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SUMMARY

1. Isolated lung preparations are established to investigate
effects on pulmonary vascular tone and spatial pulmonary flow
(Q,.) distribution. In the present study, we hypothesized that Q,,,
distribution in isolated lungs is only poorly correlated with the
in vivo situation.

2. Fourteen rabbits were anaesthetized and mechanically ven-
tilated with room air. Animals were held in an upright position
for 15 min and Q,,, was assessed using fluorescent microspheres
(O,ot.in viro)- A second injection of microspheres was made after
isolation of the lungs (Q,,.....,)- Lungs were dried, cut into 1 cm®
cubes and spatial Q,,, distributions were analysed.

3. The mean correlation of O, .., and Q... ... Was
0.592 + 0.188 (95% confidence interval 0.493-0.690). The O,,
was redistributed to more ventral (the mean slope of 0, vs the
dorsal-ventral axis changed from —0.289 +0.227 to —0.147
0.114; P = 0.03), cranial (mean slope of 0, vs the caudal—cranial
axis changed from —0.386 = 0.193 to —0.176 = 0.142; P < 0.001)
and central (mean slope of 0, vs the hilus—peripheral axis changed
from 0.436 = 0.133 to —0.236 £ 0.159; P = 0.003) lung areas.

4. The results obtained from studies investigating Q,,, distri-
butions in isolated lung models must be interpreted cautiously
because the isolated lung set-up significantly affects the spatial
distribution of pulmonary flow.
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INTRODUCTION

The isolated lung preparation is an established model to investigate
physiological and pathological changes in the pulmonary vascular
bed because it allows the control of multiple variables.' The model
is an especially useful tool to study mechanisms that influence pul-
monary vascular tone.>

In addition, the model is frequently used to asses spatial relative
flow distributions (Q,,).*® So far, little is known about the degree
to which the spatial distribution of O,,, is affected by the experimental
set-up and organ preparation.
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The in vivo distribution of pulmonary blood flow is influenced by
various active and passive mechanisms. Active mechanisms induce
contraction or relaxation of vascular smooth muscle, which lead to
changes in pulmonary vascular tone and resistance. Examples of
active factors are autonomic pulmonary innervations, humoral
factors and partial pressures of gases. In contrast, passive mechanisms
affect pulmonary blood flow independently of changes in pulmonary
vascular tone. Passive factors include gravitational forces, interstitial
and airway pressures, changes in lung volume, changes in cardiac
output or pulmonary artery pressure, vascular obstruction or recruit-
ment and left atrial pressure. Many of these active and passive factors
are altered after removal of the lung from the thoracic cavity. There-
fore, the validity of the data obtained in the isolated preparation
remains unknown. No study has been performed previously com-
paring ex vivo and in vivo Q,, distributions. In the present study, we
hypothesized that the distribution of O, in isolated lungs is only
poorly correlated with the in vivo situation.

METHODS

The study was approved by the University Animal Care Committee and the
responsible governmental institution (Regierungsprisidium Dresden, AZ 74-
9168.11-1-2001-18). National Institutes of Health guidelines for animal use
and care were followed throughout.

