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Background: During extracorporeal membrane oxygen-
ation (ECMO), circulation of blood across synthetic surfaces 
triggers an inflammatory response. Therefore, we evaluated 
the ability of continuous renal replacement therapy (CRRT) to 
remove cytokines and reduce the inflammatory response in a 
piglet hemorrhage–reperfusion ECMO model.
Methods: Three groups were studied: (i) uninjured con-
trols (n = 11); (ii) hemorrhage–reperfusion while on veno-
arterial ECMO (30% hemorrhage with subsequent blood 
volume replacement within 60 min) (n = 8); (iii) treatment with 
CRRT after hemorrhage–reperfusion while on ECMO (n = 7). 
Hemodynamic parameters, oxygen utilization, and plasma and 
broncho-alveolar lavage (BAL) cytokine levels were recorded 
and lung tissue samples collected for histologic comparison.
Results: Whereas mean arterial pressures decreased among 
hemorrhage–reperfusion piglets, ECMO with CRRT did not 
significantly alter mean arterial pressures or systemic vascular 
resistance and was able to maintain blood flow as well as oxy-
gen delivery after hemorrhage–reperfusion. Plasma interleukin 
(IL)-6 and IL-10, and BAL tumor necrosis factor (TNF)-α, IL-1β, 
IL-6, IL-8, and IL-10 increased as a result of hemorrhage–reper-
fusion while on ECMO. After a 6-h period of CRRT, plasma IL-6 
and BAL TNF-α, IL-6, and IL-8 levels decreased.
Conclusion: Data suggest CRRT may decrease inflamma-
tory cytokine levels during the initial phase of ECMO therapy 
following hemorrhage–reperfusion while maintaining cardiac 
output and oxygen utilization.

Extracorporeal membrane oxygenation (ECMO) is used to 
support patients with cardiac and/or respiratory failure that 

is unresponsive to conventional therapies. A large body of data 
exists that demonstrates its usefulness in neonatal and pediat-
ric patients in cases of unresponsive pulmonary hypertension, 
respiratory failure, sepsis, and emergency temporary cardiac 
support (1,2).

However, direct circulation of blood across synthetic surfaces 
escalates a pro-inflammatory response, further exacerbating a 
disease process that is already associated with the activation 

of the inflammatory cascade (3). In addition, the lung plays 
a major role as a site of inflammation during extracorporeal 
therapy (4). Levels of pro-inflammatory cytokines, such as 
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and 
IL-8, are increased in patients as early as 3–4 h after placement 
on ECMO and/or cardiopulmonary bypass (CPB) (4–8).

In addition to exacerbation of the inflammatory cascade, 
ECMO therapy is associated with volume overload, acute renal 
failure, and blood loss from coagulopathy and consumption 
(9,10). Management of these fluid imbalances either with crys-
talloid, colloid, or blood products can still paradoxically pro-
duce a progressive destruction of reversibly damaged cells. This 
“reperfusion injury” has a multifactorial etiology but appears 
to be strongly associated with an inflammatory response. With 
the return of blood flow, several inflammatory processes may 
occur that potentiate ischemic injury, including the follow-
ing: leukocyte adhesion and infiltration, free radical release, 
and production of pro-inflammatory cytokine molecules (11). 
Therefore, improved therapeutic approaches that can dimin-
ish the inflammatory response secondary to pro-inflammatory 
cytokines are needed.

One such strategy involves continuous renal replacement 
therapy (CRRT). CRRT operates via several pathways of 
inflammatory mediator elimination, to include adsorption, 
diffusion, and convection (12–14). Although CRRT has been 
reported to demonstrate efficacy in the removal of IL-6 in 
adults with septic shock (15), its use in neonatal and pediat-
ric ECMO populations was initially reported in the setting of 
concurrent acute renal failure (9,16), Recently, some have sug-
gested expanding the role of CRRT into non-renal settings, 
such as ECMO, CPB, and septic shock, for its “blood cleans-
ing” abilities (1,12).

