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Abstract. Recent advancements in diagnostic technologies 
have significantly transformed the landscape of respiratory 
medicine, aiming for early detection, improved specificity and 
personalized therapeutic strategies. Innovations in imaging 
such as multi‑slice computed tomography (CT) scanners, 
high‑resolution CT and magnetic resonance imaging (MRI) 
have revolutionized our ability to visualize and assess the 
structural and functional aspects of the respiratory system. 
These techniques are complemented by breakthroughs in 
molecular biology that have identified specific biomarkers and 
genetic determinants of respiratory diseases, enabling targeted 
diagnostic approaches. Additionally, functional tests including 
spirometry and exercise testing continue to provide valuable 
insights into pulmonary function and capacity. The integra‑
tion of artificial intelligence is poised to further refine these 
diagnostic tools, enhancing their accuracy and efficiency. The 
present narrative review explores these developments and their 
impact on the management and outcomes of respiratory condi‑
tions, underscoring the ongoing shift towards more precise and 
less invasive diagnostic modalities in respiratory medicine.
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1. Introduction

For numerous years, diagnostic tests have been the mainstay 
of research and monitoring the course of respiratory diseases. 
However, in the realm of diagnosing specific diseases, tests 
have often been either too insensitive, invasive, or lacking in 
specificity. This has led to the development of several exciting 
new diagnostic tools. Diagnostic tools continue to develop, and 
it is anticipated that in the next decade further advances in 
imaging techniques combined with developments in molecular 
biology translating into a more accurate and earlier diagnosis 
in the spectrum of respiratory diseases are expected (1,2). 
The advent of computed tomography (CT) almost three 
decades ago was the catalyst for the rapid progression in 
imaging technology that has led to the recent development 
of multi‑slice scanners and magnetic resonance imaging. All 
of these advances have had a profound effect on the manage‑
ment of chest diseases. However, of a new era remains at the 
beginning with increasing precision in diagnosing diseases 
of the airways and lung parenchyma (3). The introduction of 
high‑resolution CT (HRCT), positron emission tomography 
(PET), and single‑photon emission CT (SPECT) has greatly 
expanded our ability to visualize and analyze the structure and 
function of the respiratory system. These imaging techniques 
provide detailed information about the lungs, airways, blood 
vessels and surrounding tissues (4,5). In addition, functional 
tests such as spirometry, diffusing capacity measurement, and 
exercise testing offer valuable insights into the physiological 
performance of the respiratory system (6,7).

Over the years, there have been significant advancements 
in the field of molecular biology, which have revolutionized the 
way of understanding and diagnosing respiratory diseases. The 
discovery of specific genes and biomarkers associated with 
various respiratory conditions has opened new possibilities for 
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early detection and personalized treatment (8,9). Furthermore, 
advances in molecular imaging techniques, such as 
fluorescence imaging and molecular probes, have allowed for 
the visualization and tracking of disease processes at a cellular 
level (10).

Further innovations in diagnostic tools and imaging tech‑
niques for respiratory diseases are anticipated in the future. 
These may include the development of novel imaging agents, 
such as targeted nanoparticles or contrast agents, which can 
provide even more precise and specific information about the 
underlying pathology. Additionally, integrating artificial intel‑
ligence (AI) and machine learning algorithms into diagnostic 
systems holds great promise for improving accuracy and 
efficiency in the diagnosis and management of respiratory 
conditions (11).

By harnessing the power of advanced imaging and func‑
tional diagnostic tools, combined with the insights gained 
from molecular biology, a future where respiratory diseases 
are detected and treated at their earliest stages is possible, 
ultimately improving patient outcomes and quality of life. 
The present review discusses the current state and future of 
imaging and functional diagnostic tools for major respiratory 
diseases.

2. Imaging techniques

Magnetic resonance markers, despite their limited avail‑
ability and higher cost, have led to increased use of magnetic 
resonance imaging (MRI) in lung disease assessment and 
pathology analysis (12). High‑resolution imaging of pulmonary 
blood vessels plays a critical role in diagnosing pulmonary 
nodules, mediastinal masses and vascular disorders, including 
pulmonary hypertension. Magnetic resonance (MR) angiog‑
raphy serves as a valuable alternative imaging modality for 
suspected pulmonary embolism. Additionally, MRI enables 
the assessment of pulmonary perfusion, ventilation and lung 
mechanics, which are essential for evaluating disease severity 
and treatment response. Although early MRI techniques faced 
challenges due to the magnetic environment, recent advances 
in MR‑compatible devices have expanded its utility, poten‑
tially offering a non‑invasive alternative to lung biopsy (13).

Currently, chest X‑rays are primarily employed to rule 
out other pathologies and establish baseline lung function. 
Radiographically, chest X‑rays can reveal a variety of find‑
ings (14). Lung ultrasonography is beneficial for assessing lung 
consolidation, detecting pleural effusions, and aiding in pleural 
procedures. It is also useful for diagnosing pneumothorax (15). 
Sonoelastography, a novel technique, examines the structural 
elastic properties of tissues (16). HRCT is widely regarded 
as one of the most valuable tools in diagnosing respiratory 
diseases, often allowing radiological diagnosis and reducing 
the need for invasive tests or procedures. This can lead to more 
targeted and effective therapy for various lung diseases (17). 
Advances in multidetector technology have made CT scan‑
ning more accessible and affordable, resulting in increased 
use of CT pulmonary angiography for diagnosing pulmonary 
embolism (18).

