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Sample Size Estimation: How
Many Individuals Should Be
Studied?1
The number of individuals to include in a research study, the sample size of the
study, is an important consideration in the design of many clinical studies. This
article reviews the basic factors that determine an appropriate sample size and
provides methods for its calculation in some simple, yet common, cases. Sample size
is closely tied to statistical power, which is the ability of a study to enable detection
of a statistically significant difference when there truly is one. A trade-off exists
between a feasible sample size and adequate statistical power. Strategies for reducing the necessary sample size while maintaining a reasonable power will also be
discussed.
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How many individuals will I need to study? This question is commonly asked by the
clinical investigator and exposes one of many issues that are best settled before actually
carrying out a study. Consultation with a statistician is worthwhile in addressing many
issues of study design, but a statistician is not always readily available. Fortunately, many
studies in radiology have simple designs for which determination of an appropriate sample
size—the number of individuals that should be included for study—is relatively straightforward.
Superficial discussions of sample size determination are included in typical introductory
biostatistics texts (1–3). The goal of this article is to augment these introductory discussions with additional practical material. First, the need for considering sample size will be
reviewed. Second, the study design parameters affecting sample size will be identified.
Third, formulae for calculating appropriate sample sizes for some common study designs
will be defined. Finally, some advice will be offered on what to do if the calculated sample
size is impracticably large. To assist the reader in performing the calculations described in
this article and to encourage experimentation with them, a World Wide Web page has
been developed that closely parallels the equations presented in this article. This page can
be found at www.rad.jhmi.edu/jeng/javarad/samplesize/.
Even if a statistician is readily available, the investigator may find that a working
knowledge of the factors affecting sample size will result in more fruitful communication
with the statistician and in better research design. A working knowledge of these factors is
also required to use one of the numerous Web pages (4 – 6) and computer programs (7–9)
that have been developed for calculating appropriate sample sizes. It should be noted that
Web pages for calculating sample size are typically limited for use in situations involving
the well-known parametric statistics, which are those involving the calculation of summary
means, proportions, or other parameters of an assumed underlying statistical distribution
such as the normal, Student t, or binomial distributions. The calculation of sample size for
nonparametric statistics such as the Wilcoxon rank sum test is performed by some
computer programs (7,9).

IMPORTANCE OF SAMPLE SIZE
In a comparative research study, the means or proportions of some characteristic in two or
more comparison groups are measured. A statistical test is then applied to determine
whether or not there is a significant difference between the means or proportions observed
in the comparison groups. We will first consider the comparative type of study.
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Sample size is important primarily because of its effect on statistical power. Statistical power is the probability that a
statistical test will indicate a significant
difference when there truly is one. Statistical power is analogous to the sensitivity
of a diagnostic test (10), and one could
mentally substitute the word “sensitivity” for the word “power” during statistical
discussions.
In a study comparing two groups of
individuals, the power (sensitivity) of a
statistical test must be sufficient to enable
detection of a statistically significant difference between the two groups if a difference is truly present. This issue becomes important if the study results were
to demonstrate no statistically significant
difference. If such a negative result were
to occur, there would be two possible
interpretations. The first interpretation is
that the results of the statistical test are
correct and that there truly is no statistically significant difference (a true-negative result). The second interpretation is
that the results of the statistical test are
erroneous and that there is actually an
underlying difference, but the study was
not powerful enough (sensitive enough)
to find the difference, yielding a falsenegative result. In statistical terminology, a false-negative result is known as a
type II error. An adequate sample size gives
a statistical test enough power (sensitivity) so that the first interpretation (that
the results are true-negative) is much
more plausible than the second interpretation (that a type II error occurred) in
the event no statistically significant difference is found in the study.
It is well known that many published
clinical research studies possess low statistical power owing to inadequate sample size or other design issues (11,12).
One could argue that it is as wasteful and
inappropriate to conduct a study with
inadequate power as it is to obtain a diagnostic test of insufficient sensitivity to
rule out a disease.

Minimum Expected Difference
This parameter is the smallest measured
difference between comparison groups that
the investigator would like the study to
detect. As the minimum expected difference is made smaller, the sample size
needed to detect statistical significance
increases. The setting of this parameter is
subjective and is based on clinical judgment and experience with the problem
being investigated. For example, suppose
a study is designed to compare a standard
diagnostic procedure of 80% accuracy with
a new procedure of unknown but potentially higher accuracy. It would probably
be clinically unimportant if the new procedure were only 81% accurate, but suppose the investigator believes that it
would be a clinically important improvement if the new procedure were 90% accurate. Therefore, the investigator would
choose a minimum expected difference
of 10% (0.10). The results of pilot studies
or a literature review can also guide the
selection of a reasonable minimum difference.

