
Citation: Wiesel, O.; Suharev, T.;

Awad, A.; Abzah, L.; Laser-Azogui, A.;

Mark Danieli, M. The Potential Benefit

of a Novel Urine Biosensor Platform

for Lung Cancer Detection in the

Decision-Making Process: From the

Bench to the Bedside. J. Clin. Med.

2024, 13, 6164. https://doi.org/

10.3390/jcm13206164

Academic Editor: Hideki Ujiie

Received: 18 August 2024

Revised: 1 October 2024

Accepted: 3 October 2024

Published: 16 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

The Potential Benefit of a Novel Urine Biosensor Platform for
Lung Cancer Detection in the Decision-Making Process: From
the Bench to the Bedside
Ory Wiesel 1, Tatiyana Suharev 2, Alaa Awad 1, Lina Abzah 1, Adi Laser-Azogui 2 and Michal Mark Danieli 2,*

1 Baruch Padeh—Tzafon Medical Center, Affiliated with the Azrieli Faculty of Medicine, Bar-Ilan University,
Zefad 1528001, Israel; owiesel@tzmc.gov.il (O.W.); alaa_awad9@hotmail.com (A.A.); labzah@tzmc.gov.il (L.A.)

2 EARLY O.M. Ltd., Netanya 4250363, Israel; lab@earlylabs.io (T.S.); adi@earlylabs.io (A.L.-A.)
* Correspondence: michal@earlylabs.io

Abstract: Background: Lung cancer is the leading cause of cancer-related mortality worldwide. Lung
cancer screening and early detection resulted in a decrease in cancer-specific mortality; however,
it introduced additional dilemmas and adherence barriers for patients and providers. Methods:
Innovations such as biomolecular diagnosis and biosensor-based technology improve the detection
and stratification of high-risk patients and might assist in overcoming adherence barriers, hence
providing new horizons for better selection of screened populations. Conclusions: In the present
manuscript, we discuss some of the dilemmas clinicians are currently facing during the diagnosis
and treatment processes. We further highlight the potential benefits of a novel biosensor platform for
lung cancer detection during the decision making process surrounding lung cancer.
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1. Introduction

Lung cancer (LC) remains a leading cause of cancer-related mortality worldwide. Lung
cancer screening (LCS) protocols, using low-dose computed tomography scans (LDCT)
has been shown to reduce lung-cancer-specific mortality worldwide compared with chest
radiography or no screening [1,2]. Unfortunately, the benefit of LCS has not yet been
translated into optimal utilization of its potential, with only 5–12% of eligible individuals
actually being screened [3–5]. Non-adherence is another identified barrier, supported by
significant figures in real-world data [6,7]. To date, the optimal clinical effectiveness and
cost effectiveness of LCS is yet to be determined, and population-based LCS is still not
considered standard practice in most countries and societies.

Multiple risk models for the selection of eligible individuals for LCS have been de-
veloped, helping to improve the selection of eligible patients for screening [8,9]. Once
screened, both clinicians and patients are facing complex decisions regarding follow-up,
diagnosis, and treatments based on the screening results in order to prevent overdiagnosis
and overtreatment [10,11].

Current lung cancer screening programs are based on the National Lung Cancer
Screening Trial (NLST) using LDCT [2]. However, these tests are associated with overdiag-
nosis, disparities in adherence, low positive predictive values, as well as a high cumulative
false positive rate when used sequentially [12]. Moreover, the long elapsing time between
referral and test, the duration of the test itself, and the test’s inconvenience all contribute
to the low test utilization within the eligible population [13]. The benefit of BSP is its
simplicity, ease of use, repeatability, low cost, benign lesion agnostics, non-invasiveness,
and high sensitivity to early case cancers.
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Although multiple risk prediction models have been developed to define the risk
of detecting pulmonary nodules, they lack external validation [14]. Different molecular
technologies aiming to detect biomarkers in biofluids such as sputum, blood, serum, and
urine, or in exhaled breath and bronchial mucosa, are constantly being investigated [15].
These modern technologies, together with imaging, radiomics, and artificial intelligence,
aimed to refine the risk, improve the selection of individuals who are eligible for screening,
and improve the characterization of undetermined nodules detected in LDCT scans [14].

There is an urgent need for developing a rapid, simple, and reliable lung cancer
detection test [16] which will facilitate diagnosis by the physician, in combination with
traditional imaging techniques, and potentially serve as an alternative screening test in the
future. Novel biosensor-based screening approaches for the identification of populations
at risk, or even the diagnosis of lung cancer, are likely to play a significant role in future
diagnostic and therapeutic algorithms [17].

Volatile organic compounds (VOCs) have been widely investigated in connection with
cancer detection [18–24]. VOC levels can reflect pathophysiological processes including
inflammation, necrosis, and cancer development, and various VOC profiles have been
associated with lung cancer [25–28].

Although the detection of lung and other cancers in the breath and urine of patients
by sniffer dogs has been reported several times [29–34], the actual compounds that are
responsible for the scent are largely unknown.

Due to their volatility at ambient temperatures, VOCs produced within cancer tissues
travel in the systemic circulation before being freely excreted. In humans, VOCs have
been detected in a wide range of samples, including breath, urine, blood, feces, tissue, and
skin [35].

Compared to other biological samples, urine has the advantage of being easy and
inexpensive to collect and handle. The selection of urine over breath as a non-invasive
matrix should provide considerably more protection against adverse effects during sam-
pling and analysis. The most important advantage of urine over breath is that urine, as a
liquid phase, allows for its dispensing and partitioning into numerous subsamples, which
is a considerable advantage over breath and a basic necessity for conducting appropriate
quality control measures, and it may be stored for a nearly unlimited amount of time after
freezing [35].

Recently, we have described a detection system that utilizes the extremely sensitive
abilities of rats to detect VOCs from urine samples of patients to provide an indication of
lung cancer [36]. Using the biosensor platform (BSP) in a double-blind study, we validated
the presence of lung-cancer-specific VOC signatures in a single urine sample with 93%
sensitivity and 91% specificity, suggesting its potential benefit for lung cancer detection
and screening [36].

As there is a constant need for external validation and stratification tools during the
process of pulmonary nodule detection, the goal of the current study is to discuss some of
the obstacles clinicians are currently facing during the process of lung cancer diagnosis and
to further analyze the potential benefit of this novel urine biosensor platform during the
diagnostic pathway of complex patients with suspicious pulmonary nodules.

2. Methods

The biosensor platform (BSP) for urine tests utilizes animals’ sensitive scenting abilities
to detect lung cancer VOCs [37]. The platform combines biosensors (BSs), mechanical
components, hardware, software, and a cloud-based database infrastructure.

2.1. Biosensor Characteristics and Qualification

Long-Evans rats were inbred and raised in the Early Labs facility. The company prioritizes
animal welfare, adhering to the strictest Welfare Quality® standards set by the American
Veterinary Medical Association (AVMA) [38]. To be included in the study, animals had to be
clinically healthy and familiar with training and testing of odor discrimination procedures.



