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Abstract
Septic shock is a life threatening condition that can 
develop subsequent to infection. Mortality can reach 
as high as 80% with over 150000 deaths yearly in the 
United States alone. Septic shock causes progressive 
failure of vital homeostatic mechanisms culminating in 
immunosuppression, coagulopathy and microvascular 
dysfunction which can lead to refractory hypotension, 
organ failure and death. The hypermetabolic response 
that accompanies a systemic inflammatory reaction 
places high demands upon stored nutritional resources. 
A crucial element that can become depleted early dur-
ing the progression to septic shock is glutathione. Glu-
tathione is chiefly responsible for supplying reducing 
equivalents to neutralize hydrogen peroxide, a toxic 
oxidizing agent that is produced during normal metabo-
lism. Without glutathione, hydrogen peroxide can rise 
to toxic levels in tissues and blood where it can cause 
severe oxidative injury to organs and to the microvas-
culature. Continued exposure can result in microvascu-
lar dysfunction, capillary leakage and septic shock. It is 
the aim of this paper to present evidence that elevated 
systemic levels of hydrogen peroxide are present in 

septic shock victims and that it significantly contributes 
to the development and progression of this frequently 
lethal condition.

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

Key words: Septic shock; Hydrogen peroxide; Hyper-
metabolic; Sepsis; Systemic inflammatory response 
syndrome

Core tip: For decades septic shock has been attributed 
to an over-active immune response. However, immune 
modulation has failed to reduce mortality, casting doubt 
on a direct causal role for the immune response in the 
development of septic shock. A closer look suggests 
that septic shock is the result of a generalized build-up 
of hydrogen peroxide, a toxic cellular by-product gener-
ated as a consequence of the hypermetabolic state that 
accompanies a systemic immune response. This finding 
points to the systemic accumulation of hydrogen per-
oxide as a significant risk factor for the development of 
septic and non-septic shock syndromes.

Pravda J. Metabolic theory of septic shock. World J Crit Care 
Med 2014; 3(2): 45-54  Available from: URL: http://www.
wjgnet.com/2220-3141/full/v3/i2/45.htm  DOI: http://dx.doi.
org/10.5492/wjccm.v3.i2.45

INTRODUCTION
Sepsis is a life threatening condition that is associated 
with a systemic inflammatory response to a microbial in-
fection[1]. Sepsis is the most common cause of  mortality 
in the intensive care unit with a fatality rate that can rise 
to 80% for those developing multiple organ failure. The 
progression of  an exaggerated systemic inflammatory 
response is thought to be responsible for the eventual 
development of  septic shock and death[2]. However, mul-
tiple therapeutic efforts aimed at controlling the immune 
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response with the intent of  interrupting the process lead-
ing to organ failure have been uniformly unsuccessful[1]. 
This simple fact has prompted a reappraisal of  the role 
played by the immune system in the development of  this 
condition that kills more than 150000 Americans yearly; 
more than breast, colon, prostate and brain cancer com-
bined[3,4].

Although immune activation is clearly evident, recent 
evidence suggests that the immune response may not 
be the direct mediator of  the pathologic process that 
leads to septic shock. Studies conducted to define the 
circulating leukocyte transcriptome have revealed that 
there is no qualitative difference in the immunogenetic 
response when comparing burn or blunt trauma patients 
with complicated or uncomplicated outcomes. In other 
words, severely injured patients who die from their inju-
ries have the same immunogenetic response as patients 
who recover; the only difference being the duration and 
intensity of  systemic inflammation[5].

The lack of  a unique immunogenetic response sug-
gests that septic shock is the phenotypic expression of  
a separate process that is initiated simultaneously with 
systemic immune activation. The multiple organ involve-
ment, which can lead to death within a few days, sug-
gests that this concomitant process is systemic in nature 
and initiated in parallel with inflammatory response. 
Moreover, the microvascular edema associated with 
multiple organ failure, which persists despite efforts at 
immunosuppression, suggests that a non-immune medi-
ated angiopathic agent is being released into the systemic 
circulation[1].

The high (8%) increased mortality rate for each hour 
of  delay before instituting antibiotics after the onset of  
hypotension suggests that the duration of  this parallel 
process is closely linked with a greater risk of  an adverse 
outcome and down regulating the immune response with 
successful therapy simply allows this parallel process to 
turn off[6].

In other words, survival is closely correlated with 
the early down regulation of  a systemic process closely 
linked to systemic immune activation suggesting deple-
tion of  a crucial biochemical element that is critical for 
survival. Put differently, if  catabasis (immune down 
regulation) is achieved by successful antibiotic therapy 
prior to depletion of  this critical element the patient will 
survive, if  not the patient is at high risk for organ failure, 
septic shock and death. 

HYPERMETABOLIC RESPONSE
A key systemic process that is turned on and up-regulated 
with systemic inflammation is cellular metabolism, which 
becomes hypermetabolic from the onset of  sepsis[7]. The 
sustained high fever, highly amplified protein synthesis, 
tachycardia and tachypnea characteristic of  a septic im-
mune response requires supra-physiological energy sup-
plies. It is estimated that basal energy requirements for a 
septic patient can reach up to 10000 calories daily[8]. This 
hypermetabolic state not only requires increased nutrient 

intake but also generates a large amount of  toxic cellular 
by-products as a result of  increased electron transport 
chain (ETC) activity required to synthesize sufficient 
adenosine triphosphate (ATP) to support a prolonged 
hypermetabolic state. This critical need for supplemental 
nutrients often cannot be met as it occurs at a time when 
caloric intake is curtailed as a result of  the severe illness 
afflicting the patient[8]. This suggests the progressive 
depletion of  an element whose principal function is to 
metabolize a toxic cellular waste product that, upon ac-
cumulation, leads to organ dysfunction, microangiopathic 
edema and refractory hypotension, the characteristic 
pathologic findings in septic shock.

An important toxic product that is continuously 
generated as a result of  cellular metabolism is hydrogen 
peroxide (H2O2), which is formed as a result of  several 
metabolic activities including protein synthesis (disulfide 
bond formation), DNA recycling (Xanthine oxidase), 
ATP synthesis (ETC activity) and fatty acid oxidation 
(peroxisomal metabolism)[9-12]. Most H2O2 is degraded to 
water via the enzymatic action of  glutathione peroxidase 
(GPx), a selenium containing enzyme that has an obli-
gate requirement for the co-factor glutathione (GSH) in 
order to metabolize H2O2. The biochemical reaction is: 
2 GSH + H2O2 → GS-SG + 2H2O in which two mol-
ecules of  GSH are converted to one molecule of  gluta-
thione disulfide (GS-SG) and two molecules of  water. 
Glutathione is consumed during this process and must 
be replenished in order for the cell to prevent accumula-
tion of  H2O2 to toxic levels[13,14]. 

Replenishment of  glutathione, however, is not fa-
vored during periods of  sustained hypermetabolism and 
caloric insufficiency, which frequently accompany critical 
illnesses such as sepsis leading to depletion of  glutathi-
one reserves. 

