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ABSTRACT:  The aim of this study was to determine whether the effects of alve-
olar distention and surfactant dysfunction on alveolocapillary barrier function are
different and additive.

Pulmonary clearance of aerosolized technetium-99m-labelled human serum
albumin (99mTc-HSA) was used to characterize barrier function after perturbing
the surfactant system with the detergent dioctyl sodium sulphosuccinate either
singly or in combination with large tidal volume ventilation (LTVV). Clearance
was measured for 3 h (Experimental ventilation) in four groups (n=6 each) of rab-
bits: 1) Controls; 2) Detergent; 3) LTVV; and 4) Detergent+LTVV. Restoration
of clearance (Recovery) was studied for 3 h under conventional ventilation.

The half-life of clearance (t1/2) decreased during LTVV (305 min) compared to
1,055 min in Controls. Detergent induced a biexponential clearance with slow
(t 1/2S) and fast (t 1/2F) half-lives of 670 and 15.4 min, respectively. The fast frac-
tion (fF) was 0.20. Clearance in the Detergent+LTVV group was also biexponen-
tial. The t1/2F and fF were similar to the Detergent group. The t1/2S was similar to
the LTVV group. The fF in this group increased to 0.36 during Recovery (p<0.01
versus Detergent group and p<0.05 versus Experimental ventilation).

The diverse kinetics of clearance during large tidal volume ventilation and sur-
factant dysfunction suggest the presence of different mechanisms affecting the bar-
rier. The mechanisms have additive characteristics, which superimpose to produce
lung injury.
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The alveolocapillary membrane functions as a barrier
to limit the transfer of molecules from the alveolus into
the blood [1, 2]. The continuous alveolar epithelial lin-
ing, comprised predominantly of type 1 pneumocytes,
is the principal determinant of the integrity of the al-
veolocapillary barrier [2, 3]. Studies with radiolabelled
tracers administered in aerosol form have indicated an
important role for the surfactant system as a barrier
against the transfer of hydrophilic solutes [4, 5]. The per-
meability of the alveolocapillary barrier can be assessed
by measuring the pulmonary clearance of aerosolized tec-
hnetium-99m-labelled diethylene triamine penta-acetate
(99mTc-DTPA; molecular weight 492 Da). Increased clear-
ance occurs in surfactant deficiency as in preterm lambs
[6], after lung lavage [7], or in detergent treated lungs
[8, 9]. Replenishment of surfactant [7] and an experi-
mentally increased alveolar surfactant content [10] retard
the clearance rate of 99mTc-DTPA. The barrier has been
further characterized by a marked increase in permea-
bility to 99mTc-DTPA when surfactant is perturbed by
small doses of the detergent dioctyl sodium sulphosucci-
nate [9]. The increased permeability is characterized by
the formation of two distinct and nonexchanging pools
or compartments of 99mTc-DTPA. The mechanism by

which detergent affects surfactant to form two pools of
tracer remains unknown.

Ventilation patterns are known to affect the clearance
of radiotracers from the lungs [11–15]. An increase in
lung volume, mediated, e.g. by positive end-expiratory
pressure (PEEP) or ventilation with large tidal volumes,
accelerates the clearance. The effect has been attributed
to stretching of intercellular junctions, an increase in
surface area and surfactant dysfunction.

Recently, we have studied the combined effects of
large tidal volume ventilation (LTVV) and detergent-
induced surfactant dysfunction on clearance of 99mTc-
DTPA in rabbits [16]. It was concluded that the mechan-
isms increasing the permeability of the alveolocapillary
barrier appear to be different and additive.

The aim of this study was to further characterize the
alveolocapillary barrier function by studying clearance
kinetics of a larger tracer molecule, such as techne-
tium-99m-labelled human serum albumin (99mTc-HSA;
molecular weight 69,000 Da). The same insults to the
alveolocapillary barrier were applied as in the preceding
study namely increased alveolar volume achieved by
large tidal volume ventilation and surfactant dysfunc-
tion by 2% detergent. The study of clearance kinetics
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of albumin during and after insults, such as detergent
or/and LTVV, may help in distinguishing whether dis-
tinct and different mechanisms govern an increased clear-
ance and if the mechanisms are additive.

