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ABSTRACT: Mucociliary clearance (MCC) is an important mechanism for removing
inhaled particles, secretions and cellular debris from the respiratory tract. Here, a
direct measurement of tracheal mucus velocity (TMV) for assessment of MCC, suitable
for clinical and research use, is reported, and a comparison is made of TMV in normal
subjects and patients with chronic obstructive pulmonary disease (COPD).

A 0.1-mL bolus of radiolabelled (2–5 MBq), technetium-labelled macroaggregated
human albumin (99mTc MAA) was injected through the cricothyroid membrane into the
trachea of 20 young (v50 yrs) and 12 older (w50 yrs) normal subjects and 34 patients
with COPD. Repeat studies were carried out in 13 normal subjects and 16 COPD
patients. Movement of the bolus in the trachea was recorded (15 min) using a gamma
camera interfaced to a computer. Data were analysed using specifically designed
software.

The test was well tolerated by subjects and patients, and no significant adverse events
were reported. No significant differences were observed between data recorded from
different regions of the bolus (leading edge, peak, trailing edge) by analysis of variance
(ANOVA). Bland-Altman plots of the repeat studies indicated that data were more
variable in normal subjects (coefficient of repeatability (COR) 10.3 mm?min-1) than in
COPD patients (COR 5.5 mm?min-1). TMV (mean¡SD) in young normal subjects
(n=20) was 10.7¡3.5 mm?min-1. TMV was reduced in older normal subjects (n=12;
6.5¡2.6 mm?min-1) and further reduced in COPD (n=34; 2.1¡2.7 mm?min-1).

In conclusion, this technique can be used to measure tracheal mucus velocity rapidly
and safely in healthy subjects and patients with respiratory tract disease. This study has
confirmed that tracheal mucus velocity declines with age and is further impaired in
patients with chronic obstructive pulmonary disease.
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Mucociliary clearance (MCC) is an important defence
mechanism in the respiratory tract, resulting in the removal of
inhaled particles and respiratory secretions. Impaired MCC is
known to predispose to bronchial infection and may lead to
the development of chronic lung diseases such as bronchiec-
tasis. Measurement of MCC allows a better understanding of
such chronic lung diseases and may provide an objective
measure of response to therapeutic strategies.

MCC is most commonly measured using inhaled radio-
labelled aerosols (IRLA) and scintigraphy. This is a valuable
technique but has some limitations. Optimal large airway
deposition requires specialised aerosol generation and is
affected by airway disease. The acquisition period is relatively
long, limiting the use of the test in breathless subjects or those
with cough. Data analysis requires correction for isotope
decay and signal attenuation. Furthermore, clearance of
aerosol occurs in three dimensions and the analysis is based
on a two-dimensional representation of the lungs. As a result,
the equipment required and the technical features of IRLA
studies restrict its use to specialised units.

Some of these problems can be circumvented by direct
measurement of particle clearance from the trachea. Mea-
surement of tracheal mucus velocity (TMV) has been investi-
gated using a variety of markers [1–3], deposition techniques
[4–6] and detection systems [7, 8]. However, no technique has

proved sufficiently practical or reliable for use in clinical
practice.

The aim of this project was to develop a simple, reliable and
reproducible technique for direct measurement of TMV that
could be used easily in a clinical setting. This technique was
used to compare TMV in normal subjects with that in subjects
with COPD.

Materials and methods

Subjects

Twenty young (v50 yrs) and 12 older (w50 yrs) normal
subjects, and 34 patients with COPD were studied. All normal
subjects were nonsmokers with no history of lung disease.
COPD patients were current or ex-smokers of o20 pack-yrs,
with a forced expiratory volume in one second (FEV1)v70%
predicted and FEV1/forced vital capacity ratiov70% (table 1).

Patients were instructed not to use short-acting broncho-
dilators for 4 h prior to study. All procedures in this study
were performed after obtaining informed consent. The
Institutional Ethics Committee of Central Sydney Area
Health Service (CRGH Zone) approved the study.
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Radiolabelling

Technetium-labelled macroaggregated human albumin (99mTc
MAA), in kit form as Technescan1 MAA (Mallinckrodt
Medical, Inc., St Louis, MO, USA), was used as the marker.
The particle size distribution of the aggregated albumin is
such that o90% are 10–90 mm in diameter. Typically,y90%
are 10–40 mm in size.

