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Abstract
Tissue oxygen tension is the partial pressure of oxygenwithin the interstitial space of an organ bed. As it represents the balance
between local oxygendeliveryand consumption at any given time, it offers a readymonitoring capability to assess the adequacy
of tissue perfusion relative to local demands. This review covers the various methodologies used to measure tissue oxygen
tension, describes the underlying physiological and pathophysiological principles, and summarizes humanand laboratory data
published to date.
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Editor’s key points

• The authors explore the concept of tissue oxygen tension
and describe the utility of itsmeasurement and themethods
available.

Tissue oxygen tension (tPO2 ) is the partial pressure of oxygen
within the interstitial space of a particular tissue. It represents
the balance between local oxygen delivery and consumption
at any given time.1 The tPO2 varies between different organs in
resting healthy subjects and animals, and this relates to both
the organ’s metabolic activity and its blood flow. Of note, the
tPO2 within an individual organ remains reasonably comparable
across species, allowing for methodological variations (Fig. 1,
Supplementary Table S1). Likewise, theremay be intra-organ dif-
ferences, depending on regional variations in organ flow and ac-
tivity, ofwhich the kidney is a prime exemplar. The tPO2 increases
if oxygen delivery increases in excess of consumption and de-
creases if local oxygen requirements cannot be met. Matched
increases or decreases in local oxygen delivery and consumption
will thus not impact upon the tPO2 .

Tissue oxygen tensionmonitoring offers the capability of con-
tinuous assessment of the adequacy of regional perfusion. Apart

from indicating the local situation in the organ bed being moni-
tored, it may serve as a surrogate for perfusion adequacy in other
organ beds, particularly if such an organ can be accessed readily
and safely. Such a technology is not in routine clinical use at pre-
sent but, if shown to be reliable, offers significant utility in the
critically ill or in patients undergoing high-risk surgery. We are
shortly to embark upon a clinical study exploring the clinical
utility of bladder tPO2 monitoring. It is thus timely to review the
available methodologies, the underlying (patho)physiological
principles, and the prior literature in both patients and laboratory
models, and to address any implicit challenges.

In vivo measurement methods
Tissue oxygen tension may be measured by polarographic or
dynamic fluorescence quenching methods, or using electron
paramagnetic resonance (EPR) oximetry.

The Clark polarographic technique (Fig. 2) consists of electro-
des that generally contain a platinum cathode and a silver anode
linked by a salt bridge.6 As oxygen is reduced at the cathode sur-
face, more oxygen diffuses through the oxygen-permeablemem-
brane to be reduced at the cathode surface. Upon doing so, the
circuit is completed, and this generates a current proportional
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to the oxygen content at the measurement site. Such electrodes
consume oxygen, and this may potentially be disadvantageous
when tPO2 values are very low.

Electron paramagnetic resonance spectroscopy and imaging
can provide structural and dynamic information on materials
with unpaired electrons. Excitation of the material or tissue pro-
vides characteristic EPR spectra for different free radical species.
Indeed, molecular oxygen is a naturally occurring triplet radical;
however, there are no stable free radicals occurring naturally
in vivo at either adequate concentration or biological half-life.
Injection or tissue implantation of an external spin probe con-
sisting of paramagnetic material in either particulate (solid) or

soluble form will, however, enable tissue oxygen monitoring.7

The EPR spectrumwidth is broadened by an interaction between
molecular oxygen and the spin probe, permitting quantification
of local oxygen concentration (Fig. 3). Electron paramagnetic
resonance oximetry can monitor for long periods of time with
no loss of sensitivity, but this methodology is expensive, re-
quires a high level of knowledge and user expertise, and is not
applicable to human study. In vivo studies have been performed
in animal models using injection of gloxy, a paramagnetic
component of certain coals, either i.v. or directly into the
organ under study.8 9

Electrolyte
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Fig 2 The Clark polarographic technique.

Interaction between
molecular oxygen

and spin probe

02 02

02

02 02

02

02 02

Induces reversible
changes in the EPR

linewidth

W

Fig 3 Principle of electron paramagnetic resonance (EPR) spectroscopy. W,
linewidth.
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Fig 1 Tissue oxygen tension (tPO2 ) values measured in different organs in different species. Only studies in which the inspired O2 fraction was reported to be 0.21 are
included. Ranges for humanbrain PO2 are reported as 3.4 ( 0.2) kPa,2 formuscle 3.8 (0.8) kPa,3 for skin 7.2 (3.3) kPa, and for liver either 6.1 (5.8)4 or 4.1 (range 2.6–5.4) kPa.5
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Newer techniques promise more flexible measurement
capabilities. Oxygen molecules can quench the fluorescence
and phosphorescence of certain luminophores.1 Fluorescence
is the light emitted by a substance that has absorbed light (or
other electromagnetic radiation) of a different wavelength.
While phosphorescence is related to fluorescence, a phos-
phorescent material does not immediately re-emit the radi-
ation it absorbs. Dynamic fluorescence quenching (Fig. 4)
was first described by Kautsky in 1939.10 Collision of an oxy-
gen molecule with a fluorophore in its excited state (stimu-
lated by a pulse of light) leads to non-radiative energy
transfer. This is emitted as fluorescence and phosphores-
cence over tens to hundreds of milliseconds. The degree of
quenching relates to the frequency of collisions, and thus to
the concentration, pressure, and temperature of the oxygen-
containing media.11 This is described by the Stern-Vollmer
equation, where luminescence decay is inversely proportional
to the local PO2 within the tissue:

τ0
τ1

! "
¼ 1þ ðκq × τ0 × ½O2%Þ

where τ0 is the decay time at zero oxygen, τ1 is the decay time
at a specific oxygen concentration ([O2]) and κq is a diffusion-
controlled rate constant that denotes the probability of a sing-
let-state luminophor and ground-state oxygen molecule
colliding.

Unlike Clark-type polarographic electrodes, no oxygen is con-
sumed; indeed, because of the longer decay time with low tPO2 ,
measurement accuracy increases as the partial pressure of oxy-
gen decreases.

Although not approved for human use, in vivo measurement
of microvascular or tissue oxygenation can be achieved in ani-
mals by i.v. or interstitial injection of a phosphorescent metal-
lo-organic protein (an ‘oxyphor’).12 Oxyphors (e.g. palladium
porphyrin) were formerly bound to albumin to enhance aqueous
solubility and bring the quenching variables κq and τ0 into the
physiological range. Newer polyglutamic dendritic porphyrins,
such as Oxyphor G2, have a much higher intrinsic aqueous solu-
bility and do not require albumin prebinding. Once injected,
these complex with endogenous albumin and serve predomin-
antly as intravascular oxygen sensors, although some extra-
vasation may occur into the perivascular space. PEGylated
dendrimers, such as Oxyphor G4, have been used to image tPO2

within tumours and surrounding tissues, with phosphorescence
even detected externally in mice after whole-body transillumin-
ation by emission of excitation pulses.More recently, amicrosen-
sor containing Oxyphor G4 has been developed that can be sited
into peripheral tissue.13 To our knowledge, this is not yet com-
mercially available.

