Biomedical Sciences and Clinical Medicine 2026:65:1-7. [In Press]

doi: 10.12982 /BSCM.2026.21

https://he01.tci-thaijo.org/index.php/CMMJ-MedCMJ/index

Biomedical Sciences and Clinical Medicine

Original Article Open Access

Multimodal Evaluation of Pulmonary Rehabilitation in Newly Diagnosed
Tuberculosis Patients Using Respiratory Culture-Based Microbiome
Profiling and Inflammatory Biomarkers

Leena Varghese's, Sornambiga R?:, Visalatchi M®, Ramya Sakthivel* o, Dhanalakshmi M° ¢, and

Muneefa K I

'Department of Pharmacy Practice, SNS College of Pharmacy and Health Sciences, Coimbatore, Tamil Nadu, India;
2Department of Microbiology, SNS College of Nursing, Coimbatore, Tamil Nadu, India; *Department of Physiotherapy,

SNS College of Physiotherapy, Coimbatore, Tamil Nadu, India; “Department of Biochemistry, PSG College of Arts and Science,
Coimbatore, Tamil Nadu, India; *Department of Radiology and Imaging Technology, SNS College of Allied Health Sciences,
Coimbatore, Tamil Nadu, India; $Department of Biochemistry, Kongunadu Arts and Science College, Coimbatore, Tamil Nadu, India

Correspondence:

Sornambiga R, PhD,
Department of Microbiology,
SNS College of Nursing
Coimbatore, Tamil Nadu, India.
E-mail: sornaravi91@gmail.com

Received: May 22, 2025;
Revised: October 25 2025;
Accepted: October 27 2025

© The Author(s) 2026. Open Access

(©MOoM

This article is licensed under a
Creative Commons Attribution 4.0
International License, which permits
use, sharing, adaptation, distribution
and reproduction in any medium or
format, as long as you give appropriate
credit to the original author(s) and the
source, provide a link to the Creative
Commons licence, and indicate if
changes were made.

ABSTRACT

OBJECTIVE Pulmonary rehabilitation (PR) plays a vital role in enhancing
lung function and exercise capacity in individuals with pulmonary condi-
tions. This study evaluated the clinical effectiveness of an 8-week PR pro-
gram in newly diagnosed pulmonary tuberculosis (TB) patients through
the assessment of lung function, exercise capacity, inflammatory bio-
markers, and respiratory microbiome changes.

METHODS Sixty newly diagnosed TB patients were enrolled, with 30
completing the 8-week PR program. Pulmonary function (FEV,, FVC,
FEV,/FVC) and exercise capacity (6-minute walk test, GMWT) were meas-
ured before and after PR. Inflammatory biomarkers (CRP, IL-6, TNF-a)
and sputum microbiome profiles were assessed. ROC curves and multiple
regression models identified biomarkers that were predictive of functional
improvement.

RESULTS PR led to significant improvements: FEV, increased from 2.50
+0.60 L to 3.10 + 0.50 L (p < 0.001), FVC from 3.20 + 0.70 L to 3.70 + 0.60 L
(p =0.002), and 6MWT distance from 350.00 + 40.00 m to 400.00 * 50.00
m (p = 0.003). Oxygen saturation improved from 93.00 + 2.00% to 95.00
+ 1.00% (p = 0.022). Inflammatory markers decreased significantly: CRP
18.00 + 7.00 to 10.00 + 5.00 mg/L (p < 0.001), IL-6 25.00 + 8.00 to 15.00
+6.00 pg/mL (p < 0.001), and TNF-o 50.00 + 20.00 to 32.00 + 15.00 pg/
mL (p = 0.002). ROC analysis identified CRP as the strongest predictor of
improvement (AUC = 0.84). Multiple regression confirmed CRP as an in-
dependent predictor of lung function and exercise capacity gains.

CONCLUSIONS An 8-week PR program significantly improved lung
function, exercise capacity, and reduced systemic inflammation in TB
patients, with CRP emerging as a key biomarker for predicting rehabilitation
outcomes.

KEYWORDS pulmonary rehabilitation, tuberculosis, inflammatory bio-
markers, microbiome, lung function, exercise capacity
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INTRODUCTION

Tuberculosis (TB) remains a significant global
health concern, especially in low- and middle-in-
come nations such as India. The World Health
Organization (WHO) reports that India accounts
for about 25% of the global TB burden, making
it the leading contributor globally (I). Despite
successful elimination of the pathogen with anti-
tuberculosis therapy (ATT), many patients develop
persistent pulmonary complications such as fibro-
sis, bronchiectasis, restrictive lung disease, and
airflow obstruction (2). These post-TB sequelae
significantly impact respiratory function and
quality of life and remain inadequately addressed
by current therapeutic approaches (3).

