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ABSTRACT. The effects of goal-directed fluid therapy, with lactated 
Ringer’s (LR) and 6% hydroxyethyl starch (HES) solution, on 
hemorrhagic shock dogs are unknown. We aimed to determine the 
optimal LR: HES ratio for the resuscitation of hemorrhagic shock dogs. 
Hemorrhagic shock was induced in 40 ventilated dogs by drawing an 
estimated 60% blood volume. The animals were randomly divided into 
five groups (N = 8) according to the LR: HES ratio of the resuscitation 
fluid (3:1, 2:1, 1:1, 1:2, and 1:3), and were then resuscitated for 24 h to 
reach the stroke volume variation (SVV) and hemoglobin (Hb) goals 
by fluid infusion and autologous blood perfusion. The extravascular 
lung water index (EVLWI), pH, partial pressure of oxygen (PaO2), base 
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excess (BE), sodium, chloride, Hb and creatinine clearance (Clearcrea) 
were checked  after 24 h (R24). The EVLWI of the 3:1 group at R24 
were higher than that of the 1:3 group and the baseline value (P < 0.05), 
whereas the PaO2 was lower (P < 0.05). In contrast to the 3:1 group at 
R24 and baseline, plasma chloride and sodium in the 1:3 and 1:2 groups 
increased; however, pH, BE, and Clearcrea decreased (P < 0.05). No 
significant differences were found in the 1:1 and 2:1 groups at R24 
compared with baseline (P > 0.05). Resuscitation with LR and HES at 
2:1 and 1:1 ratios are superior in maintaining the acid-base, electrolyte, 
and lung water balances as well as renal function in hemorrhagic shock 
dogs than at ratios of 3:l, 1:2, and1:3.
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Fluid therapy

INTRODUCTION

Hemorrhagic shock accounts for about 40% of civilian deaths and 50% of military 
deaths worldwide (Holcomb et al., 2007). Resuscitation of persons with hemorrhagic shock 
by means of fluid infusion is a routine intervention; however, it also presents a particular chal-
lenge to anesthesiologists and critical care physicians. Aggressive iv fluid resuscitation, to 
restore critical tissue perfusion and oxygen delivery, remains a critical component of treatment 
of hemorrhagic shock; however, there is an ongoing debate about the best type of solution to 
be used (i.e., crystalloid vs colloid infusion) (Haas et al., 2008).

Large amounts of crystalloids may cause pulmonary edema and acidosis in hemor-
rhagic shock patients. However, infusion of excessive colloids such as hydroxyethyl starch 
(HES) may impair the renal function (Cabrales et al., 2007).

Although published data demonstrate that intraoperative fluid resuscitation with a 
combination of crystalloids and colloids are superior to administration of either crystalloid or 
colloid alone, with regard to tissue edema, coagulopathy, and postoperative outcomes (Moretti 
et al., 2003), the appropriate crystalloid: colloid ratio is still largely unknown.

HES is frequently used as a colloid solution to replace blood volume losses in hypo-
volemic shock and critically ill patients, as it has been shown to have longer-lasting effects 
on hemodynamic support owing to its longevity within the intravascular space (Warren and 
Durieux, 1997; European Medicines Agency, 2013).

Recent studies (Myburgh et al., 2012; Perner et al., 2012) compared the effects of 
HES with those of crystalloids in critically ill patients, and found that patients with severe 
sepsis treated with HES were at a greater risk of kidney injury and mortality. The European 
Medicines Agency’s Pharmacovigilance Risk Assessment Committee was therefore requested 
to assess the available evidence to determine the risk-benefit balance of using HES infusion 
solutions in the management of hypovolemic shock (European Medicines Agency, 2013).

A goal-directed fluid therapy, which aims to achieve maximal cardiac output and 
stroke volume while avoiding fluid overload, is associated with reductions in mortality, post-
operative complications, and length of hospital stay compared with fluid management guided 
with traditional physiologic targets [heart rate (HR), blood pressure (BP), central venous pres-
sure, urinary output, arterial oxygenation, and pH] (Pearse et al., 2005; Scheeren et al., 2013). 
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However, few studies have focused on the effects of goal-directed fluid therapy with different 
lactated Ringer’s (LR): HES ratios on the acid-base and electrolyte balances, extravascular lung 
water (EVLW), and renal function in hemorrhagic shock patients. The main aim of this study is to 
investigate the effects of goal-directed fluid therapy with different LR: HES ratios (1:3, 1:2, 1:1, 
2:1, and 3:1) on the above-mentioned parameters in a canine model of hemorrhagic shock. We 
hypothesized that resuscitation with fluid having different LR: HES ratios would likely result in 
different effects on the acid-base and electrolyte balances, EVLW, and renal function. An additional 
aim was to determine the optimal LR: HES ratio for the treatment of hemorrhagic shock dogs.

