altering the future cost 
curve for adult survival will require more widespread use of current interventions, most notably tobacco 
control, but also research to identify practicable low-cost drugs, diagnostics, and strategies.
DOI: 10.7554/eLife.00051.001

Introduction
In the 20th century, global life expectancy rose by about 90 days per year, with much of that increase 
driven by substantial declines in childhood mortality (Oeppen, 2002; Vallin and Meslé, 2009).

In most low-income countries, death in middle age is increasing in relative importance as other 
causes decrease and the effects of smoking increase (Jha, 2009). Most adult deaths are due to non-
communicable diseases, such as vascular, respiratory, or neoplastic diseases, with a significant minority 
due to HIV/AIDS, malaria, and tuberculosis (Beaglehole et al., 2011b). This has spurred calls for global 
efforts to tackle chronic diseases of adults akin to the already established global efforts to reduce 
childhood, maternal, and infectious disease deaths through the United Nations (UN) 2015 Millennium 
Development Goals (MDGs) (Beaglehole et al., 2011a).

In a classic paper, Preston (1975) offered an elegant analysis to establish a cross-sectional 
relationship between mean national life expectancy and national income per capita. The ‘Preston 
curve’ shows a positive relationship between national income levels and life expectancy in poorer 
countries but with smaller marginal returns at higher incomes. Preston noted an upward rise in the 
curve for three decades over the 20th century, leading to higher life expectancies for any given 
national income (defined as GDP per capita) level over time (Figure 1A is a reproduced graph of 
the Preston curve for the years 1960 and 2000). This upward rise has been attributed to the adop-
tion of low-cost health technologies for child survival (Mathers et al., 2008; United Nations, 
2011), such as immunization and oral rehydration, and to improvements in nutrition (Fogel, 1997), 
sanitation (Cutler and Miller, 2004), primary education for women (Caldwell, 1979; Cutler et al., 
2006), or a combination of these variables (Rodgers, 2002). Indeed, some countries such as Costa 
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Rica, Cuba, and Sri Lanka all achieve life expectancy levels greater than expected by their income 
(Caldwell, 1986).

Life expectancy has continued to increase globally, and this has led to the belief that less daily 
income is required to achieve a certain life expectancy level (Casabonne and Kenny, 2012). But these 
trends mask heterogeneity across age groups and income levels. In this article, we argue that the 
majority of gains in life expectancy for low- and middle-income countries have been achieved through 
reductions in child mortality while improvements in adult mortality have been restricted mostly to 
high-income countries. This has reduced inequality between countries for child survival, however, 
increased inequality for adult survival. The central objective of this article is to construct a mathem
atical model derived from the field of biochemistry/enzymology to analyze upward and lateral move-
ments in the Preston curve. More specifically, we establish a new parameter ‘critical income’ (analogous 
to the Michaelis constant [Km]) to investigate the trends in income levels associated with reductions in 
mortality over the past 40 years; this model is further applied to age-specific populations to elucidate 
child and adult contributions to improving life expectancy. We also estimate the impact of HIV/AIDS 
and smoking on adult critical income values.

Mathematical models of health and income
The relationship between health and income has been described using a variety of empirical models, 
generally of the form (Wagstaff and Van Doorslaer, 2000)

( )= ′ > ″ <; where 0 and 0,i ih f y f f 	 [1]

where hi is a health indicator (such as life expectancy or survival rates) and yi is income, for country or unit i.
Preston, originally, characterized the relationship between life expectancy (e0) at birth and gross 

domestic product per capita (‘GDP’) as a logistic function in the form

eLife digest In 1975 Samuel Preston published a classic paper that showed life expectancy was 
related to national income. When plotted as a graph, with national income on the horizontal axis 
and life expectancy on the vertical axis, the Preston curve shows that an increase in national income 
leads to an increase in life expectancy, with the increases in life expectancy becoming proportionally 
smaller as income increases. Moreover, Preston showed that innovations in healthcare (such as 
vaccinations, public health education, and sanitation systems) were increasing the maximum life 
expectancy that can be achieved for any given national income (defined as GDP per capita): this can 
be seen by comparing the Preston curves from 1960 and 2000 shown in Figure 1A. Indeed, global life 
expectancy increased by about 25 years over the course of the 20th century, which suggests that 
the level of daily income needed to achieve a certain life expectancy should be falling over time.

To explore this in greater detail, Hum et al. have constructed a mathematical model to 
investigate the relationship between health and income across different age groups and income 
levels. They found that most of the gains in life expectancy for low- and middle-income countries 
have been achieved by reducing child mortality, with gains in life expectancy for adults being 
restricted mostly to high-income countries. The model, which is based on the mathematical 
equations used to describe the kinetics of enzymatic reactions, makes it possible to estimate the 
improvements of health that can be made over time, and also the level of income that is needed to 
achieve these improvements.

In particular, Hum et al. have established a new parameter, the critical income, which is the level 
of income needed to achieve half of the maximal health found in high-income countries for the year 
in question. Based on available data from over 150 countries, they found that critical incomes fell by 
half for children between 1970 and 2007, but doubled for adult males during the same period. The 
rise in critical income for adults was due partly to the HIV epidemic and increases in smoking in 
low- and middle-income countries, reflecting the growing problems presented by noncommunicable 
diseases. Hum et al. conclude that increasing the survival among adults will require increased use of 
proven cost-effective interventions, most notably tobacco control, plus new research to identify 
low-cost drugs, diagnostics, and other public health strategies.
DOI: 10.7554/eLife.00051.002
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where GDP′ is GDP linearized on a scale of 0 to 1. Figure 1A is a reproduced plot of the original ‘Preston 
curve’, with an upward shift between the years 1960 and 2000 (Preston, 1975). Although the fit of this 
model to data is good, the model parameters are harder to interpret. It is suggested that identifying 
an inflection point (the point of diminishing returns) could clarify the analysis of these parameters 
(Rogers and Crimmins, 2011), for a generalized logistic function of the form

( )− ×=
+ ×0 GDP

e ,
1 e

b

c

a 	
[3]

where ‘c’ is the maximal life expectancy and the inflection point is at a GDP value of ‘ln(a)/b’.
More commonly, however, a log-linear relationship is used as a simpler alternative to the logistic function

