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Abstract: The lung epithelium regulates gas exchange and is the first line of defense against airborne 

toxicants and microbial infections.  Disruption of the integrity of lung epithelium results in altered 

permeability and severely impacts normal lung functions.  To develop biomarkers of potential 

harm (BoPH) for assessing adverse health effects of cigarette smoking, we have evaluated lung 

barrier function.  In a single-center, ambulatory, clinical study we measured lung permeability, as 

the half-life (T1/2) of inhaled 99mTC-DTPA, in 17 subjects consisting of 6 Smokers (SMK), 5 Moist 

Snuff Consumers (MSC), and 6 Non-Tobacco Consumers (NTC) at three weekly test visits.  

Smokers, relative to MSC and NTC, exhibited significantly faster clearance of the inhaled probe 

(shorter T1/2), indicating increased lung permeability.  NTC and MSC had comparable clearance 

times of the inhaled probe (longer T1/2).  Least squares regression modeling showed that the 

variability of the test was minimal and was not significant.  Prediction profiling showed that the 

repeatability of the lung permeability test was robust and was able to differentiate the tobacco 

product use groups in this study.  Thus, altered lung barrier function may serve as a BoPH for 

assessing the effects of tobacco use. 

Keywords: epithelial permeability; biomarkers of potential harm; lung injury; 99mTC-DTPA 

scintigraphy 

 

1. Introduction 

Lung, in its functional capacity as a physical barrier of inhaled/airborne toxicants, is a direct 

target of adverse impact of chronic cigarette smoking (1, 2).  The barrier function of lung epithelial 

cells allows gas exchange, protects against environmental insults and microbial pathogens, regulates 

ion and fluid transport, among others.  Thus, the structural integrity of lung epithelium is a critical 

feature for normal lung function, and its disruption and dysfunction contribute to several serious 

diseases (3-5). 

Chronic smoking is a major risk factor for several lung diseases, including chronic obstructive 

pulmonary disease (COPD), cancers, and other diseases (6).  Several studies have shown that chronic 

smoking disrupts lung barrier function, which results in altered solute and macromolecule transport 

and infiltration of immune cells.  These early events promote an unresolved pro-inflammatory 

environment, which progresses to a sustained chronic inflammatory state and eventually culminates 

into smoking-related diseases (1, 2, 4). 

Cigarette smoke is a dynamic aerosol consisting of particulate and gas vapor phases.  To date 

over 9,000 chemicals and toxicants have been identified in cigarette smoke (7), and 93 are established 

as Harmful and Potentially Harmful Constituents by the US FDA (8).  Among these toxicants, Group 

1 carcinogens (e.g., cadmium) (9) and respiratory toxicants (e.g., acrolein) (8), are reported to cause 

oxidative stress, lung injury and disease in susceptible individuals (6).  Alternate tobacco products 

including orally consumed smokeless tobacco products, electronic nicotine delivery systems (ENDS) 
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and heated tobacco products (HTPs), are not combusted and hence are chemically far less complex 

than cigarette smoke, and their health effects are an active area of research (10-12).  

The modified risk tobacco product provisions, under the Food Drug & Cosmetics Act, may 

provide a valuable tool in the effort to promote public health by reducing morbidity and mortality 

associated with tobacco use (13).  While the modified risk tobacco product application (MRTPA) 

does not necessarily require epidemiological evidence, several lines of scientific evidence may be 

required for evaluation of health risks at the individual and population levels (13).  Smoking-

induced diseases typically manifest after several decades of sustained smoking, and no surrogate 

biomarkers for these diseases are reported to date (14, 15).    

In the absence of epidemiology, biomarkers of potential harm (BoPH), which are mechanistic, 

can be valuable interim tools for predicting health risks (16).  Since the adverse effects of cigarette 

smoking persist for several months to years, BoPH, in a clinical study setting, inform of early 

improvements in biological responses following cessation or switching to candidate modified risk 

tobacco products.  Among the broad range of methods to assess lung function, spirometry is a 

prominent one.  Spirometric outputs such as forced expiratory volume 1 (FEV1) and Forced Vital 

Capacity (FVC) are well-established measures of lung function and extensively used as diagnostic 

markers of COPD.  However, it typically takes several months to detect significant improvements 

in lung function following smoking cessation or switching to non-combustible tobacco products (17, 

18).  Therefore, other measures of lung physiology that are responsive to changes in smoking status 

relatively rapidly would be valuable tools in the assessment of candidate modified risk tobacco 

products. 

