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Background: Early goal-directed therapy (EGDT) is used to reduce mortality from septic shock and could be used in early flu-
id resuscitation of acute respiratory distress syndrome (ARDS). The aim of the present study was to assess the
effects of restrictive (RFR) and nonrestrictive fluid resuscitation (NRFR) on hemodynamics, oxygenation, pulmo-
nary function, tissue perfusion, and inflammation in piglets with pulmonary or extrapulmonary ARDS (ARDSp
and ARDSexp).

Material/Methods: Chinese miniature piglets (6-8 weeks; 15+1 kg) were randomly divided into 2 groups (n=12/group) for estab-
lishing ARDSp and ARDSexp models, and were further divided into 2 subgroups (n=6/subgroup) for perform-
ing RFR and NRFR. Piglets were anesthetized and hemodynamic, pulmonary, and oxygenation indicators were
collected at different time points for 6 hours. The goal of EGDT was set for PiCCO parameters (mean arterial
pressure (MAP), urine output and cardiac index (CI), and central venous oxygen saturation (ScvO,).

Results: Piglets under RFR had lower urine output compared with NRFR, as well as lower total fluid volume (P<0.05). EVLW
was decreased in ARDSp+RFR and NRFR, as well as in ARDSexp+RFR, but EVLW increased in ARDSexp+NRFR
(P<0.05). Pa0,/FiO, decreased in ARDSp using both methods, but was higher with RFR (P<0.05), and was in-
creased in ARDSexp+RFR. Other pulmonary indicators were comparable. The anti-inflammatory cytokines IL-10
and LXA4 were increased in ARDSexp after RFR (P<0.05), but not in the other groups.

Conclusions: RFR led to better oxygenation in ARDSp and ARDSexp compared with NRFR, but fluid restriction improved ox-
ygenation in ARDSexp only.
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Background

ANIMAL STUDY

Material and Methods

Acute respiratory distress syndrome (ARDS) is an acute inflam-
matory response that compromises the alveolar-capillary mem-
brane integrity [1] and is characterized by bilateral pulmonary
infiltrates and severe hypoxemia in the absence of evidence of
cardiogenic pulmonary edema [2]. ARDS is associated with sig-
nificant mortality (26-58%) [3-5]. ARDS may be classified based
on pulmonary (ARDSp) or extrapulmonary causes (ARDSexp).
The etiology, pathophysiology, treatments, and outcomes of
ARDSp and ARDSexp are different [6-8]. Since ARDSp main-
ly show lung consolidation and because ARDSexp predomi-
nantly show interstitial edema and alveolar collapse [6], the
2 diseases might not respond in the same manner to fluid re-
suscitation, and appropriate fluid management is critical [9].

Whether restrictive fluid resuscitation (RFR) could be used in
the treatment of ARDS is still controversial [9,10]. RFR could
improve pulmonary function in ARDSexp by reducing capillary
hydrostatic pressure and relieving high permeability-induced
interstitial edema [10]. However, because ARDSp is manifest-
ed by alveolar exudate, low lung compliance and low lung ca-
pacity, RFR could cause a reduction in effective circulation and
further aggravate the ventilation-perfusion imbalance [10].

Early goal-directed therapy (EGDT) can correct hemodynam-
ic abnormalities and alleviate tissue hypoxia during the early
phases of the disease [11]. EGDT could also be used in early
fluid resuscitation of ARDS [12]. According to the strategy pro-
posed by ARDSnet [13], using mean arterial pressure (MAP),
central venous oxygen saturation (ScvO,) and urine output as
targets of EGDT resuscitation would better distinguish and
guide the use of RFR and NRFR.

sICAM-1 overexpression is a major factor contributing to cap-
illary endothelial cell injury, increasing vascular permeability
and blood barrier damage [14]. SP-A reflects the status of al-
veolar epithelial barrier injury [15]. The intact alveolar-capil-
lary barrier could inhibit SP-A from entering the blood, thus
only a trace amount of SP-A could be detected in the serum.
In turn, the normal alveolar-capillary barrier can inhibit se-
rum sICAM-1 from entering the pulmonary interstitium and
alveoli, but damaged alveolar-capillary barrier may result in
bidirectional leak of both SP-A and intravascular substances.

Therefore, a hypothesis was raised: RFR and NRFR lead to
different oxygenation parameters in ARDSp and ARDSexp.
Therefore, the aim of the present study was to assess the ef-
fects of RFR and NRFR on hemodynamics, oxygenation, pul-
monary function, tissue perfusion and inflammation in piglet
models of ARDSp or ARDSexp. This study may help to suggest
new criteria for clinical selection of individualized early fluid
therapy for ARDS.

