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ABSTRACT

In this study we discuss the problem of estimating the proportion of the population at risk of
nutrient deficiency. Ideally, we desire an estimate of the proportion of individuals whose usual nutrient
intakes are less than their requirements for the nutrient. This would require knowledge about the joint
distribution of usual intakes and requirements in the population. In lieu of information about the joint
distribution of intakes and requirements, following Beaton® we argue that it may suffice to know the
mean of the requirement distribution (EAR) together with the distribution of usual intakes in the
population. The proportion of individuals with intakes below the EAR for the population is a good
approximation to the proportion of individuals with intakes below their requirements, if certain
assumptions hold. Those assumptions are as follows: (a) nutrient requirements and usual intakes are
independent; (b) the distribution of requirements is symmetric around its mean; and (c¢) the between-

individual variance of requirements is small relative to the between-individual variance in usual intakes.



ASSESSING THE PREVALENCE OF NUTRIENT INADEQUACY

The problem of assessing the adequacy of nutrient intakes at the population level or, equivalently,
of estimating the proportion of individuals at risk of dietary deficiency in a (sub)population has been a
long-standing one. Although different analytical approaches to the problem have been proposed, it
appears that, at a minimum, we need information on usual nutrient intake distributions as well as on
nutrient requirements in the population of interest.

Ideally, the proportion of the population with inadequate intake of a nutrient is estimated from the
Joint distribution of usual intakes and requirements of the nutrient in the population. The joint
distributton of intakes and requirements is the distribution of pairs of values (r;, £} where r; and /; denote
the requirement and the usual intake for the jth individual in the population, respectively. Here, we define
usual intake of a nutrient for an individual as the long-run average intake of the nutrient. Questions such
as, What is the probability that a randomly chosen individual has a usual intake below (or above) X and
a requirement below {or above) Y? can be answered by looking at the joint distribution of intake and
requirement. Similarly, the question of interest, What is the probability that a randomly chosen
individual has a usual intake that is below his/her requirement? can also be answered using information
provided by the joint distribution. Note that the last question could be rephrased to read, What is the
proportion of the population at risk of nutrient inadequacy? In contrast, the univariate distribution of
nutrient requirerents » or of usnal intakes f provides information only about the values of either
requirements or intakes in the population. The information necessary to estimate the joint distributions
of requirements and intakes is very scarce, and thus, the ideal approach is impractical.

Methods to estimate the prevalence of nutrient inadequacy that involve knowledge about the
univariate distributions of usual intakes and requirements have been proposed' and will be discussed in
this study. These methods require that estimates of the usual intake distribution and of the requirements
distribution of a nutrient in a (sub)population be combined in some manner, to assess the percentage of
the population with inadequate intakes. These approaches involve three steps: (1) estimate the usual
intake distribution of the nutrient in the (sub)population; (2) estimate the distribution of requirements of
the nutrient in the {sub)population; and (3) combine bath distributions to assess the prevalence of
inadequate intakes of the nutrient in the (sub)population.

The problem of estimating usual nutrient intake distributions at the population level has been
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addressed, and satisfactory solutions have been proposed. In 1986, the National Research Council
(NRC) proposed that a measurement error mode! be used on (perhaps transformed) observed daily
intakes, in order to partially remove the effects of day-to-day variability in intakes when estimating usual
intake distributions.! A group of researchers at lowa State University (ISU) further refined the NRC
approach and developed a statistical procedure for estimating usual nutrient intake distributions that
produces reliable estimates with good statistical properties.>** Because estimates of usual intake
distributions are needed for prevalence assessment, a summary of the features of the method developed at
ISU to estimate usual nutrient intake distributions will be presented later in this paper. Application of the
ISU method requires multiple 24-hour recalls (two if observations are independent, more if not) on at
least a subsample of the individuals.

As has been noted, for example by Beaton® and Murphy,® we do not, in general, have reliable
estimates of the distributions of requirements in the population. Exceptions are a very few nutrients in
selected gender-age groups. Often, an estimate of the mean (EAR) and of the variance of the requirement
distribution for a nuirient are estimated from observations collected from a small sample of individuals.
Letting 7 and S, denote the EAR and the estimated standard deviation of requirements, respectively, and
assuming that requirements are normally distributed, the Recommended Dietary Allowance (RDA) for a

nutrient is computed as
RDA=r+1.96xS, .

Hence, if requirements for the nutrient are normally distributed in the population, then the proportion of
individuals whose requirements exceed the RDA is approximately 2.5%.

