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Measuring Disease Occurrence
and Causal Effects

As with most sciences, measurement is a central feature of epidemiology, which
has been defined as the study of the occurrence of illness.! The broad scope
of epidemiology demands a correspondingly broad interpretation of illness, to
include injuries, birth defects, health outcomes, and other health-related events
and conditions. The fundamental observations in epidemiology are measures of
the occurrence of illness. In this chapter, I discuss several measures of disease
frequency; including risk, incidence rate, and prevalence, 1 also examine how these
fundamental measures can be used to obtain derivative meastres that aid in
quantifying potentially causal relations between exposure and disease.

'MEASURES OF DISEASE OCCURRENCGCE

Risk and Incidence Proportion

The concept of risk for disease is widely used and reasonably well understood
by many people. It is measured on the same scale and interpreted in the same
way as a probability. Epidemiologists sometimes speak about risk applying to an
individual, in which case they are describing the probability that -a-person will
develop a given disease. It is usually pointless, however, to measure risk for a
single person, because for most diseases, the person simply either does or does
not contract the disease. For a larger group of people, we can describe the pro-
portion who developed the disease. If a population has N people and A people
of the N develop disease during a period of time, the proportion A/N represents
the average risk of disease in the population during that period:

Ri A Number of subjects developing disease during a time period
sk = —=
N Number of subjects followed for the time period
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The measure of risk requires that all of the N people are followed for the entire
fime during which the risk is being measured. The average risk for a group is also
veferred to as the incidence proportion. The word risk often is used in reference to
single person, and incidence proportion is used in reference to a group of people
Tuble 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. ‘
7. One of the primary advantages of using risk as a measure of disease frequency
he extent to which it is readily understood by many people, including those
ho have little familiarity with epidemiology. To make risk useful as a technical
r scientific measure, however, we need to clarify the concept. Suppose you read
‘the newspaper that women who are 60 years old have a 2% risk of dying of
ardiovascular disease. What does this statement mean? If you consider the possi-
lities, you may soon realize that the statement as written cannot be interpreted.
Jtis 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.
99 risk would be high even for 1 year, unless the women in question have one
more characteristics that put them at unusually high risk compared with most
0:vear-old women. The risk of developing fatal cardiovascular disease over the
hiaining lifetime of 60-year-old women, however, would likely be well above 2%.
here might be some period over which the 2% figure would be correct, but any
ther 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
isk applies. This period may be short or long, but without identifying it, risk
lies are not meaningful. Over a very short time period, the risk of any partic-
ar disease is usually extremely low. What is the probability that a given person
ill:develop a given disease in the next § minutes? It is close to zero. The total
islover a period of time may climb from zero at the start of the peried to a
axirum theoretical limit of 100%, but it cannot decrease with time. Figure 4-1
Justrates two different possible patterns of risk during a 20-year interval. In pat-
ernA; the risk climbs rapidly early during the period and then plateaus, whereas
pattern B, the risk climbs at a steadily increasing rate during the period,
Hovw might these different risk patterns ocenr? As an example, a pattern similar
could occur if a person who is susceptible to an infectious disease becomes
unized, in which case the leveling off of risk is sudden, not gradpal. Pattern
aléocould occur if those who come into contact with a susceptible person
ecome immunized, reducing the susceptible person’s risk of acquiring the disease.
pattern similar to B could occur if a person who has been exposed to a cause

Table 41 CoMPARISON OF INCIDENCE PROPORTION (RISK)
' - aND INCIDENCE RaTE

Toperty Incidence Proportion Incidence Rate
mallest value 0 0

reatest value 1 Infinity

nits (dimensionality) None ‘ 1/time

Interpretation Probability Inverse of waiting time
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1.0 7 it of domestic violence during the subsequent 25 vears. If we count her
09 - , art:of the denominator, N, we will obtain an underestimate of the risk of
astic violence for a population of women who do survive 30 years. To under-
0.8 1 * and why, imagine that there are many women who do not survive the 30-year
0.7 - Jlow-irp period. It is likely that among them there are some women who would
0.6 "'éxpeﬂenced domestic violence if they had instead survived. If we count the
o men who die during the follow-up period in the denominator, N, of a risk
§ 0.5 1 asure, then the pumerator, A, which gives the number of cases of domestic vio-
0.4 - " will be underestimated because A is supposed to represent the number of
~of domestic violence among a population of women who were followed

03 £l 30 years. '
0.2 - his phenomenon of people being removed from a study through death from
0.1 - ‘uses is sometimes referred to as competing risks. There is one outcome for
) there can be no competing risk: the outcome of death from any cause. If
0 T T T ] tiidy all deaths, there is no possibility of someone dying of a cause that we
0 5 10 15 20 ot measuring. For any other outcome, it will always be possible for someone

‘hefore the end of the follow-up period without experiencing the event that
’measuring, Therefore, unless we are studying all deaths, competing risks
Srnea consideration. .

Yvera short period of time, the influence of competing risks usually is small.
not unusual for studies to ignore competing risks if the follow-up peried
Hort; For example, in the experiment in 1954 in which the Salk vaccine was
&d; hundreds of thousands of schoolchildren were given either the Salk vaccine
acebo. All of the children were followed for 1 year to assess the vaccine’s
¢y Because only a small proportion of school-age children died of compet-
catises during the year of the study, it was reasonable to report the results
:‘Salk vaccine trial in terms of the observed risks. When study participants
er or are followed for longer periods, competing risks are greater and may
1o be taken into account. One way to remove competing risks is to measure
idence rates instead, and convert these to risk measures, and another is to use
fe-table analysis. Both approaches are described later in this chapter.

