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ABSTRACT

Objective: To evaluate the utility of magnetic resonance imaging (MRI) with an advanced motion
correction technique in characterizing lung tissue changes and lesions induced by pulmonary
tuberculosis (TB).
Methods: Sixty-three subjects with computed tomography (CT) features of pulmonary TB underwent lung
MRI. All subjects with pulmonary TB were confirmed by acid-fast bacillus (AFB) testing or the detection of
Mycobacterium tuberculosis. T2-weighted turbo spin echo (TSE) sequence MRI with the MultiVane motion
correction technique was used to image the lungs. Routine lung CT images were obtained as reference.
MRI and CT images were reviewed by multiple readers independently. The performance of MRI in
depicting abnormalities induced by pulmonary TB and their morphological changes were evaluated and
compared with the performance of CT.
Results: Lung MRI found pulmonary abnormalities in all 63 TB subjects, with satisfactory quality. With the
implementation of MultiVane for T2-weighted TSE sequences to reduce the motion correction effect, MRI
showed excellent agreement with CT in detecting abnormal imaging features of pulmonary TB (k = 0.88,
p<0.001), such as tree-in-bud sign, ground-glass opacity, consolidation, mass, and cavitation. MRI was
advantageous in identifying caseation and liquefactive necrosis based on inhomogeneous signal
distribution within consolidations and also in identifying mild pleural effusion. The optimized lung MRI
was comparable to CT in detecting non-calcified nodules (k =0.90), with overall sensitivity of 50.0%,
91.1%, and 100% for nodules of size <5 mm, 5-10 mm, and >10 mm, respectively. However, MRI was less
effective in identifying lesions with calcification.
Conclusions: The clinical implementation of an optimized MRI protocol with the MultiVane motion
correction technique for imaging pulmonary TB is feasible. Lung MRI without ionizing radiation is a
promising alternative to the clinical standard CT, especially for pregnant women, children, adolescents,
and patients requiring short-term and repeated follow-up observations.
© 2019 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Introduction

According to the Global Tuberculosis Report of 2017, tubercu-
losis (TB) is the leading cause of death from infectious disease,
above HIV/AIDS, and the ninth leading cause of death among all
diseases (World Health Organization, 2016). This is despite the fact
that early diagnosis and effective treatment have long been
available. In 2016, there were an estimated 10.4 million new TB
cases, with children (age <15 years) accounting for 6.9% (World
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Health Organization, 2016). Most deaths from TB could be averted
with early diagnosis and appropriate treatment.

With low cost and a relatively low radiation dose, plain chest X-
ray radiography has historically been the most common imaging
test used to evaluate pulmonary TB. X-ray computed tomography
(CT), regarded as the standard method for characterizing lung
lesions, has increasingly been used for the diagnosis of TB and its
complications (Muller, 2002), offering three-dimensional and high
resolution imaging for the detection and quantification of lesions.
However, alternative imaging methods without ionizing radiation
have been sought in recent years, largely due to concerns about the
effect of ionizing radiation for vulnerable populations such as
children, pregnant women, and patients requiring repeated and
frequent follow-up (Liszewski et al., 2017; Rizzi et al., 2011).

Magnetic resonance imaging (MRI) is a commonly used non-
ionizing three-dimensional diagnostic imaging modality with
superb resolution and exquisite soft tissue contrast in lesion
detection and functional measurements. It is widely available in
most hospitals. However, lung MRl is not well accepted clinically due
to the concern of poor image quality caused by low proton density in
the lung, rapid signal decay due to high magnetic susceptibility at the
air-tissue interface, and intrinsic motion artifacts from respiratory
and cardiac motions (Cutillo et al., 1995). Tissue loss as a result of the
disease, hyperinflation, and hypoxic hypo-perfusion, e.g., in emphy-
sema or so-called ‘minus-pathology’, are also common problems in
lung MRI (Iwasawa et al., 2007; Wielputz and Kauczor, 2012). With
developments in parallel imaging and under-sampling methods that
accelerate image acquisition and reduce air-caused susceptibility
artifacts to preserve signals, MRI protocols can be optimized with
tailored sequences and parameters to gain sufficientimage quality to
evaluate abnormalities in the lung (Biederer et al., 2012). T2-
weighted turbo spin echo (TSE) imaging has been used in previous
studies to demonstrate lung imaging and lesion detection (Biederer
etal, 2012; Eibel et al., 2006; Leutner et al., 2000; Wild et al., 2012).

