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Purpose: To explore the value of integrating clinical and computed tomography (CT) features to predict multidrug-resistant
pulmonary tuberculosis (MDR-PTB).

Patients and Methods: The study included 212 patients with MDR-PTB and 180 patients with drug-sensitive pulmonary
tuberculosis (DS-PTB) who referred to our institute in China between January 2016 and March 2021. The clinical and CT
characteristics were analyzed and compared between both groups. Multivariable logistic regression analysis was performed to identify
independent factors that can be used to predict MDR-PTB. Furthermore, 115 patients admitted to another center from January 2019 to
January 2022 were included as external validation cohort.

Results: For clinical characteristics, five parameters were significantly different between the two groups (all P < 0.05). With regard to CT
features, nine parameters were significantly different between the two groups (all P < 0.05). Multivariable logistic regression analysis using
the aforementioned differential features showed that male sex, retreated history, longer duration of previous anti-TB treatment, lower CD4"
T lymphocyte count, thick-walled cavity, centrilobular micronodules and tree-in-bud sign, bronchial stenosis, pleural and pericardial
thickening were the most effective variations associated with MDR-PTB with an area under the curve (AUC) of 0.849 and accuracy of
78.6%. Furthermore, the external validation cohort that contains 115 patients obtained an AUC of 0.933 and accuracy of 81.7%.
Conclusion: MDR-PTB and DS-PTB have different clinical and imaging characteristics. A combined model incorporating these
differential features can promptly diagnose MDR-PTB and develop subsequent therapeutic strategies.
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Introduction
Pulmonary tuberculosis (PTB) is one of the epidemics that highly threaten global public health. The World Health
Organization (WHO) defines multidrug-resistant pulmonary tuberculosis (MDR-PTB) as resistant to both isoniazid and
rifampicin.' MDR-PTB requires longer and more complex treatment in addition to higher financial costs compared with
drug-sensitive pulmonary tuberculosis (DS-PTB).? Furthermore, the treatment success rate for MDR/rifampicin-resistant
pulmonary tuberculosis was 60%, according to the WHO Global tuberculosis report 2022." Early MDR-PTB diagnosis is
crucial in choosing an appropriate and personalized treatment strategy and thus improving the treatment efficacy.

The most common method to diagnose MDR-PTB is a sputum smear and drug sensitivity test. However, drug sensitivity
test results have been revealed to often lack high sensitivity and sufficient stability, which might be attributed to low bacterial
load within samples or technical issues, and usually take a long time, often weeks.' Recently, molecular biological testing has
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played an increasingly important role in the repertoire of infectious disease diagnostics. However, this method is time
consuming and not feasible for all hospitals because of limited equipment and technology. Therefore, a fast and convenient
approach to identifying MDR-PTB is highly desirable. Computed tomography (CT) is of great value for early PTB diagnosis
and therapeutic effect assessments. Previous studies have revealed that CT imaging is a promising noninvasive alternative for
predicting MDR-PTB.** To our best knowledge, the combination of clinical and radiological features of MDR-PTB in
producing a better predictive performance has not been fully clarified.

Therefore, this study aimed to investigate the value of integrating clinical and CT features to predict MDR-PTB,
thereby providing more clues for its early diagnosis.

Materials and Methods

Patients

The study protocol was approved by the ethics committee of the First Affiliated Hospital of Chongqing Medical
University. Additionally, because of the retrospective nature of this research, the need for informed consent was waived.
A total of 463 consecutive patients with PTB who were confirmed through sputum smear and sensitive molecular and
microbial tests via flow cytometer according to the WHO criteria underwent chest CT examinations from January 2016 to
March 2021. Considering that PTB patients with different immune status may exhibit distinct chest CT findings, 71
patients who have diabetes, pneumoconiosis, and lung cancer; are positive for human immunodeficiency virus, or are
taking immunosuppressive drugs were excluded. Finally, 392 patients were included in this study. All patients were
divided into the MDR-PTB group (n = 212) and DS-PTB group (n = 180) according to drug sensitivity test results.
A drug susceptibility test was conducted using the proportion method before treatment. Furthermore, the external
validation cohort included 115 patients who are admitted to another center from January 2019 to January 2022.

Clinical Data Collection

This study recorded and analyzed the following clinical characteristics of patients: 1) age; 2) gender (male and female); 3)
anti-TB treatment history (initial treatment [patients who have never received anti-TB treatment or those with
a therapeutic duration of <1 month] and retreatment [patients who received anti-TB treatment for >1 month]); 4)
previous anti-TB treatment duration; and 5) laboratory results (CD3" T lymphocyte count, CD4" T lymphocyte count,
CDS8" T lymphocyte count, and CD4/CD8" T lymphocyte count ratio).

