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ABSTRACT
Background Primary ciliary dyskinesia (PCD) is a rare
disease, characterised by chronic airway infection. In
cystic fibrosis, FEV1 is insensitive to detect patients with
structural damage, and Lung Clearance Index (LCI) was
proposed as a better marker of early lung damage. In
PCD, the relationship between functional and structural
abnormalities has been less studied. We aimed to re-
examine this in a cohort of children and adults with mild
to moderate PCD.
Methods Thirty-eight patients with PCD (5.2–
25.0 years) and 70 healthy controls (4.4–25.8 years)
were recruited to compare LCI, measured by N2 multiple
breath washout and FEV1 in a prospective observational
trial. In a subset of 30 patients who underwent chest
imaging, structural abnormalities were evaluated with
cystic fibrosis computed tomography (CFCT) scores.
Results LCI was abnormal in 28 of 38 patients and a
moderate correlation was observed between LCI and
FEV1 (r=−0.519, p=0.001). Moreover, LCI correlated
well with CFCT total score (r=0.800, p<0.001) and
also with subscores for airway wall thickening
(r=0.809, p<0.001), mucus plugging (r=0.720,
p<0.001) and bronchiectasis (r=0.494, p<0.001).
Concordance was seen between LCI and CFCT in 25 of
30 (83%) patients, but between FEV1 and CFCT in only
16 of 30 (53%) patients. LCI was more sensitive
(90.9%, 95% CI 70.8 to 98.6) to detect patients with
structural abnormalities than FEV1 (36.4%, 95% CI
17.2 to 59.3).
Conclusions We demonstrated that measuring LCI in
patients with PCD is of clinical relevance; it was more
frequently abnormal than FEV1, correlated well with
CFCT and was more sensitive than FEV1 to detect
patients with structural abnormalities.

INTRODUCTION
Primary ciliary dyskinesia (PCD) is a rare disease,
characterised by recurrent upper and lower respira-
tory tract infections and an increased incidence of
situs inversus and male infertility.2 3 The diagnosis
is often difficult and delayed.4 Disease severity
ranges from mild respiratory symptoms to chronic
obstructive lung disease and respiratory failure
requiring lung transplantation. Radiological exami-
nations show bronchiectasis, atelectasis, mucus
plugging, bronchiolitis and air trapping as the main
findings.5 6 Therapy is supportive and mainly con-
sists of chest physiotherapy to enhance mucociliary
clearance and antibiotics to treat acute and chronic
infections.2

Compared with cystic fibrosis (CF), the natural
history of PCD is much less known. Early studies
suggested relatively stable lung disease without sig-
nificant lung function decline.7 8 A more recent
study showed stable FEV1 in 57% over a time span
of 5–30 years, improvement of FEV1 in 10% and a
progressive decline of lung function in 34% of the
patients.9 Still, mean FEV1 is already abnormal at
the age of 6 years, demonstrating that lung damage
starts early.10

In patients with PCD, FEV1 correlates with chest
CT scores,11 but as in CF, lung structural damage
was shown to progress, despite little change in lung
function.12 However, because of the associated
radiation burden, even low-dose high resolution
computed tomography (HRCTs) are not an option
for close follow-up.13

The past decade has seen a revival of measuring
ventilation inhomogeneity by assessing multiple
breath washout (MBW) using an inert gas. The Lung
Clearance Index (LCI), the number of lung turnovers
needed to reduce the concentration of an inert gas to
one-fortieth of the starting value, has become the
most used parameter.14 In CF, LCI is more sensitive
than FEV1 to detect patients with structural abnor-
malities on chest CT.15 16 Therefore, LCI has been
proposed as an outcome parameter in CF clinical
trials.17 Also, a recent study in adults with non-CF
bronchiectasis demonstrated the value of LCI in this
population: just as in CF, it was more sensitive than
FEV1 to detect patients with structural abnormalities
on chest CT.18

Key messages

What is the key question?
▸ Is there really no correlation between structure

and function in patients with primary ciliary
dyskinesia (PCD)?

