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The measure of risk requires that all of the N people are followed for the entire
time during which the risk is being measured. The average risk for a group is also
referred to as the incidence proportion. The word risk often is used in reference to
a single person, and incidence proportion is used in reference to a group of people
(Table 4-1). Because averages taken from populations are used to estimate the
risk for individuals, the two terms often are used synonymously. We can use risk
or incidence proportion to assess the onset of disease, death from a given disease,
or any event that marks a health outcome.

One of the primary advantages of using risk as a measure of disease frequency
is the extent to which it is readily understood by many people, including those
who have little familiarity with epidemiology. To make risk useful as a technical
or scientific measure, however, we need to clarify the concept. Suppose you read
in the newspaper that women who are 60 years old have a risk of dying of
cardiovascular disease. What does this statement mean? If you consider the possi-
bilities, you may soon realize that the statement as written cannot be interpreted.
It is certainly not true that a typical 60-year-old woman has a 2% chance of dying
of cardiovascular disease within the next 24 hours or in the next week or month.
A 2% risk would be high even for 1 year, unless the women in question have one
or more characteristics that put them at unusually high risk compared with most
60-year-old nen. The risk of developing fatal cardiovascular disease over the
remaining lifetime of 60-year-old women, however, would likely be well above 2%.
There might be some period over which the 2% figure would be correct, but any
other period of time would imply a different value for the risk.

The only way to interpret a risk is to know the length of time over which the
risk applies. This period may be short or long, but without identifying it, risk
values are not meaningful. Over a very short time period, the risk of any partic-
ular disease is usually extremely low. What is the probability that a given person
will develop a given disease in the next 5 minutes? It is close to zero. The total
risk over a period of time may climb from zero at the start of the period to a
maximum theoretical limit of 100%, but it cannot decrease with time. Figure 4-1
illustrates two different possible patterns of risk during a 20-year interval. In pat-
tern A, the risk climbs rapidly early during the period and then plateaus, whereas
in pattern B, the risk climbs at a steadily increasing rate during the period.

How might these different risk patterns occur? As an example, a pattern similar
to A could occur if a person who is susceptible to an infectious disease becomes
immunized, in which case the leveling off of risk is sudden, not gradual. Pattern
A also could occur if those who come into contact with a susceptible person
become immunized, reducing the susceptible person’s risk of acquiring the disease.
A pattern similar to B could occur if a person who has been exposed to a cause

Table 4-1 COMPARISON OF INCIDENCE PROPORTION (RISK)
AND INCIDENCE RATE

Property Incidence Proportion Incidence Rate
Smallest value 0 0

Greatest value 1 Infinity

Units (dimensionality) None 1 /time

Interpretation Probability Inverse of waiting time
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The measure of risk requires that all of the N people are followed for the entire
time during which the risk is being measured. The average risk for a group is also
referred to as the incidence proportion. The word risk often is used in reference to
a single person, and incidence proportion is used in reference to a group of people
(Table 4-1). Because averages taken from populations are used to estimate the
risk for individuals, the two terms often are used synonymously. We can use risk
or incidence proportion to assess the onset of disease, death from a given disease,
or any event that marks a health outcome.

One of the primary advantages of using risk as a measure of disease frequency
is the extent to which it is readily understood by many people, including those
who have little familiarity with epidemiology. To make risk useful as a technical
or scientific measure, however, we need to clarify the concept. Suppose you read
in the newspaper that women who are 60 years old have a 2% risk of dying of
cardiovascular disease. What does this statement mean? If you consider the possi-
bilities, you may soon realize that the statement as written cannot be interpreted.
It is certainly not true that a typical 60-year-old woman has a 2% chance of dying
of cardiovascular disease within the next 24 hours or in the next week or month.
A 2% risk would be high even for 1 year, unless the women in question have one
or more characteristics that put them at unusually high risk compared with most
60-year-old women. The risk of developing fatal cardiovascular disease over the
remaining lifetime of 60-year-old women, however, would likely be well above 2%.
There might be some period over which the 2% figure would be correct, but any
other period of time would imply a different value for the risk.

The only way to interpret a risk is to know the length of time over which the
risk applies. This period may be short or long, but without identifying it, risk
values are not meaningful. Over a very short time period, the risk of any partic-
ular disease is usually extremely low. What is the probability that a given person
will develop a given disease in the next 5 minutes? It is close to zero. The total
risk over a period of time may climb from zero at the start of the period to a
maximum theoretical limit of 100%, but it cannot decrease with time. Figure 4-1
illustrates two different possible patterns of risk during a 20-year interval. In pat-
tern A, the risk climbs rapidly early during the period and then plateaus, whereas
in pattern B, the risk climbs at a steadily increasing rate during the period.

How might these different risk patterns occur? As an example, a pattern similar
to A could occur if a person who is susceptible to an infectious disease becomes
immunized, in which case the leveling off of risk is sudden, not gradual. Pattern
A also could occur if those who come into contact with a susceptible person
become immunized, reducing the susceptible person’s risk of acquiring the disease.
A pattern similar to B could occur if a person who has been exposed to a cause

Table 4-1 COMPARISON OF INCIDENCE PROPORTION (RiSK)
AND INCIDENCE RATE

Property Incidence Proportion Incidence Rate
Smallest value 0 0

Greatest value 1 Infinity

Units (dimensionality) None 1/time

Interpretation Probability Inverse of waiting time
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a victim of domestic viole during the subsequent 25 years. If we count her
as part of the denominator, N, we will obtain an underestimate of the risk of
domestic violence for a population of women who do survive 30 years. To under-
stand why, imagine that there are many women who do not survive the 30-year
follow-up period. It is likely that among them there are some women who would
have experienced domestic violence if they had instead survived. If we count the
women who die during the follow-up period in the denominator, N, of a risk
measure, then the numerator, A, which gives the number of cases of domestic vio-
lence, will be underestimated because A is supposed to represent the number of
victims of domestic violence among a population of women who were followed
for a full 30 years.

This phenomenon of people being removed from a study through death from
other causes is sometimes referred to as competing risks. There is one outcome for

ch there can be no competing risk: the outcome of death from any cause. If
we study all deaths, there is no possibility of someone dying of a cause that we
are not measuring. For any other outcome, it will always be possible for someone
to die before the end of the follow-up period without experiencing the event that
we are measuring. Therefore, unless we are studying all deaths, competing risks
become a consideration.

Over a short period of time, the influence of competing risks usually is small.
It is not unusual for studies to ignore competing risks if the follow-up period
is short. For example, in the experiment in 1954 in which the Salk vaccine was
tested, hundreds of thousands of schoolchildren were given either the Salk vaccine
or a placebo. All of the children were followed for 1 year to assess the vaccine’s
efficacy. Because only a small proportion of school-age children died of compet-
ing causes during the year of the study, it was reasonable to report the results
of the Salk vaccine trial in terms of the observed risks. When study participants
are older or are followed for longer periods, competing risks are greater and may
need to be taken into account. One way to remove competing risks is to measure
incidence rates instead, and convert these to risk measures, and another is to use
a life-table analysis. Both approaches are described later in this chapter.

A related issue that affects long-term follow-up is loss fo follow-up. Some people
may be hard to track to assess whether they have developed disease. They may
move away or choose not to participate further in a research study. The difficulty
in interpreting studies in which there have been considerable losses to follow-up
is sometimes similar to the challenge of interpreting studies in which there are
strong competing risks. In both situations, the researcher lacks complete follow-up
of a study group for the intended period of follow-up.