One lung function measure that consistently differentiates smokers and non-smokers is lung 

permeability.  Changes in lung barrier function in cigarette smokers have been quantified 

previously by 99mTC-DTPA imaging method (19).  Smokers consistently exhibit increased lung 

permeability as demonstrated by the clearance of inhaled 99mTC-DTPA from their lungs, relative to 

non-smokers.  Lung barrier function, as measured by the 99mTC-DTPA clearance method, returns 

rapidly to normal levels in smokers upon cessation (20), and is unaffected by exposure to nicotine 

alone (21).   

The overall goal of this clinical study is to further qualify lung permeability by the 99mTC-DTPA 

clearance test as a BoPH for evaluation of tobacco products.  The objective of this method 

development study was to assess the technical and logistical feasibility of conducting 99mTC-DTPA 

clearance test over several study visits among groups of different types of tobacco product 

consumers. 

2. Materials and Methods 

2.1. Lung Permeability Clinical Study design 

This method development study was planned as a single-center, 4-group, 22-day ambulatory 

study at Celerion, Lincoln, NE, that aimed to enroll 24 generally healthy, asymptomatic male and 

female adult subjects per the eligibility criteria (Supplemental section).  Following a Screening Visit, 

subjects were enrolled in to one of the following tobacco-use groups: smoker (SMK), moist snuff 

consumer (MSC), vaper (VAP), or non-tobacco consumer (NTC).  Enrolled subjects completed an 

initial visit (Test Visit 1), in which blood samples were collected for biomarker analyses.  This was 

followed with three additional visits (Test Visits 2, 3 and 4).  During these Test Visits, study subjects 

completed three 99mTC-DTPA clearance tests, which were performed at one-week intervals 

(Supplemental Figure S1).   

Due to the stringent inclusion and exclusion criteria (Supplemental Section), recruitment of 

vapor consumers became challenging, and we were only able to enroll one subject into the VAP 

group.  Therefore, no results from the VAP group are reported in this manuscript.   
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2.2. Ethical conduct of the study 

The study was conducted under the approval of an accredited Institutional Review Board 

(Chesapeake, NE).  Clinicaltrials.gov Identifier: NCT06105424. This method development study was 

performed in compliance with FDA regulations as described in the Code of Federal Regulations 

(CFR) 21 Parts 50 and 56, Department of Health and Human Services regulations as described in 45 

CFR 46, guidelines resulting from the International Council for Harmonisation (ICH) E6 Good 

Clinical Practice (GCP) which are consistent with the Declaration of Helsinki as adopted in 2008.  

Prior to initiation of any study-specific procedures, subjects received a copy of the Informed Consent 

Form (ICF) that summarized, in non-technical terms, the purpose of the study, the procedures to be 

carried out, and the potential hazards.  Study procedures at Screening were initiated only after 

obtaining the signed informed consent.  

2.3. Study subjects  

Six SMK, 5 MSC and 6 NTC completed all the test visits and test procedures, and data from those 

evaluations are presented.  Briefly, the inclusion/exclusion criteria (described in Supplementary 

Section), were that the subjects were generally healthy, between 30-50 years of age.  More 

specifically, the SMK group were smokers who exclusively smoked 10-20 combustible, filtered 

cigarettes per day for at least 3 years prior to screening; the MSC group exclusively consumed ≥1 can 

of moist snuff per week for at least 6 months, and the NTC group did not use any tobacco/nicotine 

products for at least 5 years.  No investigational product was administered in this study and all 

subjects continued their usual lifestyle and tobacco use (SMK and MSC only) through discharge from 

the study.   

