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Abstract

Objective: To determine the sensitivity and specificity of a Computer Aided Diagnosis (CAD) program for scoring chest x-
rays (CXRs) of presumptive tuberculosis (TB) patients compared to Xpert MTB/RIF (Xpert).

Method: Consecutive presumptive TB patients with a cough of any duration were offered digital CXR, and opt out HIV
testing. CXRs were electronically scored as normal (CAD score #60) or abnormal (CAD score.60) using a CAD program. All
patients regardless of CAD score were requested to submit a spot sputum sample for testing with Xpert and a spot and
morning sample for testing with LED Fluorescence Microscopy-(FM).

Results: Of 350 patients with evaluable data, 291 (83.1%) had an abnormal CXR score by CAD. The sensitivity, specificity,
positive predictive value (PPV) and negative predictive value (NPV) of CXR compared to Xpert were 100% (95%CI 96.2–100),
23.2% (95%CI 18.2–28.9), 33.0% (95%CI 27.6–38.7) and 100% (95% 93.9–100), respectively. The area under the receiver
operator curve (AUC) for CAD was 0.71 (95%CI 0.66–0.77). CXR abnormality correlated with smear grade (r = 0.30, p,0.0001)
and with Xpert CT(r = 0.37, p,0.0001).

Conclusions: To our knowledge this is the first time that a CAD program for TB has been successfully tested in a real world
setting. The study shows that the CAD program had high sensitivity but low specificity and PPV. The use of CAD with digital
CXR has the potential to increase the use and availability of chest radiography in screening for TB where trained human
resources are scarce.
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Introduction

Recently there has been renewed interest in the role of chest x-

ray (CXR) in the diagnosis of tuberculosis (TB), especially with

advances that have been made with digital technology [1,2].

Particularly, there has been an increasing interest in developing

computer aided diagnostic systems for detection of TB [3–5]. The

advances in digital technology have made CXR cheaper, easier to

use because films and chemicals are no longer needed and more

reliable because automatic exposure control largely avoids

unreadable images and also makes it possible to score CXRs

digitally using computer aided diagnosis (CAD) [6–8]. In high

burden TB and HIV settings, the use of CXR in TB diagnosis has

been limited by the scarcity of personnel that can interpret CXR

correctly but also by the large work load required to read CXRs

manually [3]. Digital scoring of CXR therefore has the potential to

increase the use of CXR in these settings as it does not have these

limitations.

Studies have shown high variability in human scoring of CXRs

with wide ranges of sensitivity and specificity [9–15]. Furthermore,

inter-reader and intra-reader agreement also vary widely, although

the use of standard classification systems for CXR scoring has

improved agreement [10–12,16–18]. On the other hand, CAD

systems have the potential to reduce inter-reader and intra-reader

variability and also the potential to reduce detection errors

[19,20]. Additionally, CAD is trained on digital CXR images and

performance might vary with the quality of the scanned films.
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The resurgence of TB has seen renewed interest and progress in

new technologies for diagnosis of TB such as the molecular based

tool, the Xpert MTB/RIF (Xpert) [21–23]. Whilst Xpert has been

shown to have high sensitivity and high specificity [24–28], its

extensive use in resource constrained settings is partly limited by its

high cost [23,29]. It has been suggested that extensive use of Xpert

in these settings can be achieved by using Xpert in conjunction

with other screening tests [29]. Chest radiography can be used as a

pre-screening tool for TB with other more sensitive but expensive

tests such as Xpert [9,29]. In this way, the cost of diagnosis can be

minimized through pre-selecting patients so that only those who

are most likely to benefit from an expensive but sensitive tool have

access, thus improving cost effectiveness.

As part of a TB REACH Xpert implementation evaluation

project we conducted a prospective study to evaluate the use of a

CAD program to digitally score CXRs of presumptive TB patients

as a pre-screening test to access Xpert or Fluorescence microscopy

(FM) diagnosis. In this paper, we report the sensitivity and

specificity of a CAD program compared to Xpert and describe the

relationship between CAD score and TB detection by Xpert,

smear microscopy and clinical TB diagnosis. We also describe the

association between patients presenting symptoms and bacillary

load with the degree of CXR abnormality.

Ethics statement
The study had ethical approval from the University of Zambia

Ethics committee. The requirement to obtain individual written

informed consent was waived for presumptive TB patients being

screened as part of the case finding activities, as this was part of

routine health care and all modalities of TB diagnosis included are

currently recommended as best practice.

Methods

Study setting and study population
The study was conducted in a primary health care facility in

Lusaka, Zambia. The health facility is located in peri-urban

Lusaka, and offers services to a population with a high burden for

TB and HIV [30]. The facility notifies over 2,000/100,000

population TB patients yearly, although a low proportion of these

cases are microbiologically confirmed.

