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Abstract
AIM: To characterize differences of arterial (ABG) and 
venous (VBG) blood gas analysis in a rabbit model of 
hemorrhagic shock. 

METHODS: Following baseline arterial and venous 
blood gas analysis, fifty anesthetized, ventilated New 
Zealand white rabbits were hemorrhaged to and main-
tained at a mean arterial pressure of 40 mmHg until 
a state of shock was obtained, as defined by arterial 
pH ≤ 7.2 and base deficit ≤ -15 mmol/L. Simultane-
ous ABG and VBG were obtained at 3 minute intervals. 
Comparisons of pH, base deficit, pCO2, and arteriove-
nous (a-v) differences were then made between ABG 
and VBG at baseline and shock states. Statistical analy-
sis was applied where appropriate with a significance of 
P  < 0.05. 

RESULTS: All 50 animals were hemorrhaged to shock 

status and euthanized; no unexpected loss occurred. 
Significant differences were noted between baseline 
and shock states in blood gases for the following pa-
rameters: pH was significantly decreased in both arteri-
al (7.39 ± 0.12 to 7.14 ± 0.18) and venous blood gases 
(7.35 ± 0.15 to 6.98 ± 0.26, P  < 0.05), base deficit was 
significantly increased for arterial (-0.9 ± 3.9 mEq/L vs  
-17.8 ± 2.2 mEq/L) and venous blood gasses (-0.8 ± 3.8 
mEq/L vs  -15.3 ± 4.1 mEq/L, P  < 0.05). pCO2 trends 
(baseline to shock) demonstrated a decrease in arterial 
blood (40.0 ± 9.1 mmHg vs  28.9 ± 7.1 mmHg) but an 
increase in venous blood (46.0 ± 10.1 mmHg vs  62.8 
± 15.3 mmHg), although these trends were non-signif-
icant. For calculated arteriovenous differences between 
baseline and shock states, only the pCO2 difference was 
shown to be significant during shock.

CONCLUSION: In this rabbit model, significant differ-
ences exist in blood gas measurements for arterial and 
venous blood after hemorrhagic shock. A widened pCO2 
a-v difference during hemorrhage, reflective of poor tis-
sue oxygenation, may be a better indicator of impend-
ing shock.

© 2014 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: Recent studies regarding early goal directed 
therapy and damage control resuscitation have in-
dicated a potential role for calculated arteriovenous 
pCO2 differences in monitoring resuscitative efforts. 
In a rabbit model of hemorrhagic shock, we demon-
strate significant derangements between arterial and 
venous blood and, while not a novel concept, explore 
the potential of central venous pCO2 as an indicator of 
hemorrhagic shock. Our results demonstrate a widened 
arteriovenous pCO2 difference is significantly associated 
with hemorrhagic shock and may be a more reliable 

World Journal of
Critical Care MedicineW J C C M

Online Submissions: http://www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.5492/wjccm.v3.i2.55

World J Crit Care Med  2014 May 4; 3(2): 55-60
ISSN 2220-3141 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

May 4, 2014|Volume 3|Issue 2|WJCCM|www.wjgnet.com 55



indicator of inadequate tissue perfusion and therefore 
impending circulatory collapse.
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INTRODUCTION
Circulatory collapse is a definitive indicator of  the shock 
state, but may manifest late during hemorrhage leading to 
delayed diagnosis, resuscitation, and treatment when clini-
cal metrics of  circulatory collapse (hypotension, tachy-
cardia, decreased organ perfusion, altered mental status, 
etc.) are the sole measures of  a patient’s physiologic sta-
tus. Robust compensatory responses to injury in young, 
healthy patients can delay treatment of  hemorrhage even 
further as clinical parameters defining shock may not be 
evident until later stages in the clinical course. Any delay 
in diagnosis and treatment during massive hemorrhage 
will likely result in increased morbidity and mortality, 
fueling the search for adequate trauma resuscitation pro-
tocols, such as damage control resuscitation, as well as 
reliable early markers of  impending or ongoing shock[1]. 