Animal preparation and experimental protocol

Experiments were performed on 14 chinchilla rabbits (Orticolagus caniculus)
of both sexes, ranging in weight from 2.0 to 2.9 kg. Rabbits were anaesthe-
tized with ketamine (50 mg/kg) and xylazine (4 mg/kg) and anticoagulated
with heparin—sodium (1000 U/kg), injected in an ear vein. Animals were put
in the supine position and a tracheotomy tube was placed under local anaes-
thesia (lignocaine 1%). Animals were mechanically ventilated with room air
using a small animal ventilator (Hugo Sachs Elektronik, March, Germany).
The ventilator settings were as follows: respiratory frequency 30/min; tidal
volume 12 mL/kg; positive end-expiratory pressure (PEEP) 2 cmH,O. Ani-
mals were then put in an upright position. The position was maintained with-
out exerting pressure on the abdomen or thorax. This was achieved using a
specially designed cast form, which supported the animals’ hind limbs and
pelvis. While in the upright position, the animals’ upper limbs were held to avoid
sliding in the cast form. After 15 min in the upright position, animals received
the first injection of microspheres in an ear vein to assess O,y (Oyerin vivo)- The
injection was performed over 1 min and was followed by a saline flush.
Thereafter, the lungs were isolated. The techniques of preparing and per-
fusing rabbit isolated lungs have been described in detail previously.”"”
Briefly, a median sternotomy was performed and a catheter was inserted into
the pulmonary artery. The left atrium was cannulated via the left ventricle
to collect the pulmonary outflow. The lung organ preparation was removed
and suspended from a weight transducer in a temperature-controlled (37°C)
and humidified chamber. After the cannulation procedure, the lungs were per-
fused with a cell- and plasma-free perfusion medium. A 40 pm filter and a
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bubble trap prevented pulmonary embolism by circulating particles or air.
The perfusate consisted of a Krebs’~Henseleit hydroxyl-ethyl-starch buffer
(KHB) solution with a colloid oncotic pressure between 23 and 25 mmHg,
yielding final concentrations as follows (in mmol/L): Na* 138; K*4.5; Mg**
1.33; CI" 135; Ca*' 2.38; glucose 12; HCO512. The osmolality of the solution
was approximately 330 mOsmol/kg (Mikro-Osmometer; Roebling Meftechnik,
Berlin, Germany). The pH of the buffer solution was adjusted to 7.4 with
1 mol/L NaHCO,,.

First, low flow rates were used in an open circulatory system to remove
remaining blood from the vascular bed. The perfusion fluid was exchanged
twice for fresh buffer via two separate perfusion circuits, 2 and 15 min after
the beginning of extracorporeal circulation. Then, the flow was increased to
150 mL/min. In previous experiments using the same model, the perfusion
with KHB has been documented to maintain the integrity of the micro-
circulation for more than 5 h."' As aresult of the constant perfusion flow, alter-
ations of perfusion pressure directly reflect alterations of pulmonary vascular
resistance. Pulmonary afterload was set to 3 mmHg using a height-adjustable
fluid bridge open to ambient pressure. The lungs were ventilated with 4%
CO, in air with unchanged ventilator settings. Because it has been shown
that oxygenation of the lung by ventilation alone is satisfactory," no addi-
tional oxygenator unit in the perfusion circuit is required. Mean pulmonary
artery pressure (mPAP) and left atrial pressure (LAP) were recorded continu-
ously via Statham strain gauge transducers (zero referenced at hilus level;
Becton Dickinson, Sandy, UT, USA). The lungs showed a homogeneous
white appearance, with no signs of haemorrhage or oedema formation, and
no increase in weight during the steady state period was observed. Following
a 30 min steady state period, the lungs had a constant mean (= SD) mPAP of
12 + 3 mmHg. A second injection of microspheres was performed to assess
0,01/ (O,41.00iv0)- The microspheres were injected over 1 min into the pulmonary
artery catheter. The time interval between the in vivo and ex vivo assessments
of Q,,, distributions was approximately 50 min.

Determination of pulmonary flow

Fluorescent polystyrene microspheres (red, orange, yellow—green and crim-
son), 15 wm in diameter (Molecular Probes, Eugene, OR, USA), were used
to measure regional flow to the lungs. Details of the method are described
elsewhere.'? Immediately before injection, the microspheres were vortexed
and then sonicated for 90 s. The number of microspheres per injection was
600 000. The order that the different microspheres were injected was rand-
omized in every experiment.

