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Effect of continuous hemofiltration
on hemodynamics, lung inflammation
and pulmonary edema in a canine model

of acute lung injury

Abstract Objective: This study ex-
amined whether continuous hemofil-
tration favorably affects cardiopul-
monary variables, lung inflammation,
and lung fluid balance in a canine
model of oleic acid induced acute
lung injury. Methods: Eleven pento-
barbital-anesthetized dogs were
randomly divided into a control
(mechanical ventilation, MV) group
(n=6) and a MV plus hemofiltration
(HF) group (n=5). All animals re-
ceived an intravenous injection of
oleic acid (0.09 ml/kg) to induce
acute lung injury. Continuous arterial-
venous hemofiltration (blood flow
100 ml/min, ultrafiltration rate at
50-65 ml kg~! h~1) was started after
establishment of oleic acid induced
acute lung injury and continued for

4 h. Hemodynamics, lung mechanics,
gas exchange, lung fluid balance,
lung histology, and the level of
plasma cytokines were assessed.
Results: After 240 min of HF treat-

ment there was a significant increase
in cardiac output, reduction in pul-
monary arterial pressure, and im-
provement in both oxygenation and
lung mechanics. Also, in the HF
group the lung wet-to-dry weight ra-
tio was significantly reduced. Histo-
logically, HF reduced edema and in-
flammatory cell infiltration in the
lung. There was also a significantly
greater decrease in plasma IL-6 and
IL-8 levels in the HF group than in
group receiving MV alone. Conclu-
sions: In a canine model of acute
lung injury continuous HF improved
cardiopulmonary function, reduced
pulmonary edema, decreased lung
permeability and inflammation, and
decreased the plasma concentration
of proinflammatory cytokines.
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Introduction

Acute respiratory distress syndrome is a complex syn-
drome of acute lung inflammation characterized by alve-
olar leukocyte infiltration and protein-rich pulmonary
edema that is associated with acute respiratory failure.
Numerous inflammatory mediators have been identified,
and these mediators may play an important role in the
initiation and progression of the acute respiratory dis-
tress syndrome [1]. Although numerous therapies have
been tested, only a lung protective low tidal volume

strategy has been proven to be effective in reducing mor-
tality [2]. Therefore new therapies are needed.

Recently hemofiltration (HF) has been investigated
as a potential supportive therapy that might be effective
in removing a number of circulating proinflammatory
molecules in clinical sepsis [3, 4, 5, 6, 7, 8]. Several
studies have evaluated the effects of HF on hemody-
namics during septic shock in animal models [9, 10, 11,
12]. Therefore, we hypothesized that HF would reduce
the concentrations of inflammatory mediators in the
plasma and correct the instability of hemodynamics and
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reduce lung inflammation in experimental acute lung in-
jury (ALI).

Oleic acid induced ALI in dogs is manifested by pul-
monary hypertension, profound hypoxemia, and marked
cardiovascular instability. Intravenous injection of oleic
acid can trigger neutrophil activation, injury of capillary
endothelium, and release of proinflammatory mediators
[13, 14, 15], which in its initial stages resembles human
acute respiratory distress syndrome histologically and
physiologically [13]. To test our hypothesis, we studied
the effect of HF on hemodynamics, lung mechanics, gas
exchange, lung fluid balance, lung histology, and the
level of plasma cytokines in oleic acid induced lung inju-
ry. The results of this study provide preclinical evidence
for a potential beneficial effect of HF on the course of
ALL

Materials and methods
Animals

Adult mongrel dogs of both sexes weighing 14.3+4.2 kg were pur-
chased from Animal Center of Fudan University (Shanghai, China).
Dogs were anesthetized by intravenous injection of pentobarbital
sodium (30 mg/kg) followed by infusion 4 mg kg~! h-! throughout
the experiment. After the trachea was intubated with a number 8
cuffed endotracheal tube, the dogs were stabilized for 30 min be-
fore the experiment. The animal care and use committee of Fudan
University approved the protocol.