Chest X‑ray. Chest X‑rays are the most frequently used imaging 
technique in respiratory practice due to their affordability, low 

radiation dosage, non‑invasive nature, and ability to provide 
detailed structural information  (19). They are particularly 
effective in examining the lungs to identify areas of increased 
or decreased density or abnormal masses. However, chest 
X‑rays provide limited physiological information, such as 
malignancy of a mass  (20). As most patients attending a 
chest clinic have a known abnormality, chest X‑rays are now 
predominantly used for patient follow‑up or to identify acute 
abnormalities, such as pleural fluid, air in the chest, failure 
of lung collapse, or acute heart failure. Chest X‑rays remain 
the first‑line investigation for suspected tuberculosis and 
can also aid in diagnosing pneumonia by identifying lung 
consolidation (21). Fluoroscopy, a variation of chest X‑ray, 
provides functional information through continuous imaging 
in real‑time, though its use has declined due to advancements 
in other imaging modalities (22).

CT. The primary limitation of CT is its use of ionizing radia‑
tion, particularly concerning for chest examinations given 
the radiosensitivity of the lungs. The cumulative radiation 
dose from serial CT scans to evaluate disease progression 
poses a concern, necessitating a risk‑benefit analysis for the 
patient  (23). The three‑dimensional nature of CT datasets 
allows for endoscopic view simulation to detect lesions on 
the airway's luminal surface. However, studies indicate that 
virtual bronchoscopy's lesion detection rate is still inferior to 
fiberoptic bronchoscopy (24). CT, guided by multiple detectors 
and rapid computation, offers high‑resolution imaging and is 
optimal for evaluating lung cavities, endobronchial lesions and 
vascular structures (25).

HRCT, using thin‑section techniques, provides detailed 
analysis of lung parenchyma, offering a patient‑friendly, 
cost‑effective bedside assessment for critically ill patients. 
HRCT is essential for evaluating interstitial lung disor‑
ders (26). The relationship between HRCT and histopathology 
aids in determining lung parenchymal abnormalities, such 
as ground‑glass opacities and reticular or nodular patterns. 
HRCT's ‘triple rule out’ capability enables simultaneous 
evaluation of acute aortic syndrome, pulmonary embolism 
and aortic dissection. CT‑guided transbronchial aspiration 
needle (TBNA) and transbronchial needle biopsy (TTNB) 
offer higher diagnostic yield and are safer for patients with 
lung masses or lesions, minimizing pneumothorax risk (27).

Magnetic resonance imaging (MRI). MRI is increasingly 
utilized for chest disease evaluation due to its ability to 
characterize tissues without exposing patients to ionizing 
radiation. Recent technological advances have significantly 
improved image quality. However, MRI remains underutilized 
for lung disease assessment, particularly for interstitial lung 
diseases and lung cancer (28). This underutilization is partly 
due to the established tradition of chest radiology and the rela‑
tive lack of MRI capabilities for lung pathology assessment. 
High‑resolution MRI provides detailed anatomical informa‑
tion about the thoracic viscera, chest wall and diaphragm. 
Advances in gradient echo and fast spin‑echo techniques have 
enhanced lung image quality, aiding in the assessment of both 
focal and diffuse lung diseases (29).

Dynamic imaging techniques can evaluate diaphragm 
and chest wall movement, invaluable for assessing thoracic 
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abnormalities in children and young adults. Flow void tech‑
niques reliably assess mediastinal and chest wall vascular 
anomalies. Current MR techniques lack sensitivity for 
detecting sclerotic and fibrotic changes in some interstitial 
lung diseases, but flexibility in image acquisition allows for 
rapid adoption of new techniques, increasing MRI's role in 
lung disease assessment (30).

Positron emission tomography (PET). PET holds substantial 
potential to significantly impact patient care in respiratory 
medicine. Initially flourishing as an oncology diagnostic 
technique, PET's role in lung cancer management is now 
well established. As a cross‑sectional imaging technique, 
PET produces tomographic images of tracer distribution in 
the body, using various labeled compounds to characterize 
disease processes at a molecular level (31). The PET scanner 
detects gamma rays emitted from positron decay produced by 
radiotracers, typically bound to biologically active molecules. 
PET excels in detecting functional and metabolic changes in 
diseases before anatomical changes are apparent, making it 
particularly effective in early lung cancer detection, distin‑
guishing benign from malignant lesions, and staging and 
radiotherapeutic planning for patients with non‑small cell lung 
carcinoma (NSCLC) (32).

PET demonstrates high sensitivity and specificity in diag‑
nosing NSCLC, outperforming CT in some cases, potentially 
reducing unnecessary operations for benign disease and 
detecting secondary tumors and distant metastases missed 
by conventional staging techniques  (33). However, PET's 
cost‑effectiveness remains debated, with studies such as the 
pulmonary nodule project indicating lower diagnostic costs per 
patient but randomized controlled trials suggesting higher costs 
with only moderate clinical outcome improvements (34,35). 
The high false‑positive rate in lymph node assessment 
primarily drives these costs. As PET technology advances and 
newer tracers are developed, its cost‑effectiveness and role in 
NSCLC management may become more defined (36).

3. Pulmonary function tests

Spirometry is the most frequently performed lung function 
test, utilizing a spirometer to measure the volume of air inhaled 
and exhaled, as well as the airflow velocity. The test records 
the exhaled air volume over time, producing a spirogram that 
traces the inhaled and exhaled air volumes. These results are 
instrumental in assessing lung function, diagnosing the causes 
of shortness of breath, evaluating surgical readiness, and iden‑
tifying restrictive lung diseases. Spirometry is also valuable 
for monitoring lung disease development due to exposure to 
occupational hazards including dust, gases, or fumes. Certain 
conditions, such as recent heart attacks, collapsed lungs, 
hernias and recent eye surgeries, can affect spirometry results, 
as can high air pollution levels and large meals before the 
test (37). The advancements in respiratory imaging modalities 
are summarized in Fig. 1.

