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Abstract

Rationale: In cystic fibrosis (CF), the lung clearance index (LCI),
derived from multiple breath washout (MBW), is more sensitive in
detecting early lung disease than FEV1; MBW has been less
thoroughly evaluated in young patients with primary ciliary
dyskinesia (PCD).

Objectives: Our objectives were 1) to evaluate the sensitivity of
MBW and spirometry for the detection of mild lung disease in
young children with PCD and CF compared with healthy control
(HC) subjects and 2) to compare patterns of airway obstruction
between disease populations.

Methods: We used a multicenter, single-visit, observational study
in children with PCD and CF with a forced expiratory volume in
1 second (FEV1) greater than 60% predicted and HC subjects, ages
3–12 years. Nitrogen MBW and spirometry were performed and
overread for acceptability. x2 and Kruskall-Wallis tests compared
demographics and lung function measures between groups, linear
regression evaluated the effect of disease state, and Spearman’s rank
correlation coefficient compared the LCI and spirometric
measurements.

Results: Twenty-five children with PCD, 49 children with CF, and
80 HC children were enrolled, among whom 17 children with PCD
(68%), 36 children with CF (73%), and 53 (66%) HC children
performed both acceptable spirometry and MBW; these children
made up the analytic cohort. The median age was 9.0 years
(interquartile range [IQR], 6.8–11.1). The LCI was abnormal (more
than 7.8) in 10 of 17 (59%) patients with PCD and 21 of 36 (58%)
patients with CF, whereas FEV1 was abnormal in three of 17 (18%)
patients with PCD and six of 36 (17%) patients with CF. The LCI was
significantly elevated in patients with PCD and CF compared withHC
subjects (ratio of geometric mean vs. HC: PCD 1.27; 95% confidence
interval [CI], 1.15–1.39; and CF 1.24; 95% CI, 1.15–1.33]). Children
with PCD had lower midexpiratory-phase forced expiratory flow %
predicted compared with children with CF (62% [IQR, 50–78%] vs.
85% [IQR, 68–99%]; P= 0.05). LCI did not correlate with FEV1.

Conclusions: The LCI is more sensitive than FEV1 in detecting
lung disease in young patients with PCD, similar to CF. LCI holds
promise as a sensitive endpoint for the assessment of early PCD lung
disease.
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Primary ciliary dyskinesia (PCD) and cystic
fibrosis (CF) are both autosomal recessive
disorders characterized by impaired
mucociliary clearance, chronic
endobronchial bacterial infection, and
progressive obstructive lung disease (1).
Pathophysiology of these two diseases
differs; CF is characterized by abnormal ion
and water balance in the airways, whereas
patients with PCD have ineffective ciliary
function (2, 3). Patients with CF and PCD
show significant variability in disease
severity and progression of lung disease;
causes of these differences are not fully
understood (4).

Although forced expiratory volume in
1 second (FEV1) measured by spirometry is
the gold standard for the assessment of
pulmonary function in chronic obstructive
lung diseases, it has been shown to be
relatively insensitive to early, mild airway
obstruction in CF (5, 6). Because spirometry
is driven by airway resistance dominated by
medium-sized airways, it may not detect
early, mild, heterogenous obstructive
disease, which is typically located in the
smaller, more peripheral airways (7).
Because PCD is also characterized by
peripheral airway obstruction, spirometry
may also be relatively insensitive to early
disease in this population.

The lung clearance index (LCI), derived
from multiple breath washout (MBW)
testing, is a measure of global ventilation
and small airway dysfunction (7). MBW is
performed during tidal breathing and
requires only passive cooperation, making it
feasible in the preschool population. Among
patients with CF, the LCI has been shown to
be more sensitive than FEV1 in detecting
early lung disease and has become a
promising outcome measure (6, 8). The
evidence for the clinical utility of the LCI in
PCD is much more preliminary. Five studies
have shown the LCI to be more sensitive
than FEV1 in detecting abnormalities in
adults and children with PCD (7, 9–12), yet

these studies included few young children
and were not necessarily focused on those
with mild disease. In addition, prior studies
primarily compared the LCI with FEV1, but
few have explored other outcome measures
that may be obtained from either MBW or
spirometry, such as moment ratios (MBW),
FEV1/forced vital capacity (FVC), or
midexpiratory-phase forced expiratory flow
(FEF25–75) (spirometry).