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

cause of competing risks, it is often useful to think of risk or incidence pro-
onas hypothetical measures in the sense that they usually cannot be directly
erved in a population. If competing risks did not occur and all losses to fol-
picould be avoided, we could measure incidence proportion directly in a
ation by dividing the number of observed cases by the number of people
the population followed. As mentioned earlier, if the outcome of interest is
from any cause, there will be no competing risk; any death that occurs
Sents an outcome that will count in the numerator of the risk measure. Most _
ts to measure disease risk are focused on outcomes more specific than
from any cause, such as death from a specific cause (eg, cancer, multiple

Time (yrs)

Figure 4-1 Two possible patterns of disease risk with time,

is nearing the end of the typical induction time for the causal action, such 2
risk of adenocarcinoma of the vagina among young women who were eXpOose:
to diethylstilbestrol (DES) while they were fetuses, as discussed in Chapter 3
In that example, the shape of the curve is similar to that of B in Figure 4=]
but the actual risks are much lower than those in Figure 4-1. Another phenomi
enon that can give rise to pattern B is the aging process, which often leads fi
sharply increasing risks as people progress beyond middle age. 3

Risk is 2 cumulative measure. For a given person, risk increases with the length
of the risk period. For a given risk period, however, risks for a person can ri§
or fall with time, Consider the 1-year risk of dying in an automobile crash for
driver. For any one person during a period of 1 year, the risk cumulates steadi
from zero at the beginning of the year to a final value at the end of that year,
Nevertheless, the 1-year risk is greater for most drivers in their teenage years than
for the same drivers when they reach their 50s,

Risk carries an important drawback as a tool for assessing the occurrence ‘o
illness; over any appreciable time interval, it is usually technically impossible
measure risk. The reason is a practical one: For almost any population follow
for a sufficient time, some people in the population will die from causes other
than the outcome under study.

Suppose that you are interested in measuring the occurrence of domes:
tic violence in a population of 10,000 married women over a 30-year period
Unfortunately, not all 10,000 women will survive the 30-year period. Some may
die from extreme instances of domestic violence, but many more are likely to di
from cardiovascular disease, cancer, infection, vehicular injury, or other causes
What if a woman died after 5 years of being followed without having been
victim of domestic violence? We could not say that she would not have beén
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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 obsérved number of cases divided by the number of peo-
ple who were initially being followed, the incidence propottion that would have
been observed had there been no competing sk will be underestimated, because

competing risks will have removed some people from the atrisk population

before their disease developed.

Arrack RATE AND Case-FATALITY RATE

A term for risk or incidence proportion that is sometimes used in connection
with infectious outbreaks is attack 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-
lation will develop the disease during the epidemic period. The time refer-
ence 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, and sometimes much less. A secondary attack rate is the attack rate
among susceptible people who come into direct contact with primary cases,
the cases infected in the injtial wave of an epidemic (see Chapter 6).
Another version of the incidence proportion that is encountered fre-

quently in clinical medicine is the case-fatality rate, which is described in
greater detail in Chapter 13. The case-fatality rate is the proportion of peo-
ple dying of the disease (fatalities) among those who develop the disease
(cases), Thus, the population at risk when a case-fatality rate is used is the
population of people who have already developed the disease. The event
being measured is not development of the disease but rather death from the

disease (sometimes all deaths among patients, rather than only deaths from

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

accompanied by a specific time referent, and this lack of time specificity can

make it difficult to interpret. It is typically used and easiest to interpref as a

description of the proportion of people who succumb to an infectious dis-

ease, such as measles. The case-fatality rate for measles in the United States

is about 1.5 deaths per 1000 cases. The period for this risk of death is the

comparatively short time frame during which measles infects an individual,

ending in recovery, death, or some other complication. For diseases that

continue to affect a person over long periods, such as multiple sclerosis, it
is more difficult to interpret a measure such as case-fatality rate, and other
types of mortality or survival measares are used instead,

Incidence Rate

To 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. Tt is the number of cases,
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~that occur in a population. The denominator is different. Instead of dividing
L le whe were initially being followed,
the number of cases by the number of people w! y g ,
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
population being followed.

Number of subjects developing disease

Incidence rate = Time = Total ﬁme‘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 § years to the sum for the group. Others might
Eéire contributed more or fewer years, up to a maximum of the full 30 years of
Hlow-up.

EOPI?;: pzople who do not die during follow-up, there are two methods o.f count-
ing the time during follow-up. These methods depend on whether the élsea.s‘c‘a 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 numer:ittor of
inincidence rate could contain more than one occurrence of an upper respu'at-ory
tract infection from a single person, the denominator should include all the time
uring 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
'p_erson ceases to contribute follow-up time after the event occurs.