MATERIAL AND METHODS

Animal surgical preparation

The study design was a randomized, controlled trial in a canine model. This study 
was carried out in accordance with the standard ARRIVE guidelines. The animal use proto-
col has been reviewed and approved by the Institutional Animal Care and Use Committee of 
Kunming Medical University. Forty healthy mongrel dogs (weight 15-17 kg) were fasted for 
12 h with free access to water. Anesthesia was induced with 10 mg/kg ketamine (Yingchun; 
Fujian Gutian Pharmaceutical Co., Ltd., Gutian, Fujian, China) and im and iv administration 
of 30 mg/kg pentobarbital sodium (Tianjin Pharmaceutical Co., Ltd., Tianjin, China). After 
intubation with a cuffed endotracheal tube (internal diameter, 6.5 mm), the dogs were ven-
tilated in a volume-controlled mode (Draeger; Fabius TIRO, Lübeck, Germany) with a tidal 
volume of 10 mL/kg, an inspiratory:expiratory ratio of 1:1.5, and an FiO2 of 0.35. A compact 
anesthesia monitor (S/5 Datex-Omeda; GE Healthcare, Helsinki, Finland) was attached to the 
endotracheal tube for continuous measurement of the end-tidal carbon dioxide concentration 
(ET-CO2) and tidal volume throughout the study. The respiratory rate (25-35 breaths/min) 
was adjusted to maintain ET-CO2 between 40 and 45 mmHg. Anesthesia was maintained with 
1.2% isoflurane (Aerrane; Baxter, Guayama, Puerto Rico) and 2 mg·kg-1·min-1 vecuronium 
(Xianlin; Zhejiang Xianju Pharmaceutical Co., Ltd., Xianju, China). Immediately after the 
commencement of mechanical ventilation, all animals received 0.5 g cefoperazone sodium 
(Dahua Pharmaceutical Co., Ltd., Wuhan, China) intravenously as antibiotic prophylaxis. The 
animals were placed in the supine position. A catheter for canines (Buster; Eickemeyer Ltd; 
Copenhagen, Denmark) was inserted into the urinary bladder of the dogs for the drainage of 
urine and monitoring of urine output. The core temperature was measured from the thermistor 
in the PiCCO catheter and maintained at 38 ± 0.5°C with a heating blanket.

A triple-lumen central venous (CV) catheter (Arrow, Asheboro, NC, USA) was insert-
ed percutaneously through the right external jugular vein for blood sampling, blood withdraw-
al, blood infusion, and fluid resuscitation. A 4F thermistor-tipped catheter for thermodilution 
and pulse contour analysis (PVPK 2014 L08; Pulsion Medical Systems AG, Munich, Germa-
ny) was inserted percutaneously into the femoral artery and connected to a PiCCO monitoring 
system (Pulsion) for continuous BP monitoring, arterial blood sampling, and transpulmonary 
thermodilution determinations of stroke volume variation (SVV), cardiac output (CO), and 
EVLW. Body surface area was calculated according to the formula k x BW2/3 (where the k 
value was 0.112 for dogs) (Guyton et al., 1973), and used for the determination of the cardiac 
index (CI) and EVLW index (EVLWI) with the aid of the PiCCO monitor. CO was calibrated 
in triplicate by injecting 10 mL 0.9% normal saline at a temperature of 2-5°C through the CV 
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catheter (anesthesia and instrumentation period; time point 1; total of 1 h).
Experimental protocol

The study’s time course is shown in Figure 1. After the surgical procedures, baseline 
measurements were obtained after 30 min of stable hemodynamic condition (equilibration pe-
riod; time point 2; baseline; total of 0.5 h). After stabilization, hemorrhagic shock was induced 
by withdrawing 60% of the estimated total blood volume (7% of body weight) through the CV 
catheter within 30 min (1.2 mL·kg-1·min-1) (bleeding period; time point 3; shock 0; total of 0.5 
h). The shed blood was collected rapidly into sterile blood bank bags (three-bag collection set; 
citrate-phosphate-dextrose-adenine; Weigao Products, Weihai, China).

Figure 1. Experimental time course.

Fluid treatment groups

In this study, HES 130/0.4 (Voluven; Fresenius Kabi, Graz, Austria) and LR solution 
(Baxter, Guangzhou, China) were used as resuscitation fluids. SVV and hemoglobin (Hb) 
were considered the resuscitation goals.

One hour after hemorrhagic shock (shock period; time point 4; R0; total of 1 h), dogs 
were randomly divided into five groups (N = 8) according to the different LR: HES ratios of 
the resuscitation fluid: 3:1, 2:1, 1:1, 1:2, and 1:3 groups. The animals then received either fluid 
of different LR: HES ratios or 0.6 mL·kg-1·min-1 autologous blood to reach the SVV and Hb 
goals. The aim was to maintain the SVV <10% and Hb >10 g/dL by using the resuscitation 
fluid and autologous blood (resuscitation period; time point 5; total of 24 h).

LR and HES were infused at the following rates for each group: 3:1 group, 0.45 
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mL·kg-1·min-1 LR and 0.15 mL·kg-1·min-1 HES; 2:1 group, 0.4 mL·kg-1·min-1 LR and 0.2 
mL·kg-1·min-1 HES; 1:1 group, 0.3 mL·kg-1·min-1 LR and 0.3 mL·kg-1·min-1 HES; 1:2 group, 
0.2 mL·kg-1·min-1 LR and 0.4 mL·kg-1·min-1 HES; and 1:3 group, 0.15 mL·kg-1·min-1 LR and 
0.45 mL·kg-1·min-1 HES. Then, the rate of fluid infusion was adjusted to 0.06 mL·kg-1·min-1 
and maintained at this constant rate when the SVV decreased to <10%. The Hb concentration 
was measured spectrophotometrically by using a single drop of blood (HemoCue Hb201+ 
analyzer, Angelholm, Sweden). Retransfusion of the shed blood was stopped when the Hb 
level increased to >10 g/dL (maintained between 10 and 11 g/dL). Hb measurements were 
made every 10 min during the initial resuscitation, followed by every 2 h after the Hb goal 
was achieved and maintained.

