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Sample size calculations for randomised trials seem
unassailable. Indeed, investigators should properly
calculate sample sizes and adequately describe the key
details in their published report. Research methodol-
ogists describe the approaches in books and articles.
Protocol committees and ethics review boards require
adherence. CONSORT reporting guidelines clearly
specify the reporting of sample size calculations.1,2

Almost everyone agrees.
An important impetus to this unanimity burst on the

medical world more than a quarter of a century ago. A
group of researchers, led by Tom Chalmers, published a

landmark article detailing the lack of statistical power in
so-called negative randomised trials published in
premier general medical journals.3 In Chalmers’ long
illustrious career, he published hundreds of articles.
This article on sample size and power received many
citations. Paradoxically, that troubled him.4 He regarded
it as the most damaging paper that he had ever
coauthored. Why? We will describe his concerns later, so
stay tuned. 

Components of sample size calculations 
Calculating sample sizes for trials with dichotomous
outcomes (eg, sick vs well) requires four components:
type I error (!), power, event rate in the control group,
and a treatment effect of interest (or analogously an
event rate in the treatment group). These basic
components persist through calculations with other
types of outcomes, except other assumptions can be
necessary. For example, with quantitative outcomes and
a typical statistical test, investigators might assume a
difference between means and a variance for the means. 

In clinical research, hypothesis testing risks two
fundamental errors (panel 1). First, researchers can
conclude that two treatments differ when, in fact, they
do not. This type I error (!) measures the probability of
making this false-positive conclusion. Conventionally,
! is most frequently set at 0·05, meaning that
investigators desire a less than 5% chance of making a
false-positive conclusion. Second, researchers can
conclude that two treatments do not differ when, in fact,
they do—ie, a false-negative conclusion. This type II
error (") measures the probability of this false-negative
conclusion. Conventionally, investigators set " at 0·20,
meaning that they desire less than a 20% chance of
making a false-negative conclusion.

Power derives from " error. Mathematically, it is the
complement of " (1–") and represents the probability of
avoiding a false-negative conclusion. For example, for
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Sample size calculations in randomised trials: mandatory and
mystical
Kenneth F Schulz, David A Grimes

Investigators should properly calculate sample sizes before the start of their randomised trials and adequately
describe the details in their published report. In these a-priori calculations, determining the effect size to detect—
eg, event rates in treatment and control groups—reflects inherently subjective clinical judgments. Furthermore,
these judgments greatly affect sample size calculations. We question the branding of trials as unethical on the basis
of an imprecise sample size calculation process. So-called underpowered trials might be acceptable if investigators
use methodological rigor to eliminate bias, properly report to avoid misinterpretation, and always publish results to
avert publication bias. Some shift of emphasis from a fixation on sample size to a focus on methodological quality
would yield more trials with less bias. Unbiased trials with imprecise results trump no results at all. Clinicians and
patients deserve guidance now. 

sample size calculations 
= “predicting the future”
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Intro on power & 
sample size
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Why bother? 
What happens if I don’t do it?
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CRF correction requirements, including who is authorized to make 
corrections on the CRF and how queries about study data are handled and 
how errors, if any, are to be corrected should be stated. 

(1) Give Investigational product description and packaging (stating all 
components of the investigational devices)

(2) All other accessories required along with the device during the study. 
(3) Method of packaging, labelling, of study substances. 
(4) Method of assigning treatments to Subjects and the Sub     

identification code numbering system. 
(5) Describe policy and procedures for handling unused investigat      

devices

Provide details of the statistical approach to be followed including sample 
size, how the sample size was determined, including as  mptions made in 
making this determination, efficacy endpoints (primary as well as 
secondary) and safety endpoints. 

The reason for choice of sample size shall be stated,   cluding the 
level of significance to be used, the power of the trial, possible 
differences in the incidences of investigation variables in the study 
population and expected drop-out rates together with justification for 
these aspects;

Provision for interim analysis, where applicable, and     criteria for 
termination of the investigation on the statistical grounds.

Procedure for reporting any deviation from the original statistical 
plan and it must be described with justification.

iv. The criteria for selection of subjects to be included    the analysis 
with justification

v. The procedure for accounting all the data, together with treatment of 
missing, unused or spurious data, together with justif  ation for 
excluding particular information from testing of the hypothesis.

n. Inv estigational Product Manage ment : 

o. Data Analysis : 

p. S tatistical considerations
i.

ii.

iii.

http://cdsco.nic.in/



Why bother? 
What happens if I don’t do it?

1. study too small: imprecision —> ethics 

2. study too large: “too precise” —> ethics, $$$ 

3. study planning: design, logistics, feasibility etc.
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Power vs Estimation 
Two approaches to sample size calculations
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The tyranny of power: is there a better way to
calculate sample size?
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Martin Bland’s extensive experience in reviewing and using power calculations has led him to believe that it is
time to replace them

When I began my career in medical statistics, back in 1972, little was heard of power calculations. In major
journals, sample size often seemed to be whatever came to hand. For example, in September 1972, the Lancet
contained 31 research reports that used individual subject data, excluding case reports and animal studies. The
median sample size was 33 (quartiles 12 and 85). In the same month the BMJ had 30 reports of the same type,
with median sample size 37 (quartiles 12 and 158). None of these publications explained the choice of sample
size, other than it being what was available. Indeed, statistical considerations were almost entirely lacking from
the methods sections of these papers.

Summary points

Most medical research studies have sample sizes justified by power calculations

Power calculations are based on significance tests

Many journals require results to be presented with confidence intervals

Sample size calculations should be based on the width of a confidence interval, not power

Compare the research papers of September 1972 with those in the same journals in September 2007, 35 years
later. In the Lancet, there were 14 such research reports, with median sample size 3116 (quartiles 1246 and

1
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Power vs Estimation 
Two approaches to sample size calculations

1. Power-based ~ significance testing
• useful if question is: “Is there a statistically significant 

difference between X and Y?” 
• usually NOT helpful for accuracy 

2. Estimation-based ~ confidence interval 
• useful if question is: “How precisely can we estimate X 

or the difference between X and Y?” 
• method of choice for accuracy  
• generally preferable method  
• easier to understand
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To understand sample size…  
… you need to understand concepts of random variation & precision
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• 1 sample: S-C+ 

•  new test “T” is positive  
➡ YAY, my test is 100% sensitive!!! …right?
➡ NO!!! need to account for random variation 
➡ My estimate for Sensitivity is  

100% (95%CI 2.5% — 100%)



To understand sample size…  
… you need to understand concepts of random variation & precision
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• 1 sample S-C+T+: 100% (95%CI 2.5% — 100%) 
• 2 samples S-C+T+: 100% (95%CI 16% — 100%) 
• 3 samples S-C+T+: 100% (95%CI 29% — 100%) 
• 4 samples S-C+T+: 100% (95%CI 40% — 100%) 
• 5 samples S-C+T+: 100% (95%CI 48% — 100%) 
• 10 samples S-C+T+: 100% (95%CI 69% — 100%) 
• 50 samples S-C+T+: 100% (95%CI 93% — 100%) 
• 100 samples S-C+T+: 100% (95%CI 96% — 100%)

precision ~ sample size

How many patients/samples do I need  
to estimate accuracy with acceptable precision?



How is it actually done? 
Making use of existing formulas
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How is it actually done? 
Making use of existing formulas

Table 1. Estimating a population proportion with specified absolute precision 

n = zi -a/2P(1- P)/d2 

(a) Confidence level 95% 

p 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 
d 

0.01 1825 3457 4898 6147 7203 8067 8740 9220 9508 9604 9508 9220 8740 8067 7203 6147 4898 3457 1825 
0.02 456 864 1225 1537 1801 2017 2185 2305 2377 2401 2377 2305 2185 2017 1801 1537 1225 864 456 
0.03 203 384 544 683 800 896 971 1024 1056 1067 1056 1024 971 896 800 683 544 384 203 
0.04 114 216 306 384 450 504 546 576 594 600 594 576 546 504 450 384 306 216 114 
0.05 73 138 196 246 288 323 350 369 380 384 380 369 350 323 288 246 196 138 73 
0.06 51 96 136 171 200 224 243 256 264 267 264 256 243 224 200 171 136 96 51 
0.07 37 71 100 125 147 165 178 188 194 196 194 188 178 165 147 125 100 71 37 
0.08 29 54 77 96 113 126 137 144 149 150 149 144 137 126 113 96 77 54 29 
0.09 23 43 60 76 89 100 108 114 117 119 117 114 108 100 89 76 60 43 23 
0.10 18 35 49 61 72 81 87 92 95 96 95 92 87 81 72 61 49 35 18 
0.11 15 29 40 51 60 67 72 76 79 79 79 76 72 67 60 51 40 29 15 
0.12 13 24 34 43 50 56 61 64 66 67 66 64 61 56 50 43 34 24 13 
0.13 11 20 29 36 43 48 52 55 56 57 56 55 52 48 43 36 29 20 1 1 
0.14 9 18 25 31 37 41 45 47 49 49 49 47 45 41 37 31 25 18 9 
0.15 8 15 22 27 32 36 39 41 42 43 42 41 39 36 32 27 22 15 8 
0.20 5 9 12 15 18 20 22 23 24 24 24 23 22 20 18 15 12 9 5 
0.25 6 8 10 12 13 14 15 15 15 15 15 14 13 12 10 8 6 

'Sample size less than 5. 