Experimental animals and grouping

Twenty-four Chinese miniature piglets (6-8 weeks; 15+1 kg;
Huangpi experimental station of the national technology sys-
tem of pig industry, Hubei, China) were randomized into 2
groups (n=12/group) for establishing ARDSp (group A) and
ARDSexp (group B) models. Pigs in both groups were further
randomized into 2 subgroups (n=6/subgroup) for performing
RFR (groups Al and B1) or NRFR (groups A2 and B2). All ran-
domization processes were performed using random number
tables. All procedures and animal experiments were approved
by the Animal Care and Use Committee of the Tongji Medical
College, Huazhong University of Science and Technology
(Hubei, China).

Establishment of ARDS models

Anesthesia was induced by injection of ketamine IM (4 mg/kg),
midazolam IV (0.3 mg/kg) and propofol IV (2 mg/kg), and main-
tained by continuous infusion of 2% propofol (0.3-0.4 mg/kg/h)
and fentanyl (8 pg/kg/h). Vecuronium (0.1 mg/kg) was inject-
ed to make sure that the animals were not breathing on their
own. The trachea was orally intubated and the animals were
spontaneously breathing during the instrumentation period.
After the instrumentation period, the animals were not spon-
taneously breathing.

A Healthcare 16448 Ventilator (Viasis Healthcare, USA) was
used to control breathing, and the initial respiratory parameters
were set as tidal volume of 8-10 mL/kg, respiratory rate of 25
bpm, FiO, 40% and positive end-respiratory pressure (PEEP) of
0 cmH,0, and partial pressure of carbon dioxide (PaCO,) was
maintained within 35-45 mmHg. During induction of the lung
injury, the ventilator settings were adjusted to: tidal volume 6
mL/kg, FiO, 1.0 and PEEP 5 cmH,0. After induction of the lung
injury, PEEP was increased to 10 cmH,0, which was indicative
of ARDS [16-18]. Oxygenation was also verified and had to be
representative of ARDS [16-18].

Since the pig is a superior mammal that shares many phys-
iological similarities with humans, the use of the PiCCO sys-
tem in pigs might be warranted. The PiCCO system has been
used in pigs in a number of studies [19,20]. The right femo-
ral artery was isolated. A PiCCO (PV2013L07; Pulsion Medical
Systems, Fedkirchen, Germany) was placed and connected to
an IntelliVue MP60 monitor (Philips, Best, The Netherlands) for
monitoring heart rate (HR), MAP, and cardiac index (Cl). Ice-
cold normal saline (15-20 ml) was injected into the central ve-
nous catheter rapidly for measuring cardiac output (CO) and
extravascular lung water (EVLW). Partial arterial oxygen pres-
sure (Pa0,), arterial oxygen saturation (Sa0,), venous oxygen
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saturation (SvO,) and hemoglobin (Hb) were assessed to eval-
uate oxygen delivery (DO,), oxygen uptake (VO,), and oxygen
extraction ratio (O,ER). Each data were tested thrice and the
mean value was used.

The right internal jugular vein was isolated. A catheter (CS-14502,
Arrow International Inc., Asheboro, NC, USA) was placed for mon-
itoring CVP. A PiCCO probe was connected. A tonometry cathe-
ter (16G; Datex Ohmeda, Helsinki, Finland) was introduced via
the mouth through the esophagus into the stomach, and was
connected to a tonometer (Datex Ohmeda, Helsinki, Finland) for
detecting gastric intramural pH (pHi). pHi has been shown to
reflect gastric perfusion [21,22]. In the present study, pHi was
used to reflect the effect of fluid resuscitation [22]. Cystostomy
was performed to monitor hourly urine output.

The ARDSp model was established by a single intratrache-
al injection of hydrochloric acid (Chemical Reagent Factory of
Xinyang, Henan, China) at a low dose (0.1 mol/L, 3.5 mL/kg) [1].
The ARDSexp model was established by the IV injection of ole-
ic acid (101064923; Sigma, St Louis, MO, USA) at a dose of 0.05
mL/kg [1]. Modeling was completed within 30 min. After lung mod-
eling, piglets were observed for 90 min and their arterial blood
gas was sampled every 15 min. Piglets showing a PaO,/FiO, <200
mmHg twice within 30 min were considered as successful models.

Fluid resuscitation

Piglets received Ringer’s lactate solution IV before fluid resus-
citation. The dose of Ringer’s lactate solution was calculated
as: 4 ml/kg/h for the first 10kg of body weight; 2ml/kg/h for
the second 10kg; and 1ml/kg/h for the remaining kg.

After successful model establishment, RFR piglets were in-
fused with fluid at the initial rate if their CVP met the criteria
(CVP=3 cmH,0). If CVP exceeded the criteria, the infusion rate
was decreased by 50%, or furosemide was used for diuresis
when urine output was <0.5 ml/kg/h. NRFR piglets were in-
fused with fluid at the initial rate if their CVP met the crite-
ria (CVP=10 cmH,0). If piglets’ CVP was lower than this val-
ue, the infusion rate was increased by 50% or above until the
CVP reached the criteria.