Measurement

The hemodynamic parameters [HR, mean arterial pressure (MAP), SVV, CI, EVLWI], 
acid-base indicators [oxigen partial pressure (PaO2), pH, base excess (BE), bicarbonate, lactate], 
plasma electrolytes (potassium, sodium, chloride), Hb, coagulation assays [prothrombin time 
(PT), activated partial thromboplastin time (APTT), thrombin time (TT), fibrinogen (Fib)], 
and renal function [plasma urea, plasma creatinine, creatinine clearance (Clearcrea)] were 
checked at the following time-points: baseline, end of blood withdrawal (Shock0), before 
resuscitation (R0), 2 h after R0 (R2), 4 h after R0 (R4), 24 h after R0 (R24), and 48 h after R0 
(R48). The LR amount, HES amount, total amount of fluid resuscitation (LR amount plus HES 
amount), total amount of blood withdrawn, amount of retransfused blood, urinary output, and 
lung wet weight: dry weight ratio were recorded at R48.

Hemodynamic parameters

HR, MAP, CI, EVLWI, and SVV were continuously measured with the PiCCO 
monitoring system throughout the experiment.

SVV was calculated from the mean values of four minimum and maximum SV 
averaged during the last 30 s (SVmean), as follows: SVV = (SVmax - SVmin) / SVmean.

Acid-base (blood gas) parameters

Blood samples for acid-base analysis were taken from the femoral artery and imme-
diately analyzed in a blood gas analyzer (GEM Premier 3000; Instrumentation Laboratory, 
Lexington, KY, USA) for PaO2, pH, lactate, bicarbonate, and BE. All values were adjusted for 
body temperature at the time of blood sampling.

Electrolyte measurements

Blood samples were taken from the CV catheter. Potassium, sodium, and chloride 
were determined by using a chemistry analyzer (Au5400; Olympus, Shizuoka, Japan).

Renal function measurements

Blood samples were taken from the CV catheter. Plasma urea, plasma creatinine, and 
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urinary creatinine were measured by using a chemistry analyzer (Au5400; Olympus).
Clearcrea (mL/min) was assessed as an index of the glomerular filtration rate, ac-

cording to the following standard formula: Clearcrea = (Ucrea x V) / Pcrea, where Ucrea is 
the concentration of creatinine in urine, V is the urinary volume per minute, and Pcrea is the 
concentration of creatinine in plasma (Almaca et al., 2012).

Coagulation measurements

Blood samples were taken from the CV catheter and measured with a hemostasis ana-
lyzer (ACL TOP 700; Instrumentation Laboratory) for PT, APTT, TT, and Fib.

Lung wet weight:dry weight ratio 

The animals were euthanized at 24 h after resuscitation, the lungs were harvested, 
weighed, and heated at 80°C in an oven for 48 h until the tissues were totally dry, and then 
reweighed. The wet weight:dry weight ratios were calculated. Data are reported as the percent-
age of water with the following formula (Kimberger et al., 2009): %water = 100 x (wet weight 
- dry weight) / wet weight.

Statistical analysis

All data are reported as means ± SEM. The body weight, replacement fluid volume, to-
tal amount of blood withdrawn, amount of retransfused blood, urinary output, time to achieve 
the target SVV and Hb, and lung wet weight:dry weight ratio were analyzed among groups by 
using one-way ANOVA. The hemodynamic, metabolic, electrolyte, renal function, and coagu-
lation parametric data were analyzed within and among groups by using ANOVA for repeated 
measurements (SPSS version 11.5; SPSS Inc., Chicago, IL, USA). Statistical significance was 
defined as a P value of <0.05.

RESULTS

General data

One animal in the 3:1 group did not survive until study completion. Among all study 
groups, there were no statistical differences with regard to body weight (Table 1).

Table 1. Fluid, blood and urinary volume parameters.

Group Weight LR amount HES amount Total amount of fluid Total amount of Re-transfused Urinary
 (kg) (mL) (mL) resuscitation (mL) blood withdrawn (mL) blood amount (mL) output (mL)

3:1 16.3 ± 1.2  3308 ± 770†   1102 ± 225† 4412 ± 995 687 ± 37 557 ± 97 3010 ± 939
2:1 16.1 ± 1.6 2514 ± 677 1256 ± 209 3771 ± 886 678 ± 28 532 ± 71 2603 ± 749
1:1 15.6 ± 1.0 1502 ± 382 1501 ± 203 3004 ± 585 655 ± 45 527 ± 69 2103 ± 575
1:2 15.8 ± 1.1       874 ± 284#§†     1751 ± 339#§   2625 ± 623#§ 664 ± 39 513 ± 60  1881 ± 592#

1:3 16.0 ± 1.7       653 ± 223#§†       1959 ± 365#§†   2611 ± 589#§ 679 ± 32 501 ± 83  1724 ± 491#

LR = lactated Ringer’s solution; HES = hydroxyethyl starch; 3:1=3:1 ratio of LR: HES; 2:1=2:1 ratio of LR:HES; 
1:1=1:1 ratio of LR:HES; 1:1=1:1 ratio of LR:HES; 1:2=1:2 ratio of LR: HES; 1:3=1:3 ratio of LR:HES; LR 
Amount, amount of infused LR; HES Amount, amount of infused HES; Total Amount of Fluid Resuscitation = 
amount of infused LR plus HES; #P < 0.05 from Group 3:1. §P < 0.05 from Group 2:1. †P < 0.05 from Group 1:1.
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The time to achieve the target SVV and Hb of the 3:1, 2:1, 1:1, 1:2, and 1:3 groups 
was 85 ± 23, 80 ± 29, 76 ± 14, 66 ± 18, and 57 ± 17 min, respectively; the 3:1 group took a 
longer time than the 1:3 group (P < 0.05). The lung wet weight: dry weight ratio of the 3:1, 
2:1, 1:1, 1:2, and 1:3 groups was 4.2 ± 0.3, 4.0 ± 0.4, 3.9 ± 0.3, 3.8 ± 0.3, and 3.7 ± 0.2, respec-
tively, and the 3:1 group had ratios larger than those of the 1:3 group (P < 0.05).