J. Clin. Med. 2024, 13, 6164 3 of 12

A multiphase protocol was developed for training the BSs using an automatic platform.
The protocol comprises basic training, BSP sessions (designed to familiarize the BS

with the technological environment), binary sessions, and repeated internal training. The
training protocol is based on the behavioral shape methodology and includes several
consecutive steps of basic training, associated learning, and detection reporting. The BSs
learn to differentiate between urine samples of an LC origin versus those who do not
bear LC and report a binary answer for a sample. At each stage, there is a mandatory
threshold beyond which the next stage is initiated. Each training session contains between
35 and 60 separate and consecutive exposures to different urine samples in a predefined
sequence. Once the animal has passed all training stages, it can move to the final test that
is divided into two phases. The first includes testing samples that were used throughout
the training sessions. In the second phase, the rat is exposed to a sequence of unknown
samples in a double-blind test design: the test is conducted while the animal and the BSP
operator are both blinded to the result.

2.2. The Biosensor Platform (BSP)

The system comprises two principal components: the “operational area”, where the
controller and human operator are present, and the sample tube holders, which are loaded
onto a conveyor belt. The second component is the “testing area”, where three identical
smart pods for three independent BSs are located. Each BS operates separately within
an isolated smart pod to ensure that they cannot influence one another. The samples are
conveyed to the BS’s pods, and when a sample holder reaches a hole attached to the exact
front location of a sniffing hatch, it opens, and the BS sniffs and reports its answer. Up to
three samples can be assessed simultaneously by the platform, and each sample is tested
by several separate and independent BSs. After the sample has been tested, the ventilation
system is turned on to remove any remaining VOC residue, and the sample is moved to
the next smart pod for another BS testing. Detailed specifications and characterization of
the BSP, as well as figures, tables, and metrics, are thoroughly described in our previous
publication [36].

2.3. BS Performance Analysis

The pods contain different sensors, recording the BS’s response to the urine odor, and
the readings are passed as parameters to a machine learning algorithm. The duration of stay
of the animal in the sniffing shaft is monitored by a sensor connected to a timer that counts
the number of seconds in which the animal’s head is inside the sniffing hatch. Performance
parameters, including sensitivity and specificity, are measured and analyzed during all
stages of BS training. All data regarding every BS-SAMPLE interaction are automatically
reported to the software. An algorithm, based on a unique model which quantifies different
animal behavioral aspects, yields a highly accurate cancer risk assessment output.

2.4. Urine Sample Preparation

Following collection in a sterile container by the patient, urine samples were aliquoted
into 10 mL portions and stored in sterile polypropylene vacuum tubes at −20 ◦C. The
preparation of the samples for the tests was performed under a hood; the urine was
aliquoted into 0.3 mL samples, inserted into sample tube holders (to keep the sample
isolated from the environment), and preheated to 60 ◦C before being placed onto the
platform for testing.

2.5. Clinical Data

The following 5 representative clinical cases were selected to highlight the potential
benefit of the novel BSP for lung cancer detection during the diagnosis and treatment of
lung cancer. All patients were high-risk surgical candidates where a clinical dilemma was
presented to our multidisciplinary team (MDT) during the diagnosis process.
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All patients were enrolled in the clinical study prior to their definite diagnosis and
signed an informed consent form during enrollment. At this point, as the BSP is not
validated as a gold standard, none of our clinical decisions nor treatment protocols were
influenced by the study results. The clinicians were blinded to the BSP test results during
the process of diagnosis, MDT discussion, and treatments. The results of the BSP were
only retrieved retrospectively during the preparation of this manuscript. This study was
approved by IRB (# 0051-22-POR).

3. Results
3.1. The Patient That Cannot Undergo Biopsy

Patient A: A 78-year-old male was referred for evaluation due to severe reflux. His
past medical history was significant for lung infection of his right lung, complicated by lung
abscess 40 years ago. He underwent a computed tomography scan and was found to have
a medium-sized hiatal hernia and a cavitation with a 1.5 cm solid component in the right
major fissure abutting both the right upper and right lower lobes. Pulmonary function tests
showed a mild obstructive pattern. His Positron emission tomography scan (PET-FDG)
showed standardized uptake values (SUVs) of 6.5 in the solid component of the cavitation
(Figure 1, image A1,2). A consultation by an interventional radiologist concluded that
given its deep location in the major fissure, the cavitation was not amenable for a needle
biopsy nor for a navigation-based biopsy. A bronchoscopy with Broncho-alveolar-lavage
yielded atypical cells from the right lower lobe basilar segment bronchi. The brain MRI did
not show metastatic disease. Following a multidisciplinary team discussion, he was sent
for thoracic surgery evaluation for resection. Given the central location of the lesion and the
involvement of both the right upper lobe and right lower lobe, a major pulmonary resection
was discussed with the patient (lower lobectomy with posterior upper lobe segmentectomy,
and even pneumonectomy). The patient was hesitant to undergo surgery without a clear
oncological tissue diagnosis given his age and chronic obstructive pulmonary disease
(COPD). However, following multiple discussions with him and his family, he underwent
a right lower lobectomy with en-block of the right upper lobe posterior segmentectomy
and mediastinal lymph node dissection. The final pathology showed Stage IIA squamous
cell carcinoma.

The preoperative urine biosensor platform resulted in a positive output in the lung
cancer risk assessment.

Patient B: A 64-year-old male, past smoker, was referred for thoracic surgery evalua-
tion. His past medical history was significant for cerebral hemorrhage due to aneurysm,
hypothyroidism, severe COPD, ischemic heart disease, chronic renal failure, and secondary
hyperparathyroidism. The CT scan showed a 32 mm right upper lobe apical mass in
the vicinity of the bullous lung parenchyma and vascular structures (Figure 1, image B1).
The PET CT demonstrated a mild FDG avid RUL mass without distant uptake. The endo-
bronchial ultrasound (EBUS) was negative for malignant cells in the mediastinal nodes. The
brain imaging did not show metastatic disease. Given the lesion size, the multidisciplinary
team discussion favored upfront surgical resection over stereotactic radiation therapy. The
patient and his family refused surgery without prior diagnosis of cancer due to his COPD
and co-morbidities and elected stereotactic body radiation therapy (SBRT).

The preoperative urine biosensor platform resulted in a highly positive output in the
lung cancer risk assessment.