The study population comprised individuals from the catch-

ment population of the primary health care facility that presented

to the health facility and met the definition of a presumptive TB

patient. A presumptive TB patient was defined as any patient of

any age who presented with a cough of any duration with or

without other symptoms of TB and was able to submit a sputum

sample. Data presented in this study was collected between June

and July 2013 from consecutive patients presenting during the

study period.

Study design and study procedures
This was a cross sectional prospective study. Enhanced case

finding activities were conducted in the community with the aim of

raising awareness around tuberculosis; symptoms of TB, the link

between TB and HIV, and the importance of seeking care early.

Patients with a cough of any duration were encouraged to visit the

clinic to be assessed for TB. An open access point was established

at the health facility to streamline the diagnostic process. The open

access point allowed patients to present directly to the TB services

without queuing up in the general outpatient clinic before being

investigated for TB, thus bypassing a known barrier to TB

diagnosis of busy overburdened clinics. A presumptive TB patient

register was maintained at the open access point. Patients that

presented to the open access point were registered by allocation of

a presumptive TB patient number; socio-demographic data, and

history of presenting symptoms were collected in line with

requirements for clinical management of presumptive TB patients.

After registration, a CXR request form and HIV counseling and

testing request form with the presumptive TB patient number

were printed only for patients that met the definition of a

presumptive TB patient. Patients that did not meet the definition

of a presumptive TB patient were directed to see a clinician for

assessment and management of their symptoms. Presumptive TB

patients were directed to the CXR unit (Odelca-DR, Delft

Imaging Systems, The Netherlands) located within the same

premises. After the CXR was done, patients were directed to the

HIV counseling and testing unit where opt out HIV testing was

offered in accordance with the current local guidelines for patient

management.

Procedure for automatic scoring of CXR
At the CXR unit, patients were registered by scanning in the

presumptive TB patient number that had been allocated at the

point of registration. The CXRs were scored by a software system

(CAD4TB, version 1.08, Diagnostic Image Analysis Group, The

Netherlands) [4] developed for automatic detection of abnormal-

ities suggestive of pulmonary tuberculosis. The CAD4TB software

had been trained with labeled samples to distinguish between

normal and abnormal CXRs. For this purpose, 945 consecutive

digital CXRs (514 abnormal, 431 normal) acquired at two sites

with a high TB prevalence in Sub-Saharan Africa, located in

Lusaka, Zambia, and Cape Town, South Africa, were used as the

training database. The CAD4TB abnormality score was calculated

by combining the output of two detection systems, a textural

abnormality detection and a shape abnormality detection system.

These detection systems analyze the abnormalities in the

unobscured lung fields which were segmented automatically as

described by van Ginneken et al. [31]. The textural abnormality

system was trained with various descriptive features calculated

from normal and abnormal circular patches in the image to train a

k-nearest neighbor classifier [32] (k-NN) to differentiate between a

normal/abnormal patch in the image. These descriptive features

included moments of intensity distributions of Gaussian derivative

filtered images [33] and the patch position relative to the

segmented lung fields. All patches in the lung fields were classified

using the trained classifier to assign a probability of being

abnormal. A textural abnormality score was calculated by fusing

the probabilistic labels of all the patches. The shape abnormality

detection system was included in the software to handle the CXR

images where the lung fields were not accurately segmented. This

can occur if the CXR contains substantial parenchymal abnor-

malities or large amounts of pleural fluid [34]. Therefore, a shape

model as mentioned in [4] was constructed using lung shapes of

normal CXRs in the training dataset, which was utilized to

compute a shape abnormality score between 0 and 100. A high

shape abnormality score reflects a very abnormal image.

The two abnormality scores computed from the above

described detection systems were used as image descriptive

features to train a k-NN classifier to estimate the combined

abnormality score for a new CXR image. The combined

abnormality score is in the range of 0 to 100, where a higher

score is indicative of more severe abnormalities present on the

CXR image.

Using previously collected CXR data from the same population,

an appropriate threshold for the CAD score was determined. The

area under the receiver operating (ROC) curve on a test set of 969

CXRs (458 normal, 511 abnormal) using a radiological reference
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standard is shown in Figure 1. A threshold of 61 was chosen based

on the shown ROC curve at the operating point where 78%

sensitivity and 77% specificity was achieved. For this study, a CAD

score of 61 and greater was considered abnormal whilst a CAD

score less than or equal to 60 was considered to be normal.

Procedure for sputum testing and TB diagnosis
Xpert MTB/RIF (Cepheid, Inc., Sunnyvale, CA, USA) (Xpert)

instruments and LED fluorescent microscopy (FM) were placed in

the laboratory at the primary health care facility described above.

