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SUMMARY

A potential source of bias in studies of the association between twe variables A and B,
which may be linked by causal pathways in both directions (A may increase the risk of B and B
may increase the risk of A), is investigated. A simple probability model is developed with
particular reference to the association between malnutrition and diarrhoea 1n young children
in developing countries., It has been hypothesized that diarrhosa (A) contributes to poor
nutritional sztatus (B), which in turn leads to inereased diarrhoea. Studies of the effect of
poor nutritional status on diarrhoea incidence have typically compared diarrhoea rates in
under-nourished children with those in the well-nourished. The model demonstrates that, In
the presence of haterogenecus diarrhoea rates, such analyses may produce biased results,
lzading to an overestimate of the magnitude of any causal link from malrmutrition (B) to
diarrhoea (A). The results of & computer simulation to assess the potential magnitude of
such bias are presented.
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INTRODUCTION

In order to study whether a factor A increases the risk of developing an outcome B,
epidemiologists frequently employ the following strategy:

1. Identify a group of individuals with A and a group of individuals without A;

2. Follow both groups of Individuals over a period of time in order to observe who
devalops B;

3, Compare the rate at which B eceurs in individuals with A with the rate at which

it ocecurs in individuals without A;

4, If a higher rate of B iz observed to occur in individuals with A (after taking
aceoint of confounding facterz), then infer that A "causes" B,

This strategy is known as a cohort or follow-up study and one of its perceived
advantages is that the temporal sequence between exposure (A) and outcome (B) "“can be more
clearly established" {(Hermekens and Buring, 1987). The inference that "A causes B" may,
however, be problematic. Rose and Shipley (1980), discussing an apparent link between low
plasma chelesterol levels and increased risk of cancer, have pointed out that such an
observation may arise If early, pre-clinical disease leads to low cholestarol levels - i.e.,
uncbserved B causes A which is then followed by the observation of B. One infers that A
causes B when, in fact, the reverse is true.

This difficulty in distinguishing between cause and offect is particularly acute when
attempting to determine the directicn and magnitude of 2 causal link between A and B when the
association may be bi-directional. In many circumstances, A causing B will tend to confound
the examination of wherher B causes A, an effect which iz frequently overlooked. In this
paper a simple probability model is developed to demonstrate this confounding effect. The
asgsociation between diarrhoeal diseases and malnutrition among young children in developing
countries is used as a paradigm. The model shows how, in a hypothetical situation in which
diarrhees (A) causes malnutrition (B) but malnutrition (B) does not cause diarrhoea {AY, and
in which diarrhoea rates vary among children, standard epidemiological techniques can lead to
the "ebservation® that malnutrition (B) causes diarrhoea (A).

THE ASSOCIATION BETWEEN DIARRHOEA AND MALNUTRITION

Among young children in developing countries, the association between poor nutritienal
statugs, as measured by anthropometry, and diarrhoea is well established (Tomkins and Watson,
198%). The precise nature of this association, however, remains less clear. It has been
suggested that the relationship is bi-directional, episodes of diarrhoea having a negative
impact on a child's nutritional status while children with poor nutritional status are at
increased risk of diarrhoea (Serimshaw et al., 1968). BEiologically plausible mechaniszms
through which diarrhoea might lead to malnutrition and poor nutritional status might lead to
increased rates of diarrhoea have been suggested (Chen, 1983; Chandra, 1986: Sirisinha et
al., 1975),

A number of epidemiological studies have attempted to investigate the association
between diarrhoea and malnutrition. (For a recent bibliography, see Tomkins and Watson,
1989.) Typically, these studies have followed a group of children over a period of time,
monitering morbidity and taking regular anthropometric measurements. Then, in order to
examine whether diarrhoea causes maloutrition, growth velocity over a period of time is
compared with diarrhoea merbidity over the same time period. Authors observing an
asgoclation between inereased diarrhoea and decreased weight velocity have interpreted their
results as evidence that diarrhoea causes malnutrition. In order to determine whether
malnutrition causes diarrhoea, childrsn are classified as malnourished or not according to
their anthropometrie status at the beginning of the follow-up peried. The two groups of
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children are then compared with regard te their diarrhees experience over the subsequent time
interval. Higher rates of diarrhoea in the malnourished are interpreted as evidence that
malnutrition causes diarrhoea.