Serologic markers including pH, base deficit, central 
venous oxygen saturation and lactate have been used 
to identify and quantitate shock[2-6]. Arterial blood gas 
analysis is considered the gold standard to determine 
oxygenation and acid-base status in the acutely injured as 
well as critically ill and repeat testing offers a means of  
monitoring resuscitation efforts. However, serious, albeit 
rare, complications of  arterial cannulation (pseudoaneu-
rysm, hematoma, hemorrhage, limb ischemia, infection, 
neurologic injury)[7] have led to a search for less invasive 
means of  detecting impending shock, quantitating the de-
gree of  shock as well as measuring adequate resuscitation. 
As such, many studies have examined the reliability and 
accuracy of  central venous blood gas in acid-base moni-
toring as an alternative to arterial blood gas analysis[8-11]. In 
previous animal models of  severely reduced cardiac out-
put, venous hypercarbia has been shown to correlate with 
inadequacy of  tissue perfusion[12,13] and changes in venous 
blood were noted to occur with greater magnitude and 
earlier in the process of  clinical deterioration than those 
of  arterial blood[14,15]. Similar discrepancies in arterial and 
venous pCO2 have been reported in human studies of  
shock states, as well as the paradox of  venous acidemia 
occurring simultaneously with arterial alkalemia, and have 
been suggestive of  the role of  serum pCO2 differences 
as an indicator of  tissue perfusion[16-20]. In a recent clini-
cal study highlighting the importance of  serum pCO2 in 
surgical outcomes, Silva et al[21] showed a preoperative ar-
teriovenous pCO2 gap greater than 5.0 mmHg in high risk 
patients to be predictive of  increased in-hospital mortality, 
circulatory shock, renal failure, intensive care unit (ICU) 

infection, and length of  stay. These previous studies sug-
gest the usefulness of  venous blood gas analysis in identi-
fying hemorrhagic shock earlier than other serum markers 
obtained from arterial blood analysis as well as the poten-
tial to accurately monitor adequate resuscitative efforts. 

The purpose of  this study was to examine the effec-
tiveness of  venous blood gas analysis in comparison to 
the gold standard of  arterial blood gas analysis in a rab-
bit model of  hemorrhagic shock. 

MATERIALS AND METHODS
Following approval by the Institutional Animal Care and 
Use Committee of  the Carolinas Medical Center, fifty 
New Zealand white rabbits weighing 3 to 6 kg were anes-
thetized with 1.0 to 1.5 mL/kg of  sodium pentobarbital 
(25 mg/mL) through an ear vein. Anesthesia was main-
tained throughout the experiment with 0.5-1.0 mL/kg 
of  intravenous sodium pentobarbital (12.5 mg/mL) as 
needed, determined by response to a pain stimulus. Ad-
equately anesthetized animals then underwent a trache-
otomy and endotracheal ventilation. Tidal volumes of  
10 mL/kg were administered by a mechanical ventilator 
(Siemens 900C Servo ventilator, Berlin, Germany) and 
fraction of  inspired oxygen (FiO2) was maintained at 0.5.

In all animals, bilateral groin dissection was per-
formed to adequately expose femoral vasculature. Ve-
nous access was obtained via right femoral vein using a 
5.0 French catheter advanced into the level of  the right 
atrium and was utilized for drug infusion as well as with-
drawal of  venous blood samples. Arterial access was 
secured via left femoral artery utilizing a 3.5 French cath-
eter advanced into the distal abdominal aorta for moni-
toring of  blood pressure, heart rate and arterial blood 
sampling.

Following baseline arterial and venous blood gas 
measurements (Radiometer analyzer, ABL-520 #2, Co-
penhagen, Denmark), animals were hemorrhaged to a 
mean arterial pressure of  40 mmHg as determined by a 
multichannel recorder (MT95k2, Astro-Med, Inc., West 
Warwick, RI). Simultaneous arterial and venous blood 
gases were obtained every 3 min until hemorrhagic 
shock was observed, as defined by an arterial pH less 
than 7.2 and a base deficit greater than or equal to -15 
mmol/L. Once the shock state was obtained, animals 
were then euthanized by intravenous administration of  
sodium pentobarbital. To minimize procedural variation, 
all animals were anesthetized, instrumented, hemor-
rhaged, and euthanized using identical technique by the 
same investigator. 

Statistical analysis
Data was stored and analyzed using SAS software ver-
sion 9.3 (SAS Inc., Cary, North Carolina). Obtained arte-
rial and venous blood gases were compared to baseline 
measurements with regard to pH, base deficit and pCO2. 
Arteriovenous differences for each parameter (pH, base 
deficit, pCO2) were then calculated at baseline and shock. 
Statistical analysis was performed using the unpaired t-test 
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or Wilcoxon rank sum test where appropriate. For all 
comparisons, statistical significance was set at a P value of  
less than 0.05. 