The goal of this research project was to investigate whether 
removal of cytokines via CRRT can improve lung function and 
decrease inflammation in a piglet hemorrhage–reperfusion 
ECMO model. We hypothesized that removal of pro-inflamma-
tory cytokines will reduce the overall inflammatory response 
and improve hemodynamic function and oxygen utilization.
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Results
Hemodynamics and Oxygen Utilization
Among ECMO/hemorrhage-reperfusion piglets that did not 
receive CRRT (group 2), mean arterial pressures decreased 
with hemorrhage (47 ± 5 mm Hg) and remained significantly 
lower in group 2 than timed controls (group 1) at S + 6 h (65 
± 6 mm Hg) even with blood volume replacement. CRRT pig-
lets’ (group 3) mean arterial pressures (77 ± 4 mm Hg) were 
comparable with levels in timed controls at S + 6 h (P < 0.05) 
(Figure 1a). ECMO was able to maintain blood flow after hem-
orrhage–reperfusion, with no significant differences in cardiac 
output among all piglets at S + 6 h. (Figure 1b)

Neither oxygen delivery nor oxygen consumption dif-
fered significantly among hemorrhage–reperfusion or 
CRRT piglets as compared with timed controls at S + 6 h. 
(Figure 2a,b) In order to maintain steady-state oxygen con-
sumption needs, oxygen extraction ratios were consistently 
increased among hemorrhage piglets (0.55 ± 0.07), but as 
consumption demands decreased among CRRT piglets, 
their oxygen extraction ratios decreased (0.45 ± 0.07) to lev-
els comparable with timed controls (P < 0.05) (Figure 2c). 

There were no significant differences in ventilator settings, 
i.e., peak inspiratory pressure, rate, or peak end expiratory 
pressure, required to maintain targeted tidal volumes of 
6–8 ml/kg.

Cytokine Analyses
No fluctuations in cytokine levels were observed during ECMO 
before hemorrhage, or after hemorrhage/before reperfusion.

Among hemorrhage–reperfused piglets, plasma IL-6 
increased from baseline 27.2 ± 14.2 pg/ml to 202.2 ± 110.8 pg/
ml at S + 6 as a result of hemorrhage–reperfusion while on 
ECMO (P < 0.05) (Figure 3a). Similarly, plasma IL-10 concen-
tration increased from 9.8 ± 6.9 pg/ml to 28.7 ± 20.8 pg/ml at 
S + 6 while on ECMO (P < 0.05) (Figure 3b).

After a 6-h period of CRRT, plasma IL-6 concentrations 
(63.1 ± 19.0 pg/ml) decreased (P < 0.05) (Figure 3a). However, 
plasma IL-10 concentrations remained relatively constant 
(Figure 3b). The majority of piglets in each treatment group 
had undetectable plasma TNF-α concentrations, and conse-
quently, no significant changes were noted. Similarly, IL-1β and 
IL-8 concentrations were essentially undetectable in plasma 
among piglets across the treatment groups but did appear to 
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Figure 1.  Hemodynamic parameters among treatment groups. (a) Mean 
arterial pressure; (b) cardiac output; (c) systemic vascular resistance. 
Baseline = baseline period; hemorrhage; reperfusion; S + n = steady state 
+ n h. * = Significantly different from baseline; † = significantly different 
from timed controls; § = significantly different from hemorrhage (P < 0.05). 
Dark gray diamond = group 1, control; light gray square = group 2, hemor-
rhage; black triangle = group 3, continuous renal replacement therapy.
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Figure 2.  Oxygen utilization among treatment groups. (a) Oxygen deliv-
ery; (b) oxygen consumption; (c) oxygen extraction. Baseline = baseline 
period; reperfusion; S + n = steady state + n h. * = Significantly different 
from baseline; † = significantly different from timed controls (P < 0.05). 
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be preferentially increased in tissue broncho-alveolar lavage 
(BAL) specimens.