Bolus droplet deposition

Each subject was placed in a seated position and the skin
overlying the cricothyroid region was anaesthetised with
lignocaine cream (5%). A 0.1-mL droplet of 99mTc MAA
(2–5 MBq) was injected, using a 25-gauge sterile needle
(0.50619 mm), attached to a 1-mL tuberculin syringe, held at
y45u cephalad relative to the trachea, through the cricothy-
roid membrane. The injection was timed for the end of
expiration during tidal breathing. Early experiments, using a
clear plastic tracheal model, demonstrated that the combina-
tion of the seated position of the subject, gravity and the force
of expulsion of the drop from the syringe resulted in
deposition onto the posterior surface of the trachea.

Measurement

After injection, the subject was positioned supine and the
gamma camera was positioned above the anterior thorax.
This positioning was completed in v1 min. Images were
acquired for 15 min in the anterior projection on a Siemens
Orbiter gamma camera interfaced to an Icon workstation
(Siemens, Hoffman Estates, IL, USA) and fitted with a low-
energy all-purpose collimator. The camera setup was standard for
99mTc, with a 15% window centred at 140 keV. A dynamic
series of 90 images of 10 s each were acquired into a 1286128
matrix.

Analysis

For each study, the rate of movement of the injected
droplet was followed in real time as well as being recorded to
permit viewing later as a moving image.

Further analysis of the movement of the peak of activity
was made using CiliaC# (RSI Inc., Boulder, CO, USA), a
software program written in interactive data language spe-
cifically for this project. CiliaC follows the peak of activity by
applying a two-dimensional Gaussian fit to each image to find
the peak location. Peak positions were plotted as a function
of time and then smoothed with a polynomial function. A
reference point was selected arbitrarily by the operator on the
smoothed curve midway along the steepest part of the slope
(the region of highest velocity). CiliaC provides a semi-
automated calculation of velocity at that point and then
identifies the frame on either side of the reference point at

which this slope changes by w20%. The midpoint between
these limits is chosen automatically as a new reference point,
and the process is repeated until the start and finish of the
region of steepest slope has been delineated.

Maximum velocity was calculated as the gradient of this
fitted line. Measurements were accepted only from segments
of the trace w12 frames (2 min) in duration.

To determine whether different regions of the bolus moved
at different rates over the course of the study, the TMV of the
leading and trailing edges were measured, as well as the
apparent peak of activity. As analysis of variance showed no
significant regional variability, peak activity measurements
were used subsequently.

In order to determine the repeatability of this test, repeat
TMV measurements of 13 young normal subjects and 16
patients with COPD were carried out at least 1 week after the
first study.

Statistics

All data are expressed as mean¡SD. Measurements of TMV
from different regions of the bolus were compared by one-
tailed analysis of variance (ANOVA). The repeatability
measurements were compared by ANOVA, Bland-Altman
agreement plots and by coefficient of repeatability [9].
ANOVA and unpaired t-tests were used to determine the
significance of differences in mean TMV between different
groups. Differences were considered significant at pv0.05.

Results

A total of 95 studies were completed (45 in normal subjects
and 50 in patients with COPD including repeat studies). All
were well tolerated, even in those subjects with severe COPD.
One normal subject developed minor bruising at the injection
site and two reported minor discomfort on swallowing for up
to 12 h after injection. Cough at the time of injection occurred
in five studies and was short lived. There were no other
adverse events.

A representative TMV trace showing the movement of the
peak of activity of the radiolabelled bolus along the tracheal
mucosa of a normal subject is shown in figure 1. The trace
displays a record of the movement of the peak of activity of
the radiolabelled bolus along the tracheal mucosa. It consists
of two phases: an initial phase during which the movement
was linear representing a constant velocity of the bolus
cephalad; the second phase of the plot is a plateau,
corresponding to the bolus reaching the vocal cords.