EGDT

CVP was maintained at 3 cmH,0 in the RFR groups (Al and
B1), and at 10 cmH,0 in the NRFR groups (A2 and B2). The
subsequent goal of fluid resuscitation was set as MAP >50
mmHg, urine output >0.5 mL/kg/h, Cl >2.5 L/min/m? and
Scv0, >70%. Piglets’ MAP, urine output and CI were continu-
ously monitored, and their ScvO, was detected every 30 min.
Norepinephrine (0.5-1 pg/kg/min) was used if the MAP was
lower than 50 mmHg. Dobutamine (2.5-5 pg/kg/min) was used
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if the Cl was too low. Furosemide was used for diuresis when
urine output was <0.5ml/kg/h. Increasing PEEP or vasoactive
drugs was used to increase ScvO,.

Experimental data collection

The following indicators were recorded before lung injury (T0),
after lung injury but before resuscitation (T1), and at 2 h (T2),
4 h (T3), and 6 h (T4) after resuscitation. Hemodynamic pa-
rameters (Table 1), pulmonary indicators (Table 2), tissue per-
fusion parameters (Table 2) and hepatic and kidney function
(Table 3) were collected.

At T1 and T4, piglets’ serum and bronchoalveolar lavage flu-
id (BALF) were sampled for detecting tumor necrosis factor-
o (TNF-), interleukin-1p (IL-1p), interleukin-6 (IL-6), interleu-
kin-10 (IL-10), lipoxin A4 (LXA4), soluble intercellular adhesion
molecule-1 (sICAM-1), and surfactant protein A (SP-A) using a
double antibody sandwich enzyme-linked immunosorbent as-
say (ELISA; Mai Bio Co., Ltd., Shanghai, China).

Statistical analysis

This was an observational study, and no power analysis was
initially conducted because of the lack of data in piglets to
base a power analysis on. Statistical analysis was performed
using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). All continuous
data were tested for normality, and all data were normally
distributed. Data are presented as mean + standard deviation
(SD). Analysis of variance (ANOVA) with the least significant
difference (LSD) post hoc test was used for intergroup com-
parisons at the same time point, while repeated measures
ANOVA was used for intragroup comparisons at different time
points. Independent samples t-tests were used for intergroup
comparisons, while paired t-tests were used for intragroup
comparisons. Statistical significance was defined as P<0.05.

Results

Model success

During experiment, one piglet died in groups ARDSp+NRFR and
ARDSexp+RFR. Piglets’ MAP, Cl and urine output reached the cri-
teria in the early phase of EGDT, but ScvO, required longer time.
One piglet in groups ARDSp+NRFR and ARDSexp+RFR failed to
meet the criteria for ScvO, at the end of EGDT. One piglet in
groups ARDSp+RFR and ARDSexp+RFR had to receive furose-
mide; 1 piglet in groups ARDSp+NRFR and ARDSexp+RFR had
to received dobutamine; however, both piglets died at the end.

Table 4 shows that RFR piglets had significantly lower urine out-
put compared with NRFR (ARDSp: —15.4%; ARDSexp: —17.4%;
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Table 1. Hemodynamic changes before and after resuscitation in piglets with ARDSp or ARDSexp.

Time point
Indicators

(L/min) B1 2.30+0.40 4.09+1.29¢ 3.65+1.220 2.97+0.87° 2.97+0.54°
"""" B2 237053  186:047°  177t0.35° 2074018 240:026'
""""""""""""""" Al 543:129  594+140  461+118  536:1.86 5294181
a A2 495:093  472:159 5026060 512¢175 452161
(Umin/m) gy 587:045 7458247 6581230 529:156 551101
"""" B2 452111  3.56:087°  327+0.64°  3.83034  4045:047°
""""""""""""""" Al 28208307 29.67+4.62  23324360°  2474:642°  21.84+3.48
v A 2745¢196 2020£450° 21.18+230° 18.06:636° 17.6243.80°
(m/beat) | B1 2633310 3286+12.18 2566£9.77 1978+499° 19.68+2.16'

SVR A2 3022.90+305.90 2737.30+£286.30 2752.80+£238.90 2258.30+324.10¢  2628.80+237.90f
(dynscm? Bl 4017.304320.60  1960.10£325.10°  2339.70+301.10 314480431460  3178.504290.80
B2 298430420130  3308.104310.60  4113.004287.90  4019.30£298.70°  2208.30£307.50'
""""""""""""""" Al 3820047404 5236010197  440.20£6840°  493.40:124.14  427.00:89.80°
v o 3482043498 421.00£5673°  470.20869.32°  39640:69.86 396.00449.29
m) BL 446.33£152.14  708.40:26845°  644.60:31169°  497.00£13369  523.00853.75°
"""" B2 3996046890 540606060 341607244  37220467.16 396404441
""""""""""""""" Al 6224082147  441.60:10430°  374.88:77.44  440.10:12203  397.06:94.56
GOV o 696.96£10.14  359.52:68.10°  398.88:78.18 5318847861 566.15£62.15
m) B 674.18:44.12  589.44:07.48° 5384018207  446.15:79.67 4763586572
"""" B2 31968+1998  4552047127° 2960048067 3204847645 3998445825
""""""""""""""" Al 11142:1530  151.84229.57  127.66:19.84  143.09:36.00  123.83:26.04
BV o 1015641480 172001645  13636:20.10 114.96:2026 1148421429
m) BL 1301842590 205.44477.85°  186.93+9030 144.13£3877  151.67+1559
"""" B2 11655£1960 1287741760 990642101 107941948 11496:1288
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Table 1 continued. Hemodynamic changes before and after resuscitation in piglets with ARDSp or ARDSexp.