Lung volume measurements, including body plethysmog‑
raphy, nitrogen washout, and helium dilution tests, further 
assess lung function. Static lung volume tests (body plethys‑
mography) measure the lung air volume after deep inhalation 
and exhalation. Dynamic lung volume tests measure the speed 

of air intake and output, crucial for diagnosing restrictive and 
chronic obstructive pulmonary disease (COPD). These tests 
determine the air volume a patient can inhale and exhale and 
the residual lung air volume, comparing these measurements 
with expected volumes for healthy individuals of similar age, 
height and sex to determine disease severity (38).

Spirometry. In patients with obstructive lung diseases such as 
asthma or COPD, spirometry typically reveals a reduced forced 
expiratory volume at 1 second (FEV1) and an FEV1/forced 
vital capacity (FVC) ratio of <0.7, indicating airflow limitation. 
A significant improvement in FEV1 following bronchodi‑
lator administration suggests reversible airflow obstruction. 
Conversely, restrictive disorders result in a reduced FVC with 
a relatively normal FEV1/FVC ratio due to maintained airway 
function, allowing for general differential diagnosis (38).

The Global Lung Initiative recently published reference 
values for healthy non‑smoking adults aged 20 to 79 years, 
considering height, weight, age, and occasionally ethnicity. 
Predicted values are given as z‑scores, with a range of ‑1.64 to 
+1.64 considered normal, encompassing 90% of the reference 
population (39). Spirometry is the most performed lung func‑
tion test, involving maximal inspiration followed by forced 
expiration from total lung capacity. Key parameters measured 
include FVC, FEV1 and the FEV1/FVC ratio (40).

Lung volume measurements. Alternative methods, such as 
helium or helium‑oxygen mixtures, measure gas dilution to 
infer dynamic lung volumes from timed measurements. This 
method is applicable for forced vital capacity (FVC) and 
forced expiratory volume in a specific period (FEV), allowing 
for direct determination of lung gas concentrations and partial 
pressures. These measurements indirectly assess hemoglobin 
concentrations and oxygen transport (38).

Spirometry and lung volume measurements are funda‑
mental in clinical assessments, providing critical information 
on ventilatory impairment. Lung volumes can be measured 
using body plethysmography or gas dilution techniques. 
The body plethysmograph method, based on Boyle's law 
(P1V1=P2V2), involves the subject sitting in a sealed box 
and breathing through a mouthpiece or facemask. Static lung 
volumes are inferred from pressure and volume changes at 
the mouth during panting maneuvers to determine functional 
residual capacity (FRC) or during expiratory and inspiratory 
valve closures to measure thoracic gas volume (VTG). The 
accuracy of this method depends on the box's tightness and the 
subject's cooperation (38).

Lung volume measurements provide an integrated 
assessment of lung air volume and ventilation distribution, 
subdivided into tidal volume (TV), inspiratory reserve volume 
(IRV), expiratory reserve volume (ERV), and residual volume 
(RV) (38).

Diffusion capacity testing. Diffusion capacity testing measures 
gas transfer from alveoli to erythrocytes, typically using 
carbon monoxide (CO) due to its high hemoglobin affinity. 
The test involves a small gas quantity over ~10 seconds, during 
which the subject breathes normally, inhales the test gas, holds 
their breath for 10  seconds, and then exhales the residual 
gas. CO concentration is measured at the test's beginning 
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and end to calculate the absorbed gas volume, usually ~7 ml, 
with absorption quantities typically between 0.3‑0.8 ml. The 
subject repeats the test 4‑7 times for consistent results (41).

The test can indicate restrictions or limitations in gas 
transfer in refractory or inflammatory lung diseases. CO or 
smoke inhalation can damage lung architecture, increasing 
transfer rates and absorbed gas quantities, potentially fatally. 
However, the test has limitations and errors due to lung 
complexity. The test gas can be toxic, particularly for anemic 
subjects, as CO bonds with hemoglobin more readily than 
oxygen. Hemoglobin concentration is not constant, especially 
in heavy smokers or those with chronic hypoxic lung disease.

The test measures both diffusion and capillarization, 
making differentiation impossible. Breath‑holding volume 
may vary due to respiratory muscle disorders or cardiac condi‑
tions. The effort‑dependent nature of the test means restricted, 
or anxious subjects may not fully cooperate (41).

4. Bronchoscopy and endobronchial ultrasound (EBUS)

EBUS operates on principles akin to conventional sonog‑
raphy, wherein an ultrasound endoscope is inserted into the 
bronchoscope's working channel. This proximity enhances the 
imaging quality compared with conventional CT‑guided fine 
needle aspiration (FNA). The ultrasound transducer, located at 
the endoscope's tip, generates images displayed on the EBUS 
processor, which can be recorded as still images or videos for 
documentation (42,43).

EBUS is particularly effective for imaging structures near 
the airways, such as lymph nodes, due to the attenuation of 
ultrasound beam intensity through these structures  (44). 
Bronchoscopy remains the ‘gold standard’ for evaluating the 

respiratory tract from the trachea to the segmental bronchi. 
The advent of EBUS technology has enabled imaging and 
real‑time FNA of hilar and mediastinal structures. EBUS 
is utilized for sampling mediastinal lymph nodes and lung 
masses, staging patients with lung cancer, re‑staging previ‑
ously treated intrathoracic malignancies, and diagnosing 
unexplained mediastinal or pulmonary pathology (45).