( )= + ×
0

e ln GDP .a b 	 [4]

Figure 1. (A) The original ‘Preston curve’ (plotted as a logistic function) demonstrating an upward shift from 1930 
to 1960. Source: Preston (1975). (B) A hypothetical Michaelis–Menten plot with kinetic parameters vmax and Km.
DOI: 10.7554/eLife.00051.003
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The Preston model explains the majority of the observed variance in life expectancy, but the coef-
ficients (‘a’ and ‘b’) are not interpretable as no meaning exists for each coefficient nor is a theoretical 
relationship between them stipulated. The inadequacy of the Preston models to methodologically 
identify a single point (such as an inflection point; Rogers and Crimmins, 2011), which describes the 
changing curvature at lower income levels, has led to greater emphasis on the upward rise in the 
Preston curve, and less attention is devoted to lateral movements (along the income axis). Nonparametric 
regressions have been used to identify a ‘hinge’ on the Preston curve (Deaton and Case, 2009); how-
ever, we know of no known study that has explicitly quantified shifts across income levels.

Adapted enzyme kinetics model
Here, we identify a new construct called ‘critical income’ through the novel application of a mathemat
ical model by Michaelis and Menten (MM) to empirically track child and adult mortality at different 
incomes. The Michaelis–Menten mathematical model first described in 1913 (Michaelis and Menten, 
1913) was initially developed to analyze enzyme kinetics. Enzymes are biomacromolecules that act as 
catalysts, agents that accelerate the rate of a chemical reaction without being consumed in the pro
cess. In the absence of these enzymes, some thermodynamically favorable reactions may be kinetically 
hindered from occurring. For a single reaction, enzyme E binds to a substrate S to form an intermedi-
ate complex ES, which is converted into a product P and the original enzyme

+ +⇌ ⇀E S ES E P.	 [5]

Figure 1B is a plot of the MM equation for a hypothetical reaction. The classic MM equation 
describes the dependence of the enzyme velocity v on substrate concentration [S]. v asymptotically 
approaches a maximum value (νmax) at high [S] when enzymatic sites are saturated. Km is the half satur
ation constant—substrate concentration at which v = 0.5vmax. Km is a function of the forward and 
reverse reaction rate constants, where a lower Km value indicates a more efficient catalyst

[ ]
[ ]=

+
max

m

.
K

v S
v

S
	

[6]

We extend the application of the Michaelis–Menten kinetics model to describe life expectancy, 
child, and adult survival. We use the analogy that GDP is a substrate, and health determinants and 
widespread applications of public health research, treatments and interventions are catalysts that 
increase health and survival (Ad Hoc Committee on Health Research Relating to Future Intervention 
Options, 1996). Indeed, infrastructure (such as water sanitation and education systems), vaccinations 
(leading to long-term immunity), and public health knowledge can be viewed as catalysts that are not 
consumed in entirety during the process.

×
=

+
0,max

0

inc

e GDP
e ,

GDP K 	
[7]

where for a given year, the mean life expectancy at birth (e0) in a country is related to its GDP per 
capita (per day, at constant 2005 international dollars, adjusted for purchasing power parity and infla-
tion). The MM model is characterized by two parameters: the life expectancy of the highest income 
countries (e0,max), and critical income (Kinc). We introduce a new parameter called ‘critical income’ as a 
meaningful construct that can be estimated to assess the relationship between income and mortality. 
This construct is defined as the level of daily income associated with the achievement of 50% of the 
maximum life expectancy (i.e., GDP per capita at e0 = 0.5 × e0,max); ‘maximum life expectancy’ is 
empiric, approximating the observed average life expectancy in high-income countries (Rodgers, 
2002). While it is a biochemical convention to report the 50% mark, the critical income value is adapt-
able to determine higher fractional level of maximum life expectancy. In particular, two, four, and nine 
times the critical income yields the income required to achieve 66.7%, 80%, and 90% of the maximal 
life expectancy, respectively.

The asymptotic leveling of life expectancy at high income seen in the Preston or MM curves is 
analogous to the saturation of enzymatic sites at high substrate concentration, thus, further increases 
in GDP leads to only marginal increases in life expectancy.

This model establishes a systematic and empirical method for monitoring not only previously docu-
mented upward rises in the Preston curve but also potential shifts along the income axis. Whereas an 
upward rise can increase the maximum achievable survival for all countries, lateral shifts indicate an 
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increase or decrease of income required to achieve this survival. These lateral shifts are particularly 
significant for more resource-limited countries that have yet to reach asymptotic leveling in the health 
and income relationship.

Age-specific contributions to changes in life expectancy are quantified using child mortality rate as 
the probability of a child born in a specific year dying before reaching the age of 5 years, referred to 
as 5q0, and the gender-specific adult mortality rate, representing the probability (for a given year) that 
an individual who has just turned 15 years will not reach the age of 60 years, referred to as 45q15. We 
transform these values to survival rates, where a mortality rate of 5 per 1000 corresponds to a 99.5% 
survival rate. The corresponding MM functions for child survival from age 0 to 5 years (5p0) and for 
adults from the age of 15 to 60 years (45p15), by gender, are

×=
+

max

inc

5p0 GDP
5p0 ;

GDP K
	 [8]

×=
+

max

inc

45p15 GDP
45p15 ,

GDP K
	 [9]

where in a given year, 5p0max and 45p15max are the maximum survival rates in high income countries 
and Kinc is the critical income associated with that age-specific group and gender.

Two large and widespread public health factors that have influenced mortality over the last four 
decades have been the HIV/AIDS pandemic and smoking, which makes more common most vascular, 
respiratory, and neoplastic diseases as well as tuberculosis (Gajalakshmi et al., 2003; Jha, 2009). We 
test if adjustment for the marked heterogeneity of HIV prevalence (between the ages of 15 and  
49 years, as proxy for general population infection levels) and cigarette consumption (at ages 15 years 
or older) make less efficient the relationship between GDP per capita and adult mortality—as indi-
cated by critical income values.