All patients were requested to submit two spot sputum samples;

one spot sample was tested with Xpert whilst the other was tested

with FM. For FM testing, a further morning sample was also

requested in line with the National TB Program (NTP) guidelines

for testing with sputum smear microscopy. FM and Xpert testing

were done according to the standard operating procedures

[35,36]. Briefly, GeneXpert lysate was added to the sputum

sample using 2X the volume of the sample, the mixture was

incubated for a maximum of 15 minutes with intermittent

vortexing. After the incubation 2 mls of the sample were added

to the Xpert cartridge and loaded into the Xpert instrument

within 30 minutes. Any leftover samples were stored at 4 degrees

for a maximum of 12 hours. Slides were prepared and stained

using Auramine ‘‘O’’ stain at the primary health care facility and

for blinding purposes, the slides were read by a centrally located

team who were not aware of the Xpert results. Smears were

graded positive for: 10 to 19 AFB were seen in 100 microscopic

fields (scored as scanty positive), when 20 to 99 AFB were seen in

100 fields (scored as 1+), when 1 to 10 AFB were seen per field in

at least 50 fields (scored as 2+), and when more than 10 AFB were

seen per field in at 20 fields (scored as 3+). Patients that were not

TB detected by either FM or Xpert underwent a clinical review of

Figure 1. ROC on a test set of 969 CXRs.
doi:10.1371/journal.pone.0093757.g001

Figure 2. Patient flow.
doi:10.1371/journal.pone.0093757.g002
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symptoms, as well as physical examination by a clinician. The

clinician also reviewed the CXR independent of the CAD score to

decide whether or not to commence TB treatment.

Definition of TB diagnosis
A diagnosis of TB in this study was defined as bacteriologically

confirmed TB or clinical TB. Bacteriologically confirmed TB was

defined as Xpert TB detected or FM positive (AFB positive)

whereas clinical TB was defined as TB treatment commenced on

Table 1. Baseline characteristics of presumptive TB patients with abnormal and Normal Chest x-ray.

All Abnormal CXR Normal CXR p-Value

350(%) 291(%) 59(%)

Gender 0.007

Male 215(61.4) 187(64.3) 27(45.8)

Female 135(38.6) 103(35.4) 32(54.2)

Mean age(SD) 36.5(11.6) 36.2(11.4) 37.7(12.4) 0.369

Cough duration 0.912

,2week 93(26.7) 76(26.1) 17(28.8) 0.691

2–8 weeks 226(64.6) 189(64.9) 37(62.7) 0.771

.8 weeks 31(8.9) 26(8.9) 5(8.5) 0.444

Previous TB 0.269

No 272(77.7) 223(76.6) 49(83.0)

Yes 78(22.3) 68(23.4) 10(16.9)

HIV status 0.018

Negative 148(42.3) 115(39.5) 33(55.9)

Positive 190(54.3) 166(57.0) 24(40.7)

Unknown status 12(3.4) 10(3.4) 2(3.4)

Fever 0.053

No 74(21.1) 56(19.2) 18(30.5)

Yes 276(78.9) 235(80.8) 41(69.5)

Weight loss ,0.0001

No 173(49.3) 131(45.0) 42(71.2)

Yes 177(50.7) 160(55.0) 17(28.8)

Chest pains 0.565

No 29(8.3) 23(7.9) 6(10.2)

Yes 321(91.7) 268(92.1) 53(89.8)

Shortness of breath ,0.0001

No 246(70.3) 192(66.0) 54(91.5)

Yes 104(29.7) 99(34.0) 5(8.5)

Night sweats 0.025

No 111(31.7) 85(29.2) 26(44.1)

Yes 239(68.3) 206(70.8) 33(55.9)

Smear result

Negative 298(85.1) 240(82.5) 58(98.3) ,0.0001

Scanty positive 8(2.3) 8(2.7) 0 0.225

1+ 12(3.4) 12(4.1) 0 0.105

2+ 17(4.9) 16(5.5) 1(1.7) 0.160

3+ 15(4.3) 15(5.1) 0 0.059

Xpert Ct

No TB detected 254(72.6) 195(67.0) 59(100.0) ,0.0001

.28(very low TB) 16(4.6) 16(5.5) 0 0.049

22–28(low TB) 20(5.7) 20(6.9) 0 0.022

16–22(medium TB) 36(10.3) 36(12.4) 0 0.001

,16(high TB) 24(6.9) 24(8.2) 0 0.010

doi:10.1371/journal.pone.0093757.t001
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patients without bacteriologically confirmed TB but clinician

decided to commence TB treatment based on symptoms, CXR

and physical examination.

Data Analysis
All data analysis were conducted using STATA Statistical

Software (Stata Corporation Version 11. College Station, TX,

USA). The performance of the CAD system was evaluated using

the area under the receiver operating characteristic (ROC) curve.

The ROC curve with 95% confidence interval was constructed

using bootstrapping [37]. Initially a descriptive data analysis was

done to describe the population that participated in the study.

Patient characteristics were compared between patients with an

abnormal CXR score and those with a normal CXR score.