What is the bottom line?
▸ In patients with PCD, Lung Clearance Index

(LCI) correlates with FEV1 and imaging
parameters, but LCI is more sensitive than FEV1
to detect patients with high resolution
computed tomography (HRCT) abnormalities.

Why read on?
▸ This study sheds a new light on the correlation

between LCI, FEV1 and chest CT abnormalities
in patients with PCD.
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Two studies demonstrated that LCI was abnormal in patients
with PCD, compared with healthy controls (HCs).19 20 In con-
trast to what is known in CF, these studies failed to find a correl-
ation between LCI and FEV1. A possible disconnect between
large and small airway disease was put forward as hypoth-
esis.19 20 One of these studies also assessed structural abnormal-
ities on chest CT. No correlation between structure and function
was found, but only adults with rather advanced disease were
included.20 Of course, to find a correlation, studying a relatively
wide disease variability is needed and the authors already
alluded to that shortcoming.

Therefore, the aim of our study was to re-examine the rela-
tionship between MBW parameters, spirometry and chest
imaging in children and adults with PCD and mild to moderate
disease.

METHODS
Subjects
Patients with PCD were recruited from the University Hospital
of Leuven PCD follow-up clinic for a prospective observational
trial of MBW measurement, spirometry and chest imaging
between May 2011 and September 2014. In all patients, the
diagnosis had been confirmed by functional and structural
evaluation of the motile cilia on a nasal punch biopsy, including
a cell culture system to exclude secondary defects.21 Patients
were only included when they were clinically stable (no change
in cough or sputum, no fever, no change in therapy for a period
of at least 2 weeks, change in FEV1 <10% since the last
measurement).

HCs were recruited in the same time period by advertising.
Persons with a history of prematurity, asthma, allergy or recur-
rent respiratory symptoms were excluded. Spirometry and
MBW were performed in all.

Height, weight and Body Mass Index were expressed as
z-scores according to the Flemish reference equations.22

All patients or parents of patients gave written informed
consent before participation.

Multiple breath washout
Nitrogen (N2) MBW measurement was performed, using an
Exhalyzer D (EcoMedics, Duernten, Switzerland; Spiroware V.3.2
software). Oxygen was administered to obtain washout of nitro-
gen. LCI is calculated as the cumulative expired volume divided by
the functional residual volume (FRC) and represents the number
of lung volume turnovers needed to clear the lungs from nitrogen
to one-fortieth of the initial concentration. Scond and Sacin are both
derived from the concentration normalised slope of phase III
(SnIII) of exhaled breaths. Scond is an index of convection-
dependent inhomogeneity and is calculated as the increase in mea-
sured SnIII per unit turnover between 1.5 and 6 turnovers. Sacin is
an index of diffusion convection-interaction-dependent inhomo-
geneity and is calculated from the SnIII slope of the first breath. To
normalise for age, Scond and Sacin were both multiplied by VT (tidal
volume), as proposed in the MBW consensus guidelines.23

At least two technically acceptable measurements per patient
were performed. In accordance with the recent guidelines on
MBW,23 those with significant leaks or sighs and those with LCI
or FRC variability >25% were excluded. The mean LCI of at
least two measurements was used.

Spirometry
Spirometry was performed according to the American Thoracic
Society/European Respiratory Society (ATS/ERS) guidelines.24

FEV1, FVC, FEV1/FVC and FEF25–75 were expressed as z-scores

according to the reference equations from the Global Lung
Function Initiative.25 A z-score below −1.96 was defined as
abnormal. Spirometry was performed on the same day as MBW
and always after MBW.

Chest CT scan
In our multidisciplinary PCD outpatient clinic protocol, a
routine chest HRCT is performed every 5 years. Patients with a
chest HRCT within 1 year of the MBW measurement, and
without exacerbations (defined as subjective change in cough or
sputum) needing change in therapy (adding or stopping either
intravenous, oral or nebulised antibiotics or mucolytics), were
included for this part of the study. Thirty patients were included
for MBW, spirometry and chest CT. In 20 patients, HRCT and
lung function were measured on the same day, in six patients
the time interval was <2 months, in four patients the interval
was >2 months. In all patients, the clinical status had remained
stable in that time window.