Methods

Animals

The study involved a total of 30 rabbits weighing
2.9±0.3 kg. Twenty four rabbits were studied according
to Protocol A (see below) and divided into four groups
(n=6 each) as follows: 1) Control group (vehicle aero-
sol and conventional ventilation); 2) Detergent group
(detergent aerosol and conventional ventilation; 3)  LTVV
group (vehicle aerosol and large tidal volume ventila-
tion; and 4) Detergent+LTVV group (detergent aerosol
and large tidal volume ventilation). Three rabbits each
were studied according to Protocols B and C.

Study design

Protocol A (fig. 1) comprised three periods: Baseline
period; Experimental ventilation; and Recovery period.
The animals were prepared during the Baseline period
of approximately 1 h, at the end of which they were in
steady state. After an alveolar recruitment procedure
(see below), the arterial blood gas values and lung
mechanics in the Baseline period were recorded. Either
detergent or vehicle aerosol was then randomly admin-
istered (n=12 each), immediately followed by an aerosol
of 99mTc-HSA. Clearance was measured during 3 h of
Experimental ventilation (either conventional ventila-
tion or LTVV). Experimental ventilation was interrup-
ted at 90 min to repeat the detergent or vehicle aerosol.
At the end of Experimental ventilation the recruitment
procedure, lung mechanics and arterial blood gas deter-
mination were repeated. An aerosol of 99mTc-HSA was
readministered just before 3 h Recovery period, and
clearance was measured in all animals under conven-
tional ventilation. After the Recovery period, lung mec-

hanics and arterial blood gas determination were repea-
ted after a recruitment procedure and the animals were
then sacrificed. Accordingly, the dependent variables
were clearance and lung mechanics. The independent var-
iables were the ventilating volume and the integrity of
the surfactant system.

The duration of action of 2% detergent was studied
in three animals. 99mTc-HSA was administered 60 min
after detergent (Protocol B).

The effect of administering detergent 90 min after
99mTc-HSA was studied in another three animals under
conventional ventilation by interrupting Experimental
ventilation at 90 min to deliver detergent for the first
time (Protocol C).

Animal preparation

Anaesthesia was induced with an intravenous bolus
of pentothal sodium, 17.5 mg·kg-1, and was maintained
at 1.25 mg·kg-1·min-1. A tracheostomy was performed
and animals were ventilated in the pressure control
mode of the Servo Ventilator 900C (Siemens-Elema AB,
Solna, Sweden) by setting inspiratory airway pressure
(PI) so that tidal volume (VT) was 13 mL·kg-1 at a res-
piratory frequency of 40 breaths·min-1, denoted con-
ventional ventilation. A neuromuscular block during
ventilation was maintained with 0.03 mg·kg-1 of pancur-
onium bromide, administered intravenously half hourly.
Blood gas levels were measured using conventional
electrodes (ABL 300; Radiometer A/S, Copenhagen, Den-
mark).

Aerosol administration and tracer stability

Two percent detergent (Sigma, St Louis, MO, USA)
or its vehicle (50% ethanol in normal saline) was aeroso-
lized over 200 breaths [9] using an UltraVent nebulizer
(Mallinckrodt Diagnostica, Petten, The Netherlands).
99mTc-HSA (Mallinckrodt Diagnostica, The Netherlands)
was aerosolized until a count rate of 500 counts·s-1 was
attained over the thorax. The mass median aerodynamic
diameter of the primary droplet, as measured 1 cm from
the endotracheal tube by a laser light scattering tech-
nique, was 1.7 µm. The amount of liquid deposited in
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Fig. 1.  –  Protocol A of the study design. LTVV: large tidal volume ventilation; DOSS dioctyl sodium sulphosuccinate (detergent); 99mTc-HSA:
technetium-99m-labelled human serum albumin.



