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Abstract
Background: To investigate the effect of �uid resuscitation on glycocalyx shedding, and extravascular
lung water index (ELWI), mean arterial pressure (MAP) and oxygen delivery (DO2) changes.

Methods:  Male domestic piglets (Sus scrofa) 6-10 weeks old anesthetized and bled until mean arterial
pressure drop to 20% of baseline and resuscitated with normal saline as much as blood drowned,
followed with 40 mL/kg of normal saline after 30 minutes. Cardiac index (CI), ELWI, systemic vascular
resistance index (SVRI), MAP, atrial natriuretic peptide (ANP) and syndecan-1 were measured before and
after each �uid resuscitations.  

Results: Serum ANP was increased after normal volume �uid resuscitation (p= 0.043) and return its
baseline value after hypervolemia �uid resuscitation. Serum Syndecan-1 levels did not increase. A small
increase in ELWI only found 60 minutes after �uid resuscitation (p= 0.021). SVRI undergo a gradual
decrease, until the lowest value at hypervolemia volume resuscitation. There was no difference between
the MAP of the two groups (p= 0.105). Hemoglobin concentration signi�cantly decreased from normal to
hypervolemia volume resuscitation (p= 0.009). Oxygen delivery in hypervolemia resuscitation is higher
than in normal volume resuscitation (p= 0.012), due to a signi�cant increase in CI at hypervolemia
volume resuscitation (p<0.001).

Conclusions: Hypervolemia �uid resuscitation in the animal hemorrhage model is not induced glycocalyx
shedding. Small increase ELWI was found in 60 minutes after �uid resuscitation. DO2 is maintained by
increasing CI in spite of decreasing hemoglobin level due to hemodilution. Increasing CI is balanced by
reducing SVRI to sustain stable MAP.  

Background
Most of the pediatric guidelines recommend liberal �uid resuscitation. However, excess �uid resuscitation
may lead to complications including hemodilution, impairment of oxygen delivery, and hypothermia.[i],[ii]

Fluid resuscitation increases the hydrostatic pressures of the pulmonary circulation and stimulates the
release of atrial natriuretic peptides (ANP) due to acute stretching of the walls of the atria.[iii],[iv],[v] These
physiological changes may lead to shedding of the endothelial glycocalyx, elevated extravascular lung
water index (ELWI), and increased mortality.[vi],[vii]

The endothelial glycocalyx plays an important role in regulating �uid movement. A study performed in
dengue-infected patients showed that shedding of vascular endothelial glycocalyx, as indicated by
elevated levels of syndecan-1 and chondroitin sulfate, is strongly associated with severe plasma leakage.
[viii] Chappell and colleagues reported that 20 mL/kg volume loading with crystalloid increased the serum
concentration of ANP, hyaluronan, and syndecan-1.[ix] ANP has inherent vasodilating properties via the
cGMP pathway.[x]
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The goal of �uid resuscitation is to increase the patient’s preload and subsequently the stroke volume.
According to the Frank-Starling law, increases in preload will produce an increase in stroke volume.
However, this relationship only continues up until the Frank-Starling curve reaches a plateau, after which
no further increase in stroke volume occurs. This concept is based on Sarnoff and Berglund’s classic
experiments in dogs with an intact circulation system.[xi]

The use of piglets (Sus scrofa) have been validated as a model for hemodynamic measurement using
PiCCO/thermodilution in many studies.[xii] Sus scrofa has been used in various research to investigate
physiological and treatment responses to hemorrhagic shock with reliable reproducibility. Furthermore,
compared to other hemorrhagic shock models (such as rodents), swine model has comparable resting
heart rate to those of humans (60-100 bpm).[xiii]

Understanding the mechanism of vascular leakage and hemodynamic changes during �uid resuscitation
is essential to develop safe clinical guidelines for �uid resuscitation in children. In this experimental
animal study, we investigated the effects of normal volume, i.e. euvolemic �uid resuscitation, and
hypervolemic �uid resuscitation on serum ANP and syndecan-1 levels, ELWI, CI, SVRI, MAP, Hb, and DO2.

Methods
Ethics

Eleven male domestic pigs (Sus scrofa) was bred by and obtained from the Faculty of Veterinary
Medicine, Bogor Agricultural Institute. The animals were treated according to the standard management
of the Faculty of Veterinary Medicine, Bogor Agricultural University. Prior to the experiment, both written
informed consent and ethical approval were obtained from the Animal Ethics Commission of the Faculty
of Veterinary Medicine, Bogor Agricultural University (055/KEH/SKE/III/2017). The animal was
acclimatized for 15 days, in which they were given antibiotics oxytetracycline (10mg/kgBW) via
intramuscular route, and anti-helminth (oxfendazole) bolus mixed with their food. The experiment was
conducted in the Laboratory Animal Management Unit where the animals were fed commercially
available food twice daily with free access to water, and were placed in a cage that was cleaned twice
daily. 