A cystic fibrosis computed tomography (CFCT) score, which is
a variant of the modified Brody Score, was used to quantify spe-
cific abnormalities on chest CT26: severity and extent of bronchi-
ectasis, severity and extent of airway wall thickening, mucus
plugging in central and peripheral airways and parenchymal
abnormalities (consolidation, atelectasis, cysts and ground glass
opacities) were scored per lobe on inspiratory CT scans and air
trapping on expiratory chest CT scans. The lingula was consid-
ered as a separate lobe. More details on CFCT are available in
online supplementary file 1. The chest CT scans were scored by
two scorers who had successfully completed the training module
of the corelab LungAnalysis (Rotterdam, The Netherlands). The
second scorer rated a subset of the chest CT scans, and interob-
server and intraobserver variability for the first scorer were good
(see online supplementary file 2). The theoretical maximum
score is 243. In practice, the maximum score cannot exceed 207,
since a lobe cannot have more than two-third involvement from
all abnormalities at the same time. CFCT score was expressed as
percentage of this maximum score of 207. For scans without
expiratory images (n=6), the maximum score for air trapping
was subtracted from the maximum score. A total CFCT score
>5% was defined as abnormal.26

Statistics
LCI, Scond×VT and Sacin×VT were normally distributed in HCs
and therefore z-scores for MBW parameters could be calculated
reliably. A z-score >1.96 was defined as abnormal.

For the PCD group only non-parametric tests were used. The
data were presented as medians and IQRs. For comparison
between groups, Mann–Whitney test was used for continuous
variables, χ2 for categorical variables. Correlations were
described with Spearman’s rank correlation coefficient (r).
A correlation of >0.7 was considered as strong, between 0.3
and 0.7 as moderate and <0.3 as weak. A p value of <0.05 was
defined as statistically significant. SPSS V.21.0 (IBM, Armonk,
New York, USA) was used for statistical analyses.

RESULTS
Subjects
Thirty-nine patients with PCD (aged 5.2–25.0 years) and 75
HCs (aged 4.4–25.8 years) were recruited. One patient with
PCD was excluded because of irregular breathing pattern and
leaks during MBW, five HCs were excluded due to leaks (n=2),
>25% variability of FRC (n=1), intolerance of the MBW meas-
urement (n=1) and inability to perform spirometry (n=1). The
intravisit repeatability of LCI was good and did not differ
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between patients with PCD and HCs; the median coefficient of
variation was 3.5 for HCs versus 3.1 for patients with PCD
(p=0.469). General characteristics of HCs and PCD are pre-
sented in table 1. As reported previously, patients with PCD
were significantly shorter than HCs (p<0.001).10

Thirty patients with PCD were included in the chest HRCT
substudy. Two patients had undergone lobectomy.

MBW parameters and spirometry in PCD and HCs
All parameters differed between patients with PCD (total group
as well as CFCT subgroup) and HCs (table 2). Online supple-
mentary file 3 shows that the results for our control group are
very similar to those of the control group reported by Houltz
et al,27 who used a similar equipment and protocol.

MBW parameters versus spirometry
In PCD, LCI z-score ranged from −0.87 to 19.3 and 28 of 38
(73%) had an abnormal LCI. There was a moderate negative
correlation between LCI z-score and FEV1 z-score (r=−0.519,
p=0.001). Figure 1 shows that 10 of 38 (26%) patients had
normal LCI z-score and normal FEV1 z-score, 10 of 38 (26%)
had abnormal LCI and abnormal FEV1 z-score and 18 of 38
(47%) patients had normal FEV1 but abnormal LCI z-score.
There was also a moderate negative correlation between LCI
z-score and FEV1/FVC z-score (r=−0.434, p=0.006) as well as
FEF25–75 z-score (r=−0.450, p=0.005).

In the HCs, there was a weak correlation between LCI z-score
and FEV1 z-score (r=−0.286, p=0.016), FEF25–75 z-score (r=
−0.259, p=0.03), but not FEV1/FVC z-score (r=−0.004,
p=0.977).