With the improved motion correction techniques available for
clinical use, such as MultiVane, there has been increasing interest
and effort in applying MRI for the study of lung diseases. MRl images
are typically formed by filling k-space with spatially encoded data
points line-by-line, in the order of a Cartesian method in Cartesian
coordinates. The MultiVane technique is capable of correcting in-
plane rotation and translation due to patient movement by recording
data in a hybrid k-space trajectory, which is a combination of
Cartesian and radial directions. The sets of Cartesian acquired lines of
data points in k-space are like ‘vanes’. MultiVane is particularly
designed because anindividual vane is a Cartesian dataset. Each vane
contains k-space samples corresponding to the same low resolution
image. All vanes are ultimately combined to create a single high-
resolution image that is sharp and artifact-free. If the low resolution
image from a specific vane correlates poorly with other vanes, for
example due to motion, it is eliminated or underweighted during
reconstruction. The MultiVane technique with non-Cartesian k-
space sampling combined with parallel imaging has been shown to
significantly reduce motion artifacts caused by cardiac and
respiratory motion (Meier-Schroers et al., 2016). Thus, the quality
of lung imaging and the sensitivity of lesion detection are increased
even without the patient holding their breath. Although this
technique has been demonstrated in the evaluation of several lung
diseases (Attenberger et al., 2014; Chung et al., 2013, 2016; Dewes
etal.,2016; Ekinci etal.,2017; Liszewski et al., 2017; Nagel et al., 2016;
Ozcan et al., 2017; Puderbach et al., 2007), its application in the
evaluation of pulmonary TB by MRI has not been explored.

This study was performed to investigate the utility of the
MultiVane technique implemented in the lung MRI protocol in the
diagnosis of pulmonary TB and its diagnostic performance, by
comparing the results with those of CT examinations performed on
the same subjects. The results demonstrated that various TB-induced

pulmonary abnormalities can be readily detected and quantified by
MRI, with image quality and interpretability comparable to those of
CT. Furthermore, MRI offers several advantages over CT in the
detection and characterization of consolidation with caseous
necrosis or liquefactive necrosis, but has limitations in depicting
calcified lesions. The study demonstrated that MRI can be an
alternative method to the clinical standard CT, with potential
advantages for imaging patients who are vulnerable to CT radiation
such as pregnant women, children, adolescents, and patients
requiring repeated follow-up observations.

Subjects and methods
Subjects and clinical information

This prospective study was performed from December 2017
to August 2018 and was approved by the institutional review
board (IRB). All participants, including healthy subjects and
patients, provided informed consent to participate in this study.
Ten healthy participants underwent lung MRI to test and
confirm the optimized MRI protocol, through the comparison of
T2-weighted TSE sequences with/without the MultiVane tech-
nique. Sixty-three patients with pulmonary TB, including 50
male patients (79.4%) and 13 female patients (20.6%) with a
mean age of 39 +£15 years (range 17-75 years), were enrolled in
this study. They were all diagnosed based on positive thoracic CT
findings followed by confirmation by acid-fast bacillus (AFB)
testing or the detection of Mycobacterium tuberculosis in sputum.
All patients were recruited after their routine examination at the
clinical visit. They were not receiving any treatment at the time of
MRI, and had not received any treatment during 1 year prior to the
time of MRI. Based on clinical evaluation and imaging features, 42
patients had active TB and 21 patients had inactive TB. All patients
had received or were receiving anti-TB treatment after diagnosis.
Enrolled subjects were screened for MRI safety before undergoing
MRI, which was performed within 48 hours following the CT
examination. Detailed information on the study subjects is
summarized in Table 1.