2.4. Safety evaluations 

Several safety evaluations were performed prior to performing lung permeability tests. Full 

physical, oral, and nasopharyngeal examinations were performed at the Screening Visit.  Vital signs 

were measured after subjects were seated for 5 minutes (blood pressure, pulse rate, and oral 

temperature) at Screening and at the beginning of each Test Visit.  Blood pressure and pulse rate 

were additionally measured at the conclusion of each Test Visit (or upon early termination).  Single 

12-lead electrocardiogram were conducted at Screening.  Clinical laboratory assessments consisted 

of serum chemistry, hematology, and urinalysis.  Adverse Event (AE) information was collected 

throughout the study. 

Spirometry was performed at Screening Visit before and after the administration of 

bronchodialator (albuterol) as a part of safety and was used as a measure of normal lung function.   

2.5. Biomarkers of exposure  

Exhaled carbon monoxide (ECO), blood nicotine and cotinine concentrations were measured as 

biomarkers of tobacco exposure.  Plasma nicotine and cotinine were analyzed by Celerion Global 

Bioanalytical Services using liquid chromatography/mass spectrometry (LC/MS/MS) by validated 

analytical methods at each study visit per applicable sections of Good Laboratory Practice regulations 

(22).  A urine cotinine screen was performed at screening.  An ECO measurement was performed 

at Screening, Test Visit 1, and prior to the lung permeability procedure at Test Visits 2, 3, and 4. 

2.6. Lung permeability assessment 

The principle of this method is that the disruption of lung epithelial integrity results in increased 

permeability to solutes, and clearance of inhaled 99mTC-DTPA from lungs as measured by 

scintigraphy (19).  Because of the injury from cigarette smoking, lung epithelial integrity is 

compromised, and smokers’ lungs are described as “leaky.”  Consequently, the rate of 

disappearance of the labeled solute is faster compared non-smokers.   

Subjects in the SMK and MSC group were required to abstain from tobacco products for 8-10h 

prior to lung permeability assessment.  Thus, this study focused on chronic effects of tobacco use on 
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lung permeability.  All study subjects were trained to use an incentive spirometer and provided one 

to take home to practice deep, deep breaths that were required for the inhalation of aerosol for the 

lung permeability test.  

2.7. Radiolabeled probe preparation 

Individual doses of 99mTC-DTPA were prepared by Cardinal Health (Lincoln, Nebraska) on the 

morning of each Test Visit. The 99mTc-DTPA was diluted into sterile physiologic saline solution and 

~3 mL of solution containing ~40 mCi was then loaded into a shielded Venti-Scan™ IV Radioaerosol 

dministration System (Biodex) and nebulized using an air flow rate of 10 liters/minute, producing a 

mean particle size of 0.5 microns. The radioactivity was measured by Cardinal Health prior to 

delivery, and a dose calibrator was used by the imaging technician to further ensure the appropriate 

amount of radioactivity was administered. The subject breathes the aerosol for 3 minutes, depositing 

approximately 1 mCi to the lungs and a 0.3 rem effective dose equivalent (assuming a 5-hour voiding 

schedule). The remainder of the 99mTC-DTPA that is not retained in the lungs either remains in the 

nebulizer or is filtered out and disposed per radiation safety regulations. 

2.8. Scintigraphy  

The study subjects were aligned in front of the gamma camera in a supine position for posterior 

imaging.  Following the acquisition of a pre-dose image, a nose clip was put in place and the subject 

inhaled the aerosolized 99mTC-DTPA for approximately for 3 minutes while lying supine in front of a 

gamma camera to acquire sufficient activity (determined from gamma camera counts/minute) in the 

lung for imaging. Scintigraphy monitoring of thoracic radioactivity was performed immediately 

following inhalation of the radio-aerosol and consisted of dynamic acquisition of 60 images at 

1-minute intervals. Using computer analysis, rectangular regions of interest (right lung) were used 

to determine the lung retention as a fraction of the initial decay corrected counts. The technician 

administering the test ensured that the images acquired were of high quality. Each image was 

reviewed by a qualified radiologist who was blinded to subject information.  

2.9. Image analysis 

The time to reach one-half of the peak intensity (T1/2) was determined for the total right lung by 

using the Digirad (Poway, CA) imaging software and reported as the “Linear Fit”.  

