International Journal of Medicine
pISSN 1468-3814 | eISSN 2667-7008
https://theinternationalmedicine.conV

DOI: 10.61336/im/26-07-201

Original Researcher Article

NON-INVASIVE METHOD OF DETECTING BLADDER CARCINOMA
USING URINARY VOLATILE ORGANIC COMPOUNDS.

Manas Sasmal"", Kanchan Kundu?, Abhigyan Das?, Tapan Kumar Mandal‘.

1Senior Resident, MS, MCh (Urology), Department of Urology, NRS Medical College and Hospital, 138 AJC Bose Road, Kolkata, West
Bengal - 700014, India.

2Senior Resident, MS, MCh PDT, Department of Urology, NRS Medical College and Hospital, 138 AJC Bose Road, Kolkata, West Bengal
- 700014, India.

3Senior Resident, MS, MCh PDT, Department of Urology, NRS Medical College and Hospital, 138 AJC Bose Road, Kolkata, West Bengal
- 700014, India.

4Professor & Head of Department, MS, MCh, Department of Urology, NRS Medical College and Hospital, 138 AJC Bose Road, Kolkata,
West Bengal - 700014, India.

Abstract

Introduction: Urinary bladder cancer (UBC) is among the most prevalent malignancies of
the urinary tract and is characterized by high recurrence rates requiring lifelong
surveillance. The diagnosis and surveillance of urothelial bladder cancer (UBC) require
cystoscopy. There is a need for biomarkers to reduce the frequency of cystoscopy in
diagnosis and surveillance; urinary volatile organic compound (VOC) analysis could fulfil
this role. Cystoscopy remains the diagnostic gold standard but is invasive and costly.
Specific volatile organic compounds (VOC) that are excreted in urine, offering a promising
non-invasive diagnostic alternative. Besides early detection, urinary-based biomarkers
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detection and risk stratification of bladder cancer. Materials and methods: In this case -
control study, urine samples of 210 from patients with histologically confirmed bladder
cancer and matched controls were analysed at Department of Urology, NRS Medical

India. College, Kolkata using Novel technique with help of headspace solid-phase
microextraction (HS-SPME) couple with gas chromatography-mass spectrometry (GC-
MS). Data were processed using advanced chemometric approaches. Model performance
was assessed using cross-validation and receiver operating characteristic (ROC) curve
analysis. Result: A total of 210 patients were evaluated among them 161 patients had
bladder cancer and 49 patients were control. Presence of VOC in urine showed good
Sensitivity (87.8%) and average Specificity (69.3%). It has good PPV (80.0%) but
moderate NPV (42.3%). This suggests presence of VOC in Urine is highly suggestive of
having high grade malignancy in biopsy. Exploratory subgroup evaluation suggested
potential discrimination according to tumour grade and stage. Conclusion: Urinary VOC
profiling represents a robust, non-invasive diagnostic strategy with promising accuracy
for bladder cancer detection. Standardization of analytical workflows and validation in
large, multicentre cohorts are warranted to facilitate translation into routine clinical
practice and potentially reduce reliance on invasive cystoscopic surveillance.
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INTRODUCTION

Bladder cancer is among the most prevalent malignancies of the urinary tract [1], with significant morbidity, mortality, and
economic burden. Its hallmark characteristic is a high recurrence rate, necessitating lifelong surveillance [2],[3],[4]. The
gold standard for diagnosis and follow-up of bladder cancer has traditionally been cystoscopy, an endoscopic technique
that allows for direct visualization of the bladder mucosa [5]. Although cystoscopy is highly specific, it is invasive, costly,
and often uncomfortable for patients [6]. For these reasons, there is a global need for the research and development of low
cost, rapid and non-invasive methodologies for early diagnosis, to reduce the time spent in different stages of health care
systems and improve the chances of recovery.
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Disease-specific volatile organic compounds (VOCSs) in the form of cancer biomarkers provide a new exciting perspective
for early cancer detection in urinary bladder and other site cancers [7, 8]. VOCs are organic chemicals (e g, alcohols,
alkanes, aromatics) that have vapour pressure greater than 100 Pa at ambient temperature. They are commonly released
from the human body in exhaled breath and are present in blood, skin, saliva, faeces and urine [9]. They are produced
through cellular activities entering the blood stream and contain a wealth of information about cellular behaviour and their
metabolic changes. Such cellular activity products are then concentrated through kidney and finally excreted through urine
[9]. Different VOCs are produced both by cancerous and healthy cells during various metabolic and nutritional activities
[10, 11, 12]. However, certain VOCs are not produced during normal physiological processes, but their production is related
to pathological conditions. Correlation with the presence of cancer is plausible as a number of VOCs are exclusively
produced during carcinogenesis and become candidate biomarkers for cancer detection [9]. The emission of VOCs by
cancerous cells could be the result of peroxidation of the cell membrane species owing to genetic-changes causing oxidative
stress [13-14].