BAL TNF-α (157.0 ± 43.9 pg/ml), IL-1β (1410.6 ± 417.0 pg/
ml), IL-6 (151.5±40.0 pg/ml), IL-8 (14591.0 ± 4005.1 pg/ml), 
and IL-10 (40.9 ± 26.0 pg/ml) levels increased as a result of 
hemorrhage–reperfusion while on ECMO at S + 6 (P < 0.05) 
(Figure 4a–e).

After a 6-h period of CRRT, BAL TNF-α (36.0 ± 12.6 pg/
ml), IL-6 (43.4±8.9 pg/ml), and IL-8 (3059.2 ± 1219.8 pg/
ml) levels decreased (P < 0.05). IL-1β (482.1 ± 218.7 pg/ml) 
concentrations showed a tendency toward decline, whereas 
IL-10 (1.4 ± 0.8 pg/ml) levels remained relatively unchanged. 
Lastly, although nonbronchoscopic BAL appears well toler-
ated, significant increases in BAL IL-1β (1484.7 ± 600.2 pg/
ml) and IL-8 (7341.3 ± 2587.8 pg/ml) levels were noted over 
the 6-h steady state period among timed controls (P < 0.05) 
(Figure 4a–e).

Tissue Analyses
There were no significant differences in the histologic analy-
ses among the three groups of piglets. The average score for 
timed controls was 1.17±0.61 as compared with 1.54 ± 0.54 
for hemorrhage–reperfusion piglets and 1.47 ± 0.67 for CRRT 
piglets. The most common finding observed was the presence 
of intra-alveolar polymorphonuclear lymphocytic infiltrates 
(Figure 5).

Discussion
To date, our findings are the first in vivo animal trial in an 
ECMO model to demonstrate that CRRT lowers inflamma-
tory cytokine concentrations without altering hemodynamic 
function and oxygen utilization. Previous studies have cited 
the important role that pro-inflammatory cytokines play in 
the extracorporeal circulation setting. Marti et al. (8) demon-
strated that at as early as 6 h, serum concentrations of IL-1β, 
IL-6, and TNF-α are elevated in patients on CPB, implicat-
ing their role as important mediators of acute inflammatory 
response from exposure of blood components to synthetic 
surfaces. We suspect the differences between patient popula-
tions (human vs. porcine) as well as the underlying disease 
processes influenced the differences in IL-1β and TNF-α levels 
in our study. Furthermore, Golej et al. (6) demonstrated that 
IL-1β and IL-8 appear to be preferentially increased in BAL 
fluid as compared with serum samples during a 5-h period in 
a piglet ECMO model. In addition, they observed increases 
in the anti-inflammatory cytokine IL-10 in BAL fluid. As in 
our study, serum IL-1β levels were essentially undetectable. 
Although their findings implicated the role of the pulmonary 
system in inflammatory mediator production, they did not 
make any correlation with clinical well-being, i.e., worsening 
hemodynamic or oxygen utilization (6). Utilizing the same 
cytokine markers, we were able to make similar conclusions in 
our experimental ECMO model. In addition, we were able to 
distinguish CRRT hemofiltration as a means of mitigating the 
increased inflammatory response and correlate it with clinical 
improvements.

Despite the differences in age, size, and underlying comor-
bidities, adult CRRT findings have been extrapolated to 
pediatric populations because the underlying mechanisms 
of solute clearance are the same, as well as the utilization of 
weight-based operational parameters. Although adsorption 
appears to be the predominant mechanism by which cytok-
ines are initially cleared from the circulation, this mecha-
nism reaches a saturation limit within a few hours. Therefore, 
CRRT’s additional mechanisms of action, namely, convection 
(hemofiltration) and, to a lesser extent, dialysis, likely provide 
additional cytokine clearance (12–14). Pediatric CRRT, as 
well as neonatal CRRT with ECMO, have been limited by case 
reports, small sample size, and single-center studies, making 
generalization and standardization of practice difficult across 
pediatric patients and centers (17,18). Additional reviews of 
institutional experiences with CRRT and ECMO described 
the technical challenges and complications associated with 
continuous venovenous hemofiltration (CVVH) and ECMO 
using objective clinical and/or biochemical markers (9,16). 
Recently, Paden et al. (19), suggested that the combination 
of CVVH and ECMO does not contribute to development of 
chronic renal failure but is associated with higher mortality 
risk than ECMO alone, probably because of the preexisting 
renal failure rather than the introduction of CVVH. In addi-
tion, Santiago et al. (20) analyzed the efficacy and safety of 
the inclusion of CRRT with ECMO in vitro, in a piglet model, 
as well as in selected pediatric patients. Although the use of 
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CRRT was noted to be safe and effective for fluid balance con-
trol, they did not discuss its potential for cytokine removal. 
Therefore, the aim of our study was to evaluate the efficacy 
of CRRT in reducing cytokine levels while improving hemo-
dynamics and oxygen utilization in a piglet ECMO model of 
hemorrhage–reperfusion.

