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Introduction

Physiological background

Oxygen is one of the major essential componentsined) for sustaining life. Under
physiologic conditions pulmonary ventilation proegd oxygen for the body through the
respiratory tree to the alveoli. During alveolarnti@ation oxygen diffuses through the
respiratory membrane from the alveoli to the pulargrblood. Oxygen is transported to the
tissues in chemical combination with hemoglobirthia red blood cells and in the dissolved
state. Were it not for the hemoglobin molecule oalgmall fraction of oxygen could be
transported.

Hemoglobin consists of four chains and

each has an atom of iron with which one

molecule of oxygen loosely and reversibly bind- /iij .
In 100 millilitres of blood there is 15 grams ¢ /J%»
hemoglobin. Each gram of hemoglobin may bit é/g/ﬂ

with a maximum of 1.34 (1.39 when chemical!

pure) millilitres of oxygen, thus in 100 millilitse

of blood there is ~ 20 millilitres of oxygen bound
when the hemoglobin saturation is 100 per cent.edmdrmal circumstances ~ 4 ml/kg/min
of oxygen is consumed by the tissues to ensurdmeeoergy release in the cells.

As oxygen is used up by the cells, carbon

Capillary

dioxide is produced. Transport of carbon dioxi

Red blood cell Interstitial
fluid

takes place in exactly the opposite direction ol

that of oxygen. In each 100 millilitres of blood

/cor(— co,

4 ml of carbon dioxide is transported from tf

cells towards the pulmonary capillaries in thr:

COs transported as:

. . . 1. COs = T%
forms; in the dissolved state, as bicarbonate 2 Hgb + CO, = 23%
Plasma 3. HCO,~ = 70%

and bound to hemoglobin. Carbon dioxide >

transported from the cells to the alveoli wheredkeess amount of it is exhaléd.



Critically 1l

Tissue oxygenation is determined by the balanced®t the rate of oxygen transport
to the tissues (oxygen delivery) and the rate aichvithe oxygen is used by the tissues
(oxygen consumption). Standard formulae to deteemoxygen delivery and oxygen

consumption are the following:

DOz = SVOHRO( Hb1.34] Sadr( 0.063 Pa)= CO CYO
VOz=COCaQ~( HE11.34 Svex( 0.008 P¥))= CO Ca0 <y

DO, - oxygen delivery, SV — stroke volume, HR — heate, Hb — hemoglobin, SaG-
arterial hemoglobin oxygen saturation, Ba©Oarterial oxygen partial pressure, CO — cardiac
output, Ca@ — arterial oxygen content, \(G- oxygen consumption, S¢G- mixed venous
hemoglobin oxygen saturation, P¥© venous oxygen partial pressure, GvO venous

oxygen content
From the above formulae one can calculate the oxygévery at rest:

CO=70 mLO72/mirc 5 L/min
CaQ=(150 g/l0 1.34 mOL)+( 0.00300 mm Hg201 .30 ml
DO: 01000 mL/min

Oxygen consumption at rest:

Cv0z =(150 g/L01.34 mI0.75) +( 0.00340 mm Hg150 .87 mL
VO2 =5L/min [201.30 mL/L- 150.87 mL/) 0250 mL/min

Oxygen extractiofiVO2/DO2[1100) = 250 mL/mirl 1000 mL/mil 100 26



In the critically ill there is often an imbalancesttveen oxygen delivery and
consumptior>* Oxygen delivery may be inadequate based on tworngisiarterial oxygen

contentand/orcardiac output may be reduced.

One of the most common causes of decreagedial oxygen contentin the critically
ill is anemia> The prevalence of anemia among critically ill patsecould be as high as 95 %
by day three. A number of guidelines are of helpramsfusion practice, however the criteria
for the optimal management of anemia are not cgledeffined.®’ In most guidelines the
transfusion trigger, i.e. the indication and timiofyblood transfusion, is a certain level of
hemoglobin, usually 70-100 gA®°It was recently suggested that hemoglobin levelikh
not be the only factor on which the indication dbdal transfusion is baséd. There is
increasing evidence that transfusion is a doubtgédsword: untreated anemia can be
associated with a worse outcome and increased Imgrtevhile transfusion may cause
various infectious and non-infectious adverse &fec!® There is a clear need for additional
quantitative parameters that would give information anemia related altered oxygen
extraction and hence the need for blood administrdt'*

A common cause for decreasedrdiac output in the intensive care unit is
hypovolemia. Diagnosing hypovolemia is an everydhgllenge in critical care. Clinicians
utilize a large array of tools from simple clinicaigns to invasive hemodynamic
measurements, but a universally accepted gold atdngarameter remains elusive.
Although, diagnosis may prove difficult, early rgottion of hypovolemia is of utmost
importance. By the time macro-hemodynamic changasifest, the microcirculation may
already be damagé@?!® Furthermore, fluid therapy is ambiguous, on the dtand fluid
resuscitation can save lives, but on the other lrandmulative positive fluid balance is an
independent risk factor for mortality?° Deciding on the level of monitoring (non-invasive,
‘less’ invasive, invasive), and which parametemtonitor in order to keep the critically ill

patient normovolemic remains uncertain.



Central venous oxygen saturation (SeyOthe hemoglobin oxygen saturation
measured in a central vein, is a potentially usglfylsiological parameter. It is easily obtained
as a blood gas sample from the vena cava supeadhe& central venous catheter alreaay
situ in most critically ill patients. The main factordluencing Scv@are hemoglobin, arterial
oxygen saturation of hemoglobin, cardiac output axgen consumption. Its normal value
varies between 73-82 %. Although, the value reflébe oxygen extraction of the brain and
the upper extremities, it is considered a reas@ensibirogate marker of mixed-venous oxygen
saturation (Sve@) — the parameter representing the whole body axyadraction - in the
clinical setting. Thence, it is often used as a mad the balance between oxygen delivery
and consumptiort#21-24

Changes in Scvéxeflect systemic oxygen metabolism, but may faitletect regional
hypoxia and may also be false-negative when >70%deU these conditions the central
venous-to-arterial carbon dioxide difference ¢2fap) has been proposed as an alternative. It
is as easily obtained as Sey@nly a simultaneous arterial and central vendosd gas
sampling is needed. The physiological threshold @6-Gap is <5 mmHg, but this may be
higher in low flow states. A concept based on tl@ €tagnation phenomenon considers the
cause of an increased e@ap to be low blood flow, and an inverse correlatias found
between C@gap and CO in non-septic and septic circulatoryifas. Moreover, literature
findings indicate that the amount of €produced is negligible when anaerobic respiraigon

present and therefore GQap cannot serve as a marker of tissue hypéxfa.



Our aims were the following:

1. To evaluate the change in SevRefore and after transfusion in a retrospectivelyst
and to test whether the combination of Hb and Sce@y reflect anemia caused

altered oxygen balance better than Hb alone.

2. To monitor the changes of Scy@ isovolemic anemia using a large animal model
and test whether an altered ¥DO; balance, which is due solely to a decreased Hb

level, can be detected by SevO

3. To investigate how C&gap changes during experimental isovolemic aneméahow

it contributes to Scv®

4. To determine the effect of hypovolemia on Sevddd CQ-gap and the association

between Scvg) CO-gap and indicators of microcirculatory blood flow.
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1. Changes in Scv@before and after transfusion - a retrospective sidy

1.1. Materials and Methods

This retrospective study was conducted in four isitencare units of the University of

Szeged over a six month period.

All the patients who received blood transfusionseveearched via the medical network
system. Only those patients were included in theysivho had arterial and central venous
blood gas analysis before and after transfusioe. @drameters of interest were: hemoglobin,
Scv(Q, arterial oxygen saturation of haemoglobin (9a@ean arterial pressure (MAP), heart
rate (HR), central venous pressure (CVP), lactatethe simplified oxygen extraction ratio
(ERQOy).

The standard formula for ER@s: (SaQ- Scv()/ SaQ x 100.

Data are reported as medians (interquartile rangesgss indicated otherwise. To test
for normal distribution the Kolmogorov-Smirnov tegas used. For between-groups analysis
the Mann-Whitney test and for before-after commarishe Wilcoxon test were used. For
statistical analysis SPSS version 18.0 for Wind@RSS, Chicago, IL) was used and p<.05
was considered statistically significant.

1.2. Results

Over the study period 128 transfusion events wewmdrded of which ScvOwas
measured in 50 events in 41 patients. The dataesktd1 patients were included in further

analysis. Demographics are summarised in Table 1.



Table 1 Demographic data

Patient number 41
Age (ys) 63(49-73)
Gender (m/f) 27/14
Survival (y/n) 26/15
ICU stay (days) 7(3-13)
Major diagnosis:
postoperative 22
sepsis 7
observation 6
pneumonia 6

After transfusion Hb levels increased significantlyhich was accompanied by
significant changes in all the other parametersSa (Table 2).

Table 2 Before and after transfusion

Before After

Hb (g/L) 7.7(7.1-8.2 9.1(7.9-9.7)
ScvO, (%) 67(60-76) 75(69-80)
SaQ (%) 99(95-99) 99(98-100)

MAP (mmHg  72(65-80 80(71-90)
HR (beat/min 100(90  90(80-109)

CVP mmHg 8(4-10 9(7-11)°
Lactate (mmol/L  1.1(0.9-2.2 0.9(0.6-2.1)
ERG, (%) 31(22-39) 22(19-28)*

*p <.05 Wilcoxon test.

