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Abstract

Purpose: To use blood lactate (BL) as an end-point metabolic marker for the begin resuscitation 
of volume replacement in experimental hemorrhagic shock.
Methods: Group I (n=7) was not bled (Control). Animals in Group II (n=7) were bled to a MAP 
of 30mmHg in thirty minutes. Hemodynamic and metabolic data were recorded at Baseline, at 
30, 60 and 120 minutes after Baseline. The animals were intubated in spontaneous breathing 
(FIO2=0.21) with halothane.
Results: Group I all survived. In Group II all died; no mortality occurred before a BL<10mM/L. 
Beyond the end-point all animals exhibited severe acidemia, hyperventilation and clinical 
signs of shock. Without treatment all animals died within 70.43±24.51 min of hypotension 
shortly after reaching an average level of BL 17.01±3.20mM/L.
Conclusions: Swine’s breathing room air spontaneously in hemorrhagic shock not treated 
a blood lactate over 10mM/L results fatal. The predictable outcome of this shock model 
is expected to produce consistent information based on possible different metabolic and 
hemodynamic patterns as far as the type of fluid and the timing of resuscitation in near fatal 
hemorrhagic shock.
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weight) was removed. In other words, surviving 
animals in hemorrhagic shock, driven, either by 
pressure or by predetermined volume, did not 
exhibit systematic and reproducible significant 
changes in base deficit or lactate levels in the 
blood. 
 Our hypothesis for these findings was 
that different levels of depth of anesthesia 
could influence the MAP and tissue perfusion. 
 We theorized that in hemorrhagic 
experimental shock under anesthesia two 
factors are responsible for the reduction 
of the MAP of the animal: the first factor 
is hypovolemia produced by bleeding. The 
second factor is the influence of the anesthetic 
agents on systemic vascular resistance and 
myocardial contractility. It is known that when 
hemodynamically unstable trauma patients 
in hemorrhagic shock are submitted to 
anesthesia they are at increased risk because 
the additional circulatory depression that can 
induce irreversible shock and death. 
 Depending on the depth of anesthesia, 
the animal model with a controlled MAP may 
produce animals with variable degrees of 
tissue perfusion and consequently, variable 
metabolic damage to cells, tissues and organs5-9. 
The non-homogeneity of the physiologic 
insult in different animals can result in non-
homogeneous outcome to different regimes of 
volume replacement when studying treatment 
of hemorrhagic shock. We are suggesting that 
the level and the kind of anesthesia could 
interfere in MAP especially because was not 
our aim to compare different anesthetics or 
anesthesia depth.
 Based on these premises, we intended 
to identify the parameter that could express 
the global physiologic insult suffered by 
the animal in shock. Although base deficit, 
respiratory arrest and cardiac arrhythmia have 
been previously reported as endpoints before 
volume replacement10-12 we believe that blood 

 ■ Introduction

 Animal experiments done in laboratories 
suffer some limitations when compared to 
patients in hemorrhagic shock. The removal of 
blood through a catheter targeted to a given 
volume or to a mean arterial pressure (MAP) 
may not simulate a fulminating bleeding 
that has ceased immediately1 or a persistent 
bleeding by an open vessel, a situation known 
as uncontrolled bleeding2. In spite of these 
limitations, the use of a model of hemorrhagic 
shock is valuable, in order to simulate most 
of the serious acute hemorrhages observed 
clinically and to induce a low perfusion state for 
a period long enough to produce hemodynamic 
and metabolic effects that may lead ultimately 
to the death of the animal.
 The shock model standardized by 
Wiggers3, and modified later on, has been used 
extensively. In this model the volume removed 
is controlled by the level of a previously 
established MAP and maintained by removal 
or transfusion of blood through a vascular 
catheter.
 Our main interest was to compare 
different solutions to resuscitate animals 
submitted to a standardized shock model.  When 
trying to establish an experimental model, we 
observed that there was a great variability in 
the hemodynamic and metabolic pattern in 
our anesthetized animals when submitted to a 
pressure controlled hemorrhagic shock. Thus, 
some animals presented respiratory arrest, or 
cardiac arrhythmia followed by bradycardia 
and electromechanical dissociation, finally 
dying in irreversible cardiac arrest. These 
findings have been previously reported4. On 
the other hand, surviving animals, presented 
variable changes of their metabolic profile 
in blood, expressed by base deficit (BD) or 
lactate. The same happened when a previously 
established volume of blood (based on body 
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lactate levels are more specific to express 
the degree of anaerobiosis induced by a low 
perfusion state.
 To our knowledge this parameter has 
never been used before as an endpoint in a 
model of experimental hemorrhagic shock 
in order to establish the starting point to 
resuscitation with fluids.