Within 48 h of  diagnosis critically ill children with 
sepsis were found to have a 60% decrease in whole 
blood GSH synthesis, suggesting depletion of  whole 
body GSH stores[15,16]. Systemic GSH depletion is sup-
ported by studies showing over 50% decrease in lung 
and skeletal muscle GSH in septic and critically ill pa-
tients[17,18]. The critical importance of  glutathione was 
demonstrated by a study which documented significantly 
decreased erythrocyte glutathione in septic non-survivors 
vs survivors (P < 0.0001)[19]. This suggests high levels of  
circulating H2O2 capable of  permeating erythrocyte cell 
membranes and oxidizing (and depleting) intracellular 
glutathione in septic shock non-survivors. Elegant studies 
have also demonstrated a significantly higher mitochon-
drial respiratory rate in non-survivors at three months 
following sepsis suggesting that failure to down regulate 
the hypermetabolic state (and excess H2O2 production) is 
independently associated with higher mortality even after 
surviving the initial infectious insult[20]. 

Generalized depletion of  body stores can result in 
cellular deficiency of  GSH leading to a toxic accumula-
tion of  H2O2. A highly toxic oxidizing agent, H2O2 is 
the principal mediator of  cellular oxidative damage. It 
does so by generating hydroxyl radical (OH*), the most 
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potent reactive oxygen radical known in biological sys-
tems. Hydroxyl radical will indiscriminately disintegrate 
proteins, peroxidize lipids and oxidatively damage DNA 
leading to cell death[21,22]. 

Compounding the cellular cytotoxicity of  H2O2 is its 
ability to freely diffuse through biological membranes 
allowing it to permeate other cellular compartments 
and diffuse to the extracellular space from where it can 
pass through the capillary endothelium into the blood 
stream[16,23]. Thus, the end result of  a systemic GSH de-
ficiency is the systematic discharge of  excess H2O2 by all 
organs of  the body into the bloodstream where it can 
damage distant capillary beds leading to systemic micro-
circulatory dysfunction, microangiopathic edema and 
refractory hypotension, a hallmark of  septic shock. 

This is supported by studies showing decreased hu-
man endothelial cell levels of  GSH and eventual death 
after in vitro exposure to plasma from septic shock 

patients[24]. This implies a membrane diffusible agent 
capable of  oxidizing intracellular GSH suggesting that a 
toxic level of  plasma H2O2 was the offending oxidizing 
agent mediating this effect. This is consistent with the 
well documented oxidative damage and dose dependent 
cytotoxicity that occurs during human endothelial cell 
exposure to H2O2

[25,26]. 
In other studies high levels of  urinary H2O2 were 

found to correlate with a fatal outcome in patients with 
sepsis and adult respiratory distress syndrome suggesting 
an important role for H2O2 in the pathogenesis of  septic 
shock[27]. Taken together the evidence suggests that H2O2 
exerts a significant microangiopathic effect contributing 
to the development of  microcirculatory dysfunction and 
the progression to refractory hypotension and fatal sep-
tic shock.

MECHANISM OF DISEASE
The above evidence supports a pathogenesis of  septic 
shock which is initiated by the systemic depletion of  glu-
tathione as the crucial event responsible for the accumu-
lation of  H2O2 in tissues. Subsequent diffusion of  H2O2 
into the blood stream leads to systemic elevation of  this 
highly toxic oxidizing agent resulting in the microvascular 
dysfunction and organ failure observed in septic shock 
(Figure 1).

At the onset, a systemic inflammatory response is ac-
companied by a generalized hypermetabolic state which 
provides the energy needed to sustain the highly up-
regulated immune response switched on by the presence 
of  a pathogen. The abrupt global increase of  cellular 
bioenergetic reactions to several times their normal basal 
state presents the cell with a surge of  toxic metabolic by-
products that must be neutralized to avoid accumulation 
and cell death. Hydrogen peroxide, a toxic reactive oxy-
gen species, is a significant metabolic by-product that is 
generated in increased amounts when cellular processes 
such as protein synthesis, DNA recycling and ATP pro-
duction are upregulated during periods of  hypermetabo-
lism that accompany systemic inflammation.

The majority of  cellular H2O2 is neutralized by GPx, 
a selenium containing enzyme, which utilizes the tri-
peptide co-factor glutathione as a donor of  reducing 
equivalents during the enzymatic conversion of  H2O2 
to water. GSH is consumed in this reaction and must be 
replenished in order to prevent accumulation of  H2O2 
within the cell. However, during periods of  high H2O2 
production the availability of  glutathione may be insuf-
ficient to keep up with demand leading to net H2O2 ac-
cumulation and glutathione depletion resulting in severe 
cellular dysfunction and organ failure. 

Excess H2O2 can easily diffuse out of  pericapillary 
parenchymal cells through capillary endothelium and 
into the blood stream. This augments endothelial gener-
ated H2O2 resulting in oxidative damage and microan-
giopathic dysfunction. The inability to buffer cellular 
H2O2 signals a systemic failure of  reductive (anti-oxidant) 
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Figure 1  Septic shock begins with a systemic inflammatory reaction to an 
infection. A contemporaneous increase in metabolism is initiated, which can 
deplete reserves of critical nutrients such as glutathione. Glutathione is crucial 
for the neutralization of H2O2, a toxic, membrane-permeable oxidizing agent gen-
erated as a by-product of cellular metabolism. Depletion of cellular glutathione 
results in elevation of H2O2 which can diffuse out of organ parenchymal cells and 
into capillary endothelium before reaching the bloodstream. Once in the systemic 
circulation, excess H2O2 is distributed throughout the body resulting in systemic 
oxidative damage to plasma components, organs and blood vessels. The net 
result is H2O2 induced coagulopathy, immunocyte apoptosis and microvascular 
dysfunction leading to disseminated intravascular coagulation, immunosuppres-
sion, organ failure and septic shock respectively. H2O2 inhibits GPx and catalase, 
which are critical anti-oxidant enzymes required for H2O2 neutralization. This 
prevents restoration of normal plasma and tissue redox balance while exacer-
bating oxidative tissue damage. H2O2 can also activate nuclear factor-κB (NF-
κB) contributing to the inappropriate activation of this master pro-inflammatory 
transcription factor observed in septic shock. The pathologic activation of NF-kB 
contributes to elevated tumor necrosis factor-alpha levels, another potent gen-
erator of intracellular H2O2. GPx: Glutathione peroxidase.
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capacity as the excess oxidant load is discharged into the 
blood stream. Over time plasma reductive capacity is 
exhausted leading to severe disruption in plasma redox 
potential, which studies have shown is strongly associ-
ated with an unfavorable outcome[28].

HYDROGEN PEROXIDE CAN REPRODUCE 
CLINICAL ABNORMALITIES OBSERVED 
IN SEPTIC SHOCK
Microcirculatory dysfunction
The capillary bed is not simply a conduit for the passage 
of  cells. It is a highly dynamic and integrated system of  
endothelial cells that continuously interacts with its sur-
rounding environment through a variety of  displayed 
receptors and elaborated mediators whose functions in-
cludes vasoregulation, coagulation factors, barrier mainte-
nance, immune cell recruitment and oxygen transport[29]. 
Microcirculatory dysfunction is now considered to play a 
central role in the pathogenesis of  sepsis and microvas-
cular leakage has a defining role in its outcome[1,29].

Histological analysis of  microvasculature in a baboon 
model of  lethal Escherichia coli (E. coli) sepsis revealed 
large gaps between endothelial cells accompanied by a 
significant increase in endothelial permeability[30,31]. These 
changes are also observed upon exposure of  human 
umbilical vein endothelial cells (HUVEC) to H2O2. Stud-
ies have demonstrated an 18x increase (from 20 to 360 
gaps/mm2) in inter-endothelial cell gaps within 30 min 
of  HUVEC exposure to H2O2. A time and dose depen-
dent H2O2 induced endothelial contraction to about 60% 
of  normal planar surface area was also observed[32,33]. 
This provides a microanatomical basis by which excess 
H2O2 can account for the life threatening massive edema 
observed both in humans and experimental models of  
sepsis[29,30].