As there was no need to sacri�ce the animals, following the experiment and �uid resuscitation, the
animals were returned to the institution and treated by veterinarian. The animals were stabilized and
given analgesia and antibiotics for one week course. No animals died during the course of the study.

Study Design

This was a two-phase �uid resuscitation animal study performed at the Experimental Surgery and
Radiology Laboratory, Faculty of Veterinary Medicine, Bogor Agricultural University. Eleven healthy male
domestic piglets (Sus scrofa), age 6-10 weeks old were anesthetized with Ketamine and Xylazine and
supported by volume control mechanical ventilation, adjusted to blood gas. We infused 3 mL/kg/hour of
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0.9% normal saline as maintenance �uid. Environmental temperature was maintained with a thermal
blanket. After one hour of stabilization, hemodynamic parameters were measured, and a blood sample
taken for laboratory assay of plasma levels. Following baseline data collection, we induced pressure
targeted shock via venous blood drawing until the MAP was reduced by 20% to 80% of the initial MAP.
Hemodynamic parameters were recorded. Following 30 minutes of shock, we performed �uid
resuscitation in two phases.[i]

In phase 1, a bolus of normal saline equal in volume to the blood loss needed to induce shock was
administered. Phase 2 was performed 30 minutes later, with 40 mL/kg of saline given as a bolus, to
stimulate hypervolemic resusictation. Hemodynamic parameters were measured three times, at 3 minute
intervals, for each stage of �uid resuscitation, and at 30 minutes and 1 hour after the last �uid
administration. The numerical means of each data set were used for the statistical analysis.

Hemodynamic Measurements

CI, ELWI, SVRI, and MAP were measured using a PiCCO Plus v4.12 System (Pulsion Medical Systems AG,
Munich, Germany). Body surface area formula was 734* (body weight in kg)0.656..[ii] Cardiac output was
calibrated for each measurement using the thermodilution method, with a 10 mL bolus of cold normal
saline. ANP and syndecan-1 were measured in duplicate using commercially available enzyme-linked
immunosorbent assay (ELISA) for Sus scrofa, performed according to the manufacturer's
recommendations (Cloud-Clone Corp., USA), Hb samples were measured in duplicate using an Erma PCE
210 hematology analyzer (Diamond Diagnostic, USA).

Statistical Analysis

Sample size calculation was performed using Federer's formula.[iii] As we used a two-phase model,
euvolemic vs hypervolemic �uid resuscitation in one single study group, the minimum sample size
required was 9 animals. To allow for errors in data collection and subject dropout, we studied 11 piglets.

Normally distributed data are presented as means and standard deviation values, whilst nonparametric
data are presented as medians and ranges. ANP, syndecan-1, CI, SVRI, MAP, Hb, and DO2 were normally
distributed, but ELWI at baseline, after hypervolemic �uid resuscitation, and at 30 and 60 minutes after
hypervolemic resuscitation were not normally distributed. A statistical hypothesis test with paired t-test
was used for normally distributed data and Wilcoxon signed-rank test for nonparametric data. Pearson
correlation coe�cient was used to measure the strength of linear association between ANP and SVRI.
The statistical analysis was performed using SPSS Version 20.0.

Results
The baseline data and characteristics of all subjects are shown in Table 1. Mean blood drawn to produce
a 20% fall in MAP was 101 ± 56 mL. The average time required for euvolemic �uid resuscitation was 2 ±
1 minutes, and for hypervolemic resuscitation, 9 (7-24) minutes. Changes in hemodynamic pro�les during
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the study are shown in Table 2. The highest CI, MAP, and DO2 were recorded following hypervolemic
resuscitation, whilst SVRI was lowest at this time. ELWI increased gradually until 1 hour after
hypervolemic resuscitation.

Figure 1 shows that ANP increased signi�cantly from 85.20 ± 40.86 ng/L at baseline to 106.42 ± 33.71
ng/L following euvolemic resuscitation (p = 0.043). Serum ANP decreased to 82.60 ± 41.21 ng/L and
83.55 ± 46.09 ng/L respectively immediately following hypervolemic resuscitation and 30 minutes after
hypervolemic resuscitation. Serum syndecan-1 levels did not increase during this study.