Our objectives were to evaluate the
sensitivity of MBW and spirometry for the
detection of lung disease in children with
PCD and CF with mild disease—precisely
those in whom the LCI may be the most
sensitive—compared with healthy control
(HC) subjects and to evaluate patterns of
airway obstruction between disease
populations (CF and PCD). We
hypothesized that the LCI is more likely to
be abnormal than FEV1 in both PCD and
CF, and that participants with PCD and CF
will have different patterns of airways
disease when MBW parameters, FEV1,
FEV1/FVC, and FEF25–75 are compared,
reflecting differing locations and degrees of
airway obstruction within the bronchial tree.

Methods

Study Design and Study Participants
This was a cross-sectional, single-visit,
observational study of participants with CF,
participants with PCD, and HC participants,
ages 3 through 12 years, at five sites
(Washington University School of
Medicine/St. Louis Children’s Hospital,
Riley Hospital for Children/Indiana
University, University of Washington/
Seattle Children’s Hospital, Children’s
Minnesota, and University of North
Carolina at Chapel Hill). Participants were
enrolled from March 2017 to April 2018. In
addition, two sites provided data from
historical research participants who
underwent spirometry and MBW using

identical devices and standard operating
procedures between April 2012 and July
2015 (13, 14). These participants fulfilled the
same eligibility criteria. Participants with
PCD and CF were recruited from the clinical
and research populations at each study site;
HC subjects were recruited from siblings of
patients with PCD and CF and with
recruitment tools, including flyers and
online announcements.

Inclusion criteria included age 3–12
years and gestational age of 36 weeks or
more. Participants with PCD and CF were
required to have an FEV1 of greater than
60% predicted on all spirometry performed
during the year before enrollment. Inclusion
criteria for participants with PCD included
compatible clinical phenotype as well as
1) defects in ciliary ultrastructure by
transmission electron microscopy and/or 2)
genetic testing with identification of biallelic
disease-causing variants (1). Inclusion
criteria for participants with CF included
compatible phenotype with elevated sweat
chloride and/or the identification of two
disease-causing CFTR variants (3).

Exclusion criteria for all participants
included an acute intercurrent respiratory
infection or change from baseline cough or
wheeze during the 2 weeks preceding
enrollment. Additional exclusion criteria for
control subjects included any history of
chronic lung disease (CF, PCD, asthma,
and/or bronchopulmonary dysplasia),
inhaled corticosteroid use, inhaled
bronchodilator use within the past 2 years or
on more than three occasions during
lifetime, history of emergency room visits or
hospitalizations for respiratory indications,
or complex congenital heart disease.

Spirometry
Spirometry was performed according to
American Thoracic Society (ATS)
guidelines for preschoolers ages 2–6 years
(15) and children 7 years or older (16).
Participants performed spirometric
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maneuvers until two (preschoolers) or three
(older children) reproducible maneuvers
were obtained or until it was clear that
acceptable spirometry could not be
obtained. Spirometry overreading was
performed for acceptability, per ATS
guidelines (15, 16). Overreading of historical
and prospective spirometry were performed
simultaneously.

Multiple Breath Washout
Nitrogen (N2) MBW measurement was
performed using an Exhalyzer D
(EcoMedics) according to current
guidelines (17–20). Historical and
prospective MBW studies were analyzed
simultaneously using EcoMedics Spiroware
Software version 3.1.6. A facemask was used
for preschool subjects, and putty was used
to ensure an adequate seal and to minimize
equipment dead space per ATS guidelines
(20), with no additional modifications to
the manufacturer’s equipment. The
primary outcome was the LCI (LCI 2.5),
representing the number of functional
residual capacity (FRC) turnovers needed to
clear the lungs of nitrogen to 1/40th of the
initial concentration. Secondary outcomes
included LCI 5, moment ratios (M1/M0 and
M2/M0 at six and eight turnovers),
ventilation heterogeneity in the convection-
dependent airways (Scond), and ventilation
heterogeneity in diffusion convection–
dependent airways (Sacin), which reflect
convection-dependent and diffusion
convection–dependent ventilation
inhomogeneity, respectively. To normalize
for lung size, Scond and Sacin were multiplied
by tidal volume. Acceptability criteria for
MBW included at least two valid LCI 2.5
readings. FRC values that differed by more
than 25% from the median FRC value
across all valid MBW tests (within-patient
median FRC) were flagged for exclusion
according to European Respiratory Society/
ATS guidelines (19). MBW measurements
were reported as the mean of all acceptable
values (two to seven observations per
patient).