In a trial of early continuous venovenous hemodiafiltra-
tion (CVVHDF)in a piglet model of endotoxin-induced acute 
lung injury without ECMO, Lu et al. (21) reported improved 
cardiopulmonary function, decreased serum inflamma-
tory cytokine levels (TNF-α and soluble TNF receptor), and 
improved pulmonary function in the CVVHDF group during 
a 6-h-long steady-state period. An in vitro study using pooled 
human blood investigating continuous hemofiltration during 
ECMO demonstrated that plasma IL-6, IL-8, and IL-1 receptor 
antagonist concentrations were significantly lower, whereas no 
significant influence of hemofiltration was observed for TNF-α 
and IL-1β levels 22. Although our study was not able to conclu-
sively correlate improved hemodynamic profile with decreased 
pro-inflammatory cytokine levels, we broadened the number 
of observed cytokine markers that increased with injury and 
subsequently declined with CRRT and also differentiated 
between tissue (BAL) vs. plasma cytokine origin.

The effect of the anti-inflammatory cytokine IL-10 on the 
CRRT piglets is unclear; the hemofilter operates on the molec-
ular weight of the molecules and therefore is unable to differ-
entiate between pro- and anti-inflammatory cytokines. What 
may be more clinically relevant is the observation of relatively 
unchanged IL-10 concentrations on CRRT that can continue 

to exert their anti-inflammatory properties which are beyond 
the scope of our 6-h period of observation.

Interestingly, our study clearly demonstrated a difference in 
cytokine levels in the circulation vs. BAL, indicating differen-
tial regulation of cytokine responses from lung tissue sources 
and other sources contributing to blood levels. The preferen-
tial BAL cytokine expression reported in our trial is similar to 
a report of greater expression of TNF-α, IL-6, and IL-8 from 
alveolar leukocytes than plasma leukocytes in humans on CPB 
for ~2 h. Of the cytokines studied, IL-8 gene expression was 
greater in lung tissue than plasma, reflecting the degree of pul-
monary dysfunction (23). In contrast, a 24-h in vitro ECMO 
run using pooled human blood demonstrated elevations in 
plasma IL-6 and IL-8 levels, but by design no BAL/tissue speci-
mens were available for comparison (22).

The use of non-bronchoscopic BAL for treatment of meco-
nium aspiration syndrome to improve oxygenation with a 
targeted volume of 10–15 ml/kg diluted surfactant saline sus-
pension has been reported with modest success in both ani-
mal and human models (24,25). Non-bronchoscopic BAL has 
also been reported in ECMO patients on lung rest who are not 
dependent on native pulmonary function for gas exchange 
(26). We chose to use this technique to allow the comparison 
of plasma vs. tissue sources of cytokine production. Although 
our data could be confounded by inherent lung injury from 
the BAL procedure itself, we accounted for this by establish-
ing a baseline with timed controls to compare cytokine levels 
with the two other piglet groups. In addition, we used dilute 
surfactant in the BAL to mitigate the effect of saline-induced 
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removal of endogenous surfactant production following a 
modified protocol (27).