After completion of the experiments, catheters were removed, lungs were
inflated and dried by a constant tracheal flow with air for 2 days (pressure
limit 20 cmH,0). When dry, the lungs were first coated with a one-
component polyurethane foam (BTI Befestigungstechnik, Ingelfingen,
Germany), then suspended vertically in a square box and embedded in
rapidly setting urethane foam (Polyol and Isocyanate; a kind gift from
Elastogran, Lemforde, Germany). The foam block was cut into uniformly
sized 1 cm® cubes. Foam adhering to lung pieces was removed. Each cube
was weighed and assigned a three-dimensional coordinate. Samples with
airways occupying >25% of the cube’s volume were discarded. Samples
were then individually soaked for 2 days in 2 mL 2-ethoxyethyl acetate
(Aldrich Chemical, Milwaukee, WI, USA) to retrieve the fluorescent dye.
The fluorescence was read in a luminescence spectrophotometer (LS-50B;
Perkin-Elmer, Beaconsfield, Buckinghamshire, UK) fitted with a flow cell
and a standard photomultiplier tube.

The weight-normalized relative flows at the two time points were calcu-
lated for each lung piece as follows:

Qrel,i =x/(2x,/n)

where Q,,,, is the weight-normalized relative flow of the piece i, x, is the fluo-
rescence divided by the weight of the piece and n is the number of pieces
of lung. The dimensionless, mean normalized relative flow was therefore 1.0.
A value below 1.0 indicates that the specific tissue sample received less flow
than the average; values greater than 1.0 indicate that the tissue sample
received a higher flow than average.

Table 1  Slopes of O, versus spatial axes

Ot vivo Orrexvivo P value
x-Axis (left-right) -0.010£0.101 0.041+£0.199 0.2
y-Axis (dorsal-ventral) -0.289+0.227 —0.147+0.114 0.03
z-Axis (caudal—cranial) -0.386+0.193 —0.176 £0.142 0.001
h-Axis (hilus—peripheral) 0.436+0.133 0.236+0.159 0.003

Values are the mean = SD.

Q,., relative pulmonary blood flow.

Statistical analysis

A paired, two-sided #-test was used to compare changes in 0, distribution
(slopes of regression lines) along spatial axes: left-right (x-axis); dorsal—
ventral (y-axis); caudal-cranial (z-axis); and hilus—peripheral (A-axis).
Pearson’s correlation was used to further analyse changes in Q,,. A one-
sample, two-tailed 7-test was used to compare changes in flow distribution
to a hypothesized mean of zero.

All data are presented as the mean £ SD. Throughout the present study,
P <0.05 was considered to represent statistical significance. All analyses
were performed using spss Version 10.0.7. (SPSS, Chicago, IL, USA).

RESULTS

The mean number of tissue samples obtained per lung was 67 % 10.
The average weight of the samples was 0.019 £ 0.012 g. The mean
correlation of O, o ANA O,1or vive Was 0.592 +0.188 (95% confi-
dence interval 0.493-0.690). Isolation of the lungs significantly
changed the spatial distribution of Q,,;: Q,., was redistributed to more
ventral, cranial and central lung areas (Table 1). Figure 1 shows the
changes in Q,,, distribution along the y-, z- and /-axes in one repre-
sentative lung. Further analysis of these changes showed that 0,
decreased in lung specimens with an initially high flow and increased
in lung specimens with an initially low flow: The mean slope of
O,otin vivo VEISUs O, oo minus O, vive Was —0.473 +0.305. These
changes were significantly different from zero (P < 0.001, one-
sample, two-tailed #-test). Figure 2 shows these changes in O, dis-
tribution. The redistribution of Q,,, also led to a slight decrease in
the mean coefficient of variation between the two conditions from
0.786 £0.221 to 0.724 £0.170 (P =0.3).

DISCUSSION

The results of the present study confirm the hypothesis that spatial
0,,, distribution in isolated lungs is only poorly correlated with the
in vivo situation: the slopes of the regression lines versus all spatial
axes become less steep. Accordingly, 0,, is redistributed to more
ventral, cranial and central lung areas. In addition, Q,,, decreases in
lung specimens with an initially high flow and increases in lung speci-
mens with an initially low flow. Hence, the overall Q,,, distribution
becomes more homogeneous after removal of the lungs from the
thoracic cavity, but spatial gradients are still measurable. A multitude of
factors could be influencing the results and, thus, explain these effects.