Fluid, blood, and urinary volume parameters

At the end of the experiment, the 3:1 group received a greater total amount of resus-
citation fluid (LR amount plus HES amount) than the 1:3 group (4412 ± 995 vs 2611 ± 588 
mL, P < 0.05). Thus, the 3:1 group received the greatest total amount of fluid resuscitation, 
whereas the 1:3 group received the least. Likewise, the 3:1 group received the greatest LR 
amount, whereas the 1:3 group received the greatest HES amount. In the 3:1 group, the greater 
total amount of fluid resuscitation received resulted in higher urinary outputs (3010 ± 939 vs 
1724 ± 491 mL, P < 0.05) (Table 1) and lung wet weight:dry weight ratio than in the 3:1 group 
(4.2 ± 0.3 vs 3.7 ± 0.2, P < 0.05) and at baseline (Table 1, Figure 2). The total amounts of fluid 
resuscitation and urinary outputs of the 1:2 group were larger than those of the 3:1 group (P 
< 0.05). There was no significant statistical difference in the total amount of blood withdrawn 
and the amount of retransfused blood in all groups.

Figure 2. Lung Wet/Dry (W/R) ratio. 3:1 = 3:1 ratio of LR:HES; 2:1 = 2:1 ratio of LR:HES; 1:1 = 1:1 ratio of 
LR:HES; 1:2 = 1:2 ratio of LR: HES; 1:3 = 1:3 ratio of LR: HES; *P < 0.05 from baseline. #P < 0.05 from Group 
3:1.

Hemodynamic, electrolyte, acid-base, renal function, and coagulation parameters

During the period from Shock0 to R0, the proposed model of hemorrhagic shock pro-
duced a significant decrease in MAP and CI, whereas SVV and HR increased compared with 
the baseline values (P < 0.05) (Table 2). After resuscitation with fluids and shed blood, the HR, 
MAP, SVV, and CI gradually returned to the baseline levels at R4. However, the HR, MAP, SVV, 
and CI did not show a statistically significant change in all groups at all time points. The EVLWI 
of the 3:1 group was higher than that of the 3:1 group and at baseline (Table 2, Figure 3).
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Table 2. Hemodynamic, acid-base, electrolytes, and renal function parameters.

Parameters Group Baseline Shock0  R0 R2 R4 R24

HR (bpm) 3:1  145 ± 17     167 ± 18*     182 ± 21*   160 ± 17   153 ± 18   151 ± 18
 2:1  146 ± 21     161 ± 21*     168 ± 20*   154 ± 23   156 ± 16   147 ± 20
 1:1  138 ± 14     151 ± 15*     170 ± 17*   142 ± 24   144 ± 21   143 ± 15
 1:2  144 ± 16     166 ± 14*     167 ± 24*   150 ± 20   152 ± 13   141 ± 13
 1:3  143 ± 18     156 ± 15*     179 ± 20*   156 ± 15   140 ± 17   138 ± 14
MAP (mmHg) 3:1  126 ± 15     46 ± 6*     74 ± 5*   131 ± 15   134 ± 13   139 ± 16
 2:1  120 ± 17     43 ± 7*     71 ± 4*   127 ± 13   132 ± 16   131 ± 17
 1:1  123 ± 18     47 ± 5*     69 ± 6*   111 ± 17   124 ± 17   132 ± 18
 1:2  114 ± 17     40 ± 4*     72 ± 6* 122 ± 9   125 ± 12   128 ± 11
 1:3  117 ± 16     44 ± 5*     73 ± 5*   117 ± 10   129 ± 13   127 ± 13
SVV (%) 3:1   9.3 ± 1.6     23.7 ± 3.2*     28.8 ± 4.6*     8.9 ± 1.7     9.3 ± 1.2     9.4 ± 0.9
 2:1   9.6 ± 1.8     25.0 ± 3.8*     27.2 ± 3.3*     9.2 ± 1.1     9.5 ± 1.4     9.8 ± 1.1
 1:1   9.5 ± 1.4     24.8 ± 2.1*     26.7 ± 2.7*     9.8 ± 1.4     9.8 ± 1.1     9.3 ± 1.3
 1:2   9.4 ± 1.6     22.5 ± 3.6*     28.6 ± 3.5*     9.2 ± 1.8     9.3 ± 0.8     9.6 ± 1.2
 1:3   9.8 ± 1.7     23.8 ± 3.1*     27.4 ± 2.9*     9.5 ± 0.9     9.2 ± 1.0     9.3 ± 1.0
CI (L·min-1·m-2) 3:1   3.8 ± 0.2       1.9 ± 0.2*       1.5 ± 0.3*     4.4 ± 0.2     4.2 ± 0.7       5.4 ± 0.6*
 2:1   3.4 ± 0.3       1.8 ± 0.3*       1.4 ± 0.2*     3.4 ± 0.3     4.1 ± 0.5       5.0 ± 0.9*
 1:1   3.5 ± 0.6       1.6 ± 0.5*       1.5 ± 0.3*     3.9 ± 0.4     4.0 ± 0.4       5.1 ± 0.4*
 1:2   3.6 ± 0.4       1.7 ± 0.2*       1.6 ± 0.1*     3.8 ± 0.2     3.8 ± 0.3       4.9 ± 0.3*
 1:3   3.7 ± 0.5       1.8 ± 0.4*       1.7 ± 0.2*     3.4 ± 0.3     3.9 ± 0.6       5.2 ± 0.8*
EVLWI (mL/kg) 3:1   9.7 ± 0.6     9.2 ± 0.8     9.4 ± 0.9   10.2 ± 0.8   10.6 ± 0.2      11.4 ± 0.4*
 2:1  10.3 ± 0.2     9.7 ± 0.9     9.9 ± 0.4   10.0 ± 1.0   10.5 ± 0.3   10.7 ± 0.6
 1:1   9.6 ± 0.5     9.5 ± 0.4     9.7 ± 0.8     9.8 ± 1.1   10.3 ± 0.5   10.5 ± 0.3
 1:2  10.2 ± 0.4     9.9 ± 0.5     9.5 ± 0.6     9.9 ± 0.8   10.4 ± 0.4   10.3 ± 0.5
 1:3   9.9 ± 0.3     9.4 ± 0.7     9.6 ± 0.8     9.7 ± 0.9     9.9 ± 0.6    10.1 ± 0.3#