In many situations, epidemiologists study events that can occur more than
dnce 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' oceurs. The uni-
fying concept in regard to tallying the time for the denominator of an que_nce
rate is simple: The time that goes into the dencminator corr.esponds to the U.Fne
experienced by the people being followed during which the disease or event .bemg
studied could have occurred. For this reason, the time tallied in the denominator
of an incidence rate is often referred to as the time af 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 thet:efore the
follow-up for that person ends with the disease occurrence. The same is true of
a person who dies from a competing risk. _ o

. Figure 4-2 illustrates the time at risk for five hypothetical people 1:.>e1r.1g fol-
lowed to measure the mortality rate of leukemia, A mortality rate is an incidence




44 EPIDEMIOLOGY

Leukemia death

Death from automobile crash

Lost to follow—up

End of follow—up

End of follow—up

Time—

Figure 4-2  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
died of leukemia during the follow-up period. This person’s time at risk ended
with his or her death from leukemia. The second person died in an automobile
crash, after which he or she was no longer at risk for dying of leukemia. The third
person was lost to follow-up early during the follow-up period. After a person is
lost, 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 to be counted as a case in the numerator of the rate ends when a
person becomes lost to follow-up. The last two people were followed for the com-
plete follow-up period. The total time tallied in the denominator of the mortality
rate for leukemia for these five people corresponds to the sum of the lengths of
the five line segments in Figure 4-2.

Incidence rates treat one unit of time as equivalent to another, regardless of
whether these time units come from the same person or from different people.
‘The incidence rate is the ratio of cases to the total time at risk for disease. This
ratio does not have the same simple interpretability as the risk measure.

A comparison of the risk and incidence rate measures (Table 4-1) shows that,
whereas the incidence proportion, or risk, can be interpreted as a probability,
the incidence rate cannot. Unlike a probability, the incidence rate does not have
the range of [0,1]. Instead, it can theoretically become extremely large without
numeric limit. It may at first seemn puzzling that a measure of disease occurrence
can 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 larger.
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-
ring 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 people,
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.e-":o'ften refer to these time values as person-time. We can express the incidence

47 cases 0.30 cases

158 person-months B person-month

5 could also restate this same incidence rate using person-years instead of
sréon-months:

47 cases 3.57 cases

13.17 person-years B person-year

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

‘[he analogy between incidence rate and speed is helpful in understanfii.u.g
ther aspects of incidence rate as well. One important insight is that the inci-
ence rate, like speed, is an instantaneous concept. Imagine driving along a
ghway. At any instant, you and your vehicle have a certain speed. 'Ihe. speed
an change from moment to moment. The speedometer gives you a continuous
miasure 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-
ates 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,
15 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
n kilometers per hour does not necessarily apply to an hour but perhaps to an
inistant. Jt may seem impossible to get an instantaneous measure of incidence
ate, but in a situation analogous to use of the speedometer, current incidence
or mortality for a sufficiently large population can be measured by counting,
or 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 %s
arbitrary and has no implication for the period of time over which the rate is
actually measured, nor does it communicate anything sbout the actual time to
- which it applies.

" ‘Incidence rates commonly are described as annual incidence and expressed in
the form of “50 cases per 100,000 This is a clumsy description of an in.cid'enci
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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already described for incidence rates. We can express this rate as 50 cases per
100,000 person-years, or 50/100,000 yr, 'The negative 1 in the exponent meang
inverse, implying that the denominator of the fraction is measured in units of
years, "

Whereas the risk measure typically transmits a clear message to epidemiclogists
and nonepidemiologists alike (provided that a time period for the risk is speci-
fied), the incidence rate may not. It is more difficult to conceptualize 2 measure
of occurrence that uses the ratio of events to the total time in which the events
occur. Nevertheless, under certain conditions, there is an interpretation that we
can give to an incidence rate. The dimensionality of an incidence rate is that of
the reciprocal of time, which is another way of saying that in an incidence rate,
the only units involved are time units, which appear in the denominator. Suppose
we invert the incidence rate. Its reciprocal is measured in units of time, To what
time does the reciprocal of an incidence rate correspond?

Under steady-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
event occurs, 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 e~ If this is the total mortality
rate for an entire population, the waiting time that corresponds to it will repre-
sent the average time until death. The average time until death is also referred
to as the expectation of 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 3 steady state that has a mortality rate of 11,/1000 yrL
Because mortality rates typically change with time over the time scales that apply
to this example, taking the reciprocal of the mortality rate for a population is not
a practical method for estimating the expectation of life. Nevertheless, it is help-

ful to understand what kind of terpretation we may assign to an incidence rate

or a mortality rate, even if the conditions that justify the interpretation are often
not applicable,

CHICKEN AND Feg

An old riddle asks, “If a chicken and one half lay an egg and one half in
a day and one half, how many eggs does one chicken lay in 1 day?” This
riddle is a rate problem. The question amounts to asking, “What is the rate
of egg laying expressed in eggs per chicken-day?” To get the answer, we
express the rate as the number of eggs in the numerator and the number of
chicken-days in the denominator: 1.5 eggs/[(1.5 chickens) « (1.5 days)] =