Because of competing risks, it is often useful to think of risk or incidence pro-
portion as hypothetical measures in the sense that they usually cannot be directly
observed in a population. If competing risks did not occur and all losses to fol-
low-up could be avoided, we could measure incidence proportion directly in a
population by dividing the number of observed cases by the number of people
in the population followed. As mentioned earlier, if the outcome of interest is
death from any cause, there will be no competing risk; any death that occurs
represents an outcome that will count in the numerator of the risk measure. Most
attempts to measure disease risk are focused on outcomes more specific than
death from any cause, such as death from a specific cause (eg, cancer, multiple
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sclerosis, infection) or the occurrence of a disease rather than death: For these
outcomes, there is always the possibility of competing risks. In reporting the frac.
tion A/N, which is the observed number of cases divided by the number of peo-
ple who were initially being followed, the incidence proportion that would have
been observed had there been no competing risk will be underestimated, because
competing risks will have removed some people from the at-risk. population

before their disease developed.

ATITACK RATE AND FATALITY RATE

incidence proportion that is sometimes used in connection

with infectious outbreaks is aftack rate. An attack rate is the incidence pro-

portion, or risk, of contracting a condition during an epidemic period. For

example, if an influenza epidemic has a 10% attack rate, 10% of the popu-

n will develop the disease during the epidemic period. The time refer-

e for an attack rate is usually not stated but is implied by the biology of

the disease being described. It is usually short, typically no more than a few

months, ometimes much less. A secondary attack rate is the attack rate

among susceptible people who come into direct contact with primary cases,
I]‘n. S5 e

Another version of the incidence proportion that is encountered fre-

juently in clinical medicine is the case-fatality rate, which is described in

Chapter 13. The case-fatality rate is the proportion of peo-

: ng those who develop the disease

pulation at risk when a case-fatality rate is used is the

of people who have already developed the disease. The event

lopment of the disease but rather death from the

times all deaths among patients, rather than only deaths from

e counted). Like an attack rate, the case-fatality rate is seldom

y a specific time referent, and this lack of time specificity can

It to interpret. It is typically used and easiest to interpret as a

the proportion of people who succumb to an infectious dis-

e case-fatality rate for measles in the United States

r 1000 cases. The period for this risk of death is the

e frame during which measles infects an individual,

overy, h, or some other complication. For diseases that

y affect a son over long periods, such as multiple sclerosis, it

lifficult to interpret a measure such as case-fatality rate, and other

mortality or survival measures are used instead.

T'o address the problem of competing risks, epidemiologists often resort to a dif
ferent measure of disease occurrence, the incidence rate. This measure is similar to

incidence proportion in that the numerator is the same. It is the number of cases,
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A, that occur in a population. The denominator is different. Instead of dividing

the number of cases by the number of people who were initially being followed,

the incidence rate divides the number of cases by a measure of time. This time

measure is the summation across all individuals of the time experienced by the
ation being followed.

Number of subjects developing disease
Incidence rate = — ey
3 Time Total time experienced for the subjects followed

One way to obtain this measure is to sum the time that each person is fol-
lowed for every member of the group being followed. If a population was fol-
lowed for 30 years and a given person died after 5 years of follow-up, that person
would have contributed only 5 years to the sum for the group. Others might
have contributed more or fewer years, up to a maximum of the full 30 years of
follow-up.

For people who do not die during follow-up, there are two methods of count-
ing the time during follow-up. These methods depend on whether the disease or
event can recur. Suppose that the disease is an upper respiratory tract infection,
which can occur more than once in the same person. Because the numerator of
an incidence rate could contain more than one occurrence of an upper respiratory
tract infection from a single person, the denominator should include all the time
during which each person was at risk for getting any of these bouts of infection.
In this situation, the time of follow-up for each person continues after that person
recovers from an upper respiratory tract infection. On the other hand, if the event
were death from leukemia, a person would be counted as a case only once. For
someone who dies of leukemia, the time that would count in the denominator of
an incidence rate would be the interval that begins at the start of follow-up and
ends at death from leukemia. If a person can experience an event only once, the
person ceases to contribute follow-up time after the event occurs.

In many situations, epidemiologists study events that can occur more than
once in an individual, but they count only the first occurrence of the event. For
example, researchers may count the occurrence of the first heart attack in an indi-
vidual and ignore (or study separately) second or later heart attacks. If only the
first occurrence of a disease is of interest, the time contribution of a person to
the denominator of an incidence rate will end when the disease occurs. The uni-
fying concept in regard to tallying the time for the denominator of an incidence
rate is simple: The time that goes into the denominator corresponds to the time
experienced by the people being followed during which the disease or event being
studied could have occurred. For this reason, the time tallied in the denominator
of an incidence rate is often referred to as the time at risk for disease. The time
in the denominator of an incidence rate should include every moment during
which a person being followed is at risk for an event that would get tallied in the
numerator of the rate. For events that cannot recur, after a person experiences the
event, he or she will have no more time at risk for the disease, and therefore the
follow-up for that person ends with the disease occurrence. The same is true of
a person who dies from a competing risk.

Figure 4-2 illustrates the time at for five hypothetical people being fol-
lowed to measure the mortality rate of leukemia. A mortality rate is an incidence
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Leukemia death
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Time at risk for leukemia death for five people.

rate in which the event being measured is death. Only the first of the five people
emia during the follow-up period. This person’s time at risk ended

) leukemia. The second person died in an automobile

k for dying of leukemia. The third

st, even if that person dies of leukemia, the death will not be counted in the
numerator of the rate because the researcher would not know about it. Therefore
the time at risk - counted as a case in the numerator of the rate ends when a
rson becomes lost to follow-up. The last two people were followed for the com-
iod. The total time tallied in the denominator of the mortality
for these five people corresponds to the sum of the lengths of
e line segments in Figure 4-2.
rates treat ¢ unit of time as equivalent to another, regardless of
ether these time units come from the same person or from different people.
incidence rate is the ratio of cases to the total time at risk for disease. This
s not have the same simple interpretability as the risk measure.

A comparison of the risk and incidence rate measures (Table 4-1) shows that,
proportion, or risk, can be interpreted as a probability,
= cannot. Unlike a probability, the incidence rate does not have
of [0,1]. Instead, it can theoretically become extremely large without
it. It may at first seem puzzling that a measure of disease occurrence
exceed 1; how can more than 100% of a population be affected? The answer
is that the incidence rate does not measure the proportion of the population that
is affected. It measures the ratio of the number of cases to the time at risk for dis-
ease. Because the denominator is measured in time units, we can always imagine
that the denominator of an incidence rate could be smaller, making the rate larget

The numeric value of the incidence rate depends on what time unit is chosen.
Suppose that we measure an incidence rate in a population as 47 cases occur
Ti‘)‘k; in 158 months. To make it clear that the time tallied in the denominator
of an incidence rate is the sum of the time contribution from various pcopl&
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we often refer to these time values as person-time. We can express the incidence
rate as
0.30 cases
158 person-months  person-month

We could also restate this same incidence rate using person-years instead of

person-months:

47 cases 3.57 cases

13.17 person-years  person-year

These two expressions measure the same incidence rate; the only difference is the
time unit chosen to express the denominator. The different time units affect the
numeric values. The situation is much the same as expressing speed in different
units of time or distance. For example, 60 miles/hr is the same as 88 ft/sec or
16.84 m/sec. The change in units results in a change in the numeric value.

ry between incidence rate and speed is helpful in understanding
other aspects of incidence rate as well. One important insight is that the inci-
dence rate, like speed, is an instantaneous concept. Imagine driving along a
highway. At any instant, you and your vehicle have a certain speed. The speed
can change from moment to moment. The speedometer gives you a continuous
measure of the current speed. Suppose that the speed is expressed in terms of
kilometers per hour. Although the time unit for the denominator is 1 hour, it
does not require an hour to measure the speed of the vehicle. You can observe
the speed for a given instant from the speedometer, which continuously calcu-
lates the ratio of distance to time over a recent short interval of time. Similarly,
an incidence rate is a momentary rate at which cases are occurring within a
group of people. Measuring an incidence rate takes a nonzero amount of time,
as does measuring speed, but the concepts of speed and incidence rate can be
thought of as applying at a given instant. If an incidence rate is measured, as is
often the case, with person-years in the denominator, the rate nevertheless may
characterize only a short interval, rather than a year. Similarly, speed expressed
in kilometers per hour does not necessarily apply to an hour but perhaps to an
instant. It may seem impossible to get an instantaneous measure of incidence
rate, but in a situation analogous to use of the speedometer, current incidence
or mortality for a sufficiently large population can be measured by counting,
for example, the cases occurring in 1 day and dividing that number by the
person-time at risk during that day. Time units can be measured in days or
hours but may be expressed in years by dividing by the number of days or
hours in a year. The unit of time in the denominator of an incidence rate is
arbitrary and has no implication for the period of time over which the rate is
actually measured, nor does it communicate anything about the actual time to
which it applies.