Statistical Analysis
The sample size was calculated to allow the
detection of a 1.0 LCI unit difference
between children with PCD and those with
HC. Assuming a SD of 0.4 for HC and 2.4
for PCD (7), a sample size of 50 HC
children, 25 children with PCD, and 25 with
CF would be sufficient to detect this
difference between the groups using a t test

(a= 0.05 with 80% power). The sample size
for patients with CF was targeted to equal
that of patients with PCD, assuming a
similar SD.

Demographic and clinical
characteristics were summarized
descriptively by disease status. Categorical
data were summarized using counts and
percentages and compared using a x2

test or Fisher’s Exact test. Continuous
data were summarized using medians
and interquartile ranges (IQRs) and
compared using Kruskall-Wallis tests
because of nonnormality. Height,
weight, and body mass index (BMI)
z-scores were derived from U.S. Centers
for Disease Control and Prevention
(CDC) reference data (21). Spirometry
z-scores and percentage predicted were
calculated from the Global Lung Initiative
equations (22). MBW parameters were
reported as raw values because robust
reference equations do not exist for this age
range.

Linear regression was performed to
compare lung function parameters (raw
MBW parameters, percentage predicted, or
z-scores for spirometric measures) between
groups. MBW data was adjusted for age, sex,
and height. Because of the nonnormal
distribution in participants with PCD and
CF (though there was normal distribution
among control subjects), LCI and Sacin data
were log-transformed and compared using
the ratio of the geometric means with 95%
confidence intervals (CIs). All spirometry
data and the MBW measures, Scond, and
moment ratios were normally distributed
and therefore compared using simple linear
regression and reported as regression
coefficients with 95% CIs. Forest plots were
used to visualize comparisons between
disease groups and HC subjects. Sensitivity
analyses were conducted, restricting the
cohort to participants who had at least three
acceptable LCI 2.5, Scond, and Sacin
measurements.

For the spirometry data, a z-score of
21.645 was used as the lower limit of
normal (23). The LCI upper limit of normal
(ULN) was defined, based on the observed
data in the healthy group, as the mean
LCI1 1.6453SD (i.e., 6.971 1.6453
0.5 = 7.8). This value is similar to that in the
existing literature (7.9 LCI units) for the
ULN of LCI in healthy young children (24).
The ULN was also calculated for additional
MBW parameters, including LCI 5, Scond,
Sacin, and moment ratios.

Quadrant plots were created to
visualize the relationship between LCI
measurements and spirometry z-scores. The
proportion of patients falling outside of
reference parameters was summarized by
disease state.

Spearman’s rank order correlation
coefficients were calculated to assess the
relationship between the LCI and
spirometry measurements as well as the
relationship between different spirometry
measurements. Linear regression models
with interaction were used to test for the
effect of age in each disease group on the LCI
2.5 and FEV1% predicted. An a of 0.05 was
considered significant. Analyses were
performed using SAS version 9.4.

Ethics Approval
This study was approved by the institutional
review board at each study site. Informed
consent was obtained from parents and/or
guardians, and assent from participants was
obtained as applicable. Sites supplying historical
data (University of North Carolina and
Washington University School of Medicine)
included a waiver of consent for retrospective
data collection.

Results

Participants
The initial cohort included 25 children with
PCD, 49 children with CF, and 80 HC
children (Table 1). Overall, 75% and 94%
had acceptable MBW and spirometry data,
respectively. Among children 6 years old or
younger (n= 52), 71% and 83% had
acceptable MBW and spirometry data,
respectively; acceptability among children
more than 6 years old (n= 102) was 76% and
98%. No differences were found in
measurement acceptability by disease state.
The final analytic cohort comprised 17
children with PCD (68%), 36 children with
CF (73%), and 53 HC children (66%) with
acceptable data for both spirometry and
MBW (Table 2).

Baseline characteristics were similar
between the enrollment and final analytic
cohorts (Tables 1 and 2). In the final cohort,
age was similar across all three disease
groups (Table 2). The number of preschool
children (age< 6) in the PCD, CF, and HC
cohorts were five of 17 (29.4%), 10 of 36
(27.8%), and 13 of 53 (24.5%), respectively.
Weight, height, and BMI z-scores were in
general lower in patients with CF and PCD
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than in HC subjects (Tables 1 and 2). The
PCD ciliary defect and associated PCD-
causing genes, and the CF genotype group
are summarized in Tables 1 and 2.