THE REVERSE CAUSALITY FROELEM

A number of thesze studies may be c¢riticized on 4 variety of grounds: failure to take
aecount of confounding variables; the division of the follow-up period into several
sub-intervals so that each individual child conrributes several "independent" observatioms to
the analysis; and failure to consider the potentially confounding effect of a causal link
operating in the opposite direction to the one under consideration. It iz with the last of
these problems that this paper is concerned. The general question of interest is:

"Can the fact that A causes B result in an association which makes it appear that B
causes A {of overestimates the stremgth of rhe eausal link between B and A)7"

Te avoid becoming leost in abstractions, we conslder the more specific question:

*Can the fact that diarrhoea (A) causes malnutritlion (B) in a particular setting resulc
in an association which mekes it appear that malmutritien (B) causes diarrheea (A) when
it does notit"”

In order to investigate this gquestion a simple probability model is developed.

THE MODEL

In constructing a model we follow the standard approach to the design and analysis of
studies investigating whether malnutrition causes diarrhoea. In such studies children are
weighed and measured at the start of a period of observation. Each c¢hild is then classified
as "well-nourished" or "malnourished” according to whether her/his anthropometrie status
falls above or below a cut-off point. The children are then followed for a period of time
and a record of dlarrhoea morbidity is képt. To assess whether malnutrition causes
diarrhoea, the rate of diarrhoea in the malnourished is compared with that In the
well-nourished. The ehildren may be reweighed and remeasured periodically throughout the
study, each reweighing constituting the start ¢f a new observation perifod.

Consider an individual child participating in such a study of the association hetween
malnutrition and diarrhoea. The child’'s progress through the study may be represented in the
following way:

N{1) N{i+l) N{i+2)

I
D(1) D(i+1)

where N(i)} represents the child's anthrepometric status at the beginning of the ith
observation peried, and D(1) indicates whether or not the child suffered an episcde of
diarrhoea during the ith Interval. It is assumed for the sake of simplicity that a child
does not suffer more than one episode of diarrhoea in any given observation peried.

Let N(i) = 1 1if the child iz malnourished at the start of the ich interval,
N(i) - 0 otherwise,
D(i) = 1 1if the child suffers diarrhoea during the ith interwval,
D{i) = 0 otherwise,

and assume the following:
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1. that the ¢hild's anthropometriec status (B) at the beginning of the ith interval
does not affect the probability that s/he suffers an epizode of dlarrhees (A)
during the ith interval - i.e., B does not cause A;

2. that tha probabilicy that the child suffers an episoda of diarrheea in any
interval is p, independent of the occurrence or not of diarrhoea in preceding
iatervals -

i.e, P{B(L) = 1l|p,n(i-1),d(i-1),d4(1-2),...} = p;

3. that the child’'s nutrirional status at the end of the ith interval (beginning of
the i+lth interval, N{i+l)) depends only upon her/his nutritional status at the
beginning of the ith interval (N(i)) and upon whether or not the ehild suffers
from diarrheea during the ith interval (D(i)) - i.e., A "causes" B,

Then let P{N(i+1)=1|N(i)=1,D{1i)=1) = £11-
P{N(1+1)=1|N(i)=1,D(i)=0} = to
PiN(i+1)-1[N(i)-O,D(i)-l} = to1,
P(N(i+1)=1|N(i)}=0,D{i)=0} = Lo

A gituation in which malnutritien at time i increases the risk of malnutrition at time
i+1, and diarrhoea during the ich interval inereases the riszk of malmutrition at time i+1,
may be expressed mathematically as follows:

The first palr of inequalities (1) expresses the fact that diarrhoea predisposes to
malnutrition. . The second pair indicates that a child who is already malnourished iz more
likely to be malnourished at the next observation point than a previously well-nourished
child.

In shmmary, this model may be described as follows: diarrhoea predisposes to poor
nutritional (anthropemetric) status, but poor nurritional (anthropometric) status does not
predispose to diarrhoea,

Under the above model, the child’s nutritional status over the course of the study
(N{1l}, N{2),...) may be considered az a Markov process, since the distribution of N{i+l)
given N(i) and p is independent of N(i-1), N(i-2}, etc.. The transition matrix of this
process may be represented as:

N(i+l)
4] 1

I
I
0] (1-my u
N(i) I

1 v o (1-v)
vhere U = ptyy + (1-pityg,
and V= p(l-ty7) + (1-p)(1l-tyq).