Results
Model fitness
Figure 2A shows the graphical similarity between the logistic, log-linear, and MM model fits of life 
expectancy for the year 1990. For the years 1970 to 2007, there was no significant difference in 
the coefficient of determination (R2) for the logistic (M = 0.666, SD = 0.064), log-linear (M = 0.645, 
SD = 0.073), and MM regressions (M = 0.622, SD = 0.083; F(2,26) = 0.807, p=0.458, not statistically 
significant), indicating that the MM model is statistically as valid as the Preston log-linear and logistic 
models. See Table 1 for the regression coefficient for all years.

Although the fits of the models were comparable, the parameters of the logistic and log-linear 
models have less obvious explanatory value. For the logistic function, all inflection points were deter-
mined to be negative (from −$2.69 in 1970 to −$8.47 in 2007) and are impossible income values for 
any country. This suggests that the logistic function is overly complex and not necessary to model the 
data. For the log-linear function, the model parameters did not allow for a means to intuitively track 
lateral movements in the Preston curve. In addition, when using annual income (rather than daily 
income), the parameter ‘a’ was not statistically significant for any year from 1970 to 2000. Table 2 is a 
comparison of all three models for the year 1990.

For each year, the maximum life expectancy approximated the 5% trimmed mean life expectancy 
observed in countries with annual incomes greater than $12,276 (t(8) = −1.596, p=0.149, ns; Table 1). 
In addition, we performed a sensitivity analysis on the maximum life expectancy and critical income 
parameters and determined that both were not sensitive to the random removal of 5% of the data 
(t(8) = 1.07, p=0.314, not statistically significant; t(8) = 1.46, p=0.178, not statistically significant, 
respectively; Table 1).

Trends in life expectancy
An upward rise is observed for life expectancy and income from 1970 to 2007 (Figure 2B). The maximal 
life expectancy rose from 67.8 years (95% uncertainty interval 65.4–70.1 years) in 1970 to 75.5 years 
(95% uncertainty interval 73.9–77.1 years) in 2007. This change in maximal life expectancy represents 
a linear increase of 75 (95% uncertainty interval 48–99 years) days per calendar year (R2 = 0.875) over 
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the last 40 years, and is comparable to the life expectancy increase of almost 90 days per calendar year 
for the 20th century (Oeppen, 2002).

In addition to maximal life expectancy increase, a lower national income is associated with a higher 
life expectancy now than it was 40 years ago. The critical income (in constant 2005 international 
dollars) needed to achieve half of maximal overall life expectancy declined from $1.48 ($1.18–$1.78) 
in 1970 to $1.21 ($0.98–$1.44) in 2007, equivalent in 2007 to the extreme poverty line of $1.25 per day; 
this represents an 18% decrease in critical income to gain almost 4 additional years of life expect-
ancy. Critical income declined linearly at a rate of −$0.09 per decade (−$0.06 to −$0.13, R2 = 0.839). 
Table 1 also reports the incomes required to achieve 66.7%, 80%, and 90% of the maximal life 
expectancies.

Trends in adult and child survival
Maximum survival for all age groups rose at statistically the same rate between 1970 and 2007 
(Figure 3A, Table 3). Maximum child survival to the age of 5 years increased from 94.5% (92.7–96.2%) 
to 98.0% (97.3–98.6%), an increase of 0.8% (0.3–1.3%) per decade (R2 = 0.665); maximum adult 
female survival at ages 15–59 years rose from 85.9% (84.1–87.7%) to 90.1% (87.8–92.3%), an increase 

A

B

Figure 2. (A) The graphical similarity between the logistic, log-linear, and Michaelis–Menten model fits of life 
expectancy for the year 1990. (B) Preston curve plotted as an enzyme kinetics reaction with coefficients critical 
income and maximum life expectancy for the years 1970 and 2007.
DOI: 10.7554/eLife.00051.004
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of 1.1% (0.5–1.6%) per decade (R2 = 0.762); and maximum adult male survival at ages 15–59 years 
rose from 77.7% (75.6–79.7%) to 82.1% (79.0–85.0%), an increase of 1.1% (0.6–1.7%) per decade 
(R2 = 0.749).

However, critical incomes diverged dramatically for children and adults (Figure 3B). From 1970 to 
1980, the critical income values for children, adult males, and adult females were statistically equiva-
lent, between $0.54–$0.58 per day. For children, the critical income values declined gradually, how-
ever, with a large drop in 1990–1995. Over the 40-year period from 1970 to 2010, the critical income 
for child survival fell by over half from $0.58 ($0.46–$0.70) to $0.24 ($0.20–$0.28). In contrast, critical 
income more than doubled for adult male survival from $0.54 ($0.38–$0.71) to $1.20 ($0.81–$1.58) and 
rose over 50% for adult female survival from $0.57 ($0.43–$0.70) to $0.89 ($0.65–$1.12) (see Table 3 
for all years and Supplementary file 1 for each country-specific critical income). These percentage 
increases were similar even if critical income was defined differently, for example, income needed to 
achieve 66.7%, 80%, or 90% of maximum survival (not shown).

The 1970 and 2007 survival curves for adult men crossed over at a value for $10.95 GDP  
per capita per day. There are 58 countries with a total adult male population of approximately  
780 million (or 35% of the world adult male population) below this income value. For these coun-
tries, adult male survival was lower in 2007 than in 1970 (Figure 4A). For women, the comparable 
1970 and 2007 survival curves crossed at a value of $5.93 GDP per capita per day, corresponding 
to 32 countries, with approximately 150 million women (or 7% of the world adult female popula-
tion), where female survival in 2007 was worse than in 1970 (Figure 4B). By contrast, between 
1970 and 2007, for the 58 countries with an income under $10.95 per capita per day in 2007, child 
mortality improved by 11.8%, adult male survival fell by 2.7%, and incomes rose by 8.9% (or an 
absolute increase of $0.98).

