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ORIGINAL ARTICLE
Utility of Lung Clearance Index Testing as a Noninvasive Marker
of Deployment-related Lung Disease
Silpa Dhoma Krefft, MD, MPH, Matthew Strand, PhD, Jennifer Smith, PA-C, Catherine Stroup, MPH,

Richard Meehan, MD, and Cecile Rose, MD, MPH
Objective: The aim of this study was to determine utility and sensitivity of

lung clearance index (LCI) testing as a marker of lung injury in symptomatic

military deployers compared with healthy controls. Methods: We tested 24

healthy controls and 28 deployers with respiratory symptoms (17 of 28 with

definite and 11 of 28 with probable deployment-related lung disease). We

compared mean LCI scores between deployers and controls using t tests;

adjusted tests were derived from multiple regression models. Results: Mean

LCI scores were significantly higher (P¼ 0.001) in deployers [7.76, 95%

confidence interval (95% CI) 7.34 to 8.17] than controls (6.95, 95% CI 6.73

to 7.17). Adjusting for body mass index (BMI), smoking, and age, there were

no significant differences (P¼ 0.10) between mean LCI scores in deployers

(7.42, 95% CI 7.13 to 7.71) and controls (7.06, 95% CI 6.74 to 7.39).

Conclusions: The trend toward higher LCI scores in symptomatic deployers

may be linked to underlying lung disease and/or BMI but requires further

investigation in a larger population.

BACKGROUND

M ore than 2.5 million United States military personnel and
civilian contractors have deployed to Iraq, Afghanistan, and

other locations in southwest Asia since 2001, as a part of several
military operations. The major ones include Operation Enduring
Freedom (OEF, the U.S. military efforts in Afghanistan from 2001
to 2014), Operation Iraqi Freedom (OIF, the period of U.S. military
involvement in Iraq between 2003 and 2009), and Operation New
Dawn (OND, the post-2009 military effort in Iraq).1,2 OEF/OIF/
OND deployers report variable exposures to desert dust particulate
matter, burn pit combustion emissions, diesel exhaust particulates,
industrial fires, and combat dust debris as well as more conventional
workplace exposures linked to their military occupational specialty
(MOS).3–5 Respirable particulate matter (PM2.5) sampling con-
ducted in 15 locations in southwest Asia (six in Iraq, two in
Afghanistan) was notable for all sites exceeding the Military
Exposure Guideline of 15 mg/m3.6 Prompted by concerns about
exposure to burn pits, the Institute of Medicine issued a report in
2011 concluding that deployment inhalational hazards involve more
than burn pit emissions alone, and recommended further research on
long-term health effects.7
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An unknown number of military deployers and civilian
contractors have returned from these combat zones with respiratory
symptoms unexplained by pulmonary function testing (PFT) and
chest computerized tomography (CT) and may be at risk for
bronchiolitis that requires surgical lung biopsy for diagnosis.8,9

In addition to bronchiolitis, we reported histopathologic findings
of granulomatous pneumonitis and emphysema/hyperinflation pre-
dominantly in the distal airways of OEF/OIF/OND deployers.10

Given the risks and costs associated with surgical lung biopsy, there
is a critical need to identify noninvasive markers of deployment-
related lung injury.

The histopathologic abnormalities in some symptomatic
deployers demonstrate primarily peripheral small airways abnormal-
ities, a feature that is shared with early lung abnormalities in cystic
fibrosis (CF).10–12 CF is a genetic condition that afflicts one out of
every 3700 newborns in the United States.13 There are an estimated
1000 new diagnoses of CF in children and adults every year. CF
affects primarily the lung and pancreas. Over time, the small airways
of those with CF become plugged with mucus due to diminished
clearance of secretions.14 Lung clearance index (LCI) testing has been
used as a screening tool for early detection of peripheral airways
disease and risk for lung function decline in the pediatric CF
population.15,16 More recently, LCI also has shown promise in
detecting ventilation heterogeneity in the non-CF chronic airways
diseases such as bronchiolitis obliterans.17 LCI also is a sensitive,
reproducible, noninvasive, and practical measure of airways disease
in adults with CF,18 and has a narrow range of normal over a wide age
range, making it ideal for long-term follow-up studies.