Hemoglobin (g/dL) 3:1  14.2 ± 1.4   13.9 ± 1.1   15.2 ± 1.3   10.7 ± 1.2   10.6 ± 1.0   10.4 ± 0.6
 2:1  13.8 ± 0.6   13.2 ± 0.8   14.8 ± 1.5   11.0 ± 1.3   10.7 ± 0.6   10.3 ± 0.3
 1:1  13.6 ± 1.2   13.4 ± 0.6   14.3 ± 1.9   10.6 ± 1.2   10.5 ± 0.5   10.4 ± 0.6
 1:2  13.3 ± 0.7   13.5 ± 0.8   14.8 ± 2.4   10.7 ± 0.7   10.6 ± 0.7   10.5 ± 0.5
 1:3  13.4 ± 0.9   13.6 ± 0.9   14.3 ± 1.2   10.9 ± 0.8   10.7 ± 0.9   10.3 ± 0.4
pH 3:1    7.39 ± 0.03     7.34 ± 0.06       7.20 ± 0.04*      7.30 ± 0.03     7.35 ± 0.05     7.39 ± 0.03
 2:1    7.40 ± 0.06     7.35 ± 0.05       7.17 ± 0.05*      7.32 ± 0.06     7.36 ± 0.07     7.37 ± 0.04
 1:1    7.36 ± 0.05     7.32 ± 0.04       7.21 ± 0.07*      7.33 ± 0.05     7.37 ± 0.05     7.35 ± 0.05
 1:2    7.38 ± 0.04     7.33 ± 0.07       7.19 ± 0.06*      7.32 ± 0.04     7.35 ± 0.04        7.32 ± 0.04*#

 1:3    7.37 ± 0.04     7.32 ± 0.05       7.18 ± 0.05*      7.34 ± 0.07     7.38 ± 0.06        7.31 ± 0.03*#

BE 3:1   -2.6 ± 0.8    -3.3 ± 0.7      -8.9 ± 1.1*    -3.1 ± 0.4    -3.2 ± 0.7    -2.1 ± 0.3
 2:1   -2.2 ± 0.5    -2.5 ± 0.4      -9.7 ± 1.3*    -3.5 ± 0.3    -2.8 ± 0.6    -2.8 ± 0.7
 1:1   -2.8 ± 0.9    -3.2 ± 0.8      -8.7 ± 0.8*    -3.4 ± 0.5    -2.3 ± 0.4    -2.9 ± 0.4
 1:2   -2.5 ± 0.6    -2.5 ± 0.7       9.5 ± 1.2*    -2.8 ± 0.4    -2.1 ± 0.3       -3.7 ± 0.5#*
 1:3   -2.9 ± 0.7    -3.1 ± 0.6      -9.8 ± 0.9*    -3.2 ± 0.6    -2.2 ± 0.5       -4.9 ± 0.4#*
Lactate (mM) 3:1     2.1 ± 0.7     2.5 ± 0.6       4.7 ± 0.6*     3.1 ± 0.9     3.0 ± 0.7     1.6 ± 0.6
 2:1     1.6 ± 0.4     1.9 ± 0.4       4.4 ± 0.7*     3.4 ± 0.5     2.8 ± 0.5     1.3 ± 0.4
 1:1     1.8 ± 0.6     2.1 ± 0.2       4.6 ± 0.5*     3.0 ± 0.3     2.6 ± 0.2     1.7 ± 0.3
 1:2     1.2 ± 0.5     1.7 ± 0.8       4.8 ± 0.4*     2.7 ± 0.6     2.3 ± 0.4     1.5 ± 0.7
 1:3     2.0 ± 0.6     2.3 ± 0.4       4.9 ± 0.8*     2.5 ± 0.4     2.1 ± 0.8     1.4 ± 0.5
Bicarbonate (mM) 3:1   23.3 ± 3.8   20.8 ± 2.5     15.3 ± 1.7*   20.1 ± 1.5   22.6 ± 2.1   24.4 ± 3.6
 2:1   22.7 ± 2.6   21.2 ± 2.1     14.6 ± 2.5*   20.3 ± 1.2   22.3 ± 1.2   23.8 ± 3.3
 1:1   21.3 ± 2.1   20.4 ± 3.7     15.2 ± 4.2*   21.5 ± 1.0   23.4 ± 1.3   24.5 ± 2.0
 1:2   21.1 ± 2.4   20.5 ± 2.2     15.0 ± 2.4*   20.2 ± 1.4   23.2 ± 1.5   24.3 ± 3.5
 1:3   22.0 ± 3.9   20.1 ± 4.3     14.8 ± 2.1*   21.8 ± 1.3   24.1 ± 1.1   23.7 ± 3.2
PaO2 (mmHg) 3:1   148 ± 16   136 ± 10   137 ± 14   132 ± 16   124 ± 17   110 ± 8*
 2:1   139 ± 19   133 ± 13   126 ± 13   130 ± 12 128 ± 7   128 ± 17
 1:1   141 ± 12 129 ± 7   129 ± 10   136 ± 13 134 ± 9   130 ± 14
 1:2   144 ± 17   131 ± 12   132 ± 15   138 ± 18   135 ± 16 133 ± 9
 1:3   146 ± 11 135 ± 8 127 ± 9   129 ± 11   137 ± 12    138 ± 11#

