Deposition and Clearance of Monodisperse Aerosols in
the Calf Lung: Effects of Particle Size and a
Mucolytic Agent (Bromhexine)

ABSTRACT

Mucociliary clearance and retention
of monodisperse aerosols of radio-
labelled polystyrene particles of both
3.3 um and 5 um diameter were invest-
igated in four healthy calves and two
sick calves. The effect of the mucolytic
agent bromhexine was also assessed at
two dosage levels.

There were significant differences
(P<0.05) in clearance rate constant
between calves, but similar patterns of
clearance for each calf. These charac-
teristics of mechanical lung clearance
did not vary over a two month period.
Values of clearance rate constant and
percentage retention varied signifi-
cantly (P<<0.001) between the two dif-
ferent particle sizes, 5 um particles giv-
ing faster clearance and lower retention
of particles than 3.3um particles.
Bromhexine at the recommended dose
of 1.6mg/kg"’® caused a significant
(P<0.05) increase in clearance rate in
both healthy and sick calves, but af-
fected percentage retention only in sick
calves.

This study illustrates the variation
in mucociliary clearance rates shown
by individuals and also underlines the
importance of particle size in aerosols
used for studies of pulmonary deposi-
tion and clearance. The work also in-
dicates that bromhexine may be of use
in the therapy of respiratory disease in
calves.
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RESUME

Cette expérience portait sur quatre
veaux sains et sur deux, malades. Elle
consistait a étudier la clairance muco-
ciliaire et la rétention d’aérosols de
particules radioactives de polystyréne,
de 3,3um et Sum de diamétre. Elle
visait aussi a évaluer I'effet de deux
doses différentes de 'agent mucolytique
bromhéxine.

La constante du taux de clairance
individuel afficha des différences si-
gnificatives (P<0,05), tandis que les
profils de clairance individuels s’avéré-
rent semblables. Ces caractéristiques
de la clairance pulmonaire mécanique
ne variérent pas, au cours d’une période
de deux mois. Les valeurs de la con-
stante du taux de clairance et le pour-
centage de rétention variérent de fagon
appréciable (P<0,001), selon les dimen-
sions des particules précitées: celles de
Sum entrainérent une clairance plus
rapide et une rétention plus faible que
celles de 3,3 um. La bromhéxine, a la
dose recommandée de 1,6 mg/kg"”,
causa une augmentation significative
(P<0,05) du taux de clairance, tant
chez les veaux sains que chez les
malades, mais elle affecta le pourcen-
tage de rétention, seulement chez les
malades.
viduelle du taux de clairance muco-
ciliaire; elle souligne aussi 'importance
des dimensions des particules, dans les
aérosols utilisés pour I'étude de leur
dépot dans les poumons et de leur
clairance ultérieure. Elle indique égale-
ment la possibilité d’utiliser la brom-
héxine dans la thérapie des maladies
respiratoires des veaux.

Mots clés: systéme respiratoire, pou-
mons, bromhéxine, cils, aérosols,
bovins.

INTRODUCTION

Mucociliary clearance is a nonspe-
cific lung defence mechanism which is
an important first line of defence against
potential disease-causing agents. Nat-
ural variations in mucociliary clearance
and external factors influencing this
mechanism may have important con-
sequences for the onset and therapy of
respiratory disease.

Clearance of live bacteria from the
calf lung has usually been studied using
the technique of sequential slaughter
(1,2). This method does not distinguish
between mechanical clearance by the
mucociliary apparatus and the biolog-
ical balance between pathogenic organ-
isms and host defences at epithelial sur-
faces. It also necessitates the slaughter
of large numbers of calves and pre-
cludes repeated measurements in the
same individual, which are essential for
the study of effects of external agents
on lung deposition and clearance.
Mechanical clearance from the lung
can be assessed by the external moni-
toring of the clearance of inhaled,
radioactive, inert aerosols. This tech-
nique is well established in human
medicine (3,4) and has also been used
in calves (5). By creating monodisperse
aerosols of known particle size it is
possible to influence sites of deposition
of particles within the lung (6,7).