Neural control of pulmonary vascular tone is completely abol-
ished. Intrapulmonary arteries of rabbits have dense adrenergic'® and
cholinergic'* innervation. Adrenergic stimulation causes an increase
in pulmonary vascular resistance and a decrease in pulmonary
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vascular compliance and is considered to play a role in maintaining
basal pulmonary vascular tone. The role of cholinergic stimulation
is tone-dependent, inducing little change or a small contraction when
tone is low, but vasodilatation when tone is elevated.'”” Almost all
anaesthetics, including xylazine and ketamine, may affect pulmonary
vascular tone, either by depressing the cardiovascular system, by
modifying neural control'® or by direct effects on vascular smooth
muscles."” " Accordingly, the anaesthesia performed may have
affected in vivo Q,, distribution.

The effects of partial pressures of respiratory gases on the regu-
lation of pulmonary vascular tone are well known. They are important
for local matching of ventilation and perfusion to maximize arterial
oxygenation. Low inspiratory and mixed venous oxygen and high
mixed venous carbon dioxide partial pressures induce contraction
of vascular smooth muscle cells, whereas hyperventilation decreases
pulmonary vascular tone. The isolated lung set-up is an established
model to study the effects of changes in partial pressures of inspirat-
ory gases on pulmonary vascular tone.®? In our isolated lung pre-
paration, alveolar partial pressures of these gases were maintained
within the physiological range and, therefore, a major effect on
spatial perfusion distribution can be excluded as factor. However,
we did not measure blood gases prior to the first injection of micro-
spheres and can therefore not exclude hypo- or hyperventilation
during the in vivo assessment of Q.

Gravity influences the spatial distribution of pulmonary blood
flow.”® It was shown that probably 17-25% of the flow variability
can be attributed to its influence®' and that its influence can be even
higher in specific conditions.” In our experimental set-up, we tried
to minimize the effects of gravity on spatial blood flow distribution.
We performed the in vivo measurement while holding the animals
in an upright position, thus mimicking the lung position of the ex vivo
preparation. Lung compression by mediastinal or abdominal struc-
tures reduces flow in the respective regions. Holding the animals
in an upright position very likely decreased lung compression by
abdominal structures. Caudal lung areas were probably distended
and flow increased in these regions. Accordingly, the caudal—cranial
gradient of O, ., Was pronounced. Therefore, the difference seen
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in the ex vivo preparation can probably be attributed to a decrease
in lung distension. The distension caused solely by the lung weight
in the excised lungs was probably less and therefore the caudal—
cranial gradient of Q,,,.. .., decreased.

The geometry of the vascular bed is not static and blood flow
within the pulmonary parenchyma is dependent on interstitial tissue
pressures. These are determined by alveolar pressure, gravity and
the interaction between the chest wall and the recoil pressure of the
lung. In excised lungs, pleural pressure is uniform and alveolar dis-
tension is likely to be relatively uniform too. It is known that spatial
gradients are abolished if lung volume is increased.” In our exper-
imental set-up, we controlled the tidal volume by maintaining unchanged
respiratory parameters before and after excision of the lung. Never-
theless, we observed a decrease in all spatial gradients. It is therefore
likely that total compliance increases and total resistance decreases
once the lungs are removed from the thoracic cavity. Therefore, a change
in the size of the functional residual capacity appears possible.

It is well accepted that as perfusion pressure and, thus, flow
increases, flow becomes more homogeneous. The mPAP after iso-
lation of the lungs was 12 = 3 mmHg. This is within the physiolog-
ical range for rabbits** and we therefore believe that the perfusion
pressures had only a minor affect on ex vivo 0, distributions. How-
ever, because we did not measure in vivo mPAP, we cannot exclude
the possibility that some of the differences found in Q,, distribution
are not due to differences in perfusion pressures. We shortened the
instrumentation time as much as possible and therefore did not can-
nulate central venous or arterial vessels. Holding the animals in an
upright position may have caused a decrease in perfusion pressures,
with different zonal conditions compared with the pump-perfused
condition. Although we did not observe any indication that the
animals did not tolerate the head-up posture, an effect on in vivo
0, distributions cannot be excluded.