The RDA for a nutrient (or some percentage of the RDA) has been used as a cutoff value to assess
the prevalence of nutrient ir1adequr:1€:y.7‘8'9 Practitioners estimate the prevalence of nutrient inadequacy by
estimating the proportion of the population with intakes below the RDA for the nutrient (and the
corresponding gender-age group). This approach leads to overly conservative estimates of
prevalence.">'®!"!? Although at the individual level it is reasonable for clinical dieticians to compare an
individual’s intake to the RDA, at the population level it is difficult to justify doing so. In this study we
argue that Beaton’s’ suggestion that usual intake distributions be compared to the EAR (rather than the
RDA) to assess adequacy leads to approximately unbiased estimates of prevalence under certain
assumptions.

In the following sections, we first discuss the joint distribution approach to estimating the

prevalence of nutrient inadequacy. We then briefly describe what is known as the probability approach’
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to assessing the prevalence of nutrient inadequacy. We then discuss the shortcut approach proposed by
Beaton® and describe the conditions that need to be satisfied for the shortcut method to perform well.
While even under ideal conditions the Beaton method leads to prevalence estimates that are biased (albeit
slightly), we argue that the loss in accuracy may be offset by the very few assumptions that practitioners
must make about the requirements distribution. Illustrative examples of situations in which the shortcut
method should no: be applied are given. Finally, we present the major attributes of the method for
estimating usual intake distributions that was developed at ISU in collaboration with the United States

Department of Agriculture (USDA).

The Joint Distribution Approach To Assessing Nutrient Inadequacy
Why would we be interested in estimating the joint distribution of intakes and requirements?
Consider the plot presented in Figure 1. Here, we have plotted simulated values of requirements and
intakes for 5,000 individuals. The pairs r;, i; were drawn from a (bivariate normal) distribution with
mean requirement L, = 1,200, mean intake |; = 1,500, standard deviation of requirements &, = 200,

standard deviation of intakes G; = 440, and correlation coefficient between requirements and intakes p,; =
0.35. The bivariate normal distribution was chosen because of its relative simplicity; empirical evidence

indicates that the normal distribution is most often not a good choice for modeling nutrient

: 13,14.15,16
intakes.
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Figure 1. Simulated joint distribution of intakes and requirements for 5,000
individuals. Intakes and requirements are correlated. Along the 45° line,
intakes equal requirements.
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If we knew the joint distribution of intakes and requirements in a population, we could then
estimate the proportion of the population with inadequate intakes by calculating the proportion of
individuals whose intakes are below their requirements. In the figure, that proportion would include all

individuals above the 45° line, the line where r = i. For all those individuals, intakes are below their

requirements, so that for them, i; - r; < 0.
TFormally,

Pr {nutrien  inadequacy Y=Pi( i < r)

- J‘: .'.0r fR-!(r’ s Mdsdt (1)

where fr,(r, I) 1s the joint density of the distribution of intakes and requirements in the population.
Given an estimate of the joint distribution fg;, obtaining (1) is trivial. The problem is not the actual
probability calculation but rather the estimation of the joint distribution of intakes and requirements in
the population.

To reduce the data burden for estimating fz;, approaches such as the probability approach proposed
in the 1986 NRC report' or the shortcut approach proposed by Beaton® make an implicit assumption: that
intakes and requirements are independent random variables. That assumption implies that what an
individual consumes of a nutrient is uncorrelated with that individual’s requirement for the nutrient. If
the assumption of independence holds, then the joint distribution of intakes and requirements can be

factorized into the product of the two marginal distributions as follows:

fri(rd)=F(r)f, ) )

where fr(r} and fi(i) are the marginal distributions of requirements and of usual intakes of the nutrient,
respectively, in the population of interest.

It is important to notice that under the formulation in (2), the problem of assessing the prevalence of
nutrient inadequacy becomes tractable. Indeed, as we will discuss in the following sections, methods for
reliable estimation of f{i) have been proposed,2 and data are abundant. Estimating fz(r) is still
problematic due to scarce requirements data for most nutrients, but the mean and the variance of fi(r) can

5,17,18,19,20,21

often be computed with some degree of reliability. In what follows, we discuss approaches for

combining fz(r) and (i) for prevalence assessment that require different amounts of information (and

assumptions) about the unknown requirements distribution f&(r).

The Probability Approach
The probability approach to estimating the prevalence of nutrient inadequacy was proposed by the

NRC in their 1986 report.’ The idea is simple. Given a distribution of requirements in the population,
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the first step is to compute a risk curve that associates intake levels to risk levels under the assumed
requirements distribution.

In Figure 2 we show the risk curves for two simulated requirements distributions. Both simulated
distributions are normal with mean Lz = 42. The standard deviations of the simulated requirements
distributions are 6.5 (solid curve) and 15.0 (dotted curve), respectively.