3.2. The High-Risk Patient with a Prior Negative Lung Biopsy

Patient C: A 64-year-old male, heavy smoker (100 pack-years), with past medical his-
tory of severe COPD, ischemic heart disease (status: post-PTCA and four coronary stents)
was referred for evaluation following a computed tomography scan which demonstrated
1.8 cm right upper lobe consolidation without a solid component (Figure 1, image C1,2).
The patient was treated with antibiotics by his pulmonologist; however, the consolidation
did not resolve in a follow-up scan 2 months later. The patient was sent for a PET-CT,
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which showed mild FDG avidity (SUV 3.2) in the consolidation without other abnormalities.
The CT-guided fine-needle biopsy indicated chronic inflammation, which was noted in
the biopsy result without tumor cells. Another scan 3 months later showed slight en-
largement of the consolidation, which prompted us to recommend surgical resection for a
definitive diagnosis. A thoracoscopic wedge resection with adequate margins with lymph
node sampling was performed, and a diagnosis of stage IB squamous cell carcinoma was
established.
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Figure 1. (A–D) Computed tomography and PET-CT scans of the presented patients. (A1) The arrow 
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the apical mass in the vicinity of the emphysematous lung. (C1) The arrow marks the peripheral 
consolidation (on biopsy: chronic inflammation). (C2) The arrow marks the peripheral hyper-
metabolic FDG avid consolidation (on biopsy: chronic inflammation). (D1) The arrow marks a cen-
tral hypermetabolic FDG avid nodule near the segmental pulmonary artery (biopsy was negative 
for tumor). (D2) The arrow marks central nodule (biopsy was negative for tumor). 
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Figure 1. (A–D) Computed tomography and PET-CT scans of the presented patients. (A1) The arrow
marks the suspicious cavitary lesion in the major fissure extending from the RLL to the RUL. (A2) The
arrow marks the central hypermetabolic FDG avid nodule in the RLL. (B1) The arrow marks the apical
mass in the vicinity of the emphysematous lung. (C1) The arrow marks the peripheral consolidation
(on biopsy: chronic inflammation). (C2) The arrow marks the peripheral hypermetabolic FDG avid
consolidation (on biopsy: chronic inflammation). (D1) The arrow marks a central hypermetabolic
FDG avid nodule near the segmental pulmonary artery (biopsy was negative for tumor). (D2) The
arrow marks central nodule (biopsy was negative for tumor).

The preoperative urine biosensor platform resulted in a highly positive output in the
lung cancer risk assessment.

Patient D: A 68-year-old female, a current smoker with 120 pack-years was referred for
evaluation to our pulmonary nodule clinic and was found to have a growing 1.8 cm solid
nodule at the right lower lobe’s superior segment at the top of the bronchus (Figure 1, image
D1,2). The nodule had significant FDG uptake. The patient underwent a bronchoscopic
evaluation together with endobronchial ultrasound biopsies and navigation bronchoscopy
with biopsies, and all were negative for malignancy. Her forced expiratory volume at 1 s
was 1.35 L (56% predicted), her functional residual capacity was 2.2 L (73% of predicted),
and her diffusion level of carbon monoxide was 50%. She barely passed her 6 min walk test.
VO2 max was 15 mL/(kg*min). Given her borderline pulmonary status, she was hesitant
to undergo upfront resection without a definite diagnosis. The patient was sent for SBRT.

The preoperative urine biosensor platform resulted in a highly positive output in the
lung cancer risk assessment.
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Patient E: A 58-year-old male with significant past medical history of morbid obesity
(BMI 40), diabetes mellitus, ischemic heart disease, hypertension, and chronic lymphocytic
leukemia. The patient was referred to our pulmonary nodule clinic for evaluation of a new
20 mm right upper lobe solid pulmonary nodule, depicted in a routine follow-up computed
tomography scan. A meticulous review of his scan 12 months prior revealed tiny sub-
centimeter pulmonary nodules in the right middle and lower lobes, as well as the left upper
lobe, which were unchanged in the current scan. The PET-CT scan showed mild uptake
in the new right upper lobe (SUV 2.5). Given his previous CLL, a computed-tomography-
guided fine-needle biopsy yielded nondiagnostic results with no cancer cells. Another
biopsy was performed, and the patient was diagnosed with squamous cell carcinoma.
The patient underwent sub-lobar resection with mediastinal lymph node dissection. The
pathology revealed stage IB squamous cell carcinoma.

The preoperative urine biosensor platform resulted in a highly positive output in the
lung cancer risk assessment.

4. Discussion

Lung cancer is the leading cause of cancer-related mortality worldwide. In 2023, an esti-
mated 238,340 new cases of lung cancer were diagnosed in the USA, with 127,070 deaths [5].
The majority of patients are diagnosed in the advanced stages, which decreases the chance
for efficient treatment and long-term survival.

Facilitating early detection and prompt treatment, cancer screening has been proven to
decrease the rate of mortality in other solid organ cancers (colon, breast, cervix). The logic
of screening for lung cancer prompted the National Lung Screening Trial (NLST), a phase
3 randomized trial, which demonstrated for the first time the benefit of screening high-
risk populations using low-dose CT scans over chest radiographs [1]. In 2020, a 10-year
follow-up of the NELSON trial further emphasized the importance of LCS by a reduction
in lung cancer mortality in men by 24% (cumulative rate ratio for death from lung cancer:
0.76; 95% CI, 0.61–0.94; p = 0.01) [2]. Based on these large randomized trials, the NCCN,
ACS, and US preventive services task force (SCPSTF), the American College of Chest
Physicians, the European Society for Medical Oncology (ESMO), and other organizations
world-wide implemented screening for high-risk individuals who are current or previous
smokers [5,39–42].

Despite these strong recommendations, there is extreme variability in the utilization,
adherence, and implementation of LCS protocols. Racial, ethnic, and gender disparities,
especially in marginalized or rural communities, are some of the barriers for lung cancer
screening [43,44]. These include not only patients but also providers and system-based
disparities. Racial minorities and women at higher risk are more likely to be diagnosed
with lung cancer at a younger age. They may have lower rates of smoking history, which
leads to higher rates of ineligibility for lung cancer screening compared to older men and
women. These disparities are examples of the challenges faced in addressing lung cancer.

As a result of the growing number of suspicious pulmonary nodules detected in
LCS scans, there is a need to increase the thoracic surgery workforce to accommodate the
amount of surgically operable cases [45]. On the other hand, given the relatively high false
positive results that come with LCS, there is an emerging need to develop additional tools
for better patient selection protocols for further work-up of detected nodules during LCS.

Appropriate risk stratification with risk prediction models might improve screening
protocols to become more personalized with better efficacy and accuracy. Modern radiomics
and imaging, together with molecular biomarkers detected in breath, blood, or urine
samples (either by technology or by biosensor-based systems), can reduce the rate of false
positive results from CT scans and might help establish individualized protocols for the
detection and diagnosis of pulmonary nodules. Validation adjuncts might also help extend
the screening interval for patients who are stratified as low-risk, hence reducing exposure,
improving compliance, and reducing associated costs [46].
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As approximately 320 high-risk smoking patients need to be screened annually for
3 years to prevent one death from lung cancer, and as the false positive rate of screening
scans reach up to 96%, there is an urgent need for better utilization of multiple resources to
overcome the modern barriers of LCS [47].

