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ABSTRACT 
 

Early detection of hemorrhage and evaluation of fluid resuscitation are critical in managing hemorrhagic shock, but 
traditional clinical parameters are often insensitive for dynamic assessment. Echocardiography has emerged as a 
superior, non-invasive tool to evaluate fluid responsiveness and cardiac function in real time. This study aimed to 
evaluate the dynamic changes in left ventricular echocardiographic parameters, providing a comprehensive view of 
structural and functional responses to fluid therapy in a hemorrhagic shock model. Hemorrhagic shock was induced in 
New Zealand White rabbits by bleeding 35% of their total blood volume. Echocardiography using 2D and M-mode with 
a 6 MHz probe was performed at pre-hemorrhagic, hemorrhagic, and post-hemorrhagic phases. After fluid resuscitation, 
both groups showed a significant increase (P<0.05) in left ventricular dimensions and volumes. At 110 minutes post-
resuscitation (T110), Group KP2 showed a greater increase in LVIDd (1.30±0.07cm) and LVIDs (0.87±0.05 cm) 
compared to Group KP1 (1.15±0.09 cm; 0.75±0.07 cm). This was associated with significant improvements in SV 
(1.74±0.22mL; 2.67±1.35mL), CO (312.95±76.95mL; 437.46±219.08mL), EF (71.32±6.71%; 76.89±7.88%), and FS 
(36.99±5.71%; 42.28±7.93%). The KP2 group showed more distinct recovery of contractility and pump function. The 
combination of Ringer's lactate and gelatin resulted in faster and more significant improvements in left ventricular 
function. These results emphasize the importance of non-invasive echocardiography for real-time fluid responsiveness 
assessment and guiding individualized resuscitation strategies. 
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INTRODUCTION 
 

Hemorrhagic shock can result from trauma or surgical 
procedures. This condition leads to disruption of the 
circulatory system, thereby reducing oxygen transport to 
tissues (Fülöp et al. 2013) due to a sharp decline in effective 
circulation (Sun et al. 2017) . Consequently, it induces soft 
tissue damage and an acute immune response (Saraçoğlu et 

al. 2023), as well as coagulopathy that causes ischemia in 
multiple internal organs. In severe decompensated states, 
ischemia can occur in both the brain and heart (Andrianova 
et al. 2025). Hemorrhagic shock is also characterized by 
hemodynamic instability, cellular hypoxia, organ damage, 
and mortality (Sun et al. 2014). Immediate intervention for 
hemorrhagic shock is crucial. One of the standard 
treatments  is  blood   transfusion   (Seo   et   al.   2020). 
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However, in some developing countries such as Indonesia, 
blood transfusion remains challenging due to factors 
including the unavailability of blood banks and complex 
procedures for finding suitable donors. Therefore, 
alternative treatments such as fluid therapy are necessary. 

Fluid resuscitation therapy is the initial step in 
managing hemorrhagic shock (Almac et al. 2012). Early 
fluid resuscitation is crucial in management, aiming to 
prevent ischemia and necrosis (Costea et al. 2025). The key 
to successful resuscitation lies in the rapid administration 
of fluids to eliminate shock as quickly as possible and 
restore adequate perfusion (Sun et al. 2017). Rapid volume 
expansion through intravenous fluid administration is 
expected to optimize tissue perfusion (Teixeira-Neto and 
Valverde 2021). Fluid therapy also increases cardiac output 
and improves oxygen delivery via the Frank–Starling 
mechanism (Vincent et al. 2020). Both crystalloid and 
colloid fluids are commonly used for resuscitation. 
Currently, the ideal choice of fluid therapy remains a 
subject of debate. Frequently used fluids include Ringer's 
lactate as the primary resuscitation fluid, while alternatives 
such as albumin and gelatin are employed as protein 
colloids (Ramesh et al. 2019). 

The ideal fluid choice in terms of efficacy and safety 
remains uncertain. Compared with crystalloids, colloid 
solutions may result in a less positive fluid balance (Smart 
et al. 2021). Crystalloids are the most commonly used 
resuscitation fluids, while high–molecular weight 
hydroxyethyl starch as a colloid has been associated with an 
increased risk of mortality and acute kidney injury (Song et 
al. 2025). Similarly, the use of intravenous gelatin solutions 
may contribute to acute kidney injury (Smart et al. 2021). 
However, available data on gelatin use remains limited. 
This study therefore focuses on evaluating the effects of 
fluid therapy, particularly gelatin, in hemorrhagic shock. 

In addition to therapy, diagnostic techniques that 
support monitoring the condition of animals post-
resuscitation are also important. Hemorrhage is associated 
with left ventricular dysfunction (D’Annunzio et al. 2012). 
Various strategies exist to assess circulatory status, 
including hemodynamic monitoring and tissue perfusion 
measurement (Hussmann et al. 2014). Available 
hemodynamic reports are still limited to mean arterial 
pressure (MAP), stroke volume (SV), and cardiac output 
(CO) (Lima et al. 2019). Echocardiography is a non-
invasive ultrasound technique for in vivo cardiac imaging 
(Gugjoo et al. 2014; Piccione et al. 2025). It provides 
extensive information regarding cardiac morphology and 
function related to heart size, shape, pumping capacity, and 
the location and extent of tissue damage, enabling early 
detection of abnormalities such as regurgitant blood flow 
(Singh et al. 2014), as well as a monitor that can help 
clinicians in monitoring hemodynamic changes (Zerbib et 
al. 2019). 

Reported methods for evaluating fluid responsiveness 
include measuring the aortic flow velocity time integral 
using echocardiography (Teixeira-Neto and Valverde 
2021) and assessing the accuracy of echocardiographic 
variables in predicting fluid responsiveness in dogs with 
impaired hemodynamics and tissue hypoperfusion (Donati 
et al. 2023). The evaluation of the internal jugular vein, left 
ventricular stroke volume variability, pulmonary 
hypertension, and right ventricular dysfunction using 

echocardiographic markers has become the gold standard 
for non-invasive hemodynamic assessment in ICU patients 
(Piccione et al. 2025). The use of echocardiography in 
rabbit models can provide a comprehensive depiction of 
cardiovascular responses (Giraldo et al. 2019). 
Furthermore, Exploring the use of echocardiography in 
assessing left ventricular function after fluid therapy for 
hemorrhagic shock intervention is interesting to investigate 
to obtain a comprehensive picture of structural and 
functional profile of the rabbit left ventricle across pre-
hemorrhagic, hemorrhagic, and post-hemorrhagic phases, 
with and without fluid therapy. 
 

MATERIALS AND METHODS 
 
Object of research 

This study was conducted in accordance with the 
animal testing protocol and the integrated laboratory 
principles of Hasanuddin University. Animal welfare 
considerations were applied by minimizing pain and 
strictly adhering to the 3Rs principles, particularly by 
reducing the number of animals used. The experimental 
subjects were male New Zealand White rabbits, weighing 
2.0–2.8kg and aged 5–8 months. The rabbits were housed 
individually in cages measuring 60×42×50cm, with ad 
libitum access to food and water. 
 