The LCI is determined by the number of lung volume turn-
overs necessary to clear the lungs of an inert tracer gas such as
nitrogen that is inhaled at the beginning of the test. The LCI score is
calculated by determining the cumulative expired volume (CEV),
then dividing the CEV by the functional residual capacity. Values of
less than 7.0 are considered normal, while an LCI score exceeding
7.0 is associated with heterogeneity in ventilation and peripheral
airway abnormalities.15,16,18–20 The ability to detect peripheral
airways disease may make LCI a better modality for detecting
the lung histopathologic abnormalities in symptomatic deployers
that are often missed on conventional PFT.

Spirometry has long been known as an insensitive measure of
small airways disease. The small airways (those less than 2 mm in
diameter) have a large combined cross-sectional surface area and
therefore have low mean flow rates and combined resistance. In
healthy adults, they contribute less than 10% of total airways
resistance.21 Considerable structural damage to these airways there-
fore can occur before there is any impairment of the forced
expiratory volume in 1 second (FEV1). Using hyperpolarized
helium magnetic resonance to image the distribution of inhaled
helium, studies have shown that FEV1 is insensitive to disturbances
in ventilation distribution.22 It is the sensitivity to small airways
dysfunction that makes LCI such a valuable measure of airway
physiology.18 As such, LCI fills an important gap in our ability to
monitor airways disease noninvasively in the so-called ‘‘silent
zone’’ between onset of injury or inflammation and its detection
with standard lung function tests.
 Medicine. Unauthorized reproduction of this article is prohibited 

707

mailto:KrefftS@NJHealth.org


Copyri

Krefft et al JOEM � Volume 59, Number 8, August 2017
Our study examined the role of LCI testing as an early marker
of lung injury in a cohort of military men and women returning from
post-2001 deployment with unexplained chest symptoms who had
been comprehensively characterized using conventional clinical
diagnostic tools. We hypothesized that, in these symptomatic
deployers, the LCI would be a useful early marker of lung injury
that correlates with abnormalities found on surgical lung biopsy.
Further, we hypothesized that LCI would be better at predicting lung
biopsy abnormalities in symptomatic deployers than findings on
either PFT or high-resolution chest CT scan.

METHODS

Study Design and Case Definitions
To explore the utility of LCI as a noninvasive marker of

deployment lung disease, we conducted an observational pilot study
comparing 24 healthy volunteers with 28 symptomatic deployers,
17 of whom had undergone video-assisted thorascopic surgical
(VATS) lung biopsy and all meeting our case definitions for definite
or probable deployment-related lung disease. Seventeen of the
twenty-eight symptomatic deployers were classified as having
definite deployment-related lung disease, and 11 were classified
as having probable deployment-related disease. We defined definite
deployment-related lung disease as the presence of chest symptoms
in a deployer who, on surgical lung biopsy, had bronchiolitis,
granulomatous pneumonitis, and/or emphysema/hyperinflation
without other known cause.11 Probable cases were those deployers
reporting respiratory symptoms of shortness of breath, chest tight-
ness, wheezing, persistent cough, or decreased exercise tolerance
(eg, inability to pass military physical fitness test requirements)
during or following Iraq and/or Afghanistan deployment and who
had at least one abnormal noninvasive clinical test result on PFT
(ie, abnormal spirometry, lung volumes, and/or diffusion testing as
described below) or chest imaging abnormalities concerning for
small airways disease such as bronchiolitis (ie, presence of cen-
trilobular nodularity and/or air trapping/mosaicism as interpreted
for clinical purposes by an experienced pulmonary radiologist).
Probable cases did not undergo surgical lung biopsy for diagnosis.

Target Population and Enrollment
With informed consent, we recruited study participants from

our Occupational Lung Disease Clinic at National Jewish Health
(NJH) who were referred for evaluation of unexplained respiratory
symptoms with onset during or following OEF/OIF/OND deploy-
ment. The healthy control group consisted of 24 participants who
were 18 years of age or older, had no history of pre-existing lung
disease, and reported no respiratory illness in the 4 weeks preceding
enrollment and testing. Inclusion criteria for the deployer group
included presence of respiratory symptoms (cough, chest tightness,
wheezing, shortness of breath, or decreased exercise tolerance)
following deployment, age at least 18 years, history of post-2001
deployment exceeding 6 weeks as either military personnel or as a
civilian contractor, and who met our case definitions for definite or
probable deployment-related lung disease. We excluded deployers
from this study if, on clinical evaluation, they were found to have
other explanations for their respiratory symptoms. We enrolled
study participants with Institutional Review Board approval.