 ■ Methods 

 This study was approved by Ethic 
Commission on Animal Experimentation, 
Biologic Institute, Universidade Estadual de 
Campinas (nº 163-1).
 Large-White piglets (n=14), weighing 
between 20 and 25 kilograms were used in this 
study. The animals were pre-medicated with 
10mg/kg IM ketamine and 0.5mg IM atropine. 
They were anesthetized by induction and were 
maintained, first by face mask and afterwards 
by endotracheal tube using nebulized 1% 
Halothane and always breathing room air 
(FIO2=0.21) spontaneously.
 A number 5 Swan-Ganz catheter was 
introduced through the right femoral vein and 
the tip of the catheter located in the pulmonary 
artery. A number 6F polyethylene catheter 
was introduced through the femoral artery 
and the tip located in the abdominal aorta. A 
number 8F urinary catheter was guided to a 
central position through a left jugular access. 
The adequate position of all catheters was 
confirmed by the pattern of the pressure 
curves. 
 Each catheter was filled with 
heparinized solution (0.9% saline with 5 units 
heparin per ml). The femoral artery catheter 
and the Swan-Ganz catheter were connected 
to transducers Medex. Pressures and cardiac 
output were measured and registered with a 
hemodynamic recorder. All pressures were 
recorded with the animal in supine position 

with the zero line calibrated to the mid-
thoracic line. Calibration was performed with a 
standard mercury column.
 Cardiac output was measured by 
thermo-dilution with injection of cold dextrose 
in water at 5% below 5 degrees Celsius. Central 
temperature was recorded through the Cardiac 
Output Monitor by direct recording of the 
pulmonary artery temperature.
 Blood samples were collected from the 
femoral artery (arterial) and pulmonary artery 
(mixed venous). After discarding dead space 
fluid in arterial and mixed venous blood lines, 
samples were collected in heparinized syringes 
for determination of blood gases and blood 
lactate. Blood samples were immediately 
processed for blood gases at 38 degrees Celsius 
and corrected for central body temperature of 
the animal. Blood lactate was measured with 
a fast analyzer that permits reading lactate 
values within one minute in a single drop of 
blood.
 The piglets were divided in two groups:

Group I (n=7) Control - Anesthesia 
and placement of all catheters, but no 
bleeding. Blood samples were collected and 
hemodynamic variables were recorded from 
baseline up to 120 minutes of light anesthesia.

Group II (n=7) Hypotension - Anesthesia 
and placement of all catheters. The animals 
were bled down to a mean arterial pressure 
of 30 mmHg. Blood pressure was maintained 
at that level by reducing the Halothane 
concentration to 0.5% and removing additional 
blood.  Blood lactate level was recorded at 
short intervals and no further intervention 
was made. Time of death was recorded after 
beginning of hypotension and after the last 
measured lactate. Lactate was collected at 
short intervals after induction of hypotension, 
the values recorded but no other interventions 
was made. Time of death was recorded after 
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beginning of hypotension and after the last 
measured lactate.