Accompanying endothelial cell retraction during 
H2O2 exposure is the loss of  tight junction proteins at 
the sites of  gap formation, which strongly correlated 
with increased paracellular permeability[34-36]. Exten-
sive cytoskeletal disruption and rearrangement was 
also shown to occur after endothelial cell exposure to 
H2O2

[37-39]. Endothelial shape changes have been ob-
served to occur in experimental models of  sepsis and 
several studies have reported these pathological changes 
upon endothelial cell exposure to H2O2

[30,40-43].
The net effect of  continuous H2O2 exposure on the 

systemic microvasculature is severe disruption. Barrier 
function is compromised, intercellular communication is 
blunted and signal transduction is abrogated. This leads 
to microvascular edema, arteriovenous shunts and vaso-
dysregulation as a result of  cumulative oxidative damage 
sustained from continued penetration of  H2O2 into en-
dothelial cells. This is supported by studies of  low dose 
H2O2 perfusion into isolated rat lung, which increased 
pulmonary vascular bed permeability and capillary filtra-
tion coefficient[41].

Studies of  bovine brain microvascular endothelial 

cells exposed to H2O2 revealed increased paracellular 
permeability of  the blood brain barrier (BBB) with loss 
of  tight junctional proteins (44)[44]. H2O2 can by-pass the 
normally protective BBB by simply diffusing into tissues 
and cells[15]. This can result in dysfunction of  cerebral 
microvasculature and could account for the early mental 
changes observed in patients with sepsis as a result of  
impaired synaptic transmission[8].

Immune activation
Numerous genes are activated during a systemic immune 
response in a critically ill or septic individual. Studies in 
healthy human volunteers receiving low dose endotoxin 
identified over 4500 activated genes, most of  which were 
involved in the innate or adaptive immune response (5)[5]. 
The simultaneous activation of  this many genes is facili-
tated by preformed cytoplasmic signal transcription fac-
tors that serve as rapid response mediators to injury and 
infection. Nuclear factor kappa B (NF-κB) is a transcrip-
tion factor that plays a central role in the activation and 
regulation of  multiple genes that control immune and 
inflammatory reactions[45]. NF-κB is significantly elevated 
in adults and children with sepsis[46-48]. NF-κB is also a 
highly redox sensitive transcription factor capable of  be-
ing activated by low levels of  H2O2

[49,50] and has been pro-
posed as a biomarker for oxidative stress[51]. This suggests 
that high levels of  ambient H2O2 may be involved in the 
inappropriate activation of  NF-κB observed in septic 
shock[45].

A central role for the innate immune system is sug-
gested by the neutrophilic infiltration into multiple 
organs observed in septic shock[45]. H2O2 is a highly 
potent neutrophilic chemo-attractant that can establish 
a chemotactic gradient as it diffuses out of  parenchymal 
cells into the adjacent microvasculature. Circulating neu-
trophils can track this H2O2 gradient and enter the organ 
parenchyma via diapedesis. The net result is neutrophil 
infiltration into the parenchyma of  multiple organs[52-54].

Coagulopathy
Intravascular activation of  the coagulation cascade with 
generation of  fibrin and formation of  diffuse microvas-
cular thrombi is a pathologic and physiologic hallmark of  
sepsis[55]. This presents clinically as disseminated intravas-
cular coagulation (DIC) and is found in up to 50% of  pa-
tients with sepsis[56]. DIC leads to abnormal bleeding and 
intravascular clotting, obstructing limb and organ blood 
flow, and is a strong predictor of  mortality[56]. 

Endothelial derived tissue factor (TF) is the major 
physiological route by which fibrin generation is initiated 
in sepsis. Importantly, this process is triggered only at 
sites of  vascular injury or endothelial disruption where 
plasma clotting factors can encounter the TF protein 
that activates this extrinsic clotting pathway[56,57]. Studies 
utilizing immunohistochemistry in a lethal E. coli baboon 
sepsis model preferentially localized TF and TF mRNA 
at arterial branch areas, which is compatible with en-
hanced contact by a plasma derived oxidizing agent (e.g., 
H2O2) at these sites of  altered blood flow[30].
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H2O2 can induce vascular injury by peroxidation of  
cell membrane lipids and studies have shown a marked 
increase in endothelial cell TF and TF mRNA after 1 
and 5 min exposure to Xanthine oxidase, a H2O2 gener-
ating enzyme[10,58]. This indicates that TF is highly sensi-
tive to H2O2 induced upregulation, which suggests with 
a contributory role for H2O2 in sepsis- associated DIC. 
Consistent with this mechanism is a case report describ-
ing a fatal case of  sepsis with DIC and multiorgan failure 
in a previously healthy 37-year-old man after receiving 
several intravenous infusions of  H2O2

[59].

Immunosuppression
Septic patients experience a considerable decline in lym-
phocyte numbers through apoptosis in the latter stages 
of  sepsis and this is a significant contributing factor to 
the immunosuppression experienced by septic individu-
als[60]. Studies have shown that H2O2 is a potent apoptosis 
inducing agent[61]. B lymphocytes treated with agents 
that inhibit GSH synthesis experience a 95% decline in 
GSH concentration in 12 h. This is followed by a rise in 
intracellular H2O2 after which apoptosis occurs. By 72 h 
nearly 50% of  B cells have died via apoptosis[62]. T cells 
are also highly sensitive to the effects of  GSH depletion. 
Studies have recorded a 30% decline in circulating T lym-
phocytes within 4 wk after glutathione levels declined to 
suboptimal levels in healthy volunteers[63]. This supports 
a role for H2O2 in the development of  sepsis induced im-
munosuppression.

Erythrocyte rigidity
Red blood cell deformability is markedly reduced in sep-
sis and studies have demonstrated a significant reduction 
in red blood cell deformability upon exposure to H2O2

[64]. 
A direct relationship was found between oxidant induced 
changes in erythrocyte deformability and severity of  
multi-organ failure in septic individuals[65]. This suggests 
that plasma derived H2O2 is a source of  oxidant-induced 
RBC membrane damage.

Circulating endothelial cells
Circulating endothelial cells (CEC) are a reliable, sensi-
tive and specific indicator of  vascular damage[66]. These 
cells rarely exist in the peripheral blood of  healthy indi-
viduals[67]. Patients with s evere sepsis and septic shock 
have significantly higher numbers of  CECs indicating 
widespread vascular damage[68,69]. Studies have shown that 
human endothelial cell detachment is produced by expo-
sure to H2O2

[43]. The presence of  CECs in patients with 
sepsis but without shock suggests that endothelial dam-
age precedes the development of  organ damage[68]. This 
is compatible with H2O2 release from organ parenchymal 
cells into the capillary vascular bed causing microvascular 
dysfunction and edema with subsequent development of  
organ failure.

Sepsis associated encephalopathy
Sepsis associated encephalopathy (SAE) is a diffuse ce-

rebral dysfunction occurring in the setting of  sepsis but 
without direct infection of  the central nervous system[70].  
SAE is characterized by alterations in mental status and 
motor activity that can range from inattention, disorienta-
tion and delirium to agitation, hypoactivity and coma[71,72]. 
Delirium is frequently the first manifestation of  sepsis 
and often precedes organ failure[73,74]. SAE is reported to 
occur in up to 70% of  septic patients (71). 