The median ScvPwas 71%, therefore we divided the patients into gmoups: low
group (LG, Scv@<70%), n=27; and high group (HG, ScJ0%), n=23. Before transfusion
ERG: and lactate levels were significantly higher ie thG as compared to the HG. After
transfusion Hb increased significantly in both greuThere were no significant changes in
ScvG and ERQ in the HG, while on the contrary in the LG Sevend ERQ improved
significantly. Regarding other cardiorespiratoryrigbles, there were variably significant
changes in MAP, HR, CVP, SaJactate but values remained in the physiologitgeain
both groups.
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Table 3 LG (Scv0O,<70%) vs. HG (ScvO,>70%)

LG HG

Before After Before After
Hb (g/L) 7.8(7.1  9.2(8.0-9.9)  7.7(7.1-8.1 8.9(7.9-9.6)
ScvO, (%) 62(57-64) 70(66-72)* 77(75-80)#  79(76-82)
SaQ (%) 99(95-99) 100(99-100) 98(95-99)  98(97-99)
MAP (mmHg' 70(64-88 80(70-90 75(67-80  78(71-91)
HR (beat/min 96(90-125 87(74-113) 100(88-110 90(80-102)
CVP (mmHg 8(6-10  10(9-11 8(4-9) 9(5-12)*
Lactate (mmol/L  1.7(0.9  1.2(0.9-3.3 1.0(0.8-1.2): 0.7(0.5-1.1)
ERO, (%) 38(35-48) 27(20-29)* 21(16-24)# 20(15-22)

*p <.05 Wilcoxon test’p<.05 Mann-Whitney test.

1.3. Discussion

The main finding of this retrospective study is that patients lew Hb but normal
ScvQ levels may have received unnecessary blood transfusion, as ti@msfuss not
accompanied by any significant changes in Scan@l ERG.

The value of Scv@depends on hemoglobin, arterial oxygen saturation of hemoglobin,
cardiac output and oxygen consumption as previously described. We foundrteval
oxygen saturation of hemoglobin remained in the normal rangdarAas the change of
macro-hemodynamic parameters (mean arterial pressuné,ratsg indicate the change of
cardiac output, it did not clinically significantly change either.

As lactate levels differed significantly between the two grobefre transfusion,
oxygen consumptiomay have been increased only in LG and not in HG. Moreover, for
transfusion Scv@increased significantly only in LG, not in HG. Thus, blood transfusions
HG may be arguable.

For the retrospective study design and the limitation of parasneteasured, we
decided to perform an animal experiment in order to test thentdimdings under controlled

circumstances.
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2. Changes of Scv@in isovolemic anemia — an animal experiment

2.1. Materials and Methods

The study protocol was approved by the local ethics committdee dirtiversity of
Szeged, and the study was carried out in the research labooatibwy Institute of Surgical

Research.
Animals and Instrumentation.

Vietnamese mini-pigs (n=13) weighing 24+3 kg underwent a 24-hpfasperatively

but with waterad libitum. Anesthesia was induced with an intramuscular injection of a

mixture of ketamine (20 mg/kg) and xylazine (2 mg/kg) and maintavitda continuous

infusion of propofol (6 mg/kg/hr iv.). A tracheal tube was itexrand the animals’ lungs
were ventilated mechanically. The tidal volume was set at 13#Rgnand the respiratory
rate was adjusted to maintain the end-tidal carbon dioxide and tid peessure of arterial
carbon dioxide in the range of 35-45 mm Hg and the arterial pielket7.35 and 7.45. The
adequacy of the depth of anesthesia was assessed by monitoriagyv ttne. After the

initiation of anesthesia, the right carotid artery and jugular a&eahthe right femoral artery
and vein were dissected and catheterized. The animals underwent bigaimary catheter

placement and laparotomy for splenectomy. Splenectomy in swine hthagwmodels are
performed because of the distensibility of the spleen and the réswdtéation in the amounts
of sequestered blodd.The core temperature was maintained at 3®&through use of an
external warming device.

For invasive hemodynamic monitoring, a transpulmonary thermodilutitmetes
(PICCO, PULSION Medical Systems AG, Munich, Germany) wksed in the femoral
artery and a pulmonary artery catheter (PV2057 VoLEF CathBtdt,SION Medical
Systems AG, Munich, Germany) by pressure tracings via the femoral Weitaffer was also
used to draw mixed venous blood gas samples. The femoral artery served asofhertsatial

blood gas samples and the central venous line was used for central bieoalgas sampling
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and for the injection of cold saline boluses for thermodilution measmsmDuring the
experiment blood was drained from the catheter in the right daadtery, which was also
used to replace the blood loss with the same amount of colloid, in tordeoid a sudden

increase in right ventricular preload.

Experimental Protocol.

The most important steps in the experiment are outlined in Figuké baseline (3)
hemodynamic and blood gas parameters were recorded and rsgalniaite (200 1U/kg) was
administered through the central venous line. Isovolemic anemiaaakisved in five
intervals (&-Ts). During each interval 10 % of the estimated total blood volume was
withdrawn over a 5-10-minutes period. Hemodynamic parameters ngeoeded and the
amount of blood drained off was immediately replaced by an equal vohin@®lloid
(hydroxyethyl starch 130 kDa/0.4, 6%, Voluven, Fresenius, Germanyachiieve a steady
state, the animals were allowed to rest for 10 minutes betwémwals. At the end of each
cycle, hemodynamic and blood gas parameters were measurtbe. &id of the experiment

the animals were humanely euthanized.

Figure 1. Schematic diagram illustrating one mterval of the experimental protocol.

One mterval of the experument (Tg-T1)

To T R
Baseline measurerent Meammemment: o
1) Blood samples Bleeding | Continuous heraodymaraic data registration Blood replaceraent with colloid | 10 min for restoration of steady state 1 Blaod sarmples
& Thermodilition A Therndiltion
3) Registration 3) Begistration

Hemodynamic Measurements.

Cardiac output, global end-diastolic volume, extravascular lung wsteke volume,
stroke volume variation, index of left ventricular contractilitgatt rate, and mean arterial

pressure were measured by transpulmonary thermodilution and pulseircanalysis at
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baseline and at the end of each interval. Detailed descriptionranispulmonary
thermodilution and pulse contour analysis is provided elseviféteAll hemodynamic
parameters were indexed for body surface area. The averatiggeofandom measurements
following 10 mL bolus injections of ice-cold 0.9 % saline were reahrdeontinuous
variables of invasive blood pressure measurements and pulse contour analysiscattia@s
output, mean arterial pressure, heart rate, stroke volume, stroke wauaten and index of
left ventricular contractility were measured and recordetdleaehd of each bleeding episode
and at the same times as the other hemodynamic variablesefitna@l ¥enous pressure was
monitored continuously and registered with a computerized data-acquisiti
system (SPELL Haemosys; Experimetria Ltd., Budapest, Hungary).
Arterial, central venous and mixed venous blood gas samples (Cobas b 2B&, Roc

Ltd, Basel, Switzerland) were drawn and analysed by cooximsetnyltaneously at baseline
and at the end of each cycle (Figure 1).

From these parameters oxygen delivery, oxygen consumption, oxytgactien and
the simplified oxygen extraction were calculated accordlingreviously described standard

formulae.

Data Analysis and Statistics.

Data are reported as median (interquartile ranges), unlesatedliotherwise. To test
for normal distribution, the Kolmogorov-Smirnov test was used. The elsamg all
parameters throughout the experiment were tested by repeatstings analysis of variance
(ANOVA); and the number of degrees of freedom was adjusted tonkBrese-Geisser
epsilon when needed. For pairwise comparisons, Pearson’s correlatiarseeh To evaluate
the performance of ScwOn the detection of altered oxygen extraction with a threshold of
30% of VQ/DOz, receiver operating characteristics (ROC) curve analysis whsped, and
sensitivity, specificity, and positive predictive (PPV) and negafiredictive values (NPV)
were also determined (Appendix B.). To model the linear relatiomstipeen VG@DO: and
the possible indicator of altered oxygen extraction, linear ragressodel was used. Post-
hoc calculation showed a power of 86% with an effect of 25% isereaVQ/DO,, for a
sample size of 13 and=0.05. For statistical analysis SPSS version 18.0 for Windows (SPSS,

Chicago, IL) was used and p< .05 was considered statistically significant.
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2.2. Results

Hemodynamic Effects of 1sovolemic Anemia.

All 13 animals survived the study. The blood loss was on average 150 + 33 mL in each
phase. Hemodynamic data are presented in Table 4.

The bleeding caused a gradual decrease in hemoglobin level atteplesse and by
the end of the experiment it had fallen by 61% of the basedievThe preload as indicated
by global end-diastolic volume and central venous pressure valigesnot change
significantly. Heart rate, index of left ventricular contrbigtiand cardiac index were
increased significantly after the first bleeding and renths@for the rest of the experiment.
Mean arterial pressure decreased significantly frepbiit the median remained >70 mmHg
throughout. Other macro-hemodynamic variables did not change signiificaning the

experiment.