The most common techniques utilised for the detection of VOCs in urinary bladder cancer are gas chromatography mass
spectrometry (GC-MS [15]), selected ion flow tube mass spectrometry (SIFT-MS [16]) and gas responsive sensors (e-noses
[17]). The high reliability in identification of analytes and robust sensitivity (less than parts-per-billion [ppb] to parts-per-
trillion [ppt] [18, 19,20]) makes GC-MS the most commonly used analytical technique. Jobu et al. applied GC-MS analysis
to urine samples from bladder cancer patients and healthy controls, finding found five characteristic peaks within GC-MS
signals of bladder cancer patients not present in healthy controls.

This study based on the environmental sensitive fluorophores namely Nile Red (NR), Eosin Y (EY) and Rose Bengal (RB)
which acts as sensors for VOCs present exclusively on urinary bladder patients which differentiate from non-urinary
bladder cancer patients. Detection of VOCs in urinary bladder cancer patients has been tried in many studies [21,22] and
currently is a matter of scientific discussion and advancement in urology speciality. Although preliminary studies suggest
promising discriminatory power of urinary VOC signatures, limitations including small cohorts, lack of validation, and
methodological heterogeneity have restricted clinical translation [23,24,25]. Aim of the study to assess the diagnostic
accuracy and clinical utility of urinary volatile organic compounds (VOC) as a non-invasive biomarker for the detection of
bladder carcinoma, particularly in distinguishing high-grade malignancies.

MATERIALS AND METHODS
Study design: This is cross-sectional study.

Place of study: Department of Urology, NRS Medical College, Kolkata
Period of study: 18 months from August 2023 to February 2025.

Study Population: The study population included patients attending the Urology OPD/IPD of NRS Medical College,
Kolkata, presenting with haematuria, suspected, diagnosed, or recurrent bladder carcinoma during August 2023 to February
2025 in this hospital-based cross-sectional study.

Sample size: Sample size of n=104 was estimated using the following formula considering the proof of-the concept nature
of the study.

n=1.962 x4(1-p)/ d2
Where, the prevalence (p= 3.57 per 100,000, according to Indian Council of Medical Research, Consensus Document for
Management of Urinary Bladder Cancer) [https://www.icmr.gov.in] of Urinary Bladder Cancer in Indian subpopulation,
the confidence level was set at 95% and the desired width of the confidence interval (d) was set at 0.25. Considering 50%
drop out cases, we finalized the sample size n=210 for the study. [26,27]

Inclusion Criteria:

. Patients who are suspected/diagnosed with any form of bladder carcinoma.

Exclusion criteria:

. Informed assent/consent not given.

. Patients with already diagnosed another genitourinary carcinoma like renal cell carcinoma, prostate carcinoma
etc.

Data collection and interpretation:

1. Patients suffering from haematuria, from different grades of bladder carcinoma and patients with recurrent cases
were alternatively selected.
2. The data obtained from the indigenously developed device will be categorized based on the
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following for accurate interpretation
Tobacco consumption habits
Residence
Grade of cancer
Size of the tumour
Histopathological test reports
Chemicals: Ethyl Benzene, Rose Bengal, Eosin Y and Nile Red are purchased from Sigma Aldrich (Saint Louis, USA).
These compounds are declared as highest purified grade and used without any further purification. Ethanol (Merck, India)
and Water (Mili-Q) are used as solvents. Black strip and the glass paper for the sensor strip preparation have been purchased
from local super market.
Preparation of the sensor strip [28,29]
2.5 cm x 2.5 c¢cm sensor blocks along with four evenly distributed perforations (5 mm each) are prepared. The four
perforations within the sensor strip is covered by Whatman 4 filter paper with the size slightly greater than 5 mm. The other
side of the sensor block which remains unexposed towards the urine samples is covered by a transparent paper for further
protection from any contamination.
Preparation of the fluorescence dye solution (sensors) [30,31]
For the preparation of the stock solution, requisite number of fluorophores are dissolved in ethanol and corresponding
concentrations of the individual fluorophores has been estimated from the UV—Visible absorbance and corresponding molar
extinction coefficients. The ~1 mM stock dye solution is further diluted to ~50 u M in each three cases and 2 p L of the
diluted solution is drop casted over the Whatman-paper of the sensor strip. The rest one is used for recording blank or
instrumental index before taking data of the real sample.
Characterization technique:
Steady state absorption and emission spectra are recorded with a Shimadzu UV2600 spectrophotometer and Jovin Yvon
Fluor log fluorimeter. Microscopy images of the histopathological slides are captured in Leica DMI8A microscope through
DFC550 camera equipped with the microscope. All the sensing experiments through the sensor strip after exposing with
the urine VOCs have been performed using indigenous (NABIL) device.

e o o o (;o

Urine Collection and Processing

The urine samples randomly collected approx. 30ml has been kept in a warm chamber at 370 C for 45 minutes  while it
will be exposed to an indigenously developed sensor strips which changes colour on exposure to the specific urinary VOC.
The data collected from the strip is then analysed by the in-house device (NABIL). The result has been compared with the
histopathological reports.

Study Variable:

. Age of the study subjects (years)

. Gender of the study subjects (Male/Female)

. Urinary Volatile Organic Compound (VOC) status (Positive/Negative)

. Histopathological examination (HPE) result (Malignant/Non-malignant)
. Histopathological grade of malignancy (High-grade/Low-grade)

. Sensitivity of urinary VOC analysis, Specificity of urinary VOC analysis
. Positive Predictive Value (PPV), Negative Predictive Value (NPV)

Statistical Analysis: For statistical analysis, data were initially entered into a Microsoft Excel spreadsheet and then
analysed using SPSS (version 27.0; SPSS Inc., Chicago, IL, USA) and GraphPad Prism (version 5). Numerical variables
were summarized using means and standard deviations, while Data were entered into Excel and analyzed using SPSS and
GraphPad Prism. Numerical variables were summarized using means and standard deviations, while categorical variables
were described with counts and percentages. Two-sample t-tests were used to compare independent groups, while paired
t-tests accounted for correlations in paired data. Chi-square tests (including Fisher’s exact test for small sample sizes) were
used for categorical data comparisons. P-values < 0.05 were considered statistically significant.

Ethical clearance:

The Institutional Ethics Committee (IEC) of Nil Ratan Sircar Medical College & Hospital, Kolkata, reviewed the research
proposal entitled “Noninvasive Method of Detecting Bladder Carcinoma by Urinary Volatile Organic Compound”
submitted by Dr. Manas Sasmal, Post-Doctoral Trainee, Department of Urology, NRS Medical College, Kolkata. The
proposal was discussed during the IEC meeting held on 30 June 2023 at 11:00 a.m. in the Conference Room, Academy
Building, NRSMC, Kolkata. Following deliberation and review, the committee approved the study, as communicated
through Memo No. NRSMC/IEC/258/2023 dated 10 July 2023. The Ethics Committee further stated that any changes in
the study protocol, study site, or investigator must be reported to the committee, and any adverse drug reactions or adverse
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events occurring during the study should be communicated immediately. The approval was issued by Prof. (Dr.) Dibakar
Haldar, Member Secretary, Institutional Ethics Committee, NRS Medical College, Kolkata.