1. Sample size tables 2. Packages / websites 3. Own program

+ easy to use 
+ quick impression 
- limited parameter 

values 
- limited formulas 
- limited complexity

+ easy to use 
+ quick 
- many not free 
- slow if varying 

multiple parameters 
- often power-based

+ flexible 
+ free 
+ dynamic 
+ graphics 
- effort in writing



Sample size for 
accuracy
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Sample size calculations for randomised trials seem
unassailable. Indeed, investigators should properly
calculate sample sizes and adequately describe the key
details in their published report. Research methodol-
ogists describe the approaches in books and articles.
Protocol committees and ethics review boards require
adherence. CONSORT reporting guidelines clearly
specify the reporting of sample size calculations.1,2

Almost everyone agrees.
An important impetus to this unanimity burst on the

medical world more than a quarter of a century ago. A
group of researchers, led by Tom Chalmers, published a

landmark article detailing the lack of statistical power in
so-called negative randomised trials published in
premier general medical journals.3 In Chalmers’ long
illustrious career, he published hundreds of articles.
This article on sample size and power received many
citations. Paradoxically, that troubled him.4 He regarded
it as the most damaging paper that he had ever
coauthored. Why? We will describe his concerns later, so
stay tuned. 

Components of sample size calculations 
Calculating sample sizes for trials with dichotomous
outcomes (eg, sick vs well) requires four components:
type I error (!), power, event rate in the control group,
and a treatment effect of interest (or analogously an
event rate in the treatment group). These basic
components persist through calculations with other
types of outcomes, except other assumptions can be
necessary. For example, with quantitative outcomes and
a typical statistical test, investigators might assume a
difference between means and a variance for the means. 

In clinical research, hypothesis testing risks two
fundamental errors (panel 1). First, researchers can
conclude that two treatments differ when, in fact, they
do not. This type I error (!) measures the probability of
making this false-positive conclusion. Conventionally,
! is most frequently set at 0·05, meaning that
investigators desire a less than 5% chance of making a
false-positive conclusion. Second, researchers can
conclude that two treatments do not differ when, in fact,
they do—ie, a false-negative conclusion. This type II
error (") measures the probability of this false-negative
conclusion. Conventionally, investigators set " at 0·20,
meaning that they desire less than a 20% chance of
making a false-negative conclusion.

Power derives from " error. Mathematically, it is the
complement of " (1–") and represents the probability of
avoiding a false-negative conclusion. For example, for
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Sample size calculations in randomised trials: mandatory and
mystical
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Investigators should properly calculate sample sizes before the start of their randomised trials and adequately
describe the details in their published report. In these a-priori calculations, determining the effect size to detect—
eg, event rates in treatment and control groups—reflects inherently subjective clinical judgments. Furthermore,
these judgments greatly affect sample size calculations. We question the branding of trials as unethical on the basis
of an imprecise sample size calculation process. So-called underpowered trials might be acceptable if investigators
use methodological rigor to eliminate bias, properly report to avoid misinterpretation, and always publish results to
avert publication bias. Some shift of emphasis from a fixation on sample size to a focus on methodological quality
would yield more trials with less bias. Unbiased trials with imprecise results trump no results at all. Clinicians and
patients deserve guidance now. 

sample size calculations 
= “predicting the future”



Predicting the future 
Necessary Quantities for sample size calculation

1. pick target outcome (usually sensitivity) 

2. pick desired precision for estimate of target 
quantity (e.g. ±10%) 

3. make informed guesses about 
3.1 expected prevalence 
3.2 expected sensitivity
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Example calculation 
By Hand

1. target quantity: sensitivity 

2. desired precision: ±10% 

3. informed guesses about 
3.1 expected sensitivity: 90%  
3.2 expected prevalence: 15%

17



Example calculation 
Sample Size Table from WHO book
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(a) Confidence level 95% 

p 0.05 0.10 0.15 0.20 
d 

0.01 1825 3457 4898 6147 
0.02 456 864 1225 1537 
0.03 203 384 544 683 
0.04 114 216 306 384 
0.05 73 138 196 246 

*Sample size less than 5. 

Table 1. Estimating a population proportion with specified absolute precision 

n=zf-a12 P(l-P)/d2 

0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 

7203 8067 8740 9220 9508 9604 9508 9220 8740 8067 
1801 2017 2185 2305 2377 2401 2377 2305 2185 2017 

800 896 971 1024 1056 1067 1056 1024 971 896 
450 504 546 576 594 600 594 576 546 504 
288 323 350 369 380 384 380 369 350 323 

0.75 0.80 0.85 

7203 6147 4898 
1801 1537 1225 
800 683 544 
450 384 306 
288 246 196 

0.90 

3457 
864 
384 
216 
138 

0.95 

1825 
456 
203 
114 
73 

15 
13 
11 
9 

ii 
""" 

SOURCE: Lwanga SK, LEMESHOW S. Sample size determination in health studies. WHO Library. 1991

sens/spec

precision



Example calculation 
Sample Size Table from DEEP
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As an example of how confidence 
intervals are calculated, suppose 97 samples 
are positive by the ‘gold standard’  test and 
90 of these are positive by the test under 
evaluation, then the sensitivity of the test is 
estimated by p = 90/97 = 0.928 and the con-
fidence interval, using the formula above, is 
given in equation 2.

  
 0.928 ± 1.96 ×  =  0.928(1 – 0.928)  

97 
0.928 ± 0.051 = 0.877–0.979

 
(2) 

 
That is, we are 95% sure that the interval 
87.7% to 97.9% contains the true sensitivity 
of the test under evaluation.

In considering sample size, it is impor-
tant to consider the desired precision with 
which the sensitivity (or specificity) of 
the test is to be measured. To do this, we 
must first make a rough estimate of what 
we expect the sensitivity (or specificity) 
to be. So, if we suspect the sensitivity (or 
specificity) of the test under evaluation is 
approximately p (for example, 0.8 (80%)) 
and we wish to measure the sensitivity 
(or specificity) to within ± x (where x is 
expressed as a proportion rather than a 
percentage; for example, 0.10 rather than 
10%) then we would choose n so that the 
confidence interval is ± x (for example  
± 10%). This is shown in  equations 3–5.

 
 x

p p
n  (3)

which translates to:
 
 n

p p
x

 (4)
 

Thus, if p = 0.80 and x = 0.10, then
 
 n ≥ = 61.5

(1.96)2 0.8(1 –0.8)
(0.1)2 

 (5)
 

Therefore, to measure the sensitivity to 
within ± 10% we require at least 62 samples 
that are positive by the ‘gold standard’ test.

TABLE 2 shows the relationship between 
sample size and 95% confidence interval for 
various estimated sensitivities and specifici-
ties. For example, if we estimate that the 
sensitivity of a new test is 80% and we want 
the confidence interval to be ± 6%, we will 
need to recruit, or have archived specimens 
from, 170 infected study subjects by the 
reference standard test. If the prevalence of 
infection in the study population is 10%, 
then there will be 10 infected subjects per 
100 patients seen at the clinic. So, to have 
170 infected subjects, we will need to recruit 
1,700 patients (100/10  170).

In determining the sample size, allowance 
must also be made for patients who do not 
meet the inclusion criteria and the percent-
age who are likely to refuse to participate in 
the study.

If, when the study begins, it is not possi-
ble to estimate in advance what the sensitiv-
ity or specificity will be, then the safest  

option for the calculation of sample size is 
to assume these will be 50% (as this results 
in the largest sample size). Alternatively, 
sometimes it will be useful to conduct a pilot 
survey to estimate the prevalence of infec-
tion and to obtain a preliminary estimate of 
sensitivity and specificity. In such a study, the 
feasibility of the proposed study procedures 
can also be evaluated.

In some circumstances it might be 
possible to state the minimal acceptable 
sensitivity (or specificity) for the intended 
application of the test. So, if it is suspected 
that the sensitivity (or specificity) of the test 
under evaluation is p (for example, 80%) but 
it is considered that p0= 70% is the minimum 
acceptable sensitivity (or specificity), then 
n might be chosen so that the lower limit of 
the confidence interval is likely to exceed 
p0. With the test requirement formulated in 
this way the sample size formula is given by 
equation 6:
 
 n = (1.96 + 1.28)2 p(1 – p)

(p – p0)2 
 (6)

 

For example, if it is anticipated that the 
sensitivity of a new test is 80% and to be 
acceptable for use in a given setting it must 
be at least 70%, then it will be necessary to 
recruit, or have archived specimens from, 
168 infected study subjects. If the prevalence 
of infection in the study population is 10%, 
then it will be necessary to recruit a total 
sample of 1,680 (168/0.10), to ensure 168 
infected individuals.