Impact of HIV prevalence and smoking
Particularly given the marked increase in critical incomes needed to achieve maximal adult male sur-
vival, we tested if HIV infection and deaths and smoking (both, greater in males than in females) 
explained the increasing critical income values for adult males (Figure 5). For adult males in the 
year 2000, HIV prevalence (range 0.06–26% aged 15–49 years) and cigarette consumption (range 
54.6–3385.2 per year at ages 15 years or older) were shown to influence critical income. Selecting the 
86 countries with complete survival, income, HIV, and cigarette data, the critical income value was 
$2.02 ($1.32–$2.73). Adjusting for HIV and smoking prevalence to the average across countries 
reduced the critical income to $1.22 ($0.76–$1.69), meaning that HIV and smoking could explain about 
half of the increases in critical income. In 1970, the critical income was $0.54 ($0.38–$0.71), thus, HIV 

Table 1. Maximum life expectancy, critical income, and regression coefficients (95% confidence intervals) for all countries at 5-year 
intervals from 1970 to 2007

Year n R2

MaxLife expectancy 
(LEmax, years)

5% trimmed  
mean LE for  
high-income  
countries

Income require for varying levels of LEmax

Full sample

95% 
random  
sample

Critical income (Kinc, 50%)

66.70% 80% 90%Full sample
95% random  
sample

1970 148 0.535 67.8 (65.4–70.1) 67.6 66.7 1.48 (1.18–1.78) 1.43 2.96 5.92 13.32

1975 148 0.574 69.3 (67.2–71.4) 69.2 70.3 1.50 (1.22–1.77) 1.53 3.00 6.00 13.50

1980 149 0.668 71.3 (69.6–73.0) 71.1 71.8 1.51 (1.28–1.74) 1.46 3.02 6.04 13.59

1985 152 0.716 73.2 (71.8–74.8) 73.1 73.2 1.50 (1.29–1.70) 1.46 3.00 6.00 13.50

1990 164 0.735 74.6 (73.2–75.9) 73.5 74.3 1.45 (1.27–1.63) 1.34 2.90 5.80 13.05

1995 177 0.677 75.0 (73.6–76.4) 74.8 75.4 1.31 (1.13–1.49) 1.27 2.62 5.24 11.79

2000 178 0.64 75.2 (73.8–76.7) 75.3 76.2 1.27 (1.08–1.46) 1.27 2.54 5.08 11.43

2005 177 0.532 75.3 (73.6–76.9) 75.6 76.5 1.19 (0.97–1.41) 1.23 2.38 4.76 10.71

2007 172 0.521 75.5 (73.9–77.1) 75.7 76.4 1.21 (0.98–1.44) 1.22 2.42 4.84 10.89

Note: All model parameters were found to be significant, p<0.0001.
DOI: 10.7554/eLife.00051.005
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Table 2. Comparison of the logistic adapted Michaelis–Menten and log-linear models for the year 1990

Model Form R2 Parameters

Logistic
( )− ×=

+
max

GDPe b

LE
LE

a

0.745 LEmax = 73.6 
(72.1–75.1)

a = 0.642 
(0.546–0.739)

b = 0.129 
(0.159–0.100)

Inflection  
point = −3.43

Adapted  
Michaelis–Menten ( )

×
=

+
max GDP

GDPinc

LE
LE

k

0.735 LEmax = 74.6 
(73.2–75.9)

kinc = 1.50 (1.29–1.70)

Log-linear LE = a + b × ln(GDP) 0.731 a = 44.1 (42.0–46.2) b = 7.65 (6.93–8.37)

DOI: 10.7554/eLife.00051.006

infection and smoking do not explain all of the worsening of critical income observed by the year 2000. 
HIV infection and smoking had no statistical impact on the maximum survival.

These results are further supported by a first differences analysis (Table 4). Over the 10-year period 
from 1990 to 2000, a rise of one cigarette consumed per day per person and 1% in HIV prevalence led, 
for adult men, to a $1.70 ($0.96–$2.43) and $0.70 ($0.27–$1.13) increase in critical income, respect
ively. For adult females, the impact of a 1% rise in HIV prevalence per capita was associated with a 
$0.40 ($0.31–$0.49) increase in critical income; however, the impact of smoking was lower, with a 
change of $0.38 ($0.23–$0.54). Moreover, adding a covariate for HIV prevalence also improved the 
goodness of fit dramatically for all years and genders (Table 3).

Discussion
Our establishment of a new parameter ‘critical income’ provides novel insights into the relationship of 
global mortality changes with income. It builds on the well-established Preston curve functions by 
quantifying the rise in survival. More profoundly, our analyses reveal that while less and less income is 
required to improve childhood survival, the opposite is true to improve adult survival—particularly in 
low- and middle-income countries.

Unlike for adults, child survival replicates the upward and lateral trend in the original Preston 
curve for life expectancy. This suggests that for low- and middle-income countries, the majority of 
the past gains in life expectancy have been achieved via declining child mortality. This is consistent 
with the UN Population Division trends given the large impact of child mortality (compared to adult 
mortality) on overall life expectancy (United Nations, 2011). The greatest decline in child critical 
income was achieved after 1990, coinciding with actions following the UN’s World Summit for 
Children. With justification, cost-effective interventions have been disproportionately devoted to 
child and maternal health (Daar et al., 2007), and more recently to control of infectious diseases 
such as HIV/AIDS, malaria, and tuberculosis. Increasing coverage of inexpensive health interventions 
such as immunization, insecticide-treated nets, and case management of childhood infections could 
be contributing to the decline in critical income for child survival (Jamison et al., 2006; Mathers 
et al., 2008). Moreover, there might be complementary benefits of education in reducing child mor-
tality (Gakidou et al., 2010). Our study does not address any causal relationship between such 
interventions and reductions in child mortality; however, our results imply that the achievement of 
the UN MDG 4 (to reduce child mortality by two-thirds from 1990 levels) might be due to the falling 
levels of income needed to increase child survival.

For adult survival, however, there is a reversal of fortune. While achievable adult survival rates 
have improved, improvements are only associated with those countries at higher income levels. The 
rise in critical income suggests that the marginal costs of increasing adult longevity are rising; this 
may explain the lower rate of decline in adult mortality in countries with low income (Rajaratnam 
et al., 2010). The emergence of HIV/AIDS in the 1980s and the rise in global smoking prevalence in 
low- and middle-income countries (Guindon and Boisclair, 2003) can explain much, but not the 
entire rise in critical income for adult males. For males, the rise in smoking accounts for over 40% 
more of the variance in critical income compared to 30% for HIV/AIDS. For adult women, the impact 
of cigarettes on critical income is much lower, which reflects the five times lower prevalence of smok-
ing among women compared to men (Guindon and Boisclair, 2003). Indeed, previous studies have 
already highlighted the impact of smoking and HIV/AIDS on adult survival in developing countries. 

http://dx.doi.org/10.7554/eLife.00051
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A

B

Figure 3. Trends for maximum survival (A) and critical income (B) for children and adults from 1970 to 2007.
DOI: 10.7554/eLife.00051.007

Even low levels (4%) of HIV prevalence in rural Tanzania can increase overall adult mortality by more 
than 50% (Todd et al., 1997). Our findings also show that smoking increases critical income but has 
no statistical impact on maximum survival. This is in line with trends in global smoking, where preva-
lence of smoking (and subsequently the deaths attributed to smoking) are rising in low- and middle-
income countries but declining in high-income countries (Jha, 2009).