Table 4 Hemodynamic Effects of Isovolemic Anemia

To T T T T, Ts
Hb (/L) 125(113-134)  102(90-109)#  79(73-93)%# 66(76)# 59(53-67)*# 49(43-55)#
HR (beats/min) 125(91-135)  119(100-138)*  123(10B)t4  129(110-159)*  139(118-179)*  147(131-177)*
MAP (mm Hg) 91(79-105) 89(79-101) 83(75-98)* 82@8)* 72(59-85)* 72(63-86)*
CVP (mm Hg) 6(5-8) 8(5-9) 7(4-9) 7(5-9) 7(5-9) 716)
CI (Umin/r?) 2.6(2.3-2.8) 3.3(2.7-36)*  3.6(2.9-3.8)# 3.83.1)* 3.5(3.2-4.0)* 3.9(3.6-4.1)*
GEDI (mL/n?) 270(243-284)  271(245-320)  276(248-298) 274(236)30  268(227-302) 261(232-298)
ITBI (ML/m?) 335(307-352)  335(305-400)  343(303-373) 342(298)38  334(282-375) 333(285-375)
ELWI (mL/kg) 9(9-10) 10(10-10) 9(9-10) 10(9-10) 9010) 10(9-11)
SVI (mL/n?) 21(18-29) 26(23-31) 27(24-31) 28(25-31) 25(21-33) 28(22-31)
SWV (%) 17(14-21) 15(12-21) 19(9-21) 15(11-20) 1B5) 14(11-27)
dPmx (mm Hg/s) ~ 540(485-790)  700(540-985)*  800(5008)*  810(540-1480)*  880(560-1360)*  975(562-1275)

Hb- Hemoglobin, HR- Heart rate, MAP- Mean artepaéssure, CVP- Central venous pressure, Cl- Caidiex, GEDI- Global end-diastolic volume index,
ITBI- Intrathoracic blood volume index, ELWI- Extrascular lung water index, SVI- Stroke volume ind8¥V- Stroke volume variation, dPmx- Index of left
ventricular contractility. & Baseline measurement-Ts- Five intervals of bleeding.

*p <.05 compared with f #p<.05 compared with previous; GLM repeated meastiN@VA
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Variables related to oxygen balance are listed in Table 5.

Table 5Effects of Isovolemic Anemia on Oxygen Balance

To T T T T, Ts
SaQ (%) 95(92-97) 96(94-97) 96(95-97) 96(95-97) 974T7)- 97(97-97)
DO, (mL/min/m?) 431(362-474) 438(323-524)  378(302-412)  344(33BYy*  284(236-333)*  247(216-292)*#

VO, (mL/min/n¥)
VO,/DO, (%)
ERG; (%)

SV, (%)

ScvO; (%)
Lactate (mmol/L)
pH

PaQ (mm Hg)
PaCQ (mm Hg)
aHCQ; (mmol/L)

aBE (mmol/L)

119(82-139)
29(18-33)
19(13-26)
68(64-77)
76(69-83)
4.5(3.2-5.3)

7.44(7.40-7.50)

76(66-80)
39(35-44)
25(24-27)

0.90(-0.05-2.50)

130(77-151)
29(17-33)
19(14-24)
67(64-77)
73(72(82)
4.2(3.0-5.1)

7.43(7.40-7.50)

75(72-80)
38(35-43)
24(24-26)

0.40(-0.85-2.25)

93(66-136)
29(18-32)
20(14-22)
68(63-79)
77(75-83)

5.0(8.2)

113(67-141)

35(21-40)*
21(16-28)
64(58-76)
77(68-81)

4.1(2.9-6.0)

7.43(7.41-7.50) 7.43(7.39-7.49)

76(73-80)
37(34-45)
25(23-27)

q-60-2.45)

77(72-82)
39(34-46)
25(23-27)

0.80(-0.45-3.15)

(798120)
7@
30233
62(25%7
687®)*

4.2(2.9-6.5)
7.44(7.42-7.49)

7E985) *
37(34-42)
(2527)

0.90(-1.45-2.35)

105(70-120)
41(27-47)*
32(21-39)*
58(52-72)*
66(60-76)*
4.0(3.0-6.4)
7.44(7.40-7.47)

81(77-90) *
8(35-41)
25(21-25)

00708-1.08)

SaQ- Arterial oxygen saturation, DOOxygen delivery, V@ Oxygen consumption, VDO2- Oxygen extraction ratio, EROSimplified oxygen extraction
ratio, SvQ- Mixed venous oxygen saturation, Sev@entral venous oxygen saturation, Pa@rterial oxygen partial pressure, PaGQArterial carbon dioxide

partial pressure, aHGG- Arterial bicarbonate, aBE — Arterial base exces

To- Baseline measurementy-Ts- Five intervals of bleeding.
*p <.05 compared with f #p<.05 compared with previous; GLM repeated meastiN@VA

Arterial oxygen saturation of hemoglobin remained in the normgkréimroughout the

experiment. DQfell significantly from &, VO2 at T4, VO2/DO: increased significantly from

T3, and exceeded the physiologic threshold of 30%. The change in Bisglayed a similar

pattern as V@DO. and changed significantly and also fell below 70% onlysafltie other

parameters did not change significantly. The pattern of changé®4D0O, and ScvQ over

time is demonstrated in Figure 2.



-16 -

Figuare 2. Change of VO2/DO2 and ScvO2 over tilne.
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We determined the association between 0@, and Scv@, and found a strong,

negative correlation (r=-.71, p<.001) (Figure 3).

Figure 3. Correlation between VO2/DO2 and ScvOa.
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ROC analysis revealed the same tendency as the correlfitm30% taken as the
physiologic threshold for V&DO>, the area under the curve (AUC), its standard error and
that of the 95% confidence interval were >0.5 for Sc(&JC=0.768 + 0.056 [0.657-0.878]
p<.001). It was also important to determine the best cut-offdeD5to detect the significant
increase in V@DO;, therefore, sensitivity, specificity, PPV and NPV for SgW¥els of
70% and 75% were calculated. A Sev€vel of 70% had better specificity and PPV, while a
ScvQ level of 75% had better sensitivity and NPV (Table 6). Furtherntioesr regression
revealed a significant relationship between Sqwé.71, ¢=.50, p<.001) and V&DOs.

Table 6 Performance of Scvdn Detecting VQ/DO2>30%

ScvQ < 70% Scv@< 75%
Sensitivity (%) 45 68
Specificity (%) 97 77
PPV (%) 95 79
NPV (%) 58 65

ScvQ- Central venous oxygen saturation, ¥00,- Oxygen extraction ratio,
PPV — positive predictive value, NPV — negativedfmve value
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2.3. Discussion

Maintaining adequate tissue oxygenation by improving oxygen delise¢hg rational
for blood transfusion. Despite this fact, treatment of anemia wabdbtransfusion in the
absence of acute bleeding is recommended at certain levelsnoglobin, regardless of
actual oxygen delivery and need, thus resulting in possible excessadmtistratiort:® In
our study in isovolaemic anemia, we found that Sci®a sensitive indicator of oxygen

balance and may thus serve as a rational guide to therapy in this all too common.problem

Oxygen balance and ScvO..

In certain clinical conditions, an ScyQ@alue of ~70% has been used as a goal to
therapeutic intervention in attempts at improving oxygen deli#%&432132In one study in
septic patients goal directed therapy according to Sovdues, saw an absolute 16%
reduction in in-hospital mortality as compared to conventional théfapwo recent studies
have also demonstrated that a low SgyPedicts peri- and postoperative morbidity and
complications in high-risk surgefy3! It may also serve as a useful tool to assist the weaning
process in mechanically ventilated patieists.

In our experiment, despite a continuous and significant drop in hemodgofeils, the
value of VQ/DO: increased significantly only from 3T and exceeded the physiologic
threshold of 30%. The change in Sev@splayed a similar pattern as YOO. and fell
below 70% only at 7. If we translate that into clinical practice, the reduced ot
concentrations could have indicated blood transfusion fremhdwever, we found no
evidence of impaired V&DO, until the hemoglobin was well below the current
recommended transfusion threshold.

About two decades ago it was found during haemorrhage in amintalhuman
experimental models that Scy@ay be useful for the identification of patients with occult or
ongoing clinically significant blood 10$8:** In a prospective human interventional study it
was found that in acute isovolaemic anemia of hemoglobin 50 g/L ircicosshealthy
resting humans did not produce evidence of inadequate systemiaridxygen imbalance



-19 -

was accompanied by a significant drop in mixed venous satufatibimese results were
reinforced by a retrospective analysis of a prospective obsmrabstudy in which Scv®
was found to be a good indicator of transfusfo@ur results give further evidence that

anemia-induced change in oxygen balance can be monitored by. ScvO

Hemodynami ¢ effects of 1sovolaemic Anemia.

Our goal of maintaining isovolemia was achieved as parantereload and central
blood volume, such as global end-diastolic volume and central venous prdgsunet
change throughout the experiment. A significant increase in cardiax was found, due to
increased heart rate, as stroke volume did not change significevetiytime. This increase
was in agreement with the hemodynamic changes of a recentlstudsantz et al. with a
similar experimental setting, but with a different hypoth&sislyocardial contractility as
indicated by the index of left ventricular contractility valugoancreased significantly, most
likely in response to isovolemic anemia. Although we did not measurénoktetne levels, a
theoretical explanation could be that the bleeding caused an enhanesxl response
resulting in the observed positive inotropic efféct?

Limitations of the study.

One of the possible limitations of our study was that the lengtheofecovery time
after splenectomy may not have been satisfactory, and therbfodeviels of lactate were
above the normal range, although they did not change significantly arelét@nce of this is
questionable. The steady-state periods may also have beerehglsitiort, although, the same
time intervals have been used previod8lfturther, the type of fluid replacement may be
important, and we cannot exclude the possibility that the use fefatt types of colloid
solutions would affect the results. Finally, these data were obtainanesthetized animals,

and may not be applicable to conscious animals.
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3. Changes of C@-gap in isovolemic anemia — an animal experiment

3.1. Materials and Methods

The study protocol was approved by the local ethics committdee diintiversity of
Szeged and the study was carried out in the research labootibry Institute of Surgical
Research.

This experiment complements the previously described data on thiengtdgp of
ScvQ and isovolemic anemia. The animals and instrumentation, the exptinpeotocol
(Figure 1) and the hemodynamic measurements are detailed above.