5. Sleep studies

Comprehensive overnight polysomnography is primarily 
indicated for patients with suspected sleep‑disordered 
breathing, nocturnal hypoxemia, hypersomnia, parasomnia, 
or unexplained nocturnal sudden death. This test monitors 
and scores various physiological variables throughout the 
night, correlating them with sleep stages and arousals. Despite 
broad confidence intervals due to high night‑to‑night vari‑
ability, polysomnography has significantly contributed to the 
understanding of the pathophysiology and clinical impact 
of numerous sleep‑related respiratory and neurocognitive 
disorders (46).

Originating from electroencephalogram sleep studies in 
the 1950s and 60s, polysomnography faced technical chal‑
lenges due to the numerous electrodes required. Advances in 
technology during the 70 and 80s led to the development of 
portable recorders and simplified systems for studying respira‑
tory variables, highlighting the high prevalence of restrictive 
lung diseases and neuromuscular disorders, which can exac‑
erbate sleep‑related breathing disorders and hypoxemia (46).

Consequently, sleep studies have become a distinct disci‑
pline, linking respiratory abnormalities during sleep to various 
health outcomes and quality of life indicators. The increasing 

Figure 1. Advancements in respiratory imaging modalities. HRCT, high‑resolution computed tomography; MRI, magnetic imaging resonance; PET, positron 
emission tomography.
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use of sleep studies for evaluating respiratory symptoms 
is evident, with substantial data indicating that a significant 
percentage of patients with isolated respiratory complaints 
may have sleep‑disordered breathing or gas exchange abnor‑
malities during sleep. Therefore, it is crucial for internists 
interested in respiratory diseases to understand these tests and 
their indications to select appropriate patients for study (47).

Polysomnography. Interest in sleep‑disordered breathing 
has surged in recent years, driven by expanding knowledge 
of its previously underdiagnosed and underappreciated 
consequences. The morbidity and mortality associated with 
sleep‑disordered breathing concern both physicians and 
the public. Over the past decade, substantial advancements 
have been achieved in sleep medicine and sleep‑disordered 
breathing, leading to the development of new diagnostic 
technologies for evaluating the severity and consequences of 
these disorders and guiding appropriate therapy.

While home oximetry is a useful tool, it cannot identify 
specific sleep stages during desaturation events or detect 
sleep‑related ventilation variations, making sleep studies 
the preferred diagnostic modality (46,47). Polysomnography 
remains the gold standard for diagnosing sleep‑disordered 
breathing, involving the measurement of multiple physiological 
variables during sleep, typically conducted in a sleep labora‑
tory. The recorded data helps classify abnormal respiratory 
events and determine their severity (47).

Previously, concerns over healthcare costs and increasing 
demands on hospital resources have prompted the development 
of limited channel sleep studies, which may play a larger role 
in diagnosing sleep‑disordered breathing in the future (48).

Multiple sleep latency test (MSLT). The MSLT is the standard 
measure of sleepiness, extensively used to diagnose condi‑
tions such as narcolepsy and idiopathic hypersomnia  (49). 
The test involves a series of nap opportunities at 2‑h intervals 
throughout the day, with each nap trial lasting 20 min (50). 
MSLT is based on the principle that the sleepier individuals are, 
the quicker they will fall asleep, while less sleepy individuals 
will take longer (51). The test also provides valuable informa‑
tion on rapid eye movement (REM) latency. If REM sleep is 
not observed during the MSLT trials, data should be collected 
from at least four nap opportunities to ensure accuracy.

Typically, MSLT is conducted following nocturnal poly‑
somnography (PSG), which establishes a baseline for the 
patient's sleep quality (52). The MSLT consists of four to five 
naps, each lasting 20 min, with the first nap occurring 1.5 to 
3 h after awakening from the nocturnal PSG. This test provides 
crucial information on sleep onset and REM periods within 
8‑24 h following PSG (52).

6. Molecular testing

PCR is a cornerstone molecular diagnostic tool that ampli‑
fies a few copies of nucleotides to detectable levels, thereby 
producing more nucleic blueprint than initially present in the 
sample (53). An advancement of this technology, real‑time PCR 
assays, can simultaneously detect and quantify genes, making 
them widely utilized in both research and clinical practice (54). 
PCR tests are essential in clinical settings, such as confirming 

Pneumocystis pneumonia diagnoses, significantly influencing 
prophylactic and treatment strategies for vulnerable patients. 
This test is especially valuable for diagnosing severe and 
disseminated diseases in non‑human immunodeficiency virus 
immunocompromised patients, where clinical and radiological 
presentations may not be specific (55).

Molecular diagnostics have become integral to managing 
patients with suspected respiratory conditions. Nucleic 
acid‑based tests, sequencing technologies, and gene expres‑
sion assays have revolutionized the identification of lower 
respiratory tract infections, aiding in defining the etiology of 
infections and airway diseases (56). These tests primarily focus 
on detecting nucleic acids derived from pathogens, though 
gene expression tests can also detect RNA transcribed from 
host or pathogen genes. For example, cytokeratins, markers of 
squamous epithelial cells, have been identified in asthmatic 
patients with increased cell shedding (57).

PCR. There are modified PCR techniques, such as nested or 
semi‑nested PCR and touch‑down PCR. The success of PCR 
has spurred the development of other molecular analysis 
methods, including DNA microarrays. However, PCR's high 
sensitivity often leads to contamination, amplifying unin‑
tended DNA samples (58). To mitigate this, various techniques 
are employed, such as using PCR cabinets, aerosol‑resistant 
pipette tips, and UV light sterilization of PCR tubes (59).