the pulmonary parenchyma was approximately 10 µL.
Thin layer chromatography of the albumin preparation
using acetone showed tracer binding to be >99% and
unaffected by nebulization. Chromatography was also
performed 1, 3 and 6 h after mixing aliquots of 99mTc-
HSA with detergent in a 1:1 ratio and in blood samples
from the animals. Free 99mTc was <1%, ensuring that
detergent did not interfere with the binding of 99mTc to
HSA. Binding was >96% in plasma obtained during
Experimental ventilation and Recovery.

Experimental ventilation

Conventional ventilation was continued as initiated in
the Baseline period. LTVV was given in the pressure
control mode with PI of 25 cmH2O over PEEP and fre-
quency of 20 breaths·min-1. PEEP was 2 cmH2O and
inspiratory to expiratory (I:E) ratio 1:2 during either
mode of ventilation. During ventilation, animals were
monitored, including determination of arterial blood gas
values, end-tidal partial pressure of CO2 from the CO2
analyser (930; Siemens-Elema, Sweden) and parameters
of lung mechanics.

Lung mechanics

To standardize conditions and eliminate the effect of
temporary atelectasis, an airway distending pressure of
20 cmH2O was applied for 15 s as a "recruitment proce-
dure". Pressure at airway opening was measured using
a pressure transducer (Sensym SX01DN, Germany), and
flow signals were recorded with a pneumotachograph
(Fleisch 000) attached to a Sensym pressure transducer.
The signals were stored in a personal computer and the
pressure-volume (P/V) loop during each period was
plotted using a commercial software package (Microsoft
Excel 4.0). The dynamic compliance of the respiratory
system (Cdyn) was derived as:

Cdyn = VT·(Ppause-PEEP)-1·weight-1 (1)

where Ppause was the pressure at airway opening at the
end of inspiration.

Measurement of 99mTc-HSA clearance

Radioactivity was measured [9] in the anterior view,
for 3 h each during the Experimental and Recovery peri-
ods, with a gamma camera (Portacamera; General Elec-
tric, WI, USA) equipped with a converging collimator
and connected to a computer (Gamma 11; Digital Equip-
ment, MA, USA). All images were recorded in 64 × 64
pixels. The time activity curve over the region of in-
terest corresponding to the lungs was corrected for
physical decay. An intravenous injection of 3 MBq of
99mTc-HSA was given 15 min from the end of the Recovery
period to enable correction for recirculating tracer in the
blood [17]. Mono- or biexponential equations were fit-
ted to the curves by minimization of the sum of squares

using the Nelder-Mead simplex method [18].  Monoexpo-
nential clearance was expressed as:

A(t) = A(0)·e-kt (2)

where A(t) and A(0) are the radioactivity over the region
of interest at time t and time zero, respectively, while
k is the rate constant. Clearance was expressed as the
half-life (t1/2 = ln2·k-1). The biexponential fit was descri-
bed as:

A(t) = fF·A(0)·e-kFt + (1-fF)·A(0)·e-kSt (3)

fF is the fraction of tracer initially deposited in the rapi-
dly clearing pool and kF and kS are the rate constants
of clearance from the fast and slow pools, respectively.
In groups where clearance is described by bicompart-
mental kinetics during the Experimental period, the ac-
tivity in the fast pool will be minimal at the end of 3 h
depending on kF. The second dose of radioactivity will
then be added on to the residual activity from the first
deposition, which is now predominantly in the slow
compartment. If clearance during the Recovery period
is still bicompartmental, the total time activity curve
will underestimate fF because of the activity from the
first deposition that is retained in the slow compartment.
Therefore, in those animals, the time activity curve from
the Experimental period was extrapolated into the Reco-
very period and subtracted from the total activity curve
to generate clearance curves for the Recovery period.

