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ORIGINAL PAPER

Domiciliary humidification improves lung mucociliary clearance

in patients with bronchiectasis

A Hasani!, TH Chapman?, D McCool?, RE Smith!, JP Dilworth? and JE Agnew!
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Inspired air humidification has been reported to show some benefit in bronchiectatic patients.
We have investigated the possibility that one effect might be to enhance mucociliary clearance.
Such enhancement might, if it occurs, help to lessen the risks of recurrent infective episodes.
Using a radioaerosol technique, we measured lung mucociliary clearance before and after
7 days of domiciliary humidification. Patients inhaled high flow saturated air at 37 °C via a
patient-operated humidification nasal inhalation system for 3 h per day. We assessed tracheo-
bronchial mucociliary clearance from the retention of *™Tc-labelled polystyrene tracer parti-
cles monitored for 6 h, with a follow-up 24-h reading. Ten out of 14 initially recruited patients
(age 37-75 years; seven females) completed the study (two withdrew after their initial screening
and two prior to the initial clearance test). Seven patients studied were non-smokers; three were
ex-smokers (1-9 pack-years). Initial tracer radioaerosol distribution was closely similar between
pre- and post-treatment. Following humidification, lung mucociliary clearance significantly
improved, the area under the tracheobronchial retention curve decreased from 319 50 to
271 + 46%h (p < 0.007). Warm air humidification treatment improved Iung mucociliary clear-
ance in our bronchiectatic patients. Given this finding plus increasing laboratory and clinical
interest in humidification mechanisms and effects, we believe further clinical trials of humidifi-
cation therapy are desirable, coupled with analysis of humidification effects on mucus proper-

ties and transport.
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Introduction

Lung mucus retention is a prominent feature of
bronchiectasis and an important pre-disposing fac-
tor to the vicious cycle of recurrent respiratory
infection.! Stagnant mucus tends to become chroni-
cally colonized with bacteria capable of giving rise
to overt recurrent episodes of infection.? The sensa-
tion of retained mucus and a concomitant high fre-
quency of coughing and sputum production can fur-
thermore be distressing to the patient.

The importance of mucociliary clearance as a
first-line defense mechanism of the bronchial tree
is well established.? Clearance by cough comes into
play when mucociliary clearance is impaired.*
Whether achieved by mucociliary clearance or by
cough, active removal of microbial matter and
host-derived inflammatory products is essential if a
vicious cycle of microbial colonization is to be
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avoided.” Clearly the role of water, as a main con-
stituent of mucus, can be crucial to the composition
of mucus and to its transportability.® Recent work
has shown that airway surface liquid is controlled by
airway epithelial cells via the reciprocal regulation
of active Na* absorption and CI~ secretion and that
mucus transport increases with increasing airway
surface liquid volume.” Moreover, it seems likely
that mucosal function may be optimal at 37 °C
and 100% relative humidity.® A recent in vitro
study strongly supports this proposition by showing
that mucus transport and ciliary beat frequency
both progressively diminished as experimental con-
ditions deviated further from the ‘optimum’.”.

Our methodology has, in the past, been used to
assess the efficacy in terms of enhancing mucus
clearance both of cough* and of several physiother-
apy regimes.'? Undoubtedly, methods of enhancing
mucus clearance in bronchiectasis remain a signifi-
cant clinical concern.!!

The only previous study on humidification in
bronchiectasis utilized humidification from a cold
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water jet nebulizer along with chest physiotherapy
exercises.!? The authors found that cold water
humidification gave a significant clearance increase
relative to the clearance achieved by physiotherapy
on its own.

Given the demonstrated roles of both temperature
and humidification in optimizing mucosal function,
we have investigated the clearance-effectiveness of a
warm air humidification treatment system. We com-
pared the humidification treatment to a control
(baseline) assessment. Whilst a considerable variety
of inhaled agents could be postulated to influence
mucociliary transport, we considered that if ‘optimal’
humidification per se proved effective, then future
work on inhaled agents should include consideration
of the extent to which humidification and tempera-
ture factors might be contributory. Moreover, we
hypothesized that if both an underlying mechanism
and evidence of clinical effectiveness could be estab-
lished for a patient-acceptable warm air humidifica-
tion approach, then such an approach might prove
helpful to the future care of patients with various
mucociliary clearance disorders.