Significance testing was done using the chi-squared test and the t-

test for categorical and continuous variables, respectively. The

sensitivity, specificity, positive predictive value (PPV) and negative

predictive value (NPV) for the CAD program were determined

against Xpert TB detected. The sensitivity, specificity, PPV and

NPV were initially calculated (with respective 95% confidence

intervals) for the CAD program regardless of smear microscopy

status. Then assuming that only patients with a smear negative

result would proceed to Xpert testing, CAD program performance

was also assessed restricted to patients that were smear negative.

Further the sensitivity and specificity of CAD at different CAD

thresholds was determined. A ROC curve comparing CAD to

Xpert was constructed using Xpert TB as the reference standard.

Further data analysis was performed to determine the correlation

between CAD score and bacillary load using smear grade and

Xpert CT for microscopy and Xpert respectively. To perform this

analysis, Pearson’s correlation coefficient was determined with

respective p-values and 95% confidence intervals. Logistic

regression analysis was performed to determine the association

between selected patient characteristics and symptoms with

abnormal CXR. To perform this analysis, CAD score as the

outcome variable was grouped to form a binary score of #60 and

.60. In univariable analysis, statistical significance was considered

to be a p value of #0.05 and for inclusion in the final multivariable

analysis, only variables with a p value of #0.25 were included.

Results

Among all patients that presented to the open access point

during the study period, 404/458 (88.2%) met the definition of a

Table 2. Sensitivity, specificity of CXR compared to GeneXpert MTB/RIF.

Compared to gold standard-Xpert TB Detected

Sensitivity (%) Specificity% PPV NPV

(95%CI) (95%CI) (95%CI) (95%CI)

CXR regardless of smear status N = 350

All* 96/96 (100%) 59/254 (23.2%) 96/291(33.0%) 59/59 (100%)

(96.2–100) (18.2–28.9) (27.6–38.7) (93.9–100)

HIV positive 57/57 (100%) 24/133 (18.0%) 57/166 (34.3%) 24/24 (100%)

(93.7–100) (11.9–25.6) (27.2–42.1) (85.7–100)

HIV negative 35/35 (100%) 33/113 (29.2%) 35/115 (30.4%) 33/33 (100%)

(90.0–100) (21.0–38.5) (22.2–39.7) (89.4–100)

Smear microscopy negative followed by CXR
N = 298

All* 45/45 (100%) 58/253 (22.9%) 45/240 (18.7%) 58/58 (100%)

(92.1–100) (17.9–28.6) (14.0–24.3) (93.8–100)

HIV positive 34/34 (100%) 24/133 (18.0%) 34/143 (23.8%) 24/24 (100%)

(89.7–100) (11.9–25.6) (17.1–31.6) (85.7–100)

HIV negative 10/10 (100%) 32/112 (28.6%) 10/90 (11.1%) 32/32 (100%)

(69.1–100) (20.4–37.9) (5.4–19.5) (89.1–100)

*includes Unknown HIV status.
doi:10.1371/journal.pone.0093757.t002

Figure 3. ROC curve comparing CAD score to Xpert TB as the
reference standard.
doi:10.1371/journal.pone.0093757.g003
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presumptive TB patient (figure 2). Amongst these, 13 were aged

less than 15 years and were not included in the analysis. 33

patients did not have a CXR or were unable to provide a sputum

sample for testing, 4 did not have a CAD reading for their CXR

and 4 had an invalid Xpert result giving 350 presumptive TB

patients with full data available (See figure 2). Among these 350

patients 291 (83.1%) had a CXR scored as abnormal (CAD.60)

and the rest were scored as normal (CAD#60). Among 291

patients with abnormal CAD score, Xpert detected TB in 96

(33.0%) and FM detected TB in 52 (17.9%) all of whom were also

detected using Xpert. Among those with normal CXR, Xpert did

not detect any TB, whilst 1 patient was FM positive (1.7%).

There were 215 (61.4%) males and 135 (38.6%) females in the

study population. The mean age of study participants was 36.5

(SD 11.6). The majority of patients had a cough of duration 2–8

weeks; 226 (64.6%). HIV positive individuals made up 54.3% of

the study population. The proportion of patients with an abnormal

CXR was higher among HIV positive patients (p = 0.018), those

with fever (p = 0.053), weight loss (p,0.0001), shortness of breath

(p,0.0001) and night sweats (p = 0.025) (Table 1).

The sensitivity, specificity, PPV and NPV of CAD compared to

Xpert were 100% (95%CI 96.2–100), 23.2% (95%CI 18.2–28.9),

33.0% (95%CI 27.6–38.7) and 100% (95% 93.9–100), respective-

ly. The specificity of CAD among HIV positive individuals was

lower than among negative individuals; 18.0% compared to

29.2% (p = 0.039). If CXRs were only done in those with a

negative smear result, the performance of the CAD program did

not change and was similar to when all individuals were

considered (see Table 2).

Using Xpert as the reference standard, the area under the ROC

curve for CAD was 0.71 (95%CI 0.66–0.77) (See figure 3). The

sensitivity of CAD at different CAD threshold is shown in table 3.