A more established technique for in vivo monitoring, com-
mercially available from Oxford Optronix Ltd (Abingdon, Oxon,

UK) and used extensively in our laboratory studies, uses a plat-
inum-based luminophore sensor of 220 μM diameter. This can
be inserted into tissues, with the excitation light and the re-
sulting luminescence emitted from the sensing tip being
transmitted along a thin fibre-optic cable connected to a
monitor. With larger sensors, tissue areas of up to 8 mm2

can be sampled. A further advantage is that the sensors are
precalibrated before insertion, allowing ‘plug-and-play’ ease
of use. This monitor is also highly responsive, so that com-
plete and sudden occlusion of the nutrient vessel to an
organ bed will result in a rapid reduction in tissue oxygen ten-
sion within 10–20 s as residual oxygen is consumed, whereas a
partial albeit significant occlusion results in a more gradual
reduction.

Shock and tissue oxygen tension
Shock is defined physiologically as an inadequate supply of
oxygen relative to the body’s needs (hypoxia) or a failure to
use the available oxygen adequately (dysoxia). More than 90%
of total body oxygen consumption is used bymitochondria, pre-
dominantly for the production of ATP (by oxidative phosphoryl-
ation), but also for heat generation (through uncoupling) and
reactive oxygen species production. As defined by Barcroft a
century ago,14 failure of delivery of sufficient oxygenmay be at-
tributable to inadequate cardiac output (‘circulatory hypoxia’),
insufficent haemoglobin (‘anaemic hypoxia’), or decreased ar-
terial oxygen concentrations (‘hypoxic hypoxia’), alone or in
combination. This insufficiency will impact upon the ability of
the mitochondria to generate enough ATP tomeet the metabol-
ic requirements of the cells. The problem may be global (e.g.
after severe haemorrhage or cardiac arrest) or regional, as
seen after an acute interruption of vascular supply that results
in local ischaemia, or an inability to meet increased metabolic
demands, for example, angina occurring upon exercise. Add-
itional pathological conditions not recognized by Barcroft in-
clude cellular dysoxia and an increased diffusion barrier
related to tissue oedema.14 With dysoxia, oxygen is available
to the cell, but themitochondrial bioenergetic apparatus is dys-
functional, such as after sepsis, cyanide poisoning, or carbon
monoxide intoxication that directly inhibit components of the
electron transport chain.15 Tissue oedema after injury may pre-
vent diffusion of oxygen from vessel to cell,16 as Fick’s law of
diffusion states that diffusion is inversely proportional to tissue
thickness.

Depending upon the underlying pathology, the local oxygen
supply–demand balance will be distorted during shock states.
Thus, an inadequate delivery—for whatever reason—relative to
demand will decrease the tPO2 .

14 This can be obviated to some
degree by increasing glycolytic ATP production (anaerobic respir-
ation) and by reducingmetabolic demands through physiological
adaptation or decreasing cellular metabolism,17 or through iatro-
genic intervention, such as by cooling or anaesthesia. On the con-
trary, a primary reduction inmetabolic demand or a pathological
failure of oxidative phosphorylation will leave oxygen supply
largely unaffected, and thus, the tPO2 will increase. This is exem-
plified by the increase in mixed or central venous saturation
frequently seen in patients with resuscitated sepsis. Indeed,
physiological adaptation and protection often result in blood
flow bypassing the affected region (shunting) to prevent exces-
sive andpotentially toxic concentrations of oxygen accumulating
in the tissues. A perfect matching of oxygen supply and demand,
be it an overall increase or decrease in turnover, will result in no
net change in tPO2 .

Fluorescence Energy transfer

Collision quenching
Light

Quenching

Fig 4 Dynamic fluorescence quenching.
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Tissue oxygen tension monitoring in shock
states and other related conditions
Haemorrhage

Haemorrhagic shock represents inadequate perfusion of vital
organ beds secondary to blood loss. Although its aetiology is
multifactorial, decreases in circulating blood volume (affecting
cardiac output) and reduction in haematocrit will both reduce
oxygen delivery. Studies confirm decreased values of tPO2 in
both peripheral (e.g. s.c. tissue, conjunctiva) and deep sites
(e.g. liver, kidney) after haemorrhage,18–20 and these are in
line with the severity of haemorrhage and the adequacy (or
otherwise) of resuscitation.21–27 Our group previously reported
concurrent changes in tPO2 in muscle, bladder, liver, and renal
cortex during progressive exsanguination in an anaesthetized
rat model.28 29 While bladder, liver, and muscle tPO2 reduced in
tandem, renal cortex tPO2 was mantained until shortly before
death, despite a marked reduction in renal blood flow. This is
likely to indicate an adaptive reduction in glomerular filtration,
thus reducing the need to reabsorb large volumes of filtrate,
which represents the major oxygen-consuming role within the
kidney.30

Studies during haemorrhage in either pigs31 or rats28 report
reductions in tPO2 in liver, muscle, and bladder, or a combination
of these are affected, before standard haemodynamic variables,
such as blood pressure and cardiac output. However, one group
reported contrary findings in a pig model, where changes in sys-
temic haemodynamic variables were more sensitive than tissue
oxygen tension measured with Clark-type electrodes in the je-
junal and colonic wall, liver, and s.c. tissue (using a tonometer)
during haemorrhage.32 Here, the tissue oxygen tensions did not
decrease until 20–40% of estimated blood volume had been with-
drawn, which is a rather surprising finding. The reasons for this
disparity are unclear but could be methodological.

Sepsis

Sepsismay lead directly to abnormalities in both cellular delivery
and utilization of oxygen.33 34 Provided the patient is adequately
fluid resuscitated, tPO2 values in septic patients are generally re-
ported to be elevated.3 34 35 Boekstegers and colleagues34 found
that skeletal muscle tPO2 was elevated in septic patients with
multiple organ failure, within the normal range in patients
with limited infection, and depressed in patients in cardiogenic
shock. The tPO2 normalized in septic patients who went on to
survive.34

Experimental studies of sepsis and endotoxaemia report a
much wider variation in tPO2 , with increases in bladder,36 37

gut,38 and skeletal muscle tPO2 ,
39 no change in gut serosal tPO2 ,

39

and decreases in gut mucosal,40 skeletal muscle,40 liver,8 and
kidney41 tPO2 all being noted. This probably relates to both
intra-organ differences and methodological issues, such as
the severity and rapidity of the administered endoxin insult,
degree (if any) of fluid resuscitation, and short- vs long-dur-
ation model. Using a longer-term (24 h), fluid-resuscitated
rat model of faecal peritonitis, we found an increase at 6 h in
bladder epithelial tPO2 , major decreases in renal cortical and
liver tPO2 , and an unchanged skeletal muscle tPO2 ,

42 implying
marked early intra-organ differences in oxygen delivery and
utilization. By 24 h, however, the values in all organs had re-
turned to levels seen in sham-operated animals yet, at this
point, the animals were clinically much more severely ill.
The relevance of these findings is currently being explored
further.