Equation (3) is valid in a stable model. The effect of
detergent on pulmonary clearance of 99mTc-DTPA was
shown to be reversible [9]. The instability could be des-
cribed as a return of the fast fraction to the slower pool
occurring at a rate described by a half-life of the fast
pool, denoted kFS. The equation taking kFS into con-
sideration would be:

(kF-kS)fF kFS·fF

A(t )=A(0)             e-(kF+kFS)t+A(0)(1-fF +              )e-kSt (4)  
kF+kFS-kS kF+kFS-kS  

kFS was determined as described previously [9] in three
rabbits which were administered 99mTc-HSA 60 min after
detergent administration (Protocol B). Clearance was
expressed as the half-life of the fast (t1/2F = ln2·kF-1)
and slow (t1/2S = ln2·kS-1) compartments, while t1/2FS was
ln2·kFS-1.

Data analysis

Data were analysed using the software package Stati-
stical Package for the Social Sciences (SPSS) for Win-
dows. All values are expressed as mean±SD. Intergroup
comparisons were made using the analysis of variance
(ANOVA) with the Bonferroni correction. Sequential
measurements within the same group were compared
with the paired t-test. The mono- and biexponential curve
fits were compared with an F-test, to detect whether the
biexponential model was required to describe the data. A
p-value of less than 0.05 was considered significant.

J. JOHN ET AL.194
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Results

Blood gases and lung mechanics

Vital parameters in each animal were stable through-
out the experiment. Baseline partial pressure of oxygen
in arterial blood (Pa,O2) was similar in the four groups
(table 1). Pa,O2 declined in the Detergent+LTVV group
after Experimental ventilation (p<0.05). It improved dur-
ing Recovery but was still lower than that in the other
groups. Partial pressure of carbon dioxide in arterial blood
(Pa,CO2) remained stable in all groups.

Baseline P/V curves (fig. 2) and Cdyn (table 1) were
similar in the four groups. The P/V curves in the Control

and Detergent groups were similar during Experimental
ventilation and Recovery. Tidal volume during Experi-
mental ventilation was 35.5±2.2 mL in Controls, 87.0±7.3
mL in the LTVV group, 34.0±1.7 mL in the Detergent
group, and 68.5±8.3 mL in the Detergent+LTVV group.
At the end of Experimental ventilation, Cdyn had increa-
sed in the LTVV group (p<0.001). Cdyn in the Detergent+
LTVV group was lower after Experimental ventilation
(p<0.05) but partially improved towards the end of the
Recovery period.

At necropsy, all animals in the Detergent+LTVV group
had foam in the trachea and on the cut lung surface
and large areas of atelectasis, especially in the lower
lobes. These findings were not present in the other three
groups.

Table 1.  –  Arterial blood gas tensions and dynamic compliance at Baseline, after 3 h Experimental ventilation and
after Recovery (n=6 in each group)

Pa,O2 kPa                                     Pa,CO2 kPa Cdyn ml·cmH2O-1·kg-1

Baseline        After            After        Baseline          After          After        Baseline        After            After
Experimental    Recovery                     Experimental   Recovery                   Experimental    Recovery

ventilation                                       ventilation                                    ventilation

Controls 12.1±2.9 12.5±2.1 11.2±2.0 4.1±0.7 3.9±0.6 3.9±0.4 1.26±0.23 1.29±0.16 1.28±0.22
LTVV 10.4±1.2 10.7±0.6 12.7±1.7 4.0±0.7 3.8±0.5 3.5±0.7 1.20±0.16 1.38±0.14‡ 1.30±0.27
DOSS 11.2±3.6 11.3±2.0 12.5±2.0 3.7±0.8 4.1±0.7 4.0±0.8 1.25±0.22 1.20±0.19 1.28±0.27
DOSS+ 11.0±1.5 8.4±1.2*‡ 9.5±2.1* 4.3±0.8 4.7±0.8 4.3±0.8 1.18±0.09 0.99±0.11#* 1.06±0.13
LTVV