CT Protocols

Chest CT examinations were conducted using Optima CT 680 Expert (GE Healthcare), Toshiba Aquilion 16 (Toshiba
Medical Systems), or Discovery CT 750HD (GE Healthcare) scanner. All patients underwent non-contrast-enhanced
scanning from the thoracic inlet to the lung base in the supine position. The following imaging parameters were used:
tube voltage of 120 kVp, tube current of 50-250 mAs (automatic tube current modulation technology), slice thickness of
5 mm, and interval of 5 mm on axial images. Subsequently, all CT images were reconstructed with a slice thickness and
slice interval of 1 or 1.25 mm and 1 or 1.25 mm, respectively, for imaging analysis.

CT Image Analysis

CT images were independently interpreted by two radiologists with >10 years of experience in chest imaging on a picture
archiving and communication system (PACS) workstation (Vue PACS, Carestream). Any disagreements were resolved
by discussion until a consensus was reached. The CT features of the lesions were carefully analyzed as follows: 1)
distribution: single lobe (upper, middle, or lower lobe) and multiple lobes (right multiple lobes, left multiple lobes, and
bilateral multiple lobes); 2) cavity: the presence of a cavity, a cavity number of >3, and cavity shape (free-walled cavity,
thin-walled cavity [wall thickness of <3 mm)], and thick-walled cavity [wall thickness of >3 mm)]); 3) centrilobular
micronodules and tree-in-bud (TIB) pattern; 4) consolidation; 5) ground-glass opacity (GGO); 6) fibrous tracts; 7)
calcification; 8) destroyed lung; 9) bronchial changes: bronchiectasis and bronchial stenosis; 10) pleural changes: pleural
effusion, thickening, and calcification; 11) intrathoracic lymph node changes: lymphadenopathy (hilar or mediastinal
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lymph nodes with a short-axis diameter of >1 c¢m) and lymph node calcification; 12) pericardial changes: pericardial
effusion and pericardial thickening (thickness of >4 mm).

Statistics Analysis

The Statistical Package for the Social Sciences statistical software package was used for statistical analyses (SPSS, version 19.0
for Windows; IBM; NY, USA). First, the Kolmogorov—Smirnov analysis was used for testing the normality of continuous
variables. Normally distributed quantitative data were expressed as mean + standard deviation and analyzed using two-
independent samples Student’s #-test, whereas nonnormally distributed data were presented as median + interquartile range
and assessed using the Mann—Whitney U-test. Categorical variables were expressed as numbers and percentages and evaluated
using the Chi-squared test. A two-sided p-value of <0.05 was considered significantly different. Moreover, the diagnostic
consistency of the CT features of the lesions was assessed using an intraclass correlation coefficient (ICC), and an ICC of >0.75
was considered indicative of a good agreement between the two observers. Multivariable logistic regression analysis was then
applied using clinical and CT features that differed significantly between the two groups to select independent predictors of
MDR-PTB. The forward condition method was used to select the final regression model, and the area under the receiver
operating characteristic curve (AUC), accuracy, sensitivity, and specificity were used to evaluate the diagnostic performance.

Results
Observer Reproducibility

The agreement between the two observers was fairly good for all CT features. The ICC values for the distribution,
presence of cavity, cavity number, free-walled cavity, thin-walled cavity, thick-walled cavity, centrilobular micronodules
and TIB pattern, consolidation, GGO, fibrous tracts, calcification, destroyed lung, bronchiectasis, bronchial stenosis,
pleural effusion, pleural thickening, pleural calcification, lymphadenopathy, lymph node calcification, pericardial effu-
sion, and pericardial thickening were 0.972, 0.961, 0.923, 0.917, 0.928, 0.930, 0.921, 0.898, 0.925, 0.929, 0.971, 0.892,
0.927, 0.876, 0.915, 0.951, 0.968, 0.923, 0.967, 0.910, and 0.875, respectively (all P < 0.001).

