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Abstract: The purpose of this work was to develop a quantitative

method for evaluating the pulmonary inflammatory process (PIP) through

the computational analysis of chest radiography exams in posteroanterior

(PA) and lateral views. The quantification procedure was applied to

patients with tuberculosis (TB) as the motivating application.

A study of high-resolution computed tomography (HRCT) examin-

ations of patients with TB was developed to establish a relation between

the inflammatory process and the signal difference-to-noise ratio (SDNR)

measured in the PA projection. A phantom essay was used to validate this

relation, which was implemented using an algorithm that is able to

estimate the volume of the inflammatory region based solely on SDNR

values in the chest radiographs of patients.

The PIP volumes that were quantified for 30 patients with TB were

used for comparisons with direct HRCT analysis for the same patient.

The Bland–Altman statistical analyses showed no significant differences

between the 2 quantification methods. The linear regression line had a

correlation coefficient of R2¼ 0.97 and P< 0.001, showing a strong

association between the volume that was determined by our evaluation

method and the results obtained by direct HRCT scan analysis.

Since the diagnosis and follow-up of patients with TB is commonly

performed using X-rays exams, the method developed herein can be

considered an adequate tool for quantifying the PIP with a lower patient

radiation dose and lower institutional cost. Although we used patients

with TB for the application of the method, this method may be used for

other pulmonary diseases characterized by a PIP.

(Medicine 94(26):e1044)
hD, MD, Paulo C. D, MD,
eira, MSc, and Diana R. Pina, PhD

= posteroanterior, PIP = pulmonary inflammatory process, PVC =

polyvinyl chloride, ROI = region of interest, SDNR = signal

difference-to-noise ratio, TB = tuberculosis, WHO = World Health

Organization.

INTRODUCTION

P ulmonary diseases, including tuberculosis (TB) infection,
cause an unacceptably large number of deaths, even given

that most are preventable if people can access healthcare for
proper diagnosis and treatment.1,2 The launch of a new inter-
national strategy for TB care and control by the World Health
Organization (WHO) in the mid-1990s allowed the development
of new diagnostic and treatment methods.1,2 While new treat-
ments for TB are being developed, tools that are used to monitor
the efficacy of TB treatments and quantify the disease remain
limited and antiquated in both preclinical and clinical settings.3

Tuberculosis and others pulmonary diseases involve
inflammation of the lung parenchyma, resulting in ongoing
fibrotic scar formation of the pulmonary interstitium and
alveoli.4,5 Chest radiography and sputum bacilloscopy are the
primary tools for medical examination and the routine diagnosis
of TB, even in well-equipped medical centers where skin testing
is available.6,7 Physicians generally make decisions on TB cases
mainly based on radiologic findings, combined with demo-
graphic and clinical data.6,8 High-resolution computed tom-
ography (HRCT) can be useful when chest radiographs are
inconclusive or complications of TB are suspected.9 However,
this method results in higher radiation doses for the patients (ie,
2 orders of magnitude higher than radiographic examinations)
and is associated with extremely high costs to the institution
compared with chest radiography.10–12 Moreover, in many
cases the chest radiography is the only imaging examination
in the diagnosis and follow-up of the patient.6,8

The quantification of TB by radiologists is commonly done
on visual and subjective examination. An objective quantifi-
cation tool is greatly important for the reliable and accurate
assessment of TB’s pulmonary inflammatory process (PIP).3

Reliable assessment helps physicians with follow-up of the
patient’s disease.3 The preliminary TB diagnosis is normally
realized through chest radiography. However, the objective
quantification of pulmonary diseases has been developed with
HRCT scans3,4,13–15 because of its higher resolution.16

The purpose of this work was to develop an objective
method for PIP quantification using chest radiography. The
viability of the quantification of PIP based on radiography is
demonstrated, with a lower radiation dose and cost, without the
ical diagnosis or treatment follow-up.
hod allows assess objectively patients
s exams.
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METHODS

Patient Selection
This study was developed with ethical approval from the

authors’ institutions and national review panels under protocol
number 8773-2013. The research involved 30 patients who were
diagnosed with pulmonary TB and treated at the Infectious and
Parasitic Diseases Service of the University Hospital, Botucatu
Medical School, São Paulo State University, Brazil, between
January 2007 and May 2014. The gender distribution was
predominantly male (24 [80.0%]). The mean age of the patients
was 49.7� 12.5 years.

The inclusion criteria were the following: patients with
confirmed TB based on bacilloscopy, mycobacterium isolation
in culture medium,17,18 and patients who underwent HRCT and
chest radiography within a 7-day interval. Patients were
excluded if they had any other disease that could compromise
the lungs, systemic disease, or aggravating factors except
smoking and alcoholism. Importantly, 63.3% of the patients
were smokers, and 50.0% were alcoholics.