Figure 2 shows the data for ELWI at baseline. There was no signi�cant difference between ELWI at
euvolemia and baseline value (p= 0.722), nor following hypervolemic resuscitation and baseline (p=
0.398), but there was a signi�cant difference between baseline value and 60 minutes following
hypervolemic resuscitation (p = 0.021). SVRI shows a gradual decrease, with nadir values after
hypervolemic resuscitation. There was no correlation between serum ANP changes and SVRI (r= 0.106; p=
0.281). There was no difference between the MAP between euvolemic and hypervolemic resuscitation at
any point in the study (p = 0.105). Hemoglobin concentration decreased signi�cantly from 9.32 ± 0.86
g/dL after euvolemic resuscitation to 8.39 ± 0.79 g/dL following hypervolemic resuscitation (p = 0.009).
Oxygen delivery following hypervolemic resuscitation at 2281 ± 525 ml/minute was signi�cantly higher
than after normovolemic resuscitation, 2028 ± 409 ml/minute (p = 0.012), as seen in Figure 4.

Discussion
This study showed that ANP levels increase, immediately after normovolemic resuscitation. The ANP
levels then decrease to near baseline levels before shock was induced. This result is similar that found by
Ozer et al.[i] They showed that the factor limiting increased ANP secretion was the intact pericardium.
Maximal increase in ANP secretion was signi�cantly higher when the pericardium was removed.
Increasing ANP was not found in the study of Chappell et al. where �uid infusion to maintain euvolemia
was carried out simultaneously with blood removal resulting in euvolemic hemodilution.9 We believe that
the rapid volume expansion in this study induces ANP secretion. It should also be noted that Chappell et
al. expressed their serum ANP levels in ng/L of albumin which corrected for the hemodilution factor.

The limited degree and short duration of increased ANP did not cause any glycocalyx shedding. However
extravascular lung water was increased by 0.93 mL/kg. A study in acute lung injury induced in pigs
showed that the ELWI was increased from 6.3 mL/kg at baseline, to 9.4 mL/kg 3 hours after �uid
resuscitation.[ii] Zhao and coworkers showed in adult ARDS patients, ELWI in their survival group was
13.0 ± 3.6 mL/kg and in non-survivors 19.0 ± 3.0 mL/kg.[iii] Lemson and colleagues reported ELWI was
signi�cantly higher in children and negatively correlated with age.[iv] In children, there is no correlation
between ELWI and the number of ventilator days, the severity of illness and markers of oxygenation.20 In
contrast to Marik's prediction [v], with 40 mL/kg �uid bolus, our study does not show signi�cant �uid
extravasation. Species differences might play a role here, but no glycocalyx shedding must be taken in to
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consideration. None of the animals in this study died or were dependent on mechanical ventilation
following the experiment.

Apart from the increasing permeability of the vascular endothelial barrier, factors that govern the amount
of extravascular lung water are pulmonary vascular pressure, oncotic pressure, and the e�ciency of the
lymphatic drainage systems. A high ANP level can inhibit lymphatic drainage [vi],[vii] and induce
glycocalyx shedding.6 Since glycocalyx shedding did not happen, ischemia-reperfusion might be the
cause of increased vascular permeability. Ischemia-reperfusion can induce downregulation and
expression of the tight junction protein, occludin.[viii]

Although there was no correlation between ANP changes and SVRI, we found SVRI decreases gradually
after �uid resuscitation. A decrease in arterial elastance and SVRI after �uid resuscitation has been
reported in septic patients by Monge Garcia and colleagues.[ix] SVRI reduction can be induced by
parasympathetic activity[x] to compensate for the increase in cardiac output. Figure 3 shows the
increased CI was balanced by the reduction of SVRI, such that the MAP remains stable. Our results show
that the MAP at euvolemia and after hypervolemic resuscitation remain the same. Since increasing CI will
be balanced by decreasing SVRI, a decision to use �uid for increasing MAP must be considered with the
risk of increasing ELWI, especially when glycocalyx shedding is occurring. In humans, Glassford and
colleagues showed that in sepsis, �uid responders showed a transient increase in MAP of just 9.5 mmHg
(7-15.2 mmHg) whilst in the non-responder group MAP increased by 4.8 mmHg (1-13 mmHg).[xi] This
�nding adds to the view that �uid expansion has a limited role compared to the use of vasoactive
medication in patients where MAP increase is required.

Guyton and Lindsey showed that partial constriction of the aorta increased the left atrial pressure in dogs
and lead to accumulation of lung edema.[xii] In contrast, decreasing SVRI which results in “forward �ow”
with increasing CI could be a mechanism which opposes the development of excessive ELWI by reducing
pulmonary hydrostatic pressure.