Under the current conditions, an approximate national income per capita of $2.20 per day would 
be required in 2007 to attain the same achievable adult male survival rate with $1.25 per day in 1970. 
Moreover, should the critical income costs for adults continue to rise (in line with current trends), sur-
vival rates for low- and middle-income countries might well deteriorate into the future. In contrast, 
high-income countries have benefited from the rise in maximum survival among adults. This is likely 
due to more widespread availability of secondary treatments for chronic diseases, most notably for 
vascular disease, and in particular from sharp reductions in smoking (Jha, 2009).

The probabilities of premature adult deaths before the age of 70 from vascular, respiratory, and 
neoplastic diseases are remarkably similar in low-, middle-, countries and high-income countries 

http://dx.doi.org/10.7554/eLife.00051
http://dx.doi.org/10.7554/eLife.00051.007
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A

B

Figure 4. Adult male (A) and female (B) survival regression curves for the years 1970 and 2007. Adult survival in 
2007 is lower than in 1970 for countries under the income threshold of $10.95 (for men) and $5.93 (for women).
DOI: 10.7554/eLife.00051.009

(Strong et al., 2005). Low-cost, effective, and feasible interventions (Jha et al., 2002) exist against 
these diseases, most importantly tobacco control (Jha, 2009), but also increased reduction in haz-
ardous alcohol intake (particularly in former Soviet states; Zaridze et al., 2009), and low-cost drugs 
for secondary management of existing disease. However, these interventions are still not widely 
used in low-income countries (Jha et al., 2012). Over the past few decades, research and develop-
ment of new technologies (drugs, vaccines, and policies) have focused mostly on childhood and 
infectious disease, with fewer worldwide investments for adult chronic diseases (Ad Hoc Committee 
on Health Research Relating to Future Intervention Options, 1996). Thus, the longer-term trajec-
tory of critical incomes for adult survival might well depend on the development of newer interven-
tions, as well as more widespread application of interventions already proven to be cost effective 
(Jamison et al., 2006).

http://dx.doi.org/10.7554/eLife.00051
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This is, as far as we know, the first application of enzyme kinetics to mortality changes. There is no 
a priori reason to exclude a relationship of mortality and income being comparable to biological reac-
tions. Indeed, since its initial formulation in 1913, the MM equation has been sufficiently adaptable to 
explain various levels of biological complexity from thousands of single enzyme reactions (English 
et al., 2005), reversible and quasi-steady state systems (Briggs, 1925), the growth of microbial cul-
tures on a nutrient substrate (Monod, 1949), the growth in size of a variety of different animal species 
(López et al., 2000), and the ability of organisms to acclimate to changes in environmental conditions 
(Bonachela et al., 2011).

Like all models, ours faces certain limitations. The relationship of income to mortality is comparable 
using the log-linear, logistic, MM, or indeed other methods. But none of the models can directly elu-
cidate the mechanism(s) that converts income into better survival. The novel insight from the MM 
method is that we can model income as a substrate that catalyzes further changes that more directly 
impact survival. National income is quite large in relation to health spending for most countries (the 
median national spending on health is 5% of the GDP, and the United States at about 18% of GDP 
represents an outlier). Thus, income fulfills, partially, the MM definition of a substrate that is an input 
converted into health interventions and their use. We also reason that income directly enables certain 
technologies, immunization programs, epidemiological knowledge, education, and sanitation systems 
and other areas, which may themselves be interpreted as ‘catalysts’—agents that accelerate the rate 
of a reaction without being fully consumed in the process.

Moreover, the MM method advances some understanding of mechanisms by defining critical 
income levels that measure the efficiency of particular countries using available income to keep up 
with maximal achievable survival by other countries during that narrow 5-year time period. The new 
variable critical income (akin to Km) provides a measure to observe a ‘lateral shift’ that was not possible 
mathematically with the log-linear or logistic models. Additionally, the obvious impacts of two large 
risk factors (HIV and tobacco) on adult survival suggest some mechanistic insights between income 
and survival (and indeed the fact that male survival was more unequal from greater male smoking, and 
female and male survival were affected equally by the more even spread of HIV infection, further 
strengthens this case).

We caution however that full explanation of the links between specific technologies catalyzed by 
income need more research. For example, the Monod equation (an adaptation of the MM equation to 
fit the growth of bacterial cultures; Monod, 1949), which was first proposed in 1949, was only inter-
preted thermodynamically 50 years later (Liu et al., 2003). Nonetheless, this equation was (and con-
tinues to be) used extensively in the pharmaceutical and food industries as well as in waste treatment 
systems. Additionally, our analyses could be considerably strengthened by examining trends in age, 

Figure 5. Impact of smoking and HIV on critical income for adult males in 2000.
DOI: 10.7554/eLife.00051.010
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gender, and cause-specific mortality, but cause-specific mortality data are simply unavailable for most 
countries; for instance, notwithstanding global efforts to identify data for child mortality, less than 3% 
of all child deaths worldwide were certified according to cause of death (Liu et al., 2012). Indeed, 
expanded efforts to measure causes of death is a big global priority (Jha, 2012; Vogel, 2012) and the 
development of new physically or biologically inspired analytical models can help elucidate better 
understanding of global mortality trends.