MBW Parameters
In both unadjusted (Table 3) and adjusted
(Figure 1) analyses, LCI 2.5 was significantly

and similarly elevated in children with PCD
and CF compared with HC children. The
median LCI in HC children was 6.94 (IQR,
6.61–7.20), compared with 8.19 (IQR, 7.35–
11.38) and 8.24 (IQR, 7.30–9.68) in children
with PCD and CF, respectively (Table 3).
Because LCI values were not normally
distributed, they were log-transformed for

regression analyses, yielding estimates of the
ratio of geometric means adjusted for age, sex,
and height. Patients with PCD had a geometric
mean LCI that was 27% higher than that of HC
children (95%CI, 15–39%higher), and patients
with CF had a geometric mean LCI that was
24%higher thanHC children (95%CI, 15–33%
higher) (Figure 1). Children with PCD and

Table 1. Baseline characteristics of all participants, including children with PCD, children with CF, and healthy control subjects*

Characteristics Subjects with PCD (n=25) Subjects with CF (n=49) HC Subjects (n=80)

Sex, M, n (%) 13 (52) 26 (53%) 37 (46)
Age, median (IQR), yr 8.6 (5.9 to 10.0) 8.9 (6.8 to 10.8) 8.6 (6.0 to 10.9)
Weight z-score†, median (IQR) 20.34 (21.01 to 0.53) 20.30 (20.67 to 0.50) 0.21 (20.51 to 0.89)
Height z-score†, median (IQR) 20.53 (21.18 to 0.31) 20.27 (21.02 to 0.25) 20.02 (20.67 to 0.62)
BMI z-score†, median (IQR) 20.08 (20.78 to 0.93) 0.13 (20.45 to 0.73) 0.41 (20.30 to 0.93)
Race/ethnicity, n (%)
White, non-Hispanic 23 (92) 46 (94) 60 (75)
Black 0 (0) 1 (2) 6 (7)
Asian 0 (0) 0 (0) 3 (4)
Hispanic 2 (8) 2 (4) 8 (10)
Other 0 (0) 0 (0) 3 (4)

Acceptable MBW 18 (72) 37 (76) 60 (75)
Acceptable spirometry 23 (92) 47 (96) 73 (91)

Definition of abbreviations: BMI = body mass index; CF= cystic fibrosis; HC=healthy control; IQR= interquartile range; MBW=multiple breath washout;
PCD=primary ciliary dyskinesia.
*The initial cohort included 45 historical study participants.
†Calculated using Centers for Disease Control and Prevention reference data.

Table 2. Baseline characteristics of participants with acceptable MBW and spirometry (final analytical cohort), including children with
PCD, children with CF, and healthy control subjects*

Characteristics Subjects with PCD (N=17) Subjects with CF (n=36) HC Subjects (n=53)

Sex, M, n (%) 7 (41) 21 (58) 24 (45)
Age, median (IQR), yr 8.6 (6.1 to 10.0) 8.8 (6.9 to 11.1) 9.2 (7.3 to 11.4)
Weight z-score†, median (IQR) 20.35 (20.96 to 0.47) 20.34 (20.69 to 0.37) 0.21 (20.51 to 0.78)
Height z-score†, median (IQR) 20.61 (21.25 to 0.11) 20.43 (21.05 to 0.38) 20.02 (20.65 to 0.54)
BMI z-score†, median (IQR) 0.14 (20.76 to 0.92) 0.11 (20.46 to 0.61) 0.41 (20.25 to 0.87)
Race/ethnicity, n (%)
White, non-Hispanic 16 (94) 33 (92) 40 (75)
Black 0 (0) 1 (3) 5 (9)
Asian 0 (0) 0 (0) 2 (4)
Hispanic 1 (6) 2 (5) 4 (8)
Other 0 (0) 0 (0) 2 (4)

PCD ciliary defect type‡, n (%)
ODA 6 (35%)
ODA/IDA 4 (24%)
IDA/CA/MTD 5 (29%)
Normal 2 (12%)

CF genotype, n (%)
Homozygous DF508 21 (58%)
Heterozygous DF508 13 (36%)
Other 2 (6%)

Definition of abbreviations: BMI = body mass index; CA=central apparatus; CF= cystic fibrosis; HC=healthy control; IDA= inner dynein arm;
IQR= interquartile range; MBW=multiple breath washout; MTD=microtubular disorganization; ODA=outer dynein arm; PCD=primary ciliary dyskinesia.
*The final analytic cohort included 25 historical participants (seeMETHODS), including three (18%) subjects with PCD, 10 (28%) subjects with CF, and 12 (23%)
HC subjects.
†Calculated using Centers for Disease Control and Prevention reference data.
‡PCD ciliary defects included the following PCD-causing genes: ODA (DNAH5 in four subjects, DNAI1 in one subject, and none identified in one subject),
ODA/IDA (DNAAF1 in two subjects and none identified or unknown in two subjects), IDA/CA/MTD (CCDC39 in one subject and CCDC40 in four subjects),
and normal (CCDC65 in one subject and RPGR in one subject).