Estimated Measurement Variability
This parameter is represented by the
expected SD in the measurements made
within each comparison group. As statistical variability increases, the sample size
needed to detect the minimum difference
increases. Ideally, the estimated measurement variability should be determined
on the basis of preliminary data collected
from a similar study population. A review
of the literature can also provide estimates of this parameter. If preliminary
data are not available, this parameter may
have to be estimated on the basis of subjective experience, or a range of values
may be assumed. A separate estimate of
measurement variability is not required
when the measurement being compared
is a proportion (in contrast to a mean),
because the SD is mathematically derived
from the proportion.

Statistical Power
PARAMETERS THAT
DETERMINE APPROPRIATE
SAMPLE SIZE
An appropriate sample size generally depends on five study design parameters:
minimum expected difference (also known
as the effect size), estimated measurement
variability, desired statistical power, significance criterion, and whether a one- or
two-tailed statistical analysis is planned.
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This parameter is the power that is desired from the study. As power is increased,
sample size increases. While high power is
always desirable, there is an obvious
trade-off with the number of individuals
that can feasibly be studied, given the
usually fixed amount of time and resources available to conduct a study. In
randomized controlled trials, the statistical power is customarily set to a number
greater than or equal to 0.80, with many

clinical trial experts now advocating a
power of 0.90.

Significance Criterion
This parameter is the maximum P
value for which a difference is to be considered statistically significant. As the significance criterion is decreased (made
more strict), the sample size needed to
detect the minimum difference increases.
The significance criterion is customarily
set to .05.

One- or Two-tailed Statistical
Analysis
In a few cases, it may be known before
the study that any difference between
comparison groups is possible in only
one direction. In such cases, use of a onetailed statistical analysis, which would require a smaller sample size for detection
of the minimum difference than would a
two-tailed analysis, may be considered.
The sample size of a one-tailed design
with a given significance criterion—for
example, ␣—is equal to the sample size of
a two-tailed design with a significance
criterion of 2␣, all other parameters being
equal. Because of this simple relationship
and because truly appropriate one-tailed
analyses are rare, a two-tailed analysis is
assumed in the remainder of this article.

SAMPLE SIZES FOR
COMPARATIVE RESEARCH
STUDIES
With knowledge of the design parameters detailed in the previous section, the
calculation of an appropriate sample size
simply involves selecting an appropriate
equation. For a study comparing two
means, the equation for sample size (13)
is
N⫽

4 2共 z crit ⫹ zpwr兲2
,
D2

(1)

where N is the total sample size (the sum
of the sizes of both comparison groups),
 is the assumed SD of each group (assumed to be equal for both groups), the
zcrit value is that given in Table 1 for the
desired significance criterion, the zpwr
value is that given in Table 2 for the desired statistical power, and D is the minimum expected difference between the
two means. Both zcrit and zpwr are cutoff
points along the x axis of a standard normal probability distribution that demarcate probabilities matching the specified
significance criterion and statistical power,
respectively. The two groups that make up
Eng
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TABLE 1
Standard Normal Deviate (zcrit)
Corresponding to Selected
Significance Criteria and CIs
Significance Criterion*

z crit Value†

.01 (99)
.02 (98)
.05 (95)
.10 (90)

2.576
2.326
1.960
1.645

* Numbers in parentheses are the probabilities (expressed as a percentage) associated
with the corresponding CIs. Confidence
probability is the probability associated with
the corresponding CI.
† A stricter (smaller) significance criterion is
associated with a larger z crit value. Values not
shown in this table may be calculated in Excel
version 97 (Microsoft, Redmond, Wash) by using the formula zcrit ⫽ NORMSINV(1⫺(P/2)),
where P is the significance criterion.

TABLE 2
Standard Normal Deviate (zpwr)
Corresponding to Selected
Statistical Powers
Statistical Power

z pwr Value*

.80
.85
.90
.95

0.842
1.036
1.282
1.645

* A higher power is associated with a larger
value for z pwr. Values not shown in this table
may be calculated in Excel version 97 (Microsoft, Redmond, Wash) by using the formula z pwr ⫽ NORMSINV(power). For calculating power, the inverse formula is power ⫽
NORMSDIST(z pwr), where z pwr is calculated
from Equation (1) or Equation (2) by solving
for z pwr.