Risk prediction models employing a simple and inexpensive biomarker assay that
is easy to obtain, collect, and transfer during a single office visit or even over the counter
might help overcome some of these barriers and disparities and increase the utilization
of LCS [44,48]. Future prospective studies using adjuncts for risk stratification and vali-
dation for LDCT should commence as more and more societies and organizations call for
the implementation and utilization of individualized low-dose CT scans for lung cancer
screening programs [49–51].

Biomarkers are the focus of intense research to overcome two major limitations during
the process of lung cancer detection and diagnosis: the selection of high-risk individuals
for lung cancer screening and the differentiation of benign and malignant pulmonary
nodules detected in computed tomography scans. While numerous biomarkers have been
studied so far, their clinical benefits in the process of pulmonary nodules malignancy risk
assessment and lung cancer screening stratification remain to be defined.

Autoantibodies against p53, cancer-associated gene protein (CAGE), New York esophageal
squamous cell carcinoma 1 (NY-ESO-1), SRY-box transcription factor (SOX2), GBU4-5, ELAV-like
protein 4 (HuD), and melanoma-associated antigen A4 (MAGE-A4) to assess pulmonary nodule
malignancy risk are only a few examples of the available markers detected in the blood-test-
based assays used in the early detection of lung cancer [52]. Exhaled breath condensate (EBC) is
a source of the DNA fragments and volatile organic compounds used in the analysis of sputum
samples of high-risk individuals with suspected findings in LCS.

Although not approved for clinical use, several pre-screening biomarker tests for lung
cancer screening stratification are currently being thoroughly studied. Cell-free DNA tests
(cfDNA)—a non-invasive assay—are utilized in a large multisite prospective validation
study, which is an example of such a test [53,54]. miRNA-based tests aiming for gene
expression regulators are another target for research [55,56]. Sputum-based tests (LuCEDs)
have been developed to detect abnormal bronchial mucosal epithelial cells using novel
imaging technology followed by a cytopathologist review [57].

Artificial intelligence (AI)-based technologies can improve the efficacy of screening by
combining the benefits of machine learning with biomolecular assays. New data insights
might be added and incorporated into a comprehensive multi-modal data source that
computes all inputs into a statistical biopsy, offering a personalized approach for screening
and early cancer detection [58].

The combination of machine learning and biosensor-based techniques which are rapid,
cost-effective tools, is being studied intensely these days for early lung and breast cancer
detection [59].

In the clinical cases presented, all patients had a significant risk of surgery. In each case,
clinical dilemmas were presented to our multidisciplinary team during the diagnosis and
treatment pathways. Patient A is an elderly male with an incidental finding of complex lung
cavitation with a solid component that was suspicious for malignancy. Unfortunately, the
location and nature of the lesion were not amenable for biopsy, and hence, they mandated
significant pulmonary resection without prior histologic confirmation. Considering the
innate wish of patients and families to avoid significant surgical interventions with potential
major morbidity, adjunct validation studies might abate some of the confusion prior to
shared decision making. The benefit of simple, non-invasive adjunct confirmatory test
such as the urine biosensor platform might help during the preoperative discussion with
potential surgical candidates.

Patient B is an elderly male with significant co-morbidities, who presented with >3 cm
lung mass in the right upper lobe. Given its location, in the vicinity of bullous disease,
a needle biopsy was deemed a high risk. Both the patient and his family were reluctant
to undergo surgery given his age and co-morbidities without histological evidence and
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postponed the decision and surgery. Although stereotactic radiation is a valid option for this
group of patients, the benefit of SBRT for masses larger than 3 cm is unclear. With the risk of
disease progression, the presence of confirmatory adjunct validation tests might assist with
patient counseling and consent for surgery instead of SBRT and avoid unnecessary delays.

Patient C is an elderly high-risk heavy smoker who presented with a right upper lobe
consolidation which did not improve in three consecutive scans. His PET-CT showed mild
uptake at the lesion, and hence, a needle biopsy was carried out and yielded only chronic
inflammatory cells. As repeated scans did not show clearance of the consolidation, the
patient underwent surgical resection. His final pathology was significant for squamous cell
carcinoma, which would have progressed otherwise. Adjunct confirmatory external valida-
tion of negative biopsy results in high-risk patients would prompt earlier interventions,
such as surgical resection or repeated biopsy, which might help us avoid false diagnosis.
This is another potential benefit of biomolecular studies such as the one presented.

Similar to patient C, patient D is another high-risk heavy smoker with borderline–poor
pulmonary function tests, presented after two separate negative biopsies of a highly suspi-
cious growing central FDG avid nodule in the right lower lobe. SBRT was deemed a high
risk given the proximity of the lesion to central segmental vessels and bronchi, and hence, a
formal lobectomy was indicated given the location of the tumor. The presence of a positive
adjunct external validation assay might help in the shared decision making weighing the
risks and benefits of such a high-risk patient in electing the appropriate intervention among
several high-risk interventions.

Patient E is another example of a high-risk patient with morbid obesity with significant
co-morbidities, who presented following a negative biopsy result of a growing right upper
lobe among other stable multiple small bilateral lung nodules. The patient had a previous
history of hematologic malignancy and significant co-morbidities, which prompted another
needle biopsy, as a confirmation of the recurrence of his previous hematologic cancer would
be a contraindication for surgical resection. Having a confirmatory adjunct test might
avoid the risk of unnecessary additional invasive procedures (such as a second biopsy) and
prompt a definitive surgical resection.

In all five cases provided, the benefit of adjunct non-invasive confirmatory test was
presented. In the era of individualized medicine, additional cost-effective, non-invasive
tests such as the presented BSP might save unnecessary invasive biopsies and costly tests,
expedite diagnostic and treatment decisions in complex patients, assist in shared decision
making, and—once validated—help in the follow-up of patients and early detection of
recurrent or metastatic disease.

Clearly, each new test has its limitations. First and foremost, there is a need for further
clinical validation of the BSP prior to any clinical decision making and commercial use.
Proper clinical trials should be performed besides proof-of-concept studies. The use of
additional tests might add to the delay in the diagnostic pathway, although a BSP-based
protocol might be carried out in parallel and is meant to provide a rapid indication of
whether the patient has lung cancer or not. While one of the major limitations of the test is
its inability to indicate the sub-type and the stage of lung cancer, its use might strengthen
the diagnosis and assist in treatment decisions, specifically for high-risk patients and their
clinicians. Lastly, although it is not intended to replace proper tissue diagnosis, the balance
between the test’s low cost compared to the current CT scan-based programs, the simplicity
of performing the test in any place (physician’s office or at home) might help to improve
the low adherence rates of patients and clinicians in LCS programs.

5. Conclusions

The early detection of lung cancer has been proven to save lives. The utilization of
innovative approaches such as the detection of biomolecules with the help of novel AI-
based biosensor platforms might improve the adherence to the current screening protocols
and assist in the diagnosis and decision making process of detected non-specific pulmonary
nodules (Tables 1–3).
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Table 1. Potential utilization of the urine biosensor platform.