Arterial, central venous and mixed venous blood gas samples (Cobas bozhg, R
Ltd., Basel, Switzerland) were drawn and analyzed by cooximsetnyltaneously at baseline
and at the end of each cycle. From these parameters the gty (DQ), oxygen
consumption (V@), oxygen extraction ratio (V&DO2) and the simplified oxygen extraction

ratio (ERQ) were calculated according to standard formulae:

DOz = SVIHRL] Hb1.340SaG+( 0.003 Paf)
VO:=CO[] CaQ~( HiJ1.34] Svex( 0.008 Pup]
ERC:=(SaG- Scv@)/ SaD

Central venous-to-arterial C@ap ¢CO-gap), mixed venous-to-arterial GQap
(vCOz-gap) were also calculated from the arterial, central venoumamd venous blood gas
samples.

These were calculated according to standard formulae:

«COz-gap= R CO- P CG
.CO:-gap= R CO- P CO
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Data Analysis and Statistics.

Data are reported as median (interquartile rangesgss indicated otherwise. For
testing normal distribution the Kolmogorov-Smirnt@st was used. Changes in all parameters
throughout the experiment were tested by Friedneah dnd repeated measures analysis of
variance (RM ANOVA), and the number of degreesreéflom was adjusted to Greenhouse-
Geisser epsilon when needed. For pairwise comperiBearson’s correlation was used. To
evaluate the performance in detecting altered axygédraction of >30% (considered as the
“physiological threshold”), receiver operating cheteristics (ROC) curve analysis was
performed. Post-hoc calculation showed a power68b 8vith an effect of 25% increase in
VO./DOy, for a sample size of 13 and-0.05. For statistical analysis SPSS version 20x0 f
Windows (SPSS, Chicago, IL, USA) was used and @ was considered statistically
significant.

3.2. Results

All 13 animals survived the study. The bleedingussad a gradual decrease in
hemoglobin level after each phase and by the ertieo&xperiment it had fallen by 61% of
the baseline value. The hemodynamic parameterswarenarized in Table 4. The SaO
remained in the normal range throughout the expminDQ fell significantly from B, VO»
at T4, VOo/DO:> increased significantly fromsJ and exceeded the physiologic threshold of
30% (Table 5). The change in Scev@isplayed a similar pattern as YOO, and changed
significantly and also fell below 70% only at.TThere was strong negative correlation
between V@DO: and ScvQ (Figure 3).

The CQ-gap was calculated for both, central vena€@:-gap) and mixed venous
blood (CO»x-gap). By T «\COz-gap increased significantly, howew€O,-gap did not change
(Table 7).
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Table 7 Effects of Isovolaemic Anemia on Oxygen Balance

To T T Ts Ts
«COz-gap (mmHg) 5.0(2.6-8.5) 6.0(3.1-7.0) 5.0(3.5-5.5) 5.4(4.4-7.0) 8.0(4.3-85)*  6.3(5.9-11.0)*
,CO--gap (mmHg) 5.5(4.0-9.0) 6.5(4.5-7.8) 6.5(5.1-7.0)  5.5(3.7-6.0) 5.4(5.0-8.0) 6.2(5.5-8.0)
Lactate (mmol/L) 45(3.2-53)  4.2(3.0-5.1) 5.0 (3.2-6.0) 4.148.0) 4.2 (2.9-6.5) 4.0 (3.0-6.4)
vLactate (mmol/L) 4.6(3.7-5.3) 4.3(3.3-5.3) 4.4(3.3) 4.4(2.8-5.2) 4.4(3.0-5.2) 4.1(3.0-6.4)
cvLactate (mmol/L) 45(3555) 3.9(3.4-5.4) 4.2(3.3-6.3) 4.1(3.1-5.6) 3.9(2.9-5.7 3.9(3.0-6.4)

«COx-gap: central venous-to-arterial carbon dioxidéeténce; CO,-gap: mixed venous-to-arterial carbon dioxide défece;
* p< .05 as compared to baseline, § p< .05 significlifference between mixed venous and centralueblood with Friedman and Wilcoxon

tests,

The correlations of V&IDO, and Scv@ were significant with,,CO-gap, while there

were only weak correlations witleO>-gap (Figure 4).

Figure 4. Correlation between.,.CO2-gap and VO/DO2 and ScvQ®; vCO2-gap and VO/DO2 and ScvQ.
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ROC analysis revealed the same tendency as thelatoyn. With 30% taken as the
physiologic threshold for VE&DO,, the area under the curve (AUC), its standardreanal
that of the 95% confidence interval were >0.5 doly..CO,-gap and Scv®(Table 8).

Table 8ROC analysis for determining \I0O>>30%

Test Result Variable(s) Area | Std. Error | Sig. 95% ClI

«CO,-gap ,769 ,078| ,007| ,617 ,921
WCOx-gap ,553 ,097| ,598| ,363 742
ScvQ ,768 ,056| ,000| ,657 ,879
SvG, ,986 ,010| ,000| ,967 1,000
Lactate ,517 ,078| ,867| ,363 ,670

«CO,-gap: central venous-to-arterial carbon dioxidéedénce;
+CO,-gap: mixed venous-to-arterial carbon dioxide défee;
ScvQ: central venous oxygen saturation;

SvO,: mixed venous oxygen saturation;

Linear regression revealed a significant relatigmbetween Scv(r=0.71, £=0.50,
p<.001) and V@DO:.. This relationship became significantly strongdrew.,CO-gap was

added to Scv@(r=0.74, £ =0.54, p<.015). According to the Pfatimportance coefficient,

ScvQ was responsible for this increase in 63% af,-gap in 37%.
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3.3. Discussion

Our results in this isovolemic anemia animal mostebw that besides ScyQonly
central venous-to-arterial G@ap correlated well with changes in anemia cause@ase in
VO2/DO,. Furthermore, mixed venous blood driven indicasgzshsas,COx-gap failed to
indicate changes in oxygen extraction. When oxygdraction ratio started to increase (from
Ts) it was followed by a decrease of Sev@nd an increase efCOx-gap, and both performed
well in the ROC analysis, with theCO,-gap’s AUC being marginally better. In addition, in
our experiment neithaiCOz-gap nor lactate could detect the increase in/BM0,>30% as
revealed by ROC analysis.

An interesting finding of our experiment is thathalugh isovolemia was maintained
as indicated by the stable global end diastolicn@ index values and in fact, cardiac output
and stroke volume both increased, we observed & ins.,\CO;-gap. This observation
seemingly contradicts previously published resutissome extent. The occurrence of
increased C@gap has fundamentally been explained by the §&@gnation phenomendhn
This was based on the finding that there was irvetsrelation between G&@ap and cardiac
index during non-septic and septic low flow stafed4! Moreover, it was also found that the
amount of CQ produced is negligible when anaerobic respirat®mpresent and C&pap
therefore cannot serve as a marker of tissue hggéxThe paramount study on this theory by
Vallet et al. used an isolated hind limb model asached hypoxia either by decreasing flow
or decreasing arterial oxygen contéhtThey found that occurrence of an increased-Ga&p
during ischemia was related to decreased blood #od impaired carbon dioxide washout;
moreover, dysoxiger se was not sufficient to increase &@ap. However, the latter could
also be due to Haldane’s effect. As the carbonidexissociation curve is influenced by the
saturation of hemoglobin with oxygen, the lower #aturation of hemoglobin with oxygen,
the higher the saturation of hemoglobin with carbd@xide for a given carbon dioxide partial
pressureé®?. In our experiment arterial oxygen saturation &aD remained in the normal
range and did not change over time, hence the di$3ociation curve was not influenced by
low saturation of hemoglobin with oxygen.

Nevertheless, anemia resulted in increased/MO; above the baseline and also
above the physiological 30% after th& Bleeding event, which was followed by the



- 26 -

significant decrease of Sy@nd ScvQ. (It is important to note that there is mathematical
coupling between V®and SvQ, this is not the case with ScyO The most interesting
finding of the current study is the increasec.@0O,-gap during the last two stages of the
experiment, without any change in th€0O.-gap. One of the possible reasons for this
difference is that due to isovolemia cardiac outpas maintained to avoid low flow in the
systemic circulation, which is also reinforced hg tinchanged lactate levels. Therefore when
CO, was measured in the mixed venous blood it wasamgéd and within the normal range
almost throughout. As central venous blood drivaniables mostly reflect blood flow and
metabolism of the braiff, our hypothesis is that anemia reached such addmy T, that it
caused tissue hypoxia and consecutive anaerolpaagsn with CQ production. However,
due to the low hemoglobin levels the Haldane eftectid not take effect, hence there was a
significant increase in central venous pC@But these changes in the brain did not have
significant effects on the systemic level, to bekpd up in mixed venous blood. As anemia
has greater influence on arterial oxygenation thgpoxemia®, this might explain the
observed increase HCO;-gap. We also measured mixed venous and centralugelactate
levels and found that central venous lactate wgisfgtantly lower than in the mixed venous
blood, which might give further proof to this hypesis***°. In a previous animal experiment
by Hareet al, it was found that hemodilutional isovolemic anarteéd to cerebral hypoxia,
and they also reported a gradual increase in thgguvenous pCowith a CQ-gap of 2.9 to
7.8 mmHg (mean) 60 minutes after hemodilution ie traumatic brain injured animaf&
This finding was not discussed in the article, lees dauthors mainly focused on oxygenation,
nevertheless this is in accord with our results gimds some support to our hypothesis.

There is increasing evidence that untreated aneamabe associated with a worse
outcome and increased mortality, while transfusioay cause various infectious and non-
infectious adverse effect$!3 ..CO,-gap may be an additional quantitative parametyohd
Hb and Scv@ that would give information on anemia relatecti@t oxygen extraction and
hence the need for blood administratiel©Oz-gap is a choice of plausible alternatives as it
can be easily obtained via the central venous atetial catheters already situ in most
critically ill patients and no additional invasiwkevice is needed; moreover we found that
mixed venous blood driven indices failed to indéecelhanges in oxygen extraction.