The mucolytic agent bromhexine
(N-cyclo-hexyl-N-methyl-[2-amino-3,
5 dibromobenzyl]-amine hydrochlo-
ride: Bisolvon[R]; Boehringer Ingel-
heim) has been the subject of several
studies in human medicine which have
produced conflicting results. The drug
did not significantly increase the rate
of mucociliary transport or the amount
of sputum expectorated in a study of
human bronchitic patients (8), but a
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different study found a significant in-
crease in the clearance rate of similar
patients after 14 days’ dosage with
bromhexine at 48 mg/day (9). In veter-
inary medicine, bromhexine was found
to halve the protein content of tracheal
mucus in lambs and to increase the
quantity of mucus by 25% (10), but
measurements have not been made on
the effect of bromhexine on mucociliary
clearance from the lungs of animals.
The present study used a noninvasive
radio-aerosol technique developed pre-
viously (5) to investigate how mucocil-
iary clearance and the retention of in-
haled particles in the lung are affected
by particle size — comparing particles
of 3.3 um and 5.0 um diameter — and
by the mucolytic drug bromhexine.

MATERIALS AND METHODS
ANIMALS

Six dairy-bred bull calves were used.
Four of these (A, H, B, M) were healthy
animals showing no symptoms of res-
piratory disease. They were purchased
atabout two weeks of age in December
1985 and used for clearance studies in
March and May, 1986. A further two
calves (J, N) which showed clear clini-
cal symptons of chronic pneumonia
(Malaise, persistent cough, tachypnoea,
reduced appetite) were obtained at the
end of May at about three months of
age and used during June/July, 1986.

All calves were housed on straw in
separate pens in a well-ventilated calf
house. The calves were familiarized
with all experimental procedures be-
fore any clearance studies commenced.
The treatment of the calves followed
the guidelines given by “Guide to the
Care and Use of Experimental Ani-
mals” Volumes I and I1.

EXPERIMENTAL DESIGN

Initially it was intended only to ob-
serve the effects on mechanical clear-
ance and retention of 3.3 um particles
in four healthy calves given bromhexine
at 1.6mg/kg "° body mass (S), which
corresponds to the standard dose rec-
ommended for clinical use, a double
dose of bromhexine at 3.2mg/kg""
(D), or a control dose of water (C), each
involving the intra-oesophageal admin-
istration of 100 mL water 30 min prior
to aerosol delivery. This initial trial

followed a modified Latin Square de-
sign (Table Ia) and was carried out dur-
ing March 1986. It was subsequently
decided to extend the experiment by
investigating the clearance and reten-
tion of Sum particles and also by
examining the effects of bromhexine
on calves with clinical signs of chronic
pneumonia. A trial using the four
healthy calves with 5 um particles was
carried out in May. Control trials were
then repeated using 3.3 um particles to
determine whether any change in the
pattern of clearance and retention had
occurred between March and May.

A modified Latin Square design was
also used with the two sick calves using
the same dosage levels of bromhexine
(Table Ib). To minimize technical
problems with the delivery system,
measurements using 5Sum particles
were done first (June) and were fol-
lowed by measurements using 3.3 um
particles (June/July).

TABLEI. Experimental Designs

Calf Week 1 2 3
(a) Healthy calves
A C S D
H S C D
B D C S
M C D S
(b) Sick calves
J S D C
N C S D
C = Control

S = Single dose of bromhexine (1.6 mg/kg"™")
0.75:
)

D = Double dose of bromhexine (3.2 mg/kg

AEROSOL EXPOSURE

The aerosol consisted of **"Tc-label-
led monodisperse polystryene spheres
of either 3.3 um or 5 um aerodynamic
diameter, prepared from a radio-
labelled solution of polystyrene in
xylene (11) and aerosolized using a
May spinning disc (5,12). The diameter
of the particles was controlled by alter-
ing the concentration of the solution
and the rotational speed of the disc.

The diameter and number of parti-
clesin the aerosol were checked ineach
experiment using an Aerodynamic Par-
ticle Sizer (T.S.I. Incorporated, St.
Paul, Minnesota). The degree of leach-
ing of the Tc label from the particle was
also periodically measured and found
to be less than 39%,.

The aerosol contained, on average,
36 particles/cm’ using 3.3 um particles
and 9 particles/cm’ using 5 um parti-
cles. These concentrations correspond-
ed to an estimated activity at the calf’s
nose of 0.0019 uCi/L for 3.3 um parti-
cles and 0.0017 uCi/L for 5 um parti-
cles. The aerosol was delivered directly
to the calf (6) and the period of aerosol
delivery was usually 10 min.

The mean initial activity counted at
the lung was 0.02 nCi for 3.3 um parti-
cles and 0.008 nCi for 5 um particles.
The difference in these two values is
due partly to the greater loss by impac-
tion of 5 um particles along the aerosol
delivery line, but probably mainly due
to losses in the upper respiratory tract.

Respiratory rate was monitored
throughout aerosol administration
and, for healthy calves, averaged at
27 breaths/ min (SEM, Standard Error
of the Mean, =5).

