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Abstract

Introduction Bronchiolitis obliterans (BO) is a chronic
airway disease following an insult to the lower respiratory
tract. Lung clearance index (LCI) measures ventilation
inhomogeneity and has been studied in cystic fibrosis (CF).
We aimed to evaluate LCI in BO and to compare it to LCI
in CF patients.

Methods LCI was measured in BO patients, compared to
CF patients, and correlated with spirometry and CT
findings.

Results Twenty BO patients and 26 CF patients (with
similar mean age and BMI) underwent evaluation.
FEV1 % and FEF25-75 % predicted were significantly
lower in the BO group (60.5 £ 17.8 vs. 72.7 £ 20.7,
p = 0.041, and 42.8 + 22.8 vs. 66.4 £+ 37.4, p = 0.017,
respectively). In both groups, LCI was inversely correlated
with FVC %, FEV1 %, and FEF25-75 % predicted. LCI
% was slightly higher (190.4 £ 63.5 vs. 164.9 &+ 39.4,
p = 0.1) and FRC gas % (measured by multiple breath
washout) was significantly higher in the BO group
(92.5 £ 35.9 vs. 71.3 £ 18, p = 0.014). The strength of
statistical association between the lower FEF25-75 %
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values and the higher LCI values was stronger in BO
patients.

Conclusions Similar to CF, LCI may provide estimation of
ventilation inhomogeneity in BO. The results indicate
greater small airway involvement and air trapping in BO.
Further prospective longitudinal studies evaluating the
correlation of LCI measurements with multiple clinical and
physiological parameters should be performed to assess the
clinical benefit of LCI measurement in BO.

Keywords Lung clearance index - Bronchiolitis
obliterans - Cystic fibrosis - Computed tomography

Introduction

Bronchiolitis obliterans (BO) is a form of chronic
obstructive lung disease following an insult to the lower
respiratory tract, mainly post adenovirus. Characteristic
pathological changes are fibrotic inflammatory processes
surrounding the lumen of the bronchiole, which result in
concentric narrowing and obliteration of the small airways.
Consequently, a characteristic mosaic pattern of an inho-
mogeneous attenuation pattern develops, with abnormal
lung function tests [1].

The diagnostic criteria for BO include a history of an
acute lower airway insult, permanent obstructive impair-
ments, characteristic computed tomography (CT) findings
(hyperinflation, bronchial wall thickening, bronchiectasis,
mosaic perfusion due to air trapping, with or without
atelectasis), and exclusion of other chronic obstructive lung
diseases. Due to the irregular distribution of the lesions,
histological confirmation is not required [2]. In early lung
disease, ventilation heterogeneity results from regional
differences in small caliber airways. Inert gas washout is a
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technique that involves measuring the elimination of a non-
absorbed gas as it is exhaled during tidal breathing [3].

Lung clearance index (LCI), a simple marker of deran-
ged ventilation, can be calculated from multiple breath
washout (MBW) curves, and it has gained increased
interest in recent years. It provides a global measurement
of ventilation inhomogeneity and thus may detect early
airway disease in children. As LCI requires only tidal
breathing, it is particularly useful for studies in the young
age group [4, 5] who cannot perform reliable spirometry;
LCI has repeatedly been shown to be superior to FEV1 in
monitoring early lung disease [5, 6] and may serve as a tool
for clinical studies to detect subtle changes [4, 7].

Recently, it has been recognized as an outcome measure
for CF clinical trials [7, 8].

BO is a rare but severe classic small airways disease
with mosaic pattern of ventilation inhomogeneity. There is
no consensus on treatment beyond supportive measures and
no optimal way to assess progression or response to
treatment. Recently [9] in a pilot study, ventilation/perfu-
sion scintigraphy was suggested to assess disease severity
and to predict patients’ outcome.

Our aim was to assess whether LCI could serve as a non-
invasive, irradiation-free, marker of deranged physiology
in this disease. Few studies evaluated LCI in BO following
bone marrow transplantation (BMT) and lung transplanta-
tion; LCI was shown to worsen with time, correlating with
graft-versus-host disease (GVHD) [10] and post-lung
transplantation BO [11-14]. BO post transplantation are
specific entities with a progressive nature. Post-infectious
BO is considered a non-progressive disease after stabi-
lization of the initial insult. However, the course of the
disease varies with pulmonary exacerbations. During the
exacerbations, there is a decline in lung function. We could
not find studies evaluating LCI in BO of other etiologies.
Our aim was to assess LCI in BO not related to BMT or
lung transplantation and to compare LCI of BO patients to
that of CF patients and to parameters of lung function
tests and imaging. Our hypothesis was that in BO, LCI
would be higher, indicating higher degree of ventilation
inhomogeneity.