Clinical and LCI Testing

LCI Using Multiple Breath Washout (MBW)
We used the EcoMedics Exhalyzer D LCI instrument and

accompanying Spiroware software provided by the manufacturer
Eco Physics, Inc. (Ann Arbor, MI) for all LCI testing. Study LCI
technicians were experienced and proficient in the use of the LCI
machine. Study participants remained seated during the test and,
ght © 2017 American College of Occupational and Environmental
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when instructed, breathed passively through a mouthpiece while
wearing a noseclip. The test commenced with the participant taking
10 breaths of room air, followed by a wash-in phase of breathing
100% oxygen. After reaching equilibrium, a wash-out phase began
by switching back to room air. Testing ended once the wash-out
phase was complete (defined as a reduction in nitrogen gas con-
centration below 1/40 or 2.5% of the initial nitrogen level). Each
participant completed two to three LCI tests following published
LCI testing protocols.18–20 We conducted additional tests if two LCI
tests did not meet the quality criteria (for both acceptability and
reproducibility). Testing typically required 30 to 45 minutes to
complete.

Pulmonary Function Testing
As part of their clinical evaluation, deployers completed body

plethysmographic PFT with pre- and post-bronchodilator spirome-
try, lung volumes, and diffusion capacity in accordance with
American Thoracic Society standards.23–25 We defined abnormal
spirometry as a forced vital capacity (FVC) percent predicted below
the lower limit of normal (LLN), a FEV1 percent predicted below
the LLN, or an FEV1/FVC ratio below the LLN. Spirometry
reference values were obtained from the National Health and
Nutrition Examination Survey III.26 Lung volume reference values
were based on the 1995 ATS/ERS workshop, and reference values
for carbon monoxide diffusing capacity were obtained from the
Crapo prediction set.25,27

Cardiopulmonary Exercise Tolerance (CPET) Testing
Deployers underwent maximal cardiopulmonary exercise

tolerance testing with arterial line placement. We analyzed maxi-
mum oxygen consumption (VO2 max percent predicted) and con-
sidered less than 85% as reduced exercise tolerance.28

Chest Computed Tomography (CT)
All 28 symptomatic deployers had chest CT scans (22 with

high-resolution images) available for review by nine experienced
NJH pulmonary radiologists who were not blinded to deployer
status. Three pulmonologists independently reviewed written radi-
ology reports for parameters of small airways abnormalities, and
findings were scored as present if all three were in agreement. These
chest CT parameters included centrilobular nodularity and mosaic
attenuation/air trapping.

Lung Biopsy
Surgical lung biopsies were available in 17 deployers. We

reviewed lung biopsy pathology reports from six experienced
pulmonary pathologists for findings previously described as part
of the spectrum of deployment-related lung disease.10,11 The pres-
ence of one of more of these findings (bronchiolitis, granulomatous
pneumonitis, and emphysema/hyperinflation) in a deployer with
respiratory symptoms met the case definition for definite deploy-
ment-related lung disease.

Data Collection and Analysis
We reported the mean LCI score of two or three tests that met

published quality criteria.18–20 We used descriptive statistics, t test,
and Fisher exact test to compare demographic data between controls
and deployers using alpha ¼ 0.05. We compared mean LCI score
between controls and deployers using unadjusted and adjusted t
tests. The adjusted tests were derived from multiple linear
regression models that included and adjusted for smoking, age,
and body mass index as covariates. Due to the small sample size of
deployers with surgical lung biopsy, we used descriptive statistics to
characterize the potential advantage of LCI as a predictor of lung
abnormalities in deployers compared with conventional lung func-
tion testing and chest CT scans.
 Medicine. Unauthorized reproduction of this article is prohibited 
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TABLE 1. Demographics of Study Subjects

Controls

(n¼ 24)

Deployers

(n¼ 28) P �

Mean age in years (range) 37.8 (26–62) 41.2 (25–59) 0.18
Gender (%)

Female 4 11 0.61
Male 96 89

Ethnicity (%)
Hispanic/Latino 4 14 0.36
Not Hispanic/Latino 96 86

Race (%)
African–American or Black 4 4 0.45
White 88 96
More than one race 8 —

Smoking status (%)
Current smoker 8 4 0.23
Former smoker 13 25
Never smoker 79 71

Mean BMI in kg/m2 (range) 25.6
(19.9–42.8)

30.1
(20.5–39.8)

0.0014

BMI, body mass index.
�Note: P¼ 0.05, analysis with t test for age and BMI, Fisher exact test for gender,

ethnicity, race, and smoking status.