Table 1
Demographic information for the study patients.
Item Subjects in different
categories
Male 50
Female 13
Age (years), mean +SD 39415 (range 17-75)
TB type
Active pulmonary TB 42
Old inactive pulmonary TB 21
Treatment status
Initial untreated 30
Recurrence after treatment withdrawal (more 12
than 1 year)
Old inactive after treatment withdrawal (more 21
than 1 year)
Lesion location (lung lobe)
Right upper lobe (cases) 47
Right middle lobe (cases) 10
Right lower lobe (cases) 14
Left upper lobe (cases) 39
Left lower lobe (cases) 16
Total affected lobes 126/315
MRI artifact score
1 (cases) 31
2 (cases) 24
3 (cases) 8
4 (cases) 0
Total MRI scans 63

SD, standard deviation; TB, tuberculosis; MRI, magnetic resonance imaging.
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Lung MRI protocol

All lung MRI images were obtained using a 1.5T whole-body
MRI scanner (Achieva, Philips Healthcare, Best, the Netherlands)
with a 4-element body wrap coil. First, a direct comparison was
made between the T2-weighted TSE images with MultiVane
technique implemented and the routine T2-weighted TSE images
without MultiVane technique implemented obtained from the 10
healthy subjects. All 63 TB subjects then underwent MRI, and T2-
weighted TSE sequences with MultiVane implemented were
obtained for comparison with CT.

The T2-weighted TSE sequence protocol with MultiVane and
respiratory triggering was performed in coronal and axial sections
using an echo time (TE) of 85/100 ms, TSE factor=33, flip
angle =180/90°, and phase resolution =80%, with slice thickness
of 5 mm, field of view (FOV)=400 x 400 mm, matrix size =308
x 308, and with free breathing. For the respiratory triggered scan,
the actual repetition time (TR) was determined based on the
respiratory rhythm of each subject, which was typically in the
range of 2000-4000 ms. The FOV coverage was from the
pulmonary apex to the costophrenic angle. The whole acquisition
time for the lung MRI examination was typically 12 minutes. In
order to simplify the protocol and shorten the acquisition time, a
T1-weighted spin echo sequence was not included in the lung MRI
protocol applied to this cohort.

The signal-to-noise ratio (SNR) and contrast-to-noise ratio
(CNR) in selected regions of interest (ROIs) were calculated for
comparison of lung MRI imaging quality between T2-weighted
imaging with MultiVane and routine T2-weighted imaging with
and without fat suppression. Signal intensities (SI) of ROIs selected
in normal pulmonary parenchyma (Slyormar) and those from the
latissimus dorsi muscle (Slyuscie) Were measured to compare with
background standard deviation (SD) in the same slice. SNR was
then computed using the formulas: SNR=Sl,orma/SD and CNR=
Slmuscle - SInormal/SD-

The quality of MRI images was rated based on a four-point
scoring scale reported previously (Eibel et al., 2006; Leutner et al.,
2000), i.e., score 1: no artifacts in images; score 2: a few negligible
artifacts that do not affect its diagnostic value; score 3: image with
diagnostic value but impaired by artifacts; score 4: image with
limited diagnostic value due to severe artifacts.

CT protocol

All CT images were obtained using a 256-row multi-detector CT
scanner (Revolution CT, GE Medical systems, Milwaukee, WI, USA)
without any contrast medium. The following imaging parameters
were applied: slice thickness=5 mm, collimation=64 x 0.6 mm,
voltage =120 kVp, tube current setting =20 mAs, matrix size =512

x 512, reconstruction interval = 1.25 mm at a helical pitch of 1. For
comparison with MRI images, the CT images were reformatted to a
slice thickness of 5 mm, with imaging volume from the pulmonary
apex to the costophrenic angle, similar to the MRI coverage. CT
imaging was performed with the patient holding their breath. The
total acquisition time was 10 seconds, without the preparation
time. The lung window (level: —600, width: 1500) was set to assess
the lung parenchyma, while the mediastinal window (level: 30,
width: 350) was used to show calcification and pleural effusion.

Comparison of image quality of MRI with CT

To evaluate and validate lung MRI findings, both CT and MRI
images were read and compared on workstations running a picture
archiving and communication system (PACS) by four radiologists
with 2-5 years of lung imaging experience. In order to eliminate
the bias from any prior knowledge of the cases during this

evaluation, two of the readers were assigned to only read and
evaluate CT images and the other two were only responsible for
reading and evaluating the MRI images. They performed their
evaluations independently and were blinded to the reports of the
others. When combining the results, any discrepancy was
investigated through consultation with two senior radiologists
with more than 25 years of experience in lung imaging
interpretation. A total of six radiologists were involved in the
evaluation of pulmonary lesions in this study. Disagreements were
discussed until a consensus was reached.