RESULTSAll 50 animals underwent successful ad-
ministration of  anesthesia, groin dissection, instrumenta-
tion, hemorrhage to a state of  shock and euthanization 
without any unexplained or premature losses. Data are 
expressed as mean ± SD. 

Arterial and venous blood gases at baseline and the 
hemorrhagic shock state
Mean values for pH were significantly decreased from 
baseline to shock (P < 0.05) in both arterial (7.39 ± 0.12 
to 7.14 ± 0.18) and venous (7.35 ± 0.15 to 6.98 ± 0.26) 
blood gases (Figure 1A). Figure 1B compares mean val-
ues obtained for base deficit at the 2 physiologic states; 
a significant increase (P < 0.05) was seen in arterial (-0.9 
± 3.9 mEq/L vs -17.8 ± 2.2 mEq/L) and venous (-0.8 
± 3.8 mEq/L vs -15.3 ± 4.1 mEq/L) base deficit dur-
ing shock. In comparing pCO2 at baseline and shock, a 
non-significant decrease was observed in arterial pCO2 
(40.0 ± 9.1 mmHg vs 28.9 ± 7.1 mmHg, P > 0.05), while 
venous blood samples demonstrated a non-significant 
trend towards increased pCO2 (46.0 ± 10.1 mmHg vs 
62.8 ± 15.3 mmHg, P > 0.05), as shown in Figure 1C. 

Blood gas arteriovenous differences at baseline and the 
hemorrhagic shock state
Arteriovenous differences in pH, base deficit, and pCO2 

at baseline and the hemorrhagic shock state are repre-
sented. No significant differences were seen in calculated 
differences at baseline for pH (0.04 ± 0.03), base deficit 
(0.01 ± 3.07 mEq/L), or pCO2 (5.8 ± 7.5 mmHg), al-
though venous pH demonstrated a larger non-significant 
trend toward acidosis and a larger non-significant base 
deficit was seen for arterial samples. In the shock state, a 
significant difference was noted for arteriovenous pCO2 
difference (34.0 ± 3.10 mmHg, P < 0.05), however, cal-
culated differences for pH (0.16 ± 0.08) and base deficit 
(2.56 ± 3.10 mEq/L) were not significant. 

DISCUSSION
Our results demonstrated significant parallel trends of  
acidosis and increased base deficit in both arterial and 
venous blood during hemorrhagic shock in a rabbit 
model (Figure 1A and B). The arteriovenous pCO2 dif-
ference during shock was also statistically significant as 
venous hypercarbia was observed with simultaneous ar-
terial hypocarbia (Figure 1C). 

During hemorrhagic shock, oxygen delivery to tis-
sues is reduced due to lack of  red blood cell mass and, 
subsequently, hemoglobin concentration is insufficient 
to meet tissue oxygen demands[22]. Contributing to the 
drop in oxygen carrying capacity, decreased cardiac 
output secondary to reduced venous return slows the 
delivery and elimination of  venous CO2 in the lungs and 
augments ongoing venous hypercarbia[13,18,23]. Reduced 
oxygen delivery to tissues results in a shift from aerobic 
toward anaerobic cellular metabolism effecting subse-
quent production of  organic acids, such as lactate, and 
ensuing acidosis and hypercarbia[17]. When the oxygen 
supply can be restored quickly, metabolic function can 
return to normal; however, when the oxygen insufficien-
cy is prolonged, cells become irreversibly damaged and 
are unable to function in normal energy metabolism[24]. 
Serum and tissue acidosis develop in direct proportion 
to the amount and acuity of  hemorrhagic shock[2,3,6,14,25]. 