Incidence rates commonly are described as annual incidence and expressed in
the form of “SO cases per 100,000 This is a clumsy description of an incidence
rate, equivalent to describing an instantaneous speed as an “hourly distance.”
Nevertheless, we can translate this phrasing to correspond with what we have
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alreadv described for incidence rates. We can express this rate as 50 ¢
o0 cases per

100,000 person-years, or 50/100,000 yr'. The negative 1 in the exponent meansg

inverse, implying that the denominator of the fraction is measured in unity of
years.

Whereas the risk measure typically transmits a clear message to epidemiologists

ke (provided that a time period for the risk is speci-

1e incidence rate may not. It is more difficult to conceptualize a measure

of occurrence that uses the ratio of events to the total time in which the events

under certain conditions, there is an interpretation that we

The dimensionality of an incidence rate is that of

of an incidence rate correspond?

state conditions—a situation in which the rates do not change

with time—the reciprocal of the incidence rate equals the average time until an

rent o s. This time is referred to as the waiting time. Take as an example the

incidence rate described earlier, 3.57 cases per person-year. This rate can be writ

ten as 3.57 yr’'; the cases in the numerator of an incidence rate do not have

units. The reciprocal of this rate is 1/3.57 years = 0.28 years. This value can be

interpreted as an average waiting time of 0.28 years until the occurrence of an
event.

As another example, consider a mortality rate of 11 deaths per 1000 person:
years, which could also be written as 11/1000 yr™. If this is the total mortality
rate for an entire population, the waiting time that corresponds to it will repré-
sent the average time until death. The average time until death is also referred
to as the e life or expected survival time. Using the reciprocal of
11/1000 yr!, we obtain 90.9 years, which can be interpreted as the expectation
of life for a population in a steady state that has a mortality rate of 11/1000 yr

ause mortality rates typically change with time over the time scales that apply

the reciprocal of the mortality rate for a population is not
mating the expectation of life. Nevertheless, it is help-
interpretation we may assign to an incidence rate

if the conditions that justify the interpretation are often
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The Relation Be Risk and Incidence Rate

Because the interpretation of risk is s0 much more straightforward than the inter-
prctati‘-‘“ of incidence rate, it is often convenient to convert incidence rate mea-
sures into risk measures, Fortunately, this conversion usually is not difficult. The
simplest formula to convert an incidence rate to a risk is as follows:

Risk = Incidence rate x Time

For Equation 4-1 and other such formulas, it is a good habit to confirm that
the dimensionality on both sides of the equation is equivalent. In this case, risk
is a proportion, and therefore has no dimensions. Although risk applies for a spe-
cific period of time, the time period is a descriptor for the risk but not part of
the measure itself. Risk has no units of time or any other quantity built in; it
is interpreted as a probability. The right side of Equation 4-1 is the product of
two quantities, one of which is measured in units of the reciprocal of time and
the other of which is time itself. Because this product has no dimensionality, the
equation holds as far as dimensionality is concerned.

In addition to checking the dimensionality, it is useful to check the range of
the measures in an equation such as Equation 4-1. The risk is a pure number in
the range [0,1]; values outside this range are not permitted. In contrast, incidence
rate has a range of [0,c0], and time also has a range of [0,00]. The product of
incidence rate and time does not have a range that is the same as risk, because
the product can exceed 1. This analysis shows that Equation 4-1 is not applica-
ble throughout the entire range of values for incidence rate and time. In general
terms, Equation 4-1 is an approximation that works well as long as the risk cal-
culated on the left is less than about 2 ove that value, the approximation
deteriorates.

population for 1 year, Equation 4-1 suggests that the risk of lung cancer is 8 in
10,000 for the 1-year period (ie, 8/10,000 person-years X 1 year), or 0.0008. If
the same rate applied for only 0.5 year, the risk would be one half of 0.0008, or
0.0004. Equation 41 calculates risk as directly proportional to both the incidence
rate and the time period, so as the time period is extended, the risk becomes
proportionately greater.

Now suppose that we have a population of 1000 people who experience a mor-
tality rate of 11 deaths per 1000 person-years for a 20-year period. Equation -1
predicts that the risk of death over 20 years will be 11/1000 yr™* x 20 yr = 0.22,
or 22%. In other words, Equation 4-1 prcdicts that among the 1000 people at the
start of the follow-up period, there will be 220 deaths during the 20 years. The
220 deaths are the sum of 11 deaths that occur among 1000 people every year
for 20 years. This calculation neglects the fact that the size of the population at
risk shrinks gradually as deaths occur. If the shrinkage is taken into account, fewer
than 220 deaths will have occurred at the end of 20 years.

Table 4-2 describes the number of deaths expected to occur during each year
of the 20 years of follow-up if the mortality rate of 11/1000 yr' is applied to
a population of 1000 people for 20 years. The table shows that at the end of
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have occurred, rather than 220, because a steadily

on is at risk of death each year. The table also shows that the

f 11 deaths per year from Equation 4-1 is a good estimate for the

vart of the follow-up but the number of deaths expected each year gradually
nsiderably lower than 11. Why is the number of expected deaths not

{ irst year, in which there are 1000 people being followed

rs, the number of people

), which influences the number of cxpectcd deaths

in Table 4-2, the expected deaths decline gradually

If we extended the calculations in the table further, the discrepancy between

the risk calculated from Equation 4-1 and the actual risk would grow: Figure 4-3
graphs the cumulative total of deaths that would be expected and the number pro-
jected from Equation 4-1 over 50 years of follow-up. Initially, the two curves aré
close, but as the cumulative risk of death rises, they diverge. The bottom curve in
the figure is an exponential curve, related to the curve that describes xponential
decay. If a population experiences a constant rate of death, the proportion remain-
ing alive follows an exponential curve with time. This exponential decay is the
same curve that describes radioactive decay. If a population of radioactive atoms
converts Ar'rum one atomic state to another at a constant rate, the proportion of
atoms left in the initial state follows the curve of exponential decay. The lower
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Figure 4-3 Cumulative number of deaths among 1000 people with a mortality
rate of 11 deaths per 1000 person-years, presuming no population shrinkage (see
Equation 4-1) and taking the population shrinkage into account (ie, exponential decay).

curve in Figure 4-3 is actually the complement of an exponential decay curve.
Instead of showing the decreasing number remaining alive (ie, the curve of expo-
nential decay), it shows the increasing number who have died, which is the total
number in the population minus the number remaining alive. Given enough time,
this curve gradually flattens, and the total number of deaths approaches the total
number of people in the population. In contrast, the curve based on Equation 4-1
continues to predict 11 deaths each year regardless of how many people remain
alive, and it eventually would predict a cumulative number of deaths that exceeds
the original size of the population.

Clearly, Equation 4-1 cannot be used to calculate risks that are large, because
it provides a poor approximation in such situations. For many epidemiologic
applications, however, the calculated risks are reasonably small, and Equation 4-1
is quite adequate for converting incidence rates to risks.