The lack of significant histologic differences among our 
experimental arms may be the result of a number of causes. 
Modest differences among the histologic scores may be a 
reflection of less severe lung injury related to the limited study 
duration or the result of ECMO as “lung rest/protection” 
modality. Therefore, detecting significantly different scores 
would require a much larger sample size beyond the scope of 
our experimental protocol.

There are some limitations to our study. We did not include 
an additional control group of piglets on ECMO without 
hemorrhage–reperfusion because the focus of our study was 
to determine the efficacy of cytokine clearance in an animal 
model with established cytokine upregulation associated 
with an underlying disease/injury state. As discussed in the 
results, analyses obtained shortly after ECMO initiation and 
before hemorrhage–reperfusion did not produce substan-
tially elevated cytokine levels, and therefore we designed our 
model to combine the cumulative effect of ECMO and hem-
orrhage–reperfusion in order to establish substantial cytokine 
upregulation. Bradykinin release syndrome is a well-known 
response when blood comes into contact with AN69 mem-
branes used in CRRT circuits, which can contribute to our 
inflammatory cytokine profiles (28). We mitigated this effect 
by continuously monitoring pH in the ECMO circuit and 
administering additional sodium bicarbonate after CRRT 
initiation if acidosis was observed. Similar to other studies, 
our experimental timeline spanned only a 6-h steady state 
period, and may limit its applicability in the clinical realm, 
where ECMO therapy lasts for days to weeks. Furthermore, 
the limited study duration may not detect cytokine elevations 
that peak later, such as IL-1β, whose peak may occur as late 
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Figure 5.  Histological review of lung specimens. (a) Uninjured timed 
control with no intra-alveolar inflammatory cells. (b) Hemorrhage–
reperfusion piglet demonstrating moderate presence of intra-alveolar 
inflammatory cells. (c) Continuous renal replacement therapy piglet with 
slightly decreased number of inflammatory cells within the alveolar space. 
Original magnification ×400 (a–c).
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as 24 h following CPB (7). Our focus therefore only addresses 
the effect of removal of cytokine elevations that occur dur-
ing the period following ECMO initiation. The effect of long-
term consequences of this strategy on hemodynamics and 
oxygen utilization warrants further study.

In conclusion, placement on venoarterial ECMO with sub-
sequent hemorrhage–reperfusion increases inflammatory 
cytokines in both plasma and BAL specimens and has a det-
rimental effect on overall hemodynamic function and oxygen 
utilization in our experimental model. There appears to be 
preferential expression of certain cytokines from lung tissue 
(BAL) vs. plasma specimens. CRRT may decrease inflamma-
tory cytokine levels during the initial phase of ECMO ther-
apy following hemorrhage–reperfusion while maintaining 
cardiac output and oxygen utilization.

Methods
This study was approved by the Institutional Animal Care and Use 
Committee at Tripler Army Medical Center. Investigators complied 
with the policies as prescribed in the National Research Council’s 
Guide for the Care and Use of Laboratory Animals and the USDA 
Animal Welfare Act. Animals were handled in accordance with the 
National Institutes of Health guidelines in facilities fully accredited 
by the American Association for Accreditation of Laboratory Animal 
Care International.

Animal Preparation
Sus scrofa Yorkshire-cross piglets of either gender weighing 7–9 kg were 
sedated initially with intraperitoneal pentobarbital 30 mg/kg. A surgical 
plane of anesthesia was maintained using additional doses (5–30 mg/
kg) of pentobarbital every 1 h or more frequently as needed. Piglets 
were intubated with a 5.0 mm cuffed endotracheal tube and mechani-
cally ventilated in a pressure-controlled mode (Maquet Servo-I, Solna, 
Sweden) with fraction of inspired oxygen (FiO2) = 21%, inspiratory 
time = 0.35 s, respiratory rate = 40 bpm, peak end expiratory pressure 
= 2 cm H2O, peak inspiratory pressure = 12 cm H2O. Peak inspiratory 
pressure was titrated to maintain a tidal volume of 6–8 ml/kg and rate 
was adjusted to maintain end-tidal CO2 of 35–45 torr (4.7–6.0 kPa). 
Continuous mean arterial blood pressure monitoring and cardiac out-
put calculations by thermodilution were obtained via a 5–6 French 
catheter situated in the abdominal aorta. A 5–6 French Swan–Ganz 
catheter was placed via the left femoral vein for continuous pulmonary 
artery pressure, pulmonary artery wedge pressure, continuous infu-
sion of normal saline at 0.1 ml/kg/min to maintain euhydration, medi-
cation administration, and venous blood sampling. Final position was 
verified by characteristic pressure wave form.