Data Acquisition
The X-ray exams were performed in an Agfa computed

radiography (CR) system, with a 12-pulse 3-phase X-ray equip-
ment (Multix B, Siemens AG Medical Engineering, Erlangen,
Germany) and a CR-85X Reader (Agfa-Gevaert Group, Mort-
sel, Belgium) with MD 4.0 general cassette plates
(43 cm� 35 cm2; effective pixel pitch, 0.1 mm). The source-
detector distance was 180 cm. The HRCT scans were acquired
using a Toshiba Activion 16 Helicoidal (Toshiba America
Medical Systems, Tustin, CA) with the following parameters:
the pixel size ranged from 0.59 mm� 0.59 mm to
0.80 mm� 0.80 mm, 512� 512 pixel matrix, 5.0 mm increment
between slices, 5.0 mm slice width and a tube voltage of 120 kV.

Patient Lung Volume Estimation
A semiautomatic algorithm was developed in Matlab

R2013a (Mathworks, Natick, MA) for the objective quantifi-
cation of PIP based on chest radiography. The lung was
manually segmented from the X-ray exams by a radiologist
in both the sagittal plane (lateral view) and coronal plane (PA—
posteroanterior view), as shown in Figure 1A and B, respect-
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ively. The inflammatory process was segmented only in the
coronal plane (Figure 1C) because the sagittal plane contains
more superimposed structures.19

FIGURE 1. Manual lung segmentation performed by a radiologist. (A
lung in coronal plane (PA view). (C) Segmentation of pulmonary infl
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The total volume of the lungs was obtained by the inter-
section of segmented lungs in sequentially expanded coronal
and sagittal planes (Figure 2A and B), which is later used to
calculate the PIP volume ratio.

Pulmonary Inflammatory Process and
Correlation With SDNR in the Coronal Plane

The analysis consisted of employing measurements of PIP
portions from chest radiography and HRCT in the same ana-
tomical region. In the radiographic PA projection, the signal
difference-to-noise ratio (SDNR) for the region of interest (ROI)
was calculated. The current expression to define this quantity20

is given in Equation (1), where A is the average pixel intensity
of the ROI of PIP, and B and C are the average pixel intensity
and standard deviation of the healthy lung in a similar ROI
(considered standard background), respectively.

SDNR ¼ A� Bj j
C

(1)

The ROIs that were evaluated by chest radiography (cor-
onal plane) were small circular projections (�40 mm2) of the
PIP area measured from HRCT (axial plane). After locating the
area in the HRCT slices that referred to the ROI from chest
radiography, the PIP portion and total length of lung tissue of the
area were measured. These measurements were performed very
precisely in pixel unity of the HRCT scan after thresholding the
slice images from HRCT. This threshold process separated the
pulmonary structures of interest (inflammatory process and
healthy tissue) in segmented regions using the intensity of
the pixels in the slice histogram in Hounsfield Units. Morpho-
logical operations were applied to reduce false-positive pixels.15

The ratio of PIP portion to its total length in the evaluated area
was defined as the Mean Fractional Length of Inflammatory
Processes (MFLIP). This analysis was applied in 15 patients
based on both HRCT and chest radiography to determine the
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relation between MFLIP and SDNR. For this, MFLIP values
were plotted against corresponding SNDRs and a curve adjust-
ment was made.

MFLIP Versus SDNR Behavior in a Phantom Essay
The observed relation for the patient examinations was
validated with a phantom radiographic analysis. Different
homogeneous volumes of inflammatory processes were imple-
mented using 10 steps in a chest homogeneous phantom with

) Segmented lung in sagittal plane (lateral view). (B) Segmented
ammatory process in coronal plane view of right lung.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
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appropriate thicknesses to simulate the desired volume of PIP
tissue, as shown in Figure 3.

The chest homogeneous phantom consisted of 4 pieces of
acrylic, 2 pieces of aluminum, and an air gap. The first acrylic
pair (at the top) sandwiched a 1.0 mm aluminum plate. The
second acrylic pair (at the bottom) contained a slightly wider
(2 mm) aluminum slab inside. The second aluminum plate was
designed to account for the greater amount of bone tissue, which
results from the presence of the vertebral column.21 Between the
upper and lower pairs of plates, an air gap of 5.08 cm was
inserted.22 All of the plates used measured 30.5� 30.5 cm2. The
PIP volumes were simulated by 10 steps of polyvinyl chloride
(PVC) placed in the center of the phantom.23

The phantom radiographic images were taken from the top
to bottom using 3 different radiographic techniques that are
currently used in the clinical routine: 85 kVp, 3.2 mAs; 90 kVp,
2.8 mAs, and 117 kVp, 1.25 mAs. The SDNRs were determined
between each phantom’s step and the ROI of the background
(healthy lung tissue). The MFLIP versus SDNR behavior from

FIGURE 2. Segmented lungs in sequentially expanded coronal (A
the phantom essay was plotted and compared with the relation
obtained from patients examinations, described in the
section above.