Details of methods for calculating sample 
size for diagnostic trials are available in 
REFS 5,7,8.

2.11. Evaluating reproducibility. The repro-
ducibility of a test is a measure of the close-
ness of agreement between test results when 
the conditions for testing or measurement 
change. For example, reproducibility can 
be measured between operators (inter- and 

Table 2 | Relationship between sample size and 95% confidence interval 

Number of infected (non-
infected) subjects required*

Estimated test sensitivity (or specificity)‡

50% 60% 70% 80% 90% 95%

50 13.9% 13.6% 12.7% 11.1% 8.3% –

100 9.8% 9.6% 9.0% 7.8% 5.9% 4.3%

150 8.0% 7.8% 7.3% 6.4% 4.8% 3.5%

200 6.9% 6.8% 6.4% 5.5% 4.2% 3.0%

500 4.4% 4.3% 4.0% 3.5% 2.6% 1.9%

1,000 3.1% 3.0% 2.8% 2.5% 1.9% 1.4%
*As defined by the reference standard test. ‡95% confidence interval around the estimated sensitivity (+/– value in table).

Table 1 | A 2  2 table to evaluate test performance

Test under evaluation Reference standard test Total

Positive Negative

Positive a b a + b

Negative c d c + d

Total a + c b + d
Test sensitivity = a/(a + c); test specificity = d/(b + d); PPV = a/(a + b); NPV = d/(c + d).  
a = true positive, b = false positive; c = false negative; d = true negative

EVALUATING DIAGNOSTICS |  GENERAL PRINCIPLES

NATURE REVIEWS | MICROBIOLOGY  NOVEMBER 2007 | S21

sens/spec

precision

n+

SOURCE: TDR. Evaluation of diagnostic tests for infectious diseases: general principles. Nat Rev Microbiol. 2006 Dec 1;4(12 Suppl):S20–32. 
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Example calculation 
OpenEpi
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Example calculation 
OpenEpi
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Example calculation 
Xcel Sheet
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Literature Examples 
for accuracy
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The new england  
journal of medicine
established in 1812 september 9, 2010 vol. 363 no. 11

Rapid Molecular Detection of Tuberculosis  
and Rifampin Resistance

Catharina C. Boehme, M.D., Pamela Nabeta, M.D., Doris Hillemann, Ph.D., Mark P. Nicol, Ph.D.,  
Shubhada Shenai, Ph.D., Fiorella Krapp, M.D., Jenny Allen, B.Tech., Rasim Tahirli, M.D., Robert Blakemore, B.S., 
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TB Research, South African Medical Re-
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in South Africa; P.D. Hinduja National 
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This article (10.1056/NEJMoa0907847) was 
published on September 1, 2010, at NEJM 
.org.

N Engl J Med 2010;363:1005-15.
Copyright © 2010 Massachusetts Medical Society.

Background
Global control of tuberculosis is hampered by slow, insensitive diagnostic methods, 
particularly for the detection of drug-resistant forms and in patients with human im-
munodeficiency virus infection. Early detection is essential to reduce the death rate 
and interrupt transmission, but the complexity and infrastructure needs of sensitive 
methods limit their accessibility and effect.

Methods
We assessed the performance of Xpert MTB/RIF, an automated molecular test for 
Mycobacterium tuberculosis (MTB) and resistance to rifampin (RIF), with fully integrated 
sample processing in 1730 patients with suspected drug-sensitive or multidrug-resis-
tant pulmonary tuberculosis. Eligible patients in Peru, Azerbaijan, South Africa, and 
India provided three sputum specimens each. Two specimens were processed with 
N-acetyl-l-cysteine and sodium hydroxide before microscopy, solid and liquid culture, 
and the MTB/RIF test, and one specimen was used for direct testing with micros-
copy and the MTB/RIF test.

Results
Among culture-positive patients, a single, direct MTB/RIF test identified 551 of 561 
patients with smear-positive tuberculosis (98.2%) and 124 of 171 with smear-nega-
tive tuberculosis (72.5%). The test was specific in 604 of 609 patients without tu-
berculosis (99.2%). Among patients with smear-negative, culture-positive tubercu-
losis, the addition of a second MTB/RIF test increased sensitivity by 12.6 percentage 
points and a third by 5.1 percentage points, to a total of 90.2%. As compared with 
phenotypic drug-susceptibility testing, MTB/RIF testing correctly identified 200 of 
205 patients (97.6%) with rifampin-resistant bacteria and 504 of 514 (98.1%) with 
rifampin-sensitive bacteria. Sequencing resolved all but two cases in favor of the 
MTB/RIF assay.

Conclusions
The MTB/RIF test provided sensitive detection of tuberculosis and rifampin resis-
tance directly from untreated sputum in less than 2 hours with minimal hands-on 
time. (Funded by the Foundation for Innovative New Diagnostics.)

The New England Journal of Medicine 
Downloaded from www.nejm.org on September 11, 2010. For personal use only. No other uses without permission. 

Copyright © 2010 Massachusetts Medical Society. All rights reserved. 
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Training will also comprise other study related aspects such as case report form completion, data 
management and data entry. At the end of the Xpert training, a certification record will be signed by 
all participants. Staff that did not pass the proficiency testing will not be able to participate in the 
study. Oral and written feedback on their overall impression of the assay (in the form of a 
questionnaire) will be provided by the lab technicians and supervisor.  
 
Beta testing – all sites – 310 TB suspects per site, 16 weeks enrolment, completion of follow 
up 8 weeks after completion of enrolment and completion of cultures 16 weeks after 
completion of enrolment 
For the beta testing phase, 310 patients meeting inclusion criteria will be enrolled in the study per 
site and 3 sputum samples collected per patient. Smear microscopy, culture (LJ, MGIT, DST) and 
Xpert™ MTB will be performed as described in Figure 1 below (2 specimens to be cultured, 3 
tested with GeneXpert). Completion of solid culture will provide the final bacteriologic diagnosis for 
all patients enrolled in the evaluation study and will be available on day 56. Most DST results will 
also be obtainable by then.  
 
 
 
 
BIOSTATISTICS: RATIONALE FOR SAMPLE SIZE FOR BETA TESTING 
 
 
Group Sensitivity or 

specificity 
target 

Confidence 
interval (CI) 

Required 
minimum 
group size 

Average 
prevalence among 
TB suspects 

Required TB 
suspects 

s+, c+ 95% ± 3% 203 18%  1128 
s-, c+ 90% ± 4.5% 171 11%  1554 
Non-TB 98% ± 1% 335 46%  728 
Rif- resistant 90% ± 7% 71 5% 1420 
Rif-sensitive 95% ± 3% 203 22%  922 

 
 
All values were calculated based on the estimation procedure. Based on these calculations, a total 
of 1550 patients with suspicion of PTB will be enrolled and tested according to the workflow 
described in Figure 1 and 2. Each site shall therefore aim to enroll 310 patients. Confidence 
intervals for per specimen analysis will be narrower than for per patient analysis. Calculations were 
based on the following assumptions: 
 
1. Performance targets: 
The primary objective of this study is to assess whether the product specifications for the Xpert™ 
MTB have been met. The critical performance targets are as follows: 
 
Sensitivity in smear- and culture-positive patients: 
Minimum >90%, optional >95%; since the feasibility study results showed a sensitivity >95%, the 
optional target was used for sample size calculation. 
 
Sensitivity in smear-negative, culture-positive patients: 
Minimum >60%, optional >90%; since we aim for a culture replacement test, the optional target 
has been used for sample size calculation. 

sens/specprecision prevalencen+ n
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Feasibility, diagnostic accuracy, and eff ectiveness of 
decentralised use of the Xpert MTB/RIF test for diagnosis 
of tuberculosis and multidrug resistance: a multicentre 
implementation study
Catharina C Boehme, Mark P Nicol, Pamela Nabeta, Joy S Michael, Eduardo Gotuzzo, Rasim Tahirli, Ma Tarcela Gler, Robert Blakemore, 
William Worodria, Christen Gray, Laurence Huang, Tatiana Caceres, Rafail Mehdiyev, Lawrence Raymond, Andrew Whitelaw, 
Kalaiselvan Sagadevan, Heather Alexander, Heidi Albert, Frank Cobelens, Helen Cox, David Alland, Mark D Perkins

Summary
Background The Xpert MTB/RIF test (Cepheid, Sunnyvale, CA, USA) can detect tuberculosis and its multidrug-
resistant form with very high sensitivity and specifi city in controlled studies, but no performance data exist from 
district and subdistrict health facilities in tuberculosis-endemic countries. We aimed to assess operational feasibility, 
accuracy, and eff ectiveness of implementation in such settings.