Neurons are especially sensitive to H2O2 induced oxi-
dative damage. Studies have shown a concentration de-
pendent cell death starting at 10 µmol/L when neurons 
are exposed to H2O2

[75]. The tripeptide glutathione is 
critically important in order to prevent oxidative damage 
of  the brain due to H2O2

[76]. Glutathione is composed 
of  amino acids glycine, cysteine and glutamate. Cysteine 
is the rate limiting substrate for neuronal glutathione 
synthesis and transsulfuration of  homocysteine is a ma-
jor source of  cysteine in most cells. However, the brain’
s neuronal transsulfuration pathway is thought to be a 
negligible source of  cysteine due to low activity of  neu-
ronal cystathionine-gamma-lyase (EC 4.4.1.1), a crucial 
enzyme in the transsulfurationn pathway leading to the 
synthesis of  cysteine[77,78]. Neurons, therefore, rely mainly 
on the absorption of  extracellular cysteine provided by 
astrocytes for the synthesis of  glutathione[77]. Thus, the 
dependence of  brain neurons on extracellular cysteine 
in order to synthesize glutathione severely limits their 
ability to upregulate antioxidant defenses in response to 
H2O2 mediated oxidative stress. This makes brain neu-
rons highly vulnerable to H2O2 oxidative damage and 
dysfunction. This is consistent with the encephalopathy 
that is reported to occur after accidental ingestion of  
H2O2

[79]. Encephalopathy was also a manifestation after 
intravenous administration of  H2O2 during alternative 
medicine therapy[59]. 

The main interaction site of  neurons and astrocytes 
is the synaptic cleft[80]. Astrocytes export glutathione di-
rectly into the synaptic cleft. Ectoenzymes present in the 
synapse enzymatically release cysteine from glutathione 
after which cysteine is transported into neurons by the 
membrane bound EAAT3 transporter (excitatory amino 
acid transporter 3)[77-82]. H2O2 can react non-enzymatical-
ly with cysteine in the synaptic cleft to produce cystine[83]. 
This removes cysteine from the synapse and prevents its 
importation into the neuron resulting in oxidative stress 
by decreasing the synthesis of  neuronal glutathione. The 
presence of  thiols (i.e., cysteine) in the synaptic cleft sug-
gests that this region can function as a sink for H2O2 re-
sulting in disruption of  synaptic transmission as a result 
of  peroxidation of  synaptic cellular membranes.

 Thus, circulating H2O2 can permeate the brain dur-
ing the initial hypermetabolic systemic inflammatory 
response syndrome (SIRS) phase of  sepsis and disrupt 
brain function in the early stages of  disease. Due to their 
limited capacity to detoxify H2O2, brain neurons are 
the first cells to be affected by H2O2 induced oxidative 
stress[84]. This is consistent with the observation that en-
cephalopathy is often the first sign of  sepsis. 
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LACTIC ACIDOSIS
Sepsis related lactic acidosis is generally attributed to tis-
sue hypoxia. Although tissue hypoxia can result in lactic 
acidosis it is unsuitable as a general mechanism to explain 
the appearance of  lactic acidosis in septic patients when 
tissue oxygenation can be normal or even increased[85]. 

Under normal circumstances pyruvate, the end prod-
uct of  glycolysis in the cytoplasm, is transported into mi-
tochondria where it is oxidized by the Krebs cycle. Lac-
tate synthesis increases when the rate of  pyruvate for-
mation in the cytoplasm exceeds its rate of  oxidation by 
the mitochondria. The excess pyruvate in the cytoplasm 
is then converted to lactate by lactate dehydrogenase and 
released into the blood stream resulting in lactic acidosis.

Inhibition of  Krebs cycle enzymes will decrease 
pyruvate oxidation resulting in lactic acidosis. This has 
been observed with inherited deficiency of  alpha-keto-
glutarate dehydrogenase resulting in severe congenital 
lactic acidosis[86]. Alpha-ketoglutarate dehydrogenase is 
also highly sensitive to oxidative inhibition by hydrogen 
peroxide[87]. Rising systemic concentrations of  H2O2 in 
sepsis can account for the observed lactic acidosis with 
normal tissue oxygen perfusion. This has been termed 
cytopathic hypoxia. In this case the lactic acidosis is an 
epiphenomenon of  a much more serious underlying 
metabolic abnormality and treatment of  the acidosis 
does not resolve the inhibition of  the Krebs cycle.

DISCUSSION
A hypermetabolic state can develop very quickely after 

a generalized septic or non-septic insult to the body. At 
the heart of  the hypermetabolic state is a significantly 
increased bioenergetic response resulting mainly from 
enhanced ETC activity. The ETC is an assembly of  intra-
mitochondrial protein complexes that converts the en-
ergy of  high-energy electrons into a form that is used to 
synthesize ATP, a high energy molecule that powers most 
energy requiring biosynthetic reactions and physiologi-
cal functions. Thus, the high energy demands of  body 
systems resulting from a generalized septic or non-septic 
insult are principally met by increased ATP production, 
which is manifested as a hypermetabolic state and recog-
nized by the same parameters used to define a SIRS such 
as increased body temperature, heart rate, respiratory rate 
and increased white blood cell count.

A principle metabolic by-product of  ETC activity is 
hydrogen peroxide; a highly toxic oxidizing agent. Hy-
drogen peroxide is produced when electrons spontane-
ously escape from the ETC and combine with available 
vicinal oxygen to generate superoxide that is enzymati-
cally converted to H2O2 by superoxide dismutase. The 
increased amount of  H2O2 generated during a hyper-
metabolic state can overwhelm the cell’s anti-oxidant 
enzymatic defenses resulting in net intracellular H2O2 ac-
cumulation. The excess H2O2 can oxidatively inhibit en-
zyme systems including those needed to neutralize H2O2 
resulting in a positive bio-feedback loop and a vicious 
cycle of  ever increasing intracellular H2O2

[88]. Glutathi-
one functions as a cofactor for GPx, which enzymatical-
ly neutralizes H2O2. GPx is inhibited by the rising con-
centrations of  H2O2, which explains why exogenously 
supplied N-acetylcysteine has no effect on the course of  
septic shock since glutathione cannot be utilized by GPx 
to neutralize H2O2

[88,89]. 
Hydrogen peroxide is biomembrane permeable and 

can diffuse into the bloodstream where it is distributed 
to all organs of  the body generating a state of  severe 
systemic oxidative stress. Studies have documented 
high levels of  H2O2 in the blood and urine of  septic 
patients[27,90]. This can result in the multi-organ failure 
and microangiopathic dysfunction characteristic of  
septic shock. Genetic variation in glutathione levels as 
well as age related decline has been reported[91-93]. This 
may compromise the ability to neutralize H2O2 and pre-
dispose individuals to vasoplegic (i.e., septic) shock and 
multi-organ failure during acute hypermetabolic periods, 
especially in older individuals. Studies have shown that 
glutathione is essential for cell survival[ 94].