L5 eggs/2.25 chicken-days. This calculation gives a rate of 2/3 egg per
chicken day. ‘
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he Relation Between Risk and Incidence Rate

ause the interpretation of risk is so much more straightfon.var.d than the inter-
itation of incidence rate, it is often convenient to convert 1.nc1denc.e rate mea-
i into risk measures. Fortunately, this conversion usually is not difficult. The
mrPi)lest formula to convert an incidence rate to a risk is as follows:
Risk = Incidence rate X Time [4-1]
For Equation 4-1 and other such formulas, it isj a go?d habit to c.onﬁnn thall:
¢ dimensionality on both sides of the equation is eq_uw*ale.nt In t?ns case, Tis
‘4 proportion, and therefore has no dimensions. Although ns?( applies for a spe-
- eriod of time, the time period is a descriptor for the risk but not part c?f
tﬁecnlieamre itself. Risk has no units of time or any f:ther quzjnﬁty' bqu‘ti in; uf:'
interpreted as a probability. The right side of Equation 4—~1 is the product od
two quantities, one of which is measured in units of the rec;pr.ocal <.)f nt;;‘xe a.ﬂr:xl
he other of which is time itself. Because this prodléct has no dimensionality, the
i dimensionality is concerned. )

eﬂqliztl:;d?t?;istzs cfl:ajassdng the din1e:1:syiona1ity, it is mseful to check the range ?f
tﬂe measures in an equation such as Equation 4-1. ’I%{e risk is a pure n}un.lzler in
the range [0,1]; values outside this range are not permitted. In contrast, m::ix Encef
ate has 2 range of [0,e0], and time also has a range of [0,02]. 'Ihe‘ probuct o
incidence rate and time does not have a range that is thE:‘. sae as risk, ecslliuse
the product can exceed 1. This analysis shows that Equation 4-1 Is not app (::i
ble throughout the entire range of values for incidence rate and time. In gin;l
terms, Equation 4-1 is an approximation that works well as long as the risk cal-
culated on the left is less than about 20%. Above that vilue, the approximation

es. 0 . -
éeJcFez:Oz::axsxlple, suppose that a population of 10,000 people expenenc]is andmt;::—
dence rate of lung cancer of 8 cases per 10,000 person-years. If we fo owe A he
‘population for 1 year, Equation 4-1 suggests that the risk of lung cancer 5308 ule
. 10,000 for the 1-year period (ie, 8/10,000 person-years X 1 year), or 0.0008 .
“-the same rate applied for only 0.5 year, the risk would_ be one half of 0..0 o , Or
. 0.0004. Equation 41 calculates risk as directly pro?omond to both tI'1e 1%c1 ence
rate and the time period, so as the time period is extended, the risk becomes
: ionately greater. ‘
' Pf?;g;h ::papoZegt;at we have a population of 1000 people who experience a n::rl-
tality rate of 11 deaths per 1000 person-years for a 20-year pen_c:d. Equattc:no ”
- predicts that the risk of death over 20 years will be 11/1000 yr™ x 20 yr = .th,
~or 22%. In other words, Equation 4-1 predicts that among t¥1e 1000 people atme
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 ﬂl.e size t:JilC the populan;)n 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 dx_xln'ng eacfil érear
of the 20 years of follow-up if the mortality rate of 11/1000 yx™ is t;pp ed tc;‘
a population of 1000 people for 20 years. The table shows that at the end o
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Table 4-2 Numper oF ExPECTED DRATHS OVER 20 YEARS AMoNnG
1000 PEOPLE WiTH A MorTaLITY RATE 0F 11 DEeatus pEr 1000

. PersoN-YEars
Expected Number M
Year  Alive at Start of Year Expected Deaths  Comulative Deaths
1 1000.000 10.940 10.940
2 989.060 10.820 21,760 -
3 978.240 10.702 32461
4 967.539 10.585 43.046
5 956.95¢4 10469 53.515
6 946.485 10354 63.869
7 936.131 10241 74,110
8 925.800 10.129 84.239
9 215.761 10.018 ' 94.257
10 905.743 9.909 104.166
11 895,834 9.800 113.966
12 886.034 92.693 123.559
13 876.341 9.587 133.246
14 866.754 9482 142,728
13 857.272 ' 9.378 152.106
16 847.894 9.276 161,382,
17 838.618 9.174 170.556
18 829.444 8.074 179.630
19 820,370 8975 188.605
20 811.395 8.876 197481

20 years, about 197 deaths have occurred, rather than 220, because a steadily
smaller population is at rigk of death each year, The table also shows that the
prediction of 11 deaths per year from Equation 4-1 is a good estimate for the
early part of the follow-up but the number of deaths expected each year gradually
becomes considerably lower than 11. Why is the number of expected deaths not
quite 11 even for the first year, in which there are 1000 people being followed
at the start of the year? As soon as the first death occurs, the number of people

jected from Equation 4-1 over 50 years of follow-up. Initially, the two curves are
close, but as the cumulative rigk of death rises, they diverge. The bottom curve in
the figure is an exponential curve, related to the curve that describes exponential
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

converls from 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 Iower
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' “e 4-3 Cumulative nummber of deaths among 1000 peopl-e with 2 mortality
Sf)f 11 deaths per 1000 person-years, presuming no populat:lon_shn.nkage (;:13 docr)
‘Equation 4-1) and taking the population shrinkage nto account (e, exponen ecay).