In some studies the shape of the bolus changed during the
15-min acquisition period, dividing into separate, smaller
boluses that subsequently re-coalesced. To ensure that this did
not influence the measurement, separate measurements were
obtained from three regions of the bolus (leading edge, trail-
ing edge and peak of activity) in 38 studies of normal subjects
and 21 studies of COPD patients. No significant differences
were observed between the mean velocities for each region in
the young normal subjects ((mean¡SD) 10.0¡4.2, 10.7¡4.6 and
10.4¡4.1 mm?min-1, respectively) or in the COPD patients
(1.5¡2.4, 1.3¡2.5 and 1.4¡2.4 mm?min-1, respectively) by
ANOVA or by t-test (pw0.05).

Analysis of repeated measurements of TMV, made on
separate occasions in 13 young normal subjects and 16 COPD
patients, by Bland-Altman plots (fig. 2) and coefficient of
repeatability (10.3 and 5.6, respectively), indicated that
measurements in normal subjects tended to be more variable
than in COPD patients. The greatest variation occurred in

Table 1. – Mean age and forced expiratory volume in one
second (FEV1) of patient/subject groups

Subjects n Age yrs FEV1 % pred

Young normals 20 31.7¡5.0 Not measured
Older normals 12 66.1¡11.6 91.5¡19.7
COPD 34 71.5¡7.7 50.9¡13.5

Data are presented as mean¡SD. COPD: chronic obstructive pulmo-
nary disease.
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two normal subjects with a high mean TMV, suggesting that
in some normal subjects there may be large fluctuations in
mucociliary activity from day to day. The cause of this
variability is not clear from these studies but may reflect
subjects who had a stimulated mucociliary clearance on one
of the occasions they were studied.

Figure 3 shows three representative TMV traces from
patients with COPD as compared to a young normal subject.
For COPD patients, the traces showed greatly reduced
movement of the bolus.

Cough following the intra-tracheal injection occurred in
only a few subjects. When the bolus was at or just below the
vocal cords, cough sometimes resulted in movement of the
bolus through the cords. When the bolus was further distal to

the cords, no appreciable change in bolus position, peak
activity or shape was observed.

The mean TMV in the young normal subjects was 10.7¡
3.5 mm?min-1. This was significantly greater than the mean
TMV for older normal volunteers, 6.5¡2.6 mm?min-1 (pv0.001).
In turn, TMV in COPD patients (2.1¡2.7 mm?min-1) was
significantly less (pv0.001) than in older normal subjects. As
is shown in figure 4.

Discussion

MCC is an important respiratory tract defence mechanism.
The authors of this study have developed a rapid, safe
and reproducible technique to measure TMV, which can be
used to investigate abnormal clearance in disease and the
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Fig. 1. – A representative tracheal mucus velocity (TMV) trace show-
ing the movement of the peak of activity of the radiolabelled bolus
along the tracheal mucosa of a normal subject. The positions of peak
radioactivity were plotted as a function of time and a smoothed curve
generated by application of a polynomial function to the data. The
trace consists of two phases: an initial linear phase representing
constant movement of the bolus cephalad; and a second plateau
phase corresponding to the bolus reaching the vocal cords.
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Fig. 2. – Bland-Altman plot showing the repeatability of tracheal
mucus velocity (TMV) measurements in normal subjects (n=13; &)
and in chronic obstructive pulmonary disease (COPD) patients (n=16;
%). –––: mean of the differences from the mean TMV, which in each
case was the predicted value of zero; -----: coefficient of repeatability
(¡2 SD) of all studies (COPD and normal). As many of the COPD
patients had very low TMV values, several data points overlapped.
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Fig. 3. – Representative tracheal mucus velocity (TMV) traces from
three patients with chronic obstructive pulmonary disease (COPD 1:
$; COPD 2: ,; and COPD 3: h), as compared to that of a normal
subject (–––). For COPD patients, the traces showed greatly reduced
movement of the bolus. Most patients showed a very gradual
cephalad movement of the bolus (COPD 2). In some cases (COPD 1)
there was periodic cephalad and caudad movement with a net
movement cephalad; in others, net movement of the bolus was
caudad under the influence of gravity (COPD 3) suggesting no
effective clearance.
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Fig. 4. – Scatter plot showing the range of tracheal mucus velocity
(TMV) in normal subjects (young and old) and in chronic obstructive
pulmonary disease (COPD) patients. –––: mean TMV; -----: ¡1SD.
The means were all significantly different (pv0.001) from each other.
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effectiveness of therapy. This technique represents a practical
evolution of a methodology explored by several investigators
in the past. It has several advantages over the more commonly
used aerosol techniques of measuring lung clearance. In
particular, it is rapid, requires ten-fold lower doses of ionising
radiation, and label deposition and data analysis have been
simplified. This measurement is limited to providing informa-
tion from the trachea only and thus may not accurately reflect
clearance throughout the tracheobronchial tree.