There are several PCR techniques, including reverse tran‑
scription‑PCR, which amplifies RNA to produce proteins (60), 
and real‑time PCR, which quantifies DNA produced by PCR. 
Other techniques include immuno‑PCR, hot start PCR and 
multiplex PCR, among others. PCR amplifies DNA primers 
rapidly in a sample, producing millions or billions of DNA 
strands. Typically, PCR is used to amplify a specific region or 
gene from a small DNA amount, enabling cloning, sequencing, 
or analysis (61).

Next‑generation sequencing (NGS). NGS data analyses 
have enhanced the understanding of genetic mutations in 
various diseases, ultimately leading to tailored therapies for 
different respiratory diseases (62). For instance, knowledge 
of numerous genetic mutations affecting the cystic fibrosis 
(CF) transmembrane conductance regulator gene in CF has 
led to mutation‑specific medications that can alter the disease 
course (62). NGS has also identified shared genetic suscep‑
tibilities between different diseases. In respiratory disease, 
genetic variations in the immune system have been identified 
in both lung cancer and COPD, potentially allowing lung 
cancer medications to treat COPD if shared genetic mutations 
affect the phenotypes of both diseases (63).

NGS advances the analysis of microRNAs by enabling the 
study of the microRNAome rather than individual microRNAs. 
MicroRNAs play key roles in post‑transcriptional gene regu‑
lation and numerous diseases  (64). Identifying microRNA 
markers of disease in the blood suggests future blood‑based 
tests for diagnosing respiratory diseases (65).

Gene expression profiling. In COPD, gene expression profiling 
in lung tissue and bronchial epithelial cells has identified 
several genes whose expression correlates with lung func‑
tion and other disease severity measures. Identifying distinct 
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molecular phenotypes within broader disease categories 
raises the possibility of more targeted treatments. However, 
translating these discoveries into improved respiratory health 
outcomes requires further study to identify druggable gene 
products and develop tests applicable in routine clinical 
practice (66).

Gene expression profiling, which measures the activity of 
thousands of genes simultaneously, has successfully distin‑
guished diseases and identified new disease subtypes. For 
example, microarray analysis of bronchial biopsies revealed 
differing gene expression patterns in mild, moderate and 
severe asthma. Previously, specific gene expression signatures 
in peripheral blood cells have distinguished eosinophilic and 
non‑eosinophilic asthma and Th2 high and Th2 low asthma, 
important as these phenotypes are likely to respond differently 
to new targeted therapies for severe asthma (67).

Genomic investigations of respiratory diseases have 
provided new insights into disease pathogenesis. Although 
much of this molecular information has not yet translated 
into improved patient outcomes, the volume of data produced 
offers hope that future genomic applications will significantly 
advance therapies (68).

7. Biomarkers in respiratory medicine

One biomarker meeting these criteria is the fraction of exhaled 
nitric oxide (FeNO), extensively studied in asthma. Nitric 
oxide (NO) impacts airway inflammation, sensory nerve 
activation and mucus production. It is easily detectable in 
breath using a simple, non‑invasive method. FeNO correlates 
with sputum eosinophils and is elevated in steroid‑responsive 
asthma, making it an ideal marker for guiding treatment deci‑
sions (69). Due to its simplicity and reliability, FeNO analysis 
has become widespread, with portable analyzers available for 
both primary care and hospital settings. This method exem‑
plifies potential future directions for biomarker research in 
respiratory medicine.

Exhaled breath contains volatile organic compounds 
(VOCs), by‑products of metabolic processes that may be 
altered by disease. Certain VOCs can change acidity or alka‑
linity in the presence of specific enzymes, relating to airway 
inflammation and damage. Aldehydes and malondialdehyde, 
markers of oxidative stress, are found in increased amounts 
in both asthma and COPD. Advances in analytical techniques 
have expanded the potential applications for VOC markers. 
These compounds, present in parts per billion (ppb), need to 
be easily detectable, specific to the condition, and unaffected 
by diet or environmental factors to serve as ideal markers (70).

Biomarker research has surged, recognizing that clinical 
evaluations can be invasive and expensive. Blood, sputum and 
exhaled breath markers are non‑invasive, easy to obtain, and 
provide valuable information from genetic profiles to individual 
health status. Despite advances, numerous blood and sputum 
markers have not yet been fully integrated into respiratory 
medicine, with some exceptions. B‑type natriuretic peptide, 
a blood peptide, guides heart failure diagnosis and treatment 
and identifies cor pulmonale, also indicating mortality in acute 
COPD exacerbations (71). Eosinophilic cationic protein and 
specific eosinophil markers differentiate between asthma 
and COPD in both blood and sputum. The most progress in 

respiratory biomarker research has been made in exhaled 
breath condensate analysis, significantly advancing over the 
past decade.

Blood biomarkers. High‑throughput analytics have sparked 
interest in identifying clinical phenotype markers, particu‑
larly in COPD. Blood, easily obtained and analyzed, offers 
a snapshot of systemic processes. Blood‑based biomarkers 
provide insights into disease pathogenesis. Elevated levels of 
inflammatory markers such as fibrinogen, C‑reactive protein 
(CRP), leukocytes and tumor necrosis factor‑alpha are linked 
to increased COPD incidence, clinical phenotypes and accel‑
erated lung function decline (72).