Equation 4—1 calculates risk for a time period over which a single incidence rate
applies. The calculation assumes that the incidence rate, an instantaneous concept,
remains constant over the time period. What if the incidence rate changes with
time, as is often the case? In that event, risk can still be calculated, but it should be
calculated first for separate subintervals of the time period. Each of the time inter-
vals should be short enough so that the incidence rate that applies to it could be
considered approximately constant. The shorter the intervals, the better the overall
accuracy of the risk calculation, although the intervals should not be so short that
there are inadequate data to obtain meaningful incidence rates for each interval.

The method of calculating risks over a time period with changing incidence
rates is known as survival analysis. It can also be applied to nonfatal risks, but the
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approach originated from data related to deaths. The method is implemented by

creating a table similar to Table 4-2, called a life table. The purpose of a life table
is to calculate the probability of surviving through each successive time interval that
constitutes the period of interest. The overall survival probability is equal to the

duct of the probabilities of surviving through each successive interval,

jury in a hy
* In this example, the time periods correspond to age
he number initially at risk has been arbitrarily set to 100,000 people.
le calculation is strictly hypothetical, because the number at risk at

risks, the results are interpretable as risks or
. faced by a population was

injury for each of the

s in each age interval

k during that age interval

» 1 minus the risk for

umn 6) is the product

bottom number in

a otor vehi-

1g that without

totzl risk,

;. INJURY FROM

Number Deaths Risk Survival Cumulative Survival
at Risk  in Interval of Dying Probability Probability
000 70 0.00070 0.99930 0.99930
15-24 G ) 358 0.00358 0.99642 0.99572
25-44 99 L 400 0.00402 0.99598 0.99172
45-64 99,172 365 0.00368 0.99632 0.98807
65-84 98,807 429 0.00434 0.99566 0.98378

*Mortality rates are deaths per 100,000 person-years,
Adapted from Iskrant and Joliet, Tal
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Table 4-3 shows a hypothetical cohort being followed for 85 years. If this had
been an actual cohort, there would have been some people lost to follow-up and
some who died of other causes. When follow-up is incomplete for either of these
reasons, the usual approach is to use the information that is available for those
with incomplete follow-up; their follow-up is described as censored at the time
that they are lost or die of another cause.

Table 4-4 shows what the same cohort experience would look like under the
more realistic situation in which many people have incomplete follow-up. Two
new columns have been added with hypothetical data on the number that are
censored because they were lost to follow-up or died of other causes (column 4)
and the effective number at risk (column §). The effective number at risk is cal-
culated by taking the number at risk in column 2 and subtracting one half of the
number who are censored (column 4). Subtracting one half of those who are cen-
sored is based on the assumption that the censoring occurred uniformly through-
out each age interval. If there is reason to believe that the censoring tended to
occur nonuniformly within the interval, the calculation of the effective number at
risk should be adjusted to reflect that belief.

Point-Source and Propagated Epidemics

An epidemic is an unusually high occurrence of disease. The definition of unusually
high depends on the circumstances, and there is no clear demarcation between
an epidemic and a smaller fluctuation. The high occurrence may represent an
increase in the occurrence of a disease that still occurs in the population in the
absence of an epidemic, although less frequently than during the epidemic, or
it may represent an outbreak, which is a sudden increase in the occurrence of a
disease that is usually absent or nearly absent (Fig. 4-4).

If an epidemic stems from a single source of exposure to a causal agent, it
is considered a point-source epidemic. Examples of point-source epidemics are
food poisoning of restaurant patrons who have been served contaminated food
and cancer occurrence among survivors of the atomic bomb blasts in Hiroshima

Table 4-4 Lire TABLE FOR D H FROM MOTOR VEHICLE INJURY FROM BIRTH
THROUGH AGE 85°

Motor Lost to
Vehicle Follow-up
Injury or Died Effective Cumulative
Deaths in of Other Number Risk of Survival Survival
Age AtRisk Interval Causes at Risk Dying Probability Probability
0-14 100,000 67 9,500 95,250 0.00070  0.99930 0.99930
15-24 90,433 30 12,500 84,183 0.00358 099642 099572
25-44 77,67 20,000 67,632 000402 099598 099172
45-64 57,360 30,000 42,360 0.00368 0.99632 0.98807
65-84 27,204 64 25,000 14,704 0.00435 099565  0.98377

‘Mortality rates are deaths per 100,000 person-years.
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Fatal Cases of Cholera
Near Broad Street, London, 1854

10 20 30 40
Day of Cholera Onset (0=August 18)

Figure 4-4 Ej nic curve for fatal cholera cases during the Broad Street outbreak
in Lon

Although the time scales of these epidemics differ dramatically,
he nature of the diseases and their causes, all people in both cases
exposed to the same causal component that produced the epidemic—

aurant or ionizing radiation from the bomb blast.
pidemic is typically newly introduced into the
r the epidemic.
ically, the shape of the epidemic curve for a point-source epidemic shows an
increase in the incidence rate followed by a more gradual decline in the
; this pattern is often described as a log-normal distribution. The asym-
f the curve stems partly from the fact that biologic curves with a meaningful
symmetric because there is less variability in the direction of
1 the other direction. For example, the distribution of recovery
heal 2 wound is log-normal. Similarly, the distribution of induction

ntil the occurrence of illness after a common exposure is log—normal. If the

» point is sufficiently far from the modal value, the asymmetry may not be appar-
ent. For example, birth weight has a meaningful zero point, but the zero point is far
from the center of the distribution, and the distribution is almost symmetric.

An example of an asymmetric epidemic curve is that of the 1854 cholera epi-
demic described by John Snow.? In that outbreak, exposure to contaminated water
in the neighborhood of the water pump at Broad Street in London pl‘()dUCt"d
a log-normal epidemic curve (see Fig. 4-4). Snow is renowned for having con-
vinced local horities to remove the handle from the pump, but they only did
so on September 8 (day 21), when the epidemic was well past its peak and the
number of cases was almost back to zero.

The shape of an epidemic cu ilso may be affected by the way in which the
curve is calculated. It is common, as in Figure 4-4, to plot the number of new

cases instead of the incidence rate among susceptible people. People who have
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already succumbed to an infectious disease may no longer be susceptible to it for
some period of time. If a substantial proportion of a population is affected by the
outbreak, the number of susceptible people will decline gradually as the epidemic
progresses and the attack rate increases. This change in the susceptible population
leads to a more rapid decline over time in the number of new cases compared
with the incidence rate in the susceptible population. The incidence rate declines
more slowly than the nu r of new cases because in the incidence rate, the

lining number of new cases is divided by a dwindling amount of susceptible
person-time.

A prnpugated epidemic is one in which the causal agent is transmitted through
a population. Influenza epidemics are propagated by person-to-person transmis-
sion of the virus. The epidemic of lung cancer during the 20th century was a
propagated epiden attributable to the spread of tobacco smoking through many
cultures and societies. The curve for a propagated epidemic tends to show a more
gradual initial rise and a more symmetric shape than for a point-source epidemic
because the causes spread gradually through the population. Transmission of
infectious disease within a population is discussed further in Chapter 6, which
also presents the Reed-Frost model, a simple model that describes transmission
of an infectious disease in a closed population.

Although we may think of point-source epidemics as occurring over a short
time span, they are not always briefer than propagated epidemics. The epidemic
of cancer attributable to exposure to the atomic bombs detonated in Hiroshima
and Nagasaki was a point-source epidemic that began a few years after the explo-
sions and continues into the present. Another possible point-source epidemic
that occurred over decades was an apparent outbreak of multiple sclerosis in the
Faroe Islands that followed the occupation of those islands by British troops dur-
ing the Second World War* (although this interpretation of the data has been
questioned®). Propagated epidemics can occur over extremely short time spans.
An example is epidemic hysteria, a disease often propagated from person to
person in minutes. An example of an epidemic curve for a hysteria outbreak is
depicted in Figure 4-5. In this epidemic, 210 elementary school children devel-
oped symptoms of headache, abdominal pain, and nausea. These symptoms were
attributed by the investigators to hysteric anxiety.”

