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1 The use of pulmonary exogenous surfactant as a vehicle for intratracheally administered
antibiotics to improve local antimicrobial therapy has been proposed. The present study investigated
lung clearance rates in the rat of intratracheally instilled technetium labelled tobramycin with and
without the addition of surfactant to the antibiotic solution.

2 The in¯uence of surfactant on 99mTc-tobramycin lung clearance rates was studied dynamically
with a gamma-camera in anaesthetized spontaneously breathing animals and in mechanically
ventilated animals.

3 The results show that instillation of 99mTc-tobramycin with use of surfactant as vehicle
signi®cantly increases 99mTc-tobramycin lung clearance compared to instillation of 99mTc-tobramycin
solution alone (P=0.006 between the two spontaneously breathing groups of animals and P=0.02
between the two ventilated groups of animals, ANOVA for repeated time measurements). The half
life (t�) of composite clearance curves in spontaneous breathing animals was 147 min for animals
receiving 99mTc-tobramycin versus 61 min for animals receiving 99mTc-tobramycin with surfactant. In
mechanically ventilated animals this was 163 min versus 51 min, respectively.

4 It is concluded that exogenous surfactant, used as vehicle for intratracheally instilled 99mTc-
tobramycin, increases lung clearance rate of 99mTc-tobramycin in rats.
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Introduction

The use of exogenous pulmonary surfactant as a carrier or
vehicle for intratracheally administered antibiotics to enhance
the e�cacy of local antimicrobial therapy in pneumonia has

been proposed (Kharasch et al., 1991; Lachmann & Gommers,
1993; SchaÈ fer, 1991; Van 't Veen et al., 1995; 1996a, b). The
expected advantages of this new delivery method are 2 fold.
First, the surfactant instillation itself is potentially therapeutic

in pneumonia: it promotes re-expansion of atelectatic areas
and can correct impaired lung function and gas exchange in
pneumonia (for review see Gommers & Lachmann, 1993;

Van 't Veen et al., 1997). Second, it is expected that together
with the pulmonary surfactant a high appropriate antibiotic
dose can be delivered to the peripheral lung regions and even

into atelectatic lung regions (Kharasch et al., 1991). It is
believed that in pneumonia, selective delivery of antibiotics to
the lung parenchmya increases their local e�ectiveness and
decreases the risk of systemic side e�ects from potentially toxic

agents such as aminoglycosides (Ramsey et al., 1993; Touw et
al., 1995).

We recently demonstrated the in vivo e�cacy of pulmonary

surfactant as a vehicle for intratracheally administered
tobramycin in mice with a respiratory infection with Klebsiella
pneumonia. Survival rates of infected animals were signi®cantly

improved after tracheal instillation of a surfactant-tobramycin
mixture compared with instillation of tobramycin alone (Van 't
Veen et al., 1996b). Explanations for the observed di�erence in

survival remained speculative and included an inherent e�ect

of the exogenous surfactant instillation and/or an increased
intrapulmonary spreading of the tobramycin when instilled
with surfactant as vehicle. Preliminary results have shown that

spreading of intratracheally instilled technetium labelled
tobramycin (99mTc-tobramycin) within infected rat lungs was
increased when pulmonary surfactant was added to the 99mTc-
tobramycin solution (Lachmann et al., 1997).

To further explore the use of surfactant as a vehicle for
antibiotics and seek to explain the earlier observed in vivo
e�cacy (Van 't Veen et al., 1996b), the present study

investigated lung clearance of intratracheally instilled 99mTc-
tobramycin with and without the use of surfactant as vehicle.
Lung clearance of 99mTc-tobramycin was dynamically studied

in healthy rats using sequential gamma-camera images. To
study the e�ect of mechanical ventilation on lung clearance
rates, lung clearance was studied in both spontaneously
breathing animals and in mechanically ventilated animals.

Methods

Antibiotic labelling

Tobramycin was labelled with technetium using a method
previously described for gentamicin (Al-Kourishi, 1988).
Brie¯y, 10 mg tobramycin sulphate (Sigma Chemical Co, St.