Ventilation and measurements of lung mechanics

The dogs were ventilated by Servo 900C ventilator (Siemens-
Elema, Solna, Sweden) with synchronized intermittent mechanical
ventilation (MV), with a frequency of 17 breaths/min, tidal vol-
ume of 10 ml/kg, and inspiratory time fraction of 1:2. FIO, was
0.21 at baseline and until ALI was diagnosed. Then FIO, was in-
creased to 0.4. Expiratory tidal volume, peak airway pressure, and
dynamic respiratory compliance were recorded through a lung me-
chanics monitor connected to the endotracheal tube (Novametrix
Medical Systems, Wallingford, Conn., USA).

Hemodynamics and blood gas analysis

Surgery was carried out in a sterile fashion, with dogs in the su-
pine position. Femoral artery and vein catheters were inserted.
Catheter patency was maintained with intermittent flushes of hep-
arinized saline. Systemic mean arterial pressure and heart rate
were recorded from a femoral artery catheter (Deseret Medical,
Sandy, Utah, USA). A pulmonary artery catheter (7-F, heparin-
coated thermodilution catheter, Arrow International, Pa., USA)
was introduced via a femoral vein for measurement of pulmonary
artery pressure and pulmonary artery occlusion pressure. Pressure
tracings (Hewlett-Packard Company, Loveland, Colo., USA) were
used to verify the correct positions of the proximal and distal ports
of the pulmonary artery catheter. Cardiac output was measured by
thermodilution technique with 5-ml bolus injections of 0.9% sa-
line at room temperature delivered during expiration. A difference
between two successive measurements less than 10% was ob-
tained to calculate mean values. All intravascular pressures were
measured with low-displacement transducers (Arrow Internation-
al) referenced to the midchest level. Arterial and mixed venous

blood gases were analyzed at 37°C with a blood gas analyzer
(Diamond Diagnostics, Holliston, Mass, USA) and were corrected
to core temperature as measured with the thermistor at the distal
end of the pulmonary artery catheter. Stroke volume was calculat-
ed. Left ventricular stroke work was calculated as the product of
stroke volume and the difference between mean arterial pressure
and pulmonary artery occlusion pressure. Venous admixture was
calculated with standard formulas.

Hemofiltration setting

The HF device consisted of a roller pump, air detector,
bubble trap, and pressure feedback system (Diapact
CCRT, Braun, Melsungen, Germany). A 0.4 m?2 polysul-
fone hollow-fiber with a molecular weight cutoff of
40,000 kDa (AV-400, Fresenius, Germany) was used.
The filter was circulated with normal saline containing
heparin (5,000 IU/l) for 30 min before connected to the
circuit. Zero-balanced HF was achieved with blood flow
at 100 ml/min. Blood was drained from the right femoral
artery and returned through the left femoral vein. The
replacement of buffer solution contained 30 mmol/l
bicarbonate, 2.9 mmol/l lactate, and other electrolytes
(Changzheng Pharmaceutical, Shanghai, China) and was
warmed to 37°C and infused before the filter at a rate of
50-65 ml kg~! h~I. The balance computer automatically
compensated for variance in fluid filtration and substitu-
tion. During the 240 min of HF, the pre-filter administra-
tion of heparin (1,500 IU/h) was used to anticoagulate
the circuit.

In the preliminary control experiments to investigate
whether the extracorporeal circuit would affect the he-
modynamics and lung mechanics the polysulfone hemo-
filter was replaced by a piece of plastic tubing of the
same length. The circuit was primed, and blood was
pumped and anticoagulated in the same fashion as for
HF, but no ultrafiltrate was generated and no replace-
ment fluid was administered. Four oleic acid challenged
dogs were connected with extracorporeal circuit and
ventilated under the same conditions as the MV group.
There were no significant differences in hemodynamics
and lung mechanics between MV plus sham and the MV

group.