Methods

Patients

Volunteer patients with the diagnosis of idiopathic
bronchiectasis, using high resolution computed
tomography scanning,? were enrolled into the study.
Patients were required to be between 18 and 75 years
of age and with a smoking history of <10 pack-years.
Patients with a history of cystic fibrosis, immotile
cilia syndrome or Young’s syndrome were excluded.
Patients who had a significant disease other than
bronchiectasis were also excluded. Patients attended
an initial screening visit to check their eligibility for
the investigation and to be given an explanation of
the procedures involved. Patients were allowed to
continue with their regular medication throughout
the study period except that use of short- and long-
acting P, agonists was withheld for 6 h and 48 h,
respectively, prior to each mucociliary clearance
assessment and during the 6-h monitoring period.
None of the patients were having airway physiother-
apy clearance techniques.

Study design

We carried out a prospective, single-center study.
This was conducted as an ‘open’ study — the nature
of the equipment itself clearly precluded either the
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investigators or the patients being ‘blind’ to use, or
not, of the treatment equipment. Our objective was
simply to determine the potential impact of warm
air humidification rather than to compare it to any
other form of possible treatment for impaired muco-
ciliary clearance. We, therefore, concentrated on a
very simple before and after design!3: baseline
assessment, treatment period, second assessment.
In order, within a small number of patients, to test
whether a meaningful clearance enhancement could
be achieved, we investigated a combined effect of an
acute (lasting 3 h) treatment with a short-term (3 h
per day for 6 days) treatment course. Power calcula-
tions based on the pairwise z-test and using an esti-
mate of variability from similar work!* suggested
that 10 patients would suffice for achieving 80%
power to detect a meaningful difference at the 5%
level of significance in our chosen measure of tra-
cheobronchial clearance (the area under the reten-
tion curve, as defined below).

The study was approved by the Ethics Committee
of the Royal Free Hospital, London.

Mucociliary clearance

This was measured, at the same time of day on each
visit, by using a previously reported radioaerosol
technique.'> Polystyrene particles, 5 um in diameter,
were firmly labelled with the radionuclide *°™Tc¢ and
produced by a spinning top generator located inside
an airtight tank.'® Each patient inhaled the radio-
aerosol particles, under strictly controlled condi-
tions, by taking discrete breaths of 0.45 L from the
resting level of the lung, which was ascertained by
using a pneumotachygraph linked to a dedicated
computer!” thus allowing the measurement of inha-
lation flow rate.

The initial radioaerosol lung deposition was mea-
sured and its subsequent clearance was monitored by
two collimated scintillation detectors positioned pos-
teriorly and anteriorly to the chest.!® The detectors
measured the radioactivity emitted by the inhaled par-
ticles from both the lungs. Measurements were com-
menced immediately following the radioaerosol inha-
lation and repeated at 30-min intervals up to 6 h and
then at 24 h. The remaining activity of radioaerosol
particles in the lungs at 24 h (corrected for radioactive
decay) was used to estimate alveolar deposition (AD),
which was taken to represent the amount of particles
deposited in the non-ciliated airways and thus
unavailable for mucociliary clearance.!”

Tracheobronchial clearance was assessed by mea-
suring the area under the tracheobronchial retention



curve (AUC), which was generated by subtracting
the AD from the total lung burden, for the entire
6-h monitoring period.?° The retention of radioaer-
osol particles at 6 h was also used as a measure of
tracheobronchial clearance (TBCg). A high AUC or
TBC¢ value indicates slow clearance. During the 6-h
monitoring period, patients were encouraged to
avoid coughing. However, any involuntary coughs
were recorded and sputum samples (when pro-
duced) were collected and weighed over this period.

The initial distribution of the radioaerosol parti-
cles within the lungs was assessed by a gamma cam-
era. This distribution was expressed in terms of a
penetration index (PI), which is the ratio of the
amount of radioaerosol particles in an outer to an
inner region of the lungs divided by the same ratio of
krypton gas (3'mKr).2!

Humidification system

One of the investigators personally took the system
(MR880; Fisher & Paykel Healthcare, Auckland,
New Zealand) to each patient’s home and gave
instruction for its daily use. Patients were asked to
operate the system and use it for a short period of
time to make sure that they were comfortable with
it. The humidification system provides humidified
air, fully saturated at 37 °C delivered via nasal inter-
face at a flow rate between 20 and 25 /min. Each
patient was provided with a new nasal interface,
heated breathing tube, humidification chamber, air
delivering tube to connect the humidification cham-
ber with a blower HC211 (Fisher & Paykel Health-
care) plus a bag of sterile water.

Compliance with the treatment regime was
assessed electronically, as usage time of the blower,
which provides air to the humidifier, is recorded
automatically and can be retrieved.