Louis, MO, U.S.A.) was dissolved in 100 ml H2O while ¯ushing
with nitrogen. Stannous chloride dihydrate (Merck, Darm-
stadt, Germany) was dissolved in 0.5 M HCl solution
(previously ¯ushed with nitrogen) to a solution of 0.1 mg ml71.*Author for correspondence.
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The following substances were added to the tobramycin
solution under continuous nitrogen ¯ushing: 100 ml
0.1 mg ml71 SnCl2.2H2O solution in 0.5 M HCl; 250 ml 0.2 M

NaOH solution; 450 ml 0.2 M NaHCO3 solution (pH=8.3);
100 ml Na99mTcO4, activity 100 Mbq. The reaction was allowed
to proceed for 60 min. To estimate the amount of free,
unbound 99mTcO4

7, a sample was taken at the end of the

reaction time and placed on a silica gel thin layer chromota-
graphy (TLC, Silica gel 60F254, Merck, Darmstadt, Germany)
and run in an 85% methanol/water system. Distribution of

activity over a TLC-strip was counted using a gamma counter
(Wallac 1480, Wallac oy, Finland).

Surfactant

A freeze-dried natural surfactant preparation was used,

isolated from porcine lungs as previously described (Gom-
mers et al., 1993). It consisted of approximately 90 ± 95%
phospholipids, 1% hydrophobic proteins (surfactant-proteins
B and C) and 1% free fatty acids, the remainder being other

lipids such as cholesterol and glyceride. There was no
surfactant-protein A in this surfactant preparation. Surfac-
tant powder was added to the antibiotic solution and shaken

by hand to a ®nal concentration of 25 mg ml71.

Animal preparation

All animal experiments were approved by the institutional
board for animal care. Care and handling were in accordance

with the European Community guidelines for animal experi-
mentation (86/609/EEG). In all experiments male Sprague
Dawley rats (180 ± 220 g, I�a Credo, Brussels, Belgium) were
used and food and water were given ad libitum.

Animals were anaesthetized with a combination of
0.315 mg ml71 fentanyl citrate and 10 mg ml71 ¯uanisone
injected intramuscularly (dose 0.5 ml kg71 h71, Hypnorm1,

Janssen Pharmaceuticals, Tilburg, The Netherlands) and
5 mg ml71 midazolam injected subcutaneously (dose
1 ml kg71 h71, Dormicum1, Roche, Mijdrecht, The Nether-

lands). Animals received an intravenous line inserted in the
arcus pedis, through which saline was administered
(5 ml kg71 h71) to maintain ¯uid balance.

In addition, animals subjected to mechanical ventilation

were tracheotomized after which the trachea was cannulated
with a metal tube. Ventilated animals received pancuronium
bromide (0.5 mg kg71, intramuscularly) every hour to

maintain muscle relaxation. Animals were mechanically
ventilated using a Servo Ventilator 900C (Siemens-Elema,
Solna, Sweden) at the following settings: pressure-controlled

ventilation, frequency=30 breaths per min, peak airway
pressure =14 cmH2O, positive end expiratory pressure
(PEEP)= 3 cmH2O, inspiratory/expiratory ratio=1 : 2 and

21% oxygen. These ventilatory settings were maintained
throughout the study period. At the end of the study,
animals were killed with an overdose of midazolam injected
intravenously.

Lung clearance studies

Lung clearance of intratracheally instilled 99mTc-tobramycin or
99mTc-tobramycin-surfactant was studied in 16 rats, randomly
assigned to four groups of four animals each:

Group 1 Spontaneously breathing, intratracheal 99mTc-
tobramycin: volume=1 ml kg71, concentra-
tion=10 mg tobramycin ml71.

Group 2 Spontaneously breathing, intratracheal 99mTc-
tobramycin-surfactant: volume=1 ml kg71, con-
centrations=10 mg tobramycin+25 mg surfac-
tant ml71.

Group 3 Mechanically ventilated, intratracheal 99mTc-to-
bramycin: volume=1 ml kg71, concentra-
tion=10 mg tobramycin ml71.

Group 4 Mechanically ventilated, intratracheal 99mTc-to-
bramycin-surfactant: volume=1 ml kg71, concen-
tration=10 mg tobramycin+25 mg surfactant
ml71.