Model of acute lung injury

After recording hemodynamics, gas exchange, and lung
mechanics at baselineALI was induced by injecting oleic
acid (Yuanhang Reagent, Shanghai, China; 0.09 ml/kg)
into the right atrium via the proximal port of the pulmo-
nary arterial catheter. The route of injection and the dose
of oleic acid were chosen on the basis of preliminary ex-
periments to achieve a level of lung injury similar to that
in prior studies [16, 17]. When the PaO, was less than
60 mmHg at an FIO, 0.21, ALI was established accord-
ing to the criteria in previous reports [16, 17, 18]. Oleic
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ALI
Pa0, < 60 mmHg,
FiOp 0.21

OA injection

Surgery

Fig. 1 Baseline designates the beginning of the experiment after
anesthesia and stabilization. The dogs spontaneously breathed
room air or were ventilated with an FIO, 0.21 to maintain oxygen
saturation at normal levels (SpO, =90%). Hemodynamics, lung
mechanics, and arterial blood gases were measured. ALI 0 min in-
dicates that oleic acid induced acute lung injury was established.
The diagnosis of ALI was based on a PaO, value less than
60 mmHg with an FIO, 0.21. After recording cardiopulmonary pa-
rameters, the dogs were ventilated with an FIO, 0.4 in the control
or MV plus zero-balanced hemofiltration in the treated group. At
ALI 120 min blood and BAL samples were collected. At 230 min
blood and BAL samples were obtained. The dogs were killed at
240 min with pentobarbital, and postmortem lung samples were
obtained

acid induced ALI developed and stabilized by 120-
180 min after administration of oleic acid. When the ALI
model was established, dogs were ventilated with room
air. After ALI developed, the FIO, was increased to 0.40.
Intermittent blood gas analyses were carried out at inter-
vals of 20-30 min to determine when ALI was estab-
lished.

Experimental protocols

After oleic acid induced lung injury had developed, the
dogs were randomly divided into a group receiving only
MYV (n=6) and a group receiving MV plus HF (n=5). The
experimental time line of the study is summarized in
Fig. 1.

Albumin measurement in bronchoalveolar lavage fluid

Bronchoalveolar lavage (BAL) was performed 120 and
230 min after the onset of ALI by advancing a catheter
into the distal airways of the right lower lobe. Normal
saline (25 ml) warmed to body temperature was instilled
and aspirated. The fluid recovery was 80—90% in both
groups. The BAL was filtered through 0.4-um Millipore
filter to remove debris and then centrifuged at 2000 rpm.
The supernatant was stored at —70°C to measure protein

Mechanical ventilation —
230 min' ~

Postmortem
lung sampling

) BAL
120 min

230 min

240 min

Mechanical ventilation + HF

concentration by the Bradford method [19]. The ratio be-
tween BAL fluid urea and serum urea was used to calcu-
late the dilution of the original protein concentration by
BAL fluid [20].

Evaluation of lung fluid balance

After the experiment protocol was completed all dogs
were rapidly exsanguinated over 5 min. The hili were
clamped, and the right and left lungs were excised. The
exsanguinated total lung wet weight was measured. Ap-
proximately 10-g samples were obtained from the left
lower lobe and were desiccated in an oven at 55°C for
72 h to determine the lung wet-to-dry weight ratio.

Lung histopathology

Briefly, at least three pieces of lung tissues (approx.
2x1x0.5 cm) obtained from the right and left upper lobe
were placed into 10% buffered formalin for 24 h. Lung
tissue was embedded in paraffin, and 4-um sections were
cut. Hematoxylin and eosin stained sections were pre-
pared by standard techniques. The degree of microscopic
injury was scored based on the following variables: hem-
orrhage, interstitial edema, necrosis, neutrophil infiltra-
tion, and atelectasis. The severity of injury was judged
by the following criteria [21]: no injury=0; injury to 25%
of the field=1; injury to 50% of the field=2; injury to
75% of the field=3; and diffuse injury=4. A pathologist
who was blinded to the experimental protocol provided a
score for each variable based on the severity of injury.
The sum of all scores was combined to calculate a com-
posite score.

Cytokines measurements

Blood was collected in tubes containing EDTA
(1 mg/ml) and centrifuged immediately at 3,000 rpm for
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Fig. 2 Effect of hemofiltration
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10 min. The plasma was frozen at —70°C for later analy-
sis. Anti-human enzyme-linked immunosorbent assay
kits (Biosource, USA) were used for measurements of
plasma interleukins (IL)6 and 8 and of tumor necrosis
factor (TNF) o under the same experimental conditions.
In preliminary experiments we validated the assays by
using diluted human standards and pooled canine plasma
over a range of concentrations of cytokines. The results
demonstrated there was cross-reactivity between human
and canine TNF-q, IL-6, and IL-8.