There are several limitations of our study. As #xperiment was not designed to

measure the effects of isovolemic anemia spedyiaal the brain, our hypothesis cannot be
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supported by specific measurements, such as rdgoenebral blood flow, cerebral tissue
oxygen and carbon dioxide tension. Furthermoreersmgtomy and the length of the
preparation of the animals may have been too largch resulted in increased levels of
lactate from baseline to the end of the experim€&he steady-state periods may also have
been relatively short, although, the same timervalls have been used previou$lyAnother
concern might be the type of fluid replacementp@s cannot exclude the possibility that the

use of different types of colloid or crystalloidsiions would affect these results.
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4. ScvQ and COz-gap in moderate hypovolemia — animal experiment

4.1. Materials and Methods

The study protocol was approved by the local EtRlosnmittee and the Institutional
Animal Care and Use Committee at the Universitpéged and the study was conducted in
the research laboratory of the Institute of SulgiR@search in a manner that does not inflict

unnecessary pain or discomfort upon the animal.
Animals and Instrumentation.

Vietnamese mini-pigs (n=15) weighing 28+4 kg undamtva 24-hr fast preoperatively
but with free access to water. Anesthesia was iedliny intramuscular injection of a mixture
of ketamine (20 mg/kg) and xylazine (2 mg/kg) anaintained with a continuous infusion of
propofol (6 mg/kg/hr iv.), while analgesia was ntained with nalbuphine (0.1 mg/kg). A
tracheal tube was inserted and the animals’ lungsewentilated mechanically. The tidal
volume was set at 10 mL/kg, and the respiratory veds adjusted to maintain the end-tidal
carbon dioxide and partial pressure of arteriabgardioxide in the range of 35-45 mmHg
and the arterial pH between 7.35 and 7.45. The wmggof the depth of anesthesia was
assessed by monitoring the jaw tone. After inductb anesthesia, the right jugular vein and
the right femoral artery and vein were dissected eatheterized. Tonometric probes and
catheters were placed simultaneously into the stbnaad the small bowel. A suprapubic
urinary catheter was also inserted to monitor uoagut. Animals were kept warm (35%€)
by an external warming device.

For invasive hemodynamic monitoring, a transpulmpntoermodilution catheter
(PiCCO, PULSION Medical Systems SE, Munich, Germamngs placed in the femoral artery
and a pulmonary artery catheter (PV2057 VoLEF Qath®ULSION Medical Systems SE,
Munich, Germany) was placed in the femoral veine Tditter was also used to draw mixed
venous blood gas samples with which the oxygenwuapsion (VQ) was calculated. The

femoral artery served as the site for arterial 8lgas sampling and the central venous line
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was used for taking central venous blood gas samgbel for the injection of cold saline
boluses for the thermodilution measurements.

For continuous noninvasive visualization of the nodirculation in the sublingual
region an intravital orthogonal polarization spac{OPS) imaging technique (Cytoscan A/R,
Cytometrics, Philadelphia, PA, USA) was usét. A 10x objective was introduced onto the
sublingual serosa, and microscopic images wererdedowith an S-VHS video recorder
(Panasonic AG-TL 700, Osaka, Japan).

For the tonometry special probes (Tonosoft Medidachnical and R&G Ltd.) were
used and monitoring was performed with a Sidestrddicrocap Handheld Capnograph
(Oridion Medical Ltd, Jerusalem, Israel) instrum&ht

To assess further biochemical changes in the mrcrdation, plasma big-endothelin-
1 (BIigET) levels were determined. BIgET is a 38 momacid containing protein, the precursor
of endothelin-1, which becomes elevated in tissymokia?® 0

Hemodynamic Measurements.

Cardiac output (CO), global end-diastolic volumdexr (GEDI), stroke volume (SV),
heart rate (HR), and mean arterial pressure (MARyewmeasured by transpulmonary
thermodilution and pulse contour analysis at basadind at the end of each interval. Detailed
description of transpulmonary thermodilution andlspucontour analysis is provided
elsewhere®3 All hemodynamic parameters were indexed for bodyfagse area or
bodyweight. The average of three measurementsafimlgp10 mL bolus injections of ice-cold
0.9% saline was recorded. Central venous pres§IN®) was monitored continuously and
registered with a computerized data-acquisitiontesys(SPELL Haemosys; Experimetria
Ltd., Budapest, Hungary).

Arterial, central venous and mixed venous blood gm®ples (Cobas b 221, Roche
Ltd, Basel, Switzerland) were drawn and analyzeadxyximetry simultaneously at baseline

and at the end of each cycle.
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Monitoring the Microcirculation.

Microcirculatory evaluation of the sublingual regiovas performed off-line by frame-
to-frame analysis of the videotaped images. Capiltad blood cell velocity (RBCV) and
capillary perfusion rate (CPR) were determinedhre¢ separate fields using a computer-
assisted image analysis system (IVM Pictron, Busigagdungary). All OPS-measurements
were performed by one investigator.

Gastric and small bowel changes in partial pressti@arbon dioxide APCQ) were
calculated by subtracting tonometric Pfdom arterial PCQ (gastric-arterial: Ga-PCO
bowel-arterial: Ba-PCg).*

For measurements of BigET, blood samples of 2 nmewdeawn from the jugular vein
into chilled polypropylene tubes containing EDTAY/mL). The samples were centrifuged
at 12009 for 10 min at 4°C. The plasma samples wene collected and stored at -70°C until

assay.

Experimental Protocol.

At baseline () hemodynamic, blood gas and microcirculatory patens were
recorded (Figure 5). Hypovolemia was induced vimks followed by a continuous infusion
of furosemide (5 mg/kg and 5 mg/kg/2h, respectivaly a group of 10 animals —
hypovolemic group (HG). After the administration lmflus furosemide measurements were
recorded in five stages with 20 minutes intervaleen each measuremeni<Ils). When the
preload parameter (GEDI) decreased by >20% itslihasealue, OPS imaging and BIigET

sampling were performed, which were repeated antlyeaend of the experiment (Figure 5).
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Figure 5. Schematic diagram illustrating the experinental protocol.

Bolus: 5 mg/kgfurosemide iv.
Continuous: 5 mg/kg/~120 min furosemide iv.

L‘W\J

Measurements we performed at baseling &€hd then in every 20 minutes:§; symbols indicate hemodynamic/blood gas

('%) and microcirculatory{® ) measurements.

There were 5 anaesthetised, ventilated animaledrsham group (SG), who did not
receive any furosemide, but maintenance infusionlastated Ringer (4mL/kg/h) and
hemodynamic, microcirculatory and blood gas paramsewere recorded in the same fashion
as described previously. At the end of the expeantnaéi animals were humanely euthanized.

Data Analysis and Statistics.

Data are reported as means + standard deviatiolessumdicated otherwise. For
testing normal distribution the Kolmogorov-Smirntest was used. Changes in all parameters
throughout the experiment were tested by repeatedsuores analysis of variance (RM
ANOVA); and the number of degrees of freedom wgasidd to Greenhouse-Geisser epsilon
when needed. Mann-Whitney U-test with Bonferronrection was used for between-groups
analysis. For pairwise comparisons Pearson’s @@l was used. To evaluate the
performance of Scvg) CO-gap and microcirculatory parameters in detectitered oxygen
extraction with a threshold of 30%, receiver opartcharacteristics (ROC) curve analysis
was performed, and sensitivity, specificity, pagstpredictive (PPV) and negative predictive
values (NPV) were also determined. Post-hoc caiomahowed a power of 83% with an
effect of 36% decrease in GERIr a sample size of 10 and0.05. For statistical analysis
SPSS version 18.0 for Windows (SPSS, Chicago, &% wsed and p<.05 was considered
statistically significant.
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4.2. Results

Hemodynami ¢ Effects of Hypovolemia.

Urine output in the hypovolemic group following tbelus and the onset of infusion
was 176x160 mL at 1] which increased to 647+231 mL ai Th contrast, in the sham group,
urine output was 74+74 mL atiTand had increased to 325175 mL by All other
hemodynamic data are summarized in Table 9. Prelasadndicated by GEDI, decreased
significantly after each phase in the hypovolemimugp compared to baseline and dropped by
36% of its baseline value by the end of the expeninThe change of the other macro-
hemodynamic variables followed a similar patternhé¥ comparing the sham versus
hypovolemic animals, variables differed between tihve groups from 7, but significant
differences over time continued only for GEDI, CeRd SVI. In the sham group there were

no significant changes over time throughout theseixpent.

Table 9 Hemodynamic Changes

To T1 T2 T3 Ta Ts

HG 349151 293+53*t# 257+A7*t# 246+53*# 233+42*# 223+31*#
GEDI mL/n¥)

SG 350426 387+43 360+22 365476 356451 349+46

HG 7+4 4+3*1# 4+3*# 4+3*1# 3+3*# 413
CVP (mmHg)

SG 8+l 7+1 71 7+2 7+1 7+2

HG 121415 107+£17*% 94+19*% 86+15*% 85+15* 83+17*
MAP (mmHg)

120+13 121+14 11715 113+16 121+24 111425

78+14 83x15*% 93+17* 102+19* 130+28*t 142+28*%#
74+12 7512 74+9 78+10 83+16 80+9

G
G
HR (1/beats)
G
HG 2.30+0.35 1.78+0.31*t 1.54#0.32*t 1.46+0.35*F% 1.52+0.41* 1.58+0.36*
G
G

Cl (L/min/n?)
2.38+0.50 2.65+0.65 2.42+0.48 2.38+0.76 2.32+0.50 2.27+0.27

295 19+2%%# 15+4%# 14+4*# 12+4*# 12+3*#
SG 33#4 3416 33+3 32+6 3148 2845

GEDI- Global end-diastolic volume index, CVP- Centrahous pressure, MAP- Mean arterial pressure, it rate,

SVI (mL/n?)