MEASUREMENT OF CLEARANCE
AND PERCENTAGE RETENTION

Measurement of radioactivity re-
tained in the lung commenced as soon
as possible after aerosol exposure, the
time interval being, on average, 7 min.
The counting equipment used com-
prised two sodium iodide gamma de-
tectors (E.G. & G. Ortec & Co. Ltd.,
Bracknell, U.K.) mounted in a specially
constructed saddle (W.E.S. Garrett,
Draycott, Cheddar, U.K.) over a region
corresponding to the junction of apical
and middle lobes. Counts were taken at
2 or S min intervals for a period of 30s
for at least 90 min which was generally
sufficient time to observe the first phase
of clearance (5). In most cases, further
measurements were taken, including
24 h counts.

Counts were corrected for back-
ground and decay and their natural
logs were regressed on time to deduce
clearance rate constant according to
the relationship

Qt =C™+R )

where Qt = total activity retained at
the lung at time t (h)

C = activity at time 0,
approximately distributed
in ciliated lung regions

k = clearance rate constant
(™

R = activity approximately

distributed in nonciliated
lung regions (i.e. activity
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retained after clearance
or alveolar deposition).

Values of R at 90 min after the end
of aerosol delivery were used to calcu-
late the percentage retention, r(%), of
aerosol using

f(%) = R x 100

Qo

In most, but not all cases, (noticeably
the sick calves N and J which are dis-
cussed later), values of r obtained at
90 min were similar to those obtained
at 24 h, which are generally considered
to reflect alveolar deposition.

STATISTICAL ANALYSIS

Three-way analysis of variance (13)
for both k and r was carried out for the
healthy calves, sick calves and all calves
together to compare variation due to
particle size, bromhexine and inter-calf
variation. This was done using the com-
puter package “Genstat” (Lawes Agri-
cultural Trust, Rothamsted Experi-
mental Station, Harpenden, Herts.,
U.K.).

A further analysis of variance was
carried out to compare the results
obtained in March with those obtained
in May for healthy, control calves
which inhaled 3.3 um particles.

RESULTS

Figures 1 and 2 present patterns of
clearance for individual calves at each
particle size and dosage level and illu-
strates that the shape of the clearance
curve tended to be consistent within
each calf at each particle size. Individ-
ual values of clearance rate constant
(k,h™") and percentage retention at
90 min(r,%)are given in Table 11 along
with means for healthy calves, sick
calves and all calves combined. Ranges
of values for all calves with no drug
treatment (controls) are as follows:

3.3 um particles: k(h™): 0.15-0.45
(mean 0.33)
r(%) : 62 - 85
(mean 75)
5 umparticles: k(h™): 0.38-1.4
(mean 0.90)
(%) : 39 - 61
(mean 53)
Examination of values of clearance
rate constant and percentage retention
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Fig.1. Clearance curves for calves A, H and B (all healthy) to illustrate the effects of particle size with

no bromhexine (
3'2mg/kg0.75( sessssusss )-

obtained with 3.3um particles in
healthy, control calves in March and in
May show considerable variation be-
tween calves but no significant differ-
ence between these two months (Table
I1I). Therefore, differences obtained
between 3.3 um and 5 um particles in
healthy calves cannot be attributed to
changes occurring over time.

Means and SEMs for particle size
and dosage level obtained from the
analyses of variance of values of k and
r for healthy calves, sick calves and all

), bromhexine at 1.6 mg/kg°‘7’ ( » == « == ) and bromhexine at

calves together are shown in Tables IV
and V respectively. Table IV shows that
there were clear, highly significant
(P<0.001) effects of particle size on
both clearance rate constant (k) and
percentage retention (r) in healthy

. calves, and in all calves grouped to-

gether. Particle size was significant
only at the 5% level for values of k in
sick calves.

Bromhexine significantly (P<<0.05)
affected clearance rate constants in all
calf groups (Table V) and similarly
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Fig.2. Clearance curves for calf M (healthy) and calves J and N (sick) to illustrate the effects of

particle size with no bromhexine (

bromhexine at 3.2 mg/kg" "’
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affected percentage retention in all
groups except the healthy calves. The
effect of dose level of bromhexine can
be determined by examination of the
means and SEMsin Table V. In all calf
groups the standard dose of brom-
hexine (1.6 mg/kg" ") gave significantly
(P<0.05) different values of k from
controls, whereas the double dose did
not differ consistently from control
values. Similarly, the standard dose of
bromhexine significantly (P<0.05) al-
tered values of rin sick calves and in all

), bromhexine at 1.6 mg/kg®” (= == » == ) and

calves combined, but not in healthy
calves.