Statistical analysis

Statistics analyses were performed SPSS software
(Chicago, I11., USA), and the results are presented as mean
+SD. Intragroup comparisons to parameters at baseline
and those measured after onset of ALI were assessed by
the ¢ test for paired samples and one-way analysis of vari-
ance. The unpaired ¢ test was used to test the difference in
protein concentrations of BAL and the lung wet-to-dry
weight ratios. The Mann-Whitney test was used to access
the significance of the histological scores.
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Results
Hemodynamics

There was a marked increase in pulmonary arterial pres-
sure at the onset of ALI in both groups (p<0.01;
Fig. 2A). There was significantly lower pulmonary arte-
rial pressure at 120 (28+3 mmHg) and 240 min
(264 mmHg) in the MV plus HF group than in the
MV alone group at 120 (42+3 mmHg) and 240 min
(372 mmHg; p<0.01). The pulmonary artery occlusion
pressure showed no significant changes during the
course of ALI (Fig. 2B).

Cardiac output in both the MV and MV plus HF
groups significantly declined at the onset of ALI
(p<0.01; Fig. 2C). A further decrease in cardiac out-
put (0.87+£0.15 1/min) occurred at 240 min in the
MYV alone group. In contrast, at 240 min cardiac
output (1.45+0.35 1/min) was significantly higher
in the MV plus HF group. Left ventricular stroke
work (20+7 g m~! min~') was significantly higher in
the MV plus HF group than the MV alone group



2038

O mv
A 259 B @ nviHF
(=}
] o
o
§ 20 1 5 16
g £
F €
2 S
5 15 E 121
2= @
£ 5
m 1 - = |
s " , o8
= *4 g
g | :
g5 g 041
o
b— 2PN E—
baseline 0 120 240 baseline 0 120 240
Time (min) Time (min)
c D
1401 30 1
1201 -
@
100 S
e £ 20
T g0 £
E @ 15
=, 60 1 3
0 g0
o 407 >
g |
20 1
gd— i i . 0 +— . - .
basslire 0 120 240 baseline 0 120 240

Time (min) Time (mlrl)

Fig. 3 Effect of hemofiltration on lung mechanics and oxygen-
ation. A Peak inspiratory airway pressure. B Respiratory compli-
ance. *p<0.05 ALI at 240 min vs. ALI at O min in the MV plus HF
group, # p<0.05 ALI at 240 min in the MV plus HF group vs. at
240 min in the MV alone group. C PaO, and D Venous admix-
ture. *p<0.05 MV plus HF at 240 min vs. MV at 240 min,
*#p<0.01 ALI at O min vs. baseline in both groups, # p<0.01 0 min
vs. 240 min in the MV plus HF group. FIO, was 0.21 for baseline
and ALI at O min. Values are means +SD; n=6 in the MV alone
group; n=>5 in the MV plus HF group

(10£4 g m~! min~') at 240 min (p<0.01; Fig. 2D). HF
had no impact on systemic arterial pressure or heart rate
(Fig. 2E, F).

Lung mechanics

Peak respiratory airway pressure was significantly lower
at 240 min (9+2 cmH,0) in the MV plus HF group
(p<0.05; Fig. 3A). Also, lung compliance in the MV
plus HF group (1.28+0.28 ml cmH,0-! kg-1) was signif-
icantly higher at 240 min than in MV alone group
(0.77+0.42 ml cmH,O~! kg-1; p<0.05; Fig. 3B).

Oxygenation and venous admixture

PaO, decreased below baseline at the onset of ALI to an
equivalent level in the two groups (p<0.01; Fig. 3C).
MV did not significantly elevate the PaO, at either
120 min or 240 min (p>0.05). However, PaO, was
significantly higher in the MV plus HF group
(107£6 mmHg) at 240 min than in the MV alone group
(70£8 mmHg; p<0.01). The venous admixture was also
significantly better at 240 min with MV plus HF (9+2%)
than with MV alone (15+4%; p<0.01; Fig. 3D).