Identify pre-invasive lesions not identified on CT scans.

Pre-screen population to better utilize health care costs.

Confirm findings on LDCT and screening scans.

Identify populations at risk.

Identify suspicious nodules in endemic infection areas.

Post-operative follow-up and early diagnosis of recurrent disease.

Table 2. Potential benefits of the urine biosensor platform.

Problem Barrier Potential Benefit Using BSP Comments

Fear of unnecessary
radiation exposure Adherence—patients Easy to perform,

non-invasive, cheap
Can be integrated in other
screening protocols

Complex referral pathways Adherence—physicians Easy to perform, cheap Can be integrated in other
screening protocols

Poor countries or communities Utilization of resources Cheap, can be integrated with
other tests

Area with limited resources for
LCS programs

Special populations—sick, elderly Decision making Can help in complex clinical
decisions and borderline patients

Alternative treatments, potential
candidates for research protocols

Complex nodules to biopsy Decision making Can help in complex clinical
decisions and borderline patients

Can define risk benefit for
biopsies in high-risk patients

Endemic regions with
pulmonary nodules Diagnostic protocols Define population for further

work-up (biopsy, etc.)

Post-resection or treatment for
lung cancer Diagnostic protocols Easy to perform,

cheep, non-invasive
Early detection of metastases
or recurrence

Table 3. Clinical case summary with potential benefits of the BSP.

Case What Is the Problem Performed Procedures How the BSP Could Change
Management

A

Cavitation with solid component
that is not amenable for biopsy
would need large resection.
Elderly high-risk patient with a limited
pulmonary reserve.

Bronchoalveolar lavage.
Validated positive result would help
with shared decision making and avoid
delay prior to surgery.

B >3 cm lung mass in high-risk patient,
not amenable for biopsy.

Patient request to postpone
surgery for additional imaging.
Later agreed for SBRT.

Validated positive result might help
with shared decision making and avoid
delay for definitive treatment.

C Persistent consolidation in high-risk
patient with negative biopsy.

Needle biopsy, follow-up
repeated scans at 3,6 months.
Delayed surgery finally.

Validated positive result would prompt
earlier surgical intervention. Might
avoid stage migration and
adjuvant chemotherapy.

D
Borderline pulmonary function tests for
lobectomy in high-risk patient for both
lobectomy and SBRT.

EBUS, navigation bronchoscopy.
Offered surgical resection.

Validated positive result would prompt
earlier surgical resection.
Would help in discussing the risks vs.
benefits of surgery vs. SBRT with
the patient.

E
Enlarging pulmonary nodule in
previous hematologic cancer patient
with additional tiny nodules.

Needle biopsy ×2.

Validated positive result would avoid
second biopsy and prompt earlier
surgical resection for
definitive treatment.



J. Clin. Med. 2024, 13, 6164 10 of 12

Author Contributions: Conceptualization, O.W.; Methodology, A.A. and M.M.D.; Investigation,
O.W., T.S., A.A., L.A., A.L.-A. and M.M.D.; Data curation, A.A. and L.A.; Writing—original draft, O.W.
and M.M.D.; Writing—review & editing, A.L.-A.; Project administration, T.S. and L.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by IRB under
number 0051-22-POR, 9 September 2022.

Informed Consent Statement: Not applicable. Informed consent was obtained from all subjects
involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors T.S, A.L.-A. and M.M.D are employed by the company EARLY O.M.
Ltd. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References
1. National Lung Screening Trial Research Team; Aberle, D.R.; Adams, A.M.; Berg, C.D.; Black, W.C.; Clapp, J.D.; Fagerstrom, R.M.;

Gareen, I.F.; Gatsonis, C.; Marcus, P.M.; et al. Reduced Lung-Cancer Mortality with Low-Dose Computed Tomographic Screening.
N. Engl. J. Med. 2011, 365, 395–409. [CrossRef] [PubMed]

2. de Koning, H.J.; van der Aalst, C.M.; de Jong, P.A.; Scholten, E.T.; Nackaerts, K.; Heuvelmans, M.A.; Lammers, J.-W.J.; Weenink,
C.; Yousaf-Khan, U.; Horeweg, N.; et al. Reduced Lung-Cancer Mortality with Volume CT Screening in a Randomized Trial.
N. Engl. J. Med. 2020, 382, 503–513. [CrossRef] [PubMed]

3. Liu, Y.; Pan, I.-W.E.; Tak, H.J.; Vlahos, I.; Volk, R.; Shih, Y.-C.T. Assessment of Uptake Appropriateness of Computed Tomography
for Lung Cancer Screening According to Patients Meeting Eligibility Criteria of the US Preventive Services Task Force. JAMA
Netw. Open 2022, 5, e2243163. [CrossRef] [PubMed]

4. NCCN Guidelines for Patients: Lung Cancer Screening. 2023. Available online: https://www.nccn.org/patients/guidelines/
content/PDF/lung_screening-patient.pdf (accessed on 1 October 2024).

5. NCCN Lung Cacner Screening Guidelines V2.2024. Available online: https://www.nccn.org/guidelines/guidelines-detail?
category=2&id=1441 (accessed on 1 October 2024).

6. Lopez-Olivo, M.A.; Maki, K.G.; Choi, N.J.; Hoffman, R.M.; Shih, Y.-C.T.; Lowenstein, L.M.; Hicklen, R.S.; Volk, R.J. Patient
Adherence to Screening for Lung Cancer in the US: A Systematic Review and Meta-Analysis. JAMA Netw. Open 2020, 3, e2025102.
[CrossRef]

7. Wang, G.X.; Baggett, T.P.; Pandharipande, P.V.; Park, E.R.; Percac-Lima, S.; Shepard, J.-A.O.; Fintelmann, F.J.; Flores, E.J. Barriers
to Lung Cancer Screening Engagement from the Patient and Provider Perspective. Radiology 2019, 290, 278–287. [CrossRef]

8. Toumazis, I.; Bastani, M.; Han, S.S.; Plevritis, S.K. Risk-Based Lung Cancer Screening: A Systematic Review. Lung Cancer 2020,
147, 154–186. [CrossRef]

9. Mazzone, P.J.; Silvestri, G.A.; Patel, S.; Kanne, J.P.; Kinsinger, L.S.; Wiener, R.S.; Soo Hoo, G.; Detterbeck, F.C. Screening for Lung
Cancer: CHEST Guideline and Expert Panel Report. Chest 2018, 153, 954–985. [CrossRef]

10. Grannis, F.W., Jr. Minimizing Over-Diagnosis in Lung Cancer Screening. J. Surg. Oncol. 2013, 108, 289–293. [CrossRef]
11. Fukunaga, M.I.; Halligan, K.; Kodela, J.; Toomey, S.; Furtado, V.F.; Luckmann, R.; Han, P.K.J.; Mazor, K.M.; Singh, S. Tools to

Promote Shared Decision-Making in Lung Cancer Screening Using Low-Dose CT Scanning: A Systematic Review. Chest 2020,
158, 2646–2657. [CrossRef]

12. Klein, E.A.; Richards, D.; Cohn, A.; Tummala, M.; Lapham, R.; Cosgrove, D.; Chung, G.; Clement, J.; Gao, J.; Hunkapiller, N.; et al.
Clinical Validation of a Targeted Methylation-Based Multi-Cancer Early Detection Test Using an Independent Validation Set. Ann.
Oncol. 2021, 32, 1167–1177. [CrossRef]

13. Forum of International Respiratory Societies. 2021. Available online: https://www.thoracic.org/about/global-public-health/
firs/resources/world-lung-cancer-day-fact-sheet-2021.pdf (accessed on 1 October 2024).