2.10. Statistical Methods 

Lung permeability T1/2 values were listed by subject and summarized by study groups and test 

visit using descriptive statistics (n, mean and standard deviation [SD]).  Mean graphs for 99mTC-

DTPA T1/2 versus test visit are also presented.  The effects of tobacco user groups (TUG) for the 

effect of repeated visits lung permeability testing (LPT) on the lung permeability measurements were 

investigated by least squares regression model, in which LP is the response variable. TUG and LPT 

are the independent variables. In addition, the variations of TUG, LPT and subject-to-subjects were 

estimated by Bayesian Variance Decomposition method, using JMP software (v10). 

3. Results 

3.1. Demographics  

We sought to collect lung permeability test data from 6 subjects from each of smoker, moist snuff 

and non-tobacco consumer groups. In this study, generally healthy individuals who met the study 

inclusion exclusion criteria were enrolled.  Among the enrolled were 8 smokers (SMK), 5 moist snuff 

consumers (MSC), and 7 non-tobacco consumers (NTC)) (Table 1).  Eighteen (18) subjects completed 

the study and three were discontinued (Supplemental Table S1).  As indicated in Materials and 

Methods section, although a single vapor consumer also completed the study, those data are not 

included.  Thus, data from 6 SMK (3 each male and females), 5 MSC (all male) and 6 NTC (4 females 
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and 2 males) are presented in this manuscript.  Since moist snuff is predominantly consumed by 

males, that group consisted of only male subjects.  Overall, a majority of study subjects were 

Caucasian (90%) and two subjects were African American (10%); one subject belonged to Hispanic or 

Latino ethnicity. 

Table 1. Demographic summary of study subjects. 

 Tobacco user group   

Trait Category/Statistics SMK MSC VAP NTC Overall 

Sex 
Female   5 (63%)   0 (0%)       0 (0%)       4 (57%)     9 (43%)   
Male   3 (38%)     5 (100%)   1 (100%)   3 (43%)    12 (57%)   

Race 

Black or African 

American 
  2 (25%)     0 (0%)     0 (0%)     0 (0%)     2 (10%)   

White   6 (75%)     5 (100%)   1 (100%)   7 (100%)  19 (90%)   

Ethnicity 

Hispanic or Latino   0 (0%)     0 (0%)     0 (0%)     1 (14%)     1 (5%)   
Not Hispanic or 

Latino 
  8 (100%)   5 (100%)   1 (100%)   6 (86%)    20 (95%)   

Subjects in each 

group 
n 8 5 1 7 21 

Age* (yrs) Mean ± SD 39.3 ± 6.41 45.2 ± 4.27 37 39.3 ± 5.38 40.6 ± 5.83 

Weight (kg) Mean ± SD 78.94 ±14.47 
90.54 ± 

11.98 
94.8 

75.56 ± 

15.34 

81.33 

±14.72 

Height (cm) Mean ± SD 165.1 ± 10.05 181.8 ± 3.56 177 167.9 ± 7.45 
170.6 

±10.13 

BMI (kg/m²) Mean ± SD 28.94 ± 5.01 27.48 ± 4.35 30.16 26.75 ± 5.26 27.92 ±4.7 

Fagerström (total 

score) 
Mean ± SD 5.9 ±1.25       5.9 

*Age is calculated based on date of birth and reported as of the Screening date. 

The Fagerström test was performed for SMK group only. 

BMI = Body mass index 

Table 1. Study demographics. Majority of the subjects are male and white. 

3.2. Adverse Events (AEs) 

There were no Serious Adverse Events or subject discontinuations due to AEs in this study. A 

total of 18 mild AEs were reported by 9 (43%) subjects, with 3 subjects in the SMK, 4 subjects in the 

MSC, and 2 subjects in the NTC groups. Five (24%) subjects reported throat-related AEs including 

sore throat (2), burning sensation in throat (1), tender throat (1) (all in MSC); and one subject with 

itchy throat (SMK). The burning sensation in throat was considered to be study-related, tender throat 

and one sore throat event to be possibly related, and itchy throat and one sore throat event to be not 

related.  Headache was reported by 2 (10%) subjects, both in the SMK.  One subject received 

acetaminophen for headache resolution.  The PI considered both headache events to be not related 

to study procedure.  All AEs were mild in severity and resolved without any further follow up. 