Recent studies focus on markers specific to COPD and 
its phenotypes, such as genetic variants and their expression 
products, and molecules associated with disease pathways, 
including matrix metalloproteinases linked to emphysema. 
The ECLIPSE study aims to identify biomarkers predicting 
disease progression and defining clinically meaningful 
COPD phenotypes. Findings have highlighted blood‑based 
biomarkers that differentiate COPD from normal aging and its 
phenotypes, such as chronic bronchitis and frequent exacerba‑
tions, including white cell count, leukocyte subtypes, plasma 
fibrinogen, and cytokines such as interleukin‑6. These markers 
may identify active disease states and progression, leading to 
tailored therapeutic approaches (73). Future research could 
develop blood‑based tests for identifying these biomarkers, 
aiding COPD management.

Sputum biomarkers. The analysis of breath and induced 
sputum has become a valuable, non‑invasive method for 
sampling the lower respiratory tract (74,75). Induced sputum 
is attractive because it can be repeated without radiation 
exposure. Although sputum expectoration is simple and safe, 
some patients struggle to produce sufficient samples (76). The 
success of induction varies with agents and patient groups. 
Induced samples can differ from spontaneous ones, and 
repeatability over short periods is not established (77).

Sputum, a mix of bronchial and salivary secretions, can 
be contaminated by upper respiratory secretions or pollutants. 
Measuring sputum cell counts and differentials can assess this 
complexity, but the cellular response induction may confound 
inflammation markers (74). Sputum color subjectively indi‑
cates bacterial infection, and increased sputum purulence 
predicts chronic bronchitis exacerbations  (78). Increased 
airway wall permeability allows plasma proteins to leak into 
the airways, but protein measurements in induced sputum have 
been inconsistent (79).

Exhaled breath biomarkers. NO, associated with inflammation, 
is produced from L‑arginine via NO synthase (80). NO can be 
measured in exhaled breath due to its high blood solubility, 
diffusing from bronchial circulation into the airways and being 
released (81). Elevated NO levels are found in asthma and other 
inflammatory conditions (82). NO measurement is non‑irritating, 
quick, and reproducible (83), using a NO analyzer to analyze 
expired air, with results given immediately in ppb (84).

Exhaled breath collection is non‑invasive, suitable for all 
ages, and useful for daily patient monitoring  (85). Higher 
levels of certain hydrocarbons have been identified in breath 
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of patients with lung cancer compared with healthy indi‑
viduals (86). Research has continued to analyze hydrocarbons 
and VOCs in the breath of patients with lung cancer and other 
respiratory diseases (87).

8. Telemedicine and remote monitoring

Remote monitoring is integral to telemedicine and essential 
for managing chronic diseases. Respiratory diseases, including 
COPD and asthma, impose a substantial burden on healthcare 
systems, significantly straining hospital resources  (88,89). 
These diseases are characterized by acute exacerbations, often 
leading to unscheduled physician visits and inpatient care, 
especially during winter months (90,91). Evidence suggests 
that home telemonitoring can reduce hospital admissions for 
chronic respiratory diseases  (92). Monitoring ranges from 
simple pulse oximetry systems, which transmit oxygen levels 
to a hospital physician during exacerbations, to complex 
health informatics systems (93,94). Providing preventative 
information on exacerbation prediction could allow for early 
pharmacological intervention, helping patients avoid acute 
deteriorations (95).

Telemedicine involves using electronic communication 
to provide remote healthcare, including medical conferences, 
consultations and knowledge exchange (96). This is facilitated 
through various media devices such as telephones, the internet, 
and home healthcare systems (97). The concept began in 1925 
with radio technology, evolving over 90 years into today's 
sophisticated telemedicine platform (98). Over the last decade, 
telemedicine has gained feasibility and public acceptance (99). 
By 2007, 20 million Americans had received remote medical 
consultations, a figure expected to rise with increasing demand 
for remote care (100,101).

As technology integrates more into daily life, remote 
healthcare becomes more accessible, with smartphones, 
tablets, and other handheld devices enabling easy access to 
medical advice through internet connections (102).

9. AI in respiratory medicine

Research and innovation in AI are leading to the develop‑
ment of predictive models for various aspects of respiratory 
medicine, improving patient outcomes in numerous condi‑
tions  (103,104). In 2014, Dutch researchers developed and 
validated a prediction model for COPD exacerbations using a 
support vector machine, demonstrating the utility of machine 
learning in enhancing respiratory healthcare (89,105). Another 
machine learning‑based prediction model for lung cancer inci‑
dence in Ontario showed favorable accuracy in predicting lung 
cancer rates (106). Machine learning algorithms learn from 
data to make predictions or classifications, optimizing the 
internal model for accurate outcomes (107). The trained model 
is then applied to new, unseen data to make predictions (108).

10. Point‑of‑care testing (POCT)

Respiratory diseases vary greatly among individuals, often 
consuming significant healthcare resources due to their unpre‑
dictability. POCT has the potential to improve patient care 
in this context. A study by Bramley et al (109) demonstrated 

that POCT for CRP testing, compared with inpatient testing, 
reduced resource use, increased diagnostic clarity, and 
enhanced nurse confidence in treatment appropriateness. 
Another report by Daniels et al (110) indicated that POCT 
could differentiate bacterial from viral etiology in COPD 
exacerbations, reducing antibiotic exposure and associated 
costs through semi‑quantitative Procalcitonin testing.

POCT's role in the early diagnosis and management of respi‑
ratory exacerbations, along with technical developments for 
direct patient diagnostic testing, is increasingly being explored. 
POCT can provide rapid, informed therapeutic decisions, such 
as detecting infections or airway inflammation. The potential 
for monitoring conditions such as decompensated respiratory 
failure with POCT tools also holds promise for palliative and 
end‑of‑life care. Implementing new technologies in healthcare 
must be cost‑effective efficient, and economic modeling and 
modern healthcare structures are essential in evaluating POCT's 
future utilization for respiratory diseases (111,112).