Soluble mediators in plasma

Plasma IL-6 was significantly lower at 240 min in the
MYV plus HF group (18+7 pg/ml) than in the MV alone
group (35+8 pg/ml; p<0.05; Fig. 4A). There was also a
lower plasma IL-8 level at 240 min (4+3 pg/ml) with
MV plus HF than with MV alone (16+8 pg/ml; p<0.01;
Fig. 4B). There were no changes in plasma TNF-a level
in either group (Fig. 4C).

Fig. 4 Changes in cytokine QO mv
levels in the plasma. A IL-6. A B C
B IL-8. C TNF-a. *p<0.05 ALI 50 251 12 1 @ Mv+HF
at 0 min vs. at 240 min in the
MV alone group, # p<0.05 at — —
240 min in the MV plus HF E 409 &
group vs. at 240 min in the MV 2 "8"_1 =
alone group, ## p<0.01 at ~ 30 — E
240 min in the MV plus HF “g ‘:f:. 2
group vs. at 240 min in the MV = = e
alone group. Values are means a 297 = W
+SD; n=6 in the MV group, 55 5 Z
n=5 in MV plus HF group £ 104 Y= =
0 T T T T 0 T T T T 0 r T r .
baseline 0 120 240 baseline 0 120 240 baseline 0 120 240
Time (min) Time (min) Time (min)
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Fig. 5 A Albumin concentration of BAL in the MV alone and MV
plus HF groups. *p<0.05 MV at 240 min vs. MV plus HF at
240 min. B Effect of hemofiltration on lung fluid balance as mea-
sured be the lung wet-to-dry weight ratio in oleic acid induced
acute lung injury. *p<0.05 vs. 240 min in MV group. Values are
means £SD; n=6 in the MV group; n=5 in the MV plus HF group

Protein concentration of bronchoalveolar lavage fluid

HF reduced permeability to protein in the lung, as re-
flected by a lower albumin concentration in BAL of the
MYV plus HF group (Fig. 5A).

Evaluation of lung water

The wet weight of lungs in the MV plus HF group
(327431 g) was significantly lower than that in the MV
alone group (384+21 g; p<0.05). The lung wet-to-dry
weight ratio was also significantly lower in the MV plus
HF group than the MV alone group (Fig. 5B).

Lung histopathology

HF significantly reduced the lung interstitial edema, neu-
trophil infiltration, atelectasis, and total lung injury his-
tology score (Fig. 6A). This difference is illustrated in a
representative histological section (Fig. 6B, 1-4). Light
microscopic findings in the MV alone group included
hemorrhage and edema, thickened alveolar septum, for-
mation of hyaline membranes, and the existence of in-
flammatory cells in alveolar spaces (Fig. 6B, 1-2). In HF
group these changes were far less marked than in the
MYV alone group (Fig. 6B, 3-4).

Discussion

The potential efficacy of HF for treating ALI is based
in part on the hypothesis that HF will remove humoral
mediators of ALI, resulting in less lung edema. To test
this hypothesis we used a well established animal model
of oleic acid induced ALI to study the effects of HF
on systemic and pulmonary hemodynamics, gas ex-
change, lung mechanics, lung fluid balance, lung histol-
ogy, and the clearance of soluble mediators in the blood-
stream.

Oleic acid infusion generated ALI with sustained
arterial hypoxemia, pulmonary hypertension, compro-
mised cardiovascular performance [22], and lung edema
[16]. Therefore we used this canine model to test the
hypothesis that HF would improve cardiopulmonary
parameters, reduce lung edema, and favorably alter the
balance of pro- and anti-inflammatory cytokines. The
present experimental study showed that HF improves
cardiac output, stroke volume, and left ventricular stroke
work. These results show that HF is beneficial for hemo-
dynamics in oleic acid induced ALI. The beneficial
effects of HF on pulmonary and cardiac function have
been reported in several previous studies in animal [11,
12, 23] and human studies [24, 25]. Boga et al. [26]
found that cardiac output, cardiac index, and systemic
vascular resistance values are significantly improved in
hemofiltered patients with sepsis. Grootendorst et al.
[27] concluded that high volume HF improves right ven-
tricular function by removal of vasoactive mediators that
are responsible in part for myocardial depression in
endotoxin-induced shock in the pig. Hemofiltration im-
proved hemodynamics by improving contractility and
possibly by reducing myocardial edema in children fol-
lowing cardiac surgery [28].