Central venous pressure, blood pressures, and urine output were 
continuously monitored and used as an indication of appropriate 
resuscitation.

All pressure monitoring catheters were coupled to transducers, 
zeroed to the level of the mid-heart of the pigletand connected to a 
cardiorespiratory monitor (Philips MP70, Boeblingen, Germany). 
Standard cardiovascular function and blood oxygenation calculations 
were performed for the calculation of cardiac output, heart rate, stroke 
volume, systemic vascular resistance, pulmonary vascular resistance, 
oxygen content, oxygen delivery, oxygen extraction, and shunt frac-
tion. Measurements are reported as mean values ± SEM.

Experimental Protocol
Piglets were divided into three groups: group 1 uninjured timed con-
trols (n = 11), group 2 ECMO/hemorrhage–reperfusion controls (n = 
8), and group 3 ECMO/hemorrhage–reperfusion treated with CRRT 
(n = 7) (Figure 6).

After the initial 60-min period of stabilization after catheter-
ization, piglets were monitored for a 20-min period defined as the 
baseline before the initiation of venoarterial ECMO in groups 2 and 
3. Hemodynamic measurements and blood gases were obtained at 

baseline, during and after hemorrhage–reperfusion injury on ECMO, 
and at three time points (S + 2, S + 4, S + 6 h) during the 6-h steady-
state period after reperfusion. Group 1 timed controls were monitored 
at the same corresponding time points as in groups 2 and 3.

Blood Samples
Along with the usual hemodynamic measurements and blood gases, 
arterial blood samples were drawn for hormone, electrolyte, and 
cytokine analyses. Control animals in group 1 were sampled at the 
same time points of hemorrhage–reperfusion periods as group 2 and 
3 animals. After separation of the plasma, the red cells were returned 
to the piglet after reconstitution with equivalent volume of normal 
saline to maintain blood volume and oxygenation.

Extracorporeal Circuit
ECMO cannulae were placed for venoarterial ECMO delivery with 
a 8–10 French cannula placed in the aortic arch via the left internal 
carotid artery, a 12–14 French venous cannula aligned with the right 
atrium via the right external jugular vein, and an 8–10 French cephalad 
cannula via the right external jugular vein for additional venous flow. 
ECMO circuits were primed by the introduction of CO2, 0.9% saline 
solution, and then filled with whole blood freshly harvested within 
24 h from donor Sus scrofa pigs weighing 50 kg (donor pigs were 
anesthesized with isoflurane and bled via a left internal carotid artery 
catheter cut-down). Sodium bicarbonate, calcium chloride, and 100 
units of heparin were then added. The total priming volume was 
450 ml. ECMO flow was driven by centrifugal pump (Jostra-Rotaflow 
HL20, Maquet, Rastatt, Germany) through a hollow-fiber membrane 
oxygenator (Quadrox, Jostra, Maquet, Rastatt, Germany) After can-
nulation, peak end expiratory pressure and inspiratory time were 
increased to improve functional residual capacity. FiO2 remained at 
21%, respiratory rate halved, and peak inspiratory pressure adjusted 
to maintain a tidal volume of 6–8 ml/kg as part of a “lung rest” strat-
egy on ECMO.