For each section of the lung lobes, including two on the left and
three on the right, the presence of pulmonary abnormalities, their
location and size, and characteristics of the lesions were viewed in
both CT and MRI images and documented individually. MRI
features of pulmonary TB abnormalities were identified and
interpreted with respect to the tree-in-bud sign, centrilobular
nodules, ground-glass opacity, finger-in-glove sign, consolidation,
interstitial infiltrates, nodules and mass, cavity, liquefactive
necrosis, caseous necrosis, pleural involvement effusion, and
enlarged lymph nodes, as used conventionally for the interpreta-
tion of CT findings. Regarding the criterion of ‘nodule and mass’, a
round lesion with a diameter of 3 cm or smaller in the pulmonary
parenchyma was defined as a nodule, while a lesion with a
diameter larger than 3 cm was defined as a mass, both for CT and
MRI (Rizzi et al., 2011). The size of a nodule was measured as the
largest diameter and/or the largest area measured from the
selected image slice on CT using the toolbox provided in the PACS
workstation. Nodules were classified into non-calcified nodules,
partially calcified nodules, or completely calcified nodules.

Statistical analysis

The statistical analysis was performed using IBM SPSS Statistics
version 19.0 (IBM Corp., Armonk, NY, USA). A two-tailed paired t-
test was used to compare the difference in SI between the
optimized and routine T2-weighted MRI. Cohen’s kappa coefficient
(k) was calculated to assess the degree of agreement between the
image findings from CT and MRI images. A k value of <0.00 was
considered to indicate poor agreement. A k value of 0.00-0.20,
0.21-0.40, 0.41-0.60, and 0.61-0.80 was considered to indicate
slight, fair, moderate, and substantial agreement, respectively. A
value within 0.81-1.00 was considered to indicate excellent
agreement (Landis and Koch, 1977).

The sensitivity of MRI for the detection of different types of
nodules was calculated as the ratio of detection with 95%
confidence interval (CI). Differences in sensitivity of nodule
detection were evaluated by Chi-square test (Pearson’s Chi-square
test and Fisher’s exact test). A value of p<0.05 was considered
statistically significant.

Results
Improvement in lung MRI quality

T2-weighted TSE imaging with MultiVane implemented
demonstrated that the MultiVane technique significantly im-
proved the lung MRI image quality, with reduced respiratory and
cardiac motion artifacts (Figure 1A-D). As summarized in Table 1,
for the total 63 patients with pulmonary TB, there were 31 cases
(49.2%) with no artifact (score 1), 24 cases (38.1%) with minimal
artifacts that did not affect its diagnostic value (score 2), and eight
cases (12.7%) with images of diagnostic value but impaired by
artifacts (score 3); none of the cases had a score of 4 indicating
limited diagnostic value due to severe artifacts. Table 2 presents
the SNR and CNR of pulmonary parenchyma, which were increased
for T2-weighted TSE imaging with MultiVane implemented
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Figure 1. Comparison of MultiVane and routine T2-weighted TSE images. T2-weighted TSE imaging with the MultiVane technique clearly depicts the pulmonary vasculature
and bronchi (arrows) in both coronal (A) and axial (B) sections, when compared with both structures recorded without the MultiVane technique, as shown in images (C) and
(D). Additionally, the surface of the diaphragm can be seen as a smooth margin in image (A), but is unclear with multiple shadows (dashed arrow) in image (C). The image
contrast window was adjusted purposely to that of conventional CT images for the evaluation of lung structures and lesions.

Table 2
Comparison of T2 TSE image quality with and without MultiVane.”
Image quality measurement ~ With Without p-Value
MultiVane MultiVane
SNR
Right 62.07 +£13.59 36.56 +6.66 <0.0001
Left 62.27 +£6.10 36.43 +£9.54 <0.0001
CNR
Right 604.35+136.02 351.78 £66.59 <0.0001
Left 606.33+61.36  350.43 +95.23 <0.0001

T2 TSE, T2-weighted turbo spin echo sequence; SNR, signal-to-noise ratio; CNR,
contrast-to-noise ratio; ROIs, regions of interest.