Values are presented as mean±SD. LTVV: large tidal volume ventilation; Pa,O2: partial pressure of O2 in arterial blood; Pa,CO2:
partial pressure of CO2 in arterial blood; Cdyn: dynamic compliance; DOSS: dioctyl sodium sulphosuccinate (detergent). *: p<0.05,
significantly different from other groups; #: p<0.05, significantly different from baseline; ‡: p<0.001, significantly different from
baseline.
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Fig. 2.  –  Representative pressure/volume curve from: a) LTVV group; b) Detergent+LTVV group; c) Control group; and d) Detergent group.
The curves in each group are at: Baseline (        ); Experimental ventilation (– – – –); and during Recovery (-------). Loops are inscribed in a
clockwise direction.



Clearance of 99mTc-HSA during experimental ventila-
tion

The pulmonary distribution of the tracer was uniform
in the frontal projection in all animals. Clearance dur-
ing Experimental ventilation was calculated over the
first 90 min (table 2). Clearance in the Control and
LTVV groups was adequately described by a mono-
exponential function. Clearance in the LTVV group was
faster than in Controls. Unlike the Controls and the
LTVV groups, a biexponential function was signifi-
cantly better in describing the increased clearance in
all of the six animals in the Detergent and Detergent+
LTVV groups (p<0.05; F-test). Clearance was also bi-
exponential when 99mTc-HSA was administered 60 min
after Detergent (Protocol B). Comparing the results
when 99mTc-HSA was given immediately (Protocol A)
or 60 min after detergent according to previous princi-
ples [9] showed that t1/2FS was 170 min (range 140–
210 min). This value was used in further calculation ac-
cording to Equation (3). The t 1/2S in the Detergent+
LTVV group was significantly faster than the t1/2S in
the Detergent group.  t1/2F and fF were statistically non-
distinguishable in the Detergent and Detergent+LTVV
groups. Normalized mean clearance curves from the dif-
ferent groups are shown in figure 3.

Clearance was biexponential when detergent was ad-
ministered only once at 90 min (Protocol C) with t1/2F
21.2±9.9 min, t1/2S 870±91 min and a fF of 14.5±1.1.

Clearance calculated over 30 min just before and after
the second administration of Detergent in Protocol A
did not result in an increased clearance (t1/2 = 554±219
versus 629±147 min), whereas it resulted in an increa-
sed clearance (p<0.01) in the Detergent+LTVV group
(262±63.1 versus 192±67.6 min).

Clearance of 99mTc-HSA during the recovery period

Over the 180 min Recovery period, clearance of 99mTc-
HSA was similar and adequately described by a mono-
exponential function in the Control and LTVV groups
(table 3). Since both these groups displayed monocom-
partmental kinetics, no correction for residual activity
from the first deposition was required. Clearance was

significantly slower (p<0.001) than that calculated over
3 h of Experimental ventilation in the LTVV group
(366±25.2 min). A biexponential fit adequately descri-
bed the clearance in the Detergent and Detergent+LTVV
groups during the Recovery period. Accordingly, in
these two groups the time activity curve from the Experi-
mental period was extrapolated into the Recovery peri-
od to correct for the residual activity from the first

J. JOHN ET AL.196

Table 2.  –  Half-life of clearance of 99mTc-HSA dur-
ing 90 min of Experimental ventilation (n=6 in each
group)

t1/2 t1/2S t1/2F          fF
min          min           min

Controls 1055±241 - - -
LTVV 305±82.6† - - -
Detergent 670±164+ 15.4±4.4 0.20±0.09
Detergent+LTVV 313±81.2‡ 13.8±3.3 0.21±0.08

Values are presented as mean±SD. 99mTc-HSA: technetium-
99m-labelled human serum albumin; LTVV: large tidal
volume ventilation; t 1/2: monoexponential half-life; t 1/2F:
half-life of clearance from the fast compartment; t1/2S: half-
life of clearance from the slow compartment; fF: fraction of
radiotracer cleared by the fast compartment. +: p<0.01, signi-
ficantly different from t1/2 in Controls; †: p<0.001, significan-
tly different from Controls; ‡: p<0.001, significantly different
from the Detergent group.
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Fig. 3.  –  Normalized clearance curves from each group during: a)
Experimental ventilation; and b) Recovery period, plotted on a  semi-
logarithmic scale. Values are presented as mean±SD.        : Con-
trol; ------- : LTVV;             : DOSS: – – – – : DOSS+LTVV.
LTVV: Large tidal volume ventilation; DOSS: dioctyl sodium sulpho-
succinate (detergent).