Various methods of droplet deposition were explored
during the development of the technique. Initially, this was
attempted through a fine catheter placed through the biopsy
channel of a bronchoscope in a manner similar to that used by
SANTA CRUZ et al. [10]. The bronchoscope was placed either
just above or just below the vocal cords. However, this
procedure was slow and poorly tolerated without sedation or
local anaesthetic, both of which have the potential to impair
MCC. Deposition of the droplet without provoking parox-
ysms of cough was critical and proved to be difficult with this
approach. A further problem was the difficulty in controlling
a small (100 mL) droplet at the end of a long, narrow gauge
catheter.

Cricothyroid injection is a simple procedure that is used
commonly with lignocaine to produce topical anaesthesia
prior to bronchoscopy. It was found that injection with a 25-
gauge needle was well tolerated and caused minimal bruising.
Most subjects did not cough and haemoptysis did not occur.
In addition, it allowed a small volume of radiolabel to be
handled easily. With practice, injection and immediate
detection of the droplet was straightforward.

99mTc MAA was selected as the tracer since it is stable, not
absorbed and possesses high specific activity. Furthermore, it
is relatively inexpensive, readily available in kit form and
widely used for other scintigraphic studies. The macro-
aggregates have a diameter of 10–40 mm, a particle size
known to be cleared by MCC [11]. When deposited on the
tracheal wall, the agent remains in droplet form on the mucus
layer. Preparation, performance and analysis of the studies
were not time consuming. Label preparation took v5 min,
injection was completed in v15 s and the images were
acquired in 15 min. Analysis is largely automated and a
result can be obtained within 10 min after completion of the
data acquisition. In the initial studies performed in normal
subjects, the droplet was seen to move over a distance of
50–80 mm, which was adequate to allow analysis.

Both normal and COPD patients were comfortable lying
still for the period of the test. Subject comfort is important in
order to minimise body movement. By comparison, measur-
ing MCC using inhaled radiolabelled aerosols and scintigra-
phy entails a prolonged acquisition time, during which the
subject is required to lie supine for 45–60 min. Such standard
aerosol studies also require active patient cooperation and
training to ensure appropriate inhalation patterns and deposi-
tion of the aerosol.

On rare occasions, the deposition of the bolus elicited a
cough response. However, in these subjects no movement of

the bolus due to cough was observed. This lack of effective
expulsion or increase in TMV following cough seems
counterintuitive but has been reported previously [6]. The
increase in MCC seen with cough in radiolabelled aerosol
studies may reflect an effect on lower airways [12]. An absence
of major effect of cough on TMV suggests that this technique
may have increased utility in patient groups for whom the
suppression of cough, even over 15 min, may be difficult (e.g.
cystic fibrosis). In addition, this technique does not require
any specific respiratory manoeuvres or breathing patterns.

This method of measuring TMV results in values for
normal subjects in the same range (table 2) as those reported
previously for the movement of insufflated teflon discs [8, 13],
labelled albumin deposited directly into the trachea via
bronchoscope [14] or by inhalation [5, 6]. A comparison of
techniques used to deposit the label (table 2) shows that the
more invasive methods generally yielded higher TMV values,
suggesting that the invasive methods may artifactually
stimulate TMV. This technique, which is relatively noninva-
sive, represents a further evolution of earlier methodologies
and provides results that are comparable to those published
previously. There are some limitations to this technique. One
is the potential anxiety evoked by cricothyroid injection. This
proved to be a greater problem in recruiting healthy
volunteers than patients, who accepted the procedure readily.
However, even healthy volunteers were usually prepared to
return for a second study. The anatomical landmarks that
define a safe injection region are clear. A further potential
limitation is that this method measures MCC in proximal
trachea only. Proximal ciliated airways clear more quickly
than distal airways [15]. Although MCC estimated by this
technique may be faster than overall MCC, comparison
within and between subjects would always be made from the
same region.