FIGURE 3. Structure of the chest homogeneous phantom used to
simulate different volumes of pulmonary inflammatory processes
and healthy lung background. The homogeneous phantom was
constructed of 4 acrylic slabs (2.54 cm of thickness), an air gap
(5.08 cm of thickness) and 2 aluminum plates (1.0 and 2.0 mm of
thickness). All of the plates used measured 30.5 cm�30.5 cm. The
PIP volumes were simulated by 10 steps of polyvinyl chloride
placed in the center of the phantom.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
Inflammatory Volume Determined From
Radiography in Coronal and Sagittal Planes

Based on the mean SDNR in the areas segmented as PIP in
the coronal plane and the relation obtained from patients
examinations, the MFLIP that corresponds to that area can
be directly determined. This fraction is multiplied by the lung
length that is obtained by radiography in the sagittal plane to
provide the length of the inflammatory process associated with
that area. The PIP volume is then obtained through a disk
dilation process. The objective quantification is calculated by
the inflammatory process and lung volume ratio.

To evaluate the accuracy of the radiograph’s quantification
method based on the X-ray exams, the results of 30 patients
were compared with HRCT’s direct quantification method as a
standard procedure.15 Statistical linear regressions and mean
percentage differences were performed based on data from both
methods for the same patient. The error measurement was made
according to Bland and Altman.24 In order to visually compare
the efficacy of the developed method, we reconstructed the 3D
shaded surface of the lungs from HRCT and X-rays examin-
ations for the same patient, highlighting the PIP. HRCT recon-
struction was performed after threshold process of the healthy
lung and PIP in each slice.

RESULTS
The obtained relation between MFLIP and SDNR from the

analysis of 15 patient examinations is plotted in Figure 4, with
an exponential curve adjustment. The regression for the adjust-
ment of the curve had R2¼ 0.80 with 95% prediction intervals.
The 2 dashed curves display the limits of 2 SD of the data
around the adjusted curve shown by the solid line, given by

MFLIP ¼ 0:1367 exp½0:0564 SDNR� (2)

The MFLIP versus SDNR behavior that was extracted
from the phantom image measurements for each step is plotted
in Figure 5. The dashed curves reflect an exponential function
adjustment to the points for the 3 different radiographic tech-
niques in relation to the normalized steps, simulating different
PIP volumes. For this analysis, the adjustment leads to
R2¼�0.98 for each of the dashed curves for the different
radiographic techniques. Figure 5 also shows the exponential
curve that resulted from the study with the patient examinations
(solid line).

nd sagittal (B) planes.
The volume quantification method that is presented herein
and the direct measurement based on HRCT were compared
from 30 patient examinations. The mean percentage difference
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FIGURE 4. Relation between MFLIP and SDNR extracted from the analysis of 15 patient examinations, correlating measurements in the
. Th
SD
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between both methods was 9.2� 6.0%. The linear regression
line between them (Figure 6A) was y¼ 1.02xþ 0.03, with a
correlation coefficient of R2¼ 0.97 and P< 0.001. The statisti-
cal Bland–Altman plot is shown in Figure 6B for the difference
and average between the 2 methods.

An illustration of 3D shaded surface of the lungs from
HRCT and X-rays examinations, highlighting the PIP is shown
in Figure 7. The reconstruction of HRCT was realized after
segmentation between healthy lung and PIP as shown in
Figure 7A. The developed method was tested for the same
patient, as illustrated in Figure 7B, and shows a visual similarity
between both quantification methods.

DISCUSSION
Our work focused on objective PIP quantification using TB

model. We present a practical and objective method based on
chest radiographs exams, obtaining a lower radiation dose and
cost when compared with HRCT examinations.

The functional form of the curve, shown in Figure 4, was
guided by the general exponential decay law of X-ray beam
attenuation in tissue and material.25 Fluctuations of points around
the adjusted curve occurs mainly due to variations in some
elements of analysis, such as the different lengths of the lung
in the axial plane according to the chosen region, points extracted
from different anatomical profiles of patients, and the use of
different radiographic techniques in the analyzed PA view of the

HRCT scan and PA radiographic exams of the patients, respectively
line), with R2¼0.80. The 2 dashed curves display the limits of 2
patient exams. Despite this diversified nature of the data, the
regression for the adjustment of the curve had R2¼ 0.80 with 95%
prediction intervals. However, the use of standardized

FIGURE 5. MFLIP versus SDNR behavior for the chest homogeneous
used in the clinical routine (dashed lines). The dashed lines reflect an
normalized steps. The solid line represents the relation obtained from

4 | www.md-journal.com
radiographic technique in the follow-up of patients with TB will
reduce fluctuations and increase the method accuracy.