CONCLUSION
Taken together, the evidence suggests that septic shock 
is a primary radical induction process that has its origins 
early in the development of  sepsis with the accumulation 
and generalized dispersal of  cytotoxic levels of  H2O2. 
This arises secondary to glutathione depletion as a result 
of  a systemic inflammatory mediated hypermetabolic 
state. Studies have shown that systemic inflammation sig-
nificantly reduces GSH levels, and GSH deficient animals 
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Figure 2  Pathologically elevated serum H2O2 levels can account for the 
general physiological, histological and clinical abnormalities observed in 
septic shock. Red blood cell glutathione accounts for a major portion of serum 
redox buffering capacity and is depleted in septic shock non-survivors vs. sur-
vivors. Brain neuron function is highly vulnerable to H2O2 oxidative stress and 
is manifested by electroencephalographic changes, which can appear before 
clinical encephalopathy is evident. Studies show that septic shock survivors 
upregulate serum antioxidant capacity (which decreases H2O2), while non-
survivors are unable to do so. This suggests that elevated H2O2 is a necessary 
concomitant to the development of septic shock and recovery is preceded by 
decreasing H2O2. The individual clinical course, bookended by these extremes 
of H2O2, is influenced by parameters such as individual antioxidant capacity, 
susceptibility to oxidative stress, co-morbidities, age, general health and organ 
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subjected to shock develop hypotension, kidney and liver 
failure, increased organ bacteria and dramatic increases in 
mortality rates[95-97].

The near universal requirement of  glutathione for 
cellular function and the pathological accumulation of  
H2O2 that ensues when glutathione is deficient can affect 
every organ in the body. Studies have shown that H2O2 
can reproduce the clinico-pathological abnormalities ob-
served in septic shock (Figure 2).

Kept in check, the high membrane diffusability of  
H2O2 allows it to fulfill its physiological role as a cellular 
messenger but also creates the potential for a pathophys-
iological response during times of  metabolic stress when 
reductive (anti-oxidant) mechanisms can become over-
whelmed as a consequence of  hyper-metabolic H2O2 
production[98]. This is further exacerbated by nutritional 
deficits that may arise during the course of  acute illness 
in addition to the effect of  glutathione deficiency itself, 
which as master antioxidant of  the cell, supplies reduc-
ing equivalents to maintain proteins in their reduced (and 
functional) state[14].
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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.

Key words: Hemorrhagic shock; pH; Base deficit; Arte-
rial blood gases; Venous blood gases

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 
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indicator of inadequate tissue perfusion and therefore 
impending circulatory collapse.

Williams KB, Christmas AB, Heniford BT, Sing RF, Messick 
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shock. World J Crit Care Med 2014; 3(2): 55-60  Available from: 
URL: http://www.wjgnet.com/2220-3141/full/v3/i2/55.htm  DOI: 
http://dx.doi.org/10.5492/wjccm.v3.i2.55

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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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 

May 4, 2014|Volume 3|Issue 2|WJCCM|www.wjgnet.com 58

 COMMENTS

Williams KB et al . Arterial vs venous blood gas differences



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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Abstract
AIM: To investigate the effects of hypertonic saline in 
the neurocritical care population.

METHODS: We retrospectively reviewed our hospital’s 
use of hypertonic saline (HS) since March of 2005, and 
prospectively since October 2010. Comparisons were 
made between admission diagnoses, creatinine change 
(Cr), and HS formulation (3% NaCl, 3% NaCl/sodium 
acetate mix, and 23.4% NaCl) to patients receiving nor-
mal saline or lactated ringers. The patients (n  = 1329) 
of the retrospective portion were identified. The data 
presented represents the first 230 patients with data. 

RESULTS: Significant differences in Acute Physiology 
and Chronic Health Evaluation Ⅱ scores and Glasgow 

Coma Scale scores occurred between different sa-
line formulations. No significant correlation of Cl- or 
Na+ with Cr, nor with saline types, occurred. When 
dichotomized by diagnosis, significant correlations 
appear. Traumatic brain injury (TBI) patients demon-
strated moderate correlation between Na+ and Cr of 
0.45. Stroke patients demonstrated weak correlations 
between Na+ and Cr, and Cl- and Cr (0.19 for both). 
Patients receiving HS and not diagnosed with intrace-
rebral hemorrhage, stroke, subarachnoid hemorrhage, 
or TBI demonstrated a weak but significant correlation 
between Cl- and Cr at 0.29.

CONCLUSION: Cr directly correlates with Na+ or Cl- in 
stroke, Na+ in TBI, and Cl- in other populations. Pro-
spective comparison of HS and renal function is need-
ed.

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

Key words: Hypertonic saline solution; Sodium chloride; 
Acute kidney injury; Cerebral edema; Critical care

Core tip: This work adds to the literature that changes 
in Na+ and Cl- in the neurocritical care population corre-
late to adverse changes in renal function. It is critical for 
the neurointensivist to remain cognizant of this when 
choosing whether or not to use hypertonic saline, and 
what to monitor when doing so. Unlike previous work, 
this data suggests some diseases may have more or 
less a change in renal function from Na+ or Cl-. This ar-
gues for further study of how the formulations of these 
fluids may change outcome in the neurocritically ill.
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INTRODUCTION
A nearly ubiquitous problem in the neurocritical care 
population is cerebral edema (CE). Cerebral edema has 
been implicated in delayed neurological deterioration, and 
worse outcome, through the elevation of  intracerebral 
pressure (ICP)[1]. The role of  CE in outcome is conten-
tious, with evidence suggesting that the extent of  CE 
may, and may not, correlate with outcome[2-6]. Animal 
models of  CE demonstrate increased water content of  
edematous tissue correlates with inflammation and neu-
ronal death[7]. Potentially, reduction of  this edema may 
reduce the degree of  neuronal death, potentially improv-
ing outcome and decreasing hospital length-of-stay.

The medical management of  CE is not without 
problems. Mannitol use is common, but is complicated 
by deleterious effects on renal function, fluctuations 
in intravascular volume, and pH. Over time, mannitol’
s slow elimination from the cerebrospinal fluid may 
require progressively higher doses to control ICP and 
rebound CE[8,9]. Increasingly, hypertonic saline (HS) is 
being used to abate cerebral edema. Used in bolus or 
a continuous infusion fashion, HS has been shown to 
be safe and effective in reducing ICP in patients with 
traumatic brain injury (TBI), subarachnoid hemorrhage 
(SAH), and stroke[10,11]. HS shifts fluid from endothelium 
and surrounding tissues into the vascular compartment, 
normalizing the endothelia volume, increasing capillary 
diameter, and reducing resistance to flow[12]. Edema can 
be reduced in this manner. Further, hypertonic fluids 
produce smooth muscle vasodilation improving regional 
blood flow[12]. HS is relatively inexpensive. The early use 
of  HS may reduce secondary cell injury caused by ce-
rebral edema[13]. These characteristics make HS an ideal 
therapeutic option in conditions such as SAH, intracere-
bral hemorrhage (ICH), stroke, and TBI. 

However, the use of  HS has not demonstrated 
any survival or outcome benefit despite reductions in 
ICP[12,14]. Further, HS may be associated with increased 
risk-of  blood-stream infections, and possibly increased 
risk-of  nosocomial and urinary tract infections[14]. A 
growing body of  evidence suggests a possible link be-
tween HS use, renal dysfunction, and mortality[15-17]. We 
hypothesize the use of  HS correlates to adverse changes 
in renal function. 

MATERIALS AND METHODS
Study setting
The Henry Ford Neurocritical Care Unit (NCCU) is a 
16 bed unit with a yearly census over 1000 patients. The 
Henry Ford Neurocritical Database records data on 
stroke, TBI, ICH, SAH, SE, and spinal cord injury patient 
populations admitted to the NCCU. The data has been 
prospectively collected since October of  2010, with data 
added retrospectively from March of  2005 (when the 
first neurointensivist joined the staff) until October 2010. 
Between March 2005 and October 2010, 1329 patients of  
the retrospective cohort meet the inclusion criteria. The 

data presented represents the first 230 patients with data. 