Protocol of research 

The experimental animals were divided into four 
groups: (1) negative control group (KN), without 
hemorrhage induction; (2) hemorrhage-only group (KP), 
subjected to hemorrhage without resuscitation; (3) 
treatment group 1 (KP1), subjected to hemorrhage 
followed by resuscitation with Ringer’s lactate; and (4) 
treatment group 2 (KP2), subjected to hemorrhage 
followed by resuscitation with a combination of Ringer’s 
lactate and gelatin. Rabbits were fasted overnight with free 
access to water. Anesthesia was induced via intramuscular 
injection of acepromazine (0.75mg/kg), xylazine (3mg/kg), 
and ketamine (70mg/kg) (Plumb 2018). Anesthesia was 
maintained with intravenous ketamine at one-third of the 
initial dose. A 26-gauge intra-auricular catheter was 
inserted into the auricular artery (a. auricularis) for blood 
withdrawal, while catheters were also placed in the 
saphenous and cephalic veins for fluid infusion. 

The study was divided into three phases (Fig. 1). Phase 
1, the pre-hemorrhagic period, lasted 15 minutes (T15). 
Phase 2, the hemorrhagic period, lasted 65 minutes and 
consisted of an initial 15-minute bleeding phase (T30) 
followed by a 50-minute maintenance period to sustain 
hemorrhagic shock (T80). Phase 3, the post-hemorrhagic 
period, lasted 150 minutes and included 30 minutes of fluid 
therapy administration (T110) followed by 120 minutes of 
post-resuscitation monitoring (T230), giving a total 
experimental duration of 230 minutes. Hemorrhage was 
induced over 15 minutes until 35% of the total blood 
volume was withdrawn, calculated as 6% of body weight, 
to establish hemorrhagic shock. At the end of the study, 
animals were humanely euthanized by intravenous 
administration of an overdose of ketamine. 
 
Fluid therapy 

The fluid therapies used in this experiment were 
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Ringer's lactate (RL) and synthetic colloids, specifically 
4% succinylated gelatin solution (Gel) ®Gelofusal. The 
fluid dosage calculations were based on the following 
formula: maintenance volume = (30 × body weight (kg)) + 
70 ml; deficit replacement volume = percentage of 
dehydration × body weight (kg) × 1000 ml × 80%; and fluid 
loss volume = 2 × estimated volume lost (Wingfield and 
Raffe 2002) For combination fluid therapy involving 
crystalloids (RL) and colloids (hydroxyethyl starch), a 2:1 
ratio was applied (Zhang et al. 2013). 
 

 
 
Fig. 1: Summary of the study design and echocardiographic 
measurement timeline during one treatment cycle of 230 minutes, 
including the pre-hemorrhagic phase (T15), hemorrhagic phase 
(T30), hemorrhage maintenance phase (T80), post-
hemorrhagic/post-therapy phase (T110) and resuscitation 
maintenance phase (T230). 
 
Examination of echocardiographic 
Measurement of echocardiographic 

Echocardiographic data were collected using the 
BMV® PT50C Veterinary Ultrasound system. 
Measurements were performed at five time points (T15, 
T30, T80, T110 and T230) while the rabbits were under 
anesthesia. Animals were positioned in right lateral 
recumbency, and the probe was placed on the right 
parasternal area between the 3rd and 6th intercostal spaces, 
near the sternum–costochondral junction, in a short-axis 
view (Thomas et al. 1993). Two-dimensional (2D) guided 
M-mode tracing was obtained at the level of the papillary 
muscles (Turner Giannico et al. 2015). 

Parameters assessed included left ventricular internal 
dimension at end-diastole (LVIDd) and end-systole 
(LVIDs), posterior wall thickness at end-diastole (LVPWd) 
and end-systole (LVPWs), and interventricular septal 
thickness at end-diastole (IVSd) and end-systole (IVSs). 
Functional indices included stroke volume (SV), cardiac 
output (CO), ejection fraction (EF), fractional shortening 
(FS) and heart rate (HR). Heart rate was calculated from 
the interval between two consecutive R waves on the 
electrocardiogram displayed on the monitor. Wall 
thickness and chamber dimensions were measured at both 
end-diastole and end-systole (Bodh et al. 2019;Singh et al. 
2014). All echocardiographic procedures were carried out 
under the supervision of practitioners and faculty members 
specializing in ultrasound and cardiology. 

Echocardiographic formulas 
Left ventricular volumes (end-diastolic volume and 

end-systolic volume) were calculated using the Teichholz 
Formula (Teichholz et al. 1976) as follows: 1) End-
diastolic volume (EDV) (ml) = 7 (LVIDd)3/2.4+LVIDd), 
End-systolic volume (ESV) (ml) = 7 (LVIDs)3 
/2.4+LVIDs), Stroke volume (SV) (ml/beat) = (EDV-ESV), 
CO (L/min) = (Heart rate (HR) × SV), Fractional 
shortening (FS) (%) = (LVIDd-LVIDs/LVIDd)×100), 
Ejection fraction (EF) (%) = (EDV-ESV/ EDV)×100 
(Gugjoo et al. 2014). 
 
Histopathology 

Cardiac tissue samples were collected and fixed in 
10% neutral buffered formalin, and subsequently 
embedded in paraffin. Sections of 4–5µm thickness were 
prepared using a microtome and stained with hematoxylin 
and eosin (H&E). The slides were examined under a light 
microscope at 400× magnification to evaluate cardiac 
injury. Cardiac damage was assessed using a modified 
histopathological scoring system based on four categories: 
edema, inflammatory cell infiltration, cellular necrosis, and 
alterations in cardiac muscle fiber structure. Each 
parameter was graded as absent, mild, moderate, 
moderately severe, or severe, and scored according to the 
percentage of damage as 0 (absent), 1 (<25%), 2 (26–50%), 
3 (51–75%), or 4 (76–100%). 
 
Statistical analysis 

Data were analyzed using IBM SPSS Statistics version 
27 (IBM Corp., Armonk, NY, USA) and Microsoft Excel. 
Sources of variation included treatment group and time. 
Differences were analyzed using two-way repeated 
measures analysis of variance (ANOVA) with Tukey’s 
post hoc test. The Shapiro–Wilk test was applied to assess 
the normality of data distribution. A P<0.05 was considered 
statistically significant. Histopathological scores of cardiac 
tissue were analyzed using the Kruskal–Wallis chi-square 
test with Bonferroni correction for multiple comparisons. 
 