:cﬁrve in Figure 4-3 is actually the complement of an exp?nenﬁal decayfcurve.
Instead of showing the decreasing number remaining alive d(llec,1 th?ll c;':uhn'*e :)h e)tcptc;i
et ay), i i i ber who have died, which is the to
tial decay), it shows the increasing num 0 : ‘ ;
:'nz:nber i:l t]zze population minus the number remaining alive. Given e}:loug}l t:n::i
; deaths approaches the to
hi adually flattens, and the total number of .
iﬁlﬁ?Sf ireople 3;1 the population. In contrast, the curve based on Equation 4—.1
continues to predict 11 deaths each year regardless of how many people rema.é.r;
alive, and it eventually would predict 2 cumuolative number of deaths that excee
: iginal size of the population. '
theCcl,:ai; Equation 4-1 cannot be used to calculate risks that are lar'ge, b.c-:c}aus.e
1t provid:es a poor approximation in such sitwations. For many epxderfuo :g_li:
applications, however, the calculated risks are reasonably small, and Equation
is quite adequate for converting incidence rates to ris . o
? ?E,mz;oz?—l calculates risk for a time period over which a single incidence rate
apph%s The calculation assumes that the incidence rate, an instmtaniclxlus conce-PtE
. i i if the incidence rate changes wi
remains constant over the time period. What . panges i
i till be calcalated, but it sho e
time, as is often the case? In that event, risk can s . should be
calc:.;lated first for separate subintervals of the time period. Each _of the -tlmeu;‘ltc:e
- vals should be short enough so that the incidence rate that applies to it co o
considered approximately constant, The shorte:r the intcex}'lvaiz,d the tbg';t(:) t?}fo::ih "
f the risk calculation, although the intervals should no : :
:ﬁ:::aac.i ci’nadequate data to obtain meaningful incidence rates for ea:ch mte:;val,
The method of calculating risks over a time period with changlr?g m;:: e?;e
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

creating a table similar to Txble 4-2, called a life table, The purpose of a life tablz
is to caleudate the probability of surviving through each successive time inferval thyy
constitutes the period of interest. The overall survival probability is equal to the
cumulative product of the probabilities of surviving through each successive intervy];

and the overall risk of death i equal to 1 minus the overall probability of surv;
Table 4-3 is 2 simplified life table that enables calculation of the risk of dyip

of 2 motor vehicle mjury in a hypothetical cohort of 100,000 people followeg:

from birth through age 852 In this example, the time Periods correspond to 4

cle injury, assurning that there are ng competing ricks (ie, assuming that without

2 motor vehidle injury; the person would survive to age 85).

Subtracting the final comudative survival probability from 1 gives the total risk,
from birth until the 85, birthday, of dying of a motor vehicle injury. This rigk
1s 1 — 0.98378 = 1.6%. Becange this calculation is based on the assumption that
everyone will live to their 85¢h birthday except those who die of motor vehicle
accidents, it overstates the actual proportion of people who will die in 2 motor
vehicle accident before they reach age 83. Another assumption in the calculation
is that these mortality rates, which have been gathered from a cross section of the
population at a given time, can be applied to a group of people over the course of

85 years of life. If the mortality rates changed with time, the risk estimated from
the life table would be inaccurate,

Table 4-3 Lipp TABLE POR DraTy FROM MoOTOR VEmIcrz INTURY FROM
Birra THROUGH Age 85°

Age Number  Deaths *  Rjgk Survival  Cumuvlative Survival
at Risk  in Interval of Dying Probability Probability
0-14 100,000 70 0.00070 0.99930 0.99930
I5-24 99939 358 0.00358 0.99642 0.99572
25-44 99,577 400 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 andJoliet, Table 24,2
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o i vt being followed for 85 years. If this had
e Shozso:thzhpei?:iﬁdcﬁi?e been %ome people lost to follow-up and
_--_'aC“?al Cof th,er causes. When follow-up is incomplete for either of these
ne 'bo dl:siu:l : roach is to use the information that is available for th‘ose
in.fﬁp}ete folfxfw—u ; their follow-up is described as censor_ed at the time
i e,
ey o IEStx;srwil}fa: iha:l:il;; zitlllsort experience would look like under the
o M y 'c'zuation in which many people have incomplete follow-up. Two
colone Iive been added with hypothetical data on the number that are
golurnns se they were lost to follow-up or died of other canses (c?lur.nn 4)
1;m:l.!blﬂl‘ue number at risk {column 5). The effective number at risk is cal-
ﬂ.le. ege:lgi the number at risk in column 2 and subtracting one half of the
bd thto aregcensored (column 4). Subtracting one half of tlx?se who are cen-
i b d on the assumption that the censoring occurred mfowly through-
ed'_}_s Pase interval. If there is reason to believe that the censoring tended to
.E?Fh tﬁf;nr;ly mthm the interval, the calculation of the effective number at
.sﬂr;?xrlxd be adjusted to reflect that belief.

0|.ht-.80urce and Propagated Epidemics

-éa:'demic is an unusually high occ:urren(;t;_-1 of d-isease.d'ﬂlai cjlf;ﬁn?;:;r; :If1 tg::;gili
- i ere is no de:

',gh-c{epenfis a:IZl ?es;fﬁﬁljnc:;:é::.dﬁe high occurrence may Tepresent an
eplde'ml‘;he occurrence of a disease that still occurs in the popuiat.lon 1n the
- 11} epidemic, although less frequently than during the epidemic, for
”‘Sezcereo reznentpan outl;reak, which is 2 sudden increase in the occurrence of a
sTas); thl;t is usually absent or nearly absent (Fig, 4-4). (o 2 cansal agent, it
/If an epidemic stems from a single source of exposure to 2 s agen ;I ‘
fs' considered a point-source epidemic. Examples of point-sour . pi cmies 2
fo isoning of restaurant patrons who have been served con a.mm e foo
.focc’ldcf;l)::seiniiurrence among survivors of the atomic bomb blasts in Hiroshima

IRTH
"Téble 4—4 Lire TasLe POR DEATH FROM MOTOR VEHICLE INJURY FROM B
- THROUGH AGE 85°

Motor Lost to

Vehicle Follow-up _
Injury  or Died FEffective ' C;.mul::lve
: Deaths in  of Other Nomber Risk of PSu;v];g‘lty Pr(?;:;ﬂity
A i isk Dying Probal -
: k Interval Cauvses  at Ris

AOg e14 ?(;01;1;0 67 9500 95250 0.00070 0.99930 0.99930
e ,

15-24 90,433 301 12,500 84,183 0.00358 0.99642 0.99572

99172

44 77 7 67,632 0.00402 099598 0.