Trauma

The main focus of neurocritical care for traumatic brain injury
relates to the prevention, detection, andmanagement of second-
ary brain injury. This relies heavily upon monitoring of systemic
and cerebral variables. In a study of 139 patients, using a micro-
Clark electrode sited within the brain parenchyma, 65% of pa-
tients had an initially low tPO2 after standard resuscitation.2 By
using a protocol directed at elevating tPO2 , there was better con-
trol of intracranial pressure and maintenance of cerebral perfu-
sion pressure. Mortality was significantly lower in patients
receiving brain tPO2 -directed care (25.9%) compared with 41.5%
in a historical cohort. In a similar comparison study, Spiotta
and colleagues43 found that maintaining brain tPO2>25 mm Hg
was also associatedwith lowermortality rates (25% vs 44% in his-
torical controls).

In a retrospective analysis of patients with severe traumatic
brain injury, a combination of anaemia and brain tPO2 , but not an-
aemia alone, was a risk factor for unfavourable outcomes, irre-
spective of the severity of injury.44 Longhi and colleagues45

reported that brain tPO2 was lower in pericontusional tissue
than in normal-appearing tissue assessed by computed tomog-
raphy and that multiple episodes of brain hypoxia occurred
over the 5 day monitoring period. Brain tPO2 monitoring may
also facilitate early recognition of low oxygen-delivery situations,
enabling appropriate therapeutic interventions.46 47 For example,
brain-injured children with an eventual poor outcome had a
greater tPO2 response to an increase in inspired oxygen (an ‘oxy-
gen challenge’ test).48

In critically injured adults, Ikossi and colleagues49 found that
deltoid muscle tPO2 was a responsive, reliable, and continuous
monitor of changes in base deficit. Initial low values were asso-
ciated with postinjury complications. Monitoring tPO2 may thus
be useful for identifying patients with occult under-resuscitation
who remain at risk of developing infection and multiple organ
failure.

Transcutaneous tPO2 was monitored in 106 critically ill surgi-
cal patients with different values of cardiac index, namely >2.2,
1.5–2.2 and <1.5 litre min−1 m−2.50 The ratio of transcutaneous
tPO2 to arterial oxygen tension fell progressively with increasing
shock.

Subarachnoid haemorrhage

Bohman and colleagues51 found that the response to brain
tPO2 -directed intervention was associated with improved long-
term outcome (Glasgow Outcome Score-Extended and modified
Rankin Scale) in patients with poor-grade aneurysmal subarach-
noid haemorrhage. However, Meixensberger and colleagues52

failed to demonstrate the value of brain tPO2 as an early predictor
of non-survival. Likewise, Kett-White and colleagues53 only
managed to show weak associations between episodes of low
brain tPO2 , abnormal microdialysis, and outcome.

Brain tPO2 has also been used to assess the impact of putative
therapies andmanagement strategies for subarachnoid haemor-
rhage. Oddo and colleagues54 found that a haemoglobin concen-
tration <9 g dl−1 was associated with a lower brain tPO2 , while
Helbok and colleagues reported that high-dose erythropoietin
significantly increased brain tPO2 .

55 The same group, however,
reported a detrimental effect with diclofenac.56

Brain tumours

The compressive effect of brain tumours on surrounding brain
tPO2 was investigated in the perioperative period.57 Brain tPO2
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increased significantly on dural opening and after tumour resec-
tion, implying the presence of local ischaemia.58

Cardiac pathology

Reported survival rates for victims of out-of-hospital cardiac
arrest range from 0 to 30%, with ∼20% of survivors having severe
neurological complications. The mechanisms responsible for
poor outcomes, despite relatively prompt resuscitation, are likely
to include inadequate tissue oxygen delivery to critical organs,
especially the heart and brain, during and after cardiopulmonary
resuscitation. The ultimate goal of cardiopulmonary resuscita-
tion is to provide critical organs with oxygen, so a direct measure
of tPO2 may be a valid method for evaluation.

Brain tPO2 has beenmeasured during cardiopulmonary resus-
citation in animal studies13 59 60 and in a case report of a moni-
tored patient with traumatic brain injury who suffered cardiac
arrest.61 Yu and colleagues13 measured both brain and skeletal
muscle tPO2 in a porcine model of arrest and resuscitation;
while muscle tPO2 followed a similar trend to brain tPO2 , the re-
sponse times were slower.

Myocardial ischaemia induces an acute inflammatory
response, decreased myocardial efficiency, further dysfunction,
and heart failure. Stem cell therapy is being pursued as a poten-
tial treatment to replace lost cardiomyocytes, thereby revascular-
izing the ischaemic tissue. An impediment to successful
treatment has been the inability to determine the optimal oxy-
gen concentration necessary for the survival and engraftment
of transplanted cells before they can provide functional benefits.
Two studies established the ability of both electron paramagnetic
resonance and oxygen-dependent phosphorescence quenching
tomeasure and correlate changes inmyocardial tPO2 with cardiac
function in infarcted rat hearts treated with mesenchymal stem
cells62 or endothelial progenitor cells,63 respectively.

Reperfusion after global cardiac ischaemia restores oxygen
delivery to ischaemic tissue. The reintroduction of oxygen, how-
ever, results in an increased production of reactive oxygen spe-
cies, which is considered to be the mechanism primarily
responsible for postischaemic myocardial contractile dysfunc-
tion.64 This occurs on resuscitation from various clinical syn-
dromes, including both regional (acute myocardial infarction)
and global myocardial ischaemia (cardiac arrest). Lee and collea-
gues65 monitored myocardial tPO2 during ischaemia–reperfusion
injury in rats and found poor recovery with prolonged ischaemia.

Gut and liver ischaemia

In many critically ill patients, poor tissue oxygenation may be
attributable to disordered regional distribution of blood flow, des-
pite an adequate global blood flow and oxygen delivery. Ischae-
mia of the gut may lead to cellular hypoxia and necrosis, and
this may contribute to the development of multiple organ fail-
ure.66 Changes in intestinal tPO2 may allow early identification
and implementation of pharmacological and nutritional treat-
ments to prevent, limit, or modify disease progression.

In a rat model of chronic mesenteric ischaemia, tPO2 was
monitored by electron paramagnetic resonance oximetry over a
7 day period;67 there was a marked initial reduction in tPO2 after
superiormesenteric artery banding, followed bya progressive de-
cline to afinal tPO2 of 20.9 ( 4.5)mmHg, comparedwith 54.5 (0.9)
mm Hg in control animals.

