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Introduction
The relationship between malnutrition

and child mortality has been the subject of
extensive research and, at times, contro-
versy. The first systematic attempt to esti-
mate the contribution of malnutrition to
child mortality indicated that malnutrition
was the underlying or contributing cause of
death in roughly 55% of 1- to 4-year-olds.1
Since that time, anthropometric indicators
of malnutrition have repeatedly been
shown to be predictive ofsubsequent death
in prospective community-based studies
from several countries in Africa and Asia.2
Key objectives of some of these studies
and subsequent discussions3-6 were to de-
scribe a threshold effect in the relationship
and to estimate stable epidemiologic pa-
rameters describing the impact of malnu-
trition on risk of mortality.

Two key assumptions were implicit in
these earlier discussions: (1) that malnutri-
tion is a disease that contributes to mortality
in an additive fashion, in such a way that
comon epidemiologic parameters (e.g., sen-
sitivity, specificity, attributable risk) can de-
scribe the relationship; and (2) that these pa-
rameters reflect intrinsic properties of the
disease (malnutrition) and can be applied
across populations. However, both of these
assumptions are at odds with the knowledge
from the clinical and biomedical literature,7
that child mortality is a function of a syner-
gism between malnutrition and morbidity.
This paper provides a mathematical descrip-
tion for this synergism that can be tested with
available data and applies the model to the
results of previously published studies.

is that exposure to disease is constant
within any given population but the fatal-
ity rate per exposure (exposure fatality
rate) varies with degree of malnutrition.
This would conform to a multiplicative
model of the form

(1) Di = aEiFil

where Di = mortality rate (deaths/1000),
Ei = disease exposure rate (exposures/
1000), Fi = exposure fatality rate (deaths/
exposure), and a is a constant, with i in-
dexing populations. It follows that

(2) log(Di) = log(a) + log(Ei) + log(Fi).

According to the latter model, the loga-
rithm of mortality will be linear across dif-
ferent grades of malnutrition and the
slopes will tend to be parallel across pop-
ulations with different disease exposure
rates.

For practical purposes it is necessary
to rewrite the above expression to apply it
to the available data. The model can be
rewritten as

(3) log(Di) = 3oi + 31M,

where Di is as defined above andM is the
level of malnutrition. This model implies
that log(Dj) is a linear function of malnu-
trition with slope (l. This is equivalent to

saying that mortality is an exponential
function of malnutrition within any given
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population. Moreover, if the theory of
synergism is correct, it isewected that the
slopes will tend to be parallel across pop-
ulations and the intercepts will vary ac-
cording to disease exposure rates (i.e.,
levels of morbidity). This is tantamount to
saying that the effect of malnutrition on
mortality varies according to the baseline
level of mortality in the population as re-
flected among the better-nourished seg-
ment, which is a reflection of the disease
burden in the population.

If, on the other hand, child mortality
conforms to a simple additive function of
malnutrition, this could be written as fol-
lows:

(4) Di = f6 + PjM.

This equation implies that the observed
mortality rate in a population (rather than
the log) increases as a linear function of
malnutrition within a given population,
and, as above, the intercepts will vary ac-
cording to disease exposure rates (i.e.,
levels of morbidity).

Application ofthe Model to
Empircal Sbtuies

The present paper is based on an
analysis of published data from six
studies.8-13 The six studies identified (Ta-
ble 1) had the published data necessary for
cross-study comparison. An additional
nine studies have been published on the
topic,2 but their results were presented in
noncomparable ways. All studies except
one15 found the expected inverse associ-
ation between nutritional status and mor-
tality, thereby indicating that the analysis
based on these six studies is representa-
tive of what would be expected from all
available studies. Moreover, the potential
selection bias in this body of literature is
low, because the large and expensive na-
ture ofthese studies ensures that both pos-
itive and negative results are published.16
Because of the differences in length of fol-
low-up, all mortality rates in this analysis
have been standardized to a 12-month
length of follow-up.

The appropriateness of the synergis-
tic model is assessed by comparing the
results from equation (3) with those from
equation (4). The primary test is to simply
compare the parallelism in slopes arising
from the two models. In addition, the
goodness of fit was described by using an
R2 criterion and by estimating the inter-
population variance in parameters esti-
mated from these two equations (attribut-
able risk and relative risk).