ORIGINAL RESEARCH

1088 AnnalsATS Volume 17 Number 9| September 2020



CF also had higher LCI 5, Sacin, Scond, and
moment ratios compared with HC children,
yet there was no difference between the
two disease groups in any of these
measurements (Table E1 in the online
supplement). Additional MBW parameters
did not appear more accurate at predicting
early lung disease than the LCI 2.5 (Table E1).
No significant relationship was detected
between age and the LCI in any of the three
disease groups in the multivariable model
with disease status as an interaction term
(Figure E1).

Sensitivity analyses restricted to
participants with least three acceptable LCI
2.5 measurements yielded similar results.
Children with PCD (n= 11) had a geometric
mean LCI that was 18% (95% CI, 6–32%)
higher than HC children (P= 0.003), and
children with CF (n= 25) had a geometric

mean LCI that was 11% (95% CI, 11–30%)
higher than HC children (P, 0.001).
Similarly, Sacin and Scond results did not
change when restricted to those children with
at least three valid measurements (Table E1).

Spirometry
In both unadjusted (Table 3) and adjusted
(Figure 1) analyses, FEV1, FEV1/FVC, and
FEF25–75 were significantly lower in patients
with PCD and CF than in HC subjects. The
pattern of spirometric abnormalities also
appeared to differ slightly between
participants with PCD and those with CF.
Children with PCD and children with
CF both had significantly lower FEV1%
predicted than HC children, with a mean
difference of211.1 (95% CI,217.5 to24.7)
and 29.5 (95% CI, 214.5 to 24.6),
respectively (Figure 1), but FEV1% predicted

was not significantly different between the
two disease groups (P=0.69) (Table 3).
FEV1/FVC and FEF25–75 were also
significantly lower in children with PCD and
childrenwith CF compared withHC children
(Figure 1), but in addition, they appeared to
be lower in children with PCD than in
children with CF (Table 3). Linear regression,
accounting for the interaction between age
and disease status, showed no association
between age and FEV1% predicted in our
cohort (Figure E1).

Comparison of MBW and Spirometry
The LCI was more likely to be abnormal
than FEV1 z-scores in both children with
PCD and children with CF.Whereas the LCI
was abnormal in 58% of children with CF
and in 59% of children with PCD, FEV1

z-scores were abnormal in only 17% of

Table 3. MBW and spirometry parameters in children with PCD, children with CF, and healthy control children*

Parameters Subjects with PCD
(n=17)

Subjects with CF
(n=36)

HC Subjects (n=53) Pairwise Comparison
P Values†

PCD vs.
HC

CF vs.
HC

CF vs.
PCD

MBW parameters
LCI 2.5‡, median (IQR) 8.19 (7.35 to 11.38) 8.24 (7.30 to 9.68) 6.94 (6.61 to 7.20) <0.001 <0.001 0.85
Abnormal LCI 2.5x, n (%) 10 (59) 21 (58) 4 (8)

Spirometry
FVC z-scorek, median (IQR) 0.05 (20.37 to 0.67) 20.05 (20.59 to 0.50) 0.39 (20.11 to 0.89) 0.46 0.03 0.80
FVC % predictedk, median

(IQR)
101 (95 to 108) 99 (93 to 106) 105 (99 to 112) 0.49 0.03 0.79

Abnormal FVCx, n (%) 2 (12) 3 (8.3) 0 (0.0)
FEV1 z-scorex, median (IQR) 20.62 (21.57 to 20.17) 20.38 (21.21 to 0.17) 0.25 (20.38 to 0.73) 0.01 0.003 0.73
FEV1% predictedk, median

(IQR)
92 (82 to 98) 96 (85 to 102) 103 (95 to 109) 0.007 0.004 0.69

Abnormal FEV1
x, n (%) 3 (18) 6 (17) 0 (0.0)

FEV1/FVC z-scorek, median
(IQR)

21.47 (21.68 to 20.72) 20.56 (21.51 to 20.01) 20.44 (20.93 to 0.00) <0.001 0.29 0.05