Time point

CFI A2 3.76+0.58 7.09+0.78¢
(Lminmth) gy 3411054 o 6.94+0.68°
B2 741:081  4.09+037°
- Al 18124372 26.88+5.46°
GEF AR 1575363 22474387
% BI 1562368 22.30£3.92¢
B2 3346:287 14.08+4.56°

6.79+0.76° 5.68+0.63 4.66+0.73
""""""" 678:0.88°  666+0.64° 6241092
""""""" 5.98:0.73 6461072  600:0.81
"""""" 24881502 2249+426 22008481
"""""" 21244472 13584377 12454399
"""""" 19064508 1773503 1653429
"""""" 21244533 21224521 23004531

Data are shown as mean +SD. Al (n=6), B1 (n=5), A2 (n=5), B2 (n=6). Before modeling (T0), after modeling and before resuscitation
(T1), 2 h (T2), 4 h (T3) and 6 h (T4) after resuscitation. @ P<0.05 Al vs. A2; ® P<0.05 B1 vs. B2; ¢ P<0.05 A1 vs. B1; ¢ P<0.05 A2 vs. B2;
¢ P<0.05 vs. TO within the same group; f P<0.05 vs. T1 within the same group. HR — heart rate; MAP — mean arterial pressure;

CO - cardiac output; Cl — Cardic Index; SV — stroke volume; SVV — stroke volume variation; SVR — systemic vascular resistance;

ITBV — intrathoracic blood volume; GEDV — global end-diastolic end volume; PBV — pulmonary blood volume; PVPI — pulmonary
vascular permeability index; CFl — cardiac function index; GEF — global ejection fraction.

P<0.05), as well as lower total fluid volume (ARDSp: -16.2%;
ARDSexp: -16.2%; P<0.05).

According to the EGDT settings, diuresis was strictly complet-
ed in all groups. PEEP was >10 cmH,0 in all piglets, indicating
successful modeling and ARDS diagnosis [16-18].

Figure 1 presents the postmortem pathological examination of
representative piglets. In ARDSexp (Figure 1A), lungs showed
diffuse pulmonary congestion and edema, as well as flow-
er porphyritic changes. In ARDSp (Figure 1B), large red ede-
ma was observed. Histopathological examination of ARDSexp
lung tissues showed relatively complete alveolar damage with
septal oozing, few hemorrhage and a significant accumula-
tion of neutrophiles (Figure 1C). ARDSp lung tissues showed
severe alveolar damage, alveolar fusion, alveolar exudate, se-
vere hemorrhage, an important recruitment of inflammatory
cells and focal atelectasis (Figure 1D).

These results suggest that the piglet model was successful,
and that the pathological changes were similar to those ob-
served in the corresponding human conditions.

Hemodynamic changes
Table 1 shows that differences in heart rate changes were

observed between groups. In the ARDSp groups, both meth-
ods increased heart rate from T1 to T4 (ARDSp+RFR: 10946 to

12245 bpm, P<0.05; ARDSp+NRFR: 127430 to 166433 bpm,
P<0.05), but not mean arterial pressure. In ARDSexp piglets,
heart rate was different only in the RFR group (ARDSexp+RFR:
12648 to 152419 bpm, P<0.05). At T4, heart rate was higher
in ARDSp+NRFR compared with ARDSp+RFR (P<0.05), as well
as in ARDSexp+RFR compared with ARDSexp+NRFR (P<0.05).

NRFR decreased systemic vascular resistance (SVR) in ARDSp
and ARDSexp from T1 to T4 (-4.0% and —33.0%; P<0.05).
Stroke volume variation (SVV) was increased from T1 to T4
in the ARDSp+RFR (+88.4%) and ARDSexp+NRFR (+227.3%)
groups (P<0.05).

Stroke volume (SV) was decreased from T1 to T2 in group
ARDSp+RFR (-21.5%, P<0.05). SV was decreased by —40.1%
(P<0.05) from T1 to T4 in the ARDSexp+RFR group, but in-
creased by 44.4% (P<0.05) from T1 to T4 in the ARDSexp+NRFR
group (Table 1).

These results suggest that the 2 different fluid resuscitation
methods achieve their effects through different means in the
2 disease models.

Pulmonary indicators
Table 2 shows that extravascular lung water in ARDSp and

ARDSexp piglets was significantly increased (P<0.05). From T1 to
T2, extravascular lung water was decreased in the ARDSp+RFR
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Table 2. Changes in pulmonary indicators and tissue perfusion parameters in piglets with ARDSp or ARDSexp during resuscitation.