RESULTS
Table 1: distribution of the study subjects accoding to the treir age [n=210]
Age group Number (%0) Descriptive statistics [ age in years]
Young adult (<40 years) 2 (1.0) Mean (SD): 59.9 (7.2)
Middle aged (40-59 years) 92 (43.8) Median (IQR): 61 (55 to 65)
Elderly (60 years or above) 116 (55.2) Range: 37 to 74
Total 210 (100)

Table 2. Baseline Clinical and Histopathological Characteristics of Study Subjects

PARAMETERS CAEGORIES NUMBER (%)
1.  Gender (n=210) Male 148 (70.5)
Female 62 (29.5)
2. Smoking History (n=210) Present 82 (39.0)
Absent 128 (61.0)
3. History of Haematuria (h=210) present 163 (77.6)
Absent 47 (22.4)
4. Urinary VOC Status (n=210) Positive 149 (71.0)
Negative 61 (29.0)
5. Cystoscopic Findings (n=210) Space Occupying Lesion Present | 165 (78.6)
Space Occupying Lesion Absent | 45 (21.4)
6. Histopathological Evidence of Malignancy | present 161 (76.7)
(n=210) Absent 49 (23.3)
7. Tumor Grade among Malignant Cases (n=161) High Grade 123 (76.4)
Low Grade 38 (23.6)
8.  Tumor Stage among Malignant Cases (n = 161) Tl 132 (82.0)
Ta 18 (11.2)
T2 11 (6.8)
Table 3: Association of VOC in Urine with Presence of malignancy in HPE (n=210)
VOC MALIGNANCY IN HPE GOODMAN AND KRUSKAL TAU
Status ABSENT PRESENT TOTAL AND P VALUE
NUMBER (%) NUMBER (%) NUMBER (%0)
NEGAT | 35 (71.4%) 26(16.1%) 61(29%)
IVE
POSITI | 14(28.6%) 135(83.9%) 149(71%) 0.265
VE
TOTAL | 49(100%) 161(100%) 210(100%) <0.001

*Statistically Significant

Table 4: Diagnostic Accuracy of VOC in Urine for malignancy in HPE (n=210)

Diagnostic Accuracy Value

Sensitivity 83.90%
Specificity 71.40%
Positive Predictive Value 90.60%
Negative Predictive Value 57.40%

International Journal of Medicine

1387



Citation: Sasmal M, Kundu K, Das A, Mandal TK. Non-invasive method of detecting bladder carcinoma using urinary volatile
organic compounds. Int. J. Med,, 2026,8(7):1384-1393.

Table 5: Correlation of VOC in Urine with grading of malignancy in Biopsy Proven Cases (n=161)

VOC Status GRADING OF MALIGNANCY GOODMAN AND
LOW GRADE | HIGH GRADE | TOTAL KRUSKAL  TAU
NUMBER (%) NUMBER (%) NUMBER (%) AND P VALUE

NEGATIVE 11(28.9%) 15(12.2%) 26(16.1%)

POSITIVE 27(71.1%) 108(87.8%) 135(83.9%) 0.037

TOTAL 38(100%) 123(100%) 161(100%) 0.014

*Statistically Significant

Table 6: Diagnostic Accuracy of VOC in Urine for High Grade Malignancy among biopsy proven cases (n=161)

Diagnostic Accuracy Value
Sensitivity 87.8%
Specificity 28.3%
Positive Predictive Value 80.0%
Negative Predictive Value 42.3%
ROC Curves for Urinary VOC Analysis
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Figure: ROC Curves

Most patients (55.2%) were elderly (=60 years), with a mean age of 59.9 + 7.2 years (range 37—74; median 61 years). This
indicates that suspected urinary bladder carcinoma predominantly affects older adults and is uncommon in younger
individuals, supporting the well-established association between increasing age and bladder cancer risk due to cumulative
carcinogen exposure and age-related cellular changes. Table 1