14. Wu, Z.; Wang, F.; Cao, W.; Qin, C.; Dong, X.; Yang, Z.; Zheng, Y.; Luo, Z.; Zhao, L.; Yu, Y.; et al. Lung Cancer Risk Prediction
Models Based on Pulmonary Nodules: A Systematic Review. Thorac. Cancer 2022, 13, 664–677. [CrossRef] [PubMed]

15. Adams, S.J.; Stone, E.; Baldwin, D.R.; Vliegenthart, R.; Lee, P.; Fintelmann, F.J. Lung Cancer Screening. Lancet 2023, 401, 390–408.
[CrossRef] [PubMed]

16. Nooreldeen, R.; Bach, H. Current and Future Development in Lung Cancer Diagnosis. Int. J. Mol. Sci. 2021, 22, 8661. [CrossRef]
[PubMed]

17. Roointan, A.; Ahmad Mir, T.; Ibrahim Wani, S.; Mati-ur-Rehman; Hussain, K.K.; Ahmed, B.; Abrahim, S.; Savardashtaki, A.;
Gandomani, G.; Gandomani, M.; et al. Early Detection of Lung Cancer Biomarkers through Biosensor Technology: A Review. J.
Pharm. Biomed. Anal. 2019, 164, 93–103. [CrossRef]

https://doi.org/10.1056/NEJMoa1102873
https://www.ncbi.nlm.nih.gov/pubmed/21714641
https://doi.org/10.1056/NEJMoa1911793
https://www.ncbi.nlm.nih.gov/pubmed/31995683
https://doi.org/10.1001/jamanetworkopen.2022.43163
https://www.ncbi.nlm.nih.gov/pubmed/36409492
https://www.nccn.org/patients/guidelines/content/PDF/lung_screening-patient.pdf
https://www.nccn.org/patients/guidelines/content/PDF/lung_screening-patient.pdf
https://www.nccn.org/guidelines/guidelines-detail?category=2&id=1441
https://www.nccn.org/guidelines/guidelines-detail?category=2&id=1441
https://doi.org/10.1001/jamanetworkopen.2020.25102
https://doi.org/10.1148/radiol.2018180212
https://doi.org/10.1016/j.lungcan.2020.07.007
https://doi.org/10.1016/j.chest.2018.01.016
https://doi.org/10.1002/jso.23400
https://doi.org/10.1016/j.chest.2020.05.610
https://doi.org/10.1016/j.annonc.2021.05.806
https://www.thoracic.org/about/global-public-health/firs/resources/world-lung-cancer-day-fact-sheet-2021.pdf
https://www.thoracic.org/about/global-public-health/firs/resources/world-lung-cancer-day-fact-sheet-2021.pdf
https://doi.org/10.1111/1759-7714.14333
https://www.ncbi.nlm.nih.gov/pubmed/35137543
https://doi.org/10.1016/S0140-6736(22)01694-4
https://www.ncbi.nlm.nih.gov/pubmed/36563698
https://doi.org/10.3390/ijms22168661
https://www.ncbi.nlm.nih.gov/pubmed/34445366
https://doi.org/10.1016/j.jpba.2018.10.017


J. Clin. Med. 2024, 13, 6164 11 of 12

18. Sun, X.; Shao, K.; Wang, T. Detection of Volatile Organic Compounds (VOCs) from Exhaled Breath as Noninvasive Methods for
Cancer Diagnosis. Anal. Bioanal. Chem. 2016, 408, 2759–2780. [CrossRef]

19. Wen, Q.; Boshier, P.; Myridakis, A.; Belluomo, I.; Hanna, G.B. Urinary Volatile Organic Compound Analysis for the Diagnosis of
Cancer: A Systematic Literature Review and Quality Assessment. Metabolites 2020, 11, 17. [CrossRef]

20. da Costa, B.R.B.; De Martinis, B.S. Analysis of Urinary VOCs Using Mass Spectrometric Methods to Diagnose Cancer: A Review.
Clin. Mass. Spectrom. 2020, 18, 27–37. [CrossRef]

21. Silva, C.L.; Passos, M.; Câmara, J.S. Investigation of Urinary Volatile Organic Metabolites as Potential Cancer Biomarkers by
Solid-Phase Microextraction in Combination with Gas Chromatography-Mass Spectrometry. Br. J. Cancer 2011, 105, 1894–1904.
[CrossRef]

22. Gao, Q.; Su, X.; Annabi, M.H.; Schreiter, B.R.; Prince, T.; Ackerman, A.; Morgas, S.; Mata, V.; Williams, H.; Lee, W.-Y. Application
of Urinary Volatile Organic Compounds (VOCs) for the Diagnosis of Prostate Cancer. Clin. Genitourin. Cancer 2019, 17, 183–190.
[CrossRef]

23. Arasaradnam, R.P.; McFarlane, M.J.; Ryan-Fisher, C.; Westenbrink, E.; Hodges, P.; Thomas, M.G.; Chambers, S.; O’Connell, N.;
Bailey, C.; Harmston, C.; et al. Detection of Colorectal Cancer (CRC) by Urinary Volatile Organic Compound Analysis. PLoS ONE
2014, 9, e108750. [CrossRef]

24. Khalid, T.; Aggio, R.; White, P.; Costello, B.D.L.; Persad, R.; Al-Kateb, H.; Jones, P.; Probert, C.S.; Ratcliffe, N. Urinary Volatile
Organic Compounds for the Detection of Prostate Cancer. PLoS ONE 2015, 10, e0143283. [CrossRef] [PubMed]

25. Chen, X.; Xu, F.; Wang, Y.; Pan, Y.; Lu, D.; Wang, P.; Ying, K.; Chen, E.; Zhang, W. A Study of the Volatile Organic Compounds
Exhaled by Lung Cancer Cells in Vitro for Breath Diagnosis. Cancer 2007, 110, 835–844. [CrossRef] [PubMed]

26. Song, G.; Qin, T.; Liu, H.; Xu, G.-B.; Pan, Y.-Y.; Xiong, F.-X.; Gu, K.-S.; Sun, G.-P.; Chen, Z.-D. Quantitative Breath Analysis of
Volatile Organic Compounds of Lung Cancer Patients. Lung Cancer 2010, 67, 227–231. [CrossRef] [PubMed]