Here, U is the probability that during any interval the status of the child changes from
well-nourished to malnourished. V Is the probability that during any interval the rxeverse
occurs, the child changing from being malnourished to well-nourished. Note that the pair of
inequalities (1) implies that U is a monotonically increasing function of p and that V iz a
monotonically decreasing function of p. That i=, as p increases U increases and V
decreases. Then, by & well-known result (Cox and Miller, 1972), in the long run, the
probability that at the beginning of any interval the child is malnourished is given by:
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R(p) « U
U+V

At an intuitive level this result says that the lemg-run probability that a child is
malnourished at any point in time is proportional te the probability that In any interval
s/he becomes malnourished. Similarly, the prebability that at any time s/he is
well-nourished is proportional to the probability that s/he becomes well-nourished. The
denominator (U+V) ensures that these two probabilities add up to 1 since the child is either
well-nourished or malnourished.

Since U is a monotonically increasing function of p and V is a monotonically
decreasing function of p, R(p) iz a monotenically increasing function of p. In other words,
as the child’s risk/incldence of diarrheea (p) increases, so does the probabilicy that at
any given moment s/he is malnourished. This is what we would expect intuitively given that,
in defining the model, we specified that an episode of diarrhoea predisposes to
malnutrition,

Now consider a population of children among whom the incidence rate of diarrhoea
varies - i.e., different children have different values of p. Let the probabllity of
diarrheea oceurring in an interval be denoted by the random variable P and let £(P}
represent the probability density function (pdf) of P. In studies investigating whether
maloutririen predisposes to diarrhoea, the risk ratio of diarrheea associated with prior
malnutrition is frequently estimated by comparing the risk of diarrhoea among these who are
malnourished at the begirming of the observation period with the risk of diarrhoea among
those who are not malnourished. The expectation of this estimator iz:

E[RR]

P(D(iy=1 | N(iy=1)
P(D(i)=1 | N({)-0)

Now, P(D(i)=1 | N(i)=1)

P(D({i)=1, N(i)=1)
P(N(i)=1)

where P{D{1)=1, N(i)=1)

E[D(1)xN(1)]
=  Ep[E[DxN|P]

- jpncmf(p)dp

- E[PxR(P)],

and P(N(L)=1) - E{R{P)].

Similarly, P(D(i)-1 | N(i}=0) = El[Px(1-R(P)}
1-E[R(F)]

and thus E[RR] - E[PxR(P)] . (1

E[R(P)]  E[Px(1-R(F)].

But R{p) is a monotonically imexeasing function of p and therefore the covariance of
R(P) and P is greater than zere. This implies that:

E[PXR(P) ] > E[P] x E[R(P)]
——>  E[PxR(P)] - E[PxR(P)] x E{R(P)] > E[F] x E[R(P)] - E[PxR(P)] x E[R(P)]
>  E[PxR(P)] x (L-E[R(P}]) > E[R(P)] % E[Px(1-R(P)]

===>  E[RR] > 1
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Thus, in this model, in which malnutrition does not lead te diarrheea, a comparison of
diarrhoea rates in malnourished and adequately nourished children suggests that the
risk/rate of diarrhoea is greater in the malnourished. This is indeed the case, since
diarrhoea Increases the risk of malnutrition and thus those children with the highest
diarrhoea rates are at greatest risk of malnutrition. However, because each child’s
nutritional status is measured at the start of the observarion period and the subsequent
Incidence of diarrhoea is recorded (i.e, malnutrition appears to precede dlarrhoea), such
results may be misinterpreted as evidence that malmutrition leads to diarrheea. Similarly,
if some children tend to suffer longer or more severe episodes of diarrhoea than others and
this increages their risk of malnutrition, we may observe a link between malnutrition and
increased severity or duration of diarrhoea in the absence of any causal association, It
should be noted that this "bias" arises from the combination of reverse causality (diarrhoea
causes malnutrition) and the heterogeneity of diarrhoea rates in the communlty. In the
absence of such heterogeneity (P(P=p)=1), E[FRR(P)] = E[P] x E[R(P)] and E[RR] = 1l; i.e,
there is no hias.