? Image quality was evaluated based on SNR and CNR measured from the ROIs
selected from the right or left pulmonary parenchyma.

compared to routine T2-weighted TSE imaging without MultiVane
(p <0.0001).

Comparison between MRI and CT in detecting lung abnormalities

Given MRI and CT have their respective strengths and
weaknesses in identifying imaging features of lung abnormalities,
a direct comparison of the lesion characterization and diagnostic
performance was made between MRI and CT in the same subjects.
Table 3 summarizes the pulmonary TB abnormalities found by MRI
and CT in the 63 patients with pulmonary TB, as well as the levels
of agreement. In general, diagnostic information and reports from
images obtained by MRI with MultiVane implemented showed
strong agreement with those from CT in the detection of several
common lung abnormalities (Figure 2). Typical pulmonary TB

Table 3
Comparison of MRI and CT in the detection of various abnormalities induced by
pulmonary TB.

Abnormalities MRI CT K Advantage
(cases) (cases) value
Consolidation 22 22 1 -
Mass 10 10 1 -
Alteration consistent with caseous 4 0 0 MRI
necrosis
Alteration consistent with liquefactive 7 0 0 MRI
necrosis
Cavitation 16 16 1 -
Ground-glass opacity 5 6 087 CT
Nodule 38 41 088 CT
Tree-in-bud sign 30 30 1 -
Interstitial change 21 21 1 -
Pleural involvement 46 43 0.87 MRI
Pleural effusion 16 7 0.52  MRI
Bronchiectasis 2 3 0.79 CT
Finger-in-glove sign 1 1 1 -

MRI, magnetic resonance imaging; CT, computed tomography; TB, tuberculosis.

presents multiple lesions with different (or distinct) radiological or
imaging features, such as tree-in-bud sign (k=1), ground-glass
opacity sign (k=0.90), finger-in-glove sign (k=1), interstitial
change (k=1), consolidation (k=1), cavitation (k=1), and mass
(k=1) in the current study.

It should be noted that MRI demonstrated significant advan-
tages in providing additional imaging features inside consolida-
tions, such as caseous necrosis and liquefactive necrosis. However,
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Figure 2. MultiVane improved T2-weighted imaging was able to reveal multiple lesions (arrow), such as centrilobular nodules (A), tree-in-bud sign (B), and multiple
centrilobular nodules with interstitial change (C), with image quality comparable to CT images (D, E, and F, respectively). The MRI contrast window was adjusted purposely to

that for reading conventional CT images in the evaluation of these lesions.

CT of the same subjects was not able to reveal this caseous necrosis
or liquefactive necrosis. The study demonstrated that MRI
improved the appearance of cavity or consolidation with a central
saturated hypo-signal intensity, peripheral inhomogeneous con-
solidation, and smooth inner wall without solid mural nodules.
These imaging features are consistent with caseous necrosis
(Figure 3A). In comparison, CT could only show a homogeneity
consolidation in the lung and mediastinal windows (Figure 3B, C).
The appearance of central hyper-intensity within inhomogeneous
consolidations in T2-weighted imaging with MultiVane (Figure 3D,
F) was considered as liquefactive necrosis (n =7), which is different
from the appearance of caseosis necrosis. In comparison,
liquefactive necrosis lesions were not obvious in CT, which showed
only a patchy lesion with soft tissue density (Figure 3E, G).
Importantly, detecting caseous necrosis is critical as it indicates
active or inactive pulmonary TB in the clinical diagnosis, which is
necessary in order to apply the appropriate treatment. In the
current study, active (n=42) and inactive (n=21) pulmonary TB
cases were identified by both MRI and CT images. Nevertheless, CT
is sensitive in detecting small calcified lesions (Figure 3I), which
could not be detected by MRI (Figure 3H).

Additionally, MRI provided images that were informative and
comparable to CT (Figure 4) for caseous necrosis in a cavity (n=11),
as a thin-walled cavity with peripheral consolidation and multiple
centrilobular nodules was shown in coronal (Figure 4A) and axial
(Figure 4B) sections. These findings are closely related to TB
infection.