Intratracheal instillation in spontaneously breathing animals

was achieved by inserting a metal tube 2 cm into the trache
via direct laryngoscopy. A catheter, connected to a 1 ml
syringe was inserted through the tube and extended 1 cm

beyond the tip of the tube. Subsequently, 1 ml kg71 99mTc-
tobramycin or 99mTc-tobramycin-surfactant was instilled.
The cannula and tube were immediately removed after

instillation.
For intratracheal instillation in mechanically ventilated

animals, animals were disconnected from the ventilator and a
catheter connected to a 1 ml syringe was inserted into the

trachea cannula extending 1 cm beyond the tip of the cannula
for instillation of 1 ml kg71 99mTc-tobramycin or 99mTc-
tobramycin-surfactant.

Before instillation of the solution, animals were placed in
position on a gamma camera (ROTA II, Siemens) equipped
with a LEAP collimator and using a 20% window around

the 99mTc peak. 99mTc-tobramycin or 99mTc-tobramycin-
surfactant was injected intratracheally at time zero and
acquisition was started immediately thereafter. Data were

stored in a dedicated computer (Hermes, Nuclear Diag-
nostics, Stockholm, Sweden). Dynamic acquisition took
place in groups 1 and 2 for a total of 300 min; 30 frames
of 10 min, 2566256 matrix and in groups 3 and 4 for a

total of 180 min; 10 frames of 2 min, 8 frames of 5 min and
12 frames of 10 min, 2566256 matrix.

Data analyses

The 99mTc-tobramycin clearance measurements were ana-

lysed by drawing a region of interest over both lungs and
generating a time-activity curve, corrected for radioactive
decay over time. No background corrections were made.
Di�erences between animals in injected activity at t=0 min

were corrected by dividing counts per minute (c.p.m.) At
t=x with c.p.m. at t=0 for each rat. Corrected data of
the activity per lung region over time were log-

transformed for equal distribution and analysed for
statistical signi®cance by ANOVA for repeated time
measurements using the SAS statistical package (SAS Inc,

Cary, U.S.A.).
A mean composite time activity curve was generated for

each group on which mono-exponential and bi-exponential

functions were ®tted, using the curve-®t function of GraphPad
Prism version 2.00 (GraphPad Software Incorporated, CA,
U.S.A.). With this program, equations were compared for
statistically signi®cant best ®t using the F-test, P40.05, two

tailed.
The amount of activity present in the lung as a percentage

of the total injected dose was calculated at t=0, 30, 180 and

300 min. Di�erences between groups were analysed using a
one-way ANOVA with a Student-Newman-Keuls post hoc test.
Di�erences were considered signi®cant when P40.05, two-

tailed.
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Results

Figure 1 shows representative images made with the gamma-

camera at several time points after injection of the radioactive
tobramycin label. After endotracheal instillation, radioactivity
was instantly distributed within both lungs resulting in a
gamma-camera image anatomically corresponding with lungs

and trachea. Shortly after endotracheal instillation radio-
activity appeared outside the lung region and accumulated, in
particular, in regions corresponding to the kidney, bladder and

to a lesser degree in stomach, liver and gut. Increased
radioactivity was not observed in the thyroid or salivary glands.

The composite time activity data for 99mTc-tobramycin

instilled with or without surfactant as vehicle are shown in
Figure 2A for spontaneously breathing animals and in Figure
2B for mechanically ventilated animals. The curves represent

the mono-exponential function, best ®tted on the composite
data using the following equation:

y � Plateau � Span � expÿkt �a�
Where t=time (min), k=the clearance rate (min71) and

Platgeau and Span are constants. The constants Plateau,
Span and k for the best ®tted curve of the respective
groups are shown in Table 1, including the calculated half

life (T�) of the radioactive tracer in the lung and the
coe�cient of determination (r2) of the curve. T� (min) of
the fraction of the radioactive tracer that is mono-

exponentially cleared from the lung is calculated using the
following equation:

T1=2 � ln2

k
�b�

Lung clearance of the 99mTc-tobramycin was signi®cantly
increased when surfactant was used as vehicle, both in

spontaneously breathing animals (P=0.006, ANOVA re-
peated time measurements) and mechanically ventilated
animals; (P=0.02, ANOVA repeated time measurements). No

signi®cant di�erences in lung clearance were found between
spontaneously breathing animals and ventilated animals
receiving 99mTc-tobramycin with surfactant as vehicle, or

similarly receiving 99mTc-tobramycin only (P40.05, ANOVA
repeated time measurements). Table 2 gives the percentage of
the total injected dose present in the lungs at t=0, 30, 180 and

300 min after intratracheal instillation as measured with the
gamma-camera. Percentage of the injected dose present in the
lungs was signi®cantly decreased in the tobramycin-surfactant
group compared to the tobramycin group from t=0.5 h

onwards both in the spontaneously breathing animals and the
ventilated animals (P40.05, one-way ANOVA with Students-
Newman-Keuls post hoc test). No signi®cant di�erences were

found at time zero.

Discussion

The aim of the present study was to quantify the in¯uence of
pulmonary surfactant as vehicle on lung clearance of

Figure 1 Gamma-camera scans from a representative animal at
t=5 min (A), 20 min (B), 60 min (C) and 300 min (D) after
endotracheal instillation of 99mTc-tobramycin ± surfactant. The degree
of darkening re¯ects the amount of activity present. After
intratracheal instillation the activity is distributed through both
lungs within minutes. The scans B ±D show a time-related increase in
activity localized primarily in the kidneys and bladder.

Figure 2 (A and B) Average activity (mean+s.e.mean, n=4 per
group) present over the lung region as a percentage of the activity
present over the lung region at t=0 plotted against time for the four
studied groups. (A) shows spontaneously breathing animals and (B)
shows mechanically ventilated animals. The curve represents the
mono-exponential function ®tted to the data of which the parameters
are shown in Table 1.
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endotracheally instilled tobramycin in healthy rats. The results

show that after endotracheal instillation of 99mTc-tobramycin,
lung clearance rate of the radiotracer was signi®cantly
increased when surfactant was added to the 99mTc-tobramycin

solution.
The use of technetium labelled tobramycin enabled an

accurate quanti®cation of the amount of tobramycin present in

the lung and sequential analysis within one subject. The
labelling method was similar to that described for gentamicin
(Al-Kouraishi 1988). The labelling procedure could cause

formation of impurities such as 99mTc-pertechnetate
(99mTcO4

7) and hydrolyzed-reduced technetium (99mTcO2).
Both of these molecules have di�erent clearance characteristics
to tobramycin and could, thus, result in false interpretations of

the tobramycin lung clearance. 99mTcO2 is colloidal and unable
to pass the alveolar-capillary barrier (O'Brodovich et al.,
1986). In contrast 99mTcO4

7 clears quickly from the lung; in

patients, the T� of aerosolized pertechnetate is approximately
7 min (Kotzerke et al., 1996). 99mTcO4

7 accumulates in the
thyroid gland, the gastric mucosa, and the salivary glands

(O'Brodovich et al., 1986). Tobramycin is primarily cleared
from the circulation by renal ®ltration and would, therefore,
accumulate in the kidneys and bladder after entering the
systemic circulation (Israel et al., 1976). Al-Kouraishi (1988)

estimated the percentage 99mTcO2 to be 6 ± 10% and the
percentage 99mTcO4

7 to be 1% after labelling gentamicin with
99mTc. Control studies (data not shown) in our laboratory by

means of chromatographic assays in vitro and biodistribution
after intravenous injection in rats in vivo showed the quality of
the tobramycin label to be comparable to that reported for

gentamicin. It is, therefore, concluded that the formation of
99mTcO2 and

99mTcO4
7 is not relevant in the present study.

According to the monoexponential curves best ®tted on the

composite time activity data, in each group a percentage of the
intratracheally instilled activity was not cleared from the lung
region; that is, equal to the value for plateaus in Table
16100%. Although speculative, the percentage not cleared

according to this mono-exponential curve may represent

intracellular 99mTc-tobramycin, macromolecular bounded
99mTc-tobramycin, 99mTc-tobramycin present in the trachea
tube and/or 99mTcO2. Most likely a longer study period would
reveal a bi-exponential clearance curve.