Comparing CAD score and bacillary load, the correlation

coefficient for smear grade compared to CAD score was

r = 0.30(95%CI 0.29–0.31) p,0.0001, and for Xpert CT,

r = 0.37(95%CI 0.36–0.38) p,0.0001.

Patient characteristics associated with abnormal chest x-ray

were male gender adjusted odds ratio (aOR) 2.33(95%CI 1.27–

4.26); HIV positive status aOR 1.89 (95%CI 1.02–3.50); and

reporting the symptom shortness of breath aOR 4.20 (1.55–11.39)

(table 4)

Overall, 97 (27.7%) patients had a confirmed diagnosis of TB by

either FM or Xpert. Among patients without a confirmed

diagnosis, clinical TB diagnosis was made in 71 out of 253

(28.1%) patients (results not shown).

Discussion

To our knowledge this is the first prospective study to report the

use and performance of a computer aided diagnosis system for

detection of TB in a real world setting. In this high HIV

prevalence setting, the CAD program performed well in both HIV

positive and HIV negative patients.

The sensitivity and NPV of CAD was high, and this finding is

similar to what has been shown by other studies that have assessed

CXR performance for diagnosis of TB [9,11,29]. The difference in

this study is that we assessed automatic reading of CXR whereas

other works assessed CXR using human readers. Similarly, the low

specificity observed in this study is similar to findings by Theron et

al. who also found that specificity of CXR alone was below 30%

[29] though this study assessed human scorers.

These findings demonstrate the potential role automatic CXR

scoring has especially where qualified human resources are scarce.

In a previous study performed in the same setting on a similar

population, using the same CAD program, we observed that

Table 3. Sensitivity and specificity at different CAD score thresholds with Xpert TB as the reference standard.

Sensitivity 1-specificity CAD Threshold

0 0 99

0.01 0.00 99

0.02 0.00 97

0.09 0.03 95

0.16 0.08 94

0.18 0.09 93

0.29 0.14 92

0.47 0.23 91

0.59 0.31 88

0.60 0.31 86

0.63 0.32 84

0.75 0.42 82

0.86 0.55 81

0.88 0.55 76

0.88 0.56 74

0.88 0.57 72

0.99 0.75 69

1.00 0.77 61

1.00 0.98 60

1.00 1.00 56

doi:10.1371/journal.pone.0093757.t003
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automatic scoring was similar to that by human readers [20]. The

CAD program used in this study meets the criteria for a good

screening test. Initial screening tests should have a very high

sensitivity so that true positive cases will not be missed. In this

study, the sensitivity of CAD compared to Xpert was 100% and

expectedly the PPV was low. As shown in table 3, a higher

threshold for CAD can be chosen at minimal loss of sensitivity, i.e.

at a threshold of 76, 88% sensitivity and 45% specificity (much

higher than reported in this study) can be achieved. This is

applicable in a setting where a higher throughput is required per

day, for example, where access to Xpert machines is limited.

HIV infection was significantly associated with abnormal CXR

though the specificity of CAD was significantly lower in this group

compared to HIV negative individuals. These findings are

expected because it is known from literature that HIV positive

individuals tend to present with atypical nonspecific CXR changes

which can be due to a myriad number of opportunistic infections

that can mimic TB in clinical presentation [38–41].

Table 4. Univariable and multivariable odds ratios showing patient characteristics associated with abnormal CAD score (61–100).

CAD score $61 N = 291(%) Unadjusted OR 95%CI Adjusted OR 95%CI

Gender

Female 103 (35.4) 1.00 1.00

Male 188 (64.6) 2.16 1.23–3.81 2.33 1.27–4.36

Age group

15–24 30 (10.3) 1.00

25–34 112 (38.5) 0.93 0.32–2.69

$35 145 (49.8) 0.73 0.26–2.03

Missing 4 (1.4) -

Cough duration

,2week 76 (26.6) 1.00 -

2–8 weeks 189 (64.9) 1.14 0.61–2.15

.8 weeks 26 (8.9) 1.16 0.39–3.47

Previous TB

No 223 (76.6) 1.00

Yes 68 (24.8) 1.50 0.72–3.10

HIV status

Negative 115 (39.5) 1.00 - 1.00

Positive 166 (57.0) 1.98 1.11–3.53 1.89 1.02–3.50

Unknown status 10

Fever

No 56 (19.2) 1.00 -

Yes 235 (80.8) 1.84 0.98–3.44

Weight loss

No 131 (45.0) 1.00 - 1.00

Yes 160 (55.0) 3.02 1.64–5.55 1.72 0.88–3.36

Chest pains

No 23 (7.9) 1.00 -

Yes 268 (92.1) 1.32 0.51–3.39

Shortness of breath

No 192 (66.0) 1.00 - 1.00

Yes 99 (34.0) 5.57 2.16–14.37 4.20 1.55–11.39

Night sweats

No 85 (29.2) 1.00 -

Yes 206 (70.8) 1.91 1.08–3.39

Number of symptoms

1 3 (1.0) 1.00

2 21 (7.2) 2.10 0.63–12.31

3 43 (14.8) 2.87 0.52–15.77

4 97 (33.30 5.39 1.01–28.84

5 or more 127 (43.6) 9.77 1.79–53.42

doi:10.1371/journal.pone.0093757.t004
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The AUROC for CAD of 0.71 was significantly greater than