Comparison of Clinical Characteristics Between the MDR-PTB and DS-PTB Groups
Table 1 shows the clinical characteristics of patients in both groups. Patients with MDR-PTB were more frequently observed in
males and retreated patients, as well as in those with a longer period of previous anti-TB treatment, a lower CD4 " T lymphocyte

Table | Comparison of Clinical Characteristics Between Multidrug-Resistant and Drug-Sensitive Pulmonary
Tuberculosis

Characteristics MDR-PTB (n = 212) DS-PTB (n = 180) P-value
Age (years) 0.261
Median * interquartile range 40.0 + 26.0 42.0 £ 31.0
Range 11-82 14-83
Gender <0.001 ®
Male 146 (68.9%) 92 (51.1%)
Female 66 (31.1%) 88 (48.9%)
Anti-TB treatment history <0.001 ®
Initial treatment 51 (24.1%) 117 (65.0%)
Retreatment 161 (75.9%) 63 (35.0%)
Duration of previous anti-TB treatment (months) 80+ 13.0 1.0 £ 2.0 0.006 *
Laboratory results
CD3" T lymphocyte count(/uL) 693.0 + 396.1 754.0 £ 707.8 0.063 *
CD4" T lymphocyte count (/ulL) 350.5 £ 176.5 417.5 + 3883 <0.001 ®
CD8" T lymphocyte count (/uL) 302.0 = 201.3 314.6 + 288.1 0.487 *
CD4'/CD8" T lymphocyte count ratio I.I £1.0 1.4+08 <0.00] ®

Notes: *Mann-Whitney U-test. "Chi-squared test.
Abbreviations: MDR-PTB, multidrug-resistant pulmonary tuberculosis; DS-PTB, drug-sensitive pulmonary tuberculosis; TB,
tuberculosis.
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count, and a lower CD4"/CD8" T lymphocyte count ratio, compared with those with DS-PTB (all P < 0.05). However, no
significant differences were observed in age and CD3" and CD8" T lymphocyte count between the two groups (P > 0.05).

Comparison of CT Features Between the MDR-PTB and DS-PTB Groups

Table 2 illustrates CT features of lesions in both groups. The presence of a cavity, a cavity number of >3, free-walled and
thick-walled cavities, centrilobular micronodules and TIB sign, destroyed lung, bronchial stenosis, pleural and pericardial
thickening were more common in the MDR-PTB group compared with the DS-PTB group (all P < 0.05) (Figures 1-3).
However, no significant differences were observed in the distribution of lesions, thin-walled cavity, consolidation, GGO,
fibrous tracts, calcification, bronchiectasis, pleural effusion and calcification, lymphadenopathy, lymph node calcification,
and pericardial effusion between both groups (all P > 0.05).

Table 2 Comparison of CT Features Between Multidrug-Resistant and Drug-Sensitive Pulmonary Tuberculosis

Characteristics MDR-PTB (n = 212) DS-PTB (n = 180) P-value
Distribution 0.653 *
Single lobe 14 (6.6%) 14 (7.8%)
Right upper lobe 8 5 -
Right middle lobe 0 0 -
Right lower lobe | 4 -
Left upper lobe 2 3 -
Left lower lobe 3 2 -
Multiple lobes 198 (93.40%) 166 (92.2%)
Right multiple lobes 5 13 -
Left multiple lobes 10 I -
Bilateral multiple lobes 183 142 -
Presence of cavity 157 (74.1%) 86 (47.8%) <0.001 *
Cavity number = 3 101 (47.6%) 50 (27.8%) <0.001 *
Cavity shape
Free-walled 74 (34.9%) 44 (24.4%) 0.024 *
Thin-walled 20 (9.4%) 18 (10.0%) 0.850 *
Thick-walled 74 (34.9%) 30 (16.7%) <0.001 *
Centrilobular micronodules and TIB sign 173 (81.6%) 121 (67.2%) 0.001 *
Consolidation 190 (89.6%) 157 (87.2%) 0.458 *
GGO 15 (7.1%) 22 (12.2%) 0.082 *
Fibrous tracts 92 (43.4%) 72 (40.0%) 0.497 *
Calcification 48 (22.6%) 38 (21.1%) 0.715*
Destroyed lung 43 (20.3%) 14 (7.8%) <0.001 *
Bronchial changes
Bronchiectasis 104 (49.1%) 86 (47.8%) 0.801 *
Bronchial stenosis 44 (20.8%) 5 (2.8%) <0.001 *
Pleural changes
Pleural effusion 53 (25.0%) 37 (20.6%) 0.297 *
Pleural thickening 144 (67.9%) 77 (42.8%) <0.001 *
Pleural calcification 20 (9.4%) 8 (4.4%) 0.056 *
Changes in intrathoracic lymph nodes
Lymphadenopathy 98 (46.2%) 85 (47.2%) 0.844 *
Lymph node calcification 46 (21.7%) 38 (21.1%) 0.888 *
Pericardial changes
Pericardial effusion 8 (3.8%) 5 (2.8%) 0.583 *
Pericardial thickening 30 (14.2%) | (0.6%) <0.001 *

Note: *Chi-squared test.
Abbreviations: CT, computed tomography; MDR-PTB, multidrug-resistant pulmonary tuberculosis; DS-PTB, drug-sensitive pulmonary tuber-
culosis; TIB, tree-in-bud; GGO, ground-glass opacity.
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Figure | Multidrug-resistant pulmonary tuberculosis in a 32-year-old male patient. (A and B) Axial computed tomography images of the lung window indicate a thick-walled
cavity (red arrow), patchy consolidation, and centrilobular micronodules and tree-in-bud sign (blue arrow) in the right upper lobe.