Methods We assessed adults (≥18 years) with suspected tuberculosis or multidrug-resistant tuberculosis consecutively 
presenting with cough lasting at least 2 weeks to urban health centres in South Africa, Peru, and India, drug-resistance 
screening facilities in Azerbaijan and the Philippines, and an emergency room in Uganda. Patients were excluded 
from the main analyses if their second sputum sample was collected more than 1 week after the fi rst sample, or if no 
valid reference standard or MTB/RIF test was available. We compared one-off  direct MTB/RIF testing in nine 
microscopy laboratories adjacent to study sites with 2–3 sputum smears and 1–3 cultures, dependent on site, and drug-
susceptibility testing. We assessed indicators of robustness including indeterminate rate and between-site performance, 
and compared time to detection, reporting, and treatment, and patient dropouts for the techniques used.

Findings We enrolled 6648 participants between Aug 11, 2009, and June 26, 2010. One-off  MTB/RIF testing detected 933 
(90·3%) of 1033 culture-confi rmed cases of tuberculosis, compared with 699 (67·1%) of 1041 for microscopy. MTB/RIF 
test sensitivity was 76·9% in smear-negative, culture-positive patients (296 of 385 samples), and 99·0% specifi c 
(2846 of 2876 non-tuberculosis samples). MTB/RIF test sensitivity for rifampicin resistance was 94·4% (236 of 250) 
and specifi city was 98·3% (796 of 810). Unlike microscopy, MTB/RIF test sensitivity was not signifi cantly lower in 
patients with HIV co-infection. Median time to detection of tuberculosis for the MTB/RIF test was 0 days (IQR 0–1), 
compared with 1 day (0–1) for microscopy, 30 days (23–43) for solid culture, and 16 days (13–21) for liquid culture. 
Median time to detection of resistance was 20 days (10–26) for line-probe assay and 106 days (30–124) for conventional 
drug-susceptibility testing. Use of the MTB/RIF test reduced median time to treatment for smear-negative tuberculosis 
from 56 days (39–81) to 5 days (2–8). The indeterminate rate of MTB/RIF testing was 2·4% (126 of 5321 samples) 
compared with 4·6% (441 of 9690) for cultures.

Interpretation The MTB/RIF test can eff ectively be used in low-resource settings to simplify patients’ access to early 
and accurate diagnosis, thereby potentially decreasing morbidity associated with diagnostic delay, dropout and 
mistreatment.

Funding Foundation for Innovative New Diagnostics, Bill & Melinda Gates Foundation, European and Developing 
Countries Clinical Trials Partnership (TA2007.40200.009), Wellcome Trust (085251/B/08/Z), and UK Department for 
International Development.

Introduction
Two of the three key infectious diseases of man, HIV and 
malaria, can be diagnosed in primary-care settings with 
straightforward rapid tests. No such technology has been 
available to accurately detect tuberculosis and its drug-
resistant forms, and this absence has been a major 
obstacle to improvement of tuberculosis care and 
reduction of the global burden of disease. Microscopy 
alone, although inexpensive, misses many patients and 
detects only those with relatively advanced disease.1–3 

Presently, only 28% of expected incident cases of 
tuberculosis are detected and reported as smear positive.4 
Undetected cases of disease increase morbidity, mortality, 
and disease transmission.5–7 In many countries, epidemic 
HIV infection has further reduced the sensitivity of 
microscopy and increased the necessity of rapid diagnosis 
of tuberculosis. The mortality of untreated or mistreated 
tuberculosis in people with advanced HIV is high.8–10 
Autopsy studies in various countries have shown that 
30–60% of people with HIV infection may die with 
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Secondary endpoints (optional) 

 
1. Impact 

x Patient dropout rate prior to diagnosis 
x Mortality for enrolled patients during follow up 
x Hospitalization frequency and duration 
x Time to return to work 
 

2. Cost-efficiency 
x Quantify costs to the health system and assess cost-effectiveness of Xpert MTB/RIF testing 

compared to baseline (instead of and in addition to scenarios) 
x Establish innovative partnership models that increase cost-efficiency, impact and 

sustainability of Xpert™ MTB/Rif testing (integrating TB screening in HIV care in Uganda 
and South Africa) 

 
Sample size 
 
The sample size for this study is largely a reflection of WHO’s requirement to see a new test 
evaluated in a geographically and otherwise representative number of routine settings. The sample 
size calculation was largely driven by the need to assess Xpert in a variety of different settings 
representative of the real-world situation in high burden countries. It will be important to determine 
how dependant Xpert performance is on population factors (notably HIV prevalence), daily 
workload, user skills and laboratory infrastructure aspects. We will have to assess whether the rate 
of DNA contamination goes up over time, to follow the evolution of sensitivity and specificity and 
the impact of laboratory technician’s fatigue, and to monitor the robustness of the assay in the field 
(error rate, instrument robustness). All these endpoints require longer study duration and a variety 
of sites.  

 

Xpert sensitivity and specificity estimates were the primary endpoints for the minimum sample size 
calculation during phase 1 (validation phase). Based on discussions with the participating centers, 
we assumed a minimum average daily enrolment number per site of 5 patients and an average TB 
prevalence of 15%.  
 
The following minimum performance criteria were set as go/no go decision criteria for moving to 
the next project phase 
a) Xpert™ MTB/Rif sensitivity > 80% of culture positive cases (this should be the lower limit of 

the confidence interval) 
b) Xpert™ MTB/Rif specificity > 90% of culture negative cases (this should be the lower limit of 

the confidence interval) 

For each site, enrolling 380 patients would provide 57 confirmed TB cases.  A sensitivity of 90% or 
above would produce a lower confident interval limit of at least 80%.  Of the 323 remaining, 5-10% 
would be of indeterminate diagnosis.  However, only 55 TB negative patients are sufficient to have 
a lower confidence interval limit of at least 90% with given the expected specificity of 98%.   
 

 9 

This would leave us with an overall sample size need of 2660 TB suspects for phase 1 and an 
enrolment duration for this phase of 3 months. 

 

The overall sample size for the study (all phases) was also determined by Rifampicin resistance 
endpoints. While the expected sensitivity is 95%, the lower limit of the confidence interval should 
be at least 92% requiring at least 315 Rif-resistant cases among culture positives.  With an MDR 
prevalence rate of 5% across all sites, this would require a total enrolment of 6300 TB suspects. 

 

 Equipment and reagent needs* 
 
 South 

Africa 
Peru Philippines India Uganda Azerbaijan 

GeneXpert 3 3 2 1 1 1  
Xpert™ 
MTB/Rif  

2160 2160 720 1140 720 720 

Total 9 instruments and 7620 tests 
*including already available instruments from previous study 
 
 
 
Study Phases 
9 All sites (except South Africa) 

 
Study phase Duration # sputa per 

patient 
Methods 
at Demo 
Lab 

Methods 
at Ref 
Lab 
 

Treatment 
decision based 
on: 

FU at Clinic 

Training 1-3 days Requires at least 32 sputum samples with known smear, culture and Rif result stored 
at -20°C. 

Validation 3 months Case 
detection: 2-3 
MDR risk:

Routine ZN 

 2-3 
Xpert™ 
MTB/Rif 
(Possible: 
culture) 

Culture & 
DST 

Routine smear 
(culture) 
MDR risk

As per routine and 
for Xpert™ 
MTB/Rif or culture 
pos patients after 
2 and 6 months. 

: 
Routine DST 

Implementation 3 months  Case 
detection: 2-3 
MDR risk:

ZN 

 2-3 
Xpert™ 
MTB/Rif 

Culture & 
DST 

Smear 
Xpert™ MTB/Rif 
(case detection 
only) 
Selected DST for  
Rif res 

As per routine and 
for Xpert™ 
MTB/Rif or culture 
pos patients after 
2 and 6 months 

Continuation 6 months 
 

Case 
detection: 1 
MDR risk:

ZN 

 1 
(2 if Rif res) 

Xpert™ 
MTB/Rif 

Selected 
DST for 
Xpert-Rif-
res cases 

Smear 
Xpert™ MTB/Rif 
Selected DST for  
Rif res 

As per routine and 
for Xpert™ 
MTB/Rif pos 
patients after 6 
months. 

 
9 South Africa 
 

Study phase Duration # sputa per 
patient 

Xpert 
weeks 

Routine 
weeks 
 

Treatment 
decision based 
on: 

FU at Clinic 

Training 3-5 days Requires 32 sputum samples with known smear, culture and Rif result stored at -20°C. 

sens/spec
precision

prevalence

n+n
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5.2 Operational performance 
• Determine operational suitability of TB LAMP for use at peripheral laboratories (in particular, ease of use 

and DNA cross-contamination risk). 

• Determine sensitivity of TB LAMP in comparison to XpertMTB/RIF®. 

6 STUDY DESIGN 
This will be a multi-center, blinded, cross-sectional study to determine the performance of TB LAMP in 

patients with symptoms of pulmonary TB (PTB) in comparison to conventional methodologies and Xpert 

MTB/RIF®. 