RESULTS 
 

Hemorrhage was induced through the auricular artery 
(a. auricularis), resulting in a 35% reduction of total blood 
volume, equivalent to approximately 6% of body weight 
(60mL/kg). Left ventricular function was evaluated by 
echocardiographic measurements of the interventricular 
septum (IVS), left ventricular internal dimension (LVID), 
and left ventricular posterior wall (LVPW), as shown in 
Fig. 2 and Table 1–3. Echocardiographic measurements of 
IVSd and IVSs showed no significant differences (P>0.05) 
among groups or across time points, although slight non-
significant variations were observed. In contrast, 
significant thickening of the left ventricular myocardial 
wall was detected in the hemorrhage-only group (KP), with 
increased LVPWd and LVPWs values compared to the KN, 
KP1, and KP2 groups (P<0.05). The KP group 
demonstrated progressive myocardial wall thickening from 
T30 to T230. Both KP1 and KP2 groups exhibited a 
reduction in LVPWd and LVPWs after fluid therapy, 
although these changes were not statistically significant. 
Increased blood volume following therapy expanded the 
ventricular lumen, which in turn reduced myocardial wall 
thickness and improved wall compliance. 
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Table 1: Comparison of changes in Left Ventricular Internal Dimension at End-Diastole and End-Systole across pre-hemorrhagic, 
hemorrhagic, and post-hemorrhagic/post-therapy phases at different time points 

Left Ventricular Internal Dimension at End-Diastole (cm) Left Ventricular Internal Dimension at End-Systole (cm) 
Group T15 (n=6) T30 (n=6) T80 (n=6) T110 (n=6) T230 (n=6) T15 (n=6) T30 (n=6) T80 (n=6) T110 (n=6) T230 (n=6) 
KN 1.14±0.04 1.14±0.05 1.16±0.07 1.15±0.03 1.07±0.03* 0.81±0.04 0.82±0.05 0.85±0.03 0.84±0.04 0.79±0.06 
KP 1.16±0.18 0.91±0.08* 0.86±0.12* 0.83±0.10* 0.87±0.13* 0.86±0.18 0.59±0.02* 0.60±0.05* 0.58±0.04* 0.61±0.04* 
KP1 1.10±0.14 0.98±0.05 0.89±0.08* 1.15±0.09# 1.06±0.03# 0.79±0.11 0.67±0.09 0.60±0.08* 0.75±0.07 0.67±0.06 
KP2 1.24±0.08 0.98±0.22* 0.94±0.07* 1.30±0.07# 1.18±0.20 0.83±0.06 0.67±0.14* 0.64±0.03* 0.87±0.05# 0.67±0.06* 
P-Value 0.280 0.022 <0.001 <0.001 0.002 0.771 0.002 <0.001 < 0.001 < 0.001 
Time points in the table rows indicate significant differences (P<0.05) compared to baseline at T15 are marked with an asterisk (*), and 
those showing significant differences compared to the hemorrhagic shock period at T80 are marked with a hash (#)  
 
Table 2: Comparison of changes in interventricular septal dimensions during diastole and systole across pre-hemorrhagic, hemorrhagic, 
and post-hemorrhagic/post-therapy phases at different time points 
  Interventricular Septum at End-Diastole (cm) Interventricular Septum at End-Systole (cm) 
Group T15 (n=6) T30 (n=6) T80 (n=6) T110 (n=6) T230 (n=6) T15 (n=6) T30 (n=6) T80 (n=6) T110 (n=6) T230 (n=6) 
KN 0.20±0.02 0.19±0.01 0.20±0.01 0.19±0.01 0.19±0.01 0.24±0.02 0.23±0.02 0.23±0.01 0.23±0.02 0.23±0.02 
KP 0.20±0.02 0.22±0.01 0.22±0.03 0.21±0.04 0.21±0.04 0.22±0.02 0.25±0.02 0.24±0.05 0.25±0.06 0.23±0.05 
KP1 0.20±0.04 0.23±0.09 0.25±0.09 0.21±0.06 0.20±0.04 0.23±0.06 0.27±0.10 0.32±0.09 0.28±0.07 0.25±0.02 
KP2 0.19±0.05 0.24±0.05 0.25±0.03 0.22±0.04 0.22±0.04 0.25±0.06 0.28±0.04 0.32±0.02 0.28±0.04 0.31±0.04 
p-Value 0.987 0.480 0.191 0.695 0.601 0.760 0.386 0.010 0.315 0.004 
Time points in the table rows indicate significant differences (P<0.05) compared to baseline at T15 are marked with an asterisk (*), and 
those showing significant differences compared to the hemorrhagic shock period at T80 are marked with a hash (#)  
 
Table 3: Comparison of changes in left ventricular wall thickness during diastole and systole across pre-hemorrhagic, hemorrhagic, and 
post-hemorrhagic/post-therapy phases at different time points 
 Left Ventricular Posterior Wall at End-Diastole (cm) Left Ventricular Posterior Wall at End-Systole (cm) 
Group T15 (n=6) T30 (n=6) T80 (n=6) T110 (n=6) T230 (n=6) T15 (n=6) T30 (n=6) T80 (n=6) T110 (n=6) T230 (n=6) 
KN 0.23±0.01 0.23±0.01 0.23±0.01 0.23±0.01 0.23±0.01 0.28±0.02 0.27±0.02 0.26±0.02 0.27±0.02 0.32±0.14 
KP 0.24±0.03 0.28±0.05 0.28±0.03 0.30±0.02* 0.30±0.03* 0.29±0.01 0.33±0.03* 0.34±0.03* 0.35±0.02* 0.37±0.03* 
KP1 0.24±0.07 0.26±0.07 0.29±0.07 0.24± 0.05 0.25±0.05 0.29±0.06 0.33±0.09 0.35±0.10 0.33±0.08 0.33±0.09 
KP2 0.24±0.06 0.27±0.06 0.29±0.04 0.27±0.06 0.27±0.06 0.30±0.06 0.35±0.08 0.37±0.07 0.33±0.05 0.34±0.03 
p-Value 0.985 0.464 0.056 0.041 0.540 0.953 0.159 0.040 0.054 0.019 
Time points in the table rows indicate significant differences (P<0.05) compared to baseline at T15 are marked with an asterisk (*), and 
those showing significant differences compared to the hemorrhagic shock period at T80 are marked with a hash (#) 
 

 
 
Fig. 2: Echocardiographic measurements in rabbits: (A) T15, pre-
hemorrhagic phase; (B) T30, hemorrhagic phase after 15 minutes; 
(C) T80, hemorrhagic phase maintenance after 50 minutes (total 
intra-hemorrhagic phase of 65 minutes); (D) T110, post-
hemorrhagic phase, 30 minutes after fluid therapy administration; 
(E) T230, post-hemorrhagic phase, 120 minutes of continued fluid 
therapy (total therapy phase of 150 minutes). 