Studies in both animal models and humans have 
demonstrated a pronounced dissociation between the 
arterial and venous pCO2 during periods of  decreased 
oxygen delivery as a consequence of  decreased cardiac 
output, such as cardiac tamponade[15], severe hemorrhag-
ic shock[2,14], hemodynamic instability[5,17,18,20] or septic 
shock[16,19]. Carbon dioxide accumulates very rapidly dur-
ing hemodynamic compromise, as with massive blood 
loss, before significant amounts of  organic acids are 
detectable in blood since the normal liver is capable of  
upregulating lactate metabolism early in the hemorrhagic 
process[15,21]. Mixed venous CO2 (CvCO2) can be repre-
sented according to the Fick equation, CvCO2 = VCO2/
Q + CaCO2, where VCO2 represents CO2 production in 
tissues, Q signifies cardiac output, and CaCO2 denotes 
the arterial CO2 content. Carbon dioxide is released into 
the circulation at the tissue-venous interface, represented 
by VCO2/Q, and is eliminated at the alveolar-arteriole 
interface in the lungs, represented by CaCO2. Under 
conditions of  normal cardiac output and venous return, 
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Figure 1  Arterial and venous blood gas at baseline and shock states. aP < 
0.05 vs control group. A: pH; B: Base deficit; C: pCO2.
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there is adequate ventilatory elimination of  CO2 that is 
produced in the tissues and acid-base equilibrium is es-
tablished. However, as cardiac output and venous return 
decrease, the increased CO2 produced from anaerobic 
tissues cannot be effectively eliminated by the lungs, 
resulting in a disconnect between arterial and venous 
vascular trees whereby arterial blood gases reflect CO2 

exchange at the alveolar-arterial level while venous blood 
gases are indicative of  acid-base status and oxygenation 
at the level of  the tissues. Examining the Fick equation, 
it can be seen that as cardiac output (Q) declines with 
simultaneous increased tissue CO2 production (VCO2), 
mixed venous CO2 (CvCO2) will increase. This was dem-
onstrated in our rabbit hemorrhage model in which the 
animals were adequately ventilated but hypoperfused, 
resulting in hypercarbia detected in venous but not arte-
rial blood gas analysis, representing insufficient oxygen 
delivery to tissues. Therefore, venous blood gas values 
may better reflect insufficient oxygen delivery to the tis-
sues and subsequent impending shock. Although our re-
sults did not show a statistically significant difference in 
the arteriovenous pH gradient, the venous samples were 
markedly more acidic than the arterial samples taken 
during the shock state (Figure 1A). 

The clinical utility of  arteriovenous pCO2 differ-
ences in goal directed therapy (GDT) has recently been 
addressed in the literature. In a series of  septic ICU 
patients resuscitated to a mixed venous oxygen satura-
tion goal of  70% or greater, Vallée et al[16] demonstrated 
those patients with arteriovenous pCO2 differences 
greater than 6 mmHg had higher lactate concentra-
tions and lower lactate clearance rates than those with 
arteriovenous pCO2 differences less than 6 mmHg, 
subsequently reflecting the status of  global tissue perfu-
sion. They further demonstrated lower cardiac indexes 
in those patients with arteriovenous pCO2 values greater 
than 6 mmHg following “adequate” resuscitation to a 
mixed venous oxygen saturation of  70% as compared to 
the cohort of  patients with arteriovenous pCO2 values 
less than 6 mmHg. Similarly, Futier et al[26] demonstrated 
larger arteriovenous pCO2 differences to be signifi-
cantly associated with post-operative complications in 
“adequately resuscitated” patients (to a mixed venous 
oxygen saturation goal greater than 71%) undergoing 
major abdominal surgery. These clinical results indicate 
further optimization of  GDT may be obtained through 
a combination of  mixed venous oxygenation and arterio-
venous pCO2 difference analysis, potentially playing vital 
roles in progressive damage control resuscitation models 
in trauma[1].

Some shortcomings of  the current study deserve 
discussion. First, this study was not conducted in a 
spontaneously-breathing animal model, effectively elimi-
nating the possibility of  respiratory compensation which 
likely will occur in cases of  acute injury and hemorrhage. 
To address this criticism, Mathias et al[15] performed acid-
base comparisons between arterial and venous blood 
gases in a spontaneously-breathing, under-anesthetized 
canine model of  acute cardiac tamponade and found a 