Methods
Participants

This was a single-center, cross-sectional retrospective
study. The institutional board reviewed and approved the
study.

The study population consisted of consecutive patients
aged >6 years diagnosed with BO or CF, followed at our
institute. Measurements were performed at the Pediatric
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Pulmonology Institute. BO patients were diagnosed on the
basis of clinical, lung function, and radiographic criteria, as
suggested by Yu [15]. The patients performed spirometry,
LCI measurements, and CT scans as part of their routine
follow-up. LCI and lung function measurements were
performed on the same visit. Due to ethical reasons, we
assessed the CT scans that were performed closest to the
date of the evaluation. Patients who had symptoms con-
sistent with a pulmonary exacerbation, during the visit or
the preceding week, were excluded. The BO group inclu-
ded patients with various etiologies. Patients with post-
BMT BO were excluded. The LCI measurements of BO
and CF patients were compared.

Demographic variables were extracted anonymously
from the patients’ files, including age, gender, body mass
index (BMI), and CF-related conditions (pancreatic insuf-
ficiency and CF-related diabetes).

LCI

MBW measurements were performed using the Easy-One
Pro, MBW Module (NDD Medical Technologies, Zurich,
Switzerland) as first described by Fuchs et al. in 2008 [6].
The system consists of a side stream ultrasonic transducer
for temperature- and humidity-independent sampling of the
molar mass (MMss), a mainstream ultrasonic transducer
for flow sampling, and a side stream infrared CO2 analyzer
(DUET ETCO2 Module, Welch Allyn OEM Technologies,
Beaverton OR) to correct the MMss signal for exhaled
CO2.

WBreath software (NDD, Switzerland) was used for data
acquisition, storage, and analysis. LCI was calculated as the
cumulative expired volume during the washout phase divi-
ded by the functional residual capacity (FRC), which is the
number of FRC turnovers required to washout the nitrogen
[7]. An increased LCI (>7) indicated more FRC turnovers
required for the washout, reflecting ventilation inhomo-
geneity [5, 16, 17]. As previously described, FRC was cal-
culated as the cumulative expired volume of nitrogen divided
by the difference between end-tidal gas concentration at the
start and end of the washout [18]. FRC measured by MBW
(FRC gas [17]) represents the volume of lung gas at end
expiration, which is in direct communication with the air-
ways (excluding gas trapped in unventilated lung regions). It
is, therefore, often lower than FRC by plethysmography.

As recommended, the minimum re-equilibration time
between trials was the time needed for washout in the
previous trial [5].

All MBW tests underwent visual quality control before
analysis, ensuring regular tidal breathing before washout
and absence of a leak. At least three technical accept-
able MBW tests were required for inclusion of the partic-
ipants in the final analysis.
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Spirometry

Spirometry was performed in accordance with the ATS/
ERS (American Thoracic Society/European Respiratory
Society) Task Force, using a KoKo spirometer (n-Spire
Healthcare, Inc., Longmont CO) [19]. Results were
expressed as absolute values and percent predicted
(mean £ SD) derived from Polgar and Quanjer [20].

CT Scoring

CT scans were performed every 3 years as part of the
routine follow-up of our patients and were scored by a
trained radiologist. In the patients with a clinical suspicion
of BO, only expiratory views were performed to reduce the
risk of irradiation exposure. In 1991, Bhalla et al. proposed
a CT scoring system, which has been utilized to quantify
the structural changes in the lungs of CF patients [21]. The
modified Bhalla score has been previously used in post-
infectious BO [1]. The score includes the extent of
bronchiectasis and number of segments involved, peri-
bronchial thickening, mucus plugs, sacculations and
abscesses, bullae, emphysema, and collapse and consoli-
dation. The total score ranges from 9 to 25, with a higher
score indicating more severe changes.

Statistical Analysis

The primary outcome parameters were LCI measurements
in CF and BO groups. Secondary outcome parameters
included lung functions and CT scores of these groups.

Statistical analysis was performed using SPSS version
21.