Table 3.  –  Half-life of clearance of 99m-Tc-HSA during
180 min of Recovery (n=6 in each group)

t 1/2 t1/2S t1/2F           fF
min         min          min

Controls 1081±251 - - -
LTVV 1268±207 - - -
Detergent 657±181† 18.7±6.2 0.17±0.09
Detergent+LTVV 318±63.3‡+ 13.3±3.8 0.36±0.05+

Values are presented as mean±SD. +: p<0.01, significantly dif-
ferent from Detergent group; †: p<0.01, significantly differ-
ent from t1/2 in Controls; ‡: p<0.001, significantly different
from t1/2 in the LTVV group.
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deposition to calculate fF. In the Detergent group, t1/2S
was faster than the monoexponential clearance in the
Control group. Clearance in the Detergent+LTVV group
was characterized by a t1/2S that was persistently faster
than both the t1/2S of the Detergent group and the mono-
exponential t1/2 of either the Control or LTVV group.
This group also had a significantly larger fF compared
to the period of Experimental ventilation (p<0.05) and
compared to the Detergent group.

Discussion

Alveolocapillary permeability has been extensively
studied by pulmonary clearance of 99mTc-DTPA. Alveo-
locapillary transfer of large molecules, such as 99mTc-
HSA, is much slower in healthy lungs than the transport
of smaller molecules, such as 99mTc-DTPA. A common
interpretation is that two populations of pores exist in
the alveolocapillary membrane. The transport of albu-
min is thought to be restricted to pores with a large dia-
meter. The anatomical correlate to such pores has not
been established. Tight junctions may be the anatomi-
cal site for pores. It has been speculated that adsorbed
phospholipid molecules might restrict the diffusion of
solutes through the pores [2]. We have shown that the
surfactant system plays an important roll in limiting the
alveolocapillary permeability of 99mTc-DTPA [9, 16].
The mechanisms are not known. In the present study,
the clearance kinetics of the larger molecule, 99mTc-HSA,
was evaluated after detergent administration and during
LTVV, in order to give further insight into mechanisms
governing the alveolocapillary transfer of solutes.

Detergent led to an accelerated and biexponential clea-
rance of 99mTc-HSA, which in principle is similar to its
effect on clearance of 99mTc-DTPA [9]. We ruled out
any chemical effect of detergent on the radiotracer as
an explanation of our findings. The results when deter-
gent was given only once at 90 min were similar to when
detergent was given immediately after 99mTc-HSA. This
implied that any change in the albumin pool which would
restrict its clearance, such as uptake by macrophages, is
unlikely over the time course of this study. The biex-
ponential clearance could, according to principles of
kinetics, reflect either a transient effect of detergent or
the induction of a pool of radiotracer that clears with a
short time constant [9]. 

We determined that the effect of detergent on clear-
ance of 99mTc-HSA was halved in 170 min, which is
similar to that observed with 99mTc-DTPA [9]. Our results
were calculated on the basis of this duration of the deter-
gent effect, and it was found that the calculation would
be significantly affected only if this half-life were short-
er than 60 min. Reasonable errors in the estimation of
t1/2FS would, therefore, be of no importance. Hence, we
conclude that the biexponential clearance with detergent
reflects the induction of two pools of radiotracer. The
two pools do not exchange the tracer freely, otherwise
the resulting clearance would still be described by a
monoexponential function [9].