Lung function

Spirometry was performed immediately prior to
each radioaerosol assessment. Lung function indices
were measured using a MicroLab 3300 spirometer
(Micro Medical, Kent, UK). The highest value for
each lung function index was recorded out of three
technically acceptable measurements.

Data analysis

Statistical analysis used the Wilcoxon signed ranks
test for pairwise differences. GB-STAT software
(Dynamic Microsystems, Silver Spring, Maryland,

Humidification improves mucociliary clearance in bronchiectasis
A Hasani et al.

USA) was used for that purpose. The results are
expressed as mean + SE or median (range) and the
level of significance was taken at p-value of <0.05.

Results

Patient demographics

Fourteen patients were enrolled into the study, of
whom 10 completed the study. Two patients with-
drew following the screening visit and two discon-
tinued at the start of baseline mucociliary clearance
assessment as they felt that they would be unable to
comply with the radioaerosol inhalation maneuver.
The patients who completed the study had a
mean * SE age of 63 * 4 years. Three patients were
ex-smokers  with  tobacco consumption of
5.8 £ 2.5 pack years. All but one of the 10 patients
who completed the study exceeded the planned ‘tar-
get’ of 21 h humidification. Median duration of
humidification was 25.0 h (range 14.9-26.9). All
patients used humidification during day time and
found the procedure very acceptable. Data on the
patients studied are summarized in Table 1.

Radioaerosol deposition and mucociliary clearance

One of the measures of initial tracer aerosol deposi-
tion (PI) changed little between pre- and post-
treatment. The other AD changed relatively more
following humidification treatment. But in neither
case was there any significant change (Table 2).
There was, however, a significant change in AUC
and tracheobronchial retention (Table 2). Humidifi-
cation resulted in significant enhancement of clear-
ance compared with baseline assessment. The
enhancement of clearance was sustained at statisti-
cally significant levels throughout the 6-h monitoring
period as seen in Figure 1. The AUC at baseline was
319 £ 50%h and after treatment was 271 + 46%h.
Although inter-patient variability was high (Fig-
ure 2a), intra-patient assessment showed a highly sig-
nificant clearance difference (p = 0.0069). There was
also a significant improvement in TBCg (p = 0.0166)
following humidification (35 % 10 vs. 27 + 9), with
only one patient not improving (Figure 2b).

After 7 days of treatment, the number of coughs
was slightly (nonsignificantly) reduced. During both
6-h monitoring periods, three patients had no
coughs. The median number of coughs in the other
seven patients was five coughs (3-37) with sputum
wet weight of 1.8 g (0.0-2.9) at the baseline assess-
ment and four coughs (0-13) with sputum wet
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Table 1 Characteristics of the patients who completed the study

Patient Age (years) Gender Height (¢cm)  Smoking (pack-year) Duration of disease (years) Medication

1 60 M 170 9.0 10 SIB, LIB, IS, OS, NA
2 52 M 171 0.0 28 SIB, LIB, IS

5 61 F 148 0.0 7 SIB, LIB, IS

6 73 F 159 0.0 1 SIB

7 70 F 161 7.5 10 None

8 63 F 162 0.0 10 None

9 75 F 151 0.0 1 1S

11 37 F 164 0.0 12 SIB, LIB, IS, NA
13 66 F 160 1.0 3 None

14 73 M 168 0.0 30 SIB, IS, OS

SIB, short-acting inhaled bronchodilators; LIB, long-acting inhaled bronchodilators; IS, inhaled steroids; OS, oral steroids; NA, nebulized antibio-

tics.

Table 2 Lung clearance, radioaerosol distribution, and lung function indices for the 10 patients at baseline and following

treatment

Variable Baseline Post-humidification P-value
AUC (%h) 319 £ 50 271 £ 46 0.007
TBCs (%) 35+ 10 27%9 0.017
AD (%) 58+6 63%5 0.114
PI 0.78 £ 0.11 0.79 £0.10 0.759
AIFR (I/min) 2742 26+3 0.859
FEV, (1) 1.69 £0.21 1.74 £0.22 0.092
FVC () 2.35+0.26 2.46 £ 0.26 0.155
PEF (I/min) 323 £37 325140 0.838
FEFs, (/min) 1.88 +0.37 1.89 £0.35 0.236
FEF;s (I/min) 0.62%0.11 0.66 £0.12 0.721

AUC, area under the TBC curve over 6 h; TBCs, tracheobronchial clearance over 6 h; AD, alveolar deposition; PI, penetration index; AIFR,
aerosol inhalation flow rate; FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; PEF, peak expiratory flow; FEF,,, forced expira-

tory flow at xx% of functional residual capacity.
Data were presented as mean * SE values.
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Figure1 Mean tracheobronchial retention curves at baseline
and following humidification. Data were mean and standard
error values.
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weight of 1.4 g (0.0-8.2) during the post-treatment
assessment.