Materials (data sources)
Data for 180 countries at 5-year intervals from 1970 to 2007 were included in the analysis, with defini-
tions of income as per those from the World Bank (Supplementary file 1); the Institute for Health 
Metrics and Evaluation (Institute for Health Metrics and Evaluation, 2012), UN Population Division 
(United Nations, 2011), UNAIDS online database (UNAIDS, 2010), and Penn World Table 6.3 data-
bases (Heston et al., 2009) were used for child and adult mortality, life expectancy and country popu-
lation by age-groups, prevalence of HIV among adults aged 15–49 years, and GDP per capita at 
constant 2005 international dollars and purchasing price parity, respectively. Cigarette consumption 
per capita is from the American Cancer Society (Guindon and Boisclair, 2003). Availability of data for 
all 180 countries was not consistent across all years and all variables. Data from missing countries (by 
individual year and population group and disease and risk burden) were removed from that specific 
regression analysis. A list of countries is found in Supplementary file 1. The UN Population Division 
database for child (UN Inter-agency for Child Mortality Estimates, 2012) and adult (United Nations, 
2011) mortality were used to confirm results. To confirm the completeness and accuracy of the Institute 
for Health Metrics and Evaluation database, statistical analysis was duplicated using 5-year rolling 
averages from UN Inter-agency Group for Child Mortality Estimates (UN Inter-agency for Child 
Mortality Estimates, 2012) and UN Population Division database adult mortality (United Nations, 
2011), with general consistency in the trend lines (Figure 6A,B). 5-year rolling averages also increased 
the R2 values compared to single-year regressions; for regressions using UN datasets, the average 
R2 rose to above 0.5 for all age groups (including high HIV-prevalent countries)—compared with 
lower correlation coefficients for single-year regressions using the Institute for Health Metrics and 
Evaluation dataset (Table 3).

Methods
For the Michaelis–Menten adapted model and the logistic model, a nonlinear regression analysis 
(using iterative parameter estimation algorithms; Greco and Hakala, 1979) was used to calculate the 
parameters. The logistic and log-linear regressions were analyzed for life expectancy to compare the 
goodness of fit. To study progress over time, we calculated these eo,max, 5p0max and 45p15max, and Kinc 
values for each age group and gender at 5-year intervals from 1970 to 2007. Countries with missing 
mortality or income estimates were eliminated from the regression analysis on a year-by-year basis. We 
also computed estimates of critical income for each specific country, year, age group, and gender, 
assuming that the maximum survival was a constant across all countries. Additional analyses were 
completed by adding covariates for HIV prevalence in a given year (from 1990 to 2007) and cigarette 
consumption per capita (in the year 2000). For the year 2000, analysis was restricted to countries with 
complete data for both HIV prevalence and cigarette consumption (n = 86). First differences analysis 

Table 4. First differences analysis for HIV prevalence and cigarette consumption on country-specific 
critical income from 1990 to 2000

N R2 HIV α ($ per HIV %) Standardized α

Smoking β 
($ per cigarette  
per person per day) Standardized β

Adult male 92 0.240 0.70 (0.27–1.13) 0.302 1.70 (0.96–2.43) 0.425

Adult female 92 0.504 0.40 (0.31–0.49) 0.655 0.38 (0.23–0.54) 0.366

Note: All model parameters were found to be significant, p<0.0001.
DOI: 10.7554/eLife.00051.011
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was used to confirm the impact of HIV/AIDS prevalence and cigarette consumption on critical income 
values over the 10-year period from 1990 to 2000, such that

( )=incK HIV,Cig ,f 	 [10]

∆
∂ ∂= α∆ + β∆ α = β =
∂ ∂

inc inc
inc

K K
K HIV Cig; where and .

HIV Cig
	 [11]

We used SPSS (version 19) to conduct all regression analyses.

A

B

Figure 6. Child, adult male and adult female maximum survival (A) and critical income (B) curves from 1970 to 2005 
using two different data sources (IHME and UN Population Division). Maximum survival and critical income values 
were calculated using 5-year averages where the national income per capita and country survival rates for year i was 
an average for the years i to i + 4.
DOI: 10.7554/eLife.00051.012

http://dx.doi.org/10.7554/eLife.00051
http://dx.doi.org/10.7554/eLife.00051.012


Human biology and medicine | Microbiology and infectious disease

Hum et al. eLife 2012;1:e00051. DOI: 10.7554/eLife.00051	 15 of 17

Research article

Acknowledgements
We thank Beverly Bradley for comments.

Additional information
Competing interests
PJ: Senior Editor, eLife. The remaining authors have no competing interests to declare

Funding

Funder
Grant reference  
number Author

Canadian Institute for Health Research Ryan J Hum

Lupina Foundation Ryan J Hum

National Sciences and Engineering Research Council Yu-Ling Cheng

Social Sciences and Humanities Research Council Anita M McGahan

Disease Control Priorities 3 Prabhat Jha

Metcalfe Fellowship Ryan J Hum

The funders had no role in study design, data collection and interpretation, or the  
decision to submit the work for publication.

Author contributions
RJH, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or 
revising the article; PJ, Conception and design, Analysis and interpretation of data, Drafting or revis-
ing the article; AMM, Analysis and interpretation of data, Drafting or revising the article; Y-LC, 
Conception and design, Analysis and interpretation of data, Drafting or revising the article

Additional files
Supplementary files
•	 �Supplementary file 1. Country specific critical incomes for adult male, adult female and children 

(in constant $2005 with purchasing price parity) for the years 1970, 1990 and 2007.
DOI: 10.7554/eLife.00051.013

Major datasets

The following previously published datasets were generated:

Author(s) Year Dataset title Dataset ID and/or URL

Database, license,  
and accessibility  
information

Institute for  
Health Metrics  
and Evaluation

2010 Adult Mortality  
Estimates by  
Country 1970–2010

http://www.healthmetricsandevaluation.
org/ghdx/record/adult-mortality-estimates-
country-1970-2010

Publicly available

UN Inter-agency  
for Child Mortality  
Estimates

2012 Under-five mortality  
rate estimates  
1931–2011

http://www.childmortality.org/files_v9/
download/CME%20all%20countries%20
U5MR%20estimates.xlsx