0.5 suggesting that the ability by CAD to discriminate between

patients with TB and those without TB was more than a chance

occurrence. CAD seemed able to discern changes synonymous

with TB to a certain degree. CAD’s ability to discern changes

likely due to TB are also observed through the finding that

bacillary load was linearly correlated to the degree of CXR

abnormality though this linear association was weak as indicated

by the finding of correlation coefficients that were between the

values 0.5 and 20.5.

The association between abnormal CXR and some symptoms

of TB suggests that CAD performance could possibly be improved

by adding symptoms. A regression model can be built that takes

into account the CAD score and symptoms to estimate the

likelihood of having TB and this could result in improved

specificity of CAD. Different abnormal CAD score thresholds

could be set depending on individual patients’ clinical presenta-

tion. Validation of these findings is required with larger studies

performed in various settings.

Still 56% among those with highly abnormal CXR did not have

TB detected by Xpert. Patients that were Xpert or FM negative

underwent clinical assessment which included review of CXR and

symptoms as well as physical examination by a clinician to decide

whether or not to start TB treatment. Clinical diagnosis of TB was

made in 28.1% of these cases and several reasons can be advanced

for this finding. Firstly, the CAD system will also score CXR

changes due to pneumonia as highly abnormal. Secondly, it is well

known that the sensitivity of Xpert among smear negative patients

ranges from 60–80% [25,26,28] and in this study, only 15% of the

participants were smear positive. Finally, the sensitivity of Xpert

can be marginally improved when more than one sputum

specimen is examined for each patient [29]. However in this

study only one sample was tested per patient, and this may have

limited the sensitivity of the Xpert test.

The findings in this study suggest that CAD score can be used to

pre-screen patients prior to using Xpert or FM testing. Individuals

with a low CAD score #60 are very unlikely to have TB and

therefore could be offered antibiotics and follow up. In situations

where resources are limited and Xpert is not available to all

patients suspected of having TB then its use could be targeted by

CAD score.

The major limitation of this study was that we used Xpert as the

gold standard for determining the sensitivity and specificity of

CAD as opposed to using mycobacterial culture. However, single

Xpert test has been shown to have a sensitivity of ,98% in smear

positive samples and ,75% in smear negative samples [28,42].

Despite the acknowledged limitation, this study still provides useful

information on the performance of CAD, especially when used in

a high burden setting area where use of such technology is likely to

have the most impact. Further studies are required to validate use

of CAD as well as to ascertain the cost effectiveness of using CAD

to prescreen patients.

Conclusion

The advances that have been made with digital technology have

made it possible to score chest radiographs automatically using

computer aided diagnosis software programs. This prospective

study is the first to demonstrate that CAD has the ability to

discriminate CXR as normal or abnormal and that its ability to

discriminate between patients with TB and those without TB was

more than a chance occurrence. There is potential for roll-out of

digital x-ray technology with CAD programs, especially in high

burden settings where human resources are scarce. In such

situations, CAD and CXR can be used as a pre-screening tool

before applying more expensive diagnostic tests but cost effective-

ness of such strategies would have to be ascertained. These

findings need to be validated with larger studies, using mycobac-

terial culture as a gold standard.

Acknowledgments

Ab Schaap is acknowledged for his technical assistance on databases and

Frank Vijn (Delft Imaging) for the technical assistance with the digital X-

ray Unit. Timothy Manja and Mapopa Njovu, the study radiographer and

study clinician are acknowledged for their role in data collection, reviewing

CXRs and patient management. The authors would like to acknowledge

project staff members for their role of data collection.

Author Contributions

Conceived and designed the experiments: HA M. Muyoyeta M. Moyo.

Performed the experiments: M. Muyoyeta M. Moyo N. Kasese DM RS.

Analyzed the data: M. Muyoyeta PM. Contributed reagents/materials/

analysis tools: PM LH BG N. Kasese DM M. Muyoyeta N. Kapata HA.

Wrote the paper: HA M. Muyoyeta N. Kapata M. Moyo N. Kasese DM

RS PM LH BG. Designed CAD software: BG LH PM.

References

1. Iademarco MF, O’Grady J, Lonnroth K (2012) Chest radiography for

tuberculosis screening is back on the agenda. Int J Tuberc Lung Dis 16:

1421–1422.