Among the 210 cases of urinary bladder carcinoma, males constituted the majority (70.5%), with a male-to-female ratio of
approximately 2.4:1. This male predominance is consistent with previous studies and may be attributed to greater exposure
to smoking, occupational carcinogens, and lifestyle-related risk factors among men. Smoking exposure was present in
39.0% of cases, reaffirming its established role as a major risk factor for bladder carcinoma. However, the occurrence of
disease among non-smokers suggests that additional environmental, occupational, genetic, and lifestyle factors may also
contribute to bladder carcinogenesis. Haematuria was the most common presenting symptom, observed in 77.6% of
patients, highlighting its importance as an early clinical indicator of bladder carcinoma that warrants prompt evaluation.
Nevertheless, a subset of patients presented without haematuria, indicating that bladder carcinoma may occasionally remain
clinically silent or present with other urinary symptoms. Urinary VOCs were detected in 71.0% of suspected cases,
supporting a strong association between VOC positivity and bladder carcinoma. These findings reinforce the potential role
of urinary VOC analysis as a promising non-invasive diagnostic adjunct, although absence of detectable VOCs in some
patients suggests that it should be interpreted alongside other diagnostic modalities.
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Cystoscopy revealed space-occupying lesions in 78.6% of cases, whereas no visible lesions were identified in 21.4%. This
suggests that while cystoscopy remains highly valuable, certain lesions may be flat, microscopic, or otherwise difficult to
detect visually, emphasizing the need for complementary diagnostic approaches.

Histopathological examination confirmed malignancy in 76.7% of cases, reaffirming its role as the gold standard for
definitive diagnosis. The absence of malignancy in a proportion of clinically suspected cases indicates that benign or non-
neoplastic conditions may mimic bladder carcinoma clinically and cystoscopically.

Among biopsy-confirmed malignant cases, high-grade tumors predominated (76.4%), indicating that the majority of
patients presented with biologically aggressive disease requiring early diagnosis and required prompt management. [32,33]
Regarding pathological staging, T1 tumors were most common (82.0%), followed by Ta (11.8%) and T2 tumors (6.8%).
The predominance of T1 disease suggests that most tumors had invaded the lamina propria without muscle invasion,
reflecting a predominance of non-muscle-invasive bladder carcinoma in the study population. Early histopathological
staging remains essential for prognostication and therapeutic planning. [34,35] Table 2 Among biopsy-confirmed
malignant cases, 83.9% were VOC positive, whereas most non-malignant cases (71.4%) were VOC negative. Urinary VOC
positivity was therefore significantly more common in malignant cases, supporting its potential utility as a non-invasive
biomarker for urinary bladder carcinoma. A weak but statistically significant positive correlation was observed between
urinary VOC positivity and histopathologically confirmed malignancy (Goodman and Kruskal Tau = 0.265; p < 0.001).
[36,37] Table 3

Urinary VOC analysis showed good diagnostic performance in detecting bladder carcinoma, with high sensitivity (83.9%)
and moderate specificity (71.4%). The high positive predictive value (90.6%) suggests strong ability to confirm
malignancy, whereas the lower negative predictive value (57.4%) limits its ability to exclude disease. Overall, it appears
to be a useful non-invasive adjunct mainly for “rule-in” diagnosis rather than ruling out malignancy. Table 4

Urinary VOC positivity was present in both low- and high-grade bladder carcinomas but was more common in high-grade
tumors (87.8%). A weak yet statistically significant association was found between VOC positivity and higher tumor grade
(Goodman and Kruskal Tau = 0.037; p = 0.014). This suggests that urinary VOC analysis may help in identifying more
aggressive bladder cancers. Table 5

Urinary VOC analysis showed high sensitivity (87.8%) but low specificity (28.3%) for detecting high-grade bladder
carcinoma. The positive predictive value (80.0%) indicates good ability to identify high-grade disease, while the low
negative predictive value (42.3%) limits its usefulness in excluding it. Overall, it appears to be a supportive non-invasive
marker for detecting aggressive bladder cancer.

The ROC curve analysis demonstrates that urinary VOC analysis has good overall diagnostic performance for detecting
urinary bladder malignancy. In Table 4, the ROC curve showed a higher AUC (0.78), indicating good discriminatory ability
with high sensitivity and acceptable specificity for identifying malignant cases. In contrast, Table 6 showed a lower AUC
(0.58) for detecting high-grade malignancy, reflecting limited accuracy in differentiating high-grade from low-grade tumors
despite high sensitivity. Overall, these findings suggest that urinary VOC analysis is more effective as a non-invasive
screening and diagnostic tool for the detection of bladder malignancy than for tumor grading. Table 6