FEV1 did not correlate with age in patients with PCD (r=−0.122,
p=0.465; figure 2A); however, it is clear from the graph that mean
FEV1 is lower in PCD compared with HCs. Although LCI increases
with age in patients with PCD, the correlation between LCI and age
is not significant (r=0.124, p=0.457; figure 2B). MBWand spirom-
etry parameters did not correlate with age either at diagnosis or
since diagnosis.

MBW parameters versus CFCT
Total CFCT scores ranged from 1.9% to 26.8% (median 8.4%),
and 22 of 30 (73%) had an abnormal CFCT score. For detailed
information on the results of CFCT, see the online supplemen-
tary file 4. We found a strong correlation between LCI z-score
and total CFCT score (r=0.800, p<0.001; figure 3A), as well as
subscores for airway wall thickening (r=0.809, p<0.001) and
mucus plugging (table 3) (r=0.720, p<0.001), and a moderate

correlation between LCI z-score and subscore for bronchiectasis
(r=0.494, p<0.001). Of the CFCT subscores, the airway wall
thickening subscore had the widest span between patients (see
online supplementary file 4). There was a moderate correlation
between Sacin×VT (r=0.361, p=0.05), but not Scond×VT

(r=0.276, p=0.139) and total CFCT score.
There was a moderate correlation between total CFCT score

and FEV1 z-score (r=−0.632, p<0.001; figure 3B), FEF25–75
(r=−0.463, p=0.01), but not FEV1/FVC. Also, the airway wall
thickening subscore correlated with all lung function parameters
(table 3).

There was a moderate correlation between total CFCT score
and age (r=0.376, p=0.041; figure 2C), but not age at diagno-
sis (r=0.245, p=0.193) or time since diagnosis (r=0.084,
p=0.658).

Concordance between function and structure measurements
LCI and CFCT were concordant in 25 of 30 (83%) patients
(both normal in five and both abnormal in 20). In two patients,
LCI was abnormal and CFCTwas normal and in three patients,
CFCTwas normal and LCI was abnormal.

CFCT and FEV1 were concordant in 16 of 30 (53%) of
patients only. LCI and FEV1 were concordant in 20 of 38
(53%) in the total group and in 15 of 30 (50%) in the CFCT
subgroup only.

The sensitivity of LCI to detect patients with abnormal CFCT
was 90.9% (95% CI 70.8% to 98.6%) and was significantly
higher than that of FEV1 (36.4%, 95% CI 17.2 to 59.3).
Positive predictive value and negative predictive value to detect
or exclude abnormalities on the CFCT score were 87% and
71% for LCI and 100% and 36% for FEV1, respectively.

DISCUSSION
This single centre, prospective cross-sectional study in patients
with PCD demonstrated a strong correlation between LCI and
abnormalities on chest CT, quantified by the CFCT score. The
correlation was significant for the total CFCT score but also for
the subscores of airway wall thickening, mucus plugging and
bronchiectasis. LCI z-score also correlated with FEV1 but the
sensitivity to detect structural lung abnormalities was much
higher for LCI than for FEV1. The feasibility and repeatability
of LCI was good in patients with PCD.

Scond×VT and Sacin×VT, both markers of small airways disease,
were abnormal in PCD compared with HCs, confirming that PCD
causes small airways disease. There was a moderate correlation
between Sacin×VT (a measure of diffusion-convection-dependent

Table 1 Baseline characteristics in HCs and patients with PCD

HCs
(n=70)

PCD
(n=38)