Pulmonary rehabilitation (PR) is a comprehen-
sive intervention designed to enhance physical
fitness, alleviate dyspnoea, and improve health-
related quality of life in individuals with chronic
respiratory conditions. PR programs typically
combine supervised exercise training, patient
education, nutritional advice, and psychological
support. While substantial evidence supports the
efficacy of PRin diseases such as chronic obstruc-
tive pulmonary disease (COPD) and post-COVID-19
lung dysfunction, its role in TB survivors remains
underexplored. Emerging studies suggest that PR
may help mitigate functional limitations and en-
hance recovery in patients recovering from pul-
monary TB (4).

In resource-constrained settings, the imple-
mentation of practical, cost-effective assessment
methods is essential. A comprehensive, non-in-
vasive assessment approach integrating sputum
culture analysis to monitor microbial coloniza-
tion and respiratory microbiome alterations, along
with inflammatory biomarkers including C-re-
active protein (CRP), interleukin-6 (IL-6), and
tumor necrosis factor-alpha (TNF-a) to evaluate
systemic inflammation (5), offers a pragmatic
framework to objectively monitor PR outcomes
and guide long-term care in TB survivors.

Study objective

This study aimed to evaluate the clinical effec-
tiveness of an 8-week PR program in newly diag-
nosed TB patients through assessment of lung
function, exercise capacity, inflammatory bio-
markers, and respiratory microbiome changes
during standard anti-tuberculosis treatment.

METHODS

A prospective, interventional cohort study was
conducted at PSG Hospital, Coimbatore, Tamil
Nadu, India. Sixty individuals were recruited over
the first 12 months of the 24-month study period.
Newly diagnosed smear-positive or CBNAAT-
positive pulmonary TB patients, aged between
18 and 60 years, with no history of previous TB
treatment and capable of providing informed
consent and adhering to study procedures were
included. Patients with co-existing chronic lung
diseases (COPD, ILD), active human immuno-
deficiency virus infection, multidrug-resistant or
extensively drug-resistant TB, and those who
were pregnant or lactating were excluded.

The study protocol was approved by the Insti-
tutional Ethics Committee (ECN: 1183 /ICE /2023)
and written informed consent was obtained from
all participants.

All eligible patients were identified at the TB
treatment clinic and invited to participate. Sixty
patients were initially enrolled; however, only 30
patients completed the full 8-week PR program
due to logistical constraints, transportation diffi-
culties, and treatment adherence issues.

PR program

The PR program was initiated two weeks after
commencing ATT to ensure patient stability. The
structured 8-week program consisted of:

* Frequency: three supervised sessions per
week

* Duration: 60 minutes per session

* Setting: hospital-based rehabilitation center

* Personnel: qualified physiotherapist and res-
piratory therapist

e Components:

- Aerobic exercises: Walking, stationary
cycling, and treadmill exercises (20-30 minutes),
with intensity gradually increased based on indi-
vidual tolerance using the Borg scale (6)

- Breathing exercises: Diaphragmatic
breathing, pursed-lip breathing, and inspiratory
muscle training (15 minutes) to enhance lung
expansion and respiratory control (7)

- Strengthening exercises: Upper and lower
limb resistance training using elastic bands and
light weights (15 minutes) to improve overall physi-
cal endurance (8)
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- Patient education: Weekly 30-minute
sessions focusing on disease management, medi-
cation adherence, lifestyle modifications, and
smoking cessation counselling

Assessment protocol

Assessments were conducted at two time
points: baseline (pre-PR) and post-intervention
(8 weeks).

Pulmonary Function Testing: Spirometry was
performed using a calibrated digital spirometer
(Model: Spirobank II, Mobile Industrial Robots
(MIR), Rome, Italy) following American Thoracic
Society guidelines (9). Measurements included
forced expiratory volume in one second (FEV)),
forced vital capacity (FVC), and the FEV,/FVC ratio.
Three reproducible measurements were obtained,
with the best values recorded.

Exercise capacity: the Six-Minute Walk Test
(6MWT) was conducted following standardized
protocols in a 30-meter corridor (10). Distance
walked and oxygen saturation levels using pulse
oximetry were recorded.