The data from this study demonstrate that HF reduces
the severity of experimental ALI by several physiologi-
cal gravimetric and histological criteria (Fig. 6A, B).
There are two possible mechanisms for the beneficial ef-
fects: HF reduces lung vascular hydrostatic forces and/or
lung vascular permeability. Pulmonary arterial pressure
was significantly decreased by 9-10 mmHg in the MV
plus HF group after 4 h of treatment, although there
was no change in pulmonary artery occlusion pressure
(a surrogate for left atrial pressure). This reduction in
pulmonary artery pressure may have reduced lung vascu-
lar pressure, providing one possible mechanism for the
reduction in lung water with the HF treatment. There
was also a decline in lung permeability, reflected by a
lower albumin concentration in the BAL of the MV plus
HF group. Lung histology also demonstrated that there
were fewer inflammatory cells and less alveolar injury in
the MV plus HF group than in the MV group. The most
likely explanation for the beneficial effect on lung per-
meability was that HF removed proinflammatory cyto-
kines from the plasma.
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hemorrhage edema

IL-6 and IL-8 seem to play a role in clinical and ex-
perimental ALI [14, 29, 30]. IL-8 binds to specific re-
ceptors on neutrophils and augments their migration and
degranulation to participate in ALI. Elimination of IL-8
in the plasma would decrease the migratory signal for
and activation of polymorphonuclear neutrophils. Gener-
ally the molecular weights of both IL-6 (21 kDa) and IL-
8 (8 kDa) are under the cutoff point of the hemofilter;
the removal of plasma IL-6 and IL-8 may be through
either convection or adsorption, or both. Some data sug-
gest that adsorption is the most important clearance
mechanism, especially immediately after the start of HF
[31, 32]. The rapid early decline in plasma concentration
strongly suggests membrane adsorption as the major
mechanism for mediator removal [33]. In the present
study HF plus MV significantly decreased the plasma

necrosis infiltration atelectasis

levels of IL-6 and IL-8 at 240 min compared to MV
alone. This may be a mechanism to explain the reduction
in lung injury in the MV plus HF group. In a pig model
with endotoxin-induced ALI HF improved arterial oxy-
genation and lung function independently of the im-
provement in hemodynamics, fluid removal, and body
temperature [34]. Some clinical studies have reported
that HF reduced IL-6 and IL-8 concentrations in the
plasma, findings that were associated with improved out-
comes in the patients with sepsis and multiple organ fail-
ure [24, 33, 35, 36, 37, 38]. Experimental studies also
demonstrated that removal of cytokines by HF was relat-
ed to a better prognosis [9, 32].

TNF-o was not significantly changed in either group,
suggesting that TNF-o is not altered during the short-
term of oleic acid induced ALI. Others have found that
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TNF-a levels do not change in a piglet model of oleic
acid induced ALI [22].

In the present study the HF was performed in the
early phase of ALIL Recent findings have shown that
removal of proinflammatory cytokines by prophylactic
HF or HF in the early phase of disease may be associated
with better clinical outcomes [9, 24, 35, 37, 39]. There-
fore early elimination of cytokines in the oleic acid in-
duced ALI dogs may have contributed to reduced lung
vascular permeability and lung water and to the im-
proved cardiac function.

In summary, continuous HF improved cardiopul-
monary function and reduced pulmonary edema and

the severity of oleic acid induced lung injury in dogs,
probably because of both a reduction in hydrostatic
pressure (lower pulmonary arterial pressure) and a
reduction in lung vascular permeability, perhaps in
part by removing proinflammatory cytokines from the
plasma.
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