PCD with chest
CT scan
(n=30)

p Value for
comparison
HCs vs all PCD*

p Value for
comparison HCs vs PCD
with chest CT*

Male/female 28/42 13/25 12/18 0.679 0.676
Age (years)† 13.9 (10.3 to 19.9) 16.1 (11.1 to 19.6) 15.3 (10.4 to 18.0) 0.202 1.000
Age at diagnosis (years)† NA 4.9 (1.2 to 9.6) 4.9 (1.0 to 9.2) NA NA
Time since diagnosis (years)† NA 9.4 (5.0 to 14.9) 8.9 (4.8 to 14.8) NA NA
Weight z-score† 0.10 (−0.44 to 0.66) −0.27 (−0.89 to 0.38) −0.54 (−1.17 to 0.23) 0.047 0.007
Height z-score† 0.34 (−0.34 to 1.05) −0.35 (−1.21 to 0.45) −0.26 (−1.19 to 0.49) <0.001 0.004
BMI z-score† −0.18 (−0.75 to 0.40) −0.11 (−0.93 to 0.46) −0.36 (−1.00 to 0.23) 0.946 0.274

Significant differences are marked in bold.
*Mann–Whitney or χ2 where appropriate.
†Median (IQR).
HCs, healthy controls; NA, not applicable; PCD, primary ciliary dyskinesia.
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ventilation inhomogeneity in the acinar airways) and total chest
CFCT score. This confirms that chest CFCT can reliably detect
small airway pathology. However, the clinical significance of
abnormal SnIII slope parameters has to be further explored.

The findings in our study differ from previous results. Several
reasons can explain these differences.

In the current study, we used N2 as tracer gas for MBWrather
than SF6 that was used in previous studies and has been banned
in several countries. The diffusion rate of a gas is inversely pro-
portional to the square root of the molar mass. N2 (molar mass
28 g/mol) is much lighter than SF6 (molar mass 146 g/mol) and
therefore the diffusion-convection front is located more prox-
imal for N2 compared with SF6.

23 Differences in LCI have been
demonstrated when different tracer gases are used: it was shown
that LCI measured by N2 washout is higher than using SF6
washout, and that there is a bias towards higher LCI values.28

SF6 may not reach very poorly ventilated regions during washin,
in contrast with N2, that is present in the environment and is
therefore entirely washed in. Washout of these poorly ventilated
regions may increase LCI measured during N2 MBW. Moreover,
N2 is excreted by the tissues in very low amounts, which may
also influence LCI. However, guidelines on MBW measurement
do not recommend correction for tissue N2.

23 Because of higher
values, it can be speculated that the discriminative power is
higher for LCI measured by N2 washout than for LCI measured
by SF6 washout. To obtain valid data with this newer technique,
we included an HCs group, because reliable reference values for
N2 washout were not yet available at the time of the study.23

Next, a type II error due to small sample size is not excluded,
as already mentioned by Rowan et al.29 The current study has
the largest sample size and therefore has the best power (38
patients vs 2719 and 3320 for the comparison between MBW
and FEV1 and 30 patients vs 2120 concerning MBW and CT
data). Moreover, the correlation between LCI and FEV1 in the
study by Irving et al30 was only marginally non-significant with
a p value of 0.083.

There are differences in the study populations: for the struc-
ture–function correlation, we studied children and adults with
mild to moderate disease. Irving et al only studied adults with
rather advanced disease with a median FEV1 of −2.98 z-score, a
limitation that they point out as one of the weaknesses of their
study. In our study, median FEV1 was −1.54 z-score. Indeed, to
reliably conclude about a significant correlation, a range in
severities must be included in the sample. Data for comparison
of LCI with CT in patients with mild to severe disease are now
available for CF16 20 and non-CF bronchiectasis,18 30 and we
are confident that our data can fill the gap for data on mild to
moderate disease in PCD.

Next, the CT scoring methods differ between our study and
that of Irving et al. The modified individual feature CT score
used by Irving has been reported before,31 but differs in many
aspects from the CFCT score. Although the subscores of the
individual feature score correlated well with the Brody subscores
(except for airway trapping), they are not interchangeable.
Moreover, the authors found a significant correlation between
total Brody score and FEV1, but not between the total individ-
ual feature score and FEV1. In addition, the much lower
number (21 vs 30) limits the possibility of finding a correlation.