6.1 Sample Size 
In total, 900 patients with suspicion of PTB will be enrolled. Each patient will provide two sputum samples. 

 

In order to prove superiority of the specificity in the modified test compared to the original evaluation 

results, we derived a minimum number of patients necessary for enrolment. We anticipate that the 

modified test will have a specificity of approximately 98% compared to the previous 94.7% demonstrated 

(97% being the minimum acceptable target). Proving superiority with 80% power and 95% confidence will 

required 504 Non-TB cases in that case. We expect an overall prevalence of TB across the sites to be less 

than approximately 30% which should comfortably provide the minimum number of patients to establish 

statistically significant comparison.   

 

The roughly 250-300 culture positive anticipated in this study should be able to demonstrate whether the 

sensitivity for culture positives remains roughly similar. For S-C+ patients, an approximately 100 enrolees 

will provide a lower confidence limit of >40% if the point estimate is greater than 50%. For S+C+ patients, 

an approximately 150-200 enrolees will provide a lower confidence limit of >93% if the point estimate is 

similar to 97%.   

6.2 Study phases 
A. Training phase (7 days). 

B. Clinical testing phase for TB LAMP (up to 3 months enrolment). Enrolment of 300 patients with 

symptoms of PTB at each of the participating sites. 

6.3 Timelines 
Enrolment at each trial site will start immediately after training. Enrolment will take up to 3 months. The 

last culture results will be ready two months after the end of enrolment and the follow-up clinical 

examinations and smears will be completed by 3 months after the end of enrolment.   

IRB approval (& import permit where required) Peru/South Africa: Jan 2012 

Vietnam/Brazil: Apr 2012 

Training & pilot Peru: Jan 2012 

South Africa: Feb 2012 

Vietnam/Brazil: May 2012 

Enrolment period Up to 3 months 

sens/specprecision

prevalence

n+

n
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• Fast!IRB!process!if!required!

• Overall,!ability!to!meet!timelines!

!

5.3 Sample+Size++

Sample!size!calculations!were!based!on!the!number!of!sputum!samples!necessary!to!statistically!determine!
non4inferiority! between! each! new! test! and! the! reference! test! MTBDRplusV1! given! the! stated! non4
inferiority!margins!for!RIF.! INH!will!be!evaluated!as!well.! It! is!anticipated!that!sensitivity!and!specificity!of!
each!of!tests!under! investigation!will!be!at!or!very!near!the!same!point!estimate!as!the!reference!test.!A!
difference! of! 3%! and! 2%! were! deemed! to! be! not! clinically! relevant! for! sensitivity! and! specificity,!
respectively.!The!calculations!are!for!80%!power!and!95%!confidence.!

! RIF&
! Sens! Spec!
Anticipated!performance! 98%! 99%!
Non4Inferiority!Margin! 3%! 2%!
Lower!limit!for!95%!confidence!interval! 95%! 97%!
Sample!size!! 270! 307!

!

The! study! will! include! 900! sputum! samples! of! which! approximately! 70%! or! 630! will! be! C+.! Half! of! the!
positives!will!be!RIF!and/or! INH!resistant!and!half!will!not.!This!should!be!sufficient! to!demonstrate!non4
inferiority!for!RIF!within!the!above!constraints.!

5.4 Selection+of+strains+and+sputum+samples+

5.4.1 Strains+
200!strains!will!be!provided!to!each!site!by!ITM.!A!different!set!of!strains!will!be!shipped!to!each!of!the!3!
sites,!which!will!be!blinded!for!phenotypic!results.!
Approximate!composition!of!the!200!culture!strains!to!be!tested!per!site:!

• 100!RIFr/INHr,!10!RIFs/INHr,!80!RIFs/INHs!Mtb!complex!strains,!and!10!non4Mtb!complex!strains!
• All!previously!characterized!with!phenotypic!methods!and!sequencing!
• Randomly!chosen!if!more!strains!per!group!available!
• If!possible,!originating!from!high!burden!countries!
• Strains!stored!in!phosphate!buffer!or!molecular!grade!water!(pH!7.0)!at!420°!or!480°C.!!

5.4.2 Sputum+samples+

300!sputum!samples!will!be!tested!at!each!site.!The!sputa!should!have!the!following!characteristics!and!be!
processed!as!follows:!

• Sputum!specimens!processed!by!the!conventional!N4acetyl4L4cysteine4NaOH!method!(final!NaOH!
concentration,!1%).!!

• Concentrated!sediment!suspended!in!1.6!to!2.0!ml!sterile!phosphate!buffer!(pH!7.0).!
• Ziehl4Neelsen!or!Auramine!microscopy,!inoculation!of!solid!and!liquid!media!for!growth!detection,!

where!applicable!species!identification!and!DST!for!MTB!complex!strains!using!MGIT!SIRE.!
• Leftover!sediment!of!the!decontaminated!sputum!specimen!stored!at!420°C!or!480°C.!!

sens/spec

precision

prevalence n+n prevalence



Take Home Points 
Accuracy Studies

• Sample size important for planning & ethics 

• Sample size calculations ≈ predicting the future 

• Estimation-based better than power-based 

• Use simple tools available for calculation 

• Account for losses, clustering etc. 

• Beware of large sample approximations

32



PART II
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Additional 
considerations

34



Problems with small numbers… 
Large sample approximation

35

sample size formulas rely on large sample approximations



• Sensitivity: 95%, precision ±10% —> n=18 
• study results: 18*95% = 17.1 ≈ 17 
• study analysis: 17/18 = 94.4% 

• multiple formulas to calculate confidence intervals 
• sampsi. calc.: should be from ~85% to 100% 
• Wald (large sample approx.): from 84% to 100% 
• Fisher (exact): from 73% to 100%

Problems with small numbers… 
Large sample approximation

36

sample size calculation should match analytic approach



Starting with the sample size… 
…calculating attainable precision

• Sensitivity: 95%, n=100 —> precision ? 
• study results: 100*95% = 95 
• study analysis: 95/100 = 95% 

• 95% CI ??? 
• Wald: from 91% to 99% (precision ±4%) 
• Fisher: from 89% to 98% (precision ±3-6%)

37



Starting with the sample size… 
…calculating attainable precision

• n = 17: 95%CI from 73% to 100% 

• n = 35: 95%CI from 81% to 99% 

• n = 40: 95%CI from 83% to 99% 

• n = 50: 95%CI from 86% to 100%

38



Prevalence 
A modifiable driver of sample size

39



Modifying prevalence… 
…by modifying selection criteria

• You can increase prevalence 
• by selecting sites with high prevalence 
• by selecting participants with high prevalence 

• BUT #1: beware of spectrum bias (do not enrol based on 
other test results) 

• BUT #2: beware of spectrum effects, leading to reduced 
generalizability 

• BUT #3: being more restrictive with selection criteria will 
reduce enrolment rate

40



Accounting for losses
• May occur due to 

• insufficient # of samples or sputum volume 
• indeterminate results or cultures contaminated 
• missing culture- or speciation result 
• NTM 
• other missing data / incomplete CRF 
• drop-out 
• etc.  

• Account for this by inflating sample size 
41



Accounting for potential losses  
 …by inflating sample size 

42

• you calculated you need 
n=230 TB suspects  

• you anticipate 5-10% 
losses among those 
recruited 

➡ aim to recruit n=253



Dealing with multiple 
outcomes or tests

• Multiple outcomes: focus on primary outcome 

• Multiple tests: focus on main comparison 

Given chosen sample size you can still calculate 
achievable precision for secondary outcomes or 

comparisons 

• if you MUST have adequate precision for multiple 
outcomes or tests: pick larger sample size

43



Comparative Studies 
Superiority, equivalence & non-inferiority

• Superiority: index test is better than established 
test 

• Equivalence: index test is the same or not 
unacceptably different* from established test  

• Non-inferiority: index test is not unacceptably 
worse* than established test 

* Equivalence & non-inferiority studies require 
specification of a margin of equivalence/non-inferiority

44
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Comparative Studies 
Superiority, equivalence & non-inferiority

• Superiority: index test is better than established test 
• e.g. difference in sensitivity +30% (95%CI +20, +40) 

• Equivalence: index test is as good as established test, given a pre-specified margin 
• e.g. difference in sensitivity +0% (95%CI -5%, +5) for a pre-specified margin of ±5% 

• Non-inferiority: index test is either better than established test, or inferior but less than a 
pre-specified margin 

• e.g. difference in sensitivity -3% (95%CI -5%, -1%) for a pre-specified margin of -5%

Source: Schumi J, Wittes JT. Through the looking glass: understanding non-inferiority. Trials. 2011;12(1):106. 
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Clustered Designs
• Clustered designs require increases sample size 

➡ need to account for between-cluster variation 

• Design Effect / variance inflation factor (Deff) 
• ratio of actual variance for a given sampling design to variance 

assuming the same sample size, but using simple random 
sampling without replacement 

• Deff = 1 + (m-1)*ICC [m: number of observations per cluster) 

• Intraclass correlation coefficient (ICC) 
• describes how strongly units in the same group resemble each 

other, compared to resemblance across groups 
• ICC = between-cluster variance / total variance [total variance = 

between-cluster+within-cluster variance]

47
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 Sample size for 
impact
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 Sample size for impact 
How is it different from sample size for accuracy?