N are assumed to be equal in number,
and it is assumed that two-tailed statistical analysis will be used. Note that N depends only on the difference between the
two means; it does not depend on the
magnitude of either one.
As an example, suppose a study is proposed to compare a renovascular procedure versus medical therapy in lowering
the systolic blood pressure of patients
with hypertension secondary to renal artery stenosis. On the basis of results of
preliminary studies, the investigators estimate that the vascular procedure may
help lower blood pressure by 20 mm Hg,
while medical therapy may help lower
blood pressure by only 10 mm Hg. On
the basis of their clinical judgment, the
investigators might also argue that the
vascular procedure would have to be
twice as effective as medical therapy to
justify the higher cost and discomfort of
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the vascular procedure. On the basis of
results of preliminary studies, the SD for
blood pressure lowering is estimated to
be 15 mm Hg. According to the normal
distribution, this SD indicates an expectation that 95% of the patients in either
group will experience a blood pressure
lowering within 30 mm Hg (2 SDs) of the
mean. A significance criterion of .05 and
power of 0.80 are chosen. With these assumptions, D ⫽ 20 ⫺ 10 ⫽ 10 mm Hg,
 ⫽ 15 mm Hg, zcrit ⫽ 1.960 (from Table
1), and zpwr ⫽ 0.842 (from Table 2). Equation (1) yields a sample size of N ⫽ 70.6.
Therefore, a total of 70 patients (rounding N to the nearest even number) should
be enrolled in the study: 35 to undergo
the vascular procedure and 35 to receive
medical therapy.
For a study in which two proportions
are compared with a 2 test or a z test,
which is based on the normal approximation to the binomial distribution, the
equation for sample size (14) is
N ⫽ 2 䡠 关z crit 冑2p 共1 ⫺ p 兲

⫹ z pwr 冑p1 共1 ⫺ p1 兲 ⫹ p2 共1 ⫺ p2 兲 兴2 /D2 ,
(2)

where p1 and p2 are pre-study estimates of
the two proportions to be compared, D ⫽
兩p1 ⫺ p2兩 (ie, the minimum expected difference), p ⫽ (p1 ⫹ p2)/2, and N, zcrit, and
zpwr are defined as they are for Equation
(1). The two groups comprising N are assumed to be equal in number, and it is
assumed that two-tailed statistical analysis will be used. Note that in this case, N
depends not only on the difference between the two proportions but also on
the magnitude of the proportions themselves. Therefore, Equation (2) requires
the investigator to estimate p1 and p2, as
well as their difference, before performing the study. However, Equation (2)
does not require an independent estimate of SD because it is calculated from
p1 and p2 within the equation.
As an example, suppose a standard diagnostic procedure has an accuracy of
80% for the diagnosis of a certain disease.
A study is proposed to evaluate a new
diagnostic procedure that may have
greater accuracy. On the basis of their
experience, the investigators decide that
the new procedure would have to be at
least 90% accurate to be considered significantly better than the standard procedure. A significance criterion of .05 and a
power of 0.90 are chosen. With these assumptions, p1 ⫽ 0.80, p2 ⫽ 0.90, D ⫽
0.10, p ⫽ 0.85, zcrit ⫽ 1.960, and zpwr ⫽
0.842. Equation (2) yields a sample size of
N ⫽ 398. Therefore, a total of 398 pa-

tients should be enrolled: 199 to undergo
the standard diagnostic procedure and
199 to undergo the new one.

SAMPLE SIZES FOR
DESCRIPTIVE STUDIES
Not all research studies involve the comparison of two groups. The purpose of
many studies is simply to describe, with
means or proportions, one or more characteristics in one particular group. In
these types of studies, known as descriptive studies, sample size is important because it affects how precise the observed
means or proportions are expected to be.
In the case of a descriptive study, the minimum expected difference reflects the difference between the upper and lower
limit of an expected confidence interval,
which is described with a percentage. For
example, a 95% CI indicates the range in
which 95% of results would fall if a study
were to be repeated an infinite number of
times, with each repetition including the
number of individuals specified by the
sample size.
In studies designed to estimate a mean,
the equation for sample size (2,15) is
N⫽

4 2 (z crit)2
,
D2

(3)

where N is the sample size of the single
study group,  is the assumed SD for the
group, the zcrit value is that given in Table 1, and D is the total width of the
expected CI. Note that Equation (3) does
not depend on statistical power because
this concept only applies to statistical comparisons.
As an example, suppose a fetal sonographer wants to determine the mean fetal
crown-rump length in a group of pregnancies. The sonographer would like the
limits of the 95% confidence interval to
be no more than 1 mm above or 1 mm
below the mean crown-rump length of
the group. From previous studies, it is
known that the SD for the measurement
is 3 mm. Based on these assumptions,
D ⫽ 2 mm,  ⫽ 3 mm, and zcrit ⫽ 1.960
(from Table 1). Equation (3) yields a sample size of N ⫽ 35. Therefore, 35 fetuses
should be examined in the study.
In studies designed to measure a characteristic in terms of a proportion, the
equation for sample size (2,15) is
N⫽