Hemorrhage–Reperfusion Model
To further induce an inflammatory response in groups 2 and 3, addi-
tional blood volume was removed from the ECMO circuit to create 
an ~50% decrease in mean arterial blood pressure. Approximately 
15 ml/kg of whole blood, or 30% of blood volume of the piglet, was 
removed over a 15-min period. Thirty minutes of stabilization fol-
lowed to simulate “control of bleeding” and then blood volume was 
transfused to target a return to baseline mean arterial pressures to 
simulate “reperfusion.”

CRRT
CVVHDF was performed using the Prismaflex machine consisting 
of four roller pumps with air detector, bubble trap, pressure limiter 
(Gambro, Lakewood, CO), and a hemofilter (M60 membrane filter, 
Gambro), an AN69 membrane with a cutoff point of <30,000 Da 
and surface area of 0.6 m2. The AN69 is an acrylonitrile and sodium 
methallyl sulfonate high-flux membrane with an adsorptive function 
usually saturated within a few hours. Total saline priming volume of 
93 ml was utilized. The inlet (arterial) and outlet (venous) lines of the 
CRRT were connected via separate three-way valves before the cen-
trifugal pump. Zero-balanced CVVHDF was initiated after comple-
tion of hemorrhage–reperfusion time period and continued for the 
6-h steady-state period. CVVHDF was performed with a blood flow 
rate of 75 ml/min (~9–10 ml/kg/min), dialysis rate of 500 ml/h with 
PrismaSate BGK 4/0/1.2 (containing bicarbonate, glucose, potas-
sium, magnesium with an osmolarity of 296 mOsm/l; Gambro), 
post-filter ultrafiltration rate of 50 ml/h with normal saline, and pre-
filter replacement rate of 350 ml/h (~35 ml/kg/h) with PrismaSate 
BGK 4/0/1.2.

Protocol for BAL
Non-bronchoscopic BAL was performed using a volume of 16 ml/
kg diluted surfactant saline suspension (2 mg surfactant/1ml fluid) at 
the following three time points: baseline, after injury (ECMO/hem-
orrhage–reperfusion), and at the end of steady state (S + 6 h). The 
entire procedure lasted ~2 min and has been previously described 
(27). Porcine lipid extract surfactant was used (Curosurf, Chiesi 
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Farmaceutici SpA, Parma, Italy). After collection, the samples were 
centrifuged at 4,000 rpm for 15 min, and the supernatant and pellet 
were separated and frozen at −70 °C for further analyses.

Cytokine Assays
Plasma and BAL supernatant concentrations of circulating pro-
inflammatory cytokines TNF-α, IL-1β, IL-6, and IL-8 and the anti-
inflammatory cytokine marker IL-10 were measured using commer-
cially available solid-phase enzyme-linked immunosorbent assay kits 
specific for swine cytokines (ALPCO Diagnostics, Salem, NH) using 
monoclonal antibodies specific for each test marker. All samples and 
standards were assayed in duplicate, and inflammatory protein con-
centrations were determined on the basis of a standard curve and 
reported as mean values ± SEM.

Tissue Sampling
All animals were killed after the last observed treatment period. 
Tissue samples from the upper, middle, and lower segments of each 
lobe of the lung were collected from the piglets and fixed in 10% buff-
ered formalin. Six-micrometer-thick paraffin sections were stained 
with hematoxylin and eosin. These sections were examined under a 
light microscope by a pathologist blinded to the treatment groups. A 
four-point (0, 1, 2, and 3) scoring system was used to assess individual 
characteristics of each section for intra-alveolar inflammatory cells 
(other than macrophages), alveolar fibrin edema, septal thickening, 
and alveolar hemorrhage by both extent and severity. These variables 
were scored using this scale: 0 = no injury, 1 = mild injury (<25%),  
2 = moderate injury (25–50%), 3 = severe injury (>50%). A total score 
was calculated from the sum of the individual scores.

Statistical Analyses
Values are expressed as means ± SEM. Data were analyzed using a 
two-way ANOVA with repeated measures over time (JMP 4.0.4 pro-
gram, SAS Institute, Cary, NC). Post hoc comparisons between treat-
ment groups were performed with Student’s t-test. A P value of < 0.05 
was considered significant.
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