similar paradox of  venous acidosis and hypercarbia with 
concomitant arterial alkalemia and hypocarbia, even in 
the early stages of  decreased cardiac output (20%) prior 
to any reduction in arterial blood pressure. Although the 
criticisms of  performing these studies in animal models 
with blunted or absent respiratory compensatory mecha-
nisms are valid concerns, the results of  Mathias et al[15] 
indicate the paradoxical acid-base trends are still evident 
in a minimally-anesthetized, spontaneously-breathing, 
non-ventilated animal model. Also, performing these 
studies in live animal models without sufficient sedation 
or supportive measures, such as ventilatory support, 
would certainly be considered distressful to the animals. 
A second shortcoming of  this study is the lack of  a tem-
poral metric for the onset of  acid-base changes in our 
animal model, as well as a lack of  serum lactate analysis. 
It would be beneficial to define the chronological rela-
tionship of  arterial hypocapnea, venous hypercapnea and 
acidosis in comparison to the accumulation of  lactate 
during the course of  hemorrhagic shock in the rabbit 
model to better define the usefulness of  venous blood 
gas in the course of  hemorrhagic shock.

Our study in a rabbit model indicates hemorrhage 
shock results in significant acidosis and base deficit in 
both arterial and venous blood with a significant arte-
riovenous pCO2 difference of  venous hypercarbia and 
arterial hypocarbia, consistent with previously reported 
disparities between arterial and venous pCO2 in the 
setting of  severely hypoperfused states. These results 
indicate that venous blood gas analysis may be a supe-
rior indicator of  cellular hypoperfusion in hemorrhagic 
shock, as evidenced by pronounced hypercarbia, and 
may be more reflective of  tissue oxygenation compared 
to arterial blood gas analysis. Further studies are needed 
to determine if  venous blood gas analysis is a more rapid 
indicator of  impending circulatory collapse or is a more 
accurate gauge of  adequate resuscitative efforts.

COMMENTS
Background
Early and adequate tissue perfusion is a key tenet of goal-directed therapy and 
damage control resuscitation, employed in critical care and trauma practices, 
respectively. Arteriovenous differences in pCO2 have demonstrated potential in 
the early detection of insufficient tissue perfusion as well as the quantification of 
resuscitative efforts.
Research frontiers
Establishment of an early, reliable, and easily obtainable marker for impend-
ing circulatory collapse in hemorrhagic shock would contribute significantly to 
treatment algorithms, possibly allowing supportive measures (fluid resuscita-
tion, blood product administration, vasopressor circulatory support, etc.) to be 
initiated prior to classic physiologic indicators of circulatory collapse. However, 
no such definitive marker has been elucidated. In this study, the authors dem-
onstrate significant similarities and differences in arterial and venous blood 
gas derangements, focusing on the arteriovenous differences noted in a rabbit 
model of hemorrhagic shock in an effort to further define arteriovenous pCO2 
differences as a potential early indicator of inadequate tissue perfusion.
Innovations and breakthroughs
Previous studies have examined arterial and venous blood gas derangements 
(pH, base deficit, lactate levels, oxygen saturation) in states of hypoperfusion in 
animal models as well as humans. Paradoxical venous hypercarbia with arterial 
hypocarbia associated with decreased cardiac output has also been reported in 
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the literature, suggesting a role for pCO2 monitoring in cases of hypoperfused 
states. In this study, authors conclusively demonstrated a widened pCO2 differ-
ence (venous hypercarbia with concomitant arterial hypocarbia) is associated 
with hemorrhagic shock in a novel rabbit model.
Applications
The results of this study, viewed in light of recent work regarding venous blood 
gas analysis in hypoperfused states, further supports the prospect that central 
venous blood gas pCO2 differences may indicate effectiveness of resuscitative 
efforts in the acutely injured hemorrhagic state. Certainly, further human studies 
in the setting of acute hemorrhage deserve attention so that a more rapid, ac-
curate and easily obtainable mechanism of resuscitation may be elucidated.
Terminology
The term arteriovenous pCO2 difference is used to describe the absolute value 
of the quantifiable variance between arterial blood gas pCO2 and venous blood 
gas pCO2. This is represented in units of mmHg, a standard unit of measure-
ment for partial pressure.
Peer review
This is a well-written manuscript which analyzes the effects of hemorrhagic 
shock on arterial and venous blood gases in a rabbit animal model. An added 
caveat is the significant widened arteriovenous pCO2 difference seen in the 
shock state. The manuscript also reviews pertinent publications on the subject, 
highlighting recent clinical studies which suggest a role for arteriovenous pCO2 
differences in monitoring resuscitation. Although not novel, the results certainly 
provide further evidence that widened pCO2 differences are indicative of wors-
ening shock and may therefore possibly be another tool in our armament to 
monitor resuscitation.
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