C45-64 5 7’360 156 30,0600 42,360 0.00368 0.99632 0.98807
+

65-84 27,204 64 25,000 14,704 0.00435 0.99565 0.98377

.“Mortalit}r rates are deaths per 100,000 person-years.
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Figure 44  Epidemic curve for fatal cholera cases during the Broad Street ontbreak
in London in 1854.

and Nagasaki. Although the time scales of these epidemics differ dramatically,
along with the nature of the diseases and their canges, all pecple in both cases
were exposed to the same cansal component that produced the epidemic-—
contaminated food in the restaurant or ionizing radiation from the bomb blast,
The exposure in a point-source epidemic is typically newly introduced into the
environment, thus accounting for the epidemic.

Typically, the shape of the epidemic curve for a point-source epidemic shows an
initial steep increase in the incidence rate followed by a more gradual decline in the
incidence rate; this pattern is often described as a log-normal distribution. The asym-
metry of the curve stems partly from the fact that biologic curves with a meanin
zero point tend to be asymmetric because there is less varfability in the direction of
the zero point than in the other direction. For example, the distribution of recovery
times for healing of a wound is log-normal. Similarly, the distribution of induction
times until the occnrrence of illness after a common exposure is log-normal. If the
zero 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 cholers 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 produced
a log-normal epidemic curve (see Fig. 4-4). Snow is renowned for having con-
vinced local authorities to remove the handle from the pump, but they only did
so on September 8 (day 21), when the epidemic was well past jts peak and the
number of cases was almost back to zero,

The shape of an epidemic curve also may be affected by the way in which the
curve is calculated, It is common, as in Figure 44, to plot the number of new
cases instead of the incidence rate among susceptible people. People who have
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1 infectious disease may no longer be susceptible to it for
dY zgcﬁbgir I.?I:la :I:istanﬁal proportion of a population is affected by t}fe
.Rem:,he pumber of susceptible people will decline gradually as the epider‘mc
.ak; and the attack rate increases. This change in the susceptible population
s ore rapid decline over time in the number of new cases compa:red
t];ﬁa ?nizdence rate in the susceptible population. The incic_ier%ce rate dechr:l;es
¢lowly than the number of new cases becat?se in the incidence rate,tible
dlining pumber of new cases is divided by a dwindling amount of susceptible
n_mze;zted epidemic is one in which the causal agent is transmitted through
.?:Iafﬁfn. Influenza epidemics. are propagated by person-to-person transmis-
f the virus. The epidemic of lung cancer during the 20‘1:11 cent:u.r;;1 was a
agated epidemic attributable to the spread of tol?acco. smoking through many
ures and societies. The curve for a propagated epidemic te::’mds to show a more
m:ls initial rise and a more symmetric shape than for a point-source fap1‘dermc
dgs'e the causes spread gradually through the poptﬂatif)n. Transmasswx;ﬁ Cof
afectiois disease within a population is discussed further in (.Ihapter 6 whi
e"::pfesents the Reed-Frost model, a simple model that describes transmission
: i isease in a closed population.

'Ehlif;gc;oiz (jlnay think of point-sc?urce epidemics as c‘Jccur.ri.ng 'nolver a:dshoit:
span, they are not always bricfer than propagated epidemics. The Hc;fl ;:iﬁa
ancer atiributable to exposure to the atomic bombs detonated in o 05 e
Nagasaki was a point-source epidemic that began 2 few years after e-zxp c?c
ions and continues into the present. Another possible pmfat—sou.rce epiderni
o ccurred over decades was an apparent outbreak of multiple sclerosis in the
thaif:: Islands that followed the occupation of those iSla.'I-.'ldS by British trc})lopsbdur-
g the Second World War* (although this interpretation of the data‘ as ::;;1
'ﬁé.stioneds). Propagated epidemics can occur over extremelydslgrt tlmis?; to.
Aﬁ-.‘-emnple is epidemic hysteria% a dise;se often prc;_g:g:t}iyste:i:loﬁ:br&k ©
son in minutes. An example of an epidemic curve ‘

pslgl;:én inm;"[ilgure 4-5. In t}is epidemic, 210 elementary school chlld:en di:;erlé
ped symptoms of headache, abdominal pain{ a.mé[ nausea. These symptoms
ttributed by the investigators to hysteric anxiety:

revalence Proportion

Iﬁ'ci&ence proportion and incidence rate are measu.res that assess the fﬁrequetnci;:l :tf
disease onsets. The numerator of either measure is the frequency o events at
are. defined as the occurrence of disease. In contrast,. prevalence propom;n,. t0iS ?
eferred to simply as prevalence, does not measure disease onset. Instead, i