1. Questions about impact are comparative
• e.g. we are interested in the difference/ratio of two 

proportions (rather than just one proportion) 
➡ need different formulas 

2. Questions about impact are not always about proportions
• Proportion e.g. reduction in % LTFU, % unfavourable 

treatment outcome, % mortality 
• Time to event e.g. reduction in time to Dx/Rx, time to smear 

status conversion 
• Continuous e.g. reduction in morbidity score 
➡ need different formulas for different variable types
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 Sample size for impact 
How is it different from sample size for accuracy?

1. Questions about impact are comparative
• e.g. we are interested in the difference/ratio of two 

proportions (rather than just one proportion) 
➡ need different formulas 

2. Questions about impact are not always about proportions
• Proportion e.g. reduction in % LTFU, % unfavourable 

treatment outcome, % mortality 
• Time to event e.g. reduction in time to Dx/Rx, time to smear 

status conversion 
• Continuous e.g. reduction in morbidity score 
➡ need different formulas for different variable types
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Predicting the future 
Necessary Quantities for sample size calculation

1. Expected baseline proportion 

2. Expected proportion in intervention group (or or 
risk ratio or risk difference) 

3. Desired precision around risk ratio / risk difference
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Example calculation 
Hand calculation

1. Expected baseline proportion: 10% 

2. Expected proportion in intervention 
group: 5%  

3. Desired precision around risk ratio: 
20% (i.e. we expect RR=0.5 with 
95%CI 0.4, 0.6)

53

Accuracy'
!
!(!"#$%#$!) ≥ ! 1.96
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!!!.!
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!.!"
!"(1− 0.2)! !

!
! ≈ !3.84 28

0.05!
!

! ≈ !2,160!



Example calculation 
Sample Size Table

54

Table 8 (continued) 

(b) Confidence level 95%, relative precision 20% 

\RR' 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 
p2 

0.01 15276 13733 12705 11970 11419 10990 10647 10367 10133 9935 9766 9619 9490 9377 9276 9186 9104 
0.02 7561 6790 6275 5908 5633 5418 5247 5107 4990 4891 4806 4732 4668 4611 4561 4516 4475 
0.03 4990 4475 4132 3887 3704 3561 3447 3353 3275 3209 3153 3104 3061 3023 2989 2959 2932 
0.04 3704 3318 3061 2877 2739 2632 2546 2476 2418 2368 2326 2289 2257 2229 2204 2181 2161 
0.05 2932 2624 2418 2271 2161 2075 2006 1950 1904 1864 1830 1801 1775 1752 1732 1714 1698 

I 
-I 

ID 
CCI 

I 
0.35 287 243 214 193 177 165 155 147 
0.40 232 193 168 149 136 125 116 
0.45 189 155 132 116 103 
0.50 155 124 103 89 78 
0.55 127 99 80 67 

Since RR=P,/P2 , 

For RR < 1, use the column value corresponding to 1 / R'R and the row value corresponding to P,. 

SOURCE: Lwanga SK, LEMESHOW S. Sample size determination in health studies. WHO Library. 1991

RR
precision

P



Literature Examples for impact
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Xpert XTEND
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Xpert MTB/RIF vs microscopy as the first 
line TB test in South Africa: mortality, 

yield, initial loss to follow up and 
proportion treated.!!!!The XTEND study

GJ Churchyard 
On behalf of the XTEND team

(Xpert for TB - Evaluating a New Diagnostic)
Prof Churchyard has no financial relationships with commercial entities to disclose
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6.1. Sample size  
Sample size considerations for patient level outcomes are as follows: 

6.1.1. Primary outcome: early mortality among TB suspects  
The sample size estimates are based on 6 month mortality among TB suspects. Data from 
Western Cape and Kwa-Zulu Natal in South Africa suggest a mortality of 2-11% at 2 months 
(Western Cape, M Nicol personal communication; Kwa-Zulu Natal,  amongst TB suspects). In 
the Kwa-Zulu Natal study, of those with known HIV status, the HIV prevalence was 84%. 

Assuming a six month mortality among TB suspects of 5% in the “standard of care arm”, 10 
clusters per arm, 220 TB suspects per cluster and a coefficient of variation of 0.25, there would 
be approximately 90% power to detect a 50% reduction of mortality in the Xpert MTB/RIF arm. If 
the coefficient of variation is 0.3 we would have 87% power to detect a 50% reduction (Table 
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% mortality at 
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# TB 
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Power 
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50% 220 .97 .93

50% 200 .96 .92

50% 100 .83 .78

7.5% 40% 300 .87 .79
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the coefficient of variation is 0.3 we would have 87% power to detect a 50% reduction (Table 
61). 

Table 61. The power for various scenarios where the total number of clusters per arm is fixed at 
10. 

% mortality at 
6 months in 
SoC arm)

% 
reduction

# TB 
suspects 
per cluster

Power 
(k=0.25)

Power 
(k=0.30)

5% 50% 300 .95 .91

50% 220 .91 .87

50% 200 .90 .86

50% 100 .70 .66

7.5% 50% 300 .98 .96

50% 220 .97 .93

50% 200 .96 .92

50% 100 .83 .78

7.5% 40% 300 .87 .79

40% 220 .83 .74

40% 200 .80 .72

40% 100 .61 .55

10% 50% 300 .99 .97

50% 220 .98 .96

50% 200 .98 .95

50% 100 .90 .86

!  33

XTEND.     Xpert evaluation in South Africa:       v-.60             14 August 2013



Xpert TBNEAT

58

Articles

www.thelancet.com   Published online October 28, 2013   http://dx.doi.org/10.1016/S0140-6736(13)62073-5 1

Feasibility, accuracy, and clinical eff ect of point-of-care Xpert 
MTB/RIF testing for tuberculosis in primary-care settings in 
Africa: a multicentre, randomised, controlled trial
Grant Theron, Lynn Zijenah, Duncan Chanda, Petra Clowes, Andrea Rachow, Maia Lesosky, Wilbert Bara, Stanley Mungofa, Madhukar Pai, 
Michael Hoelscher, David Dowdy, Alex Pym, Peter Mwaba, Peter Mason, Jonny Peter, Keertan Dheda, for the TB-NEAT team*

Summary
Background The Xpert MTB/RIF test for tuberculosis is being rolled out in many countries, but evidence is lacking 
regarding its implementation outside laboratories, ability to inform same-day treatment decisions at the point of care, 
and clinical eff ect on tuberculosis-related morbidity. We aimed to assess the feasibility, accuracy, and clinical eff ect of 
point-of-care Xpert MTB/RIF testing at primary-care health-care facilities in southern Africa.

Methods In this pragmatic, randomised, parallel-group, multicentre trial, we recruited adults with symptoms suggestive 
of active tuberculosis from fi ve primary-care health-care facilities in South Africa, Zimbabwe, Zambia, and Tanzania. 
Eligible patients were randomly assigned using pregenerated tables to nurse-performed Xpert MTB/RIF at the clinic or 
sputum smear microscopy. Participants with a negative test result were empirically managed according to local WHO-
compliant guidelines. Our primary outcome was tuberculosis-related morbidity (measured with the TBscore and 
Karnofsky performance score [KPS]) in culture-positive patients who had begun anti-tuberculosis treatment, measured 
at 2 months and 6 months after randomisation, analysed by intention to treat. This trial is registered with Clinicaltrials.
gov, number NCT01554384.

Findings Between April 12, 2011, and March 30, 2012, we randomly assigned 758 patients to smear microscopy 
(182 culture positive) and 744 to Xpert MTB/RIF (185 culture positive). Median TBscore in culture-positive patients did 
not diff er between groups at 2 months (2 [IQR 0–3] in the smear microscopy group vs 2 [0·25–3] in the MTB/RIF 
group; p=0·85) or 6 months (1 [0–3] vs 1 [0–3]; p=0·35), nor did median KPS at 2 months (80 [70–90] vs 90 [80–90]; 
p=0·23) or 6 months (100 [90–100] vs 100 [90–100]; p=0·85). Point-of-care MTB/RIF had higher sensitivity than 
microscopy (154 [83%] of 185 vs 91 [50%] of 182; p=0·0001) but similar specifi city (517 [95%] 544 vs 540 [96%] of 560; 
p=0·25), and had similar sensitivity to laboratory-based MTB/RIF (292 [83%] of 351; p=0·99) but higher specifi city 
(952 [92%] of 1037; p=0·0173). 34 (5%) of 744 tests with point-of-care MTB/RIF and 82 (6%) of 1411 with laboratory-
based MTB/RIF failed (p=0·22). Compared with the microscopy group, more patients in the MTB/RIF group had a 
same-day diagnosis (178 [24%] of 744 vs 99 [13%] of 758; p<0·0001) and same-day treatment initiation (168 [23%] of 
744 vs 115 [15%] of 758; p=0·0002). Although, by end of the study, more culture-positive patients in the MTB/RIF group 
were on treatment due to reduced dropout (15 [8%] of 185 in the MTB/RIF group did not receive treatment vs 28 [15%] 
of 182 in the microscopy group; p=0·0302), the proportions of all patients on treatment in each group by day 56 were 
similar (320 [43%] of 744 in the MTB/RIF group vs 317 [42%] of 758 in the microscopy group; p=0·6408).