FEV1/FVC% predictedk,
median (IQR)

90 (88 to 95) 96 (89 to 00) 97 (94 to 100) <0.001 0.27 0.06

Abnormal FEV1/FVC
x, n (%) 5 (29) 7 (19) 2 (4)

FEF25–75 z-scorek, median
(IQR)

21.74 (22.03 to 21.04) 20.67 (21.47 to 20.06) 20.45 (20.91 to 0.16) <0.001 0.23 0.08

FEF25–75% predictedk, median
(IQR)

62 (50 to 78) 85 (68 to 99) 90 (79 to 104) <0.001 0.25 0.05

Abnormal FEF25–75
x, n (%) 9 (53) 8 (22) 2 (4)

Definition of abbreviations: CF= cystic fibrosis; FEF25–75 = forced midexpiratory flow; FEV1 = forced expiratory volume in 1 second; FVC= forced vital
capacity; HC=healthy control; IQR= interquartile range; LCI = lung clearance index; MBW=multiple breath washout; PCD=primary ciliary dyskinesia.
*Ranges for each parameter are as follows: LCI (PCD, 6.80 to 12.77; CF, 6.42 to 16.45; HC, 6.12 to 8.24), FVC z-score (PCD,22.22 to 2.20; CF,23.43 to
2.23; HC, 21.39 to 2.72), FVC% predicted (PCD, 66 to 116; CF, 61 to 115; HC, 85 to 122), FEV1 z-score (PCD, 22.96 to 1.34; CF, 22.95 to 1.15; HC,
21.28 to 1.77), FEV1% predicted (PCD, 66 to 116; CF, 61 to 115; HC, 85 to 122), FEV1/FVC z-score (PCD,22.43 to 0.69; CF,22.40 to 0.91; HC,21.77 to
1.27), FEV1/FVC% predicted (PCD, 80 to 104; CF 79 to 105; HC, 87 to 106), FEF25–75 z-score (PCD, 22.97 to 0.59; CF, 21.47 to 20.06; HC, 20.91 to
0.16), FEF25–75% predicted (PCD, 43–113; CF, 20–139; HC, 61–144).
†Dwass, Steel, Critchlow-Flinger Method, significance level P , 0.05 denoted in bold typeface.
‡Coefficients of variation for the LCI 2.5 were 6.01%63.97% for patients with PCD, 6.36%65.41% for children with CF, and 4.34%6 3.13% for HC
children.
xNormal cutoff for LCI 7.8, corresponding to z-score 11.645. Normal cutoff for spirometry z-score 21.645.
kCalculated using Global Lung Initiative equations.
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children with CF and in 18% of children
with PCD (Table 3). Importantly, 44% of
children with CF and 42% of children with
PCD had an abnormal LCI with a normal
FEV1 z-score (Figure 2). Only one child with
CF had an abnormal FEV1 z-score with a

normal LCI (LCI 7.8, just at the ULN)
(Figure 2). The LCI did not correlate with
FEV1 z-score (Figure 2), FEV1/FVC (Figure
E2A), or FEF25–75 (Figure E2B). Additional
MBW parameters (Sacin/Scond and moment
ratios) did not correlate with any of the

spirometric indices in any of the three
groups (data not shown).

Discussion

Our study demonstrates that the LCI is more
sensitive than FEV1 in detecting early, mild
lung disease in children with PCD, which is
similar to findings in the CF population.
Participants with CF and PCD had similar
abnormalities in LCI and FEV1; however,
children with PCD had lower FEF25–75%
predicted and FEV1/FVC z-scores
compared with age-matched peers with CF.
This finding suggests potentially worse
obstructive airway disease, as detected by
spirometry, in young children with PCD.

Earlier detection of lung disease in PCD
could allow for intervention strategies to
improve long-term outcomes. In CF, an
abnormal preschool LCI is associated with
concurrent measures of clinical status and
later spirometry deficits, offering earlier
prognostic utility of MBW testing in this age
range than traditional spirometry (25).
Similar to its use in CF, the LCI may also
have the most clinical utility in young

0.6 0.8 1.0 1.2 1.4
Ratio to Healthy Controls

PCD

CF

1.27 (1.15, 1.39)

1.24 (1.15, 1.33)

Lung Clearance Index (LCI)*

A

Difference from Healthy Controls
–40 –30 –10 0 10–20

PCD

PCD

PCD

CF

CF

CF
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FEV1

FVC

Spirometry (% predicted)†

B

–11.09 (–17.54, –4.65)