Importantly, the exponential MFLIP versus SDNR beha-
vior obtained in study of patient examinations was quite well
reproduced by the phantom essay using the intermediate radio-
graphic techniques, as shown in Figure 5. The phantom steps
have a homogeneous structure. The background is also homo-
geneous, and the radiographic techniques are known. The
exponential model adjustments are nearly perfect for the points
from the different techniques. The phantom analysis provides a
good level of confidence for the MFLIP versus SDNR relation
extracted from patient examinations to determine inflammatory
volumes directly from SDNRs in chest radiographs.

From the statistical analyses for the comparison between
both quantification methods, the linear regression showed a
strong association and low dispersion between variables. The
Bland–Altman analyses showed no significant differences
(P¼�0.3%) between the 2 quantification methods. The limits
of agreement at a 95% confidence interval were �2.1% and
1.5%. These differences were sufficiently small to have the
same confidence level for the results for both quantification
methods. The mean percentage difference between the present
volume evaluation and HRCT quantifications was approxi-
mately 9% and can be attributed to the influence of super-
imposed structures (clavicles, ribs, and abnormalities)19,26 in
the determination of SDNRs in radiographic images and the

e analyzed points were adjusted with an exponential curve (solid
around the adjusted curve.
approximations incorporated into the adjustment and average
values assumed by the method. Furthermore, in most cases,
chest radiographs for patients with TB contain areas with diffuse

phantom essays for 3 different radiographic techniques currently
exponential function adjustment (R2¼�0.98) of SDNR for each
patient examinations (Equation 2).

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.



FIGURE 6. Volume quantification agreement of the proposed method (chest radiograph), compared with reference standard (HRCT) for
30 patients with TB. (A) Linear regression line were determined by y¼1.02xþ0.03, with R2¼0.97, demonstrating low dispersion
between data. (B) Bland–Altman plot for both quantification methods. The difference refers to the reference standard minus the
developed method. The central line corresponds to the mean value of deviations. The dashed lines indicate the interval of 2 SD, indicating
an adequate level of statistical agreement.
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s (B
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abnormalities26 that can interfere with radiologists’ manual seg-
mentation. Despite these differences, an analysis of Figure 7 shows
a visual agreement between both quantification methods.

Various segmentation and quantification methods of ana-
tomical structures and lung diseases are available in the litera-
ture which are based on radiographs19,27–29 and computed
tomography (CT)3,14,15,30,31 examinations. These methods,
manual or automatically, include visual quantitation scoring
systems, image display, and anatomic image quantification.32

While these methods based on radiographs often use measure-
ments on a 2D plane, volume and surface metrics are performed
using CT examinations. The work reported here presents a
volumetric quantification of PIP through chest radiographs,
with reduction in radiation dose and cost. This represents an
advantage when compared with HRCT examinations.

Recent developments in CT equipment are helping to
reduce radiation dose without decreasing image quality. These
equipment use alternative techniques of image reconstruction
with iterative reconstruction (IR) algorithms to produce high-
resolution images with low-dose protocol.33,34 All major CT
vendors have recently introduced commercial IR algorithms.35

Despite low-dose CT has been extensively used,36,37 our
method is applicable in institutions where such equipments
are not available. Additionally, chest radiographs is being
recommended by the WHO as the first-line imaging modality
for TB diagnosis and screening.7,28 Other important advantage
is that our method represents a low cost solution to diagnosis

FIGURE 7. Reconstruction of 3D shaded surface of the lungs and p
with the presented quantification method using chest radiograph
and follow-up of pulmonary disease. Furthermore, the proposed
method is faster, about 3 minutes per exam, when compared to
evaluation by HRCT, due to the low number of images.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
CONCLUSION
The method developed herein proved to be efficient and

applicable for the objective quantification of PIP caused by TB
based on chest radiographs. This tool is important for patient care
for diagnosis and monitoring the progression of the disease and
therapeutic response. Although we used a TB model, this quanti-
fication methodology may be applied to other pulmonary diseases
characterized by a PIP. Since the diagnosis and follow-up of
patients with TB is commonly performed using X-rays exams, the
method developed herein can help quantify pulmonary disease
with lower radiation doses for the patient and lower institutional
costs. Satisfactory precision in the quantification of inflammatory
volume can be reached at doses that are orders of magnitude less
than those used in direct HRCT analysis.
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