K+  (mM) 3:1     4.8 ± 1.2     4.5 ± 0.8     4.2 ± 0.7     4.3 ± 0.5     3.9 ± 0.9       3.0 ± 0.8*
 2:1     4.7 ± 0.9     4.3 ± 0.4     4.2 ± 0.6     4.1 ± 0.8     3.7 ± 0.5       3.1 ± 0.7*
 1:1     4.4 ± 1.4     4.2 ± 0.5     4.1 ± 0.3     4.2 ± 0.4     3.5 ± 0.5       3.2 ± 0.5*
 1:2     4.3 ± 0.8     4.0 ± 0.7     3.8 ± 0.5     3.9 ± 0.5     3.6 ± 0.8       3.0 ± 0.6*
 1:3     4.6 ± 1.0     4.3 ± 0.6     4.2 ± 0.4     4.1 ± 0.9     3.7 ± 1.2         2.8 ± 0.7*
Na+ (mM) 3:1 140 ± 8 145 ± 8 140 ± 5 139 ± 6 143 ± 8 139 ± 4
 2:1 137 ± 7 140 ± 7 137 ± 6 140 ± 7 145 ± 4 142 ± 6

Continued on next page
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Table 2. Continued.

Parameters Group Baseline Shock0  R0 R2 R4 R24
 1:1 145 ± 6 139 ± 6 145 ± 7 142 ± 5 142 ± 5 144 ± 4
 1:2 140 ± 5 143 ± 9 142 ± 6 145 ± 3 145 ± 8     149 ± 5*#

 1:3 139 ± 4 142 ± 5 139 ± 8 144 ± 4 148 ± 7     151 ± 6*#

Cl- (mM) 3:1 103 ± 4 100 ± 8 105 ± 6 102 ± 5 101 ± 9   99 ± 5
 2:1 106 ± 7 108 ± 7 103 ± 5 101 ± 7 105 ± 8 106 ± 6
 1:1 104 ± 6 102 ± 3 106 ± 9 105 ± 6 104 ± 5 109 ± 4
 1:2 100 ± 7 103 ± 6 104 ± 8 106 ± 8 108 ± 7     112 ± 5*#

 1:3 102 ± 8 106 ± 5   103 ± 10 108 ± 3  111 ± 6    114 ± 7*#

Clearcrea (mL/min) 3:1   62 ± 7       44 ± 10*     14 ± 5*     57 ± 10   60 ± 7   63 ± 9
 2:1   64 ± 6     37 ± 8*       17 ± 13*   58 ± 7   59 ± 5     60 ± 13
 1:1   63 ± 9       39 ± 12*     13 ± 8*   57 ± 9   58 ± 9   61 ± 7
 1:2   66 ± 9     45 ± 7*     15 ± 9*   55 ± 7     57 ± 11      54 ± 6*#

 1:3   63 ± 8     41 ± 9*     12 ± 6*   54 ± 6   55 ± 9       52 ± 8*#

HR = heart rate; MAP = mean arterial pressure; SVV = stroke volume variation; CI = cardiac index; EVLWI = 
extravascular lung water index; BE = base excess; PaO2 = partial pressure of oxygen; K+ = plasma potassium 
concentration; Na+ = plasma sodium concentration; Cl- = plasma chloride concentration; Clearcrea = creatinine 
clearance; 3:1=3:1 ratio of LR:HES; 2:1=2:1 ratio of LR: HES; 1:1=1:1 ratio of LR: HES; 1:2=1:2 ratio of LR:HES; 
HES; 1:3=1:3 ratio of LR: HES;* P<0.05 from baseline. #P < 0.05 from Group 3:1.

Figure 3. Extravascular lung water index (EVLWI). *P < 0.05 from baseline. #P < 0.05 from Group 3:1.

During the period from Shock0 to R0, hemorrhagic shock led to declines in pH, BE, 
and bicarbonate, and increase in lactate compared with the baseline values (P < 0.05), reach-
ing the nadir and peak at R0. After resuscitation with fluids and shed blood, the pH, BE, and 
bicarbonate gradually increased and approached the baseline values at R4 (Table 2). The PaO2 
values in the 3:1 group was lower than those in the 3:1 group and the baseline value at R24 
(P < 0.05) (Table 2, Figure 4). After the infusion of larger amounts of HES containing 0.9% 
sodium chloride, the plasma chloride (Figure 5) and sodium levels of the 1:3 and 1:2 groups 
increased statistically significantly at R24 compared with the 3:1 group and at baseline (P < 
0.05) (Table 2). Similarly, the plasma pH and BE in the 1:3 and 1:2 groups at R24 were sig-
nificantly decreased compared with the 3:1 group and at baseline (P < 0.05) (Table 2). At R24, 
there were no significant differences in plasma pH and BE in the 2:1 and 1:1 groups compared 
with the baseline values (P > 0.05). The plasma potassium of all groups at R24 was signifi-
cantly lower than the baseline values (P < 0.05) (Table 2).
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Figure 4. Partial pressure of oxygen (PaO2). *P < 0.05 from baseline. #P < 0.05 from Group 3:1.

Figure 5. Plasma chloride concentration (Cl-). *P < 0.05 from baseline. #P < 0.05 from Group 3:1.