27. Schallschmidt, K.; Becker, R.; Jung, C.; Bremser, W.; Walles, T.; Neudecker, J.; Leschber, G.; Frese, S.; Nehls, I. Comparison of
Volatile Organic Compounds from Lung Cancer Patients and Healthy Controls-Challenges and Limitations of an Observational
Study. J. Breath. Res. 2016, 10, 046007. [CrossRef] [PubMed]

28. Hanai, Y.; Shimono, K.; Oka, H.; Baba, Y.; Yamazaki, K.; Beauchamp, G.K. Analysis of Volatile Organic Compounds Released
from Human Lung Cancer Cells and from the Urine of Tumor-Bearing Mice. Cancer Cell Int. 2012, 12, 7. [CrossRef]

29. Buszewski, B.; Ligor, T.; Jezierski, T.; Wenda-Piesik, A.; Walczak, M.; Rudnicka, J. Identification of Volatile Lung Cancer Markers by
Gas Chromatography–Mass Spectrometry: Comparison with Discrimination by Canines. Anal. Bioanal. Chem. 2012, 404, 141–146.
[CrossRef]

30. Balseiro, S.C.; Correia, H.R. Is Olfactory Detection of Human Cancer by Dogs Based on Major Histocompatibility Complex-
Dependent Odour Components?—A Possible Cure and a Precocious Diagnosis of Cancer. Med. Hypotheses 2006, 66, 270–272.
[CrossRef]

31. McCulloch, M.; Jezierski, T.; Broffman, M.; Hubbard, A.; Turner, K.; Janecki, T. Diagnostic Accuracy of Canine Scent Detection in
Early- and Late-Stage Lung and Breast Cancers. Integr. Cancer Ther. 2006, 5, 30–39. [CrossRef]

32. Ehmann, R.; Boedeker, E.; Friedrich, U.; Sagert, J.; Dippon, J.; Friedel, G.; Walles, T. Canine Scent Detection in the Diagnosis of
Lung Cancer: Revisiting a Puzzling Phenomenon. Eur. Respir. J. 2012, 39, 669–676. [CrossRef]

33. Pomerantz, A.; Blachman-Braun, R.; Galnares-Olalde, J.A.; Berebichez-Fridman, R.; Capurso-García, M. The Possibility of
Inventing New Technologies in the Detection of Cancer by Applying Elements of the Canine Olfactory Apparatus. Med.
Hypotheses 2015, 85, 160–172. [CrossRef]

34. Pirrone, F.; Albertini, M. Olfactory Detection of Cancer by Trained Sniffer Dogs: A Systematic Review of the Literature. J. Vet.
Behav. 2017, 19, 105–117. [CrossRef]

35. Becker, R. Non-Invasive Cancer Detection Using Volatile Biomarkers: Is Urine Superior to Breath? Med. Hypotheses 2020,
143, 110060. [CrossRef]

36. Wiesel, O.; Sung, S.-W.; Katz, A.; Leibowitz, R.; Bar, J.; Kamer, I.; Berger, I.; Nir-Ziv, I.; Mark Danieli, M. A Novel Urine Test
Biosensor Platform for Early Lung Cancer Detection. Biosensors 2023, 13, 627. [CrossRef] [PubMed]

37. Edwards, T.L.; Browne, C.M.; Schoon, A.; Cox, C.; Poling, A. Animal Olfactory Detection of Human Diseases: Guidelines and
Systematic Review. J. Vet. Behav. 2017, 20, 59–73. [CrossRef]

38. American Veterinary Medical Association Animal Welfare Standards. Available online: https://www.avma.org/resources-tools/
animal-health-and-welfare/animal-welfareNCT05306288 (accessed on 1 October 2024).

39. US Preventive Services Task Force. Screening for Lung Cancer: US Preventive Services Task Force Recommendation Statement.
JAMA 2021, 325, 962–970. [CrossRef]

40. Detterbeck, F.C.; Mazzone, P.J.; Naidich, D.P.; Bach, P.B. Screening for Lung Cancer: Diagnosis and Management of Lung
Cancer, 3rd Ed: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines. CHEST 2013, 143, e78S–e92S.
[CrossRef]

41. Vansteenkiste, J.; Crinò, L.; Dooms, C.; Douillard, J.Y.; Faivre-Finn, C.; Lim, E.; Rocco, G.; Senan, S.; Van Schil, P.; Veronesi, G.;
et al. 2nd ESMO Consensus Conference on Lung Cancer: Early-Stage Non-Small-Cell Lung Cancer Consensus on Diagnosis,
Treatment and Follow-Up. Ann. Oncol. 2014, 25, 1462–1474. [CrossRef]

https://doi.org/10.1007/s00216-015-9200-6
https://doi.org/10.3390/metabo11010017
https://doi.org/10.1016/j.clinms.2020.10.004
https://doi.org/10.1038/bjc.2011.437
https://doi.org/10.1016/j.clgc.2019.02.003
https://doi.org/10.1371/journal.pone.0108750
https://doi.org/10.1371/journal.pone.0143283
https://www.ncbi.nlm.nih.gov/pubmed/26599280
https://doi.org/10.1002/cncr.22844
https://www.ncbi.nlm.nih.gov/pubmed/17599760
https://doi.org/10.1016/j.lungcan.2009.03.029
https://www.ncbi.nlm.nih.gov/pubmed/19409642
https://doi.org/10.1088/1752-7155/10/4/046007
https://www.ncbi.nlm.nih.gov/pubmed/27732569
https://doi.org/10.1186/1475-2867-12-7
https://doi.org/10.1007/s00216-012-6102-8
https://doi.org/10.1016/j.mehy.2005.08.027
https://doi.org/10.1177/1534735405285096
https://doi.org/10.1183/09031936.00051711
https://doi.org/10.1016/j.mehy.2015.04.024
https://doi.org/10.1016/j.jveb.2017.03.004
https://doi.org/10.1016/j.mehy.2020.110060
https://doi.org/10.3390/bios13060627
https://www.ncbi.nlm.nih.gov/pubmed/37366992
https://doi.org/10.1016/j.jveb.2017.05.002
https://www.avma.org/resources-tools/animal-health-and-welfare/animal-welfareNCT05306288
https://www.avma.org/resources-tools/animal-health-and-welfare/animal-welfareNCT05306288
https://doi.org/10.1001/jama.2021.1117
https://doi.org/10.1378/chest.12-2350
https://doi.org/10.1093/annonc/mdu089


J. Clin. Med. 2024, 13, 6164 12 of 12

42. Smith, R.A.; Brooks, D.; Cokkinides, V.; Saslow, D.; Brawley, O.W. Cancer Screening in the United States, 2013: A Review of
Current American Cancer Society Guidelines, Current Issues in Cancer Screening, and New Guidance on Cervical Cancer
Screening and Lung Cancer Screening. CA Cancer J. Clin. 2013, 63, 88–105. [CrossRef]

