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To assess mucociliary clearance in patients with tracheobronchoplasty, radioaerosol
inhalation scanning was performed in 14 patients. The unilateral total lung clearance curve
was fitted into two compartmental curves, fast and slow, by least-squares techniques in order
to assess mucociliary clearance of the bronchial tree quantitatively. Half-time (T,..) of the
curve resulting from the subtraction of the slow compartment curve from the fast
compartment curve was calculated. The mucociliary clearance of the bronchial tree post so-
called lobectomy (N = 5) was intact (T1,2; 13.1 + 7.3 min). On the other hand, the mucociliary
clearance of the bronchial tree postreconstruction (N = 14) was prolonged (T,,2; 28.3 + 10.6
min), compared with that of the control bronchial tree (N = 15, T,,; 11.9 £+ 3.9 min) (p <0.01).
However, the mucociliary clearance of the bronchial tree postreconstruction showed
improvement with the passage of time, and the original clearance was regained 5 to 12 mo
after the operation. Radioaerosol inhalation studies revealed both the degree of impairment
and the recovery time of mucociliary clearance in patients post-tracheobronchoplasty.
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Progress in respiratory surgery has made it possible to
resect and reconstruct safely every segment of the res-
piratory tract by end-to-end anastomosis. This tech-
nique, that is, tracheobronchoplasty or tracheobron-
chial reconstruction, preserves ipsilateral pulmonary
parenchyma. Since tracheobronchoplasty for a patient
with lung cancer was first described as sleeve lobectomy
by Price-Thomas et al. (/,2), this technique has been
performed on patients with lung cancers which infiltrate
into the trachea or the large bronchus.

Most of the patients with tracheobronchoplasty lose
the cough reaction and are unable to cough up phlegm
on their own for a certain period after the operation.
They often suffer from respiratory tract complications.
Mucociliary transport in the airway is an important
mechanism for the elimination of inhaled foreign ma-
terials and debris. It is well known that mucociliary
transport is related to mucus production and to ciliary
activity (3). It appears that both of these factors are
impaired by this reconstructive surgery. No investiga-
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tors have reported to what degree the mucociliary trans-
port system is damaged by tracheobronchoplasty. In
order to evaluate the effect of tracheobronchoplasty on
mucociliary transport, we studied the clearance of in-
haled radioaerosol from the bronchial trees of postop-
erative patients utilizing both visual and quantitative
assessments.

MATERIALS AND METHODS

Our study group included 14 patients with lung can-
cer, 11 males and three females aged 31-71 yr (means
57.6), investigated at our institutions during a 7-mo
period. Lung cancer was histologically proved to be
squamous cell carcinoma in four patients; adenocarci-
noma, three; large cell carcinoma, two; adenoid cystic
carcinoma, two; and small cell carcinoma, mucoepider-
moid carcinoma, and metastatic osteosarcoma, one
each. We performed this study 11 days to 4-yr and
8-mo (mean 16.1 mo) after tracheobronchoplasty.
Three patients underwent two consecutive studies. An-
other patient underwent this study after tracheobron-
choplasty had been performed in both lungs, and one
patient underwent carinal resection and received post-
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operative irradiation to the upper mediastinum. The
dose of the irradiation was 30 Gy.

On the basis of operative procedure, the subjects were
divided into two groups: the reconstructive surgery
group (nine cases) and the so-called lobectomy group
(five cases). The reconstructive surgery group included
three cases of sleeve lobectomy of the left lower lobe,
two cases of sleeve lobectomy of the right upper lobe,
two cases of sleeve lobectomy of the left upper lobe,
one case of carinal resection, and one case of sleeve
lobectomy of both the right upper lobe and the left
anterior basal segment. The lobectomy group included
cases of lobectomy of the right upper lobe, the right
upper and middle lobes, the right lower lobe, the left
upper lobe and the left lower lobe, respectively.