Interpretation Xpert MTB/RIF can be accurately administered by a nurse in primary-care clinics, resulting in more 
patients starting same-day treatment, more culture-positive patients starting therapy, and a shorter time to treatment. 
However, the benefi ts did not translate into lower tuberculosis-related morbidity, partly because of high levels of 
empirical-evidence-based treatment in smear-negative patients.

Funding European and Developing Countries Clinical Trials Partnership, National Research Foundation, and Claude 
Leon Foundation.

Introduction
A reversal in the incidence of tuberculosis is a key 
component of the UN Millennium Development Goals 
for 2015.1 Although substantial progress has been made 
worldwide,2 tuberculosis remains a major cause of 
morbidity and mortality in sub-Saharan Africa,3 and 
several high-burden countries are not on track to 
substantively reduce their burden of tuberculosis.4 Smear 
microscopy, which is often done in primary-care clinics 
in such settings, is frequently used for the diagnosis of 

tuberculosis, and it can rapidly aff ect treatment decisions. 
However, it misses 40–60% of cases, and does least well 
in people with advanced immunosuppression.5 Tests that 
are rapid, accurate, and deployable at the point of care are 
projected to substantially reduce tuberculosis-related 
morbidity and mortality,6,7 although empirical evidence is 
in very short supply.

The Xpert MTB/RIF assay (Cepheid, Sunnyvale, CA, 
USA) is a US Food and Drug Administration-approved, 
automated nucleic-acid amplifi cation test that can detect 
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have been recorded in the last two years. Chest radiography is routinely available. Direct light microscopy with 
Ziehl-Neelsen staining was performed here for the study. MTB/RIF testing was performed in a dedicated room. 
Laboratory-based MTB/RIF testing at the end of the study was done in a reference laboratory operated by the 
Mbeya Medical Research Programme and situated within Mbeya Hospital. 
 
 
 
 
2. Symptom eligibility information 
Individuals uninfected with HIV were considered symptomatic if any two of the following were present: a 
cough for at least two weeks, weight loss, fever for at least two weeks, night sweats, fatigue, haemoptysis, or 
chest pain. Individuals infected with HIV (both ART-naïve and -treated patients), or whose HIV status was 
unknown, were considered symptomatic if a cough, night sweats, fever, or weight loss were present. 
 
 
 
 
3. Culture, speciation, and drug susceptibility testing information 
Any positive cultures that grew acid-fast negative bacilli were re-cultured from the same sediment (in Harare, 
Lusaka, and Mbeya re-culturing was performed using Löwenstein–Jensen solid agar). Culture isolates with acid-
fast bacilli were speciated using either the Capilia MPT64-based tuberculosis assay (Tauns, Japan)1 at Cape 
Town, Durban and Harare or the Hain MTBDRplus assay (version 1; Hain Life Sciences, Germany)2. Drug 
susceptibility testing for rifampicin and isoniazid was performed on all culture isolates using the Hain 
MTBDRplus assay or, in Durban, the MGIT 960 SIRE kit.3 In Harare DST results were confirmed using 
absolute concentration measurement on Löwenstein–Jensen media. 
 
 
 
 
4. A priori sample size calculations for morbidity (TBscore and Karnofsky performance score) 
TBscore: We projected the difference in TBscore between arms to be one (the minimally important clinical 
difference). We assumed, based on previous studies,4-6 that the within group standard deviation would be two 
points in each arm. With an alpha value of 5% (two-sided) and a desired power of 80%, and assuming equal 
numbers in each arm, we required approximately 63 culture-positive patients in each arm. To account for deaths, 
loss to follow-up, withdrawals, and missing data, we inflated this by 30% (~82 culture-positive). We 
conservatively estimated the overall study TB prevalence to be 15%, meaning we aimed to recruit ~550 patients 
in each arm. 
 
Karnofsky performance score: We based our calculations on data from a study in 147 patients with suspected 
TB from South Africa7, where culture-positive patients with a baseline (IQR) KPS of 70 (60-80) improved to a 
score of 90 (80-90) after two months of anti-TB treatment. We calculated that, in order to detect a difference in 
KPS of 10 (i.e. the minimum change of one grade on the scale shown in Table S2) and assuming a standard 
deviation of 20, with power of 80% and an alpha of 0.05, we would need 63 culture-positive patients in each 
arm. Inflating this by 30% to account for early deaths, loss to follow-up, withdrawals, and missing data, meant 
we would need to recruit 82 culture-positive patients in each arm or, at an assumed conservative prevalence of 
15%, 546 patients in each arm. 
 
 
 
 
5. Post hoc sensitivity calculations for morbidity (TBscore and Karnofsky performance score) 
All sites 
At two months we had 87 and 108 culture-positive patients in the smear microscopy and MTB/RIF arms who 
were initiated on treatment and seen within two weeks of their desired follow-up date, with mean (SD) TBscores 
of 2.184 (2.060) and 2.065 (1.866), respectively, and mean KPSs of 85.29 (14.77) and 85.13 (11.64), 
respectively. At six months, there were 80 and 97 culture-positive patients in each arm who were initiated on 
treatment and seen within two weeks, with mean TBscores of 1.488 (1.661) and 1.691 (1.692), respectively, and 
mean KPSs of 97.28 (8.064) and 95.05 (13.080), respectively. Post-hoc sample size calculations show 80% 
power (Į = 0.05) to detect an effect size of 0.4151 and 0.4354 or a difference between the means of 0.8150 and 
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0.7301 for TBscore and 5.481 and 4.6030 for KPS at two and six months, respectively – less than the minimally 
important clinical difference of one sign or symptom at each time point or one grade on the KPS scale. 
 
Lusaka excluded 
At two months we had 69 and 84 culture-positive patients in the smear microscopy and MTB/RIF arms who 
were initiated on treatment and seen within two weeks of their desired follow-up date, with mean (SD) TBscores 
of 1.826 (2.051) and 1.571 (1.539), respectively, and mean KPSs of 84.20 (16.03) and 83.93 (12.22), 
respectively. At six months, there were 63 and 77 culture-positive patients in each arm who were initiated on 
treatment and seen within two weeks, with mean TBscores of 0.9365 (1.447) and 1.143 (1.354), respectively, 
and  mean KPSs of 96.83 (8.949) and 95.45 (9.396), respectively. Post-hoc sample size calculations show 80% 
power (Į = 0.05) to detect an effect size of 0.4689 and 0.4906 or a difference between the means of 0.8416 and 
0.6871 for TBscore or a difference of 6.6232 and 4.5000 at for KPS and at two and six months, respectively – 
less than the minimum change of 10 points or one grade on the KPS scale at each time point. 
 
 
 
 
6. Comparison of inter-site differences in patient demographic and clinical characteristics at recruitment 
Patients in Lusaka were younger compared to the other sites (p-values of <0.0001, 0.0011, 0.0143, 0.0102 
versus Cape Town, Harare, Durban, and Mbeya, respectively).  
A smaller proportion of patients were women in Cape Town and Lusaka compared to Harare (p-values of 
<0.0001 for both) and Mbeya (p-values of 0.0204 and 0.0039, respectively), and in Lusaka compared to Durban 
(p-value of 0.0003) (ANOVA p-value <0.0001).  
A larger proportion of patients previously had TB in Cape Town compared to the other sites (p-values <0.0001 
for all comparisons), Durban has a greater proportion of patients with previous TB compared to Harare and 
Mbeya (p-values of 0.0074 and <0.0001, respectively), and Harare and Lusaka (where two patients had no data 
regarding previous TB) had a greater proportion of patients with previous TB (p-values of 0.0007 and <0.0001, 
respectively).  
A larger proportion of patients in Harare were HIV-infected compared to the other sites (p-values <0.0001 for 
all comparisons), and Cape Town had a smaller proportion of patients infected with HIV compared to Lusaka, 
Durban and Mbeya (p-values <0.0001 for all comparisons).  
A greater proportion of HIV-infected patients were on ARVs in Cape Town compared to Lusaka, Durban, and 
Mbeya (p-values of 0.0001, 0.0137, and <0.0001) but not compared to Harare (p-value of 0.0700). More HIV-
infected patients in Harare were on ARVs compared to Lusaka and Mbeya (p-values of 0.0083 and 0.0002). In 
Lusaka more patients were on ARVs than in Mbeya (p-values of 0.0067). More patients were on ARVs in 
Durban compared to Mbeya (p-value of 0.0024). 
A larger proportion of patients in Lusaka and Mbeya were culture-positive for TB compared to Cape Town, 
Harare, and Durban (p-values <0.0001 for all comparisons with Lusaka, and p-values of 0.0004. 0.0017, and 
0.0014 for comparisons between Mbeya and Cape Town, Harare, and Durban).  
The median TBscore in patients from Cape Town and Harare was lower than in Lusaka, Durban, and Mbeya (p-
values <0.0001 for all comparisons), and lower in patients from Lusaka or Durban than in Mbeya (p-values of 
0.0403 and 0.0040; ANOVA p<0.0001).  
Patients from Cape Town and Durban had a higher KPS than those from Harare, Lusaka or Mbeya (p-values 
<0.0001 for all comparisons), and the KPS of patients from Harare was lower compared to all other sites (p-
values <0.0001 for all comparisons; ANOVA p<0.0001).  
Harare possessed a greater prevalence of rifampicin monoresistant TB than Cape Town (p-value of 0.0392), and 
Mbeya possessed a greater prevalence of isoniazid monoresistant TB than Harare and Durban (p-values of 
0.0237 and 0.0125, respectively). Multidrug-resistant TB was more prevalent in Cape Town than Zambia 
(p=0.0007). Non-significant differences between sites are not reported. 
 