The effects of vasopressors on jejunal mucosal tPO2 have been
assessed during experimental endotoxaemia. In one study, nor-
epinephrine and phenylephrine improved jejunal mucosal tPO2 ,

but the effect was blunted by simultaneous administration of
vasopressin.68 However, in another study vasopressin alone did
not compromise either mucosal tPO2 or oxygen supply in the
acute phase of endotoxaemia.69 These studies highlight the vari-
able and still poorly understood effects of vasoactive drugs on re-
gional blood flow and tissue oxygenation and the ongoing debate
about their utility in high-risk surgical patients.

Normovolaemic haemodilution can be used to delay or omit
the need for blood transfusion during anaesthesia and in the crit-
ically ill. Although oxygen content is reduced, whole-body oxygen
consumption is maintained by increases in cardiac output and
oxygen extraction ratio. However, there is a limit to this process;
when oxygen delivery decreases belowa critical point, compensa-
tory mechanisms will be insufficient. The critical level of haemo-
dilution for intestinal oxygen consumptionwas studied in animal
models using Pd-porphyrin phosphorescence.70–72 Critical values
of haematocrit ranged from10 to 16% yet, despite a decrease in in-
testinal oxygendelivery,microvascular tPO2 andoxygenconsump-
tion were well preserved, with an increase in O2 extraction ratio.

Perioperative fluid management remains contentious. Some
argue for maintenance or prompt recognition and early correc-
tion of tissue perfusion by fluid loading,73 whereas others argue
for a more conservative, restricted approach.74 In reality, this is
likely to depend on baseline fluid-loading practices. Hypotension
not attributable to hypovolaemiamay benefit from vasopressors,
but this must be balanced against potentially detrimental effects
on nutritive organ blood flow and the risk of organ ischaemia. In
an abdominal surgery pig model, Hiltebrand and colleagues75 re-
versed intraoperative hypotension with norepinephrine to target
mean blood pressures of 65 and 75 mmHg and found no adverse
effects on systemic blood flow, intestinal tissue PO2 , or local blood
flow in the small and large intestines.

Liver dysfunction can also accompany critical illness andmay
be a significant cause of co-morbidity. Regional hypoxia, causing
a reduction in tissue oxygenation, followed by resuscitation may
cause significant tissue damage though ischaemia–reperfusion
injury. This may be an important risk factor underlying the suc-
cess of liver transplantation. Liver damage may potentially be
prevented by avoidance or minimization of regional hypoxia.
Monitoring tPO2 has beenused in liver transplantation andduring
partial hepatectomy.4 5 The tPO2 changed predictablywith changes
in arterial and expired gas tensions, and with decreases in liver
blood flow. In liver-transplanted patients, tPO2 values decreased
over the first 24 h but subsequently recovered; this was asso-
ciated with decreasing acidosis.4

Acute kidney injury

Acute kidney injury (AKI) is a common problem in hospital
patients, especially the critically ill. Sepsis, major surgery (in par-
ticular, open heart surgery), and acute decompensated heart fail-
ure are the most common triggers of AKI. Renal hypoxia makes a
major contribution to the pathogenesis of both AKI and long-
term chronic kidney disease arising from multiple causes.76 77

Oxygen regulation within the kidney is uniquely complex be-
cause oxygen consumption is dominated by the energy require-
ments needed for sodium reabsorption. Both renal tissue
perfusion and the oxygen requirements of the tubular elements
are heterogeneous. Countercurrent diffusion of oxygen and car-
bon dioxidewithin the renal vasculature also has amajor impact
on oxygen deliverywithin the kidney. As a result of this complex-
ity, current understanding of the precise factors that affect kid-
ney oxygenation in both physiological and pathophysiological
conditions remains poor.
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We and others have reported variable changes in renal tPO2

in various regions of the kidney in rat models of endotoxaemia,
peritonitis, and haemorrhage–reperfusion.26 78–80 Four hours
after administration of endotoxin, total renal O2 consumption
and the gradient between microvascular PO2 and tPO2 remained
unaltered, despite reductions in renal perfusion, oxygen deliv-
ery, and urine output.80 Taken in conjunction with the reduc-
tion in urine output, these results could represent either a
functional renal impairment or even an adaptive response.
During exsanguination, tPO2 wasmaintained in all intrarenal re-
gions, despite significant reductions in blood pressure and total
renal blood flow, indicative of a proportional reduction in oxy-
gen consumption.26 Of note, intrarenal flow was redistributed,
with reduced cortical, unchanged corticomedullary, and in-
creased medullary blood flow. After resuscitation, significant
increases above baseline were seen in blood pressure and tPO2

across all regions.
As a more restrictive transfusion practice is being promul-

gated, the impact of haemodilution on AKI assumes increasing
importance. Intrarenal hypoxia is one likely factor that will con-
tribute to AKI during the perioperative period. A pig model was
used to compare acute normovolaemic haemodilution achieved
by either crystalloid or hydroxyethylstarch, targeting a haemato-
crit of 15%.81 While renal microvascular oxygenation and renal
function were significantly impaired with crystalloid, less tissue
oedema formation and an unchanged renal tPO2 were noted with
colloid, with better preservation of renal function.

Cardiopulmonary bypass is a major contributor to AKI after
cardiac surgery;82 attempts to date to ameliorate this injury
pharmacologically have been unsuccessful. However, in a pig
model, endothelin A receptor antagonism reversed endothelial
dysfunction, inflammation, tubular changes, and outer medul-
lary hypoxia measured using a tissue O2 sensor.83

Skin and soft tissue injury

Successful surgical wound healing requires resistance to infec-
tion, and this depends mainly upon oxidative killing of organ-
isms by neutrophils. Tissue oxygen tension is an especially
important determinant of postoperativewound healing, because
neutrophil bactericidal ability is directly related to tPO2 .

Several randomized trials have investigated the effects of sup-
plemental perioperative oxygen administration on the incidence
of surgical wound infection, with conflicting results.84–86 In one
positive outcome study,84 s.c. tPO2 was significantly higher in
the higher inspired oxygen concentration group, with a lower in-
cidence of surgical wound infections. An additive effect of mild
hypercapnia on tPO2 was seen in the arm and colon during elect-
ive colon resection.87 The s.c. tPO2 has also been measured in pa-
tients undergoing laparoscopic surgery88 and in obese patients
undergoing major abdominal surgery.89 Tissue PO2 decreased in
the perioperative period both during laparoscopy88 and in obese
patients,89 with an increased risk of infection. Postoperative pain
may influence tissue perfusion and oxygenation, and hence,
postoperative wound infection. The s.c. tPO2 was higher in
patients undergoing knee surgery with superior postoperative
pain relief, implying that poorly controlled surgical pain reduces
tissue oxygen concentrations sufficiently to increase the risk of
surgical wound infection significantly.90

In the field of reconstructive surgery, tPO2 measurement en-
abled assessment of free-flap viability.91 Here, tPO2 monitoring
could detect changes in skin oxygenation both during hyperbaric
oxygen therapy and after neural block and extended normovo-
laemic haemodilution. Neural block did not improve tissue

oxygenation, whereas haemodilution augmented oxygenation
in a rodent ischaemic flap model.92

