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What Does a Positive Test Result Really Mean?

What does it mean if your test result for a genetic disease (e.g., cystic fibrosis; CF) is
positive? What is the probability you actually have the disease, given that the test was
positive? You must know the answer to this question before you can respond intelli-
gently to a positive test result. The probability that the positive test result is correct
depends on three other probabilities that are commonly associated with disease testing:
prevalence, sensitivity, and specificity. To explain these three probabilities and how they
are used to determine the probability that your positive result is correct, we consider the
case of testing a single Caucasian individual for CF. You can explore other diseases and
populations in the Math Minute Discovery Questions.

Prevalence is the overall probability of an individual having the disease, estimated by
the proportion of the population with the disease. The prevalence of CF in Caucasians
is P(CF) � 1/2500 � 0.0004 (assuming no prior knowledge of CF disease alleles in the
individual’s pedigree).

Sensitivity is the probability that the genetic test will be positive when the individual
really has the disease. The sensitivity of the CF genetic test varies with the number of
alleles tested. If the 21 common alleles are tested, sensitivity is P(� 
 CF) � 0.85. The
vertical bar between “�” and “CF” can be read as “assuming” or “given”; the probability
of a positive test result given the person has cystic fibrosis is 85%.

Specificity is the probability that the test will be negative given that the individual does
not have the disease. Poor specificity may be caused by technical errors or difficulties in the
testing procedures. The specificity of a test can be estimated by studying those who test
negative, to see if they later develop the disease. We will suppose that the specificity of the
CF test is P(� 
 no CF) � 0.999. Because a person who does not have CF must test either
positive or negative, another way of saying the same thing is P(� 
 no CF) � 0.001. In
other words, only one out of 1,000 individuals who do not have CF would test positive.

Now we put together prevalence, sensitivity, and specificity to compute P(CF 
 �),
the probability of having CF given a positive test result. The formula for calculating
P(CF 
 �) is called Bayes’ Rule, an important topic in probability and statistics:

Bayes’ Rule tells us that if you test positive for CF, there is only about a 25% chance
that you actually have the disease. This result is counterintuitive because the test is fairly
sensitive (0.85) and very specific (0.999). However, we have proven mathematically that
the probability of a correct positive test is much smaller than the sensitivity and speci-
ficity might suggest, so we know our calculation is correct.

An alternative way to compute P(CF 
 �) might help you understand Bayes’ Rule
and see why P(CF 
 �) is lower than you might have expected. Suppose 10 million peo-
ple are tested for CF. You would expect about 4,000 people in this population to have
CF. Of these 4,000, you would expect only 3,400 (4,000 × 0.85) to test positive. In
contrast, of the 9,996,000 without CF, you would expect about 9,996 (i.e., 9,996,000 ×
0.001) to test positive. Thus, 13,996 people would test positive, but only about 25%
(4,000/13,996) of them actually would have CF. Of course, randomness in the popula-
tion means that none of these numbers are exact, which is why Bayes’ Rule uses proba-
bilities instead of specific population counts.

MATH M I N UTE D ISCOVE RY QU ESTIONS
1. Who should be more skeptical of a positive CF test, a Caucasian or an

African American? Use a calculator to compute the appropriate probabilities

 =

0.85 * 0.0004

0.85 * 0.0004 + 0.001 * 0.9996
L 0.2538.

 P(CF | + ) =

P(+  | CF)P(CF)

P(+  | CF )P(CF) + P(+  | no CF)P(no CF)

Math Minute 4.4
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about abortion options. In the United States, fed-
eral money is denied to facilities that perform
abortions. What effect might national CF screen-
ing have on the supply and demand of abortions
in America? Would a similar genetic screen be
advisable in developing countries?

54. The CF test may be the first of many national
screening programs. What standard should be used
to determine which genetic tests are appropriate and
which should be limited to high-risk populations?

55. If physicians are unable to adequately educate
their patients, due to lack of training or limited
time, what steps can be taken to assist them? Is
there a national plan to address any anticipated
shortcomings?

56. If a woman’s insurance company will not pay for
a CF test, who should pay for it? If a woman’s
insurance company does pay for a CF test, who
has the right to know the results of her test? The
insurance company? The woman’s blood rela-
tives? Her partner?

57. Given the guidelines for the utility of genetic
testing (see Figure 4.15), what would be your
advice about CF screening to a Caucasian couple
with no family history of CF? What about a Cau-
casian man married to an Asian woman when the
man had a cousin with CF?

Genomic Diversity Banks and Small
Populations

In 1996, Kari Stefansson started a company called
deCODE with 20 employees. Its mission was to utilize
population genetics to discover new disease-associated
genes. This does not sound unique until you learn that the
target population is the entire country of Iceland. There are
275,000 living Icelanders; the vast majority are descendants

of a few European explorers who arrived about 1,000
years ago. The population is very homogenous, so finding
significant differences that lead to medical conditions will
be much easier than in a heterogeneous population. Ice-
landers have a rich tradition of maintaining family trees, so
the whole country can be compiled into one large pedigree.
Iceland also has a single healthcare provider, and all medical
records are stored in one database. deCODE has purchased
the medical records from the government and has corre-
lated family relationships with medical records. Every citi-
zen will give blood to be used to create “genomic
fingerprints,” unless an individual opts out of the program.

In addition to finding new disease-associated genes,
deCODE will be able to track the progress of patients with
similar genotypes who are taking newly developed drugs.
Roche Pharmaceuticals is collaborating with deCODE to
develop data mining software for this purpose. The data
collected by deCODE can be sold to other companies that
also want to use this island nation to develop new drugs.
deCODE employs over 800 people, making it the largest
Icelandic corporation. Furthermore, by employing high-
tech workers, deCODE reduces Iceland’s “brain drain”
caused by many of its highly trained citizens seeking
employment in other countries.