Lung DO, Vo, Lac

Indicators compliance (ml/min)  (ml/min) (mmol/L)

Pplat

T4 397.80 4.00 35.40 404.62 110.58 0.30 1.88 14.70 5.80
+51.35 +1.80 +0.80¢ +106.36 +37.12 +0.12 +0.90 +0.80 +0.50
1 457.20 3.89 29.60 448.49 167.45 0.35 1.95 12.60 7.00
+84.93 +1.12 +1.36 +68.04 +62.31 +0.14 +0.17 +1.36 +0.00
T2 391.20 3.81 32.80 390.88 188.47 0.29 1.98 15.83 11.40
+58.27¢ +0.63 +2.79 +38.91 +38.27 +0.07 +0.27 +1.63 +2.06°¢
T
13 380.60 4.15 34.40 423.81 163.86 0.32 1.08 16.18 9.80
+66.28% +2.40 +3.72 +25.39 +23.37 +0.13 +0.26 +2.40 +1.33¢¢
T4 271.20 3.76 35.20 430.60 138.20 0.49 1.92 16.69 7.60
+46.56% +0.80 +2.40¢ +62.03 +199.52 +0.27 +0.24 +0.80 +0.80
AR D S XD T
& 1 439.80 3.74 29.20 382.47 176.60 0.27 1.52 12.90 7.00
+58.33 +1.56 +2.40 +16.75 +21.24 +0.08 +0.47 +0.12 +1.26
™ 448.40 3.84 33.40 419.83 170.21 0.32 1.98 16.40 7.60
+76.88° +2.06 +1.02 +29.76 +15.16 +0.06 +0.27 +2.06 +1.36°
B2 T
13 418.20 4.29 35.60 420.84 163.93 0.29 1.08 15.80 6.60
+124.29% +1.33¢ +4.22¢ +57.41 +28.27 +0.15 +0.26 +1.33 +1.36°
T4 388.40 4.16 36.90 395.40 154.40 0.23 1.84 16.80 6.40
+63.85¢ +0.80%° +2.71¢ +28.42 +52.75 +0.19 +0.02 +0.80 +1.02

Data are shown as mean +SD. Al (n=6), B1 (n=5), A2 (n=5), B2 (n=6). Before resuscitation (T1), 2 h (T2), 4 h (T3) and 6 h (T4) after
resuscitation.  P<0.05 Al vs. A2; ® P<0.05 B1 vs. B2; < P<0.05 A1 vs. B1; ¢ P<0.05 A2 vs. B2; ¢ P<0.05 vs. T1 within the same group. EVLW
- extravascular lung water; PVPI — pulmonary vascular permeability index; PIP — peak inspiratory pressure; Pplat — inspiratory plateau
pressure; DO, — oxygen delivery; VO, — oxygen uptake; O,ER — oxygen extraction rate; Lac — lactic acid.

(-26.1%), ARDSp+NRFR (-12.3%) and ARDSexp+RFR (-14.4%)
groups, but increased in ARDSexp+NRFR until T4 (+2.1%) (all
P<0.05).

Peak inspiratory pressure (PIP) was increased in the ARDSp+RFR
(+17.5%), ARDSp+NRFR (+29.7%), ARDSexp+RFR (+18.9%), and
ARDSexp+NRFR (+26.4%) groups (P<0.05) during the whole
experiment.
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Lung compliance after establishment of the ARDSp and
ARDSexp models was significantly decreased (P<0.05). Lung
compliance improved in the ARDSexp+RFR group at T2 and
T3, but decreased again by T4 (Table 2).

These results suggest that lung edema could be decreased by
RFR in both diseases, but only in ARDSexp when using RFR.
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Table 3. Changes in tissue perfusion indicators before and after resuscitation in piglets with ARDSp or ARDSexp.

ALT (U/L)

AST (U/L)

BUN (mmol/L) Cr (umol/L)

Indicators TBIL (mmol/L)  DBIL (mmol/L)
T1 2.2+0.9 0.8+0.5
ARDSp
ARDSexp

41.6+9.3

42.849.9

33.316.2

35.5+6.3 5.6+0.9 32.5+8.4

Data are shown as mean +SD. Al (n=6), B1 (n=5), A2 (n=5), B2 (n=6). Before resuscitation (T1), 2 h (T2), 4 h (T3) and 6 h (T4) after
resuscitation. TBIL — total bilirubin; DBIL — direct bilirubin; ALT — alanine transminase; AST — aspartate transminase; BUN — blood urea

nitrogen; Cr — creatinine.

Table 4. Comparison of urine output, total fluid volume and time to achieve EGDT in ARDS piglets receiving RFR or NRFR.