Twe recent studies in Sudan (E1 Samani et al., 1988) and Mexice (Sepulveda et al.,
1988) performed analyses which take account of diarrhoea in the interval preceding the
peried of observation. For these analyses observation periods were divided iuto twe
categories; those with an episode of diarrhoes in the previous period, and those without.
Analyses similar to that outlined sbove, but with the data stratified aceording to histery
of diarrhoea in the previous period, were then performed, While the technique, as used by
these authors, is problematic, since each child appeared in the analyses several times as
supposedly independent observations, it might be anticipated that such a strategy weuld tend
to separate children with high diarrheoes rates from those with lower rates, thus reducing
the heterogeneity within each subgroup. It is therefore of interest tao examine the
effectiveness of this strategy in controlling the bias arising from reverse caugsality and
the heterogeneity of diarrhoea rates in the population. '

0 ation ovds preceded by a isode iarrheo

Penote the risk ratio for periods preceded by an epigode of diarrhoea by RRp.1-
Then:

B(D()=1 | N(3dwl D({1-1}w])

E[RR ]
-1 P(D(1)-1 | N(1)-0,D(L-1)-1)

= B(D(i)wm] N(i)=] . D(3-1)=1) x [1-P(N(i)}=1,D(i-1}=1)]
P{D{1}=1,N(i)-0,D(i-1)=1) P(N{(i)=1,D(i-1)=1)

P(D(1)=1,N(1)=1,D(1-1)=1) 5}2<R<p>xt11 + (1-R(p))xtqy )xE(p)dp

- toE[P?] + (tyq-tg E[PZR(P))
= r (say)

P(D(1)=1,N(i)=0,D(i-1)=1) = E[P?] - ¢

and P(N({i)=1,D(i-1)=1) t01E[P] + (tll'tOI)E[R(P)]
- =5 {say)

S0, MRl - g xR
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Observation perieds nor preceded by an eplsode of diarrhoea

Denote the risk ratio for periods not preceded by an episode of diarrhoea by ERp 4.
Then:

E[RRp.p}] = B(D(i)=1 | W(id—1.D(i-1)=0)
P(D(L)=1 | N(i)~0,D(i-1)=0)

= P(D(I)=] N(i)=1,D(i-1)=0% = [1-P(M(i)=1,D(1-1)=0)]
B(D(Li)-1,N(i)=0,D(i-1)=0) P(N(i)=1,D(1i-1)=0)

P(D(1)=1,N(1)~1,D(1-1)=0) Sp(l—w (R(pIXtyq + (1-R(p))xtq)RE(P)dp

tooBIP(1-P)] + (t1g-tgg)E[B(L-BIR(P))

r (say)

P(D(1)~1,N{1i)=0,D{1-1)=0) E[P(L-F)] - ¢

and F(MN(i)~1,D{1-1)=0)

tooE[1-P] + (t)n-tge)E[(1-P)R(E)]

= 5 (=say)
So, E[RRp_g] -k x {1-EP-s5)
E[P(1-P)]-x P .

1t can be shown algebraically that ezach of the above expectations is greater than 1.
Thus, stratifying observation perieds according to whether or not diarrhoea occurred in the
previous period does not eliminate the problem of bias arising from hetercgeneous diarrhoea
rates.

Example

In order to illustrate the problem of reverse causality in the presence of
heterogeneocus diarrhoea rates, and in order to obtain some idea of the potential magnitude
of the bias thus arising, we consider a numerical example. Parameter values which look
“reasonable"” have been chosen, but it should be noted that these are not derived from any

hard data.

First, let the prohabilities that a child is malnourished at the start of an
observation period, conditional on the child's status at the begimning of the preceding
period and whether or not diarrhoea occurred during the interval, be as follows:

tll - (0,99, tlo = 0.7, tOl w .3, too = 0,05,

Then, let the distribution among the population of the risk of diarrhcea in a single
observation period be as shown in Table 1. This distribution has been chosen to provide a
reasonably wide raunge of diarrhoea rates in the population. For a child with a given risk
of diarrhoea p, the risk of malnutrition at the start of any interval [R(p)] may then be
calculated (Table 1). With this distribution the expectations of P, R, and PxR are:

E[P] - 0.40,
E[R(P)] = 0.45,
E[PxR(P)] = 0.21.