After intratracheal instillation, 99mTc-tobramycin can
potentially be cleared from the lungs via the upper airways,
lymphatics or vascular compartment, or it may remain

intracellular within the lung parenchyma. However, based on
its molecular size it can generally be expected that once 99mTc-
tobramycin has reached the distal airways after intratracheal

instillation, systemic absorption is the primary route for lung
clearance. In the current study, although not actually
measured, systemic absorption can readily be assumed based
on the high lung clearance rates and the accumulation of

radioactivity in primarily the kidneys and bladder.
The assumption that systemic absorption is the main

clearance route of tobramycin after distal pulmonary

deposition is supported by two earlier studies on pharmaco-
kinetics of aerosolized tobramycin in cystic ®brosis patients
(Cooney et al., 1994; Touw et al., 1997). In the study by Touw

et al. (1997) it was demonstrated that the systemic availability,
calculated from urinary output, ranged from 6.0 ± 27.4% of the
total inhaled tobramycin dose. Further, Cooney et al. (1994)
studied tobramycin serum concentrations after inhalation and

found a mean systemic availability (+s.d.) of 9.13+3.82%.
These percentages for systemic availability are similar to the
reported percentage of the aerosolized drug that is actually

deposited in the lung after inhalation, i.e. about 10% (Ilowite
et al., 1987; Mukhopadhyay et al., 1994), suggesting that the
systemic availability is a close re¯ection of the deposited

pulmonary dose.
In the current study the T� of 99mTc-tobramycin in the lung

ranged from 51 ± 163 min. Valcke et al. (1990) reported a T�

of 126 min of tobramycin concentrations in alveolar lining
¯uid after aerosol inhalation by spontaneously breathing
healthy rats. This is comparable to the 147 min found in our
study in the spontaneously breathing animals receiving 99mTc-

tobramycin only. In patients, Cooney et al. (1994) found a

Table 1 Characteristics of the curves ®tted on the composite time activity data

k T�
Plateau Span (min71) r2 (min)

Spontaneously breathing
99mTc-Tobramycin
99mTc-Tobramycin-surfactant

0.33
0.33

0.70
0.62

0.0047
0.0114

0.93
0.79

147
61

Mechanically ventilated
99mTc-Tobramycin
99mTc-Tobramycin-surfactant

0.19
0.29

0.83
0.68

0.0042
0.0140

0.84
0.91

163
51

Parameters of the mono-exponential function ®tted to the data of the four studied groups according to the equation:
y=Plateau+Span*exp7kt, y represents the ratio c.p.m. present in the lung region at t=x divided by c.p.m. present in the lung
region at zero time.

Table 2 Percentage injected dose (mean+s.e.mean, n=4 per group) present in the lungs at di�erent time points

t=0 min t=30 min t=180 min t=300 min
(%) (%) (%) (%)

Spontaneously breathing
99mTc-Tobramycin
99mTc-Tobramycin-surfactant

94+0.7
91+1.8

89+2.5
68+6.6

58+1.8
38+4.2

49+1.1
30+3.6

Mechanically ventilated
99mTc-Tobramycin
99mTc-Tobramycin-surfactant

90+0.9
88+2.9

84+1.5
66+5.7

54+4.3
32+3.9

±
±

Calculated as 100% times the ratio c.p.m. present in the lung region at t=x min divided by c.p.m. present in the whole body at zero
time.
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mean absorption time of aerosolized tobramycin across the
alveoli to vary widely from 15 ± 150 min.

The results of the current study demonstrate that clearance

rates are increased more than 2 fold, when the 99mTc-
tobramycin solution is instilled with surfactant as vehicle. No
signi®cant di�erence was found between mechanically venti-
lated animals and spontaneously breathing animals receiving

the same intratracheal instillation: 99mTc-tobramycin or 99mTc-
tobramycin-surfactant, respectively. Clearance rate of a solute
from airways is dependent on a great number of factors related

to the properties of both the solute and the lung. For instance,
molecular size and charge of the solute, epithelial integrity,
available regional surface area and intra-alveolar pressures (for

review see O'Doherty & Peters, 1997). As clearance rate is
in¯uenced by so many factors it is di�cult to de®ne with
certainty the mechanism that causes the current ®ndings.