 
 
 
7. Xpert MTB/RIF operator proficiency and user appraisal  
Adherence to the test protocol, operator knowledge of the procedure, and user experience were examined using 
a standardised form by a qualified laboratory technician who regularly assessed the technical proficiency of the 
nurse who performed MTB/RIF at the clinic. Visits thereafter were less frequent but occurred �8 times at each 
site.  
In two of the three sites surveyed, the procedure was performed according to the protocol from the study outset. 
In Tanzania, the operator was initially observed to not routinely swab down the specimen preparation area with 
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Impact of Xpert MTB/RIF for TB Diagnosis in a Primary
Care Clinic with High TB and HIV Prevalence in South
Africa: A Pragmatic Randomised Trial
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Abstract

Background: Xpert MTB/RIF is approved for use in tuberculosis (TB) and rifampicin-resistance diagnosis. However, data are
limited on the impact of Xpert under routine conditions in settings with high TB burden.

Methods and Findings: A pragmatic prospective cluster-randomised trial of Xpert for all individuals with presumptive
(symptomatic) TB compared to the routine diagnostic algorithm of sputum microscopy and limited use of culture was
conducted in a large TB/HIV primary care clinic. The primary outcome was the proportion of bacteriologically confirmed TB
cases not initiating TB treatment by 3 mo after presentation. Secondary outcomes included time to TB treatment and
mortality. Unblinded randomisation occurred on a weekly basis. Xpert and smear microscopy were performed on site.
Analysis was both by intention to treat (ITT) and per protocol. Between 7 September 2010 and 28 October 2011, 1,985
participants were assigned to the Xpert (n = 982) and routine (n = 1,003) diagnostic algorithms (ITT analysis); 882 received
Xpert and 1,063 routine (per protocol analysis). 13% (32/257) of individuals with bacteriologically confirmed TB (smear,
culture, or Xpert) did not initiate treatment by 3 mo after presentation in the Xpert arm, compared to 25% (41/167) in the
routine arm (ITT analysis, risk ratio 0.51, 95% CI 0.33–0.77, p = 0.0052). The yield of bacteriologically confirmed TB cases
among patients with presumptive TB was 17% (167/1,003) with routine diagnosis and 26% (257/982) with Xpert diagnosis
(ITT analysis, risk ratio 1.57, 95% CI 1.32–1.87, p,0.001). This difference in diagnosis rates resulted in a higher rate of
treatment initiation in the Xpert arm: 23% (229/1,003) and 28% (277/982) in the routine and Xpert arms, respectively (ITT
analysis, risk ratio 1.24, 95% CI 1.06–1.44, p = 0.013). Time to treatment initiation was improved overall (ITT analysis, hazard
ratio 0.76, 95% CI 0.63–0.92, p = 0.005) and among HIV-infected participants (ITT analysis, hazard ratio 0.67, 95% CI 0.53–0.85,
p = 0.001). There was no difference in 6-mo mortality with Xpert versus routine diagnosis. Study limitations included
incorrect intervention allocation for a high proportion of participants and that the study was conducted in a single clinic.

Conclusions: These data suggest that in this routine primary care setting, use of Xpert to diagnose TB increased the number
of individuals with bacteriologically confirmed TB who were treated by 3 mo and reduced time to treatment initiation,
particularly among HIV-infected participants.

Trial registration: Pan African Clinical Trials Registry PACTR201010000255244
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quent confirmation with sputum culture and DST before second-
line treatment was initiated.

Laboratory Methods
Two four-cartridge-capacity GeneXpert machines were installed

in the on-site clinic laboratory. The Xpert MTB/RIF test was done
on raw sputum samples, with an automated readout provided to the
user, as described elsewhere [3]. Indeterminate Xpert results were
repeated if further sputum was available. For sputum smear
microscopy, in both the on-site and central laboratories, a
concentrated auramine smear was prepared and examined under
magnification (5006) using a fluorescent microscope and graded
according to International Union Against Tuberculosis and Lung
Disease guidelines [11]. External quality control for smear
microscopy was conducted quarterly. In the central laboratory, a
0.5-ml portion of the sediment was cultured in mycobacterial
growth indicator tubes with PANTA and OADC using the
BACTEC MGIT 960 system (BD Diagnostics, Sparks, Maryland).
Susceptibility to rifampicin was confirmed using the line probe assay
MTBDRplus (Hain Lifescience, Nehren, Germany). DST was
performed on NaOH-treated pellets for smear-positive sputum and
on cultured isolates for smear-negative sputum.

Participant Follow-Up
Participants were followed up at two time points after study

inclusion: at 2–3 mo to assess whether TB treatment was initiated,
and at 6 mo to assess mortality. All participants were initially
tracked through the clinic TB diagnosis and TB treatment registers
to determine status and outcomes. For participants with a negative
TB diagnosis and those with a positive diagnosis who were not
started on treatment, follow-up consisted of a home visit, with
subsequent phone contact if the participant could not be contacted
through the home visit. Verbal informed consent was required for
collection of follow-up data via telephone contact, and written
consent for direct contact with participants.

Additionally, all participants were tracked through district
(Cape Town metropole) TB and HIV treatment registers to
ascertain whether TB treatment was initiated elsewhere. These
registers were also used to ascertain TB treatment outcomes.
Participants who could not be followed directly at either of the two
follow-up time points were also tracked through regional and

national death registries via name and civil identification number,
respectively. Linkage with the national death registry in South
Africa has been previously shown to have high levels of sensitivity
and specificity for Khayelitsha [12].

Sample Size and Statistical Analysis
The sample size was calculated based on an expected higher yield

of bacteriologically confirmed TB cases of 20% to 30% among
individuals with presumptive TB in the Xpert arm compared to the
routine arm (80% power and one-sided significance p,0.05). We
assumed 40 patients would be seen per week and assumed a weak
intra-cluster correlation coefficient of 0.05, resulting in a design
effect of 3 and a required sample size of 882 per study arm.

Bacteriological confirmation of TB was defined as a positive
Xpert result for M. tuberculosis, M. tuberculosis isolated on liquid
culture, or positive smear microscopy regardless of grade.
Mortality was assessed up to 6 mo after study inclusion. TB
treatment outcomes were defined using World Health Organiza-
tion guidelines [13], with treatment success defined as either cure
or treatment completion in the absence of treatment failure.
Mortality was defined as death regardless of cause.

The proportion of participants initiating treatment and time to TB
treatment initiation were calculated from the date of participant
enrolment, with data censored at death. As ascertainment of TB
treatment initiation or not by 3 mo was assumed to be complete, data
were not censored for loss to follow-up in Kaplan Meier analyses.
Similarly, ascertainment of death was assumed to be complete at
6 mo after enrolment.

Analyses were based on intention to treat (ITT), regardless of
which diagnostic tests were performed, and per protocol, based on
which tests were actually conducted. Response rates and category
membership were compared using design-based F-tests to take into
account the cluster sampling. Kaplan Meier analyses were used to
assess the proportion of participants initiating TB treatment over
time, with comparisons using the logrank test.

Results

Study Population and Randomisation
In total, 1,985 individuals with presumptive TB were included

in the study over the 60 wk from September 7, 2010, to October

Figure 1. Diagnostic testing algorithm for each study arm.
doi:10.1371/journal.pmed.1001760.g001
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Take Home Points 
Impact Studies

• Need different formulas because  
• they ask comparative questions 
• they may look at outcomes other than proportions 

• Estimation-based better than power-based  
• can be difficult for some outcomes (requiring 

distributional assumptions or non-parametric 
approaches) 

• Use simple tools available for calculation 

• Account for losses, clustering etc.
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