Publicly available

UNAIDS 2010 Estimated HIV  
Prevalence  
(Ages 15–49)

http://www.unaids.org/en/dataanalysis/
datatools/aidsinfo/

Publicly available

Heston A,  
Summers R, Aten B

2009 Penn World  
Table 6.3 database

https://pwt.sas.upenn.edu/php_site/
pwt63/pwt63_form.php

Publicly available

Guindon GE,  
Boisclair D

2003 Past, Current and  
Future Trends in  
Tobacco Use,  
Appendix 6, Per Capita 
Cigarette Consumption 
1970–2000

http://escholarship.org/uc/
item/4q57d5vp

Publicly available

http://dx.doi.org/10.7554/eLife.00051
http://dx.doi.org/10.7554/eLife.00051.013
http://www.healthmetricsandevaluation.org/ghdx/record/adult-mortality-estimates-country-1970-2010
http://www.healthmetricsandevaluation.org/ghdx/record/adult-mortality-estimates-country-1970-2010
http://www.healthmetricsandevaluation.org/ghdx/record/adult-mortality-estimates-country-1970-2010
http://www.childmortality.org/files_v9/download/CME%20all%20countries%20U5MR%20estimates.xlsx
http://www.childmortality.org/files_v9/download/CME%20all%20countries%20U5MR%20estimates.xlsx
http://www.childmortality.org/files_v9/download/CME%20all%20countries%20U5MR%20estimates.xlsx
http://www.unaids.org/en/dataanalysis/datatools/aidsinfo/
http://www.unaids.org/en/dataanalysis/datatools/aidsinfo/
https://pwt.sas.upenn.edu/php_site/pwt63/pwt63_form.php
https://pwt.sas.upenn.edu/php_site/pwt63/pwt63_form.php
http://escholarship.org/uc/item/4q57d5vp
http://escholarship.org/uc/item/4q57d5vp


Human biology and medicine | Microbiology and infectious disease

Hum et al. eLife 2012;1:e00051. DOI: 10.7554/eLife.00051	 16 of 17

Research article

United Nations, 
Department of  
Economic and  
Social Affairs,  
Population Division

2011 45q15—Male http://esa.un.org/unpd/wpp/Excel-
Data/mortality.htm

United Nations, 
Department of  
Economic and  
Social Affairs,  
Population Division

2011 45q15—Female http://esa.un.org/unpd/wpp/Excel-
Data/mortality.htm

Institute for  
Health Metrics  
and Evaluation

2010 Infant and  
Child Mortality  
Estimates by  
Country 1970–2010

http://www.healthmetricsandevaluation.
org/ghdx/record/infant-and-child- 
mortality-estimates-country-1970-2010

Publicly available

United Nations, 
Department of  
Economic and  
Social Affairs,  
Population Division

2011 Life Expectancy at 
Birth—Both Sexes

http://esa.un.org/unpd/wpp/Excel-
Data/mortality.htm

Publicly available

References
Ad Hoc Committee on Health Research Relating to Future Intervention Options. 1996. Investing in Health 

Research and Development: Report of the AD Hoc Committee on Health Research Relating to Future 
Intervention Options, Convened Under the Auspices of the World Health Organization. Geneva: World Health 
Organization

Beaglehole R, Bonita R, Alleyne G, Horton R, Li L, Lincoln P, et al. 2011a. UN High-Level Meeting on Non-
Communicable Diseases: addressing four questions. Lancet 378:449–55.

Beaglehole R, Bonita R, Horton R, Adams C, Alleyne G, Asaria P, et al. 2011b. Priority actions for the non-
communicable disease crisis. Lancet 377:1438–47.

Bonachela JA, Raghib M, Levin SA. 2011. Dynamic model of flexible phytoplankton nutrient uptake. Proc Natl 
Acad Sci USA 108:20633–8.

Briggs GE. 1925. A further note on the kinetics of enzyme action. Biochem J 19:1037–8.
Caldwell J. 1979. Education as a factor in mortality decline an examination of Nigerian data. Population Stud 

33:395–413.
Caldwell J. 1986. Routes to low mortality in poor countries. Population and Development Review 12:171–220. 
Case A, Deaton A. 2009. Health and Well-Being in Udaipur and South Africa. Developments in the Economics of 

Aging. Chicago: University of Chicago Press. p. 317-349.
Casabonne U, Kenny C. 2012. The best things in life are (nearly) free: technology, knowledge, and global health. 

World Dev 40:21–35.
Cutler D, Miller G. 2004. The role of public health improvements in health advances: the twentieth-century 

United States. Demography 42:1–22. NBER Working Paper Series.
Cutler DM, Deaton AS, Lleras-Muney A. 2006. The determinants of mortality (No. w11963). Cambridge: National 

Bureau of Economic Research.
Daar A, Singer P, Persad D, Pramming S, Matthews D, Beaglehole R, et al. 2007. Grand challenges in chronic 

non-communicable diseases. Nature 450:494–6.
English BP, Min W, Van Oijen AM, Lee KT, Luo G, Sun H, et al. 2005. Ever-fluctuating single enzyme molecules: 

Michaelis-Menten equation revisited. Nat Chem Biol 2:87–94.
Fogel RW. 1997. New findings on secular trends in nutrition and mortality: Some implications for population 

theory. In: Rosenzweig MR, Stark O, editors. Handbook of Population and Family Economics, Volume 1, Part A. 
New York: Elsevier. p. 433-481.

Gajalakshmi V, Peto R, Kanaka TS, Jha P. 2003. Smoking and mortality from tuberculosis and other diseases in 
India: retrospective study of 43000 adult male deaths and 35000 controls. Lancet 362:507–15.

Gakidou E, Cowling K, Lozano R, Murray CJ. 2010. Increased educational attainment and its effect on child 
mortality in 175 countries between 1970 and 2009: a systematic analysis. Lancet 376:959–74.

Greco WR, Hakala MT. Evaluation of methods for estimating the dissociation constant of tight binding enzyme 
inhibitors. J Biol Chem 1979;254:12104–9.

Guindon GE, Boisclair D. 2003. Past, Current and Future Trends in Tobacco Use. San Francisco: Center for 
Tobacco Control Research and Education. http://escholarship.org/uc/item/4q57d5vp.