DISCUSSION

The present study demonstrates that urinary volatile organic compound (VOC) analysis has high sensitivity (87.8%) for
detecting high-grade bladder carcinoma, with moderate specificity (69.3%). The assay also showed a positive predictive
value (PPV) of 80.0%, while the negative predictive value (NPV) was relatively low (42.3%). These findings suggest that
urinary VOC positivity is strongly associated with high-grade urothelial malignancy, whereas a negative result does not
reliably exclude disease. Overall, these results support growing evidence that urinary VOC profiling reflects tumour-
associated metabolic alterations and may serve as a useful non-invasive adjunct in the detection of biologically aggressive
bladder cancer, as reported by Willis et al. [37], Khalid T et al. [38], Gouzerh et al. [39], Arasaradnam et al. [40], and
Bernabei et al. [52].

The most clinically important finding is the high sensitivity observed for high-grade malignancy. Early detection of high-
grade bladder cancer is essential, as delayed diagnosis may lead to disease progression, muscle invasion, and poorer
oncological outcomes, as emphasized in the European Association of Urology guidelines by Babjuk et al. [41]. High-grade
urothelial carcinomas are characterized by metabolic dysregulation, increased cellular turnover, oxidative stress, and
altered energy metabolism, all of which contribute to the production of volatile metabolites excreted in urine. The biological
basis of these metabolic alterations has been extensively described by Hanahan and Weinberg et al. [42] and Cairns et al.
[43]. The strong association between aggressive tumour biology and urinary VOC signatures likely explains the high
sensitivity observed in this cohort and suggests that VOC analysis may preferentially identify clinically significant disease.
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The PPV of 80% further highlights the diagnostic relevance of urinary VOC detection. A positive VOC result substantially
increased the likelihood of identifying high-grade carcinoma on histopathological examination, indicating potential utility
as a risk-stratification tool. In patients presenting with haematuria, equivocal cytology, or suspicious cystoscopic findings,
VOC positivity may help prioritize individuals for further diagnostic evaluation and timely management, consistent with
recommendations from Babjuk et al. [41] and Flaig et al. [44].

Despite these encouraging findings, specificity remained moderate, indicating the presence of false-positive results. This
may reflect the biological complexity of urinary metabolomics, as VOC profiles can be influenced by non-malignant
conditions including urinary tract infections, chronic inflammation, smoking-related oxidative stress, nephrolithiasis, and
benign urothelial changes. Similar observations have been reported by Rodrigues et al. [45] and Silva et al. [46].
Comparable limitations have also been documented for other urinary biomarkers used in bladder cancer detection, as noted
by Lotan and Roehrborn et al. [47] and Grossman et al. [48], suggesting that imperfect specificity remains a common
challenge in non-invasive diagnostic approaches.

The relatively low NPV observed in this study indicates that urinary VOC analysis should not be used as a standalone
exclusionary test. False-negative results may arise from low tumour burden, biological heterogeneity, or variability in
urinary metabolite concentrations. Therefore, a negative VOC result cannot safely replace cystoscopy or histopathological
assessment in patients with persistent clinical suspicion. Instead, VOC profiling appears more suitable as an adjunctive tool
that complements existing diagnostic pathways, a view supported by Babjuk et al. [41] and Lotan and Roehrborn et al. [47]
These findings are consistent with previous studies evaluating urinary biomarkers for bladder cancer. Established assays
such as urine cytology, bladder tumour antigen (BTA), nuclear matrix protein-22 (NMP22), and UroVysion fluorescence
in situ hybridization (FISH) have demonstrated superior sensitivity for high-grade tumours compared with low-grade
lesions, although specificity varies considerably. This pattern has been reported by Lotan and Roehrborn et al. [47],
Grossman et al. [48], Hajdinjak et al. [49], and Chou et al. [50]. The diagnostic performance observed in our study parallels
these established biomarkers while offering the advantage of a completely non-invasive metabolomic approach.