2. Toman K, Frieden T (2004) Toman’s tuberculosis: case detection, treatment and

monitoring: questions and answers; TFrieden T, editor. Geneva: World Health

Organisation.

3. Jaeger S, Karargyris A, Candemir S, Siegelman J, Folio L, et al. (2013)

Automatic screening for tuberculosis in chest radiographs: a survey. Quant

Imaging Med Surg 3: 89–99.

4. Hogeweg L, Mol C, de Jong PA, Dawson R, Ayles H, et al. (2010) Fusion of local

and global detection systems to detect tuberculosis in chest radiographs. Med

Image Comput Comput Assist Interv 13: 650–657.

5. Jaeger S, Karargyris A, Candemir S, Folio L, Siegelman J, et al. (2013)

Automatic Tuberculosis Screening Using Chest Radiographs. IEEE Trans Med

Imaging.

6. Kurihara Y, Yoshida S, Geshi H, Kubo Y, Kitazoe Y (2001) Economic analysis

of a filmless system based on the hospital information system. Stud Health

Technol Inform 84: 1166–1170.

7. Muto H, Tani Y, Suzuki S, Yokooka Y, Abe T, et al. (2011) Filmless versus film-

based systems in radiographic examination costs: an activity-based costing

method. BMC Health Serv Res 11: 246.

8. Naul LG, Sincleair ST (2001) Radiology goes filmless. What does this mean for

primary care physicians? Postgrad Med 109: 107–110, 113.

9. Story A, Aldridge RW, Abubakar I, Stagg HR, Lipman M, et al. (2012) Active

case finding for pulmonary tuberculosis using mobile digital chest radiography:

an observational study. Int J Tuberc Lung Dis 16: 1461–1467.

10. Balabanova Y, Coker R, Fedorin I, Zakharova S, Plavinskij S, et al. (2005)

Variability in interpretation of chest radiographs among Russian clinicians and

implications for screening programmes: observational study. Bmj 331: 379–382.

11. Hoog AH, Meme HK, van Deutekom H, Mithika AM, Olunga C, et al. (2011)

High sensitivity of chest radiograph reading by clinical officers in a tuberculosis

prevalence survey. Int J Tuberc Lung Dis 15: 1308–1314.

12. Dawson R, Masuka P, Edwards DJ, Bateman ED, Bekker LG, et al. (2010) Chest

radiograph reading and recording system: evaluation for tuberculosis screening

in patients with advanced HIV. Int J Tuberc Lung Dis 14: 52–58.

13. Shah S, Demissie M, Lambert L, Ahmed J, Leulseged S, et al. (2009) Intensified

tuberculosis case finding among HIV-Infected persons from a voluntary

counseling and testing center in Addis Ababa, Ethiopia. J Acquir Immune

Defic Syndr 50: 537–545.

14. van Cleeff MR, Kivihya-Ndugga LE, Meme H, Odhiambo JA, Klatser PR

(2005) The role and performance of chest X-ray for the diagnosis of tuberculosis:

a cost-effectiveness analysis in Nairobi, Kenya. BMC Infect Dis 5: 111.

15. Lewis JJ, Charalambous S, Day JH, Fielding KL, Grant AD, et al. (2009) HIV

infection does not affect active case finding of tuberculosis in South African gold

miners. Am J Respir Crit Care Med 180: 1271–1278.

16. Nyboe J (1968) Results of the international study on x-ray classification. Bull Int

Union Tuberc 41: 115–124.

Evaluation of Computer Aided Diagnosis for TB Diagnosis

PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | e93757



17. Shaw NJ, Hendry M, Eden OB (1990) Inter-observer variation in interpretation

of chest X-rays. Scott Med J 35: 140–141.
18. Graham S, Das GK, Hidvegi RJ, Hanson R, Kosiuk J, et al. (2002) Chest

radiograph abnormalities associated with tuberculosis: reproducibility and yield

of active cases. Int J Tuberc Lung Dis 6: 137–142.
19. Jaeger S, Karargyris A, Antani S, Thoma G (2012) Detecting tuberculosis in

radiographs using combined lung masks. Conf Proc IEEE Eng Med Biol Soc
2012: 4978–4981.

20. Maduskar P, Muyoyeta M, Ayles H, Hogeweg L, Peters-Bax L, et al. (2013)

Detection of tuberculosis using digital chest radiography: automated reading vs.
interpretation by clinical officers. Int J Tuberc Lung Dis 17: 1613–1620.

21. World Health Organisation (2011) Rapid implementation of the Xpert MTB/
RIF diagnostic test: Technical and operational ‘How- to’. Practical consider-

ations (WHO/HTM/TB/2011.2).
22. Small PM, Pai M (2010) Tuberculosis diagnosis—time for a game change.

N Engl J Med 363: 1070–1071.

23. Pai M, Palamountain KM (2012) New tuberculosis technologies: challenges for
retooling and scale-up. Int J Tuberc Lung Dis 16: 1281–1290.