Quality of life: evaluation was performed using
the St. George’s Respiratory Questionnaire (SGRQ).

Inflammatory biomarkers: CRP, IL-6, and TNF-a
were analyzed using validated enzyme-linked
immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA) with established reference
ranges. Blood samples were collected after 12-
hour fasting and processed within 2 hours (11).
These markers were selected based on their
established roles in TB pathophysiology and sys-
temic inflammation.

Sputum microbiological analysis: sputum sam-
pleswere collected using standardized techniques
and were processed within 4 hours. Aerobic and
anaerobic bacterial cultures were performed
using standard microbiological methods on blood
agar and MacConkey agar plates, with identifica-
tion confirmed by biochemical testing (12).

Statistical analysis

Data analysis was performed using SPSS ver-
sion 25.0. Continuous variables are presented as
mean + standard deviation (SD). The paired t-test
was used to compare pre- and post-PR outcomes
for normally distributed continuous variables.
The Chi-square test was utilized for categorical
data comparisons. Pearson’s correlation coeffi-

Biomedical Sciences and Clinical Medicine 2026;65:1-7.

cient was calculated to examine relationships
between inflammatory biomarkers and changes in
pulmonary function parameters. Receiver operating
characteristic (ROC) curves were constructed
to evaluate the predictive value of inflammatory
biomarkers for clinical improvement, defined as
>10% increase in FEV; (13). The area under the
curve (AUC) was calculated to assess diagnostic
accuracy. Multiple linear regression analysis was
performed to identify independent factors asso-
ciated with improvements in lung function (FEV;,
FVC) and exercise capacity (6MWT). A p-value <
0.05 was considered statistically significant.

RESULTS

The study enrolled 60 patients with newly
diagnosed pulmonary TB, of whom 30 completed
the 8-week PR program. The demographic char-
acteristics showed no significant differences
between baseline and post-intervention assess-
ments within the study cohort. The mean age
of participants was 40.00 + 12.00 years, with 18
males and 12 females. The body mass index (BMI)
remained stable: 22.40 + 2.10 kg/m? at baseline
and 22.50 + 2.00 kg/m? post-PR (p = 0.927). Smoking
history was present in 10 patients, and showed
no change during the study period (p = 1.000). TB
severity distribution remained consistent, with 5
mild, 15 moderate, and 10 severe cases (Table 1).

The study demonstrated significant improve-
ments in pulmonary function and exercise capacity
following the 8-week PR intervention. FEV; in-
creased from 2.50 + 0.60 L pre-PR to 3.10 + 0.50 L
post-PR (p < 0.001), and FVC improved from 3.20 +
0.70 L pre-PR to 3.70 £ 0.60 L post-PR (p = 0.002).
Additionally, the FEV,/FVC ratio improved from
78.00 £ 5.00% pre-PR to 84.00 + 3.00% post-PR (p
=0.001). The 6MWT was used to evaluate exercise
tolerance prior to and following the PR program.
The distance walked in 6 minutes significantly
increased from 350.00 + 40.00 meters pre-PR to
400.00 * 50.00 meters post-PR (p = 0.003). Oxygen
saturation also improved, increasing from 93.00
+ 2.00% pre-PR to 95.00 = 1.00% post-PR (p =
0.022) (Table 2).

Inflammatory biomarkers showed significant
reductions following PR intervention. CRP levels
diminished from 18.00 + 7.00 mg/L before PR to
10.00 £ 5.00 mg /L after PR (p < 0.001), IL-6 levels
reduced from 25.00 + 8.00 pg/mL to 15.00 + 6.00



Leena Varghese, et al.

Table 1. Demographics and baseline characteristics

Characteristic Baseline (n =30) Post-PR (n = 30) p-value
Age (years) 40.00+12.00 40.00+12.00 0.789
Gender (male /female) 18 /12 18 /12 1.000
BMI (kg/m?) 22.40£2.10 22.50£2.00 0.927
Smoking history (yes,/no) 10/20 10/20 1.000
TB severity (mild/moderate /severe) 5/15/10 5/15/10 1.000
Values are expressed as mean + SD
BMI, body mass index; PR, pulmonary rehabilitation; TB, tuberculosis
Table 2. Pulmonary function and exercise parameters
Parameter Pre-PR(n=30) Post-PR (n = 30) p-value
FEV: (L) 2.50+0.60 3.10+0.50 <0.001"
FVC (L) 3.20+0.70 3.70+0.60 0.002"
FEV,/FVC (%) 78.00+5.00 84.00+3.00 0.001"
6MWT distance (m) 350.00+40.00 400.00+50.00 0.003"
Oxygen saturation (%) 93.00+2.00 95.00+1.00 0.022"