—

Figure 2 Multidrug-resistant pulmonary tuberculosis in a 48-year-old male patient. (A—D) Axial computed tomography images of the lung window indicate multiple cavities
(red arrow), centrilobular micronodules and tree-in-bud sign (blue arrow), right main bronchus stenosis (black arrow), and right upper lobe destruction with bronchiectasis
and distortion (blue arrowhead). (E and F) Axial computed tomography images of the mediastinal window indicate right pleural thickening (red arrowhead).

Multivariable Logistic Regression Analysis

Gender (adjusted odds ratio [hereinafter referred to as OR]: 1.898, 95% confidence interval [CI]:1.131-3.185; P = 0.015);
history of anti-TB treatment (OR: 2.359, 95% CI:1.289-4.318; P = 0.005); duration of previous anti-TB treatment (OR:
1.079, 95% CI1:1.032-1.129; P = 0.001); CD4" T lymphocyte count (OR: 0.999, 95% CI:0.998-1.000; P = 0.024); thick-
walled cavity (OR: 2.168, 95% CI:1.193-3.939; P = 0.011); centrilobular micronodules and TIB sign (OR: 3.099, 95%
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Figure 3 Multidrug-resistant pulmonary tuberculosis in a 77-year-old male patient. (A and B) Axial computed tomography images of the lung window indicate multiple
thick-walled cavities (red arrow), consolidation, and centrilobular micronodules and tree-in-bud sign (blue arrow) in both lungs. (C and D) Axial computed tomography
images of the mediastinal window indicate pericardial thickening (blue arrowhead) and bilateral pleural thickening (red arrowhead).

CI:1.682-5.710; P < 0.001); bronchial stenosis (OR: 7.187, 95% CI:2.153-23.996; P = 0.001); pleural thickening (OR:
1.812, 95% CI:1.095-2.999; P = 0.021); and pericardial thickening (OR: 26.809, 95% CI:3.084-233.032; P = 0.003)
were the independent predictors of MDR-PTB via multivariate logistic regression analysis for the model with clinical and
CT characteristics that significantly differed between the two groups. The AUC, sensitivity, specificity, and accuracy for

the lOgiStiC regression function (P =1/ (1 +e (2.276 — 0.641 * male sex — 0.858 * retreatment — 0.076 * duration of previous anti-TB treatment

+ 0.001 * CD4+ T lymphocyte count — 0.774 * thick-walled cavities — 1.131 * centrilobular micronodules and TIB sign — 1.972 * bronchial stenosis — 0.595

pleural thickening = 3.289 * pericardial thickening)y) a5 () 849, 75.9%, 81.7%, and 78.6%, respectively. Furthermore, an external
validation cohort that contains 115 patients obtained an AUC, sensitivity, specificity, and accuracy of 0.933, 88.9%,
75.4%, and 81.7%, respectively.

Discussion
The present study first compared the clinical and CT features of 212 patients with MDR-PTB and 180 patients with DS-
PTB and then developed and validated a multivariable logistic regression model for predicting MDR-PTB. This retro-
spective analysis produced a key finding that the combined model incorporating clinical and CT features is valuable to
the early diagnosis of MDR-PTB, especially in some cases where diagnosing determined by laboratory testing is difficult.
In terms of clinical characteristics, we found that patients with MDR-PTB were more frequently observed in males,
which is consistent with previous studies in Western Asia (Iran and Israel).””’ However, some scholars suggested that
male sex was not a risk factor for MDR-PTB.®’ These conflicting results among studies may be attributed to differences
in sample sizes. Additionally, this study revealed that a retreated history and a longer period of previous anti-TB
treatment were more common in patients with MDR-PTB than in those with DS-PTB, which corroborates some previous
studies.®* '? Anti-TB treatment times, adverse reactions, and interrupted or failed treatment have been reported many
times as risk factors of MDR-PTB, which inevitably prolong the treatment period. Moreover, our results showed that
CD4" T and CD4/CD8" T lymphocyte count ratio was lower in patients with MDR-PTB than in those with DS-PTB.
CD4" T cells have great importance in the memory response to Mycobacterium tuberculosis infection and contribute to
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pathology.'* CD8" T cell immunity offers evidence of their clear synergy of action and complementarities in association
with CD4" T cell immunity.'* Recently, a few studies have reported correlations between CD4 " cell level and MDR-PTB.
Some scholars indicated that patients with MDR-PTB had a lower CD4" T cell level than those with DS-PTB,'>'® which
is in accord with our results, whereas others held the opposite view.'”'® Different literature outcomes between CD4 " cell
count and MDR-PTB may be related to heterogeneity in patients’ basic data, including disease severity, disease course,
association with diabetes mellitus, and different TB strains among studies.'’*%*'