There was no significant statistical difference in plasma urea and plasma creati-
nine in all groups at all time points (not shown). The baseline values of Clearcrea mea-
sured in each group were found to be similar (P > 0.05). During hemorrhagic shock (from 
Shock0 to R0), the Clearcrea of all groups decreased dramatically and reached their nadirs 
at R0. After resuscitation with fluids and shed blood, the Clearcrea gradually increased 
and approached baseline levels at R4, with the 3:1 group having the lowest Clearcrea at 
R24 among all groups. The Clearcrea values of the 1:3 and 1:2 groups at R24 were lower 
than that of the 3:1 group and at baseline (P < 0.05) (Table 2, Figure 6). At R24, there 
were no significant difference in Clearcrea in the 2:1 and 1:1 groups compared with the 
baseline (P > 0.05) (Table 2, Figure 6).
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Figure 6. Creatinine clearance (Clearcrea). *P < 0.05 from baseline. #P < 0.05 from Group 3:1.

There was no significant statistical difference in coagulation parameters (PT, APTT, 
TT, and Fib) in all groups at all time points (not shown).

DISCUSSION

In this study, we investigated the effects of goal-directed fluid therapy with different 
LR: HES ratios on the acid-base and electrolyte balances, EVLW, and renal and coagulation 
functions in a canine hemorrhagic shock model. We tested the hypothesis that resuscitation 
with fluid of different LR: HES ratios would probably result in different effects on acid-base, 
and electrolyte balances, EVLWI, and renal function.

EVLWI is defined as the extravascular fluid in the lung at any moment, including the 
intracellular fluid of inflammatory, endothelial, and epithelial cells in the extravascular space, 
as well as alveolar and interstitial fluid and intrapulmonary lymph (Phillips at al., 2009). The 
amount of EVLWI represents a dynamic balance between factors that cause fluid to accumu-
late in the lungs and those that carry fluid out of the lungs.

In this study, to achieve maximal CO and stroke volume, the group with an LR: HES ratio 
of 3:1 received the largest LR amounts and total fluid resuscitation amounts. Because crystalloids 
(e.g., LR) are poor plasma expanders, 80% of the given volume would have shifted into the extra-
cellular space (Almaca et al., 2012). The shift from the intravascular space can be aggravated by 
endothelial injury, capillary leakage, and accumulating extracellular edema, all of which are com-
mon pathophysiological mechanisms during hemorrhagic shock (Ertmer et al., 2011)

In our 3:1 group, we observed pulmonary interstitial fluid accumulation, which led to 
an increase in the EVLWI and lung wet weight:dry weight ratios, and consequently a decrease 
in PaO2 compared with the 1:3 group and the baseline value. In contrast to crystalloid solu-
tions, colloid solutions (e.g., HES) theoretically provide longer and prolonged resuscitation 
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owing to their extended intravascular longevity or circulatory lifespan (Cabrales et al., 2007).
Thus, as expected, the 1:3 group received smaller total fluid resuscitation amounts 

that resulted in lower EVLWI, wet weight:dry weight ratios, and PaO2 indices than those in 
the 3:1 group at R24. Therefore, using crystalloid for goal-directed fluid therapy resulted in 
greater resuscitation volumes than using colloid. Lang et al. (2001) demonstrated this result by 
studying the effects of 6% HES and LR on tissue oxygen tension in patients undergoing major 
abdominal surgery, in whom colloids may reduce endothelial tissue edema, and crystalloids 
may cause endothelial tissue swelling and increase the oxygen diffusion distance.

In this experiment, 6% HES 130/0.4, pH 4.0 to 5.5 [osmolality 308 mOsM; electro-
lytes (M): Na+ 154, Cl− 154], and LR, pH 6.5 [osmolality 272 mOsM; electrolytes (M): Na+ 

130, Cl− 109, K+ 4, Ca2+ 2.7, lactate- 27.7], were used as resuscitation fluids. In essence, 6% 
HES 130/0.4 is a kind of saline-based colloid solution, whereas LR is a balanced crystalloid 
solution. Although saline-based solutions have been associated with disturbed acid-base bal-
ance because of their non-physiological electrolyte composition and pH (Wilcox, 1983; Sche-
ingraber et al., 1999), they remain to be popular choices for volume replacement therapy in 
perioperative care (Almaca et al., 2012). In addition, saline-based solutions are known to be 
more frequently associated with hyperchloremic acidosis, owing to their high levels of chlo-
ride, resulting in renal vascular constriction and potentially to renal dysfunction (Williams et 
al., 1999; Brill et al., 2002; Almaca et al., 2012).

In our model, the plasma chloride values in the 1:3 group (114 ± 7 M) and 1:2 group 
(112 ± 5 M) were higher than that in the 3:1 group (99 ± 5 M) and at baseline, being infused 
with a greater amount of HES at R24. This may be because HES has a chloride content of 154 
M, whereas LR has a chloride content of 109 M. In addition, our study showed that BE and pH 
were significantly lower in the 1:3 and 1:2 groups (saline-based colloid solution infused) at R4 
compared with the 3:1 group (greater amount of balanced crystalloid solution infused). How-
ever, no difference was found with respect to lactate levels. This suggests that resuscitation 
with large amounts of HES leads to hyperchloremia, which produces a relative hyperchlore-
mic acidosis. Furthermore, hyperchloremia may lead to renal function decrease by triggering 
renal vascular constriction and decreased renal perfusion (Almaca et al., 2012). Conversely, 
buffers (i.e., lactate) found in LR may be converted to bicarbonate in the liver and contribute 
to a lesser degree of acidemia, or increase the pH (Haisch et al., 2001).