Urine output (ml)

445.50+17.78*

524.0049.45

Time to achieve EGDT (h)

Total fluid volume (ml)

4.53+1.63 559.67+25.80*

556.50+29.17%

5.10+1.10 663.83+23.27

Data are shown as means + standard deviation (SD). Pulmonary acute respiratory distress syndrome (ARDSp) (group A) and
extrapulmonary acute respiratory distress syndrome (ARDSexp) (group B) models (n=12/group). Restrictive fluid resuscitation (RFR)
(group Al and B1) and nonrestrictive fluid resuscitation (NRFR) (group A2 and B2) (n=6/subgroup). One piglet died in groups A2 and
B1.* P<0.05 A1 vs. A2; # P<0.05 B1 vs. B2. EGDT — early goal-directed therapy.

Oxygenation

There were no changes in oxygenation parameters (P>0.05)
(Table 2). PaO,/FiO, was decreased from T1 to T4 in the
ARDSp+RFR (-25.0%) and ARDSp+NRFR (-32.1%) groups, but
increased in ARDSexp+RFR (+44.1%) (P<0.05) (Figure 2A, 2B).
Pa0,/Fi0, was lower in ARDSp+NRFR compared with ARDSp+RFR
at T2 and T3 (P<0.05) (Figure 2A, 2B).

These results may suggest that RFR could improve oxygen-
ation in ARDSexp.

Tissue perfusion indices

There were no differences in biochemistry (Table 3). To achieve
EGDT, 1 piglet in each of groups ARDSp+RFR and ARDSexp+RFR
received furosemide. Hourly urine output was increased with
NRFR compared with RFR at T2 and T3 (all P<0.05) (Figure 2C).
RFR decreased EVLW at T2 and T3 compared with T1 (all P<0.05).

pHi was significantly decreased (P<0.05), indicating decreased
tissue perfusion. During fluid resuscitation, pHi gradually recov-
ered, and the increase in RFR was higher than in NRFR (P<0.05).
Changes in pHi were more important in ARDSexp+RFR com-
pared with ARDSp+RFR (Figure 2E).

Serum and BALF cytokines

In ARDSp, all inflammatory parameters were higher in the se-
rum compared with BALF (all P<0.05). On the other hand, BALF
levels of these cytokines in ARDSexp were all higher compared
with serum levels (all P<0.05) (Figure 3A-3F).

At T4, serum levels of TNF-a, IL-1B, IL-6, IL-10, LXA4 and SP-A
in groups ARDSexp+RFR and ARDSexp+NRFR were significantly
higher (P<0.05) than in groups ARDSp+RFR and ARDSp+NRFR.
BALF levels of these cytokines in groups ARDSp+RFR and
ARDSp+NRFR were significantly higher (P<0.05) than in
ARDSexp+RFR and ARDSexp+NRFR (Figure 3A-3F).
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Figure 1. Postmortem pathological examination of representative piglets. (A) Lungs from ARDSexp models showed diffuse pulmonary
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congestion and edema, as well as flower porphyritic changes. (B) Lungs from ARDSp models showed large red edema.

(€) Histopathological examination of ARDSexp lung tissues showed relatively complete alveolar damage with septal
oozing, few hemorrhage and a significant accumulation of neutrophiles. (D) Histopathological examination of ARDSp lung
tissues showed severe alveolar damage, alveolar fusion, alveolar exudate, severe hemorrhage, an important recruitment of
inflammatory cells and focal atelectasis. (HE staining, C,D x200).

Compared with T1, the serum and BALF levels of SICAM-1 at T4
were increased (P<0.05) in groups ARDSexp+NRFR, ARDSp+RFR,
and ARDSp+NRFR (Figure 3G).

Discussion

Since ARDSp and ARDSexp are 2 distinct forms of the disease
with distinct pathophysiology and treatments, it was necessary

to compare the effects of RFR and NRFR between the 2 diseas-
es. Piglets in the RFR groups had lower urine output compared
with NRFR, as well as lower total fluid volume. EVLW was de-
creased in ARDSp under RFR and NRFR, as well as in ARDSexp
under RFR, but NRFR increased EVLW in ARDSexp. PaO,/FiO,
decreased in ARDSp using both methods, but was higher with
RFR and was increased in ARDSexp under RFR. Other pulmo-
nary indicators were comparable. The anti-inflammatory cy-
tokines IL-10 and LXA4 were increased in ARDSexp after RFR,
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Figure 2. Changes in oxygenation index, urine output, extravascular lung water (EVLW), and pHi during fluid resuscitation in ARDSp
and ARDSexp piglets. (A) Pulmonary acute respiratory distress syndrome (ARDSp) (group A) and (B) extrapulmonary acute
respiratory distress syndrome (ARDSexp) (group B) models (n=12/group). Restrictive fluid resuscitation (RFR) (group Al
and B1) and nonrestrictive fluid resuscitation (NRFR) (group A2 and B2) (n=6/subgroup). (C) Changes of urine output.

(D) Changes of EVLW. (E) Changes in pHi. One piglet died in groups A2 and B1. Before modeling (T0), after modeling and
before resuscitation (T1), at 2 h (T2), 4 h (T3) and 6 h (T4) after resuscitation. Data are shown as mean+standard deviation
(SD). 2 P<0.05 A1 vs. A2; ® P<0.05 B1 vs. B2; © P<0.05 A1 group vs. B1 group; ¢ P<0.05 vs. TO within the same group. f P<0.05 vs.