Moreover, MRI had advantages in the detection of mild pleural
thickening or slight hydrothorax compared with CT. In the current
study, MRI detected 16 cases with slight pleural effusion or hidden
hydrothorax within consolidation versus seven detected by CT
(k=0.52). The abnormality presented as a sickle-shaped hyper-
intensity along the pleura and adjacent consolidation in MRI
(Figure 5A), but with no corresponding pleural abnormality found
in CT (Figure 5B).

Detection of nodules and mass by MRI and CT

Based on the cases in the current study, MRI showed excellent
agreement with CT in detecting all cases with a mass (k=1) and
non-calcified nodules (k=0.88-1), especially for nodule sizes
larger than 5 mm, using the number of abnormalities found in CT as
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Figure 3. Examples of MRI providing additional imaging features inside consolidation (arrows), such as caseous necrosis(A) and liquefactive necrosis (D and F). These lesions
only appeared as a spot or patchy consolidation in the mediastinal window (C and E) and lung window (B and G) in CT images. However, the calcified spots (arrows) within
consolidation were found in CT images (I), but not clearly in MRI images (H).

Figure 4. Example of a patient who had two thin-walled cavities (white arrow) with peripheral consolidation and multiple centrilobular nodules in coronal (A) and axial (B)
sections. Such MRI findings were comparable to CT (C and D, respectively).
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Figure 5. Example of slight pleural effusion. MRI clearly depicted the abnormality as sickle-shaped hyper-intensity along the pleura and adjacent consolidation (black arrow

in A), but with no corresponding pleural abnormality in CT (B).

the reference. Unlike CT, calcified nodules had fairly low contrast to
the background of lung tissue in T2-weighted MRI (Figure 6). The
ability and sensitivity of MRI in detecting nodules or mass
increased significantly in proportion to the size for non-calcified
nodules (p=0.001), completely calcified nodules (p=0.001; Figure
6A-C), and partially calcified nodules (p=0.003; Figure 6D-F).
Details are summarized in Table 4.

Discussion

One of the major challenges of lung imaging by MRI is the
inherited motion artifacts caused by respiratory and cardiac
motions. Earlier lung MRI studies were typically performed with
the standard T2-weighted TSE fat-suppressed imaging sequence,
in which a long TR with Cartesian k-space sampling is used. Such a
scanning protocol is susceptible to motion artifacts. MultiVane is
an advanced motion correction technique with non-Cartesian
image sampling and reconstruction using rotating blades in the k-
space to detect in-plane motion. It was introduced for use in liver
and lung cancer screening to reduce motion-related artifacts, but
has seldom been used in pulmonary TB (Kang et al., 2015; Meier-
Schroers et al., 2018; Meier-Schroers et al., 2016). In this study, it
was found that the advanced MultiVane technique with free

T

breathing could significantly reduce motion artifacts, resulting in
improved lung MRI image quality and increased detection of lung
lesions, which is consistent with the results of previous reports
(Meier-Schroers et al., 2016; Pandit et al., 2011). The optimized
lung MRI protocol is not only simplified with a shortened
acquisition time, but is also available in many clinical systems
(Biederer et al., 2012). The current study demonstrated that T2-
weighted imaging with MultiVane implemented can be used to
detect MRI signal features of pulmonary TB without breath-
holding, which is especially suitable for children, pregnant women,
and the elderly.

Lung MRI was comparable to CT in the identification of most
signal changes of pulmonary TB, such as consolidation, nodule,
cavitation, tree-in-bud sign, interstitial change, ground-glass
opacity, and finger-in-glove sign. Attenberger et al. (Attenberger
et al., 2014) reported that lung MRI detected 6 false-negative and
11 false-positive lesions with ground-glass opacity. MRI might be
false-negative in the detection of ground-glass opacity by
depicting such lesions as a nodule, mass, or consolidation, as
infectious lesions contain plenty of water. When a lesion contains a
minimal amount of water, it could be difficult to identify in the
hazy background of the lung due to the relatively low SNR on MRI.
On the other hand, respiratory and cardiac artifacts might still also

Figure 6. CT images clearly show the completely calcified nodule in the right upper lobe with lung window (A) and mediastinal window (B), which correspond to a slight low
signal intensity nodule on T2-weighted TSE images (C). Partially calcified nodules in the upper lobe of the right lung are seen with lung window (D) and mediastinal window
(E), which are depicted as relatively hypo-intense nodules with heterogeneity in T2-weighted TSE images (F).
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Table 4
Sensitivity of MRI in detecting different types of nodules of different size.