The double dose of bromhexine had
no significant effect on r in healthy
calves. Additionally, when the double
dose of bromhexine was given in asso-
ciation with 5pum particles, we fre-
quently observed peaks on the clear-
ance curve or upturns in percentage
retention, suggestive of mucus refluxing
(Fig. 1).

An interaction between particle size
and dosage level of bromhexine was

not evident from the analyses of vari-
ance indicating that the effect of
bromhexine is independent of particle
size.

DISCUSSION

The results showed that each calf
tended to have its own consistent pat-
tern of clearance at each particle size
(Fig. 1). Characteristic patterns of this
kind have been observed in studies of
mucociliary transport in humans (4).
However, the shape of the clearance
curve (Fig. 1) and the clearance rate
constant (Table II) differed between
animals and this inter-individual vari-
ation has been observed in humans
(4,14) and donkeys (15). Such varia-
tion in healthy individuals may be a
consequence of anatomical and/or
physiological variation which has im-
plications for the incidence of respira-
tory disease in calves.

In the present study it was found
that clearance rate constant and per-
centage retention values did not vary
significantly over a two-month time
period, corresponding to an increase in
age from three months to five months.
However, it is possible that calves
younger than this may have quite dif-
ferent clearance rates and this may be
of importance with regard to the devel-
opment of respiratory disease in very
young calves.

The highly significant differences in
clearance rate constant evident between
3.3um and 5um particles are con-
sistent with values quoted in human
studies (6,7). These differences are
probably due to the fact that 5 um par-
ticles reaching the lungs are preferen-
tially deposited in larger airways and
are therefore transported by faster sec-
tions of the mucociliary escalator. The
3.3 um particles penetrate further into
the lung and deposit in smaller airways
where mucociliary clearance is slower
(7). This more peripheral deposition
also accounts for the significant differ-
ence in values of percentage retention
obtained for the two particle sizes. The
range of values of clearance rate con-
stant obtained using 3.3 um particles
falls within the range of 0.15-2.27h™’
previously obtained in calves in this
laboratory (5), but this range is much
narrower than that previously observed.
The values of percentage retention
obtained using 3.3 um particles in con-
trol trials also fell within a narrow
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TABLE II. Individual Values of Clearance Rate Constant (k,h ') and Retention (r,%) for all Calves range, unlike the ran ge of 14-76%

- quoted (5).

Dose of Bromhexine The sick calves showed significant
Control Single Double differences in clearance rate constant
Particle Size 33um  Spm 33um  Sum 33um  Sum due to .par‘ticle size only at the 5% level.
At their time of purchase, these calves
Calf Item exhibited symptoms of pneumonia, but
Healthy during the course of the experiments
A k 0.42 0.82 0.51 0.97 0.35 1.54  their clinical condition improved con-
r 66 57 62 62 73 57 siderably. Therefore, in the case of these
H k 0.45 1.4 0.57 2.08 0.24 198 calves, time may have confounded the
r 66 39 58 35 77 48 effect of particle size. The change in the
M k 0.15 0.89 0.56 1.5 0.25 135 health of the “sick” calves may also
‘ 85 1 62 1 87 52 explain the similarity in mean values of

B k 0.19 0.86 0.65 1.67 0.88 1.7 . e 1
. 82 55 55 52 43 so  kandr obtained for “sick” and healthy

calves (Table II).

Mean k 0.30 0.99 0.57 1.56 0.43 1.64 Brombhexine, at the standard dose
r s 53 39 50 70 3 level (1.6 mg/kg""*), appeared to cause
Sick a consistent improvement in mucocil-
J k 0.4 1.04 0.81 1.29 0.37 0.58 iary clearance rate. This is presumably
r 62 48 47 41 64 52 aconsequence of its mucolytic action,
N k 0.36 0.38 043 0.81 0.23 021 reducing mucus viscosity such that
r 66 60 38 37 68 7 movement of mucus by cilia is made
Mean k 0.38 0.71 0.62 1.05 0.3 040 easier (16,17). The lack of dose-size
r 64 54 52 39 66 66  interaction in the analysis of variance
Grand K 0.33 0.90 0.59 1.39 0.39 123 carried out indicates that the effect of
Mean . 7 53 57 46 69 s3  bromhexine is independent of particle

size (at least within the range 3.3 um to
5um) and therefore it is likely that
bromhexine is effective in both large
and small airways.