TABLE 2. LCI Results in Controls and Deployers

Controls

(n¼ 24)

Deployers

(n¼ 28) P �

Mean LCI, unadjusted
(95% CI)

6.95 (6.73–7.17) 7.76 (7.34–8.17) 0.001

Mean LCI, adjusted (95% CI) 7.06 (6.74–7.39) 7.42 (7.13–7.71) 0.10
Percent LCI >7 54% 82%

95 CI, 95% confidence interval; LCI, lung clearance index.
�Note: P value of 0.001 reported is unadjusted; t test adjusted for covariates of age,

smoking status, and BMI demonstrates no significant difference (P¼ 0.10) between
mean LCI of controls (7.06) and deployers (7.42).

TABLE 3. Number and Percent of Symptomatic Deployers
With Abnormal Clinical Testing (n¼28)

Test

Number/Percent With

Abnormal Test

LCI >7 23/28 (82%)
Chest computerized tomography (CT) findings

of CLN and/or AT/mosaicism
19/28 (68%)

Cardiopulmonary exercise tolerance test
(VO2 max <85% predicted)�

14/27 (52%)

Abnormally elevated residual
volume (RV) >120%

7/28 (25%)

Diffusion capacity (DLCO)
<80% predicted

6/28 (21%)

Spirometryy 5/28 (18%)
FEF25–75% <lower limit

of normal (LLN)z
5/28 (18%)

AT, air trapping; CLN, centrilobular nodularity; LCI, lung clearance index.
�Note: Cardiopulmonary exercise tolerance test data available in 27 deployers

(percent abnormal calculated for n¼ 27).
yAbnormal spirometry definition: FVC percent predicted (PP) below the lower

limit of normal (LLN), FEV1 PP <LLN, or FEV1/FVC ratio <LLN.
zFEF25–75% <LLN defined as abnormal.

TABLE 4. Comparison of Abnormal Noninvasive Test Results
in Deployers With Biopsy-proven Lung Disease (n¼17)

LCI
(Score >7.0)

Chest
CT� CPETy PFTz

FEF
25–75%§

Number and percentage of
deployers with

14/17
(82%)

13/17
(76%)

8/16
(50%)

7/17
(41%)

5/17
(29%)
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RESULTS
Table 1 summarizes the demographics of study participants.

We found no significant differences between controls and deployers
in age, gender, race, ethnicity, and smoking status, but observed a
significant difference in BMI between controls and deployers, with
deployers having higher BMI scores.

Figure 1 and Table 2 show the unadjusted and adjusted mean
LCI scores in controls compared with deployers. LCI scores were
significantly higher (more abnormal) in deployers than in controls.
After adjusting for age, smoking, and BMI, we noted a trend toward a
higher LCI score in deployers, but this was not statistically significant.
LCI score greater than 7.0 was present in over half of healthy controls
without a history of lung disease and in 82% of deployers with
probable or definite deployment-related lung disease.

Table 3 summarizes clinical findings in symptomatic
deployers and demonstrates that LCI score greater than 7.0 was
the most common abnormality, followed by abnormal chest CT
findings of centrilobular nodularity and/or air trapping/mosaicism.
Both tests appeared to be substantially better markers of lung
abnormalities than were any of the parameters on resting or exercise
lung function testing. Not surprisingly, diminished exercise
ght © 2017 American College of Occupational and Environmental
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FIGURE 1. Both unadjusted and adjusted (age, smoking status,
body mass index) LCI means with 95% confidence intervals are
shown for healthy adult controls and symptomatic deployers.

abnormal test

CPET, cardiopulmonary exercise tolerance; CT, computerized tomography; LCI,
lung clearance index; PFT, pulmonary function testing.

�Chest CT scan considered abnormal if presence of centrilobular nodularity (CLN)
or air trapping (AT)/mosaicism.

yCardiopulmonary exercise tolerance test data available in 16 deployers (percent
abnormal calculated for n¼ 16); VO2 max <85 PP considered abnormal.

zAbnormal PFT definition: FVC percent predicted (PP) below the lower limit of
normal (LLN), FEV1 PP <LLN, or FEV1/FVC ratio <LLN, lung volume (TLC, TGV,
or RV <80 PP or >120 PP), or diffusion capacity (DLCO) <80 PP.

§FEF25–75% <LLN defined as abnormal.

� 2017 American College of Occupational and Environmental Medicin
tolerance was more sensitive than spirometry in predicting those
with a clinical diagnosis of deployment-related lung disease, though
both were inferior to LCI testing in our study population.