Values are expressed as mean + SD

FEV,, forced expiratory volume in 1 second; FVC, forced vital capacity; 6MWT,
six-minute walk test; "p < 0.05 indicates statistical significance

Table 3. Inflammatory biomarkers and microbiome changes

Parameter Pre-PR (n=30) Post-PR(n=30) p-value
Inflammatory biomarkers
CRP (mg/L) 18.00+7.00 10.00+5.00 <0.001"
IL-6 (pg/mL) 25.00+8.00 15.00+6.00 <0.001"
TNF-a (pg/mL) 50.00+20.00 32.00+15.00 0.002"
Sputum microbial culture
Streptococcus pneumoniae 10 (33.3) 3(10.0) 0.034"
Pseudomonas aeruginosa 8(26.7) 2(6.7) 0.042"
Fusobacterium species 6 (20.0) 1(3.3) 0.023"
Bacteroides fragilis 5(16.7) 0(0.0) 0.011*

Values are expressed as mean + SD for continuous variables and n (%) for categor-

ical variables.
*p < 0.05 indicates statistical significance

CRP, C-reactive protein; IL-6, interleukin-6; TNF-o, tumor necrosis factor-alpha

pg/mL (p < 0.001), and TNF-a levels declined
from 50.00 * 20.00 pg/mL to 32.00 + 15.00 pg/
mL (p = 0.002). Analysis of sputum microbiologi-
cal profiles revealed favorable changes in respira-
tory microbiome composition. The presence of
Streptococcus pneumoniae decreased from 33.3%
pre-PR to 10% post-PR (p = 0.034), and Pseu-
domonas aeruginosa colonization reduced from
26.7% pre-PR to 6.7% post-PR (p = 0.042). Addi-
tionally, anaerobic pathogens such as Fusobacte-
rium and Bacteroides fragilis also showed signifi-
cant reductions, with Fusobacterium decreasing
from 20% pre-PR to 3.3% post-PR (p = 0.023) and
Bacteroides fragilis from 16.7% to 0% (p = 0.011)

4

(Table 3).

Correlation analysis revealed strong negative
associations between inflammatory biomarkers
and functional improvements. Negative correla-
tions were observed between the levels of CRP,
IL-6, TNF-q, and improvements in FEV,, FVC, and
the 6MWT distance. Specifically, improvements
in FEV, (r = -0.63), FVC (r = -0.59), and 6MWT dis-
tance (r = -0.71) were all statistically significantly
negatively correlated with reductions in CRP
(Table 4).

ROC analysis and multiple regression model-
ling identified inflammatory biomarkers as sig-
nificant predictors of rehabilitation outcomes

Biomedical Sciences and Clinical Medicine 2026,65:1-7.
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Table 4. Correlation analysis between inflammatory bio-
markers and functional parameters

Parameter CRP IL-6 TNF-o
FEV; (L) -0.63°  -058  -0.52"
FVC (L) -059°  -054"  -0.49"
6MWT Distance (m) -0.71° -0.69" -0.62"

Strong negative correlations were observed according to
Cohen’s guidelines (r > 0.50) (14), "p < 0.05 indicates statis-
tical significance

FEV,, forced expiratory volume in 1 second; FVC, forced
vital capacity, BMWT, Six-Minute Walk Test

(Figure 1). CRP had the highest AUC of 0.84
(95%CI: 0.74-0.94), demonstrating a sensitivity
of 82% and a specificity of 78% (p < 0.001). IL-6
and TNF-a had statistically significant predictive
value, with AUCs of 0.81 (95%CI: 0.70-0.92) and
0.76 (95%CI: 0.64-0.88), respectively. In terms of

FEV,; enhancement, elevated baseline concentra-
tions of CRP (B =-0.35, p = 0.001), IL-6 (B = -0.28,
p = 0.004), and TNF-a (B = -0.22, p = 0.009) were
substantially statistically correlated with less
improvement. Likewise, for the 6MWT distance,
heightened baseline levels of CRP (B = -0.41, p <
0.001), IL-6 (B = -0.33, p = 0.002), and TNF-a (§ =
-0.30, p = 0.004) were autonomous predictors
of diminished improvements in exercise ability
(Table 5).