3.3. Spirometry  

As a part of safety evaluations, spirometry was performed to ensure subjects exhibited normal 

lung function.  Overall, FEV1% change ranged from -7 to +12%, with minimal changes noted in the 

MSC. Changes in FEV1: FVC ratio from pre- to post-bronchodilator time points were generally small 

across all groups (data not shown). 
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3.4. Biomarkers of exposure 

Blood nicotine and cotinine were used as biomarkers of exposure for tobacco use, whereas ECO 

was used as a marker of combustion product use (cigarette smoking) (Table 2).  Thus, smokers are 

expected to exhibit measurable levels of ECO, nicotine and cotinine, whereas moist snuff users to 

exhibit measurable levels of nicotine and cotinine, but not to ECO.  The non-tobacco users should 

have only baseline exposure to these three biomarkers.  Accordingly, subjects in the MSC, and NTC 

groups had lower ECO levels relative to SMK.  Nicotine and cotinine levels were below the level of 

quantification in NTC across the test visits.  SMK and MSC showed readily detectable and 

comparable levels of cotinine (251-301 ng/ml range) attesting to their tobacco use status.  Mean blood 

nicotine levels were in the range of 2.3- 5.1 ng/ml in SMK and MSC due to overnight abstinence from 

tobacco. 

Table 2. Biomarkers of Exposure. 

    Mean ± Std Dev 

  TUG Test Visit 2 Test Visit 3 Test Visit 4 

ECO (ppm) 

SMK 14 ± 3.8 14.7 ± 6.1 11.8 ± 2.3 

MSC 3.5 ± 1.3 2.8 ± 0.5 3.8 ± 0.5 

NTC 3.2 ± 1.2 3.7 ± 1.3 3.3 ± 1.1 

      

Nicotine 

ng/mL 

SMK 4.7 ± 3.3 5.1 ± 4.9 2.4 ± 1.7 

MSC 2.4 ± 0.7 2.3 ± 0.8 3.6 ± 2.9 

NTC BLQ BLQ BLQ 

      

Cotinine 

ng/mL 

SMK 278.8 ± 129.1 292.7 ± 171.9 251 ± 126.5 

MSC 273 ± 79.3 302.3 ± 170.6 283.5 ± 128.9 

NTC BLQ BLQ BLQ 

Table 2:  Biomarkers of exposure:  Tobacco biomarkers of exposure were measured at each test 

visit to verify the compliance of the subjects with the assigned tobacco use.  ECO was measured in 

the exhaled breath and nicotine and cotinine were measured in blood of subjects who abstained from 

tobacco use (SMK and NTC).  BLQ, below the level of quantification. 

3.5. 99mTC-DTPA Lung Clearance 

The lung permeability test was performed as a marker of lung epithelial barrier function using 

lung clearance of inhaled 99mTc-DTPA aerosol.  In this method development study, we determined 

the logistical feasibility of assessing this BoPH in SMK, MSC and NTC groups.  Smokers exhibited 

faster clearance (shorter T1/2) of the inhaled probe compared to MSC and NTC at all test time points 

of scintigraphy, indicating altered lung permeability in SMK (Figure 1).  Mean lung permeability T1/2 

values in SMK, MSC and NTC were measured at Day 1 (Test Visit 1 baseline), Day 7 (Test Visit 2) 

and Day 14 (Test Visit 3).  The combined lung clearance values of SMK ranged from 59 to 66 minutes.  

The mean lung clearance in NTC and MSC was similar (93 to 106 minutes NTC; 96 to 107 minutes 

MSC) (Figure 2; Table 3).  The combined mean lung permeability values for SMK were 63.4 ± 20.9 

min, while they were higher for NTC (101.4 ± 32.4 min) and MSC (99.4 ±15.4 min). 

The effect of TUG was highly significant (p<0.0001), while LPT was not significant.  Most of the 

variation was due to subject-to-subject (72%), while LPT only accounted for 4% variation 

(“measurement error” or repeatability).  The TUG contributed to 24% variation, which indicated 

there were differences between groups.   

These findings suggest that the variability of the test method among all subjects was minimal 

and not significant, across all the 3 test visits.  Thus, lung permeability can be assessed reproducibly 

across multiple time points in tobacco consumers. 
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Table 3. Lung permeability in smokers, moist snuff consumers and non-tobacco consumers over two-

week period. 