Formally, the risk curve is obtained from the cumulative distribution function (cdf) of requirements.

If we let Fr(.) denote the cdf of the requirements for a nutrient in the population, then

Fp{a)=Pr(requircments <a) .

Thus, the cdf Fg takes on values between O and 1. The risk curve p(.) is defined as
pla) = 1-Fy(a) = 1-Pr(requirements < a) .

In the simulated example in Figure 2, Fx(10) = 0 and p(10} = 1, while Fr(80) = 1 and p(80} = 0.

09 T \
0.8 A
07 S

(TR

25

Risk values

na

Intake levels

Figure 2. Two simulated risk curves, obtained assuming that requirements for the nutrient are normally
distributed with mean 42 and standard deviation 6.5 or 15.0 {(dotted).

These risk curves are easy to read. On the x-axis, the values correspond to intake levels. On the y-

axis, the values correspond to the risk of nutrient inadequacy given a certain intake level. In this
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simulated example, the risk of inadequacy for an individual with an intake of 10 is approximately 100%

under both simulated risk curves. An individual with an intake of 50 would have a risk of nutrient

inadequacy of approximately 12% when the standard deviation of the requirements distribution is 6.5 and

a risk of approximately 35% when the standard deviation of the requirements distribution is 15. An

individual with an intake of 75 or higher would have a probability of nutrient inadequacy of essentially

zero under both simulated risk curves.

How should we combine these risk curves based on assumed requirements distributions with usual

intake distributions estimated from dietary survey data?

It seems intuitively appealing to argue as follows. Consider again the simulated risk curves in

Figure 2, and suppose we had estimated the usval intake distribution for this simulated nutrient in a

population. If that estimated usual intake distribution places very high probability on intake values less

than, say, 80, then we would conclude that almost all individuals are at some risk of nutrient inadequacy.

If, on the other hand, the usual nutrient intake distribution places most of the probability on intakes above

80, then we would be confident that in that population, no one is at risk of nutrient inadequacy.

We illustrate these two cases in the plots in Figures 3 and 4. In Figure 3, the prevalence estimate is

approximately 100%, because the distribution of usual intakes in the population says that almost all

intakes are between O and 80.

Risk values
s

48

Intake levels

0,005

Density values

Figure 3. Simulated risk curve and usual intake distribution. Most of the population is at some risk of

nutrient inadequacy.
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Figure 4. Simulated risk curve and usual intake distribution. Most of the population is at no risk of

nutrient inadequacy.
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Figure 5. Simulated risk curve and usual intake distribution. Some individuals in the population are at
risk of inadequacy

In Figure 4, by contrast, the prevalence estimate would be approximately 0%, because in that
population the probability of observing intakes below 80 is very low according to the usual intake

distribution.
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In general, we would expect that the usual intake distribution and the risk curve for a nutrient show
some overlap. A more realistic example is shown in Figure 5. Here we have superimposed a simulated
usual intake distribution to the risk curve that arises when requirements are normally distributed with
mean 42 and standard deviation 15. The usual intake distribution was simulated as a normal distribution
with mean 80 and standard deviation 25.

Notice that in this example, the overlap between the usual intake distribution and the simulated risk
curve is small. Indeed, individuals whose intakes are above 70 or so have essentially zero risk of nutrient
inadequacy. This was expected in this simulated example, given that the mean intake was set at 80
whereas the mean requirement was set at only 42 for the simulated requirements distribution. Notice also
that for an intake level of about 60, the risk of inadequacy is approximately 14%.

The quantity of interest is not the risk associated to a certain intake level but rather the expected risk
of inadequacy n the population. This expectation (think of it as an average) is taken with respect to the
usual intake distribution for the nutrient in the population. In other words, prevalence of nutrient
inadequacy is defined as the expected risk given the distribution of intakes in the population. To derive
the estimate of prevalence, we first define:

* y denotes intake levels. In Figure 5, y values are shown between 0 and 160.
* p(y) is the probability, under the usual intake distribution, associated to each intake level y. In our
simulated example, p(20) and p(140), for example, are very small, but p(70) or p(85) are very high.
* p(y) is the risk calculated from the simulated requirement distribution. For example, for y = 20, the
risk of inadequacy is very high, with p(20) = 1, while for y = 100, the risk is very low, with p(100) = 0.
With this notation, the calculation of prevalence is simple. Using the intake levels in the stmulated

example,

Prevalence=i p»ply}, 3)

¥=0
where, in practice, the sum is carried out only to intake levels until the risk of inadequacy becomes about
0. In the example in Figure 5, we would add up the product of risk values and intake probabilities only
for intake levels between O and 80.