 ■ Results 

 In Group I, all animals survived the 
procedure.
 In Group II, all animals died. The 
animals with a MAP kept constant, around 
30mmHg exhibited great variability in the time 
to reach the levels of an elevated lactate that 

culminated with the death of the animals. 
 The animals after reaching a MAP of 
30mmHg exhibited a prompt increase in mean 
arterial pressure as soon as halothane was 
reduced from 1 to 0.5%, so that it was possible 
to remove an additional amount of blood. This 
maneuver was essential to induce an early low 
perfusion state and lactic acidosis.
 The results of blood lactate in the 
animals of the Control Group are presented in 
the Table 1.

Table 1 - Blood lactate in Control Group I – Control.
Lactate Lactate Lactate Lactate

Animal Baseline 30’ 60’ 120’
Ctrl 1 1.3 1.0 1.0 1.0
Ctrl 2 1.1 1.1 0.9 1.1
Ctrl 3 1.6 2.3 1.9 1.9
Ctrl 4 2.4 1.8 1.7 1.9
Ctrl 5 2.0 2.3 2.3 2.0
Ctrl 6 3.0 2.7 2.2 1.9
Ctrl 7 2.0 1.8 2.0 1.4

mean 1.91 1.86 1.71 1.60
sd 0.65 0.63 0.56 0.42

 The Control Group maintained levels 
of constant lactate during the period of 120 
minutes, without any statistical difference 
among the different times: Baseline, 30, 60 and 
120 minutes after baseline. 
 Conversely all animals submitted to 
the bleeding reached a lactate levels above 10 
mM/L.
 The lactate was monitored at variable 
intervals during the hypotensive period 
as shown in Table 2. Blood lactate levels 

determined at baseline before bleeding did 
not differ statistically from the baseline levels 
measured in the Control Group. The data 
presented in Table 2 shows the evolution 
of blood lactate levels during persistent 
severe hypotension, as well as the last blood 
lactate level registered before death, time of 
hypotension before death and survival time of 
each animal after reaching a blood lactate over 
10mM/L (Figure 1).
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Table 2 – Blood lactate in Group II – Hypotension.
Lactate Lactate Lactate Lactate Lactate Lactate Time of Survival

Animal Baseline 15’ 30’ 45’ 60’ 90’ Death (1) Time (2)
Shk 1 2 -- 5.1 -- 8.4 21.1 95 5
Shk 2 3.7 -- 11.9 -- 20.7  90 60
Shk 3 1.3 -- 2.4 4.3 7.9 13.3 97 7
Shk 4 2.5 -- 10.7 18.5   46 16
Shk 5 2.1 -- 9.1 14.5 16.7  65 20
Shk 6 1.2 3.7 5.7 -- 14.6  65 5
Shk 7 2.7 5.2 14.1    35 5

mean 2.21 4.45 8.43 12.43 13.66 17.20 70.43 16.86
sd 0.86 1.06 4.18 7.32 5.49 5.52 24.51 19.96

(1) Time of death after beginning of hypotension of 30mmHg.
(2) Survival time after reaching a blood lactate higher than 10mM/L.
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Figure 1 – Blood lactate levels in all hypotensive 
animals reached values above 10mM/L.

 In these seven animals, we were able to 
produce an early metabolic response, uniform 
and systematic. Despite the fact that no further 
bleeding was induced after a MAP had reached 
30 mmHg, the animals presented progressive 
hemodynamic deterioration expressed by 
a progressive reduction of the MAP. The 
animals also presented early metabolic and 
hemodynamic physical signs of hypo perfusion, 
such as arrhythmia, tachypnea and ischemic, 

violaceous spots in the abdominal wall. At this 
time, invariably, blood lactate was over 10mM/L 
and the animals died soon thereafter (Figure 
2). Death occurred because of a progressive fall 
of MAP and/or ventricular arrhythmia and/or 
electromechanical dissociation. No animal was 
resuscitated by means of fluid administration, 
drugs or chest massage because the objective 
of this work was to evaluate a fatal model of 
hemorrhagic shock. 
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Figure 2 - Average time of hypotension before 
death was 70.43±24.51 minutes in the seven 
animals submitted bleeding. The last measured 
blood lactate collected shortly before death was 
17.01±3.20mM/L.
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 Curiously, in this phase of severe 
hemodynamic instability it was possible to 
observe a more accentuated reduction of the 
diastolic than of the systolic pressure.
 Outcome of the animals at this time was 
variable, but correlation between the levels of 

endpoint lactate and survival time, although 
suggestive, lacks statistical significance. In fact, 
all animals died and all presented clinical signs 
of shock and a blood lactate that varied from 
13.3 to 21.12mM/L shortly before death (Table 3).