24. Ntinginya EN, Squire SB, Millington KA, Mtafya B, Saathoff E, et al. (2012)
Performance of the Xpert(R) MTB/RIF assay in an active case-finding strategy:

a pilot study from Tanzania [Short communication]. Int J Tuberc Lung Dis 16:

1468–1470.
25. O’Grady J, Bates M, Chilukutu L, Mzyece J, Cheelo B, et al. (2012) Evaluation

of the Xpert MTB/RIF Assay at a Tertiary Care Referral Hospital in a Setting
Where Tuberculosis and HIV Infection Are Highly Endemic. Clin Infect Dis 55:

1171–1178.
26. Theron G, Peter J, van Zyl-Smit R, Mishra H, Streicher E, et al. (2011)

Evaluation of the Xpert(R) MTB/RIF Assay for the Diagnosis of Pulmonary

Tuberculosis in a High HIV Prevalence Setting. Am J Respir Crit Care Med.
27. Sekadde MP, Wobudeya E, Joloba ML, Ssengooba W, Kisembo H, et al. (2013)

Evaluation of the Xpert MTB/RIF test for the diagnosis of childhood
pulmonary tuberculosis in Uganda: a cross-sectional diagnostic study. BMC

Infect Dis 13: 133.

28. Boehme CC, Nicol MP, Nabeta P, Michael JS, Gotuzzo E, et al. (2011)
Feasibility, diagnostic accuracy, and effectiveness of decentralised use of the

Xpert MTB/RIF test for diagnosis of tuberculosis and multidrug resistance: a
multicentre implementation study. Lancet 377: 1495–1505.

29. Theron G, Pooran A, Peter J, van Zyl-Smit R, Kumar Mishra H, et al. (2012)
Do adjunct tuberculosis tests, when combined with Xpert MTB/RIF, improve

accuracy and the cost of diagnosis in a resource-poor setting? Eur Respir J 40:

161–168.
30. Zachery D, Schaap A, Muyoyeta M, Mulenga D, Brown J, et al. (2012) Changes

in tuberculosis notifications and treatment delay in Zambia when introducing a

digital X-ray service. Public Health Action 2: 56–60.
31. van Ginneken B, Stegmann MB, Loog M (2006) Segmentation of anatomical

structures in chest radiographs using supervised methods: a comparative study
on a public database. Med Image Anal 10: 19–40.

32. Duda RO, Hart PE, Stork DG (2001) Pattern Classification. New York: John

Wiley and Sons.
33. Arzhaeva Y, Tax DMJ, van Ginneken B (2009) Dissimilarity-based calssification

in the absence of local ground truth: apllication to diagnostic interpretation of
chest radiographs. Pattern Recognition 42: 1768–1776.

34. Seghers D, Loeckx D, Maes F, Vandermeulen D, Suetens P (2007) Minimal
shape and intensity cost path segmentation. IEEE Trans Med Imaging 26:

1115–1129.

35. Cepheid (2009) Xpert MTB/RIF:Two-hour detection of MTB and resistance to
rifampicin. Cepheid. pp. 3–4.

36. Rieder HL, van Deun A, Kam KM, Kim SJ, Chonde TM, et al. (2007) Priorities
for Tuberculosis Bacteriology Services in Low-Income Countries; Union)

IUATaLDT, 68 Boulevard Saint-Michel P, France, editors: International

Union Against Tuberculosisand Lung Disease (The Union).
37. Efron B (1979) ‘‘Bootstrap methods: another look at jackknife’’ The annals of

Statistics.
38. Barnes PF, Bloch AB, Davidson PT, Snider DE Jr. (1991) Tuberculosis in

patients with human immunodeficiency virus infection. N Engl J Med 324:
1644–1650.

39. Chamie G, Luetkemeyer A, Walusimbi-Nanteza M, Okwera A, Whalen CC, et

al. (2010) Significant variation in presentation of pulmonary tuberculosis across a
high resolution of CD4 strata. Int J Tuberc Lung Dis 14: 1295–1302.

40. Pepper T, Joseph P, Mwenya C, McKee GS, Haushalter A, et al. (2008) Normal
chest radiography in pulmonary tuberculosis: implications for obtaining

respiratory specimen cultures. Int J Tuberc Lung Dis 12: 397–403.

41. Pitchenik AE, Rubinson HA (1985) The radiographic appearance of tuberculosis
in patients with the acquired immune deficiency syndrome (AIDS) and pre-

AIDS. Am Rev Respir Dis 131: 393–396.
42. Boehme CC, Nabeta P, Hillemann D, Nicol MP, Shenai S, et al. (2010) Rapid

molecular detection of tuberculosis and rifampin resistance. N Engl J Med 363:
1005–1015.

Evaluation of Computer Aided Diagnosis for TB Diagnosis

PLOS ONE | www.plosone.org 9 April 2014 | Volume 9 | Issue 4 | e93757