Prevalence Pro

Incidence proportion and incidence rate are measures that assess the frequency of
disease onsets. The numerator of either measure is the frequency of events that
are defined as the occurrence of disease. In contrast, prevalence proportion, often
referred to simply as prevalence, does not measure disease onset. Instead, it is a
measure of disease status.

The simplest way of considering disease status is to consider disease as being
either present or absent. The prevalence proportion is the proportion of people
in a population who have disease. Consider a population of size N, and suppose
that P individuals in the population have disease at a given time. The prevalence
proportion is P/N. For example, suppose that among 10,000 women residents of
a town on July 1, 2001, 1200 have hypertension. The prevalence proportion of
hypertension among women in that town on that date is 1200/10,000 = 0.12,
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8910 F&l2 2 34,5 -6 s
a.m. p.m.

Time of Onset of Symptoms

mic curve for an outbreak of hysteria among elementary school

evalence applies only to a single point in time, July 1, 2001
e with time as the factors that affect prevalence change.

evalence? Clearly, disease occurrence affects prevalence.
se, the more people there are who have it.

to the length of time that a person has disease. The

. prevalence. Diseases with short

if the incidence rate is high. One rea

there may be a rapid recovery. For example,

atory low despite a high inc
»d, most people recover from the infection and are no
e. Duration may also be short for a grave disease that

ath. The prevalence of aortic hemorrhage would be low even
» because it usually s to death within minutes. The low

moment, only an L-.\:lr‘('nlcly small propor-
rtic hemorrhage. Some diseases have a
- or death ensues promptly; appendicitis i
] on because, although a person can-
long survival time (although
Diabetes, Crohn

examples.
. duration, it is not
.. It is extremely
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useful, however, for measuring the disease burden on a population, especially if
those who have disease require specific medical attention. For example, the preva-
lent number of people in a population with end-stage renal disease predicts the
need in that population for dialysis facilities.

In a steady state, which is the situation in which incidence rates and disease
duration are stable over time, the prevalence proportion, P, has the following
relation to the incidence rate:

P o
- = ID
1— P
In Equation 4-2, [ is the incidence rate and Dis the average duration of disease.
The quantity P/(1 — P) is known as the prevalence odds. In general, when a pro-
portion, such as prevalence proportion, is divided by 1 minus the proportion, the
resulting ratio is referred to as the odds for that proportion. If a horse is a 3-to-1
favorite at a racetrack, it means that the horse is thought to have a probability of
winning of 0.75. The odds of the horse winning is 0.75/(1 = 0.75) = 3, usually
described as 3 to 1. Similarly, if a prevalence proportion is 0.75, the prevalence
odds would be 3, and a prevalence of 0.20 would correspond to a prevalence
odds of 0.20/(1 — 0.20) = 0.25. For small prevalences, the value of the prevalence
proportion and that of the prevalence odds are close because the denominator of
the odds expression is close to 1. For small prevalences (eg, <0.1), we can rewrite
Equation 4-2 as follows:

[4-3]

Equation 4-3 indicates that, given a steady state and a low prevalence, prev-
alence is approximately equal to the product of the incidence rate and the
mean duration of disease. Note that this relation does not hold for age-specific
prevalences. In that case, D corresponds to the duration of time spent within that
age category rather than the total duration of time with disease.

As we did earlier for risk and incidence rate, we should check this equation to
make certain that the dimensionality and ranges of both sides of the equation are
satisfied. For dimensionality, the right-hand sides of Equations 4-2 and 4-3 involve
the product of a time measure, disease duration, and an incidence rate, which has
units of reciprocal of time. The product is imensionless, a pure number. Prevalence
proportion, like risk or incidence proportion, is als dimensionless, which satisfies
the dimensionality requirement for the two equations, 4-2 and 4-3. The range of
incidence rate and that of mean duration of illness is [O,m], because there is no
upper limit to an incidence rate or the duration of disease. Therefore Equation 4-3
does not satisfy the range requirement, because the prevalence proportion on the
left side of the equation, like any proportion, has a range of [0,1]. For this rea-
son, Equation 4-3 is applicable only for small values of prevalence. The measure
of prevalence odds in Equation 4-2, however, has a range of [0,00], and it is appli-
cable for all values, rather than just for small values of the prevalence proportion.
We can rewrite Equation 4-2 to solve for the prevalence proportion as follows:

[4-4]
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Prevalence measures the disease burden in a population. This type of epide.
miologic application relates more to administrative areas of public health .than
to causal research. Nevertheless, there are research areas in which prevalence
measures are used more commonly than incidence measures, even to investigate

es. Examples are birth defects and birth-related phenomena such as birth

ht or preterm birth. We use a p:'cvalcncc measure when describing the
rrence of congenital malformations among liveborn infants in terms of the
tion of these infants who have a malformation. For example, the propor-

ire born alive with a defect of the ventricular septum of the

ures the status of liveborn infants with respect to

a ventricular septal defect. Measuring the incidence

of ventricular septal defects would require ascer

I » were at risk for developing the defect

- embryos. Such data

cies end before the pregnancy

ily identified. Even when

, information about

For these reasons,

e at birth is eas
asures. Although

used for

is described as the prevalence of smoking. The proportion of a population
exposed to a given agent is often referred to as the yosure prEVlet‘nCL’-
Prevalence can be used to describe the proportion of people in a popu-
lation who have brown eyes, type O blood, or an active driver’s license.
Because epidemiology relates many individual and population characteris-
tics to disease occurrence, it often employs prevalence measures to describe
the frequency of these characteristics.
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MEASURES OF CAUSAL EFFECTS

A central objective of epidemiologic research is to study the causes of disease.
How should we measure the effect of exposure to determine whether exposure
causes disease? In a courtroom, experts are asked to opine whether the disease of
a given patient has been caused by a specific exposure. This approach of assigning
causation in a single person is radically different from the epidemiologic approach,
which does not attempt to attribute causation in any individual instance. The
epidemiologic approach is to evaluate the proposition that the exposure is a cause
of the disease in a theoretical sense, rather than in a specific person.

An elementary but essential principle to keep in mind is that a person may be
exposed to an agent and then develop disease without there being any causal con-
nection between the exposure and the disease. For this reason, we cannot con-
sider the incidence proportion or the incidence rate among exposed people to
measure a causal effect. For example, if a vaccine does not confer perfect immu-
nity, some vaccinated people will get the disease that the vaccine is intended to
prevent. The occurrence of disease among vaccinated people is not a sign that
the vaccine is causing the disease, because the disease will occur even more fre-
quently among unvaccinated people. It is merely a sign that the vaccine is not a
perfect preventive. To measure a causal effect, we have to contrast the experience
of exposed people with what would have happened in the absence of exposure.

The Counterfactual ldeal

It is useful to consider how to measure causal effects in an ideal way. People differ
from one another in myriad ways. If we compare risks or incidence rates between
exposed and unexposed people, we cannot be certain that the differences in risks
or rates are attributable to the exposure. They could be attributable to other fac-
tors that differ between exposed and unexposed people. We may be able to mea-
sure and to take into account some of these factors, but others may elude us,
hindering any definite inference. Even if we matched people who were exposed
with similar people who were not exposed, they could still differ in inapparent
ways. The ideal comparison would be the result of a thought experiment: the
comparison of people with themselves, followed through time simultaneously in
both an exposed and an unexposed state. Such a comparison envisions the impos-
sible, because it requires each person to exist in two incarnations: one exposed
and the other unexposed. If such an impossible goal were achievable, it would
allow us to know the effect of exposure, because the only difference between
the two settings would be the exposure. Because this situation is impossible, it is
called counterfactual.