Irving et al20 as well as Green et al19 report a significant cor-
relation between LCI and FEF25–75 z-score. Green et al also

Table 2 Spirometry and MBW parameters in HCs and PCD

HCs
(n=70)

PCD
(n=38)

PCD with
chest CT scan
(n=30)

p Value for comparison
HCs vs all PCD*

p Value for comparison
HCs vs PCD with chest CT*

FEV1 z-score 0.15 (−0.46 to 0.64) −1.54 (−2.1 to −0.43) −1.60 (−2.11 to −0.33) <0.001 <0.001
FEV1/FVC z-score −0.16 (−0.91 to 0.40) −1.52 (−2.20 to −1.01) −1.62 (−2.10 to −1.15) <0.001 <0.001
FEF25–75 z-score −0.39 (−0.91 to 0.42) −1.99 (−2.68 to −0.61) −2.18 (−2.68 to −1.28) <0.001 <0.001
LCI 7.1 (6.7 to 7.5) 9.48 (8.28 to 10.92) 9.48 (8.42 to 11.59) <0.001 <0.001
LCI z-score 0.17 (−0.54 to 0.67) 3.58 (1.84 to 5.70) 3.58 (2.03 to 6.69) <0.001 <0.001
Scond×VT 0.011 (0.006 to 0.018) 0.057 (0.036 to 0.078) 0.060 (0.036 to 0.080) <0.001 <0.001
Scond×VT z-score −0.21 (−0.74 to 0.55) 4.68 (2.45 to 6.90) 4.93 (2.45 to 7.12) <0.001 <0.001
Sacin×VT 0.044 (0.034 to 0.063) 0.079 (0.034 to 0.116) 0.079 (0.036 to 0.116) 0.009 0.005
Sacin×VT z-score −0.27 (−0.65 to 0.49) 1.17 (−0.64 to 2.58) 1.11 (−0.58 to 2.50) 0.009 0.005

All results are expressed as median (IQR). Significant differences are marked in bold.
*Mann–Whitney.
HC, healthy control; LCI, Lung Clearance Index; MBW, multiple breath washout; PCD, primary ciliary dyskinesia; VT, tidal volume.

Figure 1 Correlation between LCI z-score and FEV1 z-score. LCI, Lung
Clearance Index; PCD, primary ciliary dyskinesia.
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reported a significant correlation between LCI and FEV1/FVC
z-score. Still, neither finds a correlation between LCI and FEV1

z-score. This is very surprising. Indeed, recent large data sets
clearly show a very strong correlation between FEV1 and FEF25–
75 and between FEV1 and FEV1/FVC. Quanjer et al32 therefore
strictly conclude that FEF25–75 does not add to clinical decision
making.

In the current study, we found a good correlation between
LCI and all spirometry parameters. These findings are indeed
entirely plausible. Next, finding a correlation between LCI and
CT scores was the hypothesis in previous studies and as pointed
out by Rowan et al,29 PCD is a patchy disease, just as CF and

non-CF bronchiectasis. They are all marked by alterations in
the mucociliary clearance mechanism and neutrophilic
inflammation.

It is interesting that the CFCT score showed high scores for
airway wall thickening and mucus plugging in patients with
PCD. These changes are not necessarily irreversible, still
depending on the site in the airways, they may cause substantial
airflow obstruction, ventilation inhomogeneity or both. This
may be the reason why lung function improves over time in
some patients with PCD.9

Limitations of this study are the retrospective inclusion of
chest CT scans and the time lag between chest CT and lung

Figure 2 Correlation between FEV1 z-score (A), LCI z-score (B) and total CFCT score (%; C) and age. LCI, Lung Clearance Index; PCD, primary
ciliary dyskinesia.
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function measurement in a few patients. Because we did not
receive approval from the ethical committee to include chest CT
prospectively, we used chest CT data performed in accordance
with the clinically implemented protocol (chest CTevery 5 years
to follow evolution of structural lung damage).

In conclusion, we found that measuring LCI in patients with
PCD can be of clinical importance: it is more often abnormal
than FEV1 and has a greater sensitivity to detect patients with
abnormal chest CT, especially in early disease. Further study of
the longitudinal evolution of LCI is necessary to evaluate its use-
fulness as an outcome parameter in clinical trials.
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