o i status. . ‘
..me":[alslf(;hfp?:: av.ireay of considering disease status' is t_o consider d1s:ease ;.s Eguig
ither present or absent. The prevalence proportion is the Pr-‘JPOIr\Thon ;S 1}5 gse
n 2 population who have disease. Consider a popu]atlo‘n of size 'fh an V:]_Eﬁce
that P individuals in the population have disease at a given time. The px:ed nee
‘proportion is P/N. For example, suppose that among 10,000 women resi r;nn o
“town on July 1, 2001, 1200 have hypertension. The pf'evalence grgg;_oo s
'hypertension among women in that town on that date is 1200/10, =012,
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Figure 4-5 Epidemic curve for an outbreak o
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children on November 6, 1985,

or 12%. This prevalence ap

Prevalence can change with time as the factors that affect prevalence change.
What factors affect prevalence? Cleady, disease occurrence affects prevalence.

The greater the incidence of disease, the more people there are who have it.

Prevalence is also related to the length of time that a person has disease. The

longer the duration of disease, the higher the prevalence. Diseases with short
duration may have a low prevalence even if the incidence rate is high. One rea-
son is that if the disease is benign, there may be a rapid recovery. For example,
the prevalence of upper Tespiratory infection may be low despite a high incidence,
because after a brief period, most people recover from the infection and are no

longer in the disease state. Duration may also be short for a grave disease that

leads to rapid death. The prevalence of aortic hemorrhage would be low even
with a high incidence becanse it usually leads to death within minutes, The low
prevalence means that, at any given moment, ooly an extremely small propor-
tion of people are suffering from an aortic hemorrhage. Some diseases have a
short duration because either recovery or death ensues prompitly; appendicitis is
an example. Other diseases have a long duration because, although a person can-
not recover from them, they are compatible with a long survival time (although
survival is often shorter than it would be without the disease). Diabetes, Crohn’s
disease, multiple sclerosis, parkinsonism, and glaucoma are examples.

Because prevalence reflects both incidence rate and disease duration, it is not

as usefal as incidence alone for studying the causes of disease. It is extremely

EPIDEMIOLO

plies only to a single point in time, July 1, 2001.
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Lowever, for measuring the disease burden on a population, especially if

who have disease require specific medical attention. For e‘xample, t'he? preva-
'e.:ﬁ_mber of people in a population with end-stage renal disease predicts the
it that population for dialysis facilities. o s
a.steady state, which is the situation in which mlc1dence rate:h a.nf g sease
ation are stable over time, the prevalence proportion, P, has the following
Sn-to the incidence rate:

’»u
i
B

(4-2]

,_‘
[
o]

faiti i incidence rate and D is the average duration of disease.
qﬁ:ﬁyt/z &11 1_5 It;liei:n known as the prevalence odds. In general, when a pro-
ior, such as prevalence proportion, is divided by 1 Ifﬁnus the prop?rﬁon, th:
Iting ratio is referred to as the odds for that proportion. If a horse 1bs ; iiii-to- .
tite-at a racetrack, it means that the horse is thought to have a probability o
winning of 0.75. The odds of the horse winning is 0.75/ (1 ~ 0.75) = 3, usually
cribed as 3 to L. Similarly, if a prevalence proportion is 0.75, the prevalence
dds would be 3, and a prevalence of 0.20 would correspond to a prevjence
dds of 0.20/(1 — 0.20) = 0.25. For small prevalences, the value of the prev ence;
roportion and that of the prevalence odds are close because the denominator o
6dds expression is close to 1. For small prevalences (eg, <0.1}, we can rewrite
quation 4-2 as follows: -

P=ID [4-3]

éuation 4-3 indicates that, given a steady state and a l.ow prevalence, prtel:'-
ence is approximately equal to the product of the incidence rate and Ciﬁe
rmean duration of disease, Note that this relation does not hold for agfe-s_peﬂl <
t’pfevalences. In that case, D corresponds to th; c'lv.ratiog1 (:ifi time spent within that
g ther than the total duration of time with disease. .
-fA.za:igodri}z{ r:ar]ier for risk and incidence rate, we should check this equa'uon to
make certain that the dimensionality and ranges of both sides of the equatl_on are
satisfied. For dimensionality, the right-hand sides of Equation.s 4-2 and 4-3 fnvolve
the product of a time measure, disease duration, and an incidence rate, which has
units of reciprocal of time. The product is dirnensionlesg, a pure number.‘Preval.exéce
proportion, like risk or incidence proportion, is also dimensionless, which satis eSf
the dimensionality requirement for the two equations, 4-2 and 4-3. The range o
incidence rate and that of mean duration of illness is [0,00], because ther.e is no
fpper limit to an incidence rate or the duration of disease. Therefore Eq}lahon 4513
does not satisfy the range requirement, because the prevalence proporhoxihim e
left side of the equation, like any proportion, has a range of [0,1]. ;cir s r_ea;
son, Bquation 4-3 is applicable only for small values of prevalence. dt-z mea.su]:-:l :
of prevalence odds in Equation 4-2, however, has a range of [0,e0], and it is app
cable for all values, rather than just for small values of the preva..lence proportion.
‘We can rewrite Equation 4-2 to solve for the prevalence proportion as follows:
p=— [4-4]
1+