Heston A, Summers R, Aten B. 2009. Penn World Table. http://pwt.econ.upenn.edu/php_site/pwt_index.php.
Institute for Health Metrics and Evaluation. 2012. Adult mortality estimates by country 1970–2010. http://www.

healthmetricsandevaluation.org/.
Jamison DT, Breman JG, Measham AR, Alleyne G, Claeson M, et al, editors. 2006. Disease control priorities in 

developing countries. New York: Oxford University Press.

http://dx.doi.org/10.7554/eLife.00051
http://esa.un.org/unpd/wpp/Excel-Data/mortality.htm
http://esa.un.org/unpd/wpp/Excel-Data/mortality.htm
http://esa.un.org/unpd/wpp/Excel-Data/mortality.htm
http://esa.un.org/unpd/wpp/Excel-Data/mortality.htm
http://www.healthmetricsandevaluation.org/ghdx/record/infant-and-child-mortality-estimates-country-1970-2010
http://www.healthmetricsandevaluation.org/ghdx/record/infant-and-child-mortality-estimates-country-1970-2010
http://www.healthmetricsandevaluation.org/ghdx/record/infant-and-child-mortality-estimates-country-1970-2010
http://esa.un.org/unpd/wpp/Excel-Data/mortality.htm
http://esa.un.org/unpd/wpp/Excel-Data/mortality.htm
http://escholarship.org/uc/item/4q57d5vp
http://pwt.econ.upenn.edu/php_site/pwt_index.php
http://www.healthmetricsandevaluation.org/
http://www.healthmetricsandevaluation.org/


Human biology and medicine | Microbiology and infectious disease

Hum et al. eLife 2012;1:e00051. DOI: 10.7554/eLife.00051	 17 of 17

Research article

Jha P. 2009. Avoidable global cancer deaths and total deaths from smoking. Nat Rev Cancer 9:655–64.
Jha P. 2012. Counting the dead is one of the world’s best investments to reduce premature mortality. Hypothesis 10.
Jha P, Mills A, Hanson K, Kumaranayake L, Conteh L, Kurowski C, et al. 2002. Improving the health of the global 

poor. Science 295:2036–9.
Jha P, Nugent R, Verguet S, Bloom D, Hum R. Chronic Disease Prevention and Control. Copenhagen Consensus 

2012 Challenge Paper. http://www.copenhagenconsensus.com/files/Filer/CC12%20papers/Chronic%20Disease.
pdf

Liu Y, Lin YM, Yang SF. 2003. A thermodynamic interpretation of the Monod equation. Curr Microbiol 46:233–4.
Liu L, Johnson  HL, Cousens S, Perin J, Scott S. 2012. Global, regional, and national causes of child mortality: an 

updated systematic analysis for 2010 with time trends since 2000. Lancet 379: 2151-2161.
López S, France J, Gerrits WJ, Dhanoa MS, Humphries DJ, Dijkstra J. 2000. A generalized Michaelis-Menten 

equation for the analysis of growth. J Anim Sci 78:1816–28.
Mathers C, Fat DM, Boerma JT. 2008. The global burden of disease: 2004 update. Geneva: World Health 

Organization.
Michaelis L, Menten M. 1913. Die fermente und ihre wirkungen. Biochem z 49:333–69.
Monod J. 1949. The growth of bacterial cultures. Annu Rev Microbiol 3:371–94.
Oeppen J, Vaupel JW. 2002. Demography. Broken limits to life expectancy. Science 296:1029–31.
Preston SH. 1975. The changing relation between mortality and level of economic development. Population 

studies. 29: 231–248.
Rajaratnam JK, Marcus JR, Levin-Rector A, Chalupka AN, Wang H, Dwyer L, et al. 2010. Worldwide mortality in 

men and women aged 15–59 years from 1970 to 2010: a systematic analysis. Lancet 375:1704–20.
Rodgers GB. 2002. Income and inequality as determinants of mortality: an international cross-section analysis. 

Int J Epidemiol 31:533–8.
Rogers RG, Crimmins EM, editors. 2011. International handbook of adult mortality (Vol. 2). New York: Springer.
Strong K, Mathers C, Leeder S, Beaglehole R. 2005. Preventing chronic diseases: how many lives can we save? 

Lancet 366:1578–82.
Todd J, Balira R, Grosskurth H, Mayaud P, Mosha F, ka-Gina G, et al. 1997. HIV-associated adult mortality in a 

rural Tanzanian population. AIDS 11:801–7.
UNAIDS. 2010. AIDSInfo 1.0 - AIDSInfoOnline. http://www.aidsinfoonline.org/.
United Nations, Department of Economic and Social Affairs, Population Division. 2012. World Mortality Report 

2011. New York: United Nations. http://www.un.org/esa/population/publications/worldmortalityreport2011/
World%20Mortality%20Report%202011.pdf.

United Nations, Department of Economic and Social Affairs, Population Division. 2011. World Population 
Prospects: The 2010 Revision, Highlights and Advance Tables. Working Paper No. ESA/P/WP.220. New York: 
United Nations. http://esa.un.org/unpd/wpp/Excel-Data/mortality.htm.

UN Inter-agency for Child Mortality Estimates. 2012. CME Info - Child Mortality Estimates. http://www.
childmortality.org/.

Vallin J, Meslé F. 2009. The segmented trend line of highest life expectancies. Popul Dev Rev 35:159–87.
Vogel G. 2012. Global health. How do you count the dead? Science 336:1372–4.
Wagstaff A, Van Doorslaer E. 2000. Income inequality and health: what does the literature tell us? Annu Rev 

Public Health 21:543–67.
Zaridze D, Brennan P, Boreham J, Boroda A, Karpov R, Lazarev A, et al. Alcohol and cause-specific mortality in 

Russia: a retrospective case-control study of 48,557 adult deaths. Lancet 2009;373:2201–14.

http://dx.doi.org/10.7554/eLife.00051
http://www.copenhagenconsensus.com/files/Filer/CC12%20papers/Chronic%20Disease.pdf
http://www.copenhagenconsensus.com/files/Filer/CC12%20papers/Chronic%20Disease.pdf
http://www.aidsinfoonline.org/
http://www.un.org/esa/population/publications/worldmortalityreport2011/World%20Mortality%20Report%202011.pdf
http://www.un.org/esa/population/publications/worldmortalityreport2011/World%20Mortality%20Report%202011.pdf
http://esa.un.org/unpd/wpp/Excel-Data/mortality.htm
http://www.childmortality.org/
http://www.childmortality.org/