The number of humoral factors known to affect pulmonary
vascular tone and blood flow distribution increases continuously. A
detailed discussion of all possible factors was not the aim of the
present study. However, one critique of our experimental set-up
could be the fact that we used a blood-free perfusate and non-
pulsatile perfusion. Nitric oxide (NO) plays an important role in
maintaining the physiologically low basal pulmonary vascular tone.”
Its release is triggered by shear stress,” which is different in pulsatile
compared with non-pulsatile perfusion. The role of erythrocytes
appears to be at least twofold: mechanical deformation of erythro-
cytes induces ATP release, which stimulates NO production.?® The
consecutive decrease in pulmonary vascular tone is altered by an NO
scavenger effect of haemoglobin."?” Although it is likely that the
pulmonary vascular tone was influenced by our experimental
set-up, the effects should have been independent of the spatial co-
ordinates of the individual lung piece.

Recently, Lamm and Albert investigated the effect of zonal con-
ditions and posture on pulmonary flow distribution.* Analogous to the
present experiments, they compared perfusion distribution before
and after excision of the lungs. They found that weight-normalized
flow to interior regions exceeded that to subpleural regions, whereas
we found lower relative flows in central pulmonary areas. Their
observed pattern of distribution was independent of posture and zonal
condition. The principal, but not only, difference with the present
study is that they used papaverine to ensure maximally dilated
pulmonary vessels prior to the in vivo injection of microspheres.
Lamm and Albert* perfused the lungs using a cell-free medium, as

we did, but the perfusion was pressure controlled and not set to a
fixed flow. In addition, no pulmonary afterload was applied and the
animals/lungs were ventilated using a much higher tidal volume of
30 mL/kg. All this makes the comparison of these two studies dif-
ficult. Lamm and Albert* investigated the role of hydrostatic pressure
and posture on flow distribution. Our aim was to show that the experi-
mental set-up itself influences Q,,, distribution.

Spatial Q,,, distribution is not stable and may vary over time.
Unfortunately, we did not perform two time-separated injections and
are therefore unable to quantify the changes over time. It is known
that temporal heterogeneity of Q,,, is spatially clustered®® and we
therefore believe that this source of error is of minor importance in
the present study.

The microsphere technique is well established for the investiga-
tion of pulmonary flow distribution. However, the technique itself
incorporates several possible sources of error, which can be divided
into stochastic and methodological errors.* The stochastic nature of
microsphere entrapment follows a Poisson distribution and is usually
minimized by increasing the number of microspheres injected,’’ as
done in the present study. Regarding the methodological errors, two
issues need to be addressed when interpreting the presented data:
(1) non-uniform mixing; and (ii) viscosity. In the in vivo preparation,
the microspheres were injected into a peripheral vein, whereas in
the ex vivo preparation the microspheres were injected into the pul-
monary artery catheter. Therefore, blood mixing in the in vivo con-
dition was likely more homogeneous compared with the ex vivo
condition using KHB. During the injections, the syringes were con-
stantly gently moved but streaming effects cannot be ruled out com-
pletely. In addition to this, the possibility of slight bias because of
rheological factors exists® and the use of cell- and plasma-free solu-
tion may have influenced the redistribution of perfusion. In our
experiments, no changes in the coefficients of variation of the two
injections were observed (see Results). This does not prove that the
dispersion was not affected by the injection site, but an obvious bias
could not be found. These additional methodological sources of
errors further underline the limited use of isolated lung models to
investigate spatial pulmonary flow distribution.

In conclusion, removal of the lung out of the thoracic cavity may
significantly affect the spatial distribution of pulmonary flow. There-
fore, results obtained from studies investigating 0, distribution in
isolated lung models must be interpreted cautiously. An uncritical
extrapolation of the results to the in vivo situation cannot be encour-
aged. The mechanisms by which the experimental set-up changes
the Q,,, distribution are numerous and include physiological differ-
ences, such as loss of neural control, gravitational effects and
changes in airway and interstitial pressures, as well as technical
issues and methodological errors.
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