Study design
With institutional review board approval, we mined the 
Henry Ford Neurocritical Database to identify all pa-
tients from March of  2005 to October 2010 with the 
aforementioned diagnosis who received HS. These pa-
tients were cross matched with the institution’s pharmacy 
database to ascertain which saline formulation patients 
in the retrospective cohort received. In this retrospective 
sample, if  patients were identified who received HS, and 
were not in the NCCU database, their data was retrospec-
tively collected. Data was collected from admission until 
NCCU discharge, death, or post admission day (PAD) 
13. Variables sought included: (1) IVF formulation: 
Normal saline (NS), ringer’s lactate (LR), HS (3% NaCl, 
3% NaCl:Na acetate, 23.4%); (2) physiologic: Mean arte-
rial pressure; serum sodium, creatinine, chloride, HCO3, 
BUN, creatinine; admission weight; (3) clinical: Admis-
sion Acute Physiology and Chronic Health Evaluation 
Ⅱ (APACHE Ⅱ) scores, admission Glasgow coma scale 
in all patients, Hunt and Hess grade in SAH patients, 
NIH stroke scale in stroke patients, presence of  external 
ventricular drain, and duration of  ICU stay. APACHE 
Ⅱ scores were retrospectively calculated on all patients 
in the retrospective cohort; and (4) demographics: Age; 
sex; race; presence of  hypertension, diabetes, pre-existing 
of  renal insufficiency and etiology of  renal insufficiency, 
history of  coronary artery disease or congestive heart 
failure. Patients received various formulations of  HS at 
the discretion of  the attending NCCU staff. Correlations 
to renal function, as measured by Cr, to the formulation 
of  saline used, and to changes in serum sodium and chlo-
ride levels were made. Patients receiving only LR o rNS 
served as a comparison group. 

Statistical analysis 
Intervariable associations were calculated between using 
Pearson’s correlation coefficients. The P values for these 
correlation coefficients were computed using clustering 
methods that take into account the multiple measures 
from the same patient. This was done with the entire 
sample as well as within each saline type and within each 
diagnosis type. 

RESULTS
Who received HS solutions? 
Table 1 summarizes the baseline characteristics of  this 
cohort. There were no significant differences in diagno-
sis between groups. There were significant differences 
in the APACHE Ⅱ scores and Glasgow Coma Scale 
(GCS) scores between the different formulations of  
HS. Significant differences emerged in admission Na+, 
A-a gradient, APACHE Ⅱ score, and GCS. In pairwise 
comparisons, patients receiving HS demonstrated higher 
APACHE Ⅱ scores and lower GCSv scores. 3% patients 
uniformly scored lower on GCS components compared 
to LR/NS patients, and lower in the GCSm and GCSe 
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compared to 23.4% patients (Table 2). This would sug-
gest patients receiving HS, particularly 3% solutions, had 
a greater illness burden at admission. 

What are the effects of HS on renal function? 
Table 3 summarizes the effects of  HS on renal function 
in this cohort. No significant correlation occurred with 
Na+ or Cl- with Cr when grouped according to saline 
type. The correlation between Na+ and Cr within each 
of  the saline types does not differ much from the overall 
correlation, except for within the 3% saline group. The 
correlation for the 3% saline group is 0.256 but this was 
not statistically significantly different from zero (P = 0.26). 

The same holds true for the correlation between Cl- and 
Cr, it is greater in the 3% saline group but still not statis-
tically significantly different from zero (r = 0.18, P = 0.43). 
When the correlations were dichotomized by the diagno-
sis, significant findings appear. 

The strongest correlations were found in TBI, pa-
tients given HS and not diagnosed with TBI, stroke, 
SAH, or ICH (other), and stroke. With respect to TBI, 
a moderate correlation was found between rise in Cr 
and Na+. For stroke, weak correlations between rise in 
Cr and both increases in Na+ and Cl- occurred. Patients 
in this “other” category demonstrated a significant, yet 
weak, correlation between increases in Cl- and Cr. 

DISCUSSION
Even small increases in creatinine the first two days fol-
lowing admission are predictive of  mortality[16,18]. Thus, 
therapies precipitating kidney injury are concerning. Pre-
sentation or development of  diminished renal function 
is a predictor of  poor outcome and mortality in stroke, 
ICH and SAH[19-25]. In the case of  ICH, this has been 
associated with hemorrhage volume and GCS[21,22,26]. 
Similarly, development of  renal dysfunction during hos-
pitalization has been linked to increased mortality and is 
associated with lower GCS and higher APACHE Ⅲ score 
in TBI[27,28]. 

Frequently neurointensivists are asked to control 
cerebral edema via the use of  mannitol and HS. Superi-
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  Variable 23.40%
(n  = 22)

3%
(n  = 13)

NS/LR
(n  = 194)

P  value

  Diagnosis     0.078
  ICH 15 (68)  7 (54)   67 (35)
  Other   3 (14)   3 (23)   47 (24)
  SAH   4 (18)   2 (15)   43 (22)
  Stroke 0 (0) 0 (0)   28 (14)
  TBI 0 (0) 1 (8)   9 (5)
  Age (yr)    61.9 ± 15.6   59.2 ± 19.6      56.8 ± 16.2     0.356
  HCT (mmHg)  38.2 ± 6.9 38.1 ± 6.2   38.1 ± 7.0     0.999
  WBC (109/L)  12.5 ± 6.2 11.6 ± 5.2   11.4 ± 9.1     0.865
  Temperature (℃)  37.3 ± 0.9 37.2 ± 0.7   36.8 ± 2.5     0.514
  HR    81.3 ± 20.3   86.5 ± 19.1     82.6 ± 16.7     0.668
  RR   18.1 ± 4.6 17.5 ± 7.3   18.6 ± 4.4     0.633
  MAP    98.3 ± 18.2 100.8 ± 33.2   106.5 ± 24.8     0.267
  Na 141.5 ± 6.4   8.2 ± 5.3 139.0 ± 4.1     0.037
  K    3.9 ± 0.6    3.7 ± 0.5     4.0 ± 2.0     0.888
  Glasgow coma   
  Scale (verbal)

   2.6 ± 1.7    2.3 ± 1.5      3.4 ± 1.7     0.010

     1 10 (45)   6 (46)   53 (27)
     2 1 (5)   2 (15) 10 (5)
     3 2 (9) 1 (8)  15 (8)
     4   5 (23)   3 (23)    29 (15)
     5   4 (18) 1 (8)    87 (45)
  Glasgow Coma 
  Scale (motor)

   5.0 ± 1.5   3.9 ± 1.8    5.3 ± 1.3     0.002

     1 1 (5)          1 (8)   5 (3)
     2 1 (5)   3 (23)   4 (2)
     3 2 (9)   2 (15) 16 (8)
     4 2 (9) 1 (8) 13 (7)
     5   4 (18)   2 (15)   27 (14)
     6 12 (55)  4 (31) 129 (66)
  Glasgow coma 
  Scale (eyes)

   2.9 ± 1.3   2.0 ± 1.0    3.3 ± 1.1 < 0.001

     1  5 (23)   5 (38)   28 (14)
     2   4 (18)   4 (31) 15 (8)
     3 2 (9)   3 (23)   31 (16)
     4 11 (50) 1 (8) 120 (62)
  A aGrad1        6.1 ± 195.3   173.7 ± 141.2    125.3 ± 154.9     0.024
  pH2    7.4 ± 0.1   7.4 ± 0.1    7.4 ± 0.1     0.306
  PCO2