WHO/CDD/EDP/91 .3
page 9

IABLE 1. Distribution among the population of risk of diarrhoea during a
gingle observatlion perlod and probablility of malnutrition

Risk of Proportion of Probability of
diarrhoea poepulation malnutrition
P £(p) R(p)
0.1 0.10 0,22
0.2 0.15 0.29
0.3 0.15 0.37
0.4 0.20 0.45
0.5 0.15 0.53
0.6 0.15 0.61
0.7 0.10 0.70
0.8 0.0 0.79
0.9 0.0 .88

The folleowing features of this example should be noted,
(i} on average, 40X of children suffer from diarrhoea in any one observation period;

(ii) on average, 43% of children are malnourished at the beginning of any cbservation
period;

(1ii) the nutritional status of a child who iz malnourished at the start of an
observation period and who suffers an eplsode of diarrhoea during the pexied is
unlikely to improve (p=0.01); '

(iv) a child who is adequately nourished at the start of the observation peried and
who does not suffer an episode of diarrhoea iz unlikely to become malnourished
(p=0.03},;

{v) a malnourished child who does not suffer an episode of diarrhoea has & 30%
chance of improving nutritionally;

(vi) an adequately nourished child who suffers an episode of diarrhoea has a 30%
chance of becoming malnourished;

{vii) the probability of malnutririon (R{p)) increases as p Increases;

(vill) poor nutritional status does not increase a child’s risk of diarrhoea which
depends only upon p.

It is of interest te note that In the Sudanese study (El Samani et al,, 1988) ahoutr
36% of all child observation perieds Included an episode of diarrhoea, while in tha Mexjcan
study (Sapulveda at al., 1988) the proportlon was about 53%. These figures are comparahle
with that of 40X (E(P)) in the medal. In addition, the overall prevalence rates of mild and
moderate malnutrition in the twe studies were: Sudan 66%, Mexico 36%. In the model the
expacted prevalenca of malmutrition is 45% (E(R(P))), which i= between these two figuraes,
If we perform a "ecrude” analysis of a study conducted in such a setting, taking no account
of whether or not diarrhoea occurtred in the preceding period, then the expectation of the
estimate of the risk ratio that will he obtained iz given by:

E[RR] = _0.21 x (1-0.45)
0.45 % (0.40-0.21)

= 1.30.
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Thus, in thisz szituation, in which diarrhoea predisposes to malnutrition but
malnutritien does pot predispose to diarrheea, a "traditional" analysis of the data might
lead one te believe that melnutrition increases a child's risk of diarrhoea by 30%.

If the data are classified into two groups, periods preceded by an eplsode of
diarrhoea, and periods not preceded by an episode of diarrhoea, then the expectations of the
estimates that would be obtained from s stratified analysis are given by:

E[RRp ;] = 1.15

and E[RRp_o] = 1.22.

Taking account of a histery of diarrheea in the preceding interval hes thus reduced,
but not eliminated, the blas arising from the heterogeneity of the risk of diarrhoea. For
periods preceded by an episode of diarrhoea, malnutrition appears to be associated with a
15% increase in the risk of diarrhoea. For periods following a diarrhoea-free interval,
malmutrition appears to be associated with a 22% increase in the risk of diarrhoea.

In order to examine the variability of these estimates, computer simulations (writren
in BASIC) of an epidemiological study similar to those conducted in Sudan and Mexico were
performed, In each simulation a population of 400 children was followed over 6 observation
periods. At the start of each simulation, using a random number generator, each child was
allocated a risk of diarrhoesa {p;) according to the distribution £(P) shown in Table 1.
The probability that the ehild was malnourished {R(p;}) was then calculated and ancther
randomly-generated number, uniformly distributed om the interval (0,1), was used to
determine the child’'s nutritional status at the start of the study, Each child was then
fellowed through & observation periods, the occurrence of diarrhoea and malnutrition being
determined with randomly-generated numbers applied to the probabilities defined above.
Three hundred computer simulations were performed and a summary of the results obtained is
presented in Table 2. The mean values of the various estimators of risk ratio are very
close te the theoretical expectations derived abeove. The "90% ¢.i.* indicates the range
within which 90% of the estimates lay.