Table 3 - Metabolic variables in Group I (Control) and Group II (Hypotension).
Group I (Control) Group II (Hypotension)
n=7 n=7
Baseline 120’ Baseline Lac max

pHa (units) 7.42±0.05 7.43±0.04 7.39±0.06 7.21±0.23
PaCO2 (mmHg) 43.70±4.5 43.90±6.3 41.7±4.9 17.2±8.6
BEa (mM/L) 3.50±3.33 4.41±2.26 2.25±1.71 -18.34±5.8
Lactate (mM/L) 1.9±0.65 1.6±0.42 2.21±0.86 17.01±3.20
Shed Blood (% body weight) 0% 4.84%
Mortality before end point  (0/10)  (0/10)
Mortality within 24h  (0/10)  (10/10)

Baseline: Data collected after instrumentation and stabilization.
120’: Data collected two hours after baseline.
Lac max: Data recorded when maximum level of blood lactate was recorded before death.

 ■ Discussion

 Preliminary studies from our laboratory 
in immature pigs keeping a low MAP for a 
fixed period, showed that the mortality of 
the animals was variable and it depended, 
fundamentally on the depth of anesthesia. 
Thus, some animals presented respiratory 
arrest or bradicardia early in the hypotensive 
period, coming to die soon after these severe 
episodes of cardiopulmonary instability. 
Frequently, there was no association with high 
lactate levels. On the other hand, surviving 
animals after several hours of hypotension 
under deep anesthesia didn’t exhibit significant 
elevation of their lactate levels and finally 
survived. 
 The model of resuscitation with volume 
replacement after an established period of 
time of hypotension controlled by pressure 
or by volume is no guarantee of systematic 
anaerobiosis and mortality of all animals. 

 Vivaldi et al.13 attempting to standardize 
hemorrhagic shock in dogs, observed that 
the volume of initial bleeding, as well as the 
maximum volume removed from the animals 
did not correlate with the mortality of the 
animals. They also reported that the duration 
of the hypotensive period had only relative 
importance. 
 Preliminary studies, also accomplished 
in our laboratory in immature pigs under 
deep anesthesia where a volume of blood 
equal to 4% of the body weight was removed, 
resulted in high, early mortality with apnea 
or arrhythmia when the blood was removed 
in thirty minutes. In order to reduce early 
mortality the same volume of blood (4%BW) 
was then removed in 90 minutes. Even with 
prolonged time, mortality was still 40% before 
reaching 90 minutes of hypotension. On the 
other hand, most of the animals that survived 
the 90 minutes period of hypotension did not 
exhibit severe lactic acidosis and survived 
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over 24 hours without treatment after the 
experiment. 
 These observations alerted us to the 
fact that the determinant of death in these 
animals was multifactorial. The arrhythmia and 
respiratory arrest in the early phase in both, 
pressure or volume controlled hypotension, 
was attributed to a depression of the respiratory 
center by the association of hypotension and 
anesthesia. The anesthetic agents, inducing 
systemic vasodilatation would determine 
a more pronounced hypotension without, 
however, reducing tissue perfusion and cellular 
oxygenation. The expression of hypotension 
but with non critical tissue perfusion resulted 
in less severe lactic acidosis. 
 Dronen et al.10 studying young pigs, 
emphasized the importance of reaching a goal 
that could express the degree of physiologic 
insult just as respiratory arrest or cardiac 
arrhythmia. However, in our experience, 
this goal, although associated to the death 
of the animal when not treated, not always 
it is associated by significant lactic acidosis. 
Furthermore, attempts to treat an animal 
in respiratory arrest or exhibiting severe 
arrhythmia may not be successful, because 
these are expressions of near-irreversibility of 
shock.
 The need to monitor some variable that 
expressed cellular damage was placed initially 
by Dunham et al.14 using statistical methods 
of probability. Using a modified Kaplan-Meier 
probability statistic these authors compared 
lactic acidemia and metabolic base deficit with 
the conventional hemodynamic variables of 
blood pressure and cardiac output as predictors 
of outcome demonstrating their superiority. 
The LD50 for oxygen debt was shown to be 
113.5ml/Kg, 12.9mM/L for lactate and -18.8 
mM/L for BD. Of the single-variable predictors, 
BD was shown to be the highest explained 
variability. However, a combined prediction 
from both, lactate and BD, appeared to be 
superior to the use of either alone.