–9.52 (–14.52, –4.53)

–3.97 (–10.71, 2.78)

–7.17 (–12.40, –1.95)

–6.85 (–9.97, –3.72)

–2.64 (–5.06, –0.22)

–26.14 (–38.39, –13.90)

–10.66 (–20.15, –1.18)
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FEF 25-75
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Figure 1. Forest plots for (A) estimated ratio of geometric mean lung clearance index (LCI) with 95% confidence interval (CI) for children with primary ciliary
dyskinesia (PCD) or cystic fibrosis (CF) compared with healthy control subjects (reference), from regression analyses of log-transformed LCI data, adjusted
for height, sex, and age. (B) Estimated difference in mean spirometric measures (95%CI) between children with PCD or CF and healthy control subjects from
regression analyses. *LCI 2.5 were log-transformed for linear regression because of nonnormality. The resulting exponentiated parameter estimate provides
the ratio of the geometricmean of each outcomeby disease group to that of healthy control subjects. For example, patients with PCDhave a geometricmean
LCI 2.5 that is 26% higher than that of healthy control subjects of the same age, height, sex, and ethnicity (95%CI, 15–37%higher). †Calculated using Global
Lung Initiative equations. The results are interpreted as the difference in the mean measure between children with PCD or CF and healthy control subjects of
the same age, height, sex, and ethnicity. For example, the mean forced expiratory volume in 1 second% predicted of children with PCD is 11.1% lower than
that of healthy control subjects (95% CI,217.6 to24.7). FEF25–75 = forced midexpiratory flow at 25–75% of the expiratory volume; FEV1 = forced expiratory
volume in 1 second; FVC= forced vital capacity.

LCI 2.5 of 7.8
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Figure 2. Lung clearance index versus forced expiratory volume in 1 second (FEV1) z-score, stratified by
disease status (primary ciliary dyskinesia, cystic fibrosis, healthy control). The lung clearance index did not
correlate with FEV1 (PCD, R = 20.24; P =0.36; CF,R =20.27, P =0.11; and HC, R =20.08;P=0.57).
CF=cystic fibrosis; HC=healthy control; LCI= lung clearance index; PCD=primary ciliary dyskinesia.
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patients with mild lung disease, in whom
FEV1 is frequently normal. The LCI
correlates more strongly than FEV1 with
structural changes on computed
tomography scans, suggesting that
ventilation heterogeneity is more sensitive
than forced expiratory maneuvers in
detecting early small airway damage (26,
27). As a tidal breathing maneuver,
MBW can be performed in unsedated
children as young as 3 years of age. We
chose to focus on children ages 3–12 years
with mild to moderate lung disease,
enrolling younger children than
previously reported (28% of children
with PCD or CF were 6 yr old or younger).
We found 42% of patients with PCD with
a normal FEV1 to have an abnormal
LCI, which is similar to our CF cohort and
published studies in older patients with
PCD. Boon and colleagues reported that
47% of patients with PCD ages 5–25 years
(median age, 11 yr) had an abnormal
LCI and a normal FEV1 (11), and Green
and colleagues reported that 81% of
patients with PCD ages 6–18.5 years
(median age, 11 yr) had an abnormal LCI
with a normal FEV1 (7). In a more recent
study by Nyilas and colleagues, 83% of
patients with PCD (median age, 13.4 yr;
range, 5–28) had an abnormal LCI
compared with 27% with an abnormal
FEV1 (12). A study conducted in adults
with PCD (mean age, 25 yr) with more
advanced obstructive lung disease (FEV1

z-score 22.99) also demonstrated that the
LCI was more likely to be abnormal
compared with FEV1 (9). Thus, the LCI
seems to be more sensitive than FEV1 in
detecting lung disease in PCD across the
age spectrum and to have a similar
sensitivity in PCD and CF.

In our study, children with PCD had
lower FEV1/FVC z-scores and FEF25–75%
predicted compared with children with CF,
whereas there was no difference in LCIs
between the two groups, suggesting
potentially greater limitation in airway
resistance (and perhaps midsized airway
obstruction) with similar degrees of
peripheral airway disease in children with
PCD compared with those with CF. This
observation begins to add to the
understanding of differences in airway
pathophysiology between these two diseases.
Most existing literature comparing
spirometric measures in children and adults
with PCD and CF have found no significant
differences in FEV1, FVC, FEV1/FVC, and

FEF25–75 (28–30). Only one study reports
decreased FEV1, FVC, and FEF25–75 among
children with PCD compared with CF at
mean ages of 11.8 and 10.6, respectively
(31). Our findings suggest that lung function
in patients with PCD may already be
reduced early in life and that airway disease
may be both different from and more severe
compared with that found in children with
CF.