3  27.0 ± 1.7 27.0 ± 3.0  26.0 ± 3.3     0.756
  PaO2    209.2 ± 114.6    189.5 ± 136.8     150.8 ± 115.1     0.053
  Baseline Cr    1.3 ± 1.4    0.9 ± 0.3    1.4 ± 1.8     0.655
  APACHE Ⅱ  14.9 ± 7.6  17.5 ± 5.2  10.7 ± 6.5 < 0.001

Table 1  Baseline characteristics by saline type

123.4%, n = 19; 3%, n = 12; normal saline/ringer’s lactate (NS/LR), n = 177; 
223.4%, n = 19; 3%, n = 10; NS/LR, n = 111; 323.4%, n = 3; 3%, n = 3; NS/LR, 
n = 83. ICH: Intracerebral hemorrhage; TBI: Traumatic brain injury; SAH: 
Subarachnoid hemorrhage; HCT: Hematocrit; MAP: Mean arterial pres-
sure; APACHE Ⅱ: Admission acute physiology and chronic health evalu-
ation Ⅱ scores.

  Dependent 23.4% vs  3% 23.4% vs  NS/LR 3% vs  NS/LR

  Na+ 0.035 0.016    0.503
  A aGrad 0.370 0.009    0.306
  Apache Ⅱ 0.261 0.005 < 0.001
  GCS v 0.579 0.034     0.019
  GCS m 0.027 0.294 < 0.001
  GCS E 0.028 0.123 < 0.001

Table 2  Pairwise comparisons for those that were significant

NS/LR: Normal saline/ringer’s lactate; APACHE Ⅱ: Admission acute 
physiology and chronic health evaluation Ⅱ scores; GCS: Glasgow coma 
scale.

Na+ and Cr Cl- and Cr

  Population n Corr P  value n Corr P  value
  Overall 230 0.025   0.63 229 0.074   0.16
  Saline type
     23.40%   22 0.037   0.58   22 0.042   0.65
     3%   13 0.256   0.26   13 0.181   0.43
     NS/LR 194 0.026   0.65 194 0.097   0.09
  Diagnosis type
     ICH   89 0.145   0.10   89 0.058   0.55
     Other   53 0.096   0.09   53 0.287 < 0.001
     SAH   50 0.125   0.08   50 0.085   0.28
     Stroke   28 0.187 < 0.001   28 0.185     0.001
     TBI   10 0.447     0.048   10 0.361 0.1

Table 3  Correlations between Cl-, Na+ and Cr

NS/LR: Normal saline/ringer’s lactate; ICH: Intracerebral hemorrhage; 
TBI: Traumatic brain injury; SAH: Subarachnoid hemorrhage.
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ority of  one agent remains a matter of  debate. Not yet 
recruiting at the time of  this manuscript, investigators 
at Massachusetts General Hospital are investigating if  
induced, sustained hypernatremia to a goal of  150-160 
mmol/L following traumatic brain injury will decrease the 
rate of  cerebral edema formation and improve patient 
outcomes[29]. One study, sponsored by Indiana Univer-
sity, currently enrolling is looking at 20% mannitol vs 3% 
saline for the treatment of  intracranial hypertension[30]. 

Mannitol appears to reduce ICP through reducing 
brain water content[31]. However, its use may result in 
kidney injury and rebound edema[8,9]. Increasingly HS 
saline is being used in various formulations either as a 
preventative or acute therapy[12,32]. HS appears to have a 
number of  beneficial effects. In TBI, the use of  23.4% 
NaCl results in ICP reductions and elevations in cerebral 
perfusion pressure with commensurate elevations in 
brain tissue oxygenation[33,34]. These reductions in ICP 
are most notable in patients with the greatest elevations 
in ICP. Further, in cerebral hemorrhages ≥ 30 mL, 
the early use of  HS to target a serum sodium between 
145-155 mmol/L demonstrates both absolute and rela-
tive reductions of  cerebral edema when compared to 
normonatremic patients[32]. 

These effects appear to be the result of  a combi-
nation of  actions including reduction in brain water 
content via osmotic forces, reductions in peripheral 
vascular resistance, and arteriolar vasodilatation with 
improvement in capillary blood flow[12,13,35]. Further, ani-
mal models treated with HS have demonstrated reduced 
aquaporin 4 expression on astrocytes with attenuation of  
brain water content[13]. In addition, increasing evidence 
demonstrates HS possesses immune-modulating proper-
ties via reduction in cytokine production and neutrophil 
activation[36,37]. Finally, animal models have demonstrated 
reductions in neuronal apoptosis. 

Despite the ample experimental evidence, the clini-
cal use of  HS has not demonstrated any survival or 
outcome benefit and is not without risk[12,14]. Hyper-
natremia is associated with insulin resistance, reduced 
hepatic gluconeogenesis and lactate clearance, delirium, 
rhabdomyolysis, and reduced cardiac function[38,39]. Not 
surprisingly, ICU acquired elevations or reductions in se-
rum sodium, dysnatremia, are common in neurosurgical 
and trauma patients, and associated with kidney injury[40]. 
Further, when compared to normonatremic patients, 
dysnatremia is associated with increased disease severity, 
longer length-of-stay, and mortality[40-42]. 

Our group inquired whether the formulation of  sa-
line used affected renal function in the neurocritical care 
population. The question of  IVF formulation affecting 
patient outcome has been debated for some time. Evi-
dence is increasingly suggesting formulation of  saline 
and/or rapid change in serum sodium or chloride may 
adversely affect renal function[15-17]. A study in healthy 
subjects has demonstrated greater natriuresis and sooner 
time to first post-bolus micturition in those receiving LR 
vs NS[43]. Huang et al[16] reported the use of  HS in burn 
patients produced significant increases renal, pulmonary, 

and cardiac failure compared to LR use. Patients receiv-
ing HS had less urine output. Further, the development 
of  renal failure was heralded by a greater initial rise and 
slower subsequent fall in serum sodium levels during 
the first week of  admission. Although this study was in 
burn patients, its findings are provocative. More recently, 
a study evaluating the effects of  a Cl- restrictive vs Cl- 

liberal usage in critical ill patients demonstrated more 
acute kidney injury and greater use of  renal-replacement 
therapy in the Cl- liberal group[44]. Though the popula-
tions of  these studies differ from the neurocritical care 
population, this suggests the formulation of  saline may 
have an effect on renal function. 

With respect to our initial question, does saline type 
affect renal function; we found no such correlation in 
our sample. We found patients receiving HS have higher 
disease severity as assessed by lower GCS and higher 
APACHE Ⅱ scores. Not surprisingly, we found sicker 
patients more frequently received HS in this sample. This 
correlation has been previously reported[15]. This makes 
intuitive sense, with evidence suggesting early use of  HS 
may limit the development of  CE[32]. Similar to the find-
ings of  Aiyagari et al[15], Froelich et al[17] reported adverse 
changes in renal function with serum Na+ > 155 mmol/L. 
This was not associated with the use or formulation of  
HS, a finding noted in our study too. 