Notice that expression (3) is simply a weighted average of risk values, where the weights are given
by the probabilities of observing the intakes associated to those risks. Formally, the expected risk is

given by
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Efrisk} = j: p(y)dF
=[7 P f )y,

where p(y) denotes the risk value for an intake level y, F is the usual intake distribution, and f{y) is the
value of the usual intake density at intake level y.

The NRC report’ suggests a simpler computational method to obtain an estimate of prevalence
p 28 p p

using the probability approach. Rather than adding up many products p(y) p(y) associated to different
values of intakes, one can group intakes by constructing m “bins”. In the example, we could group all
intakes between O and 10 into a bin, all intakes between 20 and 30 into another bin, and so forth. The
probabilities associated to each bin are simply the frequencies of intakes in the population that “fall into”
each bin. (These frequencies are determined by the usual intake distribution in the population.) The
average risk associated to intakes in a bin is approximated as the risk associated to the middle element in
the bin. In the example, all intakes between 50 and 60 would have a risk of approximately 18% under the

risk curve. To compute prevalence using this grouped version, simply use expression (3) but add over

the m bins using the values of p associated to the midpoint of each bin and p(.) of the bin. An example of

this computation is given on page 28, Table 5-1, of the NRC re:port.l

The probability approach requires the following information:

» Intakes and requirements are assumed to be independent. Under this independence assumption, the
joint distribution of intakes and requirements can be factorized, as we discussed in a previous section,
into the corresponding marginal distributions.

* The mean and the variance of the requirement distribution must be known.

* Practitioners must know the form of the requirements distribution (normal, lognormal, etc.) or be
willing to assume a form for the requirement distribution. Without a form for the distribution, risk
curves such as those shown in Figures 2 and 5 cannot be computed.

In general, researchers assume that requirements distributions are normal, with mean and variance
as estimated from experimental data. Even under nermality, however, an error in the estimation of either
the mean or the variance (or both) of the requirements distribution may lead to biased prevalence
estimates. The NRC report1 provides various examples of the effect of changing the mean and the
variance of the requirement distribution on prevalence estimates. What the NRC report’ does not
mention is that an incorrect specification of the form of the requirements distribution may lead to even

more elaborate biases,
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The Shortcut Method Proposed By Beaton

The probability approach described in the previous section is simple to apply but requires that
practitioners choose a form for the requirements distribution. For certain nutrients such as iron, the
assumption of normality is inappropriate, and for all nutrients, data are not abundant enough to check
whether the normality assumption is reasenable. Thus, a method that does not require such strong
parametric assumptions would be very appealing. The shortcut method proposed by Beaton® requires no
such assumptions and, under certain conditions, should be preferred to the probability approach.

The shortcut method is very simple: estimate prevalence of inadequate intakes as the proportion of
the population with unusual intakes below the average requirement (EAR). In the simulated example in
the previous section, prevalence would be estimated as the proportion of individuals in the population
with usual intakes below 42.

To understand how the shortcut method works, we go back to the section where we discussed the
joint distribution approach to estimating prevalence. Refer to Figure 6, which shows a simulated joint

distribution of usual intake and requirement. To generate the joint distribution, we simulated usual

intakes and requirements for 5,000 individuals, from independent xz distribution with seven degrees of
freedom and a normal distribution, respectively. The usual intake distribution was rescaled to have mean
1,500 and standard deviation 400. The nermal distribution used to represent requirements had mean
1,200 and standard deviation 200, Note that intakes and requirements are uncorrelated and that the usual
intake distribution is skewed. An individual whose intake is below the mean requirement is not
necessarily at risk. For example, the individual marked with a black dot in Figure 6 has an intake below
the mean requirement EAR but is not at risk because for that individual, i — r> 0.

Because we base our inferences on the joint, rather than the univariate, distributions, we may well
find that an individual consuming a nutrient at a level below the mean of the population requirement may
be satisfying his/her own requirements and thus may not be at risk. That is the case with all the
individuals in the plot that appear below the 45° line and to the left of the i = 1,200 line, in the triangle
labeled B.

We have agreed that in order to estimate prevalence we would need to “count” those individuals in
Figure 6 who appear above the 45° line, because for them, { < r. We have also agreed on the fact that this
is not a practical method, since we do not have information needed for estimating the joint distribution.
Can we approximate this proportion in some other way? The probability approach in the previous
section is one such approximation. The shortcut method of Beaton” is another such approximation, and

we now describe its fundamentals.