11. Non‑invasive ventilation (NIV)

NIV is crucial in managing ventilatory failure due to various 
acute and chronic conditions, including COPD exacerbations, 
acute‑on‑chronic heart failure, and chronic restrictive lung 
disorders and neuromuscular conditions (113). Traditionally, 
NIV is delivered using intermittent positive pressure ventilation 
via a nasal or oronasal interface. While effective in normal‑
izing nocturnal hypoventilation in patients with restrictive lung 
disorders or scoliosis, its efficacy in acute‑on‑chronic type 2 
respiratory failure in COPD is limited by patient tolerance and 
the high likelihood of requiring endotracheal intubation (114). 
Previous interest has focused on applying alternative pres‑
sure support modes in NIV, assessed using both standard and 
innovative monitoring techniques (115). These advancements 
aim to improve patient comfort and tolerance, reduce the need 
for invasive mechanical ventilation, and enhance the overall 
management of respiratory failure.

12. Lung biopsy techniques

The success of lung and heart‑lung transplantation has driven 
the development of lung biopsy techniques for immunosup‑
pressed patients with diffuse lung disease, who face a high 
risk of pneumothorax with traditional transbronchial biopsy. 
Consequently, various forms of open lung biopsy under local 
anesthesia have been developed to obtain larger lung tissue 
samples for comprehensive diagnosis (116,117).

Techniques such as video‑assisted thoracoscopy and 
transbronchial biopsy using fluoroscopic or CT guidance, offer 
minimally invasive approaches, reducing complications and 
hospital stays (118). Fluoroscopy‑guided bronchoscopic biopsy 
of solitary peripheral nodules yields ~70% diagnostic accuracy, 
though only 50% of small nodules can be localized by fluoros‑
copy, with higher yields in lesions close to the hilum (119,120).

Novel bronchoscopic techniques, such as transbronchial 
histology needle biopsies from a wedged position or peripheral 
lung marking with dye, have been developed to improve small 
peripheral nodule biopsy but face limitations due to nodule 
size and nature, often leading to pneumothorax  (121,122). 
Alternative percutaneous methods, including fine needle 

https://www.spandidos-publications.com/10.3892/br.2025.1990
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aspiration and cutting needle biopsy under fluoroscopic and 
CT guidance, offer higher diagnostic yields up to 90%, though 
with higher complication rates compared with traditional 
transbronchial biopsy (91,123).

13. Lung cancer screening

A promising trial integrates serum biomarkers with CT scan‑
ning to determine if detected nodules are malignant (123). 
High false‑positive rates often lead to more invasive proce‑
dures and surgeries, especially in individuals with a history of 
lung disease. These individuals face higher complication risks 
from unnecessary surgical interventions, increasing screening 
costs. Current research aims to enhance the efficacy and 
cost‑effectiveness of this screening method (124).

CT screening aims to detect early‑stage lung cancer in 
high‑risk individuals but is unsuitable for diagnosing lung 
cancer in non‑high‑risk populations with symptoms such as 
hemoptysis or weight loss (125). CT scans effectively detect 
small pulmonary nodules, often precursors to lung cancer in 
high‑risk individuals (124). Low‑dose CT scanning has shown 
promise in lung cancer screening, with the National Lung 
Cancer Screening Trial in the U.S. indicating improved patient 
survival. This technique is under consideration for national 
screening programs in numerous countries (124,126).

14. Pulmonary rehabilitation

Pulmonary rehabilitation is crucial in managing chronic respi‑
ratory diseases, such as asthma, COPD, chronic bronchitis 
and emphysema (127). These diseases often lead to gradual 
deterioration in respiratory function and quality of life (128). 
Patients may become increasingly dependent due to lifestyle 
changes, breathlessness and reduced physical activity (129). 
Dependency often results in social isolation, exacerbating the 
problem. Pulmonary rehabilitation combines education, exer‑
cise, nutritional and psychological support to break this cycle, 
improving quality of life, exercise tolerance, and reducing 
breathlessness (130).

Measuring the effects of pulmonary rehabilitation on 
health is vital. Increased exercise tolerance and quality of 
life are positive outcomes, often assessed using pulmonary 
function and exercise tests. However, defining pulmonary 
rehabilitation's exact impact on various respiratory diseases is 
challenging (131). The complexity of patients and multidimen‑
sional health status changes require patient‑centered outcomes 
reflecting mental and physical dimensions (128).

Health status represents the effects of a medical condition 
and its treatment as perceived by the patient, encompassing 
physical, psychological and social function (131). High health 
status is associated with decreased morbidity and mortality and 
improved quality of life (128). Health status questionnaires, 
simple yet comprehensive tools, effectively detect and quantify 
changes in health status over time, providing patient‑centered 
outcomes reflecting the patient's health status (130).

15. Future perspectives and challenges

A prominent example of future advancements in pulmonary 
diagnostics is the evaluation and monitoring of pulmonary 

hypertension through the assessment of right ventricular 
function and hemodynamics using echocardiography. This 
method aims to replace the need for repetitive invasive 
measurements and right heart catheterization. The trend 
towards more quantitative and objective diagnostic tech‑
niques is expected to continue, with the ultimate goal of 
early disease detection and prevention, thereby reducing the 
overall burden of lung diseases on both individuals and the 
population as a whole.

The increasing demand for personalized healthcare, which 
involves tailored treatments for individuals, will undoubt‑
edly influence diagnostic strategies aimed at differentiating 
specific disease phenotypes and endotypes. Future diagnostic 
tools may require less reliance on bronchoscopy or biopsy, as 
diseases will be characterized in greater detail through less 
invasive methods.