We used human serum albumin labeled with tech-
netium-99m (°*"Tc¢) as radioaerosol. In order to pro-
duce aerosol particles, we used an ultrasonic nebulizer
apparatus’. A mouthpiece with a three-way valve al-
lowed aerosol inhalation. The subjects performed reg-
ular inhalation for 3 min at 25 breaths per minute
through a short nozzle in a sitting position. We obtained
anterior views of the chest with the patient supine,
starting immediately after the inhalation and continu-
ing for 120 min. Tracheobronchial imaging was per-
formed with a gamma camera equipped with a low-
energy parallel hole collimator and interfaced with a
mini-computer system. The data were stored in a com-
puter in frame mode in 64 X 64 matrix, each frame
covering 60 sec. Each subject was inhibited from cough-
ing or hacking and maintained with a normal pattern
of respiration during data collection because cephalad
migration of radioactivity was accelerated by both
coughing and hacking on a normal control. All of the
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FIGURE 1

Original time-activity curve for unilat-
eral total lung and its fitted curves,
fast and slow compartments, derived
from least-squares fit technique. T,

subjects abstained from expectorants for at least one
day before radioaerosol inhalation studies.

The clearance of *™Tc albumin particles from the
bronchial tree was estimated both by visual assessment
of radioactivity transport using the cinemode of the
computer system and by quantitative assessment of the
clearance curve of each total lung. In order to evaluate
the mucociliary clearance of the bronchial tree quanti-
tatively, each total lung clearance curve was fitted into
two compartmental curves, fast and slow, by least-
squares techniques after correction for the physical
decay of ™ Tc, and both temporal and spatial smooth-
ing. The half-time (T, ,,) of the curve resulting from the
subtraction of the slow compartment curve from the
fast compartment curve was calculated (Fig. 1). These
T, ;> values were considered to be measures of mucoci-
liary clearance. In patients with tracheobronchoplasty,
the site of anastomosis was included in the region of
interest. All of the unoperated total lungs contralateral
to the operated lungs were included in the control
group. Chest radiography and perfusion lung imaging
were done within a week of radioaerosol inhalation
studies, but no abnormal findings were shown in the
unoperated lungs.

RESULTS

Each unilateral total lung in our subjects was classi-
fied into one of three groups: Group A (control group)
or total lung without surgical procedures (N = 15),
Group B or postlobectomy (N = §), and Group C or
postreconstructive surgery (N = 14).

In the visual assessment of radioactivity transport
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-

is half time of curve resulting from
subtraction of slow compartment
curve from fast compartment curve
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using the cinematographic display, both Group A and
Group B showed steady and smooth cephalad migration
of radioactivity toward the oropharyx. On the other
hand, in Group C (the reconstructive group), nine out
of 14 subjects (64.2%) showed sluggish migration of
radioactivity across the site of anastomosis. Five out of
14 subjects (35.8%) showed stasis or retention of albu-
min particles at the site of anastomosis, whereas the
migration of radioactivity in the distal airway was rel-
atively smooth (Figs. 2A and 2B).

The values and distribution of T,,; from the quanti-
tative analyses are shown in Fig. 3. All subjects in Group
C (the reconstructive group) showed delayed mucocili-
ary clearance as compared with Group A (the control
group) (p <0.01). In Group B (the so-called lobectomy
group), although the clearance appeared to be slightly
delayed as compared with Group A, this difference was
not statistically significant. The value of T,,, coincided
well with the visual assessment of radioactivity trans-
port. All subjects with stasis of radioactivity clustered
at the site of anastomosis had T,,, values greater than
30 min.

The relationship between the T, value and the
number of months after tracheobronchoplasty is shown
in Fig. 4. Mucociliary clearance is severely impaired
just after tracheobronchoplasty, but gradually shows
improvement. From the viewpoint of Fig. 4, the recov-
ery time of mucociliary transport seems to be 5 to 12
mo. Figure 4 also suggests the probability that mucoci-
liary clearance is damaged for a long time by irradiation.

DISCUSSION

Tracheobronchoplasty is becoming a standard oper-
ative technique for lung cancer because it provides the
theoretical advantage of preserving functional lung
without compromising the adequacy of tumor resection
(4). However, patients with tracheobronchoplasty often
suffer from respiratory tract complications at an early
stage after the operation, such as the retention of the
sputum and atelectasis in the distribution of the bron-
chus with the reconstructive surgery (5,6).

It is well known that mucociliary transport depends
on numerous factors; ciliary activity, mucus produc-
tion, differential airflow, etc. (7). The degree to which
any of these factors alone influence mucociliary clear-
ance of patients with tracheobronchoplasty remains to
be clarified. We think our observation will have clinical
relevance in that it identifies and quantitates a factor
which contributes to making patients with tracheobron-
choplasty vulnerable to postoperative complications,
Therefore, it is crucial to assess the mucociliary clear-
ance in patients who have undergone tracheobroncho-
plasty.