One plausible explanation for the observed increase in lung
clearance rate of 99mTc-tobramycin after instillation with
surfactant compared to instillation without surfactant, would
be an increased alveolar deposition of the tracer and an

increased exposed surface area within the lung. It has been
shown that radioaerosol clearance rates from the larger
airways, bronchi, trachea and nasal epithelia are signi®cantly

slower than that of the alveolar-capillary membrane (Grei� et
al., 1990; Cheema et al., 1988). In addition, transfer rate of
hydrophilic solution across the alveolar-capillary barrier is

dependent on passive di�usion through intracellular junctions;
increased exposed surface area and thus an increased number
of intracellular junctions, will lead to increased clearance rates

(O'Doherty & Peters, 1997).
These explanations agree with previous studies in which a

more peripheral and more homogenous pulmonary distribu-
tion of an intratracheally instilled radiotracer (Kharasch et al.,

1991; Lachmann et al., 1997) or adenoviral vectors (Katkin et
al., 1997) was demonstrated when surfactant was used as
vehicle in comparison to saline. Unfortunately, a more

peripheral and homogenous distribution could not be
quanti®ed in the current study due to a too low resolution of
the images for this purpose.

It should be noted that the current ®ndings are in contrast
with two earlier studies (Davis et al., 1994; Smith et al., 1995).
Davis et al. (1994) found that surfactant instillation in healthy
adult rats 30 min prior to intratracheal instillation of

recombinant super oxide dismutase (rhSOD) resulted in
signi®cantly increased rhSOD lung concentrations 24 h later.
It was speculated that rhSOD became entrapped in the lipid

bilayer of surfactant which could cause a decrease in lung
clearance. However, this association would appear to be weak
since subsequent in vitro studies showed that rhSOD could

easily be separated from the surfactant by sedimentation (Davis
et al., 1994). Smith et al. (1995) reported a delayed absorption

of furosemide from the lungs when surfactant, as compared to
saline, was used as a vehicle for intratracheal delivery in healthy
guinea-pigs. It was speculated that the delayed absorption of

furosemide when instilled with surfactant as vehicle resulted
from binding of furosemide to surfactant proteins or to
liposome formation (Smith et al., 1995).

Explanations for the discrepancy between these two studies

(Davis et al., 1994; Smith et al., 1995) and the present results
are speculative and may relate to methodological di�erences
between the studies as well as to di�erences in the agents used.

For instance, in the study by Davis et al. (1994), no di�erence
in pulmonary distribution of the tracheally instilled rhSOD is
to be expected between the two treatment groups because

rhSOD was instilled using saline as vehicle in both groups.
This contrasts with our study, in which a di�erence in
pulmonary distribution between the groups using surfactant

or bu�er as vehicle is expected and in turn provides a plausible
explanation for the di�erence in lung clearance rates. The
di�ering results demonstrate, however, the complexity of
pulmonary clearance rates of intratracheally instilled solutes

and highlights the need for further study.
The combined administration of surfactant and antimicro-

bial agents to the lungs is considered to be an e�ective and

innovative approach in the treatment of severe pulmonary
infection. However, actual data on e�ciency or pharmacoki-
netics of this delivery method is still limited. The current study

was an e�ort to further clarify the pharmacokinetic character-
istics of intratracheally instilled tobramycin using surfactant as
vehicle. The major concern that emerges from the current

results is the high clearance rate after endotracheal instillation
in both groups and therefore the risk of systemic side e�ects
due to high systemic levels. In this point it seems that the use of
surfactant as vehicle for antibiotic delivery to the lung defeats

its object in preventing systemic side e�ects when achieving the
®rst objective, namely appropriate doses at the site of
infection.

In conclusion, the present study has demonstrated an
increased clearance rate of intratracheally instilled technetium
labelled tobramycin solution when surfactant was added to the

solution. This increase in clearance might well be explained by
a more peripheral distribution of the 99mTc-tobramycin within
the lung when surfactant is added to the solution, as has been
observed in earlier studies on surfactant as a vehicle. More

studies are needed to further clarify the pharmacokinetic
interactions and to determine the clinical relevance of these
®ndings.

The authors thank Mr E.R. Hendrik for technical assistance and
Mrs L. Visser-Isles for English language editing.
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