The oxygen challenge test
Apart from changes in inspired oxygen concentration there is, in
general, a poor relationship between arterial PO2 (PaO2 ) and tPO2 .
This disparity emphasizes the important physiological and clin-
ical lesson that normal arterial values should not be used as a
surrogate for satisfactory oxygenation at the tissue level. Other
factors, such as macrocirculatory and microcirculatory delivery
and local cellular metabolism, also impact significantly. Oxygen
is delivered by convective flow, driven by blood flow, and trans-
ported predominantly by haemoglobin to the microcirculation.
Thereafter, the driving force for oxygen diffusion into the tissues
is determined by the pressure gradient between themicrocircula-
tion and the mitochondria, where most of the oxygen is used.
This is related to Fick’s Law of Diffusion, which states that the
rate of transfer of a gas through a sheet of tissue is proportional
to both the tissue area and the difference in gas partial pressure
between the two sides, and inversely proportional to the tissue
thickness. For oxygen diffusion, this can be stated as follows:

_VO2 ¼ KO2 × ðPmicroO2 ' PmitO2 Þ

where _VO2 is oxygen consumption, KO2 is a parameter depend-
ent upon the diffusing capacity for oxygen from the microvascu-
lar network (vessel surface area and path length to the
mitochondria), while PmicroO2 and PmitO2 are the mean micro-
vascular and mitochondrial PO2 , respectively. Thus, the greater
the pressure gradient and the microvascular surface area, the
higher the total number of oxygen molecules that will diffuse.

Although it is this PO2 gradient rather than the blood content
of oxygen that drives diffusion, it is the haemoglobin-bound oxy-
gen that acts as themain reservoir for oxygen. As oxygen diffuses
from the plasma, plasma and red cell cytoplasmic PO2 decrease,
leading to greater amounts of oxygen dissociating from the
haemoglobin and entering the dissolved plasma pool of oxygen,
from where it diffuses into the surrounding tissues.

While traditional teaching has rightly emphasized the role of
convective oxygen delivery, the potential contribution of a high
tPO2 remains controversial. Hyperbaric oxygen therapy is clearly
recognized to be beneficial in carbonmonoxide poisoning, where
the higher mitochondrial PO2 achieved is able to displace carbon
monoxide from cytochrome oxidase, the last component of the
electron transport chain, thereby enabling improved oxidative
phosphorylation. The relevance of normobaric hyperoxaemia
to increasing tPO2 , while frequently reported, remains uncertain.
Certainly, hyperoxaemia increases tissue oxygen tensions, albeit
to differing extents in different organ beds. Themagnitude of this
increase during mild hypovolaemia is similar to that observed
during normovolaemia. However, this increment diminishes
rapidly with continued blood loss, decreasing to the same (or
even lower) concentrations as those seen in animals managed
in room air. Measuring the downstream increase in tPO2 after
an increase in PaO2 has been coined the ‘oxygen challenge
test’.93 This was demonstrated to be a useful marker for the
early detection of shock and an early prognosticator in septic
patients.94 While the increment in peripheral tPO2 in normal
physiological conditions was correlated with the fraction of in-
spired oxygen, this is compromised during low-flow states.27 29 95

This relates to oxygen supply dependence, where the reduction
in oxygen delivery exceeds the increased oxygen gradient

362 | De Santis and Singer

 by John V
ogel on A

ugust 16, 2015
http://bja.oxfordjournals.org/

D
ow

nloaded from
 

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


http://bja.oxfordjournals.org/


generated by a high PaO2 . Hyperoxaemia (and its impact on diffu-
sive oxygen delivery)may thus be beneficial, but only in the pres-
ence of an adequate blood flow (convective oxygen delivery),
suggesting a potential utility for supplemental oxygen only after
correction of hypovolaemia. However, injured tissue may not be
able to extract any additional oxygen because of either increased
diffusion barriers, mitochondrial dysfunction, or both.15 16 96

Conclusion
Maintaining adequate tissue oxygenation remains one of the
most significant tasks for anaesthetists and intensivists. Current
clinical tools have advantages and significant limitations. How-
ever, newer minimally invasive devices are promising, but still
require initial validation before assessing their impact upon
clinical outcomes.

Supplementary material
Supplementarymaterial is available at British Journal of Anaesthesia
online.

Authors’ contributions
V.D.S. and M.S. co-wrote the manuscript.

Declaration of interest
V.D.S. is funded from a grant from the Health Innovation Chal-
lenge Fund (NIHR/Wellcome Trust) to assess the role of bladder
tissue oxygen monitoring in man. This device is manufactured
by Oxford Optronix Ltd (Abingdon, Oxfordshire, UK), which
has an IP agreement with University College London, which
employs M.S.

References
1. Ragheb J, Buggy DJ. Editorial III: tissue oxygen tension (PtO2 ) in

anaesthesia and perioperativemedicine. Br J Anaesth 2004; 92:
464–8

2. NarotamPK,Morrison JF, NathooN. Brain tissue oxygenmon-
itoring in traumatic brain injury and major trauma: outcome
analysis of a brain tissue oxygen-directed therapy. J Neurosurg
2009; 111: 672–82

3. Boekstegers P, Weidenhöfer S, Pilz G, Werdan K. Peripheral
oxygen availability within skeletal muscle in sepsis and sep-
tic shock: comparison to limited infection and cardiogenic
shock. Infection 1991; 19: 317–23

4. Leary TS, Klinck JR, Hayman G, Friend P, Jamieson NV,
Gupta AK. Measurement of liver tissue oxygenation after
orthotopic liver transplantation using a multiparameter sen-
sor. A pilot study. Anaesthesia 2002; 57: 1128–33

5. Brooks AJ, Eastwood J, Beckingham IJ, Girling KJ. Liver tissue
partial pressure of oxygen and carbon dioxide during partial
hepatectomy. Br J Anaesth 2004; 92: 735–7

6. Severinghaus JW, Astrup PB. History of blood gas analysis. IV.
Leland Clark’s oxygen electrode. J Clin Monit 1986; 2: 125–39

7. Ahmad R, Kuppusamy P. Theory, instrumentation, and appli-
cations of electron paramagnetic resonance oximetry. Chem
Rev 2010; 110: 3212–36

8. James PE, Madhani M, Roebuck W, Jackson SK, Swartz HM.
Endotoxin-induced liver hypoxia: defective oxygen delivery
versus oxygen consumption. Nitric Oxide 2002; 6: 18–28

9. James PE, MiyakeM, Swartz HM. Simultaneousmeasurement
of NO• and PO2 from tissue by in vivo EPR. Nitric Oxide 1999; 3:
292–301

10. Kautsky H. Quenching of luminescence by oxygen. Trans
Faraday Soc 1939; 35: 216–9

11. Dunphy I, Vinogradov SA, Wilson DF. Oxyphor R2 and G2:
phosphors for measuring oxygen by oxygen-dependent
quenching of phosphorescence.Anal Biochem 2002; 310: 191–8