The counterfactual goal posits not only a comparison of a person with himself
or herself but also a repetition of the experience during the same time period.
Some studies do pair the experiences of a person under both exposed and unex-
posed conditions, The experimental version of such a study is called a crossover

study, because the study subject crosses over from one study group to the other

after a period of time. Although crossover studies come close to the ideal of a

counterfactual comparison, they do not achieve it because a person can be in only
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sistent exposure effect would distort the effect of crossing over from the exposed
to the unexposed group. Another approach is a randomized experiment. In these
y assigned to the exposure groups. Given

Measuring Dise
investigator according to a study protocol) and only if it has a brief effect. A per-

acteristics in the exposed and unexposed groups to be similar. Other approaches
s who have the same or similar risk-
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d participants, we can expect the distributions of other char-

studies, all participants are rando
factor profiles for disease as the exposed subjects. However the comparability is

enough randomiz
involve choosing unexposed study subj

differ by factors other than the exposure. The counterfactual setting is impossible
T

perience twice during
achieved, its success is the overriding concern for any epidemiologic study that
aims to evaluate a causal effect.

If we can assume that the exposed and unexposed groups are otherwise com-
pared measures are the incidence proportion, or risk, and the incidence rate.
rence (RD) is the difference in incidence proportion or risk between

d groups. If the incidence proportion is 0.25 for

one study group at a given time. The time sequence may affect the interpretation
and the passage of time means that the two experiences that are compared may
arable with regard to risk for disease, we can compare measures of disease

occurrence to assess the effect of the exposure. The two most commonly com-

P

same time period, once with exposure and once without exposure.
counterfactual study, each exposed person would

]

because it implies that a person lives through the same
ne is also unexposed, with all other

pared with his or her unexposed counterfactual experience. Everyone is

the exposed and 0.10 for the unexposed, the RD is 0.15. With an incidence rate
instead of a risk to measure disease occurrence, we can likewise calculate the
nce (IRD) for the two measures. (Terminology note: In older

peopl

how to

the :
In the theoretical ideal of a
.L‘-‘C com X
exposed, and in a parallel universe every
factors remaining the same. The effect of exposure could then be measured by
comparing the incidence proportion among everyone while exposed with the inci-
»ortion while everyone is unexposed. Any difference in these propor-
Id have to be an effect of exposure. Suppose we observed 100 exposed
at 25 developed disease in 1 year, providing an incidence pro-
on of 0.25. We would theoretically like to compare this experience with the
, unobservable experience of the same 100 people going through the The risk di
ar under the same conditions except for being unexposed. Suppose that 10 the exposed and the unexg
incidence rate differe
texts, the RD is sometimes referred to as the attributable risk. The IRD also has
been called the attributable rate.)
Difference measures such as RD and IRD measure the absolute effect of an
exposure. It is also possible to measure the relative effect. As an analogy, consider
ess the performance of an investment over a period of time. Suppose
that an initial investment of $100 became $120 after 1 year. The difference in the

counterfact

S
value of the investment at the end of the year and the value at the beginning,

ison would be 0.10. The difference, 15 cases in 100 during
$20, measures the absolute performance of the investment. The relative perfor-

ye

WOl
found th
developed disease in those counterfactual conditions. Then the incidence

B

would be a measure of the causal effect of the exposure.

Peof

proportion for co
I 0.15,
mance is obtained by dividing the absolute increase by the initial amount, which

o
gives $20/$100, or 20%. Contrast this investment experience with that of another

investment, in which an initial sum of $1000 grew to $1150 after 1 year. For
sstment, the absolute increment is $150, far greater than the $20

orse than the first investment.

the year,
from the first investment, but the relative performance of the second investment

is $150/$1000, or 15%, which is w
We can obtain relative measures of effect in the same manner. We first obtain

result that is close, if not identical; to

D
0

the latter in
an absolute measure of effect, which can be the RD or the IRD, and we then
divide that by the measure of occurrence of disease among unexposed persons.
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Risk difference RD
R,

€

|
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is the crucial concern in many epidemiologic stu
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For risks, the relative effect is given by the following equation:
Risk in unexposec
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posed group had a higher risk for disease.
xposed person

ease in the un
group
srved 25 cases in both the exposed : he xrosed ? The
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it time.
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In Equation 4-5, the risk ratio (RR) is defined as R /R, The relative effect is
the risk ratio minus 1 (RR — 1). This result is exactly parallel to the investment
analogy, in which the relative success of the investment was the ratio of the value
after investing divided by the value before investing minus 1. For the smaller of
the two investments, this computation gives ($120/$100) — 1 = 1.2 ~ 1 = 20%
If the risk in exposed people is 0.25 and that in unexposed people is 0.10, the
' ect is (0.25/0.10) — 1, or 1.5 (sometimes expressed as 150%). The RR

| the relative effect is the part of the RR in excess of 1.0 (which is the

RR when there is no effect). By defining the relative effect in this

that we have a relative effect of zero when the absolute effect is

ct. For example, they

in risk. This increase is
ause we cannot have an
percentage increase i
ase of 120% cor-

lving measure, risk,
1ce is the same as the

'E AND RELATIVE

EFreCT MEASURES

Measure Numeric Range Dimensionality
Risk difference [ +11 None
Risk ratio [0, oo] None
Incidence rate difference 1/time

Incidence rate ratio None

Measuring Disease Occurrence and Causal Effects &

The risk ratio has a range that is never negative, because a risk cannot be nega-
tive. The smallest risk ratio occurs when the risk in the exposed group, the numer-
ator of the risk ratio, is zero. The largest risk ratio occurs when the risk among
the unexposed is zero, giving a ratio of o0, Any ratio measure will be dimension-
less if the numerator and denominator quantities have the same dimensionality,
because the dimensions divide out. In the case of risk ratio, the numerator, the
denominator, and the ratio are all dimensionless.

Incidence rates range from zero to infinity, and they have the dimensionality of
1/time. From these characteristics, it is straightforward to deduce the range and
the dimensionality of the IRD and the incidence rate ratio.

WHEN TO UsE ABSOLUTE AND RELATIVE EFFECT MEASURES

Absolute and relative effect measures provide different messages. When
measuring the effect of an exposure on the health of a population, an
absolute effect measure is needed. It reflects added or diminished disease
burden in that population in terms of an increased risk or incidence rate
or, for protective exposures, a decreased risk or incidence rate. The public-
health implications of any exposure need to be assessed in terms of the
absolute effect measures.

Relative effect measures convey a different message. The attributable frac-
tion among exposed people, (RR —1)/RR, is purely a function of the rela-
tive effect measure, which gives a clue about the message of relative effect
measures. These measures indicate the extent to which the exposure in
question accounts for the occurrence of disease among the exposed people
who get disease. The relative measure itself expresses this relation on a scale
that goes from zero to infinity, and the attributable fraction converts it to a
proportion, but both convey a message about the extent to which disease
among the exposed population is a consequence of exposure.

It is important to realize that a relative effect may be extremely large but
with little public-health consequence. If an exposure has a rate ratio of 10
for an extremely rare disease, the 10-fold increase in disease implies that
the exposure accounts for almost all the disease among the exposed; how-
ever, even among exposed the disease may remain rare. Such an exposure
may have less public-health consequence than another exposure that merely
doubles the rate of a much more common disease.

In case-control studies (see Chapter 5), usually only relative effects are
directly obtainable. Nevertheless, by taking into account the overall rate or
risk of disease occurrence in a population, the relative measures obtained
from case-control studies can be converted into absolute measures, which
are needed to assess appropriately the public-health impact of an exposure.