Nodule type CT* MRI* MRI sensitivity with 95% CI Chi-square test, p-value
Total nodules 151 112 74.2% (66.3-80.8%)
(Non-calcified nodules)
Nodule <5mm 68 34 50.0% (37.7-62.3%) 0.00*
Nodule 5-10mm 56 51 91.1% (79.6-96.7%)
Nodule >10 mm 27 27 100% (84.5-100%)
Total nodules 75 12 16.0% (8.9-26.7%)
(Completely calcified nodules)
Nodule <5mm 44 0 0.0% (0.0-10.0%) 0.00*
Nodule 5-10mm 17 5 29.4% (11.4-56.0%)
Nodule >10 mm 14 7 50.0% (24.0-76.0%)
Total nodules 49 28 57.1% (42.3-70.9%)
(Partially calcified nodules)
Nodule <5mm 22 7 31.8% (14.7-54.9%) 0.02*
Nodule 5-10mm 14 10 71.4% (42.0-90.4%)
Nodule >10 mm 15 13 86.7% (58.4-97.7%)

MRI, magnetic resonance imaging; CT, computed tomography; CI, confidence interval.

2 CT and MRI numbers indicted separately are the numbers of nodules detected by CT or MRI.

be the cause of a false-positive result. The present study only found
one case of false-negative ground-glass opacity and there was no
false-positive finding of ground-glass opacity.

Moreover, lung MRI had significant advantages in providing TB-
specific information. Caseous necrosis is a form of cell death in
which the tissue maintains a cheese-like appearance, and this is
encountered in the foci of TB infections. The appearance of a
central saturated signal associated with peripheral hyper-intensity
may be suggestive of caseous necrosis (De Backer et al., 2007).
Liquefactive necrosis is a type of necrosis with transformation of
the tissue into a liquid viscous mass and a fluid-filled space (Kumar
et al, 2005). MRI is sensitive for the detection of lesions with
abundant water, such as related liquefactive necrosis based on the
MR signal.

Based on the lesion signal intensity on T2-weighted images,
MRI can be used to predict different pathological stages or
changes in the pulmonary TB process with (1) slight hyper-
intensity possibly reflecting the exudative inflammatory stage;
(2) high hyper-intensity inside the lesions indicating liquefactive
necrosis; (3) central iso-intensity associated with peripheral
hyper-intensity indicating caseous necrosis; (4) relatively hypo-
intense areas inside the lesions indicating a relatively cellular
fibrotic stage; and (5) hypo-intensity or hypo-intensity inside
relative hyper-intensity indicating cure stage with calcification
(De Backer et al., 2007; Moon et al., 1996). Some MRI features,
such as tree-in-bud and caseous necrosis, may indicate active TB,
while fibrotic or calcified lesions with hypo-intensity may suggest
inactive pulmonary TB.

With sufficient spatial resolution, MRI can be used to detect a
nodule as small as 5 mm (Heye et al., 2012). However, the detection
of lesions smaller than 5mm, especially less than 2-3 mm, is
difficult with lung MRI. This is probably because of a susceptibility
difference at the interface between the nodule and proton-sparse
lung parenchyma. Motion artifacts, a thick slice thickness (5 mm
was used in this protocol), or the composition of the nodules
themselves, may also contribute to the difficulties in detecting
these lesions. Currently, there is a lack of well-established criteria
for diagnosing calcification by MRI. Further studies and technical
developments are needed to investigate and define the MRI
appearance of pulmonary calcification.

In conclusion, this study demonstrated that lung MRI with the
MultiVane technique provides motion-reduced high-resolution
images of the lung, allowing the characterization of different
pulmonary TB lesions without the concerns of radiation exposure
associated with CT. Although MRI is less desirable when used to
detect small nodules and the nodules with calcification, the MRI

protocol and technique applied in this study generally provided
acceptable image quality and diagnostic performance for the
evaluation of most TB cases, with good agreement with routine
clinical CT examinations. Therefore, it offers a promising alterna-
tive to the clinical standard CT in the diagnosis and characteriza-
tion of pulmonary TB.
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