The standard dose of bromhexine

TABLEIIIL. Values of Clearance Rate Constant, k(h™') and Percentage Retention, r(%) for Healthy,
Control Calves, using 3.3 um Particles in March and May

Month significantly reduced percentage reten-

Calf Item March May tion values in sick calves but not in
A X 0.42 0.78 healthy calves. Thg fa.cF that percentage
r 66 63 values were not significantly different

H Xk 0.45 0.7 with or without bromhexine in healthy
r 66 72 calves, despite a significant increase in

B k 0.19 0.13 clearance rate constant, confirms that
r 82 88 percentage retention values at 90 min

M k 0.15 0.10 were reasonable approximations of
Mean ; 8(5) % 93 “ SEM=0.11 alveolar deposition in nearly all these
) 75 79 SEM=23 trials. It is likely that percentage reten-

tion values differed significantly in the
[SEM represents Standard Error of the Mean] sick calves because clearance proceeded
slowly (this is particularly evident in
calf N with no clear “first phase” of

clearance [Fig. 2]) and hence percentage
TABLE IV. Meansand SEMs for Clearance Rate Constant, k(h™') and Percentage Retention, r(%) retention values obtained in control

at Different Particle Sizes

trials were not good approximations
of alveolar deposition. The improved

Particle Size clearance caused by bromhexine would

Item Calves 0.3 5.0 SEM Significance remove more particles from ciliated

Level lung regions within a given time, thus

Healthy 0.41° 1.40° 0.10 0.1% giving a lower value of percentage re-

k Sick 0.43° 0.72° 0.09 5% tention and therefore a lower apparent
(" Combined 0.43° L17° 0.11 0.1% value for alveolar deposition.

Healthy 68.0° 52.3° 4.2 1% In some calves (Figs. 1 and 2) brom-

r Sick 60.1° 52.8° 4.3 n.s. hexine at 3.2mg/kg’”’ appeared to

(%) Combined 65.6' 52.5 32 0.1% cause the phenomenon of “refluxing”.

[Values in the same line having different superscripts differ significantly] It seems that this dose reduced mucus
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TABLE V. Means and SEM:s for Clearance Rate Constant, k(h™') and Percentage Retention, r(%)

at Different Dosage Levels of Bromhexine

Dose
Item Calves Control Single Double SEM  Significance
Level

Healthy 0.65° 1.06° 1.04° 0.12 1%

k Sick 0.55° 0.84° 0.35° 0.11 5%
Combined 0.61° 0.99° 0.81° 0.13 5%

Healthy 63.0° 54.6 62.0° 5.2 n.s.

r Sick 59.0° 45.8° 65.8 5.3 5%
Combined 62.3° 51.7° 63.3 40 5%

[Values in the same line having different superscripts differ significantly)

viscosity to a point beyond the opti-
mum level (18) whereby the cilia be-
come less effective at transporting it
and it consequently falls backwards.
This effect has been observed by other
authors (15). It was seen primarily using
5 um particles, presumably due to a
greater abundance of mucus glands or
perhaps a thicker mucus layer in the
large airways where 5 um particles
would deposit (19).

However, the positive effects of the
standard recommended dose of brom-
hexine on clearance and retention of
inhaled particles indicates that this
drug may be of use in the therapy of
respiratory conditions in veterinary
medicine. It was previously found that
cattle naturally infected with bovine
parainfluenza-3 recovered more rapidly
if bromhexine had been administered
(intramuscularly) than if they had re-
ceived antibiotics alone (20), although
part of this effect may have been due to
bromhexine causing an increase in the
antibiotic content of respiratory mucus
(21). Similar results were obtained in a
study of bronchopneumonia in cattle
(22) and in a study using horses (23)
which showed a marked improvement
in the clinical and radiological symp-
toms of respiratory disease after receiv-
ing 15-20 g bromhexine in daily feeds
for 10-45 days. Additionally, prophy-
lactic use of bromhexine was observed
to reduce the incidence of respiratory
disease in calves and the amount of
antibiotic agents used to treat calves
developing respiratory disease (24).

The present study indicates that the
effects of bromhexine are rapid in on-
set. This agrees with electron micro-
scopic observations (25) and contrasts
with one claim (26) that the beneficial
effects of bromhexine in humans were
evident only seven days after admini-
stration. These authors also reported

that bromhexine may cause a decrease
in airways resistance of about 30% in
roughly 20% of cases. Such a decrease
is presumably due either to the liquifi-
cation of viscid mucus or to broncho-
dilation. The lack of effect of brom-
hexine on percentage retention in the
present study indicates that such effects
are unlikely to occur during the 30
minute period immediately following
the administration of bromhexine.
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