VIDd and LVIDs significantly decreased (P<0.05) 
during hemorrhagic shock at T80 (0.94±0.07cm; 
0.64±0.03cm) compared to baseline at T15 (1.24±0.08cm; 
0.83±0.06cm), reflecting a narrowing of the left 
ventricular cavity. Following resuscitation, ventricular 
dimensions significantly increased at T110 
(1.30±0.07cm; 0.87±0.05cm), and subsequently showed a 
non-significant decline at T230 compared to T80 and T15. 
In all hemorrhaged groups (KP, KP1, and KP2), LVIDd 
and LVIDs at T80 were significantly reduced compared 
to T15, while no change was observed in the KN group. 
After fluid therapy, both KP1 and KP2 demonstrated 
increases in LVIDd and LVIDs. These findings indicate 
that hemorrhage reduced left ventricular lumen size due 
to decreased circulating volume, whereas fluid 
resuscitation improved cardiac filling and partially 
restored ventricular dimensions. 

Hemodynamic circulation parameters in rabbits are 
presented in Fig. 3. Heart rate (HR) showed no significant 
differences (P>0.05) among the KN, KP, KP1 and KP2 
groups throughout the study period. During the early phase 
of hemorrhage, HR tended to increase, but as bleeding 
progressed, responses varied among individuals. Following 
resuscitation, HR demonstrated a gradual upward trend, 
which was evident on echocardiographic monitoring, 
although the changes were not statistically significant. In 
contrast, parameters reflecting cardiac pumping 
performance, including end-diastolic volume (EDV), end-
systolic volume (ESV), stroke volume (SV), and cardiac 
output  (CO),  showed  significant  reductions  (P<0.05) 
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Fig. 3: The graph indicated the differences between groups and across time points in the parameters HR, EDV, ESV, SV, CO, FS, and 
EF (y-axis) against the duration of time (x-axis) during the pre-hemorrhagic phase (T15), hemorrhagic phase (T30), hemorrhage 
maintenance phase (T80), post-hemorrhagic/post-therapy phase (T110), and resuscitation maintenance phase (T230). Time points with 
significant differences (P<0.05) compared to baseline at T15 are marked with an asterisk (*), and those with significant differences 
(P<0.05) compared to the hemorrhage maintenance phase at T80 are marked with a hash (#).  
 
during the hemorrhagic shock phase (T80) compared to 
baseline (T15) in the KP, KP1, and KP2 groups. After 
resuscitation, both KP1 and KP2 exhibited significant 
increases (P<0.05) in these parameters at T110, indicating 
improved ventricular filling and output. From T110 to 
T230, slight declines were observed in both groups, but the 
changes were not statistically significant (P>0.05). 

In the KN group, EDV, ESV, SV, and CO showed non-

significant fluctuations across phases, likely influenced by 
the anesthetic condition of the rabbits. In contrast, the KP 
group demonstrated a gradual decline in ventricular 
volumes over time, accompanied by a non-significant 
increase in HR from T30 to T230. All hemorrhaged groups 
(KP, KP1, and KP2) exhibited significant reductions 
(P<0.05) in EDV, ESV, SV, and CO during the 
hemorrhagic phase (T80) compared to baseline (T15). 
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Following resuscitation, both KP1 and KP2 groups showed 
significant increases (P<0.05) in these parameters at T110. 
At T230, volumes again decreased, although the changes 
were not statistically significant. The KP2 group 
consistently demonstrated a larger EDV and smaller ESV 
at most time points compared to the KP1 group, which 
directly contributed to greater stroke volume (SV) and 
cardiac output (CO). 

In the KN group, EF and FS showed no significant 
changes (P>0.05) with minimal variation from T15 to T230. 
In the KP group, both parameters increased transiently at 
T30 during early hemorrhage, followed by progressive 
declines at T80, T110, and T230. The KP1 and KP2 groups 
demonstrated similar decreases during the hemorrhagic 
phase; however, after resuscitation, EF and FS increased 
significantly at T110 (P<0.05) and continued to rise at T230. 
Compared to KP1, the KP2 group exhibited greater and 
earlier recovery, achieving significantly higher EF and FS 
values at T230, which were close to baseline levels. 

In the KN group, cardiac muscle fibers were regularly 
arranged, intercalated discs were distinct, and nuclei 
appeared normal, with no histopathological alterations 
(damage score = 0). In contrast, the KP group exhibited 
loosely arranged and irregular myocardial fibers, with 
occasional ruptures. Widespread nuclear necrosis, 
scattered inflammatory cell infiltration, and interstitial 
edema were also observed, resulting in a high damage score 
of 4 (76–100% tissue damage). 

In the treatment groups (KP1 and KP2), cardiac 
muscle fibers appeared relatively better organized with less 
damage compared to the KP group (Fig. 4). The KP1 group 
had a mean damage score of 3, corresponding to 51–75% 
tissue damage. In contrast, the KP2 group showed a 
markedly lower score (mean 1.3), indicating only mild to 
moderate injury (<50% damage) (Fig. 5). The 
histopathological score for KP2 was significantly lower 
than that of KP (P<0.05) but not significantly different 
(P>0.05) from the KN group, suggesting that 
cardiomyocyte integrity in KP2 closely resembled the 
normal untreated control. 
 

 
 
Fig. 4: Histopathology of rabbit heart tissue (H&E staining, 400× 
magnification): (KN) Normal cell nuclei (a) and intercalated discs 
(b); (KP) necrosis (d), edema (c), and inflammatory cells (e); 
(KP1) necrosis (d), edema (c), and cell nuclei (a); (KP2) cell 
nuclei (a). 

 
 
Fig. 5: Histopathological injury scores of the cardiac tissue (y-
axis) against treatment groups (x-axis). KN: non-hemorrhaged 
control group; KP: hemorrhaged group without fluid therapy; 
KP1: hemorrhaged group treated with Ringer's lactate (RL); KP2: 
hemorrhaged group treated with RL + Gelatin (Gel). Groups 
showing significant differences (P<0.05) compared to KN are 
marked with an asterisk (*), and those showing significant 
differences (P<0.05) compared to KP are marked with a hash (#). 
 

DISCUSSION 
 

These results provide a compelling explanation for the 
inconsistencies reported in previous studies regarding the 
comparative efficacy of crystalloids and colloids. Unlike 
earlier research that focused primarily on traditional 
hemodynamic parameters such as blood pressure and heart 
rate, our findings demonstrate a direct beneficial effect on 
left ventricular function. This suggests that the 
hemodynamic improvements observed with colloids are 
not merely due to passive volume expansion but reflect 
enhanced cardiac performance. These data offer a deeper 
physiological perspective on how the heart responds to 
different fluid therapies. Although both fluids (KP1 and 
KP2) were effective in restoring hemodynamic parameters 
following hemorrhagic shock, detailed echocardiographic 
analysis revealed significant differences in the cardiac 
response to the two fluid types. 