A second dose of detergent was given 90 min after
the first one in order to illustrate the nature of the two
compartments. The second dose did not increase the

clearance in the detergent group. At that time, the fast
compartment with a t1/2 of 15 min would contain less
than 2% of its initial activity. The effect of detergent
on clearance from that compartment would, therefore,
be trivial. The slow pool, which at the same moment
would contain more than 94% of its tracer, was found
not to react to the second dose. The fact that the slower
compartment did not become fast suggests that the fast
and the slow compartments represent areas within the
lung with different properties throughout the experi-
ment. This study does not indicate whether the com-
partments represent longitudinal differences along the
airways down to the peripheral alveoli, or whether they
represent different alveoli, or even different areas with-
in a single alveolus. 

In a previous study on the effects of detergent on the
pulmonary clearance of 99mTc-DTPA [9], we specula-
ted that detergent might cause alveolar instability, with
reduction in alveolar volume in some regions and hyper-
inflation in others. Such a bimodal distribution of alveo-
lar volume could explain a biexponential clearance of
the tracer from the lungs. In this study, more detailed
studies of lung mechanics were performed showing no
differences between the groups given vehicle and deter-
gent. In particular, P/V loops are suitable to show alveo-
lar instabilities. The unchanged mechanical properties
and gas exchange after detergent suggest that alveolar
instability and uneven distribution of alveolar volume
are not the reason for two compartments. Thus, other
mechanisms must be considered. Furthermore, unalte-
red compliance suggests that the small dose of detergent
does not significantly increase surface tension in the
alveoli.

The small dose of detergent supported by unchanged
compliance and gas exchange, and normal morphology
(unpublished results), suggests that altered permeabi-
lity is consistent with the previously observed effect of
detergents on alveolar surfactant [9, 16, 19, 20]. Deter-
gent administered under identical circumstances, induc-
ed a fast compartment of 99mTc-DTPA which comprised
80% of the tracer pool [9], compared to 20% for 99mTc-
HSA in the present study. The nebulization technique
and the gamma camera images over the thorax show-
ing peripheral distribution were similar in both studies,
and yet there was a fourfold difference in the fast frac-
tion of the two tracers. The increase in the clearance
rate of the fast compartment of 99mTc-HSA was 50
fold. The same relative increase has been reported for
99mTc-DTPA [9]. The detergent is a wetting agent with
a wedge-shaped molecular configuration that is liable to
interfere with surfactant complexes. Surfactant, or at
least osmiophilic, substances are known to be associa-
ted with tight junctions in epithelial and endothelial
membranes, such as gastric mucosa, the eustachian tube
and cerebral microvasculature. We are not aware of any
study on this aspect of the alveolar membrane. If phos-
pholipids are also associated with tight junctions in the
alveoli, detergent might interact with the surfactant to
change the properties of the tight junction. Such an in-
teraction might modulate both number and size of pores
and, thereby, lead to complex patterns of permeability
for large and small molecules. Another explanation is
that the surfactant film is directly adsorbed to the epithe-
lium. Wetting of dry surfaces might then expose a larger



number of pores for diffusion of water soluble substances.
Such a phenomenon could explain the existence of non-
mixing pools of tracers.

It is well-established that lung inflation by PEEP en-
hances clearance of 99mTc-HSA [11, 12]. The increased
clearance has been attributed to a change in pore size
[13], which may occur in hyperdistended alveoli. Hyper-
distention in this study may be indicated by the almost
zero compliance found in the terminal portion of the P/V
curve (fig. 2). Clearance of 99mTc-HSA followed a mono-
exponential course during LTVV and was threefold faster
than during conventional ventilation. A faster than nor-
mal monoexponential clearance of 99mTc-DTPA was
also seen during LTVV [14, 16]. The qualitative effect
of PEEP is similar [12, 15]. The monoexponential fea-
ture can be attributed to a uniform and global effect on
the clearance of the entire radiotracer pool in the lung,
and may well support increased pore size.