Sample size calculation was based on the estimated
mean LCI values of 7 £ 1.1 in CF and 8 £ 1.1 in BO.
Thus, mean differences of LCI between the two groups of 1
unit (SD = 1.1) with a power of 80 %, and type I error of
5 %, led us to recruit at least 19 patients in each group.
Differences between the two groups (BO vs. CF patients)
in the quantitative parameters were performed with Stu-
dent’s t test. Categorical parameters were presented as
proportions and compared using Fisher’s exact test. Pear-
son correlation was used for relation between LCI and
several lung function measurements. Multi-variate linear
regression analysis was used to assess the contribution of
potential confounding factors in predicting LCI. Linear
regression was used to determine the predictors (FEV1 %
or FEF25-75 %) associated with the level of LCI. Com-
parison of the slopes of regression lines between CF versus
BO patients was done according to the model previously
described [22, 23] (computing the difference between the
two slopes divided by the standard error of the difference

between the slopes, thus 7 = % on (N-4) degrees of
S )

freedom).
A value of p < 0.05 was considered significant.

Results

Forty-six patients participated in this study, with 20 BO
(65 % male) and 26 CF (50 % male) patients. Their mean
ages were 15.1 + 8.3 and 15.9 & 7.5 years, respectively.
Among the BO patients, 14 had post-infectious BO and two
were post burn.

Four patients that fulfilled diagnostic criteria for BO and
underwent evaluation were eventually diagnosed as pri-
mary ciliary dyskinesia (PCD). After nasal NO measure-
ments became available in our center, these patients had
more than two measurements with diagnostic low nasal NO
values (nasal NO during plateau <77 nl/min on two
occasions >2 months apart with CF exclusion). Two of
them had ciliary biopsy and the other two were found to
have mutations consistent with PCD. Thus, these patients
fulfilled the criteria for PCD, according to the PCD foun-
dation consensus [24].

As these patients underwent evaluation as BO patients,
we included them in the analysis. However, when omitting
the four patients from the analysis, the results were similar
(Table 1). Among the CF patients, 17 had pancreatic
insufficiency (65 %) and five had CF-related diabetes
(19 %).

The demographic characteristics, spirometry, LCI, and
CT scores of the patients are presented in Table 1. There
were no statistical differences in age, gender, and BMI
between the groups.

FEV1 % and FEF25-75 % were significantly lower in
the BO group (60.5 £ 17.8 vs. 72.7 £ 20.7, p = 0.041,
and 42.8 + 22.8 vs. 66.4 £ 37.4, p = 0.017, respectively).

LCI percent predicted (%) was slightly higher in the BO
group, but did not reach statistical significance
(190.4 £ 63.5 vs. 164.9 + 394, p = 0.1). FRC gas % was
significantly higher in the BO group, 92.5 & 35.9 vs.
71.3 £ 18, p = 0.014. In the BO group, three patients had
FEV1 above 80 % predicted, of which two had LCI >7
(FEV1 of 81 and 87 % and LCI of 13.65 and 7.18,
respectively). In the CF group, six of 10 patients with
FEV1 above 80 % had LCI >7 (FEV1 107, 82, 88, 92, 96,
and 88 % and LCI 7.94, 7.68, 7.05, 8.98, 8.07, and 8.71,
respectively).

CT scans were performed in 15 BO and 24 CF patients.
The CT Bhalla score was similar between the groups,
83 £ 2.6 vs. 9.6 £ 6.1, p = 0.46.

The correlation coefficients between LCI and CT and
parameters of spirometry are presented in Table 2. As can
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Table 1 Patient characteristics

BO (n = 20) BO without PCD (n = 16) CF (n = 26) p value
Age (years) 151 £ 83 129 + 4.8 159+ 75 0.72,0.17°
Male (%) 13 (65 %) 11 (68.8 %) 13 (50 %) 0.38, 0.33°
BMI 193+ 53 193 £ 5.8 18.8 + 3.6 0.77, 0.75°
Z score 0.05 + 1.21 0.06 + 1.28 —0.04 + 0.82
LCI 10.7 + 3.8 9.95 + 3.2 93 4+22 0.11,% 0.42°
Z score 0.27 + 1.24 0.16 £ 1.2 —0.21 £ 0.73
LCI (%) 190.4 £+ 63.5 178.4 £ 54.5 1649 £+ 39.4 0.10,* 0.36"
Z score 0.27 + 1.21 0.18 £ 1.19 —0.21 £ 0.75
FRC gas (%) 92.5 + 35.9 949 + 35.7 713 £ 18.0 0.014,* 0.008"
Z score 04 4+ 1.23 0.51 £ 1.25 —0.32 + 0.62
FVC (%) 754 + 17.2 76.2 + 15.8 824 + 157 0.15, 0.22°
Z score —0.24 £ 1.04 —0.24 + —0.99 0.18 £+ 0.94
FEV1 (%) 60.5 + 17.8 60.4 + 15.0 72.7 £ 20.7 0.041,* 0.046"
Z score —0.34 + 0.88 —0.39 £ 0.77 0.26 £ 1.02
FEF25-75 (%) 42.8 +£22.8 41.8 £19.3 66.4 + 37.4 0.017, 0.019°
Z score —0.39 + 0.67 —045 + —0.57 0.3 + 1.10
CT score 83 £126 8.1 £2.7 9.6 £ 6.1 (n=24) 0.46,* 0.4°
Z score (n=15) (n=13) 0.09 + 1.21