 Davis11 and Davis et al.12 suggested that 
base deficit (BD) could be used as indicator 
of the severity of shock and adequacy of 
resuscitation when invasive monitoring was 
not feasible. They observed that, among other 
variables, BD would be the best parameter to 
evaluate volume deficit. 
 Schultz et al.15 in order to compare 
different regimes of volume replacement in 
the mouse used BD as a sensitive parameter 
of inadequate perfusion before treatment. 
Their endpoint was a BD of 13±1mM/L before 
beginning resuscitation. 
 In fact, Davis11 and Davis et al.12 

considered that lactate as well as BD would 
be parameters equally sensitive to express 
the physiologic damage determined by 
hemorrhagic shock and to evaluate the 
response to fluid replacement. They found a 
strong linear correlation between these two 
variables (R = - 0.794).
 The argument that BD is obtained with 
more easiness than lactate levels, no longer 
is justified in our model, because lactate 
can now be easily monitored almost on real 
time in the field with a hand-held lactimeter. 
The lactimeter used in our experiments was 
Accusport® which can read the lactate in a 
single drop of blood16-17.
 The use of Accusport® for the serial 
blood lactate determinations permitted 
monitoring anaerobiosis through lactic acidosis 
at intervals as short as five minutes. We were 
able to establish that for young swine the cut-
off blood lactate of 10 mM/L can predict death 
if no treatment is instituted17. This model could 
be criticized because the sample is small, and it 
is possible that in a larger population we could 
prove to have untreated survivors that had 
reached blood lactate over 10 mM/L and this 
limitation may not be disregarded.
 This protocol permitted the use of this 
model to evaluate volume replacement with 
different fluids such as Lactated Ringer, Colloids 
and hypertonic solution. The endpoint to start 
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resuscitation with volume was established as 
10 mM/L lactate in the arterial blood, no matter 
the amount of removed volume of blood, the 
level of mean arterial pressure or the duration 
of the hypotension. In order to simulate human 
hemorrhagic shock after trauma and to reduce 
the time of hypotension needed to attain this 
endpoint it is necessary to establish a light level 
of anesthesia to permit additional bleeding 
and keeping mean arterial pressure around 
30 mmHg. This model permits to reach lactate 
levels above 10mM/L in a variable period of 
30 to 90 minutes. As a matter of fact, blood 
lactate of seven animals following this protocol 
showed that a mean endpoint lactate of 
17.01±3.20mM/L was reached shortly before 
death, occurring 70.43 ± 24.51 of hypotension 
before death. 
 This is probably a better simulation of 
the time needed for humans to develop severe, 
hemorrhagic shock before being treated. The 
predictable outcome of this shock model is 
expected to produce consistent information 
based on possible different metabolic and 
hemodynamic patterns as far as the type of 
fluid and the timing of resuscitation in near 
fatal hemorrhagic shock.

 ■ Conclusions

 Swine’s breathing room air 
spontaneously in hemorrhagic shock not 
treated a blood lactate over 10mM/L results 
fatal. The predictable outcome of this shock 
model is expected to produce consistent 
information based on possible different 
metabolic and hemodynamic patterns as far as 
the type of fluid and the timing of resuscitation 
in near fatal hemorrhagic shock.
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