The increased clearance reverted completely after
cessation of LTVV. Clearance during the Recovery per-
iod was slower in the LTVV group than in Controls.
Although not significant, this tendency may be related
to an increased release of surfactant, which is known to
occur at large inflations of the lungs [21]. The obser-
vation that dynamic compliance was increased after the
LTVV period may support that notion. The latter obser-
vation is a further indication that LTVV, as applied in
this study, is not deleterious to the lung.

Considering that the barrier is differently affected by
detergent and LTVV, the kinetics of clearance in the
Detergent+LTVV group indicates an additive nature of
the mechanisms of detergent and LTVV on barrier func-
tion. In the present study, the conditions were regula-
ted so that LTVV or detergent would, by itself, produce
almost no change in lung mechanics or gas exchange,
allowing adequate scope for the delineation of their
combined effect. In the combination group, we found
reduced compliance and impaired gas exchange as evi-
dence of lung damage, further emphasizing that the
two interventions produce additive effects. The additive
effects of detergent and LTVV may have profound im-
plications in the clinical setting, since surfactant per-
turbation may be present in adult respiratory distress
syndrome (ARDS), and utilizing normal to high tidal
volumes to achieve adequate oxygenation would incre-
ase the propensity for lung damage.

During Recovery, clearance in the Detergent+LTVV
group did not revert, unlike clearance in the Detergent
and LTVV groups. The fF was even higher during Re-
covery compared to the period of Experimental venti-
lation and as compared to the Detergent group. The
extrapolation of the time activity curve from Experimen-
tal ventilation into the Recovery period was performed
to avoid underestimation of fF due to residual radioac-
tivity in the slow compartment from the first deposi-
tion. This may be associated with a potential error
mainly in the Detergent+LTVV group, as the return to
conventional ventilation during Recovery might reduce
the clearance rate of albumin from the slow pool, as
was observed in the LTVV group. The error would lead
to an underestimation of the clearance rate and fF dur-
ing the Recovery period. Our basic contention of an
increased fF would, thus, be relevant. Since the values
of t1/2S in this group during Experimental ventilation

and Recovery have been close, we would expect no major
error due to extrapolation.

Pa,O2 and compliance remained low in the Detergent+
LTVV group. The P/V curve during Recovery (fig. 2)
showed a considerable increase in the pressure that was
required to produce volume change at the beginning of
inspiration. These features together suggest a lung that
partially collapses during expiration because of surfac-
tant deficiency or inactivation. Plasma proteins, includ-
ing albumin, are known to inactivate alveolar surfactant
[22]. Since albumin leaks from the alveoli to the blood
and more so in the Detergent+LTVV group, it is natu-
ral that proteins may diffuse in the other direction. It
needs to be emphasized that the albumin delivered to
the lungs in the form of 99mTc-HSA is in trace amounts
that do not have any significant biological effect.

The lungs are obviously damaged by the combination
of detergent and LTVV. The damage is evident already
during the latter half of Experimental ventilation, when
a second dose of detergent was administered and clear-
ance was further accelerated. This is despite the fact
that the fast compartment with a t1/2 of only 12 min
should be nearly free of tracer at that time, and is in
contrast to the findings when a second dose of deter-
gent was administered in the group with conventional
ventilation. The finding implies that the damage has
extended into areas previously not affected by deter-
gent. This is further supported by the finding of an in-
crease in the fF during Recovery. Lung damage was also
presented postmortem as foam in the airway and oede-
ma on the cut lung surface.

In conclusion, the mechanisms of an increase in clea-
rance during lung distension related to large tidal volume
ventilation and perturbation of the surfactant system
with detergent are different, as seen from the distinct
nature of their clearance kinetics. When these mecha-
nisms are combined, they display additive features. Either
of the individual mechanisms related to detergent or large
tidal volume ventilation is reversible. However, a com-
bination of detergent and large tidal volume ventilation
leads to nonreversible changes in lung function and lung
injury.
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