The average heart rate (HR) of rabbits at baseline 
(T15) under anesthesia was 180.00±40.40bpm, which is 
higher than the average HR previously reported in 
anesthetized rabbits 155±29bpm (Fontes-Sousa et al. 2006) 
but lower than another report of 262±37bpm (Fontes-Sousa 
et al. 2009). During hemorrhagic shock, HR typically rises 
during the compensatory phase and falls during the 
decompensatory phase, marking a critical stage of shock 
progression. Similar HR elevations during hemorrhage 
have been reported in previous studies (Salomão et al. 
2015; Treml et al. 2023). Tachycardia increases myocardial 
workload and energy consumption (Mann et al. 2015), 
while significant blood loss further disrupts hemodynamics 
(Treml et al. 2023). In this study, HR initially increased 
during resuscitation and then decreased two hours post-
resuscitation. HR, together with stroke volume (SV), serves 
as an important indicator of fluid therapy effectiveness. 
Previous studies have shown that HR elevation is 
characteristic of shock, and its normalization following 
fluid administration correlates with improved tissue 
perfusion and cardiac function (Liu et al. 2004) 

At T15, representing the pre-hemorrhage condition, 
LVIDd and LVIDs values averaged 1.16±0.12cm and 
0.82±0.11cm, respectively, with ranges of 0.89–1.43cm. A 
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previous study reported mean values of 1.32±0.19cm and 
0.83±0.14cm, with ranges of 0.95–1.70cm and 0.54–
1.12cm, respectively (Turner Giannico et al. 2015). During 
hemorrhagic shock, both LVIDd and LVIDs values 
decreased, reflecting narrowing of the left ventricular 
lumen due to reduced blood volume being pumped. 
Hemorrhage is closely associated with left ventricular 
dysfunction, characterized by impaired early isovolumic 
relaxation and increased myocardial stiffness observed 120 
minutes after hemorrhage (D’Annunzio et al. 2012).  

The resuscitation phase showed a significant increase 
in left ventricular lumen diameter, indicating lumen 
expansion, which was followed by a decrease in diameter 
two hours after resuscitation. Similar findings have been 
reported, with increases in LVIDs observed after fluid 
administration (Buba Lucina et al. 2022). The primary aim 
of fluid resuscitation is to restore circulating blood volume 
(Ramesh et al. 2019; Munoz et al. 2020) and the additional 
volume directly influences the internal diameter of the left 
ventricle (Table 1). At T230, rabbits treated with fluids 
showed significant increases (P<0.05) in ejection fraction 
(EF) and fractional shortening (FS), reflecting an increased 
stroke volume in response to enhanced preload (Chaves et 
al. 2018; Buba Lucina et al. 2022). 

During the hemorrhagic period, circulating blood 
volume decreases, resulting in reductions in stroke volume 
(SV) and cardiac output (CO). Similar findings have been 
reported, with significantly impaired cardiac function 
observed two hours post-trauma, characterized by 
decreased SV and CO (Yang et al. 2004). A 65% blood loss 
has also been shown to reduce cardiac output (Treml et al. 
2023). Moreover, acute hemorrhage alters not only systolic 
but also diastolic ventricular function in anesthetized 
rabbits (D’Annunzio et al. 2012). In this study, post-
resuscitation fluid therapy increased circulating blood 
volume, as evidenced by elevated EDV, ESV, SV, and CO. 
The primary goal of fluid resuscitation is to restore cardiac 
output (Messina et al. 2022). Colloid administration causes 
expansion of blood volume and cardiac output. This is 
essential for supporting cardiac function. This efficiency 
allows for more rapid achievement of hemodynamic 
stability (Shahbazi et al. 2011). 

This study introduces a novel dynamic, non-invasive 
echocardiographic approach for evaluating fluid 
resuscitation, which overcomes the limitations of static 
assessments based solely on blood pressure and heart rate 
(Saraçoğlu et al. 2023). This method provides a more 
comprehensive understanding of the impact of fluid 
therapy on cardiac performance and may serve as the 
foundation for a new paradigm in hemorrhagic shock 
management. These findings suggest that, in the future, 
fluid selection and titration could be guided by real-time 
cardiac performance metrics rather than relying exclusively 
on vital signs (Donati et al. 2023), thereby enabling the 
optimization of resuscitation strategies in clinical practice. 

Resuscitation induces hemodilution, which increases 
cardiac output and activates vasoconstriction through 
baroreceptor reflexes. The resulting reduction in shear 
stress on the vessel walls decreases nitric oxide (NO) 
production, thereby promoting vasoconstriction and 
increasing peripheral vascular resistance (Martini et al. 
2005). Early administration of gelatin-polysuccinate or 
hydroxyethyl starch (HES) has also been shown to produce 

greater cardiac output and more pronounced hemodilution 
(Ziebart et al. 2021). 

The success of fluid resuscitation depends on the 
ability of the administered fluid to remain within the 
intravascular space (Myburgh and Mythen 2013). 
Combined Ringer’s lactate (RL) and gelatin therapy 
produced superior outcomes compared to RL alone, likely 
due to the colloid’s higher oncotic pressure and greater 
intravascular volume expansion (Heming et al. 2017). 
Gelatin remains intravascular longer, thereby improving 
circulatory hemodynamics and achieving resuscitation 
targets with lower fluid volumes compared to crystalloids 
(Heming et al. 2017). Experimental studies have also 
demonstrated that gelatin colloids exert stronger effects 
on macrocirculation than crystalloids, both in rabbits and 
in pig models (Ziebart et al. 2018). Furthermore, 
concentrated colloid solutions have been shown to restore 
capillary flow distribution and promote more 
homogeneous tissue oxygenation in hemorrhagic shock 
models (He et al. 2018). 

Inflammatory cell infiltration was observed in the KP, 
KP1, and KP2 groups, with the most severe inflammation 
noted in the KP group compared to KP1 and KP2. 
Inflammation is a natural response to injury and serves as a 
prerequisite for tissue remodeling, regeneration, and scar 
formation. In the context of cardiac injury, the 
inflammatory response involves the infiltration of immune 
cells that modulate inflammation and temporally regulate 
angiogenesis during the process of cell death and tissue 
repair (Broughton et al. 2018). 

Histopathological examination of rabbit hearts in the 
KP2 group receiving combined RL and gelatin 
resuscitation showed improvement, with reduced 
inflammation and decreased nuclear necrosis compared to 
KP1 and KP groups. These findings indicate that clinically, 
combined RL and gelatin fluid resuscitation better reduces 
cardiac injury in animals experiencing hemorrhagic shock. 
This aligns with Coppola et al. (2014), who stated that fluid 
resuscitation aims to reduce organ failure due to peripheral 
tissue hypoperfusion. The same results showed that 
improvements in heart cells using 7.5% hypertonic saline 
reduced the cardiac injury score compared to 4.5% 
hypertonic saline after uncontrolled hemorrhagic shock in 
rabbits (Xu et al. 2019). 