Although deCODE quickly obtained endorsement from
the national government, it does have its critics. Some
physicians fear their patients will be less forthcoming with
information now that they know their records will be stored
in commercial databases. Some feel that patient-physician
confidentiality and trust were broken when the records were
sold, as the default made informed dissent the only option
(5% of the national population chose to opt out). Finally,
some think physicians will refuse to comply with a law that
requires them to deliver new clinical information to the
database, and thus undermine the entire plan.

Stefansson does not agree with his critics, as he explained
during an interview with CNN. “Recognize that knowledge is
never evil in and of itself. If you run the world by forbidding

to support your answer. (The prevalence and sensitivity of CF testing in
African Americans are given in this section of the text.)
Note: You can use genetictests.xls to help you answer Math Minute Discovery
Questions 2, 3, and 5.

2. Explore the effects of sensitivity on disease testing by computing P(CF 
 �)
when sensitivity is between 0.6 and 0.99, keeping the prevalence 0.0004 and
the specificity 0.999.

3. Explore the effect of specificity on disease testing by computing P(CF 
 �)
when specificity is between 0.9 and 0.9999, keeping the prevalence 0.0004
and the sensitivity 0.85.

4. Which do you think should be a higher policy priority, finding more CF 
alleles, or decreasing the false positive rate of CF tests? Explain your answer.

5. Explore the effect of prevalence by computing P(CF 
 �) when prevalence is
between 0.0004 and 0.4, keeping the sensitivity 0.85 and the specificity
0.999. For what value of prevalence would P(CF 
 �) be maximized?

L I N KS
deCODE 

MATH M I N UTES
genetictests.xls
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Sample results of three simulations, with 100 repetitions each, is shown below. The numbers should
vary from time to time and student to student.

1 2 3 4 5

475.98 58.07 4.53 0.31 0.01

478.77 56.71 4.59 0.26 0

477.61 57.29 4.61 0.22 0.02

It is better to use 100 repetitions, because there is less variation in the number of genotypes that occur
each number of times. This is an example of the law of averages at work: as the number of repetitions
increases, the average converges to the true mean.

3. Run the diatom sampling simulation with 500 repetitions. Based on your simulation,
how many genotypes do you expect to observe 4 times and 5 times? Compare your
results to the expected numbers in Figure 4.6b. How does this difference affect your
interpretation of the results of this study?

Expected number of genotypes observed 4 and 5 times should be approximately 0.267 and 0.013,
respectively. These results are significantly smaller than the expected numbers in Figure 4.6b, so there
is an even bigger difference in observed and expected than shown in the figure. This larger difference in
observed and expected lends greater strength to the hypothesis that all genotypes are not equally
abundant in the population.

Math Minute 4.4 What Does a Positive Test Result 
Really Mean?

1. Who should be more skeptical of a positive CF test, a Caucasian or an African
American? Use a calculator to compute the appropriate probabilities to support your
answer. (The prevalence and sensitivity of CF testing in African Americans are given
in this section of the text.)

Compute P(CF | �) for a Caucasion: 0.2538 (see text of Math Minute 4.4), and P(CF | �) for an African
American: 0.039 [using P(� | CF) � 0.69 and P(CF) � 1/17,000]. Therefore an African American
should be more skeptical of a positive CF test.

Note: You can use genetictests.xls to help you answer Math Minute Discovery
Questions 2, 3, and 5.

2. Explore the effects of sensitivity on disease testing by computing P(CF | �) when sensi-
tivity is between 0.6 and 0.99, keeping the prevalence 0.0004 and the specificity 0.999.

When sensitivity ranges from 0.6 to 0.99, P(CF | �) ranges between 0.19 and 0.28.

3. Explore the effect of specificity on disease testing by computing P(CF |+) when speci-
ficity is between 0.9 and 0.9999, keeping the prevalence 0.0004 and the sensitivity 0.85.

Specificity has a major effect, with P(CF | �) ranging from 0.00339 to 0.773 as specificity ranges from
0.9 to 0.9999.

4. Which do you think should be a higher policy priority, finding more CF alleles, or
decreasing the false positive rate of CF tests? Explain your answer.
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Specificity has a great effect on P(CF | �). For example, with a prevalence of 1/17,000 (African
American rate), increasing the specificity by an order of magnitude (from 0.999 to 0.9999) increases
this probability from 0.039 to 0.289. Another jump in order of magnitude (specificity = 0.99999, 1 error
in 100,000 tests) would cause the probability to increase to 0.802.

Increasing sensitivity by finding more CF alleles has a smaller effect on P(CF | �). For example, with
a prevalence of 1/17,000 (African American rate), increasing the sensitivity from 0.69 to 0.95 only
increases the probability from 0.039 to 0.053.

However, P(CF | �) is not the only consideration. This probability only models how skeptical one
should be of a positive test, and does not reflect the ability of repeated tests to determine disease sta-
tus. The inequity in sensitivity of CF tests across racial groups could be addressed by finding more CF
alleles, and even though P(CF | �) does not increase dramatically, there is at least a better chance of
detecting the presence of CF through repeated testing.

5. Explore the effect of prevalence by computing P(CF |�) when prevalence is between
0.0004 and 0.4, keeping the sensitivity 0.85 and the specificity 0.999. For what value of
prevalence would P(CF |�) be maximized?

Prevalence P(CF | �)

.0004 .2538

.004 .7734

.04 .9725

P(CF | �) would be maximized at a prevalence of 1. If everyone has CF, then no one should be skepti-
cal of a positive test. The rareness of CF is what makes P(CF | �) so small, even for high specificity
and sensitivity.