12. Esipova TV, Karagodov A, Miller J, Wilson DF, Busch TM,
Vinogradov SA. Two new “protected” oxyphors for biological
oximetry: properties and application in tumor imaging. Anal
Chem 2011; 83: 8756–65

13. Yu J, Ramadeen A, Tsui AK, et al. Quantitative assessment of
brain microvascular and tissue oxygenation during cardiac
arrest and resuscitation in pigs. Anaesthesia 2013; 68: 723–35

14. Barcroft J. Anoxaemia. Lancet 1920; 196: 485–9
15. Brealey D, Brand M, Hargreaves I, et al. Association between

mitochondrial dysfunction and severity and outcome of sep-
tic shock. Lancet 2002; 360: 219–23

16. Menon DK, Coles JP, Gupta AK, et al. Diffusion limited oxygen
delivery following head injury. Crit Care Med 2004; 32: 1384–90

17. Jorge MA, Tavella M, Irrazábal CL, Peralta JG, Capdevila AA.
Interrelationship between oxygen-related variables in pa-
tients with acute myocardial infarction: an interpretative re-
view. Clin Physiol Funct Imaging 2010; 30: 381–8

18. Boura C, Caron A, Longrois D, Mertes PM, Labrude P, Menu P.
Volume expansion with modified hemoglobin solution,
colloids, or crystalloid after hemorrhagic shock in rabbits:
effects in skeletal muscle oxygen pressure and use versus
arterial blood velocity and resistance. Shock 2003; 9: 176–82

19. DruckerW, Pearce F, Glass-Heidenreich L, et al. Subcutaneous
tissue oxygen pressure: a reliable index of peripheral perfu-
sion in humans after injury. J Trauma 1996; 40: S116–22

20. Shoemaker WC, Fink S, Ray CW, McCartney S. Effect of hem-
orrhagic shock on conjunctival and transcutaneous oxygen
tensions in relation to hemodynamic and oxygen transport
changes. Crit Care Med 1984; 12: 949–52

21. Gottrup F, Gellett S, Kirkegaard L, Hansen ES, Johansen G.
Effect of hemorrhage and resuscitation on subcutaneous,
conjunctival, and transcutaneous oxygen tension in relation
to hemodynamic variables. Crit Care Med 1989; 17: 904–7

22. Vollmar B, Conzen PF, Kerner T, et al. Bloodflowand tissueoxy-
gen pressures of liver and pancreas in rats: effects of volatile
anesthetics and of hemorrhage. Anesth Analg 1992; 75: 421–30

23. Nordin A, Mildh L, Mäkisalo H, Härkönen M, Höckerstedt K.
Hepatosplanchnic and peripheral tissue oxygenation during
treatment of hemorrhagic shock: the effects of pentoxifylline
administration. Ann Surg 1998; 228: 741–7

24. Knudson MM, Lee S, Erickson V, Morabito D, Derugin N,
Manley GT. Tissue oxygen monitoring during hemorrhagic
shock and resuscitation: a comparison of lactated Ringer’s
solution, hypertonic saline dextran, and HBOC-201. J Trauma
2003; 54: 242–52

25. Dyson A, Ekbal N, Stotz M, et al. Component reductions in
oxygen delivery generate variable haemodynamic and stress
hormone responses. Br J Anaesth 2014; 113: 708–16

26. Whitehouse T, Stotz M, Taylor V, Stidwill R, Singer M. Tissue
oxygen andhemodynamics in renalmedulla, cortex, and cor-
ticomedullary junction during hemorrhage-reperfusion.Am J
Physiol Renal Physiol 2006; 291: F647–53

27. Gosain A, Rabkin J, Reymond JP, Jensen JA, Hunt TK,
Upton RA. Tissue oxygen tension and other indicators of
blood loss or organ perfusion during graded hemorrhage.
Surgery 1991; 109: 523–32

Tissue oxygen tension monitoring of organ perfusion | 363

 by John V
ogel on A

ugust 16, 2015
http://bja.oxfordjournals.org/

D
ow

nloaded from
 

John Vogel


John Vogel


John Vogel


John Vogel


http://bja.oxfordjournals.org/lookup/suppl/doi:10.1093/bja/aev162/-/DC1
http://bja.oxfordjournals.org/lookup/suppl/doi:10.1093/bja/aev162/-/DC1
http://bja.oxfordjournals.org/


28. Dyson A, Stidwill R, Taylor V, Singer M. Tissue oxygen moni-
toring in rodentmodels of shock.Am J Physiol Heart Circ Physiol
2007; 293: H526–33

29. DysonA, Stidwill R, Taylor V, SingerM. The impact of inspired
oxygen concentration on tissue oxygenation during progres-
sive haemorrhage. Intensive Care Med 2009; 35: 1783–91

30. Thurau K, Boylan JW. Acute renal success. The unexpected
logic of oliguria in acute renal failure.Am JMed 1976; 61: 308–15

31. Dyson A, Simon F, Seifritz A, et al. Bladder tissue oxygen ten-
sionmonitoring in pigs subjected to a range of cardiorespira-
tory and pharmacological challenges. Intensive Care Med 2012;
38: 1868–76

32. Pestel G, Fukui T, Kimberger O, Hager D, Kurz A, Hiltebrand L.
Hemodynamic parameters change earlier than tissue oxygen
tension in hemorrhage. J Surg Res 2010; 160: 288–93

33. Astiz ME, DeGent GE, Lin RY, Rackow EC. Microvascular func-
tion and rheologic changes in hyperdynamic sepsis. Crit Care
Med 1995; 23: 265–71

34. Boekstegers P, Weidenhöfer S, Kapsner T, Werdan K. Skeletal
muscle partial pressure of oxygen in patients with sepsis. Crit
Care Med 1994; 22: 640–50

35. Sair M, Etherington PJ,Winlove PC, Evans TW. Tissue oxygen-
ation and perfusion in patients with systemic sepsis. Crit Care
Med 2001; 29: 1343–49

36. Rosser DM, Stidwill RP, Jacobson D, Singer M. Cardiorespira-
tory and tissue oxygen dose response to rat endotoxemia.
Am J Physiol Heart Circ Physiol 1996; 271: H891–5

37. Rosser DM, Stidwill RP, Jacobson D, Singer M. Oxygen tension
in the bladder epithelium rises in both high and low cardiac
output endotoxemic sepsis. J Appl Physiol 1995; 79: 1878–82

38. VanderMeer TJ, Wang H, Fink MP. Endotoxemia causes ileal
mucosal acidosis in the absence of mucosal hypoxia in a
normodynamic porcine model of septic shock. Crit Care Med
1995; 23: 1217–26

39. Vallet B, Lund N, Curtis SE, Kelly D, Cain SM. Gut and muscle
tissue PO2 in endotoxemic dogs during shock and resuscita-
tion. J Appl Physiol 1994; 76: 793–800