It should be noted that administering large volumes of 
crystalloids may lead to edema due to their small molecular 
structure (Vardar et al. 2022), which facilitates the 
movement of intravascular fluid into the interstitial space 
through vessel walls (Sun et al. 2017). Furthermore, fluid 
administration exceeding 2L at infusion rates greater than 
0.2L/min has been associated with the risk of rebleeding 
(Hirshberg et al. 2006). Therefore, careful consideration 
and close monitoring of dosing and infusion rates are 
essential during resuscitation. 

The main limitation of this study is the use of a rabbit 
model, as the findings cannot be directly generalized to 
other species due to differences in physiological responses. 
Future research should validate these results through 
clinical trials in species such as dogs or horses, which are 
also prone to hemorrhagic shock. Such studies will help 
determine whether the benefits observed in rabbits can be 
translated into improved clinical outcomes in these 
animals, thereby strengthening veterinary clinical practice. 
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The application of echocardiography in these trials will be 
particularly valuable for optimizing resuscitation strategies 
in real-world veterinary settings. 
 
Conclusion 

This study provides a novel dynamic and non-invasive 
evaluation of left ventricular function in a rabbit model of 
hemorrhagic shock. Compared to Ringer’s lactate, gelatin 
colloid produced faster and more significant improvements 
in key cardiac performance parameters, including left 
ventricular internal diameter (LVID), ejection fraction 
(EF), and cardiac output (CO). These findings bridge the 
gap between traditional hemodynamic assessments and 
more detailed evaluations of myocardial function, 
underscoring the value of dynamic echocardiography as a 
promising tool for optimizing fluid resuscitation strategies 
in hemorrhagic shock. 
 

DECLARATIONS 
 
Funding: This research was funded by the Universitas 
Gadjah Mada Final Project Recognition (RTA) Research 
Grant, Grant Number 5075/UN1.P.II/Dit-Lit/PT.01.01/ 
2023. 
 
Acknowledgment: The authors gratefully acknowledge 
Universitas Gadjah Mada for supporting this research. 
Conflict of Interest: The author states there is no conflict 
of interest with the parties concerned in this research. 
 
Data Availability: The data that support the findings of 
this study are available from the corresponding author upon 
reasonable request. 
 
Ethics Statement: The research has been approved by the 
Ethics Committee of the Faculty of Medicine. Hasanuddin 
University with the number: 584/UN4.6.4.5.31/PP36/ 
2023. 
 
Author’s Contribution: Waode Santa Monica1: 
Conceptualization, Methodology, Writing Original Draft. 
Ida Tjahajati2: Investigation, Methodology, Research 
Process. Siti Isrina Oktavia Salasia3: Statistical Analysis, 
Review & Editing, Conceptualization. Aris Haryanto4: 
Data Analysis, Visualization . Muhammad Zulfadillah 
Sinusi, DVM, M.Sc: Surgery, Radiology, and Technical 
Support. 
 
Generative AI Statement: The authors declare that no 
Gen AI/DeepSeek was used in the writing/creation of this 
manuscript. 
 
Publisher’s Note: All claims stated in this article are 
exclusively those of the authors and do not necessarily 
represent those of their affiliated organizations or those of 
the publisher, the editors, and the reviewers. Any product 
that may be evaluated/assessed in this article or claimed by 
its manufacturer is not guaranteed or endorsed by the 
publisher/editors. 
 

REFERENCES 
 
Almac E, Aksu U, Bezemer R, Jong W, Kandil A, Yuruk K, 

Demirci-Tansel C and Ince C, 2012. The acute effects of 
acetate-balanced colloid and crystalloid resuscitation on 
renal oxygenation in a rat model of hemorrhagic shock. 
Resuscitation 83:1166–1172. 
https://doi.org/10.1016/j.resuscitation.2012.02.011  

Andrianova NV, Buyan M I, Brezgunova AA, Cherkesova KS, 
Zorov DB and Plotnikov EY, 2025. Hemorrhagic shock and 
mitochondria: pathophysiology and therapeutic approaches. 
International Journal of Molecular Sciences 26(5): 1843. 
https://doi.org/10.3390/ijms26051843  

Bodh D, Hoque M and Saxena AC, 2019. Echocardiographic 
study of healthy Indian Spitz dogs with normal reference 
ranges for the breed. Veterinary World 12: 740–747. 
https://doi.org/10.14202/vetworld.2019.740-747  

Broughton KM, Wang BJ, Firouzi F, Khalafalla F, Dimmeler S, 
Fernandez-Aviles F and Sussman MA, 2018. Mechanisms of 
cardiac repair and regeneration. Circulation Research 122: 
1151–1163. 
https://doi.org/10.1161/CIRCRESAHA.117.312586  

Buba Lucina S, Muehlbauer E, Bentivóglio Costa Silva V, 
Folgearini Silveira M, Wolf M, Pereira Dos Santos J, Duque 
Moreno JC, Gonçalves Sousa M and Rodrigues Froes T, 
2022. Conventional vs. Advanced echocardiographic 
parameters for predict fluid responsiveness in healthy dogs. 
Acta Scientiae Veterinariae 50: 
https://doi.org/10.22456/1679-9216.121390  

Chaves RCDF, Corrêa TD, Neto AS, Bravim BDA, Cordioli RL, 
Moreira FT, Timenetsky KT and De Assunção MSC, 2018. 
Assessment of fluid responsiveness in spontaneously 
breathing patients: a systematic review of literature. Annals 
of Intensive Care 8: 21. https://doi.org/10.1186/s13613-018-
0365-y  

Coppola S, Froio S and Chiumello D, 2014. Fluid resuscitation in 
trauma patients: what should we know?. Current Opinion in 
Critical Care 20: 444–450. 
https://doi.org/10.1097/MCC.0000000000000115  

Costea C-N, Pojoga C and Seicean A, 2025. Advances in the 
management of fluid resuscitation in acute pancreatitis: a 
systematic review. Diagnostics 15(7): 810. 
https://doi.org/10.3390/diagnostics15070810  

D’Annunzio V, Donato M, Fellet A, Buchholz B, Arciuch VGA, 
Carreras MC, Valdez LB, Zaobornyj T, Morales C, Boveris 
A, Poderoso JJ, Balaszczuk AM and Gelpi RJ, 2012. 
Diastolic function during hemorrhagic shock in rabbits. 
Molecular and Cellular Biochemistry 359: 169–176. 
https://doi.org/10.1007/s11010-011-1011-2  

Donati PA, Villalta C, Lisa T, Fravega R, Cordero IS, Tunesi M, 
Guevara JM and Otero PE, 2023. Echocardiographic 
indicators of fluid responsiveness in hospitalized dogs with 
compromised hemodynamics and tissue hypoperfusion. 
Journal of Veterinary Emergency and Critical Care 33: 22–
28. https://doi.org/10.1111/vec.13255  