T1 within the same group.

but not in the other groups. Pathological changes were typi-

cal of ARDSexp and ARDSp [23,24].

Furthermore, some of them examined the early outcomes [11,32],
while other performed resuscitation later after ARDS onset [13]. In
the present study, RFR and NRFR were performed in the early stage.

Comparisons of the present study with previous studies might be dif-
ficult because of the vast heterogeneity in goals to achieve [25-31].

Indeed, a previous study showed that early treatment of ARDS us-
ing fluids was very meaningful for prognosis [33].
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Figure 3. Effects of early goal-directed therapy (EGDT)-guided fluid resuscitation on inflammatory cytokines in serum and
bronchoalveolar lavage fluid (BALF) in piglets with ARDSp or ARDSexp. Inflammatory cytokines levels were determined
by ELISA. (A) Tumor necrosis factor-o. (TNF-o) levels. (B) Interleukin-1f (IL-1p) levels. (C) Interleukin-6 (IL-6) levels. (D)
Interleukin-10 (IL-10) levels. (E) Lipoxin A4 (LXA4) levels. (F) Surfactant protein A (SP-A) levels. (G) Soluble intercellular
adhesion molecule-1 (sICAM-1) levels. Data are shown as mean +SD. Al (n=6), B1 (n=5), A2 (n=5), B2 (n=6).  P<0.05 A1 vs.
A2; " P<0.05 B1 vs. B2; ¢ P<0.05 vs. T1 within the same group; f P<0.05 BALF vs. serum.
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In the present study, RFR did not significantly increase the inci-
dence of shock and hypotension, which was consistent with a
previous study [34]. Continuous monitoring of ITBV and EVLW
could more accurately and timely reflect the changes in body
fluid [35]. Monitoring ITBV and GEDV eliminates the interfer-
ence of intrathoracic pressure and myocardial compliance, and
would not be affected by vasoactive drugs. It is suggested that
RFR would affect systemic capacity [35]. Therefore, changes in
fluid distribution, decrease in peripheral vascular resistance,
and insufficient tissue perfusion would be more obvious in pig-
lets with ARDSexp. On the other hand, NRFR actively expand-
ed blood volume, improving tissue perfusion.

In the present study, SV in RFR showed a decreasing trend.
SVV is used to reflect the adequacy of fluid resuscitation and
to show if less fluid should be provided [36]. Hemodynamic
stability is an advantage of restrictive fluid resuscitation [37].
The RFR groups showed increased SVV at T4 compared with
T1. As expected, RFR reduced the systemic blood volume as
well as the venous blood return. However, NRFR increased the
systemic blood volume, but may also result in excessive blood
volume and increase the burden of systemic capacity and SVV.
Moreover, these cardiac function indicators might be affected
by diuretic and vasoactive drugs. After successful induction of
ARDS, decrease in tissue oxygenation led to an increased HR
as a compensatory mechanism to increase oxygen supply to
the tissues and as a response to systemic stress via sympa-
thetic response [38]. However, since no sophisticated cardiac
monitoring was performed in the present study, further stud-
ies are necessary to address this issue.

We observed that although the CVP was strictly controlled to
achieve EGDT, RFR could still possibly reduce cardiac preload
and increase afterload. During EGDT, both MAP and Cl reached
the criteria at the early phase of resuscitation, while ScvO, re-
quired a longer time. This might be attributed to the combined
effects of pathological changes during ARDS, as well as to the
use of diuretic and vasoactive drugs. Hence, results of the pres-
ent study suggest that carrying out fluid management based on
ARDS’s CVP may be inaccurate, and indices reflecting fluid re-
sponse would be superior indicators in fluid resuscitation [39].

During RFR, the oxygenation indices in ARDSp gradually de-
creased, but EVLW did not vary significantly. Since the clear-
ance of ARDSp-induced alveolar edema mainly depends on
the active sodium-water transport system located on the al-
veolar epithelia [40], it was suggested that the failure of al-
veolar edema fluid clearance was primarily due to the ARDS-
induced hypoxia causing alveolar damage [41]. Therefore,
though fluid infusion was restricted, alveolar edema and sub-
sequent pulmonary shunt and hypoxemia would not be allevi-
ated. ARDSexp piglets receiving RFR showed decreased EVLW
while they showed increased oxygenation indices. This may
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be due to the amount of infused fluid and the diuresis treat-
ment that may reduce pulmonary vascular pressure.