Examples

Table 4-6 presents data on the risk of diarrhea among breast-fed infants during
a 10-day period after their infection with Vibrio cholerae 01 according to the level
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lable 4-6 DiaArRrRHEA DurING A 10-pDAY ForLow-up

PEriOD IN BREAST-FED INFANTS COLONIZED WITH

RIO CHOLERA 01 ACCORDING TO THE LEVEL OF

ANTIPOLYSACCHARIDE ANTIBODY TITER IN THEIR
MoTHER'S BREAST MILK

Antibody Level
Low High
12 7
2 9
14 16
0.86 0.44

ith permission from Glass R et al.’

of antipolysacc] e antibody titers in their mother’s breast milk.” The data show
a substantial difference in the risk of developing diarrhea according to whether

the mother’s breast milk contains a low or a high level of antipolysaccharide anti-

RD for infants exposed to milk with low compared with high levels of
s 0.86 — 044 = 0.42. This RD reflects the additional risk of diarrhea
r’s breast milk has low antibody titers compared with
> mother’s milk has high titers; it assumes that the
s would have experienced a risk equal to that of those
the lower antibody levels.
fect of low titers on diarrhea risk in relative terms.
The relative effect is 1.96 — 1, or 0.96,
among ir s exposed to low antibody
we would describe the risk among the infants
6 times the risk among infants exposed to high

The calculation of Lﬁmts from incidence rate data is analogous to the calew
4-7 gives data for the incidence rate of
omen \A'hn were treated for tuberculosis early in the 20th
a treatment that involved repeated fluoroscopy of
with a resulting high dose of ionizing radiation to the chest.

(=

Table 4-7 BrEAasT CANCER CASES AND PERSON-YEARS OF
0s1s WHO WERE
REPEATEDLY OSED TO MULTIPLE X ¢ FLUOROSCOPIES AND

OBSERVA ¢ FOR WOMEN WITH T1

FOR UNEXPOSED WOMEN WITH TUBERCULOSIS

Radiation sure
Total

Breast cancer cases ‘ 15
Person-y ; ( 19,017
/10,000 person-years)

Reproduced with permission from Boice and Monson.*
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The incidence rate among those exposed to radiation is 14.6/10,000 yr”,
compared with 7.9/10,000 yr' among those unexposed. The IRD is (14.6 ~
7.9)/10,000 yr™* = 6. 7/10,000 yr'. This difference reflects the rate of breast can-
cer among exposed women that can be attributed to the radiation exposure and
assumes that th ysed women would have had a rate equal to that among the
unexposed women were it not for the exposure. We can also measure the effect
i relative terms. The incidence rate ratio is 14.6/7.9, or 1.86. The relative effect is
1.86 — 1, or 0.86, which can be expressed as an 86% greater rate of breast cancer

mong women exposed to the radiation. Alternatively, the incidence rate ratio can
be described as indicating a rate of breast cancer among exposed women that is
1.86 times that of the rate among unexposed women.

RounpinG: How Many Dicits SHOULD BE REPORTED?

A frequent question that arises in the reporting of results is how many digits
of accuracy should be reported. In some published papers, a risk ratio may
be reported as 4.1; in others, the same number may be reported as 4.0846.
The number of digits should reflect the amount of precision in the data.
The number 4.0846 implies that one is fairly sure that the data warrant a
reported value that lies between 4.084 and 4.085. Only a truly large study
can produce that level of precision. Nevertheless, it is surprisingly hard to
offer a general rule for the number of digits that should be reported. For
example, suppose that, for a given study, reporting should carry into the
first decimal (eg, 4.1). If the study reported risk ratios and took on values
lower than 1.0, the ratios would be rounded to values such as 0.7 or 0.8.
This amount of rounding error is greater, in proportion to the size of the
effect, than the rounding error in a reported value such as 4.1. Therefore, a
simple rule such as one decimal place (for example) will not suffice.

How about the rule that suggests using a constant number of meaning-
ful digits? With this rule, 4.1 would have the same reporting accuracy as
0.83. This rule may appear to be an improvement, but it breaks down near
the value of 1.0 for ratio measures; it suggests that we should distinguish
0.98 from 0.99 but not 1.00 from 1.01: Both of the latter numbers would
be rounded to 1.0, and the next reportable value would be 1.1. Because
1.0 is the zero point for ratio measures of effect, this rule treats positive
effects near zero differently t‘rom negative effects. If all the risk ratios to be
reported ranged from 0.9 to 1.1, this rule would make little sense.

No rule is needed as long as th{_ writer uses good judgment and thinks about
the number of digits to report. Values used in intermediate calculations should
never be rounded; one should round only in the final step before reporting.
Consider that rounding 1.41 to 1.4 is not a large error, but rounding 1.25 to
1.2 or to 1.3 is a roun ding error that amounts to 20% of the effect for a rate
ratio (keeping in mind that 1.0 equals no effect). Finally, when rounding a
number ending in §, it is customary to round upward, but it is preferable to
use an unbiased strategy, such as rounding to the nearest even number. Under

such a strategy, both 1.75 and 1.85 would rounded to 1.8.
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Risk Ratios and Rate Ratios

Risk data produce estimates of effect that are either risk differences or risk ratios,
and rate data produce estimates of effect that are rate differences or rate: ratios
Risks cannot be compared directly with rates (they have different units), and for
the same reason, risk differences cannot be compared with rate differences. Under
1 be equivalent to a rate ratio. Suppose
» incidence rates that are constant over time, with the rate among
posed people equal to I and the rate among unex sed people equal to L
From Equation 4-1, we know that a constant incidence rate will result in a risk
is approximately equal to the product of the rate and the time period, pro-
led that the time period is short enough so that the risk remains less than about
. Fc ater values, the approximation does well. Assuming that we
g with short time periods, the ratio of the risk among the exposed to

« among the unexposed, R /R, will be as follows:

This relation shows that the risk ratio is nearly the same as the rate ratio, pro-

vided that the time period over which the risks apply is sufficiently short or the

e su ntly low for Equation 4-1 to apply. The shorter the time period

the lower the rates, the better the approximation represented by Equation 4-1
the value of the risk ratio to the rate ratio.

1 depending on the value of the rates

great that the risk ratio will begin to

e rate ratio. Because risks car eed 1.0, the maximum value

ter than 1 d vy the risk among the unex-

{ he risk in the high-titer

is 0.44. With this risk for

oup, the risk ratio cannot exceed 1/0.44, 2.3. The observed

6 is not far below the maximum possible risk ratio. Incidence rate

are not constrained by this type of ceiling, and when risk among the unex-

h, we can expect there to be a divergence between the incidence rate

io. Suppose the incidence rates that gave rise to the risks in

Table 4-6 to the underlying rates based on the exponential decay

alculate that the ratio of those underlying

rates is 3.4, compared with the 1.96 for the ratio of risks. This large discrepancy
arises because the risks are large.

If the time period over which a risk is calculated approaches 0, the risk itself
also approaches 0; the risk of a given person having a :.x‘lym?.'lrdi;l] infarction may
be 10% over a decade, but over the next 10 seconds, it will be extremely small,
and its value will shrink along with the length of the time interval. Nevertheless,
the ratio of two quantities that both approach 0 does not necessarily approach 0.
In the case of the risk ratio calculated for risks that apply to shorter and shorter
time intervals, as these risks approach 0, the risk ratio approaches the value of
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the incidence rate ratio. The incidence rate ratio is the limiting value for the
risk ratio as the time interval over which the risks are taken approaches 0. We
therefore can describe the incidence rate ratio as an instantaneous risk ratio. This
equivalence of the two types [ ratios for short time intervals has resulted in
some confusion of terminology: Often, the phrase relative risk is used to refer to
eithér an incidence rate ratio or a risk ratio. Either of the latter terms is prefer-
able to the term relative risk, because they describe the nature of the data from
which the ratio derives. Nevertheless, because the risk ratio and the rate ratio are
equivalent for small risks, the more general term relative risk has some justifica-
tion. The often-used notation RR is sometimes read to mean relative risk, which
equally can be read as risk ratio or rate ratio, all of which are equivalent if the
risks are sufficiently small.