Fontes-Sousa AP, Moura C, Carneiro CS, Teixeira-Pinto A, 
Areias JC and Leite-Moreira AF, 2009. Echocardiographic 
evaluation including tissue doppler imaging in New Zealand 
white rabbits sedated with ketamine and midazolam. The 
Veterinary Journal 181: 326–331. 
https://doi.org/10.1016/j.tvjl.2008.02.022  

Fontes-Sousa APN, Brás-Silva C, Moura C, Areias JC and Leite-
Moreira AF, 2006. M-mode and doppler echocardiographic 
reference values for male new zealand white rabbits. 
American Journal Veterinary Research 67: 1725–1729. 
https://doi.org/10.2460/ajvr.67.10.1725  

Fülöp A, Turóczi Z, Garbaisz D, Harsányi L and Szijártó A, 2013. 
Experimental models of hemorrhagic shock: A review. 
European Surgical Research 50 (2): 57–70. 
https://doi.org/10.1159/000348808  

Giraldo A, Talavera López J, Brooks G and Fernández-del-
Palacio MJ, 2019. Transthoracic Echocardiographic 
examination in the rabbit model. Journal of Visualized 



Int J Vet Sci, 2026, 15(2): 489-499. 
 

 498 

Experiments 148: 1-12. https://doi.org/10.3791/59457  
Gugjoo MB, Saxena AC, Hoque M and Zama MMS, 2014. M-

mode echocardiographic study in dogs. African Journal of 
Agriculture Research 9 (3): 387–396. 
https://doi.org/10.5897/AJAR2013.7867  

He H, Liu D and Ince C, 2018. Colloids and the Microcirculation. 
Anesthesia & Analgesia 126(5): 1747–1754. 
https://doi.org/10.1213/ANE.0000000000002620  

Heming N, Elatrous S, Jaber S, Dumenil AS, Cousson J, 
Forceville X, Kimmoun A, Trouillet JL, Fichet J, Anguel N, 
Darmon M, Martin C, Chevret S and Annane D, 2017. 
Haemodynamic response to crystalloids or colloids in shock: 
an exploratory subgroup analysis of a randomised controlled 
trial. BMJ Open 7 (10): e016736. 
https://doi.org/10.1136/bmjopen-2017-016736  

Hirshberg A, Hoyt DB and Mattox KL, 2006. Timing of fluid 
resuscitation shapes the hemodynamic response to 
uncontrolled hemorrhage: analysis using dynamic modeling: 
The Journal of Trauma and Acute Care Surgery 60: 1221–
1227. https://doi.org/10.1097/01.ta.0000220392.36865.fa  

Hussmann B, Lendemans S, De Groot H and Rohrig R, 2014. 
Volume replacement with ringer-lactate is detrimental in 
severe hemorrhagic shock but protective in moderate 
hemorrhagic shock: studies in a rat model. Critical Care 18: 
R5. https://doi.org/10.1186/cc13182  

Lima R, Villela N, Castiglione R, De Souza MDGC and Bouskela 
E, 2019. Dissociation between macro- and microvascular 
parameters in the early phase of hemorrhagic shock. 
Microvascular Research 126: 103909. 
https://doi.org/10.1016/j.mvr.2019.103909  

Liu L, Hu D, Chen H and Hu P, 2004. The Effect of different 
volumes of fluid resuscitation on traumatic-hemorrhagic 
shock at high altitude in the unacclimated rat. Shock 21: 93–
96. https://doi.org/10.1097/01.shk.0000097247.97298.0e  

Mann DL, Zipes DP, Libby P, Bonow RO and Braunwald E, 
2015. Braunwald’s heart disease: a textbook of 
cardiovascular medicine, Tenth edition. ed. 
Elsevier/Saunders, Philadelphia, PA. 

Martini J, Carpentier B, Negrete AC, Frangos JA and Intaglietta 
M, 2005. Paradoxical hypotension following increased 
hematocrit and blood viscosity. American Journal of 
Physiology-Heart and Circulatory Physiology 289: H2136–
H2143. https://doi.org/10.1152/ajpheart.00490.2005  

Messina A, Bakker J, Chew M, De Backer D, Hamzaoui O, 
Hernandez G, Myatra SN, Monnet X, Ostermann M, Pinsky 
M, Teboul JL and Cecconi M, 2022. Pathophysiology of 
fluid administration in critically ill patients. Intinsive Care 
Medicine Experimental 10: 46. 
https://doi.org/10.1186/s40635-022-00473-4  

Munoz C, Aletti F, Govender K, Cabrales P and Kistler EB, 2020. 
Resuscitation after hemorrhagic shock in the 
microcirculation: targeting optimal oxygen delivery in the 
design of artificial blood substitutes. Frontiers Media 7: 
585638. https://doi.org/10.3389/fmed.2020.585638  

Myburgh JA and Mythen MG, 2013. Resuscitation Fluids. The 
New England Journal of Medicine 369: 1243–1251. 
https://doi.org/10.1056/NEJMra1208627  

Piccione MC, Colarusso L, Agricola E, Cameli M, De Luca A, 
Manganaro R, Barchitta A, D’Andrea A, Parato VM, 
Trambaiolo P, and Zito C, Caso P and Di Salvo G, 2025. 
How to do echo for noninvasive hemodynamic evaluation of 
the patient in the intensive care unit: A consensus statement 
of the italian society of echocardiography and cardiovascular 
imaging. Journal of Cardiovascular Echography 35(1): 79–
90. https://doi.org/10.4103/jcecho.jcecho_15_25  

Plumb DC, 2018. Plumb’s veterinary drug handbook, Ninth 
edition. ed. Pharma Vet Inc, Stockholm, Wisconsin. 

Ramesh GH, Uma JC and Farhath S, 2019. Fluid resuscitation in 
trauma: what are the best strategies and fluids. International 
Journal of Emergency Medicine 12: 38. 

https://doi.org/10.1186/s12245-019-0253-8  
Salomão E, Otsuki DA, Correa AL, Fantoni DT, Dos Santos F, 

Irigoyen MC and Auler JOC, 2015. Heart rate variability 
analysis in an experimental model of hemorrhagic shock and 
resuscitation in pigs. Plos One 10: e0134387. 
https://doi.org/10.1371/journal.pone.0134387  

Saraçoğlu KT, Saraçoğlu A, Yıldırım M, Demirtaş C, Akça M, 
Serdoğan F, Ergün İS, Tetik Ş and Pençe S, 2023. Effects of 
different crystalloid fluids on renal tissue in an experimental 
model of hemorrhagic shock. Turkish Journal of 
Anaesthesiology & Reanimation 51: 380–387. 
https://doi.org/10.4274/TJAR.2023.231262  