Almaca et al. (2012) used acetate-balanced colloid and crystalloid for the evaluation 
of renal oxygenation in a murine hemorrhagic shock model. They found that resuscitation with 
0.9% NaCl and acetated Ringer’s solution and HES dissolved in saline led to hyperchloremic 
acidosis and progressive renal vasoconstriction, whereas resuscitation with the HES dissolved 
in RA did not. However, Feldheiser et al. (2013) found no renal impairment secondary to col-
loid fluid administration when targeted at optimizing cardiac preload in 50 patients with primary 
ovarian cancer undergoing cytoreductive surgery. In our experiment, the plasma pH and BE in 
the 1:3 and 1:2 groups at R24 were significantly decreased compared with the 3:1 group and at 
baseline (P < 0.05). Meanwhile, greater HES administration resulted in changes in Clearcrea in 
the 1:3 and 1:2 groups at R24, which were lower than those of the 3:1 group and at baseline (P 
< 0.05). At R24, there were no significant differences in plasma pH, BE, and Clearcrea in 2:1 
and 1:1 groups compared with the baseline (P > 0.05). This suggests that resuscitation with large 
amounts of HES (saline-based colloid solution) may have induced hyperchloremia acidosis and 
renal function impairment as a consequence of acute hemorrhagic shock.

In our model, the plasma sodium values in the 1:3 and 1:2 groups at R24 were higher 
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than those in the 3:1 group and at baseline, with the 1:3 and 1:2 groups having received more 
HES at R24. This suggests that resuscitation with large amounts of HES containing 0.9% 
NaCl would result in hypernatremia. It was undoubtedly caused by the  perfusion of HES with 
a higher sodium concentration (154 M) than LR (130 M). Usually, the renal tubules adjust and 
maintain the stable plasma sodium concentration through H+-Na+ and Na+-K+ changes in the 
normal condition. However, the renal tubules are prone to be affected and impaired in the pres-
ence of hemorrhagic shock. Furthermore, because of the relatively larger molecule of HES, 
the clearance of HES was delayed in the presence of hemorrhagic shock. The study of Walsh 
et al. (2008) also demonstrated our outcomes. They found that patients routinely received 
significantly greater amounts of sodium and fluid were physiologically impaired, in a prospec-
tive audit of postoperative fluid management practices in 106 consecutive patients undergoing 
laparotomy in a UK general surgical unit over a 6-month period in 2003.

With respect to effects on coagulation function, several studies have documented an 
increased bleeding tendency induced by the administration of HES, especially high-molecular 
HES (Fries et al., 2002; Mauch et al., 2012). HES solutions cause a syndrome similar to the 
von Willebrand type I syndrome, which is characterized by a diminished factor VIII activity, 
decreased von Willebrand factor plasma levels, and a decreased factor VIII-associated ristoce-
tin cofactor in plasma. Besides the quantity of the administered volume, the effect of HES on 
the coagulation system depends on the concentration, molecular weight, degree of substitu-
tion, and on the ratio (C1:C4) of substitution (Warren and Durieux, 1997 ).

In our experiment, we observed no significant intergroup differences in coagulation 
parameters (PT, APTT, TT, and Fib) throughout the entire protocol, even when all of the groups 
received amounts exceeding the maximal recommended dose of 0.6% HES 130/0.4 (50 mL/
kg). Our results are corroborated by the study of Yoneko et al. (2012), who found no changes 
in von Willebrand factor levels and factor VIII levels 3 h after hemorrhagic shock among the 
normal saline, low-HES, and medium-HES groups in hemorrhagic shock rats.

The reason that the coagulation system was not affected was that these animals had 
been retransfused to >70% of the shed blood (whole blood containing large amounts of co-
agulation factors) before R4 to reach the Hb goal. Second, the coagulation system is signifi-
cantly less impaired when infusing 6% HES 130/0.4 combined with RL than with HES alone 
(Moretti et al., 2003). Third, as a medium-weight HES solution, HES 130/0.4 impairs the 
coagulation system less than higher-molecular-weight HES solutions (Langeron et al., 2001).

However, our study has some limitations. As with any animal model, the data cannot be 
directly extrapolated to human models. Nonetheless, the principal advantage of an animal model 
is that it ensures homogeneity and a controlled environment for the standardization of the evalu-
ated interventions, permits measurements at defined time points, and removes confounding fac-
tors common to clinical trials. Another limitation of the present study is that thromboelastometry 
was not used in the measurement of coagulation parameters; therefore, the effects of the tested 
solutions on coagulation parameters remains to be conclusively elucidated.

The main findings of our randomized controlled experimental study are summarized 
as follows: 1) in this canine hemorrhagic shock model, the 3:1 group received greater LR 
(crystalloid) amounts and showed larger EVLWI than the 1:3 group. This increase EVLW may 
explain the consequent hypoxemia; 2) the 1:3 and 1:2 groups  received greater amounts of 
HES (colloid containing 0.9% NaCl), which resulted in hypernatremia, hyperchloremia, and 
hyperchloremic acidosis; 3) goal-directed fluid therapy with LR and HES at 1:2 and 1:3 ratios 
in this canine hemorrhagic shock model may impair renal function.
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In view of these results, we suggest that infusing resuscitation fluids with an LR:HES 
ratio of 3:1 in the setting of hemorrhagic shock for 24 h from the onset of shock may be as-
sociated with EVLW increase and hypoxemia, whereas rating fluids at ratios of 1:3 and 1:2 
may result in hypernatremia, hyperchloremia, hyperchloremic acidosis, and impaired renal 
function. Therefore, fluids with LR: HES ratios of 2:1 and 1:1 for resuscitation of hemorrhagic 
shock in canines may be superior to fluids with LR:HES ratios of 3: l, 1:2 and 1:3 with better 
acid-base, electrolyte, EVLW, and renal function profiles.
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