Resudts

Figure 1 shows the relationship be-
tween child weight-for-age and subse-
quent mortality in six studies from India,
Bangladesh, Papua New Guinea, and
Tanzania. The studies vary somewhat in
the children's age range, although all chil-
dren were between 6 and 59 months, and
the follow-up period ranged from 6 to 24
months. With the exception of one data
point (study C), the figure reveals an in-
crease in mortality between 80% weight-
for-age or better and 60% weight-for-age,
and all studies show a sharp increase in

mortality below 60% weight-for-age.
Thus, there is an overall increase in mor-
tality with deteriorating nutritional sta-
tus.

Figure 1, which conforms to the ad-
ditive model (4), also shows no consist-
ency in the attributable risk due to malnu-
trition, which is the difference in mortality
rates between the well-nourished and a

given category of the malnourished. The
attributable risk at 60% weight-for-age or

less is 5.6 times larger in Tanzania than in
India. This lack of consistency in the at-
tributable risk estimates is not surprising if
the synergistic model is correct. The in-
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weight-for-age): A: Tanzania8 (189); B: Papua NewGuinea9 (133); C: Bangladesh 110 (29);
D: Bangladesh 211 (NA); E: Bangladesh 312 (60); F: India13 (34).

FIGURE 1 Mortality rate (per 1000 children per year), by weight-for-age status, In six
studns.
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consistency strongly suggests that a dif-
ferent approach is needed.

When the synergistic model (3) is ap-
plied to the available data (Figure 2), the
log of mortality is seen to be much more

linear across grades of malnutrition and
the slopes are much more parallel across

populations than in Figure 1. This pattem
was confirmed by evaluating goodness of
fit for three models in which the observed
mortality rate was expressed as different
functions ofweight-for-age and study: lin-
ear, linear and quadratic, and exponential.
The resulting coefficients ofdetermination
(R2) were, respectively, .71, .80, and .96.
Therefore, the exponential model (equiv-
alent to expressing mortality rate as the
logarithm) fits the data very well and re-

quires one degree offreedom less than the
other two models.

The exponential model also means

that the risk ofmortality at a given level of
malnutrition, relative to the mortality
among the well-nourished, will be more or

less constant across populations and is an
estimate of the relative risk of the under-
lying malnutrition-specific fatality rates.
Building on the multiplicative model pre-
sented above in equation (1), defineDMas
the mortality risk at a given level of mal-
nutrition and Do as the mortality risk
among the well-nourished. Then the rela-

tive risk is DAd/Do = (a/1c)(E1/Ej)(FMFo)
and should be constant if this multiplica-
tive model is correct.

The predicted consistency in relative
riskwhen the multiplicative model is used
is, in fact, observed. The unweighted av-

erage relative risk due to malnutrition is
uniform across the five studies that re-

ported deaths in the well-nourished cate-
gory. The mean relative risk is 11 for se-

vere malnutrition (<60% weight-for-age),
3 for moderate malnutrition (60% to 69%),
and 2 for mild malnutrition (70% to 79%).
The coefficients of variation for these es-

timates are .582, .397, and .584, respec-

tively; each of these is much smaller and
more consistent than the corresponding
coefficient ofvariation for attibutable risk
estimates for the three categories of mal-
nutrition (.783, 1.032, and 1.606, respec-

tively), confirming that these data con-

form to an exponential modelmore than to
an additive model.

The corresponding logistic analysis,
which has certain statistical virtues over

the simple log transformation in Figure 2,
indicates that the odds of dying increase
at a compounded rate of 7.3% for each
percentage point deterioration in weight-
for-age. In this analysis an empirical
Bayes method was used to estimate pa-
rameters for a two-stage hierarchical
model. This model included parameters
for weight-for-age (in four categories),
among- and within-study variance, and
correlation among substudies (levels of
weight-for-age) within studies.'7 Note
that this 7.3% compounded increase in

mortality for each percentage point de-
cline in weight-for-age results in a much
larger mortality impact for those popula-
tions with relatively high baseline levels
of mortality, as would be expected from
the theory of synergism.

Diwussion
The implications of these results are

profound. First, the better fit of the expo-
nential model provides strong evidence
that a threshold effect does not exist in the
relationship between malnutrition and
child mortality, at least over the wide
range of nutritional status represented
here. Contrary to earlier impressions,3,4
mild to moderate malnutrition is indeed
associated with an elevated risk of mor-
tality, an association that has great policy
significance considering the overwhelm-
ing number and proportion of children
who fall into this category. The result is
that 45% to 83% of all malnutrition-related
deaths (i.e., the population attributable
risk) occur to children in the mild to mod-
erate category (weight-for-age 60% to
80%).2 These deaths would not be re-
duced if policies and programs were di-
rected solely toward treatment of the se-
verely malnourished.