—0.15 £ 0.52 —0.19 £ 0.52
Pseudomonas 1(5 %) 0 16 (61.5 %) <0.0001
Days between LCI and 446 (44-726) 446 (123-628) 175 (62.85-309.5) 0.14, 0.13°

CT-median (25-75 %)

Values are presented as mean £ SD. Absolute values and Z scores are presented

FRC functional residual capacity, FRC gas FRC measured by multiple breath washout, FVC forced vital capacity, FEVI forced expiratory

volume in one second, FEF25-75 forced expiratory flow between 25 and 75 % of FVC, PCD primary ciliary dyskinesia

* BO group versus CF group
® BO group (excluding the PCD patients) versus CF group

Table 2 Correlations of LCI and CT with lung function tests

p = 0.001, r = 0.666, p = 0.001 in CF, respectively). CT
scores were also inversely correlated with FVC %,

5o o FEV1 %, and FEF25-75 % in CF patients; however, in BO

! p ! P the correlation was not significant.
LCI versus EVC % _0446 0049  —0553  0.003 Multi-variate linear regression analysis was used to assess
LCI versus FEV1 % —0689 0001 —0687 0001 the contribution of potential confounding factors in predicting
LCI versus FEE25-75 % 0633 0003 —0579 0002 LCIL. As FEV1 % and FEF25-75 % were highly correlated
CT versus LCI 0579 0024 0706 0.001 (r = 0.90, p < 0.0001), we chose FEF25-75 %. None of our
CT versus LCI % 0636 0011 0666  0.001 BO patients had pseudomonas positive culture and therefore
CT versus FVC % 0203 0468 —0497 0014 it was omitted. The following confounding factors were
CT versus FEV1 % _0276 0319 —0652  0.001 include.(t BMI, gender, group, time lag between CT and
CT versus FEF25-75 % 0290 0295 —0.566  0.004 evaluation, CT score, and FEF25-75 % (Table 3). LCI could

FVC forced vital capacity, FEVI forced expiratory volume in one
second, FEF25-75 % forced expiratory flow between 25 and 75 % of
FvC

be seen, in both groups LCI was inversely correlated with
FVC %, FEV1 %, and FEF25-75 %. CT scores correlated
with LCI and LCI % in both groups (r = 0.579,
p = 0.024, r = 0.636, p = 0.011 in BO, and r = 0.706,
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be predicted only by FEF25-75 % and CT score Dependent
Variable: LCI % = 160.86 4 (—0.617 x FEF25-75 %) +
3.56 x CT score.

Linear regression, presented in Fig. 1, found a signifi-
cantly higher slope of the line (rate of decrease in LCI as
related to FEF25-75) in BO patients compared with CF
patients.

For CF: LCI = 205.4 + (—0.61 x FEF25-75 %); for
BO: LCI = 265.6 + (—1.76 x FEF25-75 %), (p = 0.025).



Lung (2016) 194:1007-1013 1011
rTeaglr)el:zs:i;onNz[:lla:i;/‘;?snate linear Model Unstandardized coefficients Standardized coefficients p value
B SE B
(Constant) 160.862 72.209 0.033
BMI 1.467 2.085 0.119 0.487
Age —0.566 1.459 —0.086 0.701
Gender —9.423 16.524 —0.089 0.573
Group (BO/CF) 5.403 21.199 0.050 0.800
Time lag LCI-CT 0.015 0.021 0.122 0.494
CT score 3.566 1.744 0.337 0.049
FEF25-75 (%) —0.617 0.293 —0.405 0.044
obstructive disease [26]. The use of FEF25-75 % as an
35007} e CF early predictor of BO post lung transplant has been sug-
BO . .
~CF gested [27]. However, there is considerable concern
~.BO regarding the sensitivity and variability of this parameter in
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Figure 1 Linear regression model for LCI % by FEF25-75 %

Discussion

In this single-center preliminary study, we have shown that
LCI, a marker of impaired gas mixing, is significantly
elevated in patients with BO and correlates with spirometry
parameters of airway obstruction. To the best of our
knowledge, this is the first study to evaluate LCI in BO not
related to BMT.