Regarding CT features, 21 morphological features of TB lesions were compared between both groups, and 9 CT features
significantly differed. This study revealed that the presence of a cavity, a cavity number of >3, free-walled and thick-walled
cavities, centrilobular micronodules and TIB sign, destroyed lung, bronchial stenosis, pleural and pericardial thickening were
suggestive of MDR-PTB. Previous studies have shown that cavity was more frequently observed in MDR-PTB than in DS-
PTB.%*? Furthermore, some scholars indicated that multiple cavities (>3 in number) with thick-walled status were the most
promising imaging sign for identifying MDR-PTB.**** These findings are in agreement with our results. Cavity walls,
particularly thick walls with remodeling of the fibrotic wall, serve as favorable barriers; consequently, attaining an effective
drug concentration in the cavities is difficult, thereby resulting in repeated and continuous bacterial excretion and a high
baseline load of TB bacteria, which may increase the possibility of spontaneous gene mutation of drug-resistant bacterial
groups.™* Therefore, cavities are considered not only an important way of TB transmission but also the biological basis of
drug resistance.”*?” Free-walled cavities, also named mouth-eaten cavities, were closely related to caseous pneumonia.
A recent study”® showed that MDR-PTB had a higher free-walled cavity occurrence than DS-PTB, which was similar to our
findings. However, Li et al’ and Song et al* found no significant association between free-walled cavity and MDR-PTB. These
inconsistent results may be because of sampling bias. Centrilobular micronodules and TIB patterns are the most common CT
findings of active PTB.*® Pathologically, these CT features reflect the bronchogenic spread of caseation necrosis materials and
the filling of granulomatous inflammation into terminal respiratory bronchioles and alveolar ducts.>**' The present study
revealed that the high TIB pattern frequency in MDR-PTB may be explained by the increased risk of bronchogenic spread
because of cavities, especially multiple cavities, which are predominantly present in MDR-PTB. This finding can be supported
by some previous study results.”>*** Additionally, our results showed that destroyed lung, bronchial stenosis, pleural and
pericardial thickening were frequently observed in MDR-PTB, which were less commonly mentioned in the previous studies.
The aforementioned CT features are closely associated with extensive fibrous tissue hyperplasia and bronchopulmonary
structure destruction and are highly suggestive of a chronic TB course, which are consistent with some clinical features (eg,
retreated history or longer previous anti-TB treatment) of patients with MDR-PTB presented herein.

Multivariable logistic regression analysis indicated that male sex, retreated history, longer previous anti-TB treatment,
lower CD4" T lymphocyte count, thick-walled cavities, centrilobular micronodules and TIB sign, bronchial stenosis,
pleural and pericardial thickening were independent MDR-PTB predictors. This model obtained an AUC of 0.849 and
accuracy of 78.6% for MDR-PTB prediction. Furthermore, an external validation cohort that contains 115 patients
showed a good performance with an AUC of 0.933 and accuracy of 81.7%. Familiarity with these differential features
may contribute to an early MDR-PTB diagnosis.

This study had several limitations. First, this study might have some selection bias because most of the patients were from
a specialized hospital for TB. Therefore, further multicenter studies with larger sample sizes are needed to strengthen the
reliability of the present findings. Second, the observation of CT signs is subjective, which might be insufficient for some
subtle signs. Machine learning can be achieved to improve the diagnostic accuracy of MDR-PTB soon.

Collectively, our findings demonstrate that MDR-PTB and DS-PTB have different clinical and imaging character-
istics. A combined model incorporating these differential features can help make an early MDR-PTB diagnosis and
develop subsequent therapeutic strategies.

Abbreviations
AUC, area under the curve; CT, computed tomography; DS-PTB, drug-sensitive pulmonary tuberculosis; GGO, ground-
glass opacity; ICC, intraclass correlation coefficient; MDR-PTB, multidrug-resistant pulmonary tuberculosis; PACS,
picture archiving and communication system;

PTB, pulmonary tuberculosis; TIB, tree-in-bud; WHO, World Health Organization.
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