WwaEN Risk Does NotT MEAN Risk

In referring to effects, some people inaccurately use the word risk in place
of the word effect. For example, suppose that a study reports two risk ratios
for lung cancer from asbestos exposure, 5.0 for young adults and 2.5 for
older adults. These effect values may be described as follows: “The risk of
lung cancer from asbestos exposure is not as great among older people as
among younger people.” This statement is incorrect. In fact, the RD between
those exposed and those unexposed to asbestos is sure to be greater among

asbestos is greater in older adults. The risk ratio is smaller among older

adults because the risk of lung cancer increases steeply with age, and the
ratio for older adults is based on a larger denominator. The statement is
wrong because the term risk has been used in place of the term risk ratio
or the more general term effect. It is correct to describe the data as follows:
“The risk ratio of lung cancer from asbestos exposure is not as great among

|

|

|

%

older adults than younger adults, and the risk attributable to the effect of i
l

|

older people as among younger people.”

Attributable Fraction

If we take the RD between exposed and unexposed people, R, — R, and divide it
by the risk in the unexposed group, we obtain the relative measure of effect (see
Equation 4-5). We can also divide the RD by the risk in exposed people to get
an expression that we refer to as the atfributable fraction:

§ ; RD R;-
Attributable fraction = — = —
1

If the RD reflects a causal effect that is not distorted by any bias, the attribut-
able fraction is a measure that quantifies the proportion of the disease burden
among exposed people that is caused by the exposure ider the hypotheti-
cal data in Table 4-8. The risk of disease during a l-year period is 0.05 among
the exposed and 0.01 among the unexposed. Suppose that this difference can
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HyroTHETICAL DATA GIVING 1-YEAR
DiseASE Risks FOR ExrosSED AND UNEXPOSED
PEOPLE
Exposure

No Yes Total

; 900 500 1,400

No disease 89,100 9,500 98,600

Total 90,000 10,000 100,000
Risk 0.01 0.05 0.014

as ly attributed to the effect of the exposure (because we believe that

we have accounted for all substantial biases). The RD is 0.04, which is 80% of

the risk among the exposed. We would then say that the exposure appears to

account for of the disease that occurs among exposed people during the

l-year period. Another way to calculate the attributable fraction is from the risk

ratio: (5 — 1)/5 = 80%. (Terminology note: The atfributable fraction sometimes is
referred to in older texts as the attributable risk percent or attributable risk.)

To calculate the attributable fraction for the entire population of 100,000

people in Table 4-8, we first calculate the attributable fraction for exposed people

erall attributable fraction for the total population, the fraction among

d is multiplied by the proportion of all cases in the total population

are exposed. There are 1400 cases in the entire population, of whom 500

The proportion of exposed cases is 500/1400 = 0.357. The overall

uct of the attributable fraction

sed: 0.8 x 0.357 =

, of all cases in the population are attributable to the expo-

calculation is based on a straightforward idea: No case can be caused

sure unless the person is exposed. Among all cases, only some of the

-an be attributable to the exposure. There are 500 exposed cases, of
t excess cases caused by the exposure. None
| is attributable to the exposure. Therefore,

in the population, only 400 of the exposed cases
the proportion 400/1400 = 86, which is the

nto more than two levels, we can use the follow-

each of the exposure levels:

roportion of
of each of the
he attributable

49, wihidh
Je frac-
» it
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Table 4-9 HypoTHETICAL DATA GIVING 1-YEAR DisEAse Risks For
PeoprLE AT THREE LEVELS OF EXPOSURE
Exposure
None Low High
Disease 100 1,200 1,200
No disease 9,900 58,800 28,800
Total 10,000 60,000 30,000
Risk 0.01 0.02 0.04
Risk ratio 1.00 2.00 4.00
Proportion of all cases i 0.48 0.48

the attributable frz , because the risk ratio is 4. The total attributable

fraction is
0 + 0.50(0.48) + 0.75(0.48) = 0.24 + 0.36 = 0.60

The same result can be calculated directly from the number of attributable cases
at each of the exposure levels:

500 = 0.60

Under certain assumptions, estimation of attributable fractions can be based on
rates as well as risks. In Equation 4-6, which uses the risk ratio to calculate the
attributable fraction, the rate ratio can be used instead, provided that the condi-
tions are met for the rate ratio to approximate the risk ratio. If exposure results
in an increase in disease occurrence at some levels of exposure and a decrease at
other levels of exposure, compared with no exposure, the net attributable fraction
will be a combination of the prevented cases and the caused cases at the different
levels of exposure. The net effect of exposure in such situations can be difficult
to assess and may obscure the components of the exposure effect. This topic is
discussed in greater detail by Rothman, Greenland and Lash.”

QUESTIONS

1. Suppose that in a population of 100 people, 30 die. The risk of death can
be calculated as 30/100. What is missing from this measure?

2. Can we calculate a rate for the data in L]\_]e_\',ﬂon 12 lt S0, what is it? If
not, why not?

2 E\’L‘mud“}', all pz‘k‘tph‘ die. Why should we not state that the nmrtalit}' rate
for any population is always 100%?

4, lf incidence rates remain constant with time and if exposure causes disease,
which will be greater, the risk ratio or the rate ratio?
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5. Why is it incorrect to describe a rate ratio of 10 as i[‘ldiC.‘ltiﬂg a hlgh risk

of disease among the exposed?

vspaper article states that a disease has increased by 1200% in the past
' ratio that corresponds to this level of increase?

increased by 20%. What is the rate ratio that

calculate the fraction of diarrhea cases among

y level that is attributable to the low anti-
on of all diarrhea cases attributable to expo-
'hat assumptions are needed to interpret the

ction?

st cancer cases in Table 4-7 is attributable

are the assumptions?

1 health agency and had collected data on the
eople in different occupations. What

look at, and why?
uring the relation between an exposure
in two different countries. Would this situation imply that
{ k in the two countries? Would it imply
ure is the same magnitude in the two countries?
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Types of Epidemiologic Studies

Chapter 4 described measures of disease frequency, including risk, incidence rate,
and prevalence; measures of effect, including risk and incidence rate differences
and ratios; and attributable fractions. Epidemiologic studies may be viewed as
measurement exercises undertaken to obtain estimates of these epidemiologic
measures. The simplest studies aim only at estimating a single risk, incidence
rate, or prevalence. More complicated studies aim at comparing measures of
disease occurrence, with the goal of predicting such occurrence, learning about
the causes of disease, or evaluating the impact of disease on a population. This
chapter describes the two main types of epidemiologic study, the cohort study
and the case-control study, along with several variants. More specialized study
designs, such as two-stage designs and ecologic studies, are discussed in Modern
Epidemiology.'

COHORT STUDIES

In epidemiology, a cohort is defined most broadly as “any designated group of
individuals who are followed or traced over a period of time A cohort study,
which is the archetype for all epidemiologic studies, involves measuring the
occurrence of disease within one or more cohorts. Typically, a cohort comprises
persons with a common characteristic, such as an exposure or ethnic identity. For
simplicity, we refer to two cohorts, exposed and unexposed, in our discussion. In
his context, we use the term exposed in its most general sense; for example, an
exposed cohort may have in common the presence of a specific gene. The pur-
pose of following a cohort is to measure the occurrence of one or more specific
diseases during the period of follow-up, usually with the aim of comparing the
disease rates for two or more cohorts.

ncept of following a cohort to measure disease occurrence may appear
sgmigl“f‘“'“'drd, but there are many complications involving who is eligible to be
followed, what should count as an instance of disease, how the incidence rates or
tisks are measured, and how exposure ought to be defined. Before exploring these