B8
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Prevalence measures the disease burden in a population. This type of o U_BES OF QAUSAL EFFECTS ‘
miologic application relates more to administrative areas of public health
to causal research. Nevertheless, there are research areas in which prevaley
measures are used more commonly than incidence measure :
causes. Examples are birth defects and birth-related phen
weight or preterm birth, We use a prevalence measure

occurrence of congenital malformations among liveborn

I i idemiologi is to study the causes of disease.
enml'.c,bjecuvee;;u.:f lfhezmecf’il':g Co;e:;;?sl:zre to deter);nine whether exposure
mﬂd TGI:L courtroom, experté are asked to opine whether the d.lse.ase. of

d}§e_a$e£ has been caused by a specific exposure. This apprc.)ach 'of assigning
A le person is radically different from the epidermolqgc approach,

toes - S?ittel;npt to attribute causation in any individual msta:nce. The
= qoles ‘::. proach is to evalnate the proposition that the exposure is a cause
em;ios;jz{g;e nf a theoretical sense, r:ither Itcha.n m ::msrlz;clxsﬁc;h I;:rzo;(;rson ey bo

i inciple to keep in

g btu :;cisteliialdzvr{erll;f disease wg:thout there being any causal con-
Ed ton ageg;le osure and the disease. For this reason, we cannot con-

5 bftwfgn e ::ycportion or the incidence rate among exposed peo-ple to
e Zlceﬁ'fct I:Ft:vr example, if a vaccine does not confer pei.'fect immu-
S}lznae Cv?:l::scinated Jj:aeople will get the disease that the valccine ist mt:;lleih t;c;
h i ccinated people is not a si
..'ept' _'Ih": o;ﬁnﬁeoiizzebggjeg t;:z disease s\rﬂlpoccur evefl m'ore fre-
iy amon unvacf:;cinated people. Tt is merely a sign that the vaccine is not a
1’}1‘17 aLmon%dve To measure a causal effect, we have to contrast the experience
e;;tofggvgzoplé with what would have happened in. the absence of exposure.

s, even to invest
omena such ag birth
when describing;
infants in terms of.

s detected, and the population of embryos is not readily identified. Even when

& woman knows she is pregnant, if the pregnancy ends early, information aboy
the pregnancy may never come to

incidence measures for birth defects are uncommon, Prevalence at birth is eag

prevalence measures are easier to obtain, they have a drawback when used foy
causal research: Factors that jncrease pre
the occurrence of the condition but by increasing the duration of the condition
For example, 2 factor associated with the prevalence of ventricular septal defect
at birth could be a cause of ventricular septal defect, but it could also be 2 fac.

tead enables embryos that develop the

er hand, there may be practical inter.
est in understanding the factors that are related to being born alive with the
defect. : :

Prevalence is sometimes used in research to mea

ous onset, such as diabetes or multiple sclerosis. These are conditions for which
it may be difficult to define onset, and it therefore may be necessary in some set-
tings to describe the condition in terms of prevalence rather than incidence.

. Counterfactual ldeal

‘useful to consider how to measure causal eﬁ'ecjcs in an xd.eal way. lieec:};])i: tf:f::
ther in myriad ways. If we compare nsks or mc1der.1ce rates betw o
D osed azo osed people, we cannot be certain that the differences in ris
@FPOSEd - Itj;:nrie}:}ftlzl?table to the exposure. They could be attributable to other fac-
o thn 3-:1‘:; between exposed and unexposed people, We may be able to mea-
o P:;k “into account some of these factors, but others may elude us,
1'“‘:'1 al'ld t::n diﬁnite inference. Even if we matched people 1.-vho were expose(i
W]i'llnthesnlilr;‘xlar )];eople who were not exposed, they could still differ in fnii};;:j\r:hne
ways. The ideal comparison would be the result of a ﬁho.ught ‘engtm:ious,l e
:_Zf;l;a:ison of people with themselves, fc;llczlved &u;ﬁoim; ;1;:; nsa; . im;ros_
) osed and an unexposed state. Such a com ! visio
Si;tl-t a;efaizse it requires each person to e'XJ.S‘t in two mcarnatm‘ns. ];)1116 -:?;Zﬁg
‘and ’th ther unexposed. If such an impossible goal were ac}.ueva e i
-Eow 1?5(10 knowextie effect of exposure, bec:aust;a:Li tht? t;niy df;;e;z:s&ex:e;
..the two settings would be the exposure. Because this s1‘ ation )
Cﬁgseczgﬁiﬁsfm goal posits not only a c:omparisoP of t}al Perso: whnmtl; };;nrisoeg
or herself but also a repetition of the experience durmgb ﬂ: sarr:) ? lme perioc.
Some studies do pair the experiences of a person under :-)1 .:xpcane(i and wmex
posed conditions. The experimental version of such a stu ir i called 2 crossove
study, because the study subject crosses over from one study gr Pth the ofher
aft y,a eriod of time. Although crossover studies come close to the deal of
ccni;ter?actual comparison, they do not achieve it becanse a person can be only

sure diseases that have insidi-

PREV{!LBNCE OF CHARACTERISTICS

Because prevalence measures status, it is often used to describe the status of
characteristics or conditions other than disease in a population. For exam.
ple, the proportion of 2 Ppopulation that engages in cigarette smoking often
is described as the prevalence of smoking. The proportion of a population
exposed to a given agent is often referred to as the exposure prevalence,
Prevalence can be used to describe the proportion of people in a popu-
lation whe 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,