Radioaerosol inhalation scanning procedures are
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known to be a useful and noninvasive technique to
evaluate mucociliary clearance. Technetium-99m al-
bumin aerosol is an inert and nonpermeable substance
to the pulmonary epithelium and we have never expe-
rienced increased background activity due to poor tag-
ging of albumin. We believe that the physical integrity
of the aerosol used in our study was excellent. Recently,
radioaerosol inhalation scanning has been performed
to assess mucociliary transport using radioaerosol in-
halation lung cinescintigraphy by editing the data stored
in a computer system into a cinematographic display.
There are many reports of mucociliary clearance using
radioaerosols in patients with obstructive airways dis-
ease (9-12). On the other hand, the mucociliary clear-
ance mechanism in patients with respiratory surgery
has not been studied extensively, although several
canine studies have been reported (/3,14).

Indices to quantify mucociliary clearance mecha-
nisms in the lungs have not yet been determined. Some
investigators have found it useful to measure the
amount of bronchial deposition retained at a given time
(12,15,16). However, the distribution of radioaerosol
particle deposition in the lungs is influenced by many
physical factors (/7,18). Other investigators favor the
measurement of the time (Ts) taken to clear 50% of
the tracer particles deposited in the tracheobronchial
tree (19,20). However, this measurement is also influ-
enced by the distribution of tracer particle deposition.
Physiologically, the disappearance of an inhaled sub-
stance from the pulmonary system is due to several
mechanisms; not only mucociliary clearance, but also
lymphatic or blood clearance (27), active or passive
movement across the epithelium (22), alveolobronchial
transport (23), and so on. Therefore, the clearance
curve of the total lung invariably reflects these different
rates of radioisotopic removal and the time course of
radioactive measurements may be made more complex
by rearrangements of radioactivity within the thoracic
volume, as well as by multiple processes affecting
clearance.

The kinetics of clearance of an inhaled substance can
be formulated as an exponential expression, The ra-
dioaerosol clearance curve of the total lung consists of
several multicompartment curves and is described as
multiexponential expression (24),

X(t) = a exp(=Ait) + b exp(=A.t) + ¢ exp(—=Ast) +
d exp(=Aqt).

The mucociliary clearance velocity of the main bron-
chus, which is the principal factor in our study, is far
faster than that of any of the other clearance systems.
In particular, the clearance of **™Tc albumin particles
from the alveoli is so slow that it may be dismissed as
negligible for the first 2 hr. Therefore, we fitted the
clearance curve of each total lung into two exponential
curves which represent the fast and slow compartments.
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The fast compartment seems to indicate mainly the
mucociliary clearance of the main bronchus and the
slow compartment is thought to indicate the aggregate
of the other clearance systems because the clearance

FIGURE 2A

63-yr-old male who underwent
sleeve resection of left upper lobe
because of pulmonary squamous cell
carcinoma. Radioaerosol study was
performed 39 days after reconstruc-
tive surgery. Upper left. 1-min lung
images were made every 7 min after
radioaerosol inhalation, progressing
from upper left to lower right. Note
stasis of radioactivity clustered at
site of anastomosis, whereas steady
migration of radioactivity toward or-
opharynx is seen in right, unoperated
lung (right lung is toward viewer's
left). Upper right. Original time-activ-
ity curves of right and left total lungs,
respectively. Lower left: Fitted
curves, fast and slow compartments,
of right lung. T, of subtracted curve
was 19 min. Lower right: Fitted
curves of left lung. T4, of subtracted
curve was 34 min.

FIGURE 2B

Consecutive radioaerosol study in
same patient performed 103 days
after reconstructive surgery. Upper
left: 1-min lung images reveal ceph-
alad migration of radioactivity across
site of anastomosis. Upper right:
Original time-activity curves of re-
spective total lungs. Lower left: Fit-
ted curves, fast and slow compart-
ments, of right lung. T,. of sub-
tracted curve was 10.5 min. Lower
right: Fitted curves of left lung. T,
of subtracted curve was 26 min,
showing improvement of mucociliary
transport in operated lung. At this
time we observed no postoperative
complications, such as proliferation
of granuloma, degeneration or necro-
sis at site of anastomosis as deter-
mined by bronchoscopic examina-
tion
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curve of total lung excepting the main bronchus almost
coincided with the slow compartment curve we specu-
lated. The T, of the curve resulting from the subtrac-
tion of the slow compartment curve from the fast
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Distribution of T, values in three groups. Distribution of
Group A (control), Group B (lobectomy), and group C
(reconstruction group) were 11.9 + 3.9 min (n = 15), 13.1
+ 7.3 min (n = 5), 28.3 + 10.6 min (n = 14), respectively.
(X) Lung that received postoperative irradiation

compartment curve is independent of the distribution
of radioaerosol particles and is, therefore, suitable as an
index to quatify the mucociliary clearance of the main
bronchus.