Table 4 summarizes findings in the 17 deployers with definite
(ie, biopsy-proven) deployment-related lung disease. We found the
same trend in higher sensitivity of LCI score as that described in the
total population of symptomatic deployers, followed by abnormal
 Medicine. Unauthorized reproduction of this article is prohibited 
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chest CT scan. Abnormal FEF25–75% was the least sensitive of all
the parameters examined.

CONCLUSIONS
There is a compelling need to identify methods to detect early

small airways abnormalities that may not be readily apparent in
clinical testing without invasive lung biopsy. LCI is a promising
noninvasive test with a very low-risk profile that is being explored
increasingly in a variety of settings wherein early disease detection
would be important for treatment and longitudinal follow-up.15–18

To validate the sensitivity of such tools, biopsy findings
remain important. A significant strength of our study was infor-
mation on the histopathologic confirmation of lung disease from
surgical lung biopsies in the majority of the symptomatic deployer
group. Access to comprehensive clinical profiles that included
resting and exercise lung function and high-resolution chest CT
scans in nearly all of the symptomatic deployer groups for com-
parison with LCI scores was an additional strength.

We anticipated that mean LCI scores would be higher (ie,
more abnormal) in symptomatic deployers with deployment-related
lung disease than in adjusted controls, and this trend was observed in
our study despite small numbers of participants. We also found that
abnormal LCI scores were more sensitive than both resting and
exercise parameters of lung function and CT imaging in identifying
those with deployment lung disease. This study demonstrates a trend
toward higher LCI scores in deployers with respiratory symptoms
than healthy controls. We also found higher agreement between
elevated LCI score (>7.0) and abnormal lung biopsy than rest and
exercise lung function testing.

BMI appeared to account for some of the difference in LCI
between the deployers and controls. However, the influence of
elevated BMI (>25 kg/m2) on LCI score remains uncertain, as
we did not observe a linear relationship between increasing BMI
and higher LCI scores in controls, and previous studies have not
recommended correction for BMI.29 To our knowledge, an associ-
ation between BMI and LCI score has not been reported previously
and warrants further evaluation of populations with a wider range
of BMI.

We also observed that the average mean LCI score in our
control group was greater than 7.0, raising questions about mis-
classification of healthy controls who may have had subtle or
undiagnosed subclinical respiratory disease. More likely, this find-
ing reflects the limited normative data on older adult controls with
higher BMIs, as the majority of LCI research has been conducted in
relatively young cohorts of CF patients who have low to average
BMIs. Our study findings identify areas for future research in how
age and BMI may affect LCI score.

Although there were no significant differences in age and
smoking status between controls and deployers, age and smoking
status may have an impact on LCI scores, and were therefore
included in our adjusted analysis. Lung function measured by
spirometry is adjusted for age based on an expected decrease in
lung function with increasing age.30,31 Similarly, there is some
evidence that LCI scores would be expected to increase with
age, but studies with larger sample sizes and other potential con-
tributing or confounding factors such as smoking history are needed
to verify these emerging findings.32,33

An abnormally increased LCI may be due to ventilation
heterogeneity between relatively large lung units subtended by
proximal conducting airways or by increased dead space abnormal-
ities related to diffusion capacity at the acinar level (distal to the
terminal bronchiole and the area where most gas exchange occurs in
the lungs).34 Verbanck et al35 described a method that may be able to
differentiate these lung zone effects on LCI (using the variable Scond

for conductive ventilation heterogeneity index and Sacin for acinar
ventilation heterogeneity index). We did not analyze either Scond or
ght © 2017 American College of Occupational and Environmental
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Sacin variables in this pilot study, but plan to systematically measure
this in an expanded LCI study to add to the growing literature
examining potential mechanisms related to abnormally increased
LCI measurements.

Study limitations included small sample size, nonmatched
controls, and absence of spirometry data in the healthy control group.
We plan to address these limitations by expanding the number of study
participants and by adding spirometric testing for controls to further
verify reportedly normal lung function. We also hope to enrich our
control population with healthy nondeployed military personnel.

Our findings support the importance of future research
exploring LCI and other markers of small airways abnormalities
in larger working populations (such as those at risk for pneumo-
coniosis or hypersensitivity pneumonitis); expanding normative
data for LCI scores in adults (with variable smoking, BMI and
age factors); and further examining the relationships between LCI
findings and more conventional clinical lung diagnostic tests in
symptomatic military deployers. Future research will also examine
the utility of longitudinal LCI testing in monitoring for stability or
progression of deployment-related lung disease.
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