Although FEV1/FVC and FEF25–75
were lower in children with PCD than those
with CF, the LCI and other MBW
parameters were similar between the two
groups, reinforcing the idea that MBW
and spirometry measure different
characteristics of these obstructive lung
diseases. MBW measures the heterogeneity
of ventilation, whereas spirometry
measures airway obstruction as determined
by airway resistance. It is therefore not
surprising that we found no correlation
between the LCI or other MBW indices
(Sacin and Scond) and spirometric measures
(FEV1, FEV1/FVC, and FEF25–75), similar
to some (7, 9), but not all (11, 12, 32), prior
PCD studies. Furthermore, because our
study was restricted to children with mild
to moderate disease, the range of FEV1 with
which we are correlating LCI is much more
limited—the lack of correlation here may
highlight the ability of MBW to identify
disease to which spirometry is less
sensitive. Three studies have evaluated
additional MBW parameters in children
with PCD. One reported no correlation of
Sacin and Scond with either FVC or FEV1 (7),
whereas another demonstrated a
correlation between FEV1 and both Sacin
and moment ratios (33). Given the lack of
consistent correlation between MBW and
spirometric measures, these measurements
may provide complementary information
on different aspects of lung
pathophysiology. More recently,
Kobbernagel and colleagues performed
longitudinal MBW in a cohort of 48
patients with PCD. They found that the LCI
worsened significantly over time, whereas
there was no significant progression of
FEV1, Scond, Sacin, or moment ratios (32). In
our small cohort, we had no evidence that
secondary MBW measurements were more
accurate than the LCI at predicting early
lung disease. Therefore, at this time, it is
remains unclear whether secondary LCI
measurements add additional clinically
relevant information to the much more
widely employed LCI measurement.

Strengths of our study include the
multicenter nature of the cohort, inclusion
of patients with PCD only with a confirmed
diagnosis, and rigorous quality control and
centralized review of all MBW and
spirometry data for acceptability. Our
study has several limitations. First, we did
not meet our target sample size for the PCD
cohort because of slow accrual and lower
than anticipated measurement
acceptability. Feasibility of MBW testing
was moderate, with only 75% of children
having acceptable measurements, slightly
lower than in other multicenter cohorts of a
similar age range (34). The small sample
size limited our ability to detect
associations and correlations, so our results
should be interpreted with this caution.
Given our limited numbers, we were not
able to investigate associations of lung
function with specific CF or PCD
genotypes. Second, as the objective of our
study was to assess the sensitivity of MBW
and spirometry for the detection of lung
disease in children with PCD and CF with
mild disease, we only recruited patients
with an FEV1 greater than 60% predicted,
so our results cannot be generalized to
patients with more severe disease. We
chose to report FEV1 rather than FEV0.75

for preschool children (15) for ease of
interpretability of results, given the
small number of young children enrolled
in our study. We did not perform
plethysmography or high-resolution
computed tomography (HRCT) in our
cohort, as has been done in prior studies (5,
34), and therefore cannot comment on
the association of MBW and air trapping
or structural airway abnormalities. In
patients with PCD aged 5–25 years,
Boon and colleagues demonstrated that
LCI values had a sensitivity of 91% in
detecting patients with abnormal HRCT
findings, which is significantly higher
than that of FEV1 (36%) (11). Studies
assessing the sensitivity of LCI, FEV1, and
HRCT scores in patients with PCD
have been limited to older patients, and
therefore, there is no information on the
sensitivity of LCI and FEV1 in detecting
structural damage in young children
with PCD.

In summary, the LCI appears to be a
promising measure of early PCD lung
disease. Longitudinal studies demonstrate
that airflow obstruction in PCD worsens
with age (4, 35, 36), with a mean annual
change in FEV1% predicted of 20.57% per
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year in a recent study of children and
young adults (37). Future research
should evaluate the longitudinal changes
in LCI measurements in patients with
PCD because these LCI measurements
could ultimately identify early lung
disease or early changes during critical
windows for intervention. The evaluation of
the longitudinal trajectories of these
measures and response to therapeutic

interventions in well-described PCD cohorts
will also help to elucidate the progression of
lung disease. n
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