In our study, the bronchial trees with tracheobron-
choplasty showed delayed radionuclide clearance as
compared with controls (p <0.01), and markedly de-
layed radionuclide clearance was seen within the second
postoperative month (Fig. 4). However, all of the mu-
cociliary clearance curves of the bronchial trees with
tracheobronchoplasty showed improvement with the
passage of time, excluding one subject irradiated after
the operation. There was no statistical difference be-
tween the bronchial trees post so-called lobectomy and
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FIGURE 4

Relationship between T, value and months after trach-
eobronchoplasty. Shaded zone shows normal range of
Ty 11.9 £ 3.9 min. (X) lung that received postoperative
irradiation. Lines connecting two points denotes consec-
utive studies on same patient

the controls. These results were in agreement with the
visual assessment by cinematographic display. Reten-
tion or stasis of radioactivity was observed at the site of
anastomosis and this finding seemed to demonstrate
the retention of the sputum at the anastomosis site.
Several factors are considered to be responsible for
the prolongation of radionuclide clearance in the bron-
chial tree post-tracheobronchoplasty. We believe that
at an early stage after the operation the most dominant
factor to be considered is the defect of ciliated cells at
the site of anastomosis. Following the destruction of
epithelium by experimental trauma, a sequence of epi-
thelial regeneration occurs: migration from adjacent
epithelium, multiplication of undifferentiated cells, re-
orientation and differentiation. The time for complete
regeneration of the mucosa ranges from a few days to
several months after experimental trauma (25,26).
There are only a few reports on the evaluation of
function of the reconstructed tracheobronchial tract. It
has been reported, on the basis of high speed cinebron-
chograms, that the original movement of the recon-
structed respiratory tract is regained 6 mo after the
operation (5). In our case (Fig. 4) the recovery time of
mucociliary transport seems to be 5 to 12 mo, which is
longer than that of experimental trauma or mechanical
denudation. The reason is that the recovery time of
mucociliary transport post-tracheobronchoplasty is sig-
nificantly influenced by anastomotic complications,
that is, the tension, decreased blood supply, the extent
of the destructive lesion, and the presence of secondary
bacterial infection at the site of anastomosis. At a later
stage after the operation the dominant factor seems to
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be the proliferation of granuloma. The difference in
diameter between the bronchial segment to be anasto-
mosed is not negligible in sleeve lobectomy. The tension
or deformity of bronchus at the anastomosed site is
thought to influence the differential airflow mechanism.
In addition, as a result of decreased blood supply,
degeneration or necrosis in the bronchial wall is some-
times observed by bronchoscopic examination.

It goes without saying that mucociliary clearance
depends not only on ciliary activity but also on mucus
production and differential airflow mechanism. The
mucus-secreting structures of the airways are impaired
by denervation from 13 to 40 wk after surgery (14);
however, ciliary action appears to be independent of
nervous control (27). If mucociliary clearance does not
show improvement by 12 mo after tracheobroncho-
plasty, excessive granuloma proliferation, tissue ne-
crosis, or the recurrence of lung cancer should be
suspected. In addition, irradiation effects and accom-
panying obstructive airway disease should be taken into
consideration, although the effect of ionizing radiation
on mucociliary clearance has not yet been reported in
detail. None of our subjects showed severe pulmonary
dysfunction before the operation (forced expiratory vol-
ume in 1 sec/% forced vital capacity, >50%; % pre-
dicted normal volume, >65%), nor had they any history
of asthma.

In conclusion, radioaerosol inhalation studies are
noninvasive and suitable for serial studies. T,,, values
derived from fitting exponential curves to the data using
least-squares techniques appears to be a relatively reli-
able means of assessing the impairment of mucociliary
clearance in patients with tracheobronchoplasty.

FOOTNOTE

° DeVilbiss ultrasonic nebulizer apparatus (Model 65),
Somerset, PA.
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