Tobacco user 

group (n) 
Test visit 2  Test visit 3  Test visit 4  Combined mean1 

  99mTC-DTPA clearance T 1/2, min (mean ± SD) 

SMK (6) 59.2 ± 11.7§ 65.3 ± 22.0 66.4 ± 29.7 63.4 ± 20.9 

MSC (5) 96.4 ± 13.4 107.1 ± 14.8* 96.2 ± 18.6 99.4 ± 15.4 

NTC (6) 105.3 ± 41.6 92.5 ± 29.5 106.4 ± 28.5 101.4 ± 32.4 

Table 3: 99mTC-DTPA clearance from lung in groups of SMK, MSC and NTC: Half-life values 

(min) of lung clearance of inhaled 99mTC-DTPA are presented. Group mean and standard deviation 

values at each visit are presented, as well as combined mean ± standard deviation for the group from 

all three study visits is also provided.   

1Combined mean is the average of all individual data points from the three visits in each cohort; 

§ n=7; *n=4.  Due to a technical issue during the LP scan, data from one MSC subject on Test Visit 3 

was not obtained.   

 

Figure 1. Determination of lung permeability by 99mTc-DTPA scintigraphy. A representative set of 

images from right lung captured using a -camera following the inhalation of 99mTC-DTPA aerosol.  

Following the inhalation of nebulized probe, a series of images were captured at 1 min intervals for 

60 minutes, which show clearance of the probe from lungs of study subjects. Smokers exhibited faster 

clearance of 99mTC-DTPA compared to MSC and NTC. The mean lung permeability T1/2 values in 

the MSC group are like the NTC. 
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Figure 2. Clearance rates (half-life values) of 99mTc-DTPA in tobacco consumers across three test 

visits. Mean lung permeability, measured as T1/2 values of lung clearance of inhaled 99mTc-DTPA, 

in SMK, MSC and NTC measured at Test Visit 2 (baseline), Test Visit 3 (Day 7) and Test Visit 4 (Day 

14). The mean lung permeability T1/2 values for the NTC and MSC cohorts were similar, whereas 

SMK exhibited faster clearance (lower T1/2) of the inhaled probe. 

4. Discussion 

With a goal to develop and qualify short-term BoPH that inform of lung function for the 

evaluation of candidate modified risk tobacco products, we have assessed lung permeability in this 

pilot study.  Here we show the technical and logistical feasibility of assessing lung permeability by 
99mTC-DTPA inhalation technique in groups of tobacco consumers across several study visits.  

Further, lung permeability is significantly higher in smokers, relative to moist snuff consumers, 

indicating that it is a useful test in differentiating the adverse effects of combustible tobacco products 

from candidate modified risk tobacco products which could reduce harm from cigarette smoking.  

Biomarkers are useful tools for estimating the exposure from Harmful and Potentially Harmful 

Constituents (HPHCs) and informing of the effect/potential harm from the exposure to toxins.  

While several types of BoPH have been advocated, there are limited biomarkers that directly assess 

the adverse effects of smoking on lung function (23). Spirometry is a simple and widely used 

biomarker for measuring lung function and in the diagnosis and staging of COPD (24).  Sustained 

smoking cessation is key for any desired improvements in lung function.  The spirometry measures, 

e.g., FEV1, do not differ between asymptomatic smokers and nonsmokers.  However, smoking 

cessation slows the rate of decline in FEV1  (18, 25).  In general, lung function, particularly 

spirometry indices, take several months to recover following cessation, and factors such as duration 

of smoking, age, baseline lung function and others contribute to the recovery of lung function (18, 

25).  For example, a 1-year randomized clinical trial detected no significant effect on spirometry 

indices (FEV1, FVC and FEV1/FVC) in smokers who quit smoking, reduced cigarette consumption 

and used e-cigarettes, or who failed to reduce smoking (17).  In this study, we employed spirometry 

as a part of safety assessments, and it did not differ among the study subjects regardless of their 

tobacco product use.   