ClI- Cardiac index, SVI- Stroke volume index.

To- Baseline measurement;-Ts- Five intervals.

*p< .05 as compared to;TEp< .05 as compared to the previous value; RM ANOVA;
#p< .05 HG vs SG; Mann-Whitney U-test with Bonfeliroorrection
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Effects on Oxygen Balance.

Variables relating to oxygen balance are listedable 10. In the hypovolemic group
DO: fell significantly from T and remained so for the rest of the experimene. Y&,/DO>
increased significantly over 30% from,Twhile Scv@Q and CQ-gap followed this change
only after . Lactate changed significantly fronz. Trhere were no significant changes in the

sham group throughout the experiment.

Table 10Changes of Oxygen Balance

To T1 T2 Ts Ta Ts
SaCQ HG 9416 9545 95+2 96+2 94+3 94+2
(%) SG 9545 94+8 9615 94+8 9545 94+7
Hb HG 12249 129+13 132+7* 134+7*f 137+7*f 138+8*
(g/L) SG  119+10 115#9 11046 108+11 11149 102+10
DOl HG 361+39 302+52*f 268+47*F 258%55* 269+65* 284+55*
(mL/min/m?)  SG 36578 396x88 34673 33767 324455 298+36
VO2/DO2 HG  28#5 31+6*f 34+7%% 39+9%F 41+9* 40+10*
(%) SG 25+4 256 26+7 295 276 307
ScvQ HG  74£10 71+10 67+11*F 64+14* 59+13*F 57+14*
(%) SG 778 7610 7619 7511 73x14 73x12
COz-gap HG 4.3+#2.3 7.5+#3.3 7.1+£2.6* 8.3+2.8* 7.3£2.9* 10.1+5.5%#
(mmHg) SG 4.1+24 35+1.9 4.5+1.3 3.9+2.9 4.6£1.9 4.4+1.9
Lactate HG 3.8#1.4 3.9+1.3 4.310.9 4.7+0.9*% 5.1+1.2*F 5.3+1.5*
(mmol/L) SG 3.8+0.9 3.9#1.2 4.2+1.8 4.6+2.1 4.7+2.7 4.9£3.2
VOal HG 9811 93+16 88+9 96+7% 104+10% 109+16
(mL/min/my?) SG 88+16 96+6 85+12 96+8 85+12 88+14

SaQ- Arterial oxygen saturation, Hb- Hemoglobin, B@xygen delivery, V@DO,- Oxygen extraction ratio, ScyOCentral
venous oxygen saturation, @@ap- venous-to-arterial carbon dioxide differer®,- Oxygen consumption.

To- Baseline measurement;-Ts- Five intervals.

*p< .05 as compared toiTip< .05 as compared to the previous value; RM ANOVA,

#p< .05 HG vs SG; Mann-Whitney U-test with Bonfeiiroarrection
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In the hypovolemic group there were significantretations between VDO, and
ScvQ, and CQ-gap (Figure 6A and 6B, respectively). Lactate alsowed a significant, but
weak correlation with V@DO; (r= .38, f= .14; p <.05).

Figure 6A. Correlation between VEDO, and ScvQ@.

90

807

ScvO2 (%)
g

@
o
1

407

30

VO2/DO2 (%)

Figure 6B. Correlation between VEDO; and CQ-gap.
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With Receiver Operator Characteristic (ROC) curfgesScvQ, CO-gap and lactate
to detect a V@DO,>30%, the area under the curves (AUC) was sigmifitar ScvQ, COp-
gap, (AUC+£SE=0.887+0.046; 0.783+0.062; p<.05, respely), while lactate did not reach
statistical significance.

The cut-off values to give the best sensitivity apecificity for Scv@ and CQ-gap
were: 73% and 6.5 mmHg, respectively. Sensitiviigecificity, positive predictive and
negative predictive values for Scy@nd CQ-gap are summarized in Table 11. Taking ScvO
and CQ-gapvalues together to predict a WDO2>30% the false positive and false negative

values were reduced.

Table 11 Complemetation of Scvwith COx-gap.

Sensitivity(%)  Specificity(%) PPV(%) NPV (%)
Scve<73 % 78 83 91 63
COz-gap > 6 mm Hg 71 72 85 52
ScvQ+ COe-gap
58 100 100 72

(£73%) (>6 mm Hg)

Scv(Q- Central venous oxygen saturation, £§ap- venous-to-arterial carbon dioxide difference,
PPV- positive redictive value, NPV- Negative preidie value
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Variables relating to microcirculation are listedTiable 12.

Table 12 Changes in Microcirculation.

To Ta T2 Ts Ta Ts
Ba-PCQ HG 24+8 35+16*% 3517 36+13* 33+13* 37+16*
(mmHg) SG 1945 2249 2046 22411 22410 2048
Ga-PCQ HG 40+12 43+14 42+14 39+14 36+10 37x11
(mmHg) SG 36+22 3724 34121 32421 34120 32+18
CPR HG 82115 - 53+11*t# - - 45+16*1#
(%) SG 91+50 81+80 83x70
RBCV HG 887+141 - 509+120*t# - - 463+209*#
(um/s) SG 10544141 848+194 96351
BigET HG 1.44+0.53 - 1.97+0.84*% - - 2.29+0.89%#
(fmol/mL)  SG 1.36+0.93 1.49+1.27 0.98+0.92*

Ba-pCQ- Small bowel-to-arterial carbon dioxide differenGa-pCQ- Gastric-to-arterial carbon dioxide difference,
CPR - Capillary perfusion rate, RBCV- Red blood cell viglo8igET- Big-endothelin.

To- Baseline measurement;-Ts- Five intervals.
*p< .05 as compared to,,TEp< .05 as compared to the previous value, GLpéaed measures ANOVA,;
#p< .05 HG vs SG, Mann-Whitney U-test with Bonfeiroorrection

In the hypovolemic group tonometry increased sigaiftly only when measured in
the intestines. Capillary perfusion rate and rexbdlicell velocity gradually and significantly
decreased over time. This change was accompaniadsignificant increase in BigET levels.
In contrast, the sham group BIigET decreased sagmifly by T, while the other parameters
remained unchanged. There was a significant diifegen capillary perfusion rate, red blood

cell velocity and BIgET between the two groupsg(fe 7A and 7B, respectively).
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Figure 7A.Significant decrease of capillary perfusion rateigure 7B. Significant decrease of red blood cell velocity.
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The ROC curves for predicting MMO>>30% proved to be significant for capillary
perfusion rate and red blood cell velocity in tlypdvolemic group. The area under the curve

did not differ significantly between these two pasiers (AUC+SE=0.848+0.084;
0.848+0.092; p<.05, respectively).

The correlation between Scy@nd the microcirculatory parameters proved to be
significant apart from Ga-PCQScvQ - Ba-PCQ, - CPR, - RBCV, - BigET: r=-.382%.15;
r=.49, F=.24; r=.40, ¥=.16; r=-.47, = .23; p<.05, respectively). G@ap showed significant
correlations with Ba-PCfand CPR (r=.482.23; r=-.51, ¥=.26; p<.05, respectively).
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4.3. Discussion

The main finding of our study is that it providegrther evidence that low or
decreasing Scvg) as well as high or increasing &@ap can reflect changes and may be
complementary in global oxygen balance and altem@drocirculatory blood flow in

hypovolemia.

Hemodynamic changes.

Our goal of achieving hypovolemia was reached aballend diastolic index, central
venous pressure and stroke volume decreased sagtiff throughout the experiment, which
resulted in a significant drop in cardiac indextlie hypovolemic group. This decrease was

notable until E. Due to this change VDO increased significantly from:T

CO2-gap and ScvO2 in Hypovolemia.

Up until now, there has been consensus neithehenmost accurate hemodynamic
marker of hypovolemia, nor on the end-points fotirapl fluid therapy:®>°*°2Many recent
studies have suggested that fluid therapy shoulddsed on dynamic (such as: cardiac
output, pulse pressure variation, stroke volumeatian) rather than static hemodynamic
variables (such as: CVP, pulmonary artery occlugioessure), because they are better
predictors of fluid responsiveness in ICU patie®wever, pulse pressure variation and
stroke volume variation are limited to patients whace fully ventilated and have no
arrhythmias°* Although it is not strictly a hemodynamic varialdet in certain clinical
conditions an ScvPvalue of ~70% has been used as a therapeutic @ntl4o improve
oxygen delivery>2331-32|n a recent study it was found that change in SdsQa reliable
parameter to define fluid responsiveness at thesibbedin critically ill patient€! Similar
results have been reported in two other studiesodstrating a close relationship between
ScvQ and cardiac inde¥®> However, one has to bear in mind that fluid regagon
reduces hemoglobin levels, which may result in Imange or decrease in Scvtherefore, the
above may only hold true for hypovolemic patienthiow ScvQ.
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In our experiment the change in YOO, which increased significantly fromy vas
accompanied by a fall in ScgOwhich is in accord with previous findings. Theaolge in
VO,/DO2 was also accompanied by an increase in-Gapfrom T,. There is some evidence
that CQ-gap increases in certain low flow stateé’ The pathophysiology of increased £0
gap may be due to the @Gtagnation phenomenon. When cardiac output dexseatood
flow is slow and the washout is impaired, thereforere CQ is accumulated in the tissues
and as C@diffuses easily and quickly the GQap increase$.