Fluid resuscitation increases stroke volume which helps maintain blood pressure. However, �uid
resuscitation also dilutes the hemoglobin concentration in the blood, potentially leading to a decrease in
DO2. Adequate DO2 is essential for ensuring patient wellbeing. In this study, hemoglobin concentration
was signi�cantly lower after hypervolemic resuscitation, but DO2 was higher than after euvolemic
resuscitation. Figure 4 shows the role of CI in increasing DO2 after hypervolemic resuscitation. In those
situations where CI cannot increase further, hypervolemic resuscitation should be carefully considered.
Despite afterload reduction by decreasing SVRI, there may not be su�cient cardiac reserve to generate an
increased CI.

Conclusions
Hypervolemic �uid resuscitation in our animal hemorrhage model does not induce glycocalyx shedding.
DO2 is maintained by increasing CO in spite of decreasing hemoglobin level due to hemodilution.
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Increasing CO is balanced by decreasing SVR to sustain stable MAP. SVRI reduction could be a protective
mechanism for a patient with limited cardiac reserve that may support the cardiac output and restrain
extravascular lung water. To achieve optimal results with �uid resuscitation, all of these parameters
should be monitored. Further studies looking at the interrelationship between �uid resuscitation and DO2

in critically ill children are needed to identify those patients who may bene�t from �uid resuscitation and
those who could be harmed.
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Tables
Table 1. Subject Characteristics and Baseline Data.

  n  

Weight (kg) 11 14.7± 1.3

BSA (m2) 11 0.53±0.02

MAP (mmHg) 11 102.6±14.4

Blood volume drawn (mL) 11 101±56

Time to shock (minutes) 11 8±4.7

Normal volume resuscitation time (minutes) 11 2±1

Hypervolemia resuscitation time (minutes) 11 9(7-24)

Values are given as mean ± SD or median (range). BSA: body surface area; MAP: mean

arterial pressure
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Table 2. Changes in Hemodynamics Profiles
  Baseline Shock Normal* Hyper#

30 minY 60 min¡

SVI

(mL/m2)

44.3

±14.3

33.5

±10.0

42.4

±11.1

53.6

±12.3

42.8

±12.9

43.2

±14.9

CI

(l/min/m2)
4.0 ±1.2 3.2 ±0.8 3.8 ±0.7 4.7 ±0.9 3.9 ±0.8 3.5 ±0.6

SVRI

(dyn*sec/cm5/m2)

10831.0

± 3700.8

9991.3

± 2895.3

9034.5

± 2634.8

8416.1

± 1945.3

9705

± 3106.3

8941.1

± 5561.5

MAP

(mmHg)
102.6 ± 14.4 82.3 ± 8.7 91.5± 13.0 94.6 ± 9.1 86.6 ± 6.7 91.6 ± 9.8

DO2

(mL/min)

22.64

± 8.65

14.59

± 3.54

20.29

± 4.1

22.81

± 5.26

20.21

± 4.67
Not Measured

ELWI

(mL/kg)
16.5 ±8.2 16.5 ±7.8 16.5 ±7.2 16.7 ±7.6 17.9 ±9.9 18.8 ±8.4

*normal volume fluid resuscitation; #hypervolemia fluid resuscitation; Y30 minutes after fluid resuscitation; ¡60
minutes after fluid resuscitation; SVI: Stroke Volume Index; CI: Cardiac Index; SVRI:   Systemic Vascular
Resistance Index; MAP:  Mean arterial pressure; DO2: oxygen delivery; ELWI: Extravascular lung water Index

Figures
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Figure 1

Serum ANP Levels. Mean serum ANP levels at baseline, after euvolemic resuscitation, after hypervolemic
resuscitation and 30 minutes after �uid resuscitation. All data were normally distributed.
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Figure 2

Median Extravascular Lung Water. Serial measurement of extravascular lung water at baseline, after
induction of shock, after euvolemic resuscitation, following hypervolemic resuscitation, 30 minutes after
�uid resuscitation, and 60 minutes after �uid resuscitation. * = Nonparametric data.
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Figure 3

Systemic Vascular Resistance Index and Cardiac Index. Serial measurements of CI, SVRI, and MAP at
baseline, shock, after euvolemic resuscitation, hypervolemic resuscitation, 30 minutes after �uid
resuscitation, and 60 minutes after �uid resuscitation. SVRI decrease whilst CI increases resulting in a
stable MAP. All data are normally distributed. CI=cardiac index; SVRI=systemic vascular resistance index;
MAP=mean arterial pressure.
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Figure 4

Increasing Cardiac Index and Oxygen Delivery After Fluid Resuscitation. Serial measurement of
hemoglobin concentration, cardiac index and oxygen delivery at baseline, after euvolemic resuscitation,
after hypervolemic resuscitation, and 30 minutes after �uid resuscitation. Although hemoglobin
concentration decreases a proportionately greater increase of cardiac index results in an increased
oxygen delivery. All data are normally distributed.