Assessment of lung permeability by the 99mTC-DTPA inhalation technique is minimally invasive 

and is well tolerated.  This method is an established nuclear medicine technique and involves a very 
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low energy probe with a very short biological half life 2.5 h (26).  The study-related AEs were mild 

and resolved with minimal care.  Nevertheless, a need to balance the exposure of study subjects to 

radiation, although minimal, warrants additional consideration.   

The qualification of BoPH is a rigorous process that requires consideration of several criteria (14, 

16). Two criteria known as “experiment” and “temporality” are applicable to the relationship of lung 

permeability to the status of smoking (14, 16).  Altered lung permeability has been demonstrated in 

smokers, detected under acute and chronic smoking, and is reversible upon smoking cessation (20, 

27).  Partial improvements in lung permeability under smoking abstinence or switching to non-

combustible tobacco products could be due to dual use and/or the relatively short study duration (20, 

28).  Lung permeability measurements in this study showed little variation within the subject across 

three different visits, across the three groups, attesting to the repeatability of this method.  In 

agreement with our findings, Morrison et al. demonstrated that lung permeability measurements 

showed minimal variability in two separate study visits (29).  

Consistent differences in lung permeability between smokers and non-smokers have been 

demonstrated (19), and lung permeability returned to normal levels in smokers who abstained for 

short periods of time.  Further, detectable improvements in lung permeability were reported in 

smokers who switched to Eclipse, an early model combustion-free tobacco heating product, for two 

weeks indicating that reducing exposure to smoke toxicants improves lung function (28); it should 

be noted that statistical significance was not achieved in the Eclipse study due to non-compliance of 

study subjects and/or a need for longer duration of exclusive switch to this product.   

Some earlier reports have investigated the applicability of the 99mTC-DTPA inhalation technique 

for diagnosis/prognosis diseases such as idiopathic fibrosis and silicosis (30-34).  Because of 

extensive biochemical and inflammatory changes involved in the progression of lung diseases, some 

of which are irreversible, lung tissue undergoes profound remodeling, particularly at the advanced 

stages (2, 3).  As a result, other tools (such as spirometry and other biomarkers) that are proximal to 

the clinical disease state are deemed more useful in disease prognosis and diagnosis (35).   

Mechanistically, disruption of lung barrier function (permeability) is an early indicator of lung 

injury, and cigarette smoke-induced oxidative stress is a driver of enhanced lung permeability in 

smokers (6).  Oxidative stress caused by HPHCs such as acrolein and crotanaldehyde are 

hypothesized to disrupt lung epithelial integrity (36-39).  Morrison et al. have demonstrated increase 

lung permeability (lung clearance of 99mTC-DTPA) in smokers under tobacco abstinence for 12h 

(chronic) and 1h after smoking (acute), which was accompanied by increases in markers of 

inflammation and oxidative stress (27).  However, epithelial injury by ozone in normal subjects 

failed to show an increase in lung permeability and oxidative stress, while detecting increased 

neutrophil flux in lungs (40).  At the cellular level, cigarette smoke HPHC toxicants such as acrolein 

have been shown to disrupt tight junctions and increase cellular permeability (41, 42).  Cadmium, 

which is also a HPHC, impaired epithelial integrity through disruption of tight junctions (43).  

Therefore, the lung permeability BoPH may be viewed as an early clinical risk marker (16). 

Among the limitations, keeping with the primary objective of method development, this study 

was not powered to determine statistically significant differences among various experimental 

parameters.  However, the lung permeability measurement itself accounts for minimal variability 

(“measurement error” or repeatability). Discernable differences in lung permeability between the 

three TUG were evident.  Second, a technical problem prevented using the scan data for one subject 

on one test visit; although resolved, it underscores the need to ensure and verify the correct function 

of instruments prior to use in a clinical study setting.  Further qualification of this BoPH and its 

utilization as a clinical risk marker will require mechanistic investigations into altered alveolar 

permeability using cellular models and a demonstration of robust improvements upon smoking 

cessation and/or switching to candidate reduced risk in adequately powered studies. 

In summary, lung permeability can be used as a BoPH, along with other biomarkers described 

previously (44, 45) for differentiating the effects of cigarette smoking from the use of oral and inhaled 

alternate tobacco products that do not combust.  Our results demonstrate that this BoPH can be 

measured in a clinical setting repeatedly and can be used to differentiate TUGs.   
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