Seo EH, Park HJ, Piao LY, Lee JY, Oh CS and Kim SH, 2020. 
Immune response in fluid therapy with crystalloids of 
different ratios or colloid for rats in haemorrhagic shock. 
Scientific Reports 10: 8067. https://doi.org/10.1038/s41598-
020-65063-4  

Shahbazi SH, Zeighami D, Allahyary E, Alipour A, Esmaeeli ML 
and Ghaneie M, 2011. Effect of Colloid versus Crystalloid 
Administration of Cardiopulmonary Bypass Prime Solution 
on Tissue and Organ Perfusion. Iranian Cardiovascular 
Research Journal 5(1): 24–31 

Singh P, Singh N, Mahajan SK and Singh T, 2014. 
Echocardiography as an approach for canine cardiac disease 
diagnosis. Veterinary World 7: 960–965. 
https://doi.org/10.14202/vetworld.2014.960-965  

Smart L, Boyd C, Litton E, Pavey W, Vlaskovsky P, Ali U, Mori 
T, Barden A and Ho KM, 2021. A randomised controlled 
trial of succinylated gelatin (4%) fluid on urinary acute 
kidney injury biomarkers in cardiac surgical patients. 
Intensive Care Medicine Experimental 9(1): 48. 
https://doi.org/10.1186/s40635-021-00412-9  

Song B, Fu K, Zheng X and Liu C, 2025. Fluid resuscitation in 
adults with severe infection and sepsis: A systematic review 
and network meta-analysis. Frontiers in Medicine 12: 
1543586. https://doi.org/10.3389/fmed.2025.1543586  

Sun W, Zhihui Shao MD, Haisong Xu MD, Wusi Qiu MD and 
Jiahua MD, 2017. Application of pulsed arterial resuscitation 
in a rabbit model of hemorrhagic shock. Ulusal Travma Ve 
Acil Cerrahi Dergisi 23: 445-451 
https://doi.org/10.5505/tjtes.2017.99567  

Sun N, Luo W, Li LZ and Luo Q, 2014. Monitoring 
Hemodynamic and Metabolic Alterations during Severe 
Hemorrhagic Shock in Rat Brains. Academic Radiology 21: 
175–184. https://doi.org/10.1016/j.acra.2013.11.017  

Teichholz LE, Kreulen T, Herman MV and Gorlin R, 1976. 
Problems in echocardiographic volume determinations: 
Echocardiographic-angiographic correlations in the presence 
or absence of asynergy. The American Journal of Cardiology 
37: 7–11. https://doi.org/10.1016/0002-9149(76)90491-4  

Teixeira-Neto FJ and Valverde A, 2021. Clinical application of 
the fluid challenge approach in goal-directed fluid therapy: 
what can we learn from human studies: Frontiers in 
Veterinary Emergency and Critical care Medicine 8: 701377. 
https://doi.org/10.3389/fvets.2021.701377  

Thomas WP, Gaber CE, Jacobs GJ, Kaplan PM, Lombard CW, 
Vet M, Moise NS and Moses BL, 1993. Recommendations 
for standards in transthoracic two-dimensional 
echocardiography in the dog and cat. Journal of Veterinary 
Internal Medicine 7: 247–252. 
https://doi.org/10.1111/j.1939-1676.1993.tb01015.x  

Treml B, Kleinsasser A, Knotzer J, Breitkopf R, Velik-Salchner 
C and Rajsic S, 2023. Hemorrhagic Shock: blood marker 
sequencing and pulmonary gas exchange. Diagnostics 13: 
639. https://doi.org/10.3390/diagnostics13040639  

Turner Giannico A, Ayres Garcia DA, Lima L, De Lara FA, 
Corona Ponczek CA, Shaw GC, Montiani-Ferreira F and 
Rodrigues Froes T, 2015. Determination of normal 
echocardiographic, electrocardiographic, and radiographic 
cardiac parameters in the conscious New Zealand white 



Int J Vet Sci, 2026, 15(2): 489-499. 
 

 499 

rabbit. Journal of Exotic Pet Medicine 24: 223–234. 
https://doi.org/10.1053/j.jepm.2015.04.013  

Vardar K, Can K and Aksu U, 2022. Fluid resuscitation 
aggravates the cellular injury in a hemorrhagic shock model. 
Dubai Medical Journal 5: 141–150. 
https://doi.org/10.1159/000520430  

Vincent JL, Cecconi M and De Backer D, 2020. The fluid 
challenge. Critical Care 24(1): 703. 
https://doi.org/10.1186/s13054-020-03443-y  

Wingfield WE and Raffe MR, 2002. The veterinary ICU book. 
Teton NewMedia, Jackson Hole, Wyo. 

Xu L, Kang F, Hu W and Liu X, 2019. Higher concentration of 
hypertonic saline shows better recovery effects on rabbits 
with uncontrolled hemorrhagic shock. Medical Science 
Monitor 25: 8120–8130. 
https://doi.org/10.12659/MSM.916937  

Yang S, Zheng R, Hu S, Ma Y, Choudhry MA, Messina JL, Rue 
LW, Bland KI and Chaudry IH, 2004. Mechanism of cardiac 
depression after trauma-hemorrhage: increased 
cardiomyocyte IL-6 and effect of sex steroids on IL-6 
regulation and cardiac function. American Journal of 
Physiology-Heart and Circulatory Physiology 287: H2183–
H2191. https://doi.org/10.1152/ajpheart.00624.2003  

Zerbib Y, Maizel J and Slama M, 2019. Echocardiographic 
assessment of left ventricular function. Journal of 
Emergency and Critical Care Medicine 3: 33–33. 
https://doi.org/10.21037/jeccm.2019.07.05  

Zhang Y, Gao B, Wang J, Sun X and Liu X, 2013. Effect of 
hypotensive resuscitation with a novel combination of fluids 
in a rabbit model of uncontrolled hemorrhagic shock. Plos 
One 8: e66916. 
https://doi.org/10.1371/journal.pone.0066916  

Ziebart A, Breit C, Ruemmler R, Hummel R, Möllmann C, 
Jungmann F, Kamuf J, Garcia-Bardon A, Thal SC, Kreitner 
KF, Schäfer MKE and Hartmann EK, 2021. Effect of fluid 
resuscitation on cerebral integrity: A prospective randomised 
porcine study of haemorrhagic shock. European Journal of 
Anaesthesiology 38: 411–421. 
https://doi.org/10.1097/EJA.0000000000001416  

Ziebart A, Möllmann C, Garcia-Bardon A, Kamuf J, Schäfer 
M, Thomas R and Hartmann EK, 2018. Effect of gelatin-
polysuccinat on cerebral oxygenation and 
microcirculation in a porcine haemorrhagic shock model. 
Scandinavian Journal of Trauma Resuscitation and 
Emergency Medicine 26: 15. 
https://doi.org/10.1186/s13049-018-0477-2  

 
 