Unexpectedly, when we dichotomized by diagnosis, 
we found weak to moderate correlations between ad-
mitting disease and changes in Cr associated with hy-
perchloremia or hypernatremia. This was most noted in 
TBI, stroke, and non-vascular NCCU diagnosis; trends 
were also noted in ICH and SAH too. The explanation 
for this association is uncertain. Previous studies dem-
onstrate correlations to Na+ increase and renal dysfunc-
tion[15,17]. Although patients receiving a continuous HS 
infusion, when compared to a cohort receiving NS, do 
not have a higher risk of  renal dysfunction, a signifi-
cant correlation between sever hypernatremia and renal 
dysfunction does exist[17]. This could however reflect a 
more severe underlying brain injury rather than effect 
of  HS.

Both clinical and experimental literature provides in-
sight as to how Na+ and Cl- could adversely affect renal 
function. HS solutions initially cause renal vasodilata-
tion and increased renal blood flow[45]. It is theorized 
hypernatremia may produce renal injury via intravascular 
dehydration and vasoconstriction[46]. Canine models 
undergoing rapid renal artery sodium elevations dem-
onstrate reduced renal blood flow and glomerular filtra-
tion rate with inhibition of  rennin secretion[47]. Clinical 
studies have demonstrated hypernatremia is associated 
with elevations in creatinine in approximately 10% of  
patients[15]. This noted increase parallels elevations in so-
dium and APACHE Ⅱ scores, and is inversely related to 
admission GCS scores. However, save for sodium values 
> 160 mEq/L hypernatremia is not independently asso-
ciated with mortality[15,17]. 

While direct proof  linking saline-induced hyperchlo-
remia to nephrotoxicity is not available, a strong cir-
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cumstantial case can be made[48]. NS, with 154 mmol/L 
of  chlorine can result in hyperchloremia and an acido-
sis[43,49]. Elevation in chloride can reduce renal blood flow 
and decreases the excretion of  sodium[43,45]. Hyperchlore-
mia appears to cause a renal vasoconstriction specific to 
renal vasculature and independent of  the renal nerve[45]. 
This reduction in renal blood flow could precipitate re-
nal ischemia and reducing glomerular filtration rate[45,50]. 
At the macula densa, Cl- activates tubuloglomerular feed-
back by precipitating afferent arteriolar vasoconstriction 
and decreased glomerular filtration rate[51]. Further, ani-
mal models suggest Cl- increases thromboxane synthesis 
resulting in renal vasoconstriction and reduced renal 
blood flow[52]. 

This single center, retrospective study has a number 
of  limitations. First is the choice of  serum creatinine as 
a biomarker of  renal function. Though regularly used 
to infer kidney health and glomerular filtration, it is at 
best a crude measure of  these. Often creatinine may be 
insensitive to early, deleterious changes in renal function. 
Next, given the time and cost of  collecting retrospec-
tive data, this data represents an interim analysis to see 
if  continued collection of  these variables was warranted. 
As such, its small size and single center nature limit its 
applicability. Other centers with different demograph-
ics or practices may have different outcomes from what 
is represented here. The retrospective design and single 
center location limits what questions can be asked, data 
obtained, and the number of  patients available. Regard-
ing the disease specific correlations, a number of  defi-
ciencies exist. Regarding TBI, this study did not collect 
data on vasopressor use, blood pressure targets, or vol-
ume received, all variables noted to augment renal blood 
flow[53]. Intense sympathetic stimulation alters prosta-
glandin-mediated vasodilatation, resulting in reduced 
glomerular filtration[54]. Data on antecedent medication 
use was not collected. Could prior use of  medications 
such as angiotensin converting enzyme inhibitors, in the 
setting of  rapid changes in serum Na+ and Cl-, result in 
diminished renal blood flow? Finally, after dichotomizing 
by diagnosis, differences in baseline physiologic variables 
was not assessed. Perhaps these correlations occurred in 
patients who were inherently more ill when viewed from 
the perspective of  admitting diagnosis. Despite these limi-
tations, this data is provocative in suggesting the admitting 
disease may affect the physiologic response to a therapy. 

This study adds to the literature demonstrating the 
use of  HS is not inherently injurious to renal physiology. 
Further, we too note the correlation of  injury severity 
to HS use. Finally, our data suggests when viewed from 
the perspective of  admitting diagnosis, HS use may cor-
relate to the development of  kidney injury. However, 
the nature of  this correlation needs further exploration. 
Variables to investigate include rate change of  Na+ and 
Cl-; HS administration times over the course of  disease; 
role of  premorbid medications; and regional differences 
in population makeup. Wide variability exists in the treat-
ment of  cerebral edema among intensivists[55]. With no 
clear “right answer” to the question of  cerebral edema, 

more investigation is needed regarding the risks/ben-
efits of  the treatments available and the patients who 
would be best suited for particular therapies. Prospective 
comparisons of  HS formulation and renal function are 
needed to further assess if  formulation affects outcome 
and cost. Prospective studies are warranted to better de-
fine this association and its effect on outcome.

COMMENTS
Background
The treatment and management of cerebral edema is among the duties of a 
neurointensivist. When and how to treat cerebral edema remain contentious. 
Further, a neurointensivist must remain cognizant of how their neurocentric 
therapies may affect the rest of the patient’s body. 
Research frontiers
Intravenous fluids and hypertonic saline are ubiquitous in the critical care and 
neurocritical care setting. Data has previously demonstrated “not all fluids are 
created equal.” Understanding how the formulation of intravenous fluids may 
affect outcome is critical to providing effective critical care. Discovery of delete-
rious correlations may help generate prospective, hypothesis driven, studies on 
patient or disease specific intravenous fluids aimed at improving outcome.
Innovations and breakthroughs
Prior work has demonstrated that the formulation of hypertonic saline (HS) may 
not affect renal function. However, the relative change of Na+, and presence in 
particular of hypernatremia, may correlate with development of kidney injury 
and worse outcomes. Much of this work was in a mixed critical care or mixed 
neurocritical care population. This study assessed if not only Na+, but if Cl-, HS 
formulation, and disease state played a role. The data here presented suggests 
potential rolls of Cl- and disease state to adverse renal function. These findings 
need to be confirmed by larger, prospective trials. Potentially, such findings 
could form the basis for developing patient or disease specific intravenous 
fluids aimed at reducing cerebral edema and mitigating adverse renal effects. 
Further, if borne out in future studies, better understanding of what interactions 
occur between intravenous fluids, disease state, and comorbidities may allow 
for development of new therapeutic options in neurocritical care. 
Applications
Data presented here, and in the context of literature to date, may suggest to the 
bedside clinician to be judicious with the prescription of HS to patients with cerebral 
edema, to closely monitor renal function, and use Cl- limiting formulations of HS.
Terminology
Cerebral edema is the process whereby injured brain develops increase free 
water by cytotoxic or vasogenic means. Typically, these two pathologies com-
bine in a temporal fashion. Much of the overall change of brain volume is re-
lated to this, a concern in the rigid volume provided within the skull. Potentially, 
cerebral edema may exacerbate inflammation. Hypertonic saline, or HS, are 
intravenous fluids of higher osmolarity aimed at increasing serum sodium. This 
has a multitude of effects including: (1) reducing brain free water and edema; (2) 
reducing aquaporin production and thus water entry into cells preventing/limit-
ing the development of cerebral edema; (3) improving red blood cells malleabil-
ity and ability to travel through injured tissue; and (4) potential mitigating effects 
on inflammation. Creatinine, Cr, is a biomarker of kidney health. Though crude, 
this is a readily available biomarker that can guide the clinicians management 
of a patient.
Peer review
This analysis provides some provocative findings that need a larger study to 
confirm. Further, it summarizes much of the literature on this topic to date.
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