40. Anning PB, Sair M, Winlove CP, Evans TW. Abnormal tissue
oxygenation and cardiovascular changes in endotoxemia.
Am J Respir Crit Care Med 1999; 159: 1710–15

41. James PE, Bacic G, Grinberg OY, et al. Endotoxin-induced
changes in intrarenal pO2,measured by in vivo electron para-
magnetic resonance oximetry and magnetic resonance im-
aging. Free Rad Biol Med 1996; 21: 25–34

42. Dyson A, Rudiger A, Singer M. Temporal changes in tissue
cardiorespiratory function during faecal peritonitis. Intensive
Care Med 2011; 37: 1192–200

43. Spiotta AM, Stiefel MF, Gracias VH, et al. Brain tissue oxygen-
directed management and outcome in patients with severe
traumatic brain injury. J Neurosurg 2010; 113: 571–80

44. Oddo M, Levine JM, Kumar M, et al. Anemia and brain oxygen
after severe traumatic brain injury. Intensive Care Med 2012;
38: 1497–504

45. Longhi L, Pagan F, Valeriani V, et al. Monitoring brain tissue
oxygen tension in brain-injured patients reveals hypoxic epi-
sodes in normal-appearing and in peri-focal tissue. Intensive
Care Med 2007; 33: 2136–42

46. Schibler A, Humphreys S. Increased brain tissue oxygen
tension in children with traumatic brain injury using tem-
perature-corrected guided ventilation during prophylactic
hypothermia. Crit Care Resusc 2012; 14: 20–4

47. Narotam PK, Burjonrappa SC, Raynor SC, Rao M, Taylon C.
Cerebral oxygenation inmajor pediatric trauma: its relevance
to trauma severity andoutcome. J Pediatr Surg 2006; 41: 505–13

48. Figaji AA, Zwane E, Fieggen AG, Argent AC, Le Roux PD,
Peter JC. The effect of increased inspired fraction of oxygen
on brain tissue oxygen tension in children with severe trau-
matic brain injury. Neurocrit Care 2010; 12: 430–7

49. Ikossi DG, Knudson MM, Morabito DJ, et al. Continuous mus-
cle tissue oxygenation in critically injured patients: prospect-
ive observational study. J Trauma 2006; 61: 780–8

50. Tremper KK, Shoemaker WC. Transcutaneous oxygen moni-
toring of critically ill adults, with andwithout low flow shock.
Crit Care Med 1981; 9: 706–9

51. Bohman LE, Pisapia JM, Sanborn MR, et al. Response of brain
oxygen to therapy correlates with long-term outcome after
subarachnoid hemorrhage. Neurocrit Care 2013; 19: 320–8

52. Meixensberger J, Vath A, Jaeger M, Kunze E, Dings J, Roosen K.
Monitoring of brain tissue oxygenation following severe
subarachnoid hemorrhage. Neurol Res 2003; 25: 445–50

53. Kett-White R, Hutchinson PJ, Al-Rawi PG, Gupta AK,
Pickard JD, Kirkpatrick PJ. Adverse cerebral events detected
after subarachnoid hemorrhage using brain oxygen and
microdialysis probes. Neurosurgery 2002; 50: 1213–21

54. OddoM, Milby A, Chen I, et al. Hemoglobin concentration and
cerebral metabolism in patients with aneurysmal subarach-
noid hemorrhage. Stroke 2009; 40: 1275–81

55. Helbok R, Shaker E, Beer R, et al. High dose erythropoietin in-
creases brain tissue oxygen tension in severe vasospasm
after subarachnoid hemorrhage. BMC Neurol 2012; 12: 32

56. Schiefecker AJ, Pfausler B, Beer R, et al. Parenteral diclofenac
infusion significantly decreases brain-tissue oxygen tension
in patients with poor-grade aneurysmal subarachnoid
hemorrhage. Crit Care 2013; 17: R88

57. Pennings FA, Bouma GJ, Kedaria M, Jansen GF, Bosch DA.
Intraoperative monitoring of brain tissue oxygen and carbon
dioxide pressures reveals low oxygenation in peritumoral
brain edema. J Neurosurg Anesthesiol 2003; 15: 1–5

58. Tijero T, Ingelmo I, García-Trapero J, Puig A. Usefulness
of monitoring brain tissue oxygen pressure during awake
craniotomy for tumor resection: a case report. J Neurosurg
Anesthesiol 2002; 14: 149–52

59. Ristagno G, Sun S, Tang W, Castillo C, Weil MH. Effects of
epinephrine and vasopressin on cerebral microcirculatory
flows during and after cardiopulmonary resuscitation. Crit
Care Med 2007; 35: 2145–9

60. Ristagno G, TangW, Huang L, et al. Epinephrine reduces cere-
bral perfusion during cardiopulmonary resuscitation. Crit
Care Med 2009; 37: 1408–15

61. Imberti R, Bellinzona G, Riccardi F, Pagani M, Langer M. Cere-
bral perfusion pressure and cerebral tissue oxygen tension in
a patient during cardiopulmonary resuscitation. Intensive
Care Med 2003; 29: 1016–9

62. Chacko SM, Khan M, Kuppusamy ML, et al. Myocardial oxy-
genation and functional recovery in infarct rat hearts trans-
planted with mesenchymal stem cells. Am J Physiol Heart
Circ Physiol 2009; 296: H1263–73

63. Hiesinger W, Vinogradov SA, Atluri P, et al. Oxygen-
dependent quenching of phosphorescence used to charac-
terize improved myocardial oxygenation resulting from
vasculogenic cytokine therapy. J Appl Physiol 2011; 110:
1460–5

64. Angelos MG, Kutala VK, Torres CA, et al. Hypoxic reperfusion
of the ischemic heart and oxygen radical generation. Am J
Physiol Heart Circ Physiol 2006; 290: H341–7

65. Lee GJ, Kim SK, Kang SW, et al. Real time measurement of
myocardial oxygen dynamics during cardiac ischemia–reper-
fusion of rats. Analyst 2012; 137: 5312–9

364 | De Santis and Singer

 by John V
ogel on A

ugust 16, 2015
http://bja.oxfordjournals.org/

D
ow

nloaded from
 

http://bja.oxfordjournals.org/


66. Kutayli ZN, Domingo CB, Steinberg SM. Intestinal failure. Curr
Opin Anaesthesiol 2005; 18: 123–7

67. Fisher EM, Khan M, Salisbury R, Kuppusamy P. Noninvasive
monitoring of small intestinal oxygen in a ratmodel of chronic
mesenteric ischemia. Cell Biochem Biophys 2013; 67: 451–9

68. Maier S, Hasibeder W, Pajk W, et al. Arginine-vasopressin at-
tenuates beneficial norepinephrine effect on jejunal mucosal
tissue oxygenation during endotoxinaemia. Br J Anaesth 2009;
103: 691–700