Lung function

Although, differences were statistically nonsignifi-
cant, all lung function indices slightly improved fol-
lowing humidification compared with baseline
assessment (Table 2). Forced expiratory volume in
s and forced vital capacity at baseline were
1.69 £ 0.20 I and 2.35 £ 0.25 1, after treatment were
1.74 £ 0.20 and 2.46 + 0.24 1, respectively.

Discussion

Maintenance of a sufficient airway surface liquid
volume is crucial to preserving effective mucociliary
defense of the airways.?>23 In particular, a pericili-
ary liquid layer of some 7 um thickness is probably a
prerequisite for an efficient ciliary beat — even if the
mechanisms of regulating to this thickness are, as
yet, unclear.?> Hydration of the airways has for
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Figure 2 Area under tracheobronchial retention curve (AUC)
over 6 h (a) and tracheobronchial retention (TBCg) at 6 h (b)
for each patient at baseline and following humidification.
Horizontal bars indicate median values.

some time been suggested as a step towards facilitat-
ing mucus clearance?* and as a rational component
of some therapeutic approaches.!>23-2¢ Cell culture
studies have shown that airway epithelia regulate
both the periciliary and the mucus levels of airway
surface liquid?7-?® and both layers tend to be trans-
ported together.?® Current research findings high-
light the complexity of the possible factors influenc-
ing airway surface liquid volume, but do place an
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emphasis on Na* absorption and CI- secretion.??
Procedures adding extra liquid onto proximal air-
way surfaces may stimulate Na™ absorption.?

The mucociliary clearance test, we have used —
tracheobronchial aerosol retention — serves as an
overall test of mucociliary function summating
clearance from both bronchial and bronchiolar air-
ways. It is potentially influenced by cough as well as
by mucociliary transport. Cough has been shown to
be a very important clearance mechanism in patients
with chronic airways obstruction,*® but the mean
number of coughs over the 6-h monitoring period
was lower in the present study than in other studies,
we have conducted.!>17-2931 Given also that cough
frequency decreases slightly (albeit not significantly)
on treatment, we suggest that the change we mea-
sured in radioaerosol clearance was a reflection of
improved mucociliary clearance.

Our inhaled tracer can only reach ventilated
regions of the lung. Bronchiectasis patients may
have a very heterogeneous distribution of ventila-
tion such that some elements of lung volume are
inaccessible to any inhaled agents. These regions
are likely to have little or no effective mucus clear-
ance whether by mucociliary transport or cough.
Our data can obviously shed no light on the long-
term effects humidification therapy might have on
these regions. Nevertheless, an improvement in
clearance for the ventilated regions can of itself be
a mechanism underlying an improvement in patient
well-being. Arguably (but beyond any present
proof), it might offer conditions favorable to some
eventual partial recovery in adjacent non-ventilated
regions. In bronchiectasis recurrent exacerbations
may well reflect an overwhelmed defense system.
They also serve as landmarks in the vicious cycle’
of infection and damage, and in so doing also pro-
vide evidence of stages in the patient’s progression at
which a clear need exists for an effective repair
process.

Baseline mucociliary clearance in our patients
(AUC 319%h) was closely similar to that in a
much earlier study of bronchiectatic patients from
our group (AUC 333%h).32 In that earlier study,
clearance in bronchiectatic patients was signifi-
cantly impaired relative to that in a normal control
group (AUC 210%h) indicating a marked abnor-
mality of clearance. Clearly the post-treatment
results in our present patients fall far short from a
level that could be considered ‘normal’, a finding
that can hardly be considered surprising in the con-
text of a long history of disabling disease. The real
question for the future is the extent to which suitable
therapies — including, we would suggest, warm air
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humidification — can slow down the patients’ pro-
gressive rate of lung damage and lessen the likeli-
hood of exacerbation episodes.

In conclusion, our results suggest a positive effect
from humidification. Work in other laboratories has
underlined the importance of fluid transport in the
airways. Further clinical trials of humidification
therapy should indicate whether short-term promise
can be maintained in the longer term. This may then
lead to the possibility of considering humidification
therapy for other patients with disorders known
adversely to affect the mucociliary transport process
(such as cystic fibrosis), particularly where evidence
exists of difficulty in maintaining an adequate air-
way surface liquid level.
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