ScvQ® showed very good sensitivity and specificity wahthreshold of 73% for
determining VQ/D0O2>30%, which was further improved when &@ap>6.5 mmHg was
added, leading to less false negative and falsdéiymgesults. The ScvPand CQ-gap
showed a significant and strong negative correfatibis also important to note that lactate
showed a significant but substantially weaker dati@en to VQ/DO. as compared to ScyO
or CO-gap. This highlights the limitation of lactate &s as therapeutic endpoint for
resuscitation. This finding is in accordance witteypously published data showing the
limitation of lactate levels as therapeutic endpéin resuscitatior®

In cases when due to microcirculatory and/or nmbwdrial defects oxygen uptake is
insufficient, Scv@ may be elevated (i.e.: false negative). Previtudias have suggested that
under such circumstances the increased value efg@@® (>5mmHg), may help the clinician
in detecting inadequate R@o tissueg>2%-2’ Our results lend further support to this theory.
Furthermore, adding the G@ap to Scv® for identifying VO/D0.>30%, there was an
improvement in specificity, positive predictive anelgative predictive values.

We are not aware of any studies that have tailbesdodynamic support based on or
supported by changes in @@ap, therefore its clinical relevance remains eacl However,
our data clearly shows, and to our knowledge thishe first experiment to show that an
altered VQ/DO: caused by hypovolemia is reflected by an increa$a0,-gap. Therefore its
value may be an important alarm signal for theiciém and would help decision making at
the bedside, especially when considering a fluidllehge or where commencing advanced

hemodynamic monitoring are concerned.
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Microcirculation.

In any shock like states the microcirculation glayvital role, as the most devastating
effects of oxygen debt occur here in the cBIf. It has been demonstrated that
microcirculatory disturbances can occur not onlcases of severe hypovolemic shock, but
also in cases of a moderate hypovolemia withouersewypotension in human patiepts.
Recently, Bartels et al. evaluated the alteratibthe sublingual microcirculation in response
to controlled, central hypovolemia using sidestredawnk field imaging in human subjects
with intact autoregulation. They confirmed that ples adequate compensation of
hypovolemia it can still be associated with deceeamicrocirculatory response, consequently
with decreased oxygen delivery to the tissiies.

In a prospective observational study in patienth weptic shock it was found that the
capillary perfusion rate was different in survivgirs whom it was increased) as compared to
non-survivors. Moreover, it was the only factoditierentiate survivors and patients dying of
multiple system organ failure after the shock hesblved® In accordance with these results
we saw a gradual and significant decrease in bayiilary perfusion rate and red blood cell
velocity over time. There was also a very good argaler curve when defining
VO,/D0O>>30%, and good correlation with Scy@nd CQ-gap. All these changes were
observed only in the hypovolemic, but not in tharatgroup.

According to the microcirculatory parameters meaguin this experiment, the
inflicted hypovolemia resulted in significant chasgto the microcirculation. Tonometry
showed a significant increase in Ba-PCdde to hypovolemia, indicating decreased blood
flow in the intestines. This is in accordance witieviously published reportd.In contrast,
there was no significant change in the Ga-RRegarding the importance and the value of
gastric mucosal pH is controversial and its routise has declined in intensive care over the
last decade®%? The difference between Ga-Pgand Ba-PC®is an interesting observation
and also difficult to explain. However monitoringth has already been suggested, in order to
give a small additional value in the diagnosis aisgible mismatch in splanchnic
perfusion®®% There was also a significant correlation betwearPEQ both with Scv@ and
COz-gap.
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Little is known about BIigET, but there is some evide that ET-1 reflects tissue
hypoxia?®® However, in contrast to the insignificant changeBigET found in healthy
volunteers suffering from acute hypoxia, our resgliowed a significant difference of BIgET
levels between the hypovolemic and the sham grampgh indicates that there is an effect
of hypovolemia induced tissue hypoxia on BIigET leye

Limitations of the study.

One of the possible limitations of our study is ktveg preparation period which might
have resulted in the slightly elevated lactate lgvathough this was observed in both groups.
Its clinical impact may be limited as a decreasest(» and elevated Cf£gap may be
influenced by several factors other than hypovaoéemincluding heart failure, severe
sepsis/septic shock, multiple trauma etc., thusethresults can only be applied when these
conditions are unlikely to be present, for exampleostoperative critical care. Furthermore,
these data were obtained in anesthetized animats,na@my not be the same in conscious
human subjects. Finally, as there are no gold stasdfor hypovolemic animal experiments,
one cannot exclude that the choice of furosemidesea@d hypovolemia may not be the most
appropriate model. The disadvantage of this mai#at it does not replicate real life clinical
diseases. Traumatic hypovolemia and hypovolemiaceésted with sepsis are associated with
profound microcirculatory changes which become sogmsed on the changes following
hypovolemia. This is particularly important in patts with sepsis, where Scy@ known to
be a poor marker of tissue oxygenation. Indeegbaitients with sepsis, a high rather than a

low ScvQ is predictive of mortality.
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Conclusions

A In nearly 50% of patientsransfusion was not followed by an increase in central
venous oxygen saturation, which impligsecessary transfusions and highlights the
need for additional physiological transfusion tegsg

A Central venous oxygen saturation reflects chanfjegygen extraction in isovolaemic
anemia. Furthermore, compared to hemoglobin corettort alone, changes in
central venous oxygen saturation better identify the point when compensatory

mechanisms fail and oxygen delivery begins to decli

A Central venous-to-arterial CGOdifference may increase due to altered oxygen
extraction caused by anemia, and may support thagehin central venous oxygen

saturation.

A In addition to central venous oxygen saturationnptreé venous-to-arterial CO

difference may also be used as a simple and vauatticator of hypovolemia.

In diagnosing inadequate oxygen delivery due to anemia related decreased arterial oxygen
content or hypovolemia related low cardiac output the values of central venous oxygen

saturation and central venous-to-arterial carbon dioxide difference may be favorable.
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Central venous oxygen saturation is a good indicator of

altered oxygen balance in isovolemic anemia
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Background: Red blood cell transfusion is done primarily as a
means to improve oxygen delivery (DO,). Current transfusion
guidelines are based solely on hemoglobin levels, regardless of
actual DO, need. As central venous oxygen saturation (ScvO,)
may reflect imbalances in DO, and consumption (VO,) the aim
of this study was to investigate the value of ScvO, as an indicator
of oxygen balance in isovolemic anemia.

Methods: After splenectomy, anesthetized Vietnamese mini
pigs (n=13, weight range: 18-30 kg) underwent controlled
bleeding in five stages (To—Ts). During each stage approximately
10% of the estimated starting total blood volume was removed
and immediately replaced with an equal volume of colloid.
Hemodynamic measurements and blood gas analysis were then
performed.

Results: Each stage of bleeding resulted in a significant fall in
hemoglobin, T,: 125 (113-134) to Ts: 49 (43-55) g/1 [To: 7.7 (6.9-
8.2) to Ts: 3.0 (2.6-3.4) mmol/1]. The Os-extraction (VO,/DO,)

increased significantly only from Ts: 35 (21-40) %, P < 0.05. The
change of ScvO, showed a similar pattern and dropped below
the physiological threshold of 70% at Tu: 68 (61-76) %. At this
point, hemoglobin was below the recommended transfusion
trigger value, 59 (53-67) g/1[3.6 (3.3-4.1) mmol/1]. There was a
strong significant association between ScvO, (< 70%) and VO,/
DO, (>30%): r=-0.71, r* = 0.50, P < 0.001.

Conclusion: The results of this study show that ScvO, reflects
changes of VO,/DQO,; in isovolemic anemia better than Hb alone,
therefore it may be used as an additional indicator of blood
transfusion in clinical practice.
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HE adequacy of tissue oxygenation is deter-

mined by the balance between oxygen delivery
(DO,) and consumption (VO,).! In the critically ill
there is often an imbalance between the two arms:
DO, may be too low, frequently to the accompani-
ment of an increased VO,. After a critical threshold,
severe oxygen debt and shock may occur.? One of
the most common causes of inadequate DO, in the
intensive care unit is anemia requiring red blood
cell transfusions.’> Although the prevalence of
anemia among critically ill patients could be as high
as 95% by day 3, the transfusion trigger, i.e. the
indication and timing of the necessity of blood
transfusion, is still uncertain, and the detection of
altered oxygen extraction caused by anemia is there-
fore of great clinical importance.*”

A number of guidelines are of help in transfusion
practice, but the criteria for the optimal manage-
ment of anemia are not clearly defined. In most
guidelines the transfusion trigger is a certain level
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of hemoglobin (Hb), usually 70-100g/1 (4.3-
6.1 mmol/1).>” Tt was recently suggested that Hb
level should not be the only factor on which the
indication of the need for transfusion is based.®’
There is increasing evidence that transfusion is a
double-edged sword: untreated anemia can be
associated with a worse outcome and increased
mortality, whereas transfusion may cause various
infectious and non-infectious adverse effects.*'? As
macrohemodynamic changes are not informative
enough, there is a clear need for additional quanti-
tative parameters that would give information on
anemia-related altered oxygen extraction and hence
the need for blood administration.”!' One of the
potentially useful physiological parameters is the
central venous oxygen saturation (ScvO,). The ScvO,
has been found to be slightly higher than the mixed
venous oxygen saturation (SvO), with normal
values 73-82%.'2 Importantly, the ScvO, closely
trends the changes in SvO,, and is considered a
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reasonable surrogate marker of mixed venous satu-
ration in the clinical setting.'* As such ScvO,, which
is easily measured at the bedside, has been found
reflect the balance between DO, and VO, in many
clinical settings.""'?