This technique is not directly comparable to IRLA studies.
IRLA studies can provide information on regional lung
clearance, small airway ventilation and airway obstruction
that are not possible by measurements of TMV. However, for
measurement of large airway clearance, this technique has
advantages over IRLA and previous methods of measuring
TMV. It is more rapid, more comfortable and exposes
subjects to ten-fold lower levels of radiation than required for
a typical aerosol study. Resolution and image quality is not
compromised by this dose minimisation. The authors have
shown previously that standard scintillation detection systems
can detect this very low level of activity and accurately track
the movement of such a small bolus over small distances [16].

The information obtained by measuring TMV is comple-
mentary to that provided by IRLA studies. Further investiga-
tion is needed to determine the relationship between the
different methods in normal subjects and patients with
pulmonary disease.

It has been shown here that, in normal subjects, TMV was
slower in a group agedw50 yrs (mean¡SD 6.5¡2.6 mm?min-1)
than a group aged v50 yrs (10.7¡3.5 mm?min-1). Other
groups have reported a reduction in MCC of similar

Table 2. – Measurements of tracheal mucus velocity (TMV) (using various deposition techniques and radiolabelled markers

First author [ref no.] Marker Deposition Route TMV mm?min-1

GOODMAN [8] Teflon discs FOB 10.1¡3.5
CHOPRA [14] 99mTc MAA FOB 15.5¡0.7
TOOMES [13] Teflon discs FOB 18.5¡6.0
ZWAS [5] 99mTc MAA IRLA 4.7¡1.3
Current study 99mTc MAA CTI 10.7¡3.5

Data are presented as mean¡SD. 99mTc MAA: Technetium-labelled macroaggregated human albumin; FOB: fibreoptic bronchoscopy; IRLA:
inhaled radiolabelled aerosol; CTI: cricothyroid injection.
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magnitude with increasing age. GOODMAN et al. [8] showed
that mean TMV in a group of young nonsmoking subjects
(mean age 23 yrs) was 10.1 mm?min-1 and in a group of
seven elderly nonsmokers (mean age 63 yrs) 5.8 mm?min-1.
PUCHELLE et al. [17], using an inhaled radiolabelled aerosol
technique, also demonstrated that clearance was reduced in
older, as compared to younger, normal subjects [17].

Consistent with previous reports, impaired MCC
(2.1¡2.7 mm?min-1) in patients with COPD has been demon-
strated here. GOODMAN et al. [8] showed that smokers and
ex-smokers with simple and obstructive chronic bronchitis
had markedly decreased TMV (0.7¡1.9 and 0.8 mm?min-1,
respectively) compared to an age-matched nonsmoking group
(5.8¡2.6 mm?min-1; pv0.05). Several studies of MCC meas-
ured by IRLA have also reported impaired clearance in
patients with COPD [18, 19]. Putative disease-specific factors
include the effects of cigarette smoke and recurrent infections.
Possible mechanisms include progressive deciliation of air-
ways [20, 21] and altered rheology of respiratory secretions
[22]. Further studies are underway to determine whether
TMV correlates with other clinical features of COPD (e.g.
clinical progression, FEV1, smoking history).

A technique for measuring tracheal mucus velocity is
reported here, which uses cricothyroid injection for deposition
of a radiolabel and automated analysis of dynamic scinti-
graphic data. The technique is rapid, simple, safe and
reproducible. It uses materials and methods that are widely
available and relatively inexpensive. The relative simplicity of
the technique should make measurements of tracheal mucus
velocity more accessible to nonspecialist centres. This
technique was used to measure tracheal mucus velocity in
two groups of normal subjects and patients with chronic
obstructive pulmonary disease. The results confirm that
mucociliary clearance decreases with age and is markedly
impaired in chronic obstructive pulmonary disease. This
technique should facilitate evaluation of the role of abnormal
clearance in disease, and the effects of time, acute infection
and pharmacological intervention on mucociliary clearance.
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