43. Kunitomo, Y.; Bade, B.; Gunderson, C.G.; Akgün, K.M.; Brackett, A.; Tanoue, L.; Bastian, L.A. Evidence of Racial Disparities in the
Lung Cancer Screening Process: A Systematic Review and Meta-Analysis. J. Gen. Intern. Med. 2022, 37, 3731–3738. [CrossRef]
[PubMed]

44. Senthil, P.; Kuhan, S.; Potter, A.L.; Jeffrey Yang, C.-F. Update on Lung Cancer Screening Guideline. Thorac. Surg. Clin. 2023,
33, 323–331. [CrossRef]

45. Dezube, A.R.; Jaklitsch, M.T. New Evidence Supporting Lung Cancer Screening with Low Dose CT & Surgical Implications. Eur.
J. Surg. Oncol. 2020, 46, 982–990. [CrossRef]

46. Lancaster, H.L.; Heuvelmans, M.A.; Oudkerk, M. Low-Dose Computed Tomography Lung Cancer Screening: Clinical Evidence
and Implementation Research. J. Intern. Med. 2022, 292, 68–80. [CrossRef]

47. Mott, T.F. Lung Cancer: Management. FP Essent. 2018, 464, 27–30.
48. Hasson, R.M.; Bridges, C.J.; Curley, R.J.; Erhunmwunsee, L. Access to Lung Cancer Screening. Thorac. Surg. Clin. 2023, 33, 353–363.

[CrossRef]
49. Mazzone, P.J.; Silvestri, G.A.; Souter, L.H.; Caverly, T.J.; Kanne, J.P.; Katki, H.A.; Wiener, R.S.; Detterbeck, F.C. Screening for Lung

Cancer. Chest 2021, 160, e427–e494. [CrossRef] [PubMed]
50. Oudkerk, M.; Devaraj, A.; Vliegenthart, R.; Henzler, T.; Prosch, H.; Heussel, C.P.; Bastarrika, G.; Sverzellati, N.; Mascalchi, M.;

Delorme, S.; et al. European Position Statement on Lung Cancer Screening. Lancet Oncol 2017, 18, e754–e766. [CrossRef] [PubMed]
51. Smith, R.A.; Andrews, K.S.; Brooks, D.; Fedewa, S.A.; Manassaram-Baptiste, D.; Saslow, D.; Wender, R.C. Cancer Screening in the

United States, 2019: A Review of Current American Cancer Society Guidelines and Current Issues in Cancer Screening. CA A
Cancer J. Clin. 2019, 69, 184–210. [CrossRef] [PubMed]

52. Susai, C.J.; Velotta, J.B.; Sakoda, L.C. Clinical Adjuncts to Lung Cancer Screening: A Narrative Review. Thorac. Surg. Clin. 2023,
33, 421–432. [CrossRef] [PubMed]

53. Mathios, D.; Johansen, J.S.; Cristiano, S.; Medina, J.E.; Phallen, J.; Larsen, K.R.; Bruhm, D.C.; Niknafs, N.; Ferreira, L.; Adleff,
V.; et al. Detection and Characterization of Lung Cancer Using Cell-Free DNA Fragmentomes. Nat. Commun. 2021, 12, 5060.
[CrossRef]

54. Delfi Diagnostics Inc. CASCADE-LUNG: Cancer Screening Assay Using DELFI.; A Clinical Validation Study in Lung; Clinical trial
Registration NCT05306288; clinicaltrials.gov, 2024. Available online: https://clinicaltrials.gov/study/NCT05306288 (accessed on
1 January 2024).

55. Montani, F.; Marzi, M.J.; Dezi, F.; Dama, E.; Carletti, R.M.; Bonizzi, G.; Bertolotti, R.; Bellomi, M.; Rampinelli, C.; Maisonneuve, P.;
et al. miR-Test: A Blood Test for Lung Cancer Early Detection. J. Natl. Cancer Inst. 2015, 107, djv063. [CrossRef]

56. Sozzi, G.; Boeri, M.; Rossi, M.; Verri, C.; Suatoni, P.; Bravi, F.; Roz, L.; Conte, D.; Grassi, M.; Sverzellati, N.; et al. Clinical Utility of
a Plasma-Based miRNA Signature Classifier Within Computed Tomography Lung Cancer Screening: A Correlative MILD Trial
Study. J. Clin. Oncol. 2014, 32, 768–773. [CrossRef]

57. Meyer, M.G.; Hayenga, J.; Neumann, T.; Katdare, R.; Presley, C.; Steinhauer, D.; Bell, T.; Lancaster, C.; Nelson, A.C. The Cell-CT
3D Cell Imaging Technology Platform Enables the Detection of Lung Cancer Using the Non-Invasive LuCED Sputum Test. Cancer
Cytopathol. 2015, 123, 512–523. [CrossRef]

58. Adams, S.J.; Topol, E.J. Rebooting Cancer Screening with Artificial Intelligence. Lancet 2023, 402, 440. [CrossRef] [PubMed]
59. Wang, L. Early Diagnosis of Breast Cancer. Sensors 2017, 17, 1572. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3322/caac.21174
https://doi.org/10.1007/s11606-022-07613-2
https://www.ncbi.nlm.nih.gov/pubmed/35838866
https://doi.org/10.1016/j.thorsurg.2023.04.002
https://doi.org/10.1016/j.ejso.2020.02.015
https://doi.org/10.1111/joim.13480
https://doi.org/10.1016/j.thorsurg.2023.03.003
https://doi.org/10.1016/j.chest.2021.06.063
https://www.ncbi.nlm.nih.gov/pubmed/34270968
https://doi.org/10.1016/S1470-2045(17)30861-6
https://www.ncbi.nlm.nih.gov/pubmed/29208441
https://doi.org/10.3322/caac.21557
https://www.ncbi.nlm.nih.gov/pubmed/30875085
https://doi.org/10.1016/j.thorsurg.2023.03.002
https://www.ncbi.nlm.nih.gov/pubmed/37806744
https://doi.org/10.1038/s41467-021-24994-w
https://clinicaltrials.gov/study/NCT05306288
https://doi.org/10.1093/jnci/djv063
https://doi.org/10.1200/JCO.2013.50.4357
https://doi.org/10.1002/cncy.21576
https://doi.org/10.1016/S0140-6736(23)01576-3
https://www.ncbi.nlm.nih.gov/pubmed/37544321
https://doi.org/10.3390/s17071572
https://www.ncbi.nlm.nih.gov/pubmed/28678153

	Introduction 
	Methods 
	Biosensor Characteristics and Qualification 
	The Biosensor Platform (BSP) 
	BS Performance Analysis 
	Urine Sample Preparation 
	Clinical Data 

	Results 
	The Patient That Cannot Undergo Biopsy 
	The High-Risk Patient with a Prior Negative Lung Biopsy 

	Discussion 
	Conclusions 
	References