Some authors showed that the use of RFR in patients with sep-
tic shock led to renal injury [32]. In the present study, the indi-
cators of hepatic and renal function and urine output were as-
sessed to evaluate the effects of RFR on the liver and kidneys.
Results showed that piglets receiving RFR and NRFR displayed
no significant differences in their hepatic and renal function
indicators. This may be because resuscitation was terminated
at a very early phase (6 h). The hourly urine output can sensi-
tively reflect the status of renal perfusion. As EGDT was tak-
en as a goal in resuscitation, piglets with urine output <0.5
mL/kg/h were treated with furosemide for diuresis. Two pig-
lets in the RFR group were treated with furosemide, indicat-
ing that piglets may have had insufficient renal perfusion.
However, in the present study, no markers of early kidney in-
jury were measured, and the drugs used in the study could
have affected kidney function. Therefore, further studies are
necessary to address the effect of fluid resuscitation on the
kidney function in ARDS.

pHi rapidly and accurately reflects the status of gastrointes-
tinal perfusion [21,22]. During RFR, ARDSexp piglets showed
significantly decreased pHi, which was not fully recovered at
6 h after resuscitation. In ARDSp piglets, pHi also decreased
in the early phase of RFR, but pHi recovered within the nor-
mal range after resuscitation. Decreased pHi could be due to
the hypoperfusion from relative hypovolemia. However, in the
present study, adequate volume resuscitation was achieved
in all pigs, leading to an adequate blood supply to the gas-
trointestinal tract. Therefore, pHi could adequately represent
tissue oxygenation. It is speculated that the failure of pHi re-
covery in ARDSexp piglets may be due to insufficient gastro-
intestinal perfusion caused by systemic inflammation-induced
vasoconstriction [42,43]. Early RFR in ARDSexp could improve
systemic oxygenation, but it may also induce risks such as re-
cessive compensatory shock or insufficient tissue perfusion.

The increase in EVLW is an important pathological change dur-
ing ARDS, and is a primary factor causing decreased surviv-
al rate among patients with ARDS. Patients with ARDS with
higher EVLW had increased mortality, and EVLW was positive-
ly associated with the severity of lung damage and negatively
associated with lung compliance [44]. EVLW was also associat-
ed with the severity of ARDS, the number of days of mechani-
cal ventilation, the number of days in intensive care unit, and
the mortality of patients with ARDS [45]. Similarly to ARDS in
humans, both ARDSp and ARDSexp piglets showed increased
EVLW, PVPI, PIP, and Pplat, and they had decreased lung com-
pliance. Such changes might be associated with the highly per-
meable alveolar or interstitial edema, which were caused by
inhalation of hydrochloric acid or injection of oleic acid during
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modeling [46]. The alveolar edema-induced ventilation-perfu-
sion imbalance and pulmonary shunt, and the interstitial ede-
ma-induced gas diffusion impairment, respectively, explained
the decrease in oxygenation and the incidence of hypoxemia
in both ARDSp and ARDSexp piglets [40,41].

In the ARDSexp group, cytokines levels were higher in the se-
rum compared with BALF, while in the ARDSp group, cytokines
levels were higher in BALF compared with serum. In ARDSp, the
involvement of alveolar epithelia subsequently lead to alveolar
exudate, reduced production and release of pulmonary surfac-
tant, alveolar collapse and finally to lung consolidation [7]. In
ARDSexp, it is caused by extrapulmonary factor-induced inflam-
matory mediator release, and it is the pulmonary response to
systemic inflammation. Thus, ARDSexp is mainly manifested by
increased endothelial cell permeability, interstitial pulmonary
edema, and destruction of alveolar-capillary barrier [8]. The cy-
tokine results observed in the present study are in accordance
with these mechanisms. Indeed, in ARDSp, inflammatory pa-
rameters were higher in serum compared with BALF, while in
ARDSexp these parameters were all higher in BALF compared
with serum. Fluid resuscitation did not seem to have a bene-
ficial effect on these parameters. However, the present study
performed a short-term observation and the animals suffered
from a serious disease. Therefore, it would be doubtful to ob-
serve beneficial effects of the treatments.

The present study suffers from some limitations. First, the num-
ber of animals in each group was relatively small. A retroactive
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power analysis showed that the power of comparing groups
Al and A2 was 11.4%, while power was 95.3% for comparing
B1 and B2. Therefore, the results of the present preliminary
study could be applied for ARDSexp, but further study in larg-
er samples is necessary for ARDSp. Second, ARDS modeling
using oleic acid or HCl have been shown to induce adequate
models of ARDSp and ARDSexp [1], but they are not perfect.
Nevertheless, PEEP was 10 cmH,0 after modeling, which could
be diagnosed as ARDS. Third, the present study was performed
in the acute phase only, and long-term data are needed. Finally,
even if some studies suggest that CVP should not be used to
govern fluid resuscitation [47], CVP is still much used in China.
Nevertheless, the PiCCO system was used in the present study,
providing some data that could be used elsewhere.

Conclusions

In conclusion, ARDSexp and ARDSp might show better oxy-
genation response to RFR compared with NRFR, but oxygen-
ation might be increased in ARSexp only. Results suggest that
EVLW should not be used as an indication for RFR or NRFR.
Few studies address the issue of fluid management in ARDS
[9], but the present study provides some clues toward a bet-
ter management of ARDS patients.
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