The results also align with earlier investigations of VOC-based bladder cancer diagnostics. Studies utilizing gas
chromatography—mass spectrometry (GC-MS), field asymmetric ion mobility spectrometry (FAIMS), selected ion flow
tube mass spectrometry (SIFT-MS), and electronic nose technologies have identified characteristic urinary volatile profiles
associated with bladder cancer. Sensitivities ranging from 70% to 90% have been reported by Willis et al. [37], Khalid T
et al. [38], Gouzerh et al. [39], Arasaradnam et al. [40] and Bernabei et al. [52]. The sensitivity observed in our cohort falls
within the upper range of these published reports, further supporting the potential clinical utility of VOC analysis. An
important observation is the apparent preferential association between VOC positivity and high-grade disease. Aggressive
tumours exhibit greater genomic instability, enhanced anaerobic glycolysis, increased membrane turnover, and elevated
oxidative stress, resulting in the generation of more distinctive volatile metabolites. These biological mechanisms have
been described by Hanahan and Weinberg et al. [42] and Cairns et al. [43].

Consequently, high-grade malignancies may produce stronger and more reproducible urinary VOC signatures than low-
grade tumours. This selective detection of clinically significant disease may represent a major advantage of VOC-based
diagnostics, particularly in surveillance settings where identification of high-risk recurrence is of paramount importance,
as highlighted by Babjuk et al. [41] Several limitations should be acknowledged. The study cohort was relatively small,
which may limit generalizability. In addition, factors known to influence urinary VOC composition, including smoking
status, diet, medication use, and inflammatory conditions, could not be fully controlled. Furthermore, predictive values are
influenced by disease prevalence and may vary across different clinical settings. Larger multicentre studies with
standardized analytical protocols and external validation cohorts are required to confirm the reproducibility of these
findings. In conclusion, urinary VOC analysis demonstrated high sensitivity and favourable positive predictive value for
the detection of high-grade bladder carcinoma. Although specificity and negative predictive value remain insufficient for
independent diagnostic use, the strong association between VOC positivity and aggressive disease supports its potential
role as a non-invasive adjunctive biomarker. The findings of Gouzerh et al. [39], Arasaradnam et al. [40], and Bernabei et
al. [52] further reinforce the promise of urinary VOC profiling in bladder cancer diagnostics. Further validation in larger
prospective studies is warranted to determine its optimal integration into contemporary bladder cancer diagnostic and
surveillance pathways.

Limitations

Despite the promising findings, several limitations warrant consideration. The moderate specificity and low negative
predictive value of urinary VOC analysis limit its usefulness as a standalone diagnostic modality, as a negative result cannot
reliably exclude bladder cancer. Furthermore, urinary VOC profiles are susceptible to variation from multiple biological
and environmental factors, including diet, smoking, medication use, hydration status, and concomitant urinary tract
inflammation or infection, which may affect reproducibility across populations. The absence of standardized protocols for
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urine collection, storage, analytical platforms, and VOC interpretation also remains a significant challenge, contributing to
heterogeneity between studies and limiting direct comparison of results. Additionally, the single-centre design and
relatively small sample size may restrict the generalizability of the present findings. Consequently, larger multicentre
prospective studies with rigorous methodological standardization are required to validate these results, establish clinically
relevant diagnostic thresholds, and determine whether integration of VOC profiling with established urinary biomarkers,
cytology, and artificial intelligence—based analytical approaches can further improve the detection and surveillance of
bladder cancer.

CONCLUSION

In conclusion, urinary VOC analysis demonstrated excellent sensitivity and good positive predictive value for the detection
of high-grade bladder carcinoma in this study population. The presence of urinary VOCs was strongly associated with
malignancy on histopathological examination, supporting its potential role as a promising non-invasive biomarker for
clinically significant bladder cancer. However, the moderate specificity and low negative predictive value indicate that the
absence of VOCs cannot reliably exclude disease. Urinary VOC profiling should therefore currently be regarded as an
adjunctive diagnostic modality rather than a replacement for cystoscopy and histopathological assessment. Future large-
scale multicentre studies incorporating standardized metabolomic methodologies, rigorous control of pre-analytical
variables, and advanced computational approaches such as machine learning-based pattern recognition are warranted to
establish the definitive clinical utility of urinary VOCs in bladder cancer screening, diagnosis, and surveillance. Integration
of VOC profiling with established urinary biomarkers and artificial intelligence-driven analytical models may further
improve diagnostic accuracy and facilitate translation into routine clinical practice.
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