DISCUSSION

This study demonstrates the beneficial effects
of PR in enhancing pulmonary function, exercise
capacity, and reducing systemic inflammation in
newly diagnosed TB patients. These findings align
with previous studies demonstrating significant
improvements in lung function and overall health

Receiver Operating Characteristic (ROC) Curve
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Figure 1. Receiver operating characteristic (ROC) curves for CRP, IL-6, and TNF-a in predicting clinical outcome

Table 5. ROC analysis and regression predictors

Analysis type Biomarker = AUC(95% CI)  Sensitivity (%) Specificity (%) p Coefficient p-value
ROC analysis CRP 0.84 (0.74-0.94) 82.0 78.0 - <0.001"
IL-6 0.81(0.70-0.92) 80.0 75.0 - <0.001"

TNF-a 0.76 (0.64-0.88) 75.0 72.0 - 0.002"

FEV: predictors CRP - - - -0.35 0.001"
IL-6 - - - -0.28 0.004"

TNF-a - - - -0.22 0.009"
6MWT predictors CRP - - - -0.41 <0.001"
IL-6 - - - -0.33 0.002"

TNF-a - - - -0.30 0.004"

“p < 0.05 indicates statistical significance

ROC, receiver operating characteristic; FEV,, forced expiratory volume in 1 second; 6MWT, Six-Minute Walk Test;

AUC, area under curve; CI, confidence interval
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following rehabilitation in patients with chronic
respiratory diseases (15).

The mechanisms underlying improved lung
function may involve several pathways. Enhanced
respiratory muscle strength through targeted
breathing exercises likely contributed to in-
creased lung volumes and improved ventilation
patterns. The observed improvements in FEV; and
FVC suggest enhanced airway function and lung
compliance, potentially resulting from reduced
airway inflammation and improved respiratory
mechanics (16). The structured aerobic training
component may have enhanced cardiopulmonary
efficiency, contributing to improved oxygen utili-
zation and reduced ventilatory limitations during
physical activity.

The significant reduction in inflammatory bio-
markers (CRP, IL-6, TNF-a) following PR reflects
the anti-inflammatory effects of appropriate regu-
lar exercise training. Physical exercise is known
to reduce systemic inflammation through multi-
ple mechanisms, including decreased production
of pro-inflammatory cytokines and enhanced anti-
inflammatory mediator release. In TB patients,
this anti-inflammatory response may be particu-
larly beneficial, as persistent inflammation con-
tributes to long-term pulmonary complications
including fibrosis and functional impairment (17).

The improvements in exercise capacity, as
evidenced by enhanced 6MWT performance and
oxygen saturation, likely resulted from combined
cardiopulmonary adaptations. Enhanced oxygen
delivery and utilization, improved respiratory mus-
cle endurance, and reduced dyspnea perception
contribute to better exercise tolerance. These
physiological adaptations are particularly impor-
tant for TB patients, who often experience signifi-
cant functional limitations during recovery (18).

The observed beneficial changes in the respi-
ratory microbiome, including reduced pathogenic
bacterial colonization, suggest that PR may help
restore microbial homeostasis. Regular physical
activity has been associated with improved im-
mune function and reduced susceptibility to res-
piratory infections (19). This finding is clinically
relevant for TB patients, who remain at increased
risk for secondary respiratory infections during
treatment and recovery.

The strong correlations between inflammatory
markers and functional improvements, along with
the predictive value of these biomarkers, support
their potential clinical utility. CRP emerged as

the strongest predictor of rehabilitation success,
which may facilitate personalized treatment ap-
proaches and outcome monitoring in TB patients
undergoing PR (20).

Study limitations include the relatively small
sample size and absence of a control group, which
limits causal inference. The completion rate of
50% (30 of 60 enrolled) highlights implemen-
tation challenges in resource-limited settings.
Future studies should include larger, randomized
controlled trials with extended follow-up to as-
sess long-term benefits and optimal PR protocols
for TB patients.

CONCLUSION

An 8-week structured PR program significant-
ly improved lung function, exercise capacity, and
reduced systemic inflammation in newly diag-
nosed TB patients. CRP demonstrated the strong-
est predictive value for rehabilitation outcomes,
suggesting its potential utility as a biomarker for
monitoring treatment response. These findings
support the integration of PR into standard TB
care protocols to help optimize patient recovery
and reduce long-term complications.
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