TABLE 2. Results of 300 computer simulations of a population of
400 children followed over & observation periods

"Crude” Relative risk Relative risk
relative given diarrhoea given no diarrhoea
rigk in preceding in preceding
interval interval

Mean 1.291 1.136 1.224
Minimum 1.084 0,924 0.949
Max fnram 1.498 1.48¢6 1.557

Standard 0.081 0.101 ' 0.104
devigtion

90% c.i, (1.16,1.42) - (0.93,1.31) (1.04,1.38)
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DISCUSSION

In this paper we have developed a simple probability model to examine the problem of
distinguishing between cause and effect when investigating potentially bi-directional
associations. This model shows how, if A causes B and the rizk of A varies among
individuals, commonly used epidemiological methods may lead te the "observation” that B
causes A. It must be emphasized that the model is a hypothetical one and tells us nothing
about the real nmature of the association between diarrheea and malnutrition. Many
investigators have attempted to unravel this association. The model =simply demonstrates
that, in the presence of heterogeneity of diarrhoea rates in the study population, the
approach commonly used to investigave this assoclation is unable to distinguish properly
whether poor nutritional status precedes diarrheoes ot vice versa. If diarrhoea leads to poor
nutritional status and diarrhoea rates in the community are heterogeneous, it may appear that
poor nutritional status results in inereased diarrhoea when this is not in faet the case.

It must alse be remembered that the model used is very simplistic and, in the context of
the example of diarrhoea and malmitrition, can be eriticized on a number of grounds:

- it assumes that the population is in a "steady state" with regard te nutrritiensl
status;

- it assumes that, given an individual's underlying diarrhoea rate (p), the
occurrence of diarrheea during a given observation period is independent of
previous history of diarrhoea;

- it aszumes that xisk of malnutrition is homogeneous in the population (apart from
the effect of heterogensous diarrhoea rates),

The effects of relaxing these assumptions in favour of more realistic scenarios require
further research.

In the model used, the degree of bias introduced inte the estimate of the risk ratio of
the association between malnutrition and diarrhoea depends upon a number of parameters: the
various transition probabilitieas between different nutritional states in the presence and
absence of diarrhoea, and the distribution of diarrhoea rates within the population. Ina the
simulations, values of these parameters that resulted in a plausible prevalence of
malnutrition and a plausible risk of diarrhoea were used. When compared with the estimated
risk ratios obtained from studies of the association between diarrhoea and wmalnutrition, the
estimates of the risk ratie obtained with the model suggest that reverse causality could have
substantially biased the results of those studies. By choosing different parameter values
one could have decreased or increased the degree of blas introduced into the estimate of the
risk ratlo. It would be of interest to estimate some of these parameters from existing
datasets to see how the estimates compare with the parameters used in the simulations. These
parameter estimates could then be applied in the medel to assess the level of bias that might
have occurred in those settings. This would provide a better idea of whether or not the bias
arising from reverse causality is a serious practical problem in studies of malmutririen and
diarrhoea.

The bias that we have observed to occur in the model arises from the combination of
reverse causality (A causes B) and heterogeneity of the rate of A (diarrhoea) in the
community. If all individuals had identical rizks of A, or A did not cause B, then the
estimate of the risk ratio obtained from a "traditional® analysis would be unbiaged. This
suggests that the problem could be approached, at least in the case of diarrheea and
malnutrition, by performing "within individual® analyses of the data in which each individual
acts as his/her own conttrol. This approach has been adopted by Cole (1989), who used
"within-subject regression" to investigate the effects of discase on weight velocity (does A
cauze B?), The effectivencss of different techniques for performing within-individual
analyses In eliminating blas due to reverse causality, particularly when independence between
ohservation perlods cannot be assumed, has still te be evaluated,
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In summary, this paper has exemined the problem of disentangling ssseclations rhac may
be bi-directional in nature. It has shown that, in the presence of heterogeneous disease
rates, commonly used epidemiclogical methods can produce biased results., Altexpative
approaches to the deslgn and analysis of studies to Investigate such assoclarlons nead to be
developed and evaluated.
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