The observation that the relationship
between mortality and malnutrition is bet-
ter described by an exponential model
than by an additive model might be due to
other factors besides changes in the expo-
sure fatality rate. In principle this could
result from greater disease exposure and
less effective medical care among the mal-
nourished. However, it seems unlikely
that these factors would diminish at such
similar rates and have such similar expo-
nential effects across populations as
weight-for-age decreases. Similarly, these
results cannot be due to inadequate sam-
ple sizes, underenumeration of mortality,
poor measurement of weight-for-age, or
even to the possibility that weight-for-age
is a poor proxy for malnutrition. All of
these factors would tend to bias the slopes
in Figures 1 and 2 toward zero (i.e., flatten
the relationship, as in the Zairean study15)
or cause the lines from some studies to
intersect those from others. These factors
cannot account for the parallelism ob-
served in Figure 2.

A more likely explanation for the
consistency in log-transformed results
across populations relates to the specified
synergy between malnutrition and infec-
tion. This synergy means that the mortal-
ity rate at a given level ofdisease exposure
depends on a potentiating effect of malnu-
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trition, not on an additive effect. There-
fore, the epidemiologic statistics pertinent
to an additive model as used in the earlier
literature (e.g., attributable risk, sensitiv-
ity, specificity) have no intrinsic meaning
in a heterogeneous population or across
countries. More important, the practice of
quantifying the relative contribution of
various diseases to mortality, as is now
commonplace among funding agencies in
deciding priorities, is meaningless in such
circumstances. It presumes implicitly that
malnutrition's contribution is additive
and, therefore, that one can partition
deaths into those due to malnutrition and
those due to other causes. Our findings
indicate that such a division is impossible
because the relative contribution of mal-
nutrition to mortality depends on morbid-
ity rates, and the contibution ofmorbidity
varies according to the prevalence of mal-
nutrition.

These results highlight the need to
elucidate the mechanisms by which mal-
nutrition increases the fatality rate per ex-
posure so that effective intervention strat-
egies can be designed. In principle,
malnutrition could operate on the link be-
tween exposure and infection or on the
linkbetween infection and severity. There
are numerous biologic mechanisms by
which malnutrition could affect the inci-
dence or severity of infection, including
disruption of epidermal integrity and var-
ious components ofthe immune system.18
However, it is uncertain how these dis-
ruptions would be manifested epidemio-
logically. It is known from epidemiologic
studies that malnutrition affects severity
of diarrhea much more than it affects in-
cidence of diarrhea.19 Severity of measles
is also markedly affected by malnutri-
tion.20 It is unclear whether this pattern is
generalizable to other types of morbidity,
and elucidation of the basis for these dif-
ferential mechanisms would reveal facts
ofwider clinical utility. It is also important
to note that deficits in the weight-for-age
of children may not be caused solely by
protein-energy malnutrition but may also
arise from associated micronutrient
deficiencies.21-26

A controlled intervention trial would
be a stronger approach for elucidating syn-
ergistic relationships ofthe type discussed
here; however, an earlier effort along
these lines hadverylarge sample sizes that
were still inadequate to permit an exami-
nation of synergistic effects on child mor-
tality.27 Apart frm being of questionable
feasibility, such studies may not be ethi-

cally appropriate today. Thus, the present
results represent the strongest available
evidence that biological synergism has ef-
fects on mortality at a population level and
across all grades of malnutrition.

The policy implications are that (1)
significant reductions in child mortality
can be expected through reductions in
morbidity or malnutrition-although the
greatest impacts can be achieved by ad-
dressing both simultaneously-and (2) the
greatest impacts can be expected when
attention is paid to all grades of malnutri-
tion, and in those populations having the
highest baseline levels of morbidity and
malnutrition. In contrast to the additive
model, which implicitly refers to prevent-
ing deaths in different children affected by
disease or malnutrition, the synergistic
model requires consideration of the rela-
tive costs of preventing death in a single
child eitherbypreventing exposure to dis-
ease or by preventing malnutrition. In
practice, preventing both exposure to dis-
ease and malnutrition in malnourished
populations is the most desirable option if
one is also concemed about the survivor's
quality of life. []
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