69. Knotzer H, Maier S, Dünser MW, et al. Arginine vasopressin
does not alter mucosal tissue oxygen tension and oxygen
supply in an acute endotoxemic pig model. Intensive Care
Med 2006; 32: 170–4

70. van Bommel J, Trouwborst A, Schwarte L, Siegemund M,
Ince C, Henny ChP. Intestinal and cerebral oxygenation dur-
ing severe isovolemic hemodilution and subsequent hyper-
oxic ventilation in a pigmodel.Anesthesiology 2002; 97: 660–70

71. van Bommel J, Siegemund M, Henny CP, Trouwborst A, Ince C.
Critical hematocrit in intestinal tissueoxygenationduring severe
normovolemic hemodilution. Anesthesiology 2001; 94: 152–60

72. van Bommel J, Siegemund M, Henny CP, van den Heuvel DA,
Trouwborst A, Ince C. Preservation of intestinal microvascu-
lar PO2 during normovolemic hemodilution in a rat model. J
Lab Clin Med 2000; 135: 476–83

73. Grocott MPW, Dushianthan A, Hamilton MA, et al. Periopera-
tive increase in global blood flow to explicit defined goals and
outcomes after surgery: a Cochrane Systematic Review. Br J
Anaesth 2013; 111: 535–48

74. Stewart RM, Park PK, Hunt JP, et al. National Institutes of
Health/National Heart, Lung, and Blood Institute Acute Re-
spiratory Distress Syndrome Clinical Trials Network. Less is
more: improved outcomes in surgical patients with conser-
vative fluid administration and central venous cathetermon-
itoring. J Am Coll Surg 2009; 208: 725–35

75. Hiltebrand LB, Koepfli E, Kimberger O, Sigurdsson GH, Brandt S.
Hypotension during fluid-restricted abdominal surgery: effects
of norepinephrine treatment on regional and microcirculatory
blood flow in the intestinal tract.Anesthesiology 2011; 114: 557–64

76. Heyman SN, Khamaisi M, Rosen S, Rosenberger C. Renal par-
enchymal hypoxia, hypoxia response and the progression of
chronic kidney disease. Am J Nephrol 2008; 28: 998–1006

77. Heyman SN, Rosen S, Rosenberger C. Renal parenchymal
hypoxia, hypoxia adaptation, and the pathogenesis of
radiocontrast nephropathy.Clin J AmSocNephrol 2008;3: 288–96

78. Legrand M, Mik EG, Johannes T, Payen D, Ince C. Renal hyp-
oxia and dysoxia after reperfusion of the ischemic kidney.
Mol Med 2008; 14: 502–16

79. Evans RG, Goddard D, Eppel GA, O’Connor PM. Stability of tis-
sue PO2 in the face of alteredperfusion: a phenomenon specific
to the renal cortex and independent of resting renal oxygen
consumption. Clin Exp Pharmacol Physiol 2011; 38: 247–54

80. Dyson A, Bezemer R, Legrand M, Balestra G, Singer M, Ince C.
Microvascular and interstitial oxygen tension in the renal
cortex andmedulla studied in a 4-h ratmodel of LPS-induced
endotoxemia. Shock 2011; 36: 83–9

81. Konrad FM, Mik EG, Bodmer SI, et al. Acute normovolemic he-
modilution in the pig is associated with renal tissue edema,
impaired renal microvascular oxygenation, and functional
loss. Anesthesiology 2013; 119: 256–69

82. Karkouti K, BeattieWS,Wijeysundera DN, et al. Hemodilution
during cardiopulmonary bypass is an independent risk factor
for acute renal failure in adult cardiac surgery. J Thorac
Cardiovasc Surg 2005; 129: 391–400

83. Patel NN, Toth T, Jones C, et al. Prevention of post-cardiopul-
monary bypass acute kidney injury by endothelin A receptor
blockade. Crit Care Med 2011; 39: 793–802

84. Greif R, Akça O, Horn EP, Kurz A, Sessler DI; Outcomes Re-
search Group. Supplemental perioperative oxygen to reduce
the incidence of surgical-wound infection. N Engl J Med
2000; 342: 161–7

85. Belda FJ, Aguilera L, García de laAsunción J, et al. SpanishReduc-
cion de la Tasa de Infeccion Quirurgica Group. Supplemental
perioperative oxygen and the risk of surgical wound infection:
a randomized controlled trial. JAMA 2005; 294: 2035–42

86. Pryor KO, Fahey TJ III, Lien CA, Goldstein PA. Surgical site in-
fection and the routine use of perioperative hyperoxia in a
general surgical population: a randomized controlled trial.
JAMA 2004; 291: 79–87

87. Fleischmann E, Herbst F, Kugener A, et al. Mild hypercapnia
increases subcutaneous and colonic oxygen tension in pa-
tients given 80% inspired oxygen during abdominal surgery.
Anesthesiology 2006; 104: 944–9

88. Fleischmann E, Kugener A, Kabon B, Kimberger O, Herbst F,
Kurz A. Laparoscopic surgery impairs tissue oxygen tension
more than open surgery. Br J Surg 2007; 94: 362–8

89. Kabon B, Nagele A, Reddy D, et al. Obesity decreases peri-
operative tissue oxygenation.Anesthesiology 2004; 100: 274–80

90. Akça O, Melischek M, Scheck T, et al. Postoperative pain and
subcutaneous oxygen tension. Lancet 1999; 354: 41–2

91. Gehmert S, Geis S, Lamby P, et al. Evaluation of hyperbaric oxy-
gen therapy for free flaps using planar optical oxygen sensors.
Preliminary results. Clin Hemorheol Microcirc 2011; 48: 75–9

92. Erni D, Sakai H, Tsai AG, Banic A, Sigurdsson GH, Intaglietta M.
Haemodynamics and oxygen tension in the microcirculation
of ischaemic skin flaps after neural blockade and haemodilu-
tion. Br J Plast Surg 1999; 52: 565–72

93. YuM,Morita SY, Daniel SR, Chapital A,WaxmanK, Severino R.
Transcutaneous pressure of oxygen: a noninvasive and early
detector of peripheral shock and outcome. Shock 2006; 26:
450–6

94. YuM, Chapital A, HoHC,Wang J, Takanishi D Jr. A prospective
randomized trial comparing oxygen delivery versus transcu-
taneous pressure of oxygen values as resuscitative goals.
Shock 2007; 27: 615–22

95. Tremper KK, Waxman K, Shoemaker WC. Effects of hypoxia
and shock on transcutaneous PO2 values in dogs. Crit Care
Med 1979; 7: 526–31

96. Kim-Han JS, Kopp SJ, Dugan LL, Diringer MN. Perihematomal
mitochondrial dysfunction after intracerebral hemorrhage.
Stroke 2006; 37: 2457–62

Handling editor: J. G. Hardman

Tissue oxygen tension monitoring of organ perfusion | 365

 by John V
ogel on A

ugust 16, 2015
http://bja.oxfordjournals.org/

D
ow

nloaded from
 

http://bja.oxfordjournals.org/