One of the recent advancements in genetic‑based diag‑
nostics is the measurement of telomere length in peripheral 
blood leukocytes. Telomere shortness has been associated with 
severe COPD and an accelerated decline in lung function. In 
the future, specific genetic mutations known to cause diseases 
are likely to be detected reliably, with potential screening for 
targeted genetic diseases using in vivo animal models.

The future of diagnostic tools in pulmonary medicine 
appears promising, with numerous advances achieved over 
the past decade. This progress is largely attributed to break‑
throughs within the biomedical sciences. Enhanced knowledge 
of the human genome has led to an improved understanding 
of the genetic basis and mechanisms behind numerous lung 
diseases. As these diseases become better understood, the 
development of diagnostic tools to detect them will become 
simpler and more effective. The advancements in diagnostic 
tools in respiratory medicine are summarized in Table I.

16. Limitations

While the present review provides a comprehensive overview 
of advancements in diagnostic tools in respiratory medicine, 
several limitations must be acknowledged. First, the field is 
rapidly evolving, with newer diagnostic modalities still in 
clinical trials. For instance, laryngeal ultrasonography, a prom‑
ising non‑invasive imaging technique, has shown potential in 
evaluating laryngeal pathology, predicting difficult intubation, 
and guiding percutaneous tracheostomy procedures. Despite 
its advantages, its clinical application remains limited due to 
the lack of standardized protocols and widespread expertise. 
As highlighted by Cergan et al (132), ultrasonography of the 
larynx has gained renewed attention during the SARS‑CoV‑2 
pandemic, offering an alternative to aerosol‑generating 
procedures such as laryngoscopy. However, further validation 
through large‑scale clinical trials is necessary to establish its 
role in routine respiratory diagnostics.

Additionally, some of the emerging AI‑driven diagnostic 
tools discussed in the present review still require extensive 
real‑world validation before widespread adoption. Their clin‑
ical utility depends on robust datasets, ethical considerations 
regarding patient data, and seamless integration into existing 
healthcare infrastructures.

Finally, the current review is a narrative synthesis rather than 
a systematic review, meaning there is a potential for selection 
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bias in the included literature. Future systematic reviews and 
meta‑analyses should aim to quantify the diagnostic accuracy 
and clinical benefits of emerging technologies.

17. Conclusions

The present review detailed the various innovative diag‑
nostic tools that are currently available and those that are 
the subject of ongoing research. These tools range from 
novel imaging modalities, such as confocal laser endomi‑
croscopy and electrical impedance tomography, to the use of 
biomarkers in exhaled breath condensate and recently devel‑
oped or improved functional tests, such as cardiopulmonary 
exercise testing and field walking tests. The diagnostic tools 
were discussed in the context of the wide array of respira‑
tory conditions, from the more common conditions such as 
asthma and COPD, to the less prevalent conditions such as 
bronchiolitis obliterans.

In the last few years, there has been an increasing trend 
in the global prevalence of respiratory diseases, and this 
has led to an increasing need for accurate, sensitive and 
non‑invasive diagnostic tools. This is important to detect 
the conditions in the early stages and to monitor disease 
progression and response to treatment. The invasive nature 
and relative insensitivity of the current ‘gold standard’ 
diagnostic tests for numerous respiratory conditions, such 
as lung biopsy for interstitial lung diseases and sputum 
microbiology for respiratory infections, mean that they 
are often impractical or of limited use. Diagnostic tools 
are also required that can identify the condition in a 
cost‑effective manner in low‑resource areas for diseases 
such as tuberculosis and childhood pneumonia.
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Table I. Summary of advancements in diagnostic tools in respiratory medicine.

Category	 Advancement	 Impact

Imaging techniques	 High‑resolution CT, MRI, PET, SPECT	 Enhanced structural and functional assessment
Pulmonary function tests	 Advanced spirometry, body plethysmography	 More precise lung function analysis
Bronchoscopy and EBUS	 EBUS	 Real‑time imaging and guided biopsy
Sleep studies	 Polysomnography, multiple sleep latency test	 Improved diagnosis of sleep‑disordered breathing
Molecular testing	 PCR, NGS	 Rapid and accurate pathogen/genetic
		  identification
Biomarkers	 FeNO, VOCs, blood/sputum biomarkers	 Non‑invasive disease monitoring and early
		  detection
Telemedicine and remote	 Home‑based oximetry, wearable devices	 Reduced hospital admissions, improved disease
monitoring		  management
AI	 Machine learning in diagnostics	 Enhanced predictive capabilities and automation
POCT	 CRP testing, procalcitonin analysis	 Faster, on‑site decision‑making
Non‑invasive ventilation	 Advanced NIV devices	 Improved patient outcomes in ventilatory failure
Lung biopsy Techniques	 CT‑guided and video‑assisted techniques	 Less invasive, higher diagnostic yield
Lung cancer screening	 Low‑dose CT scans, biomarker integration	 Earlier detection and reduced false positives
Pulmonary rehabilitation	 Tailored exercise programs	 Enhanced quality of life and function

AI, artificial intelligence; CRP, C‑reactive protein; CT, computed tomography; EBUS, endobronchial ultrasound; FeNO, fraction of exhaled 
nitric oxide; MRI, magnetic resonance imaging; NGS, next‑generation sequencing; NIV, non‑invasive ventilation; PET, positron emission 
tomography; POCT, point‑of‑care testing; SPECT, single‑photon emission CT; VOCs, volatile organic compounds.
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