4(z crit)2p共1 ⫺ p兲
,
D2

(4)

where p is a pre-study estimate of the
proportion to be measured, and N, zcrit,
and D are defined as they are for EquaSample Size Estimation
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tion (3). Like Equation (2), Equation (4)
depends not only on the width of the
expected CI but also on the magnitude of
the proportion itself. Also like Equation
(2), Equation (4) does not require an independent estimate of SD because it is
calculated from p within the equation.
As an example, suppose an investigator
would like to determine the accuracy of a
diagnostic test with a 95% CI of ⫾10%.
Suppose that, on the basis of results of
preliminary studies, the estimated accuracy is 80%. With these assumptions,
D ⫽ 0.20, p ⫽ 0.80, and zcrit ⫽ 1.960.
Equation (4) yields a sample size of N ⫽
61. Therefore, 61 patients should be examined in the study.

because in paired tests, each measurement is matched with its own control.
For example, instead of comparing the
average lesion size in a group of treated
patients with that in a control group,
measuring the change in lesion size in
each patient after treatment allows each
patient to serve as his or her own control
and yields more statistical power. Equation (1) can still be used in this case. D
represents the expected change in the
measurement, and  is the expected SD
of this change. The additional power and
reduction in sample size are due to the SD
being smaller for changes within individuals than for overall differences between
groups of individuals.

MINIMIZING THE SAMPLE SIZE

Use Unequal Group Sizes

Now that we understand how to calculate sample size, what if the sample size
we calculate is too large to be feasibly
studied? Browner et al (16) list a number
of strategies for minimizing the sample
size. These strategies are briefly discussed
in the following paragraphs.

Use Continuous Measurements
Instead of Categories
Because a radiologic diagnosis is often
expressed in terms of a binary result, such
as the presence or absence of a disease, it
is natural to convert continuous measurements into categories. For example,
the size of a lesion might be encoded as
“small” or “large.” For a sample of fixed
size, the use of the actual measurement
rather than the proportion in each category yields more power. This is because
statistical tests that incorporate the use of
continuous values are mathematically
more powerful than those used for proportions, given the same sample size.

Use More Precise Measurements
For studies in which Equation (1) or
Equation (2) applies, any way to increase
the precision (decrease the variability) of
the measurement process should be sought.
For some types of research, precision can
be increased by simply repeating the
measurement. More complex equations
are necessary for studies involving repeated measurements in the same individuals (17), but the basic principles are
similar.

Use Paired Measurements
Statistical tests like the paired t test are
mathematically more powerful for a
given sample size than are unpaired tests
312
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Equations (1) and (2) involve the assumption that the comparison groups are
equal in size. Although it is statistically
most efficient if the two groups are equal
in size, benefit is still gained by studying
more individuals, even if the additional
individuals all belong to one of the groups.
For example, it may be feasible to recruit
additional individuals into the control
group even if it is difficult to recruit more
individuals into the noncontrol group.
More complex equations are necessary
for calculating sample sizes when comparing means (13) and proportions (18)
of unequal group sizes.

Expand the Minimum Expected
Difference
Perhaps the minimum expected difference that has been specified is unnecessarily small, and a larger expected difference could be justified, especially if the
planned study is a preliminary one. The
results of a preliminary study could be
used to justify a more ambitious follow-up
study of a larger number of individuals
and a smaller minimum difference.

DISCUSSION
The formulation of Equations (1– 4) involves two statistical assumptions which
should be kept in mind when these equations are applied to a particular study. First,
it is assumed that the selection of individuals is random and unbiased. The decision
to include an individual in the study cannot depend on whether or not that individual has the characteristic or outcome
being studied. Second, in studies in which
a mean is calculated from measurements of
individuals, the measurements are assumed to be normally distributed. Both of

these assumptions are required not only by
the sample size calculation method, but
also by the statistical tests themselves (such
as the t test). The situations in which Equations (1– 4) are appropriate all involve parametric statistics. Different methods for determining sample size are required for
nonparametric statistics such as the Wilcoxon rank sum test.
Equations for calculating sample size,
such as Equations (1) and (2), also provide a method for determining statistical
power corresponding to a given sample
size. To calculate power, solve for zpwr in
the equation corresponding to the design
of the study. The power can be then determined by referring to Table 2. In this
way, an “observed power” can be calculated after a study has been completed,
where the observed difference is used in
place of the minimum expected difference. This calculation is known as retrospective power analysis and is sometimes
used to aid in the interpretation of the
statistical results of a study. However, retrospective power analysis is controversial
because it can be shown that observed
power is completely determined by the P
value and therefore cannot add any additional information to its interpretation
(19). Power calculations are most appropriate when they incorporate a minimum
difference that is stated prospectively.
The accuracy of sample size calculations obviously depends on the accuracy
of the estimates of the parameters used in
the calculations. Therefore, these calculations should always be considered estimates of an absolute minimum. It is usually prudent for the investigator to plan
to include more than the minimum
number of individuals in a study to compensate for loss during follow-up or other
causes of attrition.
Sample size is best considered early in
the planning of a study, when modifications in study design can still be made.
Attention to sample size will hopefully
result in a more meaningful study whose
results will eventually receive a high priority for publication.
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