The most common form of BO in children occurs fol-
lowing a severe lower respiratory tract infection [25]. As
mentioned earlier, LCI is a sensitive measure of early
obstructive lung disease. As the range of normal values is
narrow across a wide age range (from 6 years of age) and is
almost unaffected by height or gender, it is appropriate for
use in longitudinal studies, especially in children. There is
an emerging need for a sensitive surrogate marker of early

children [4]. LCI has the ability to identify early airway
dysfunction in the “silent years,” while FEV1 is still within
the normal range [3-5].

Several studies have shown the superiority of LCI over
spirometry in CF, with better correlation with CT findings
[7, 28]. Consequently, LCI has gained increased interest in
use in clinical trials in CF [7, 29]. In PCD, Irving et al.
found no correlation between LCI and spirometry or CT
findings [30]; in contrast, Boon et al. found that LCI cor-
related well with CF CT score and was more sensitive than
FEV1 [31].

Originally, LCI measurement required a mass spec-
trometer which has been considered the gold standard gas
analyzer [17]. Nowadays, devices based on ultrasonic flow
meters measure the molar mass of the respired gas. This
technique, also used in our study, has been found to be
reliable and feasible with a regular breathing pattern
[32, 33]; validation against the mass spectrometer system
demonstrated good agreement [6]. Fuchs et al. found good
repeatability and reproducibility in healthy volunteers and
CF patients [5, 16]. Recently, this method was used to
assess early lung disease in alpha-1-antitrypsin deficiency
[34]. Although MBW is not considered the gold standard
for assessment of gas trapping, Gustafsson et al. concluded
that it can be assessed with acceptable precision [18].
Moreover, Heinze et al. suggested that FRC measured by
MBW is clinically acceptable, compared with FRC mea-
sured by helium dilution and plethysmography [35].

In the current study, LCI was slightly higher in the BO
group, and FRC gas % was significantly higher. The dif-
ference may reflect relatively more air trapping in relation
to the degree of ventilation inhomogeneity in BO. How-
ever, due to a small number of patients type 1 error cannot
be excluded.

When comparing the slope of regression line of
FEF25-75 % versus LCI %, we found a greater magnitude
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in BO; this implies a greater degree of ventilation inho-
mogeneity with lower FEF25-75 % in BO patients.

Noteworthy, four BO patients were diagnosed as having
PCD, in accordance with the PCD foundation consensus
[24]. PCD was not described in the literature as an etiologic
factor for BO. Moreover, only those four, out of 40 PCD
patients followed in our institute, showed signs of BO. We
believe that this finding is of clinical importance and sug-
gest that nasal NO be measured in patients with BO
without definite etiologic factors.

In this study, we found similar CT Bhalla scores in the
BO and CF patients. There was a good correlation between
CT and LCI; CT correlated with spirometry better in CF
than in BO. Several studies investigated CT findings in BO,
mainly post BMT. The main findings were air trapping,
bronchial wall thickening, bronchiectasis [1, 25], as well as
mosaic attenuation and ground glass [36]. A composite CT
scoring system to detect early bronchiolitis obliterans fol-
lowing lung transplant was described but was not validated
in CF [37]. In post-infectious BO, the Bhalla modified
score in early life anticipated future lung functions [1].

The main limitation of our study is the relatively small
number of patients. Few patients had normal spirometry;
therefore, we could not conclude that LCI is more sensitive
than FEV1. Bhalla score was validated for CF only. FRC
was measured by MBW and was not compared to whole-
body plethysmography, thus FRC gas could have been
underestimated in MBW. This was a cross-sectional study
and correlations of LCI measurements with multiple clin-
ical and physiological parameters (e.g., exercise capacity,
6 min walk test, and blood gas) were not done.

In conclusion, LCI correlated well with spirometry and
may be useful in BO patients. The strength of statistical
association between the lower FEF25-75 % values and the
higher LCI values in BO patients compared with CF
patients suggests more small airways involvement and
greater ventilation inhomogeneity in BO. These findings
suggest that LCI measurement in BO may serve as a
potential marker of disease severity and an indicator of
exacerbations or therapeutic interventions. Further
prospective longitudinal studies including a larger number
of patients with BO across various ages assessing LCI in
clinically stable and during pulmonary exacerbation are
needed.
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