DO is dependent on in part of the concentration
of Hb. The value of using changes in ScvO, to detect
anemia-related changes in oxygen balance in clinical
practice is still unclear. The aim of our study there-
fore was to monitor the changes of ScvO; in isovo-
lemic anemia using a large animal model, and test
whether an altered VO,/DO, balance, which is due
solely to a decreased Hb level, can be detected by
SCVO2.

Materials and methods

The study protocol was approved by the local ethics
committee at the University of Szeged, and the
study was carried out in the research laboratory of
the Institute of Surgical Research.

Animals and instrumentation

Vietnamese mini pigs (n =13) weighing 24 = 3 kg
underwent a 24-h fast preoperatively but with
water ad libitum. Anesthesia was induced with an
intramuscular injection of a mixture of ketamine
(20 mg/kg) and xylazine (2mg/kg) and main-
tained with a continuous infusion of propofol
(6 mg/kg/h iv.). A tracheal tube was inserted and
the animals’ lungs were ventilated mechanically.
The tidal volume was set at 13 = 2 ml/kg, and the
respiratory rate was adjusted to maintain the end-
tidal carbon dioxide and the partial pressure of
arterial carbon dioxide in the range of 35-45 mmHg
(4.6-5.9 kPa) and the arterial pH between 7.35 and
7.45. The adequacy of the depth of anesthesia was
assessed by monitoring the jaw tone. After the ini-
tiation of anesthesia, the right carotid artery and
jugular vein and the right femoral artery and vein
were dissected and catheterized. The animals
underwent suprapubic urinary catheter placement
and laparotomy for splenectomy. Splenectomy in
swine hemorrhage models are performed because
of the distensibility of the spleen and the resultant
variation in the amounts of sequestered blood.”
The core temperature was maintained at 37 = 1 °C
through use of an external warming device.

For invasive hemodynamic monitoring, a
transpulmonary thermodilution catheter (PiCCO,
PULSION Medical Systems AG, Munich, Germany)
was placed in the femoral artery and a pulmonary
artery catheter (PV2057 VoLEF Catheter, PULSION
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Medical Systems AG) by pressure tracings via the
femoral vein. The latter was also used to draw mixed
venous blood gas samples. The femoral artery
served as the site of arterial blood gas samples and
the central venous line was used for central venous
blood gas sampling and for the injection of cold
saline boluses for thermodilution measurements.
Central venous catheter was positioned by using
guidewire attached intracavital ECG. During the
experiment blood was drained from the catheter in
the right carotid artery, which was also used to
replace the blood loss with the same amount of
colloid, in order to avoid a sudden increase in right
ventricular preload.

Experimental protocol

The most important steps in the experiment are
outlined in Fig. 1. At baseline (T;) hemodynamic
and blood gas parameters were recorded, and
heparin sulfate (2001U/kg) was administered
through the central venous line. Isovolemic anemia
was achieved in five intervals (T;-Ts). During each
interval 10% of the estimated total blood volume
was withdrawn over a 5- to 10-min period. Hemo-
dynamic parameters were recorded and the amount
of blood drained off was immediately replaced by
an equal volume of colloid (hydroxyethyl starch
130 kDa/0.4, 6%, Voluven, Fresenius, Germany). To
achieve a steady state, the animals were allowed to
rest for 10 min between intervals. At the end of each
cycle, hemodynamic and blood gas parameters were
measured. At the end of the experiment the animals
were humanely euthanized.

Hemodynamic measurements

Cardiac output (CO), global end-diastolic volume,
intrathoracic blood volume, extravascular lung
water, stroke volume (SV), SV variation (SVV), index
of left ventricular contractility (dPmx), heart rate
(HR), and mean arterial pressure (MAP) were meas-
ured by transpulmonary thermodilution and pulse
contour analysis at baseline and at the end of each
interval. Detailed description of transpulmonary
thermodilution and pulse contour analysis are pro-
vided elsewhere."'* All hemodynamic parameters
were indexed for body surface area. The averages of
three random measurements following 10 ml bolus
injections of ice-cold 0.9% saline were recorded.
Continuous variables of invasive blood pressure
measurements and pulse contour analysis, such as
CO, MAP, HR, SV, SVV, and dPmx, were measured
and recorded at the end of each bleeding episode
and at the same times as the other hemodynamic
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Fig. 1. Schematic diagram illustrating one interval of the experimental protocol. After recording the results of the baseline measurements, 10% of the estimated total blood volume was
withdrawn from the animals. Immediately after recording the continuous hemodynamic variables, the withdrawn blood was replaced with the same amount of colloid. After 10 min

for restoration of steady state, another set of measurements were recorded.
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variables. The central venous pressure (CVP) was
determined by the pulmonary artery catheter at the
end of each bleeding episode and at the same times
as the other hemodynamic variables.

Arterial, central venous, and mixed venous blood
gas samples (Cobas b 221, Roche Ltd., Basel, Swit-
zerland) were drawn and analyzed by cooximetry
simultaneously at baseline and at the end of each
cycle (Fig. 1).

From these parameters the following variables
were calculated according to standard formulas:

DO, =SV #HR #[Hb #1.34 # Sa0, + (0.003 # Pa0, )]
= CO #[Ca0, ]

V02 =CO* [CaOZ - (Hb *1.34 * SV02
+(0.003 # PvO,))]= CO*[CaO, — CvO,]

Oxygen extraction (VO, /DO, ) = CO *[CaO, — CvO,]
/CO *[Ca0,]*100

Simplified oxygen extraction (O,ER)
= (SaOZ - SCVOZ )/8302

Data analysis and statistics

Data are reported as medians (interquartile ranges)
or means * standard deviations, unless indicated
otherwise. To test for normal distribution, the
Kolmogorov-Smirnov test was used. The changes in
all parameters throughout the experiment were
tested by repeated measures analysis of variance
(ANOVA); and the number of degrees of freedom
was adjusted to Greenhouse-Geisser epsilon when
needed. For pairwise comparisons, Pearson’s corre-
lation was used. To evaluate the performance of
ScvO; in the detection of altered oxygen extraction
with a threshold of 30% of VO,/DQO,, receiver oper-
ating characteristics (ROC) curve analysis was per-
formed, and sensitivity, specificity, and positive
predictive (PPV) and negative predictive values
(NPV) were also determined. To model the linear
relationship between VO,/DO, and the possible
indicator of altered oxygen extraction, linear regres-
sion model was used. Post hoc calculation showed a
power of 86% with an effect of 25% increase in VO,/
DO, for a sample size of 13 and o = 0.05. For statis-
tical analysis SPSS version 18.0 for Windows (SPSS,
Chicago, IL, USA) was used and P < 0.05 was con-
sidered statistically significant.
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Table 1
Hemodynamic effects of isovolemic anemia.
To T T Ts T4 Ts
Hb (g/l) 125 (113-134) 102 (90-109)*t 79 (73-93)*t 68 (60-76)*T 59 (53-67)*t 49 (43-55)t1
(mmol/l) 7.7 (6.9-8.2) 6.3 (5.5-6.7) 4.8 (4.5-5.7) 4.2 (3.7-4.7) 3.6 (3.3-4.1) 3.0 (2.6-3.4)
R (beats/min) 125 (91-135) 119 (100-138)* 123 (102-146)* 129 (110-159)* 139 (118-179)* 147 (131-177)*
MAP (mm Hg) 91 (79-105) 89 (79-101) 83 (75-98)* 82 (68-90)* 72 (59-85)* 72 (63-86)"
CVP (mm Hg) 6 (5-8) 8 (5-9) 7 (4-9) 7 (5-9) 7 (5-9) 7 (3-10)
Cl (L/min/m?) 2.6 (2.3-2.8) 3.3 (2.7-3.6)*t 3.6 (2.9-3.8)“t 3.6 (3.3-4.1)" 3.5 (3.2-4.0)* 3.9 (3.64.1)*
GEDI (ml/m?) 270 (243-284) 271 (245-320) 276 (248-298) 274 (236-305) 268 (227-302) 261 (232-298)
ITBI (ml/m?) 335 (307-352) 335 (305-400) 343 (303-373) 342 (295-383) 334 (282-375) 333 (285-375)
ELWI (ml/kg) 9 (9-10) 0 (10-10) 9 (9-10) 10 (9-10) 10 (9-10) 0 (9-11)
SVI (ml/m?) 21 (18-29) 6 (23-31) 27 (24-31) 28 (25-31) 25 (21-33) 8 (22-31)
SVV (%) 17 (14-21) 5 (12-21) 19 (9-21) 15 (11-20) 19 (11-25) 4 (11-27)
dPmx (mm Hg/s) 540 (485-790) 700 (540-985)* 800 (570-1075)* 810 (540-1480)* 880 (560-1360)* 975 (5662-1275)*

GLM repeated measures ANOVA.
*P < 0.05 compared with To.
1P < 0.05 compared with previous.

Hb, hemoglobin; HR, heart rate; MAP, mean arterial pressure; CVP, central venous pressure; Cl, cardiac index; GEDI, global
end-diastolic volume index; ITBI, intrathoracic blood volume index; ELWI, extravascular lung water index; SVI, stroke volume index;
SVV, stroke volume variation; dPmx, index of left ventricular contractility; To, baseline measurement; T:—Ts, five intervals of bleeding.

Results

Hemodynamic effects of isovolemic anemia

All 13 animals survived the study. The blood loss
was on average 150 = 33 ml in each phase. Hemo-
dynamic data are presented in Table 1.

The bleeding caused a gradual decrease in Hb
level after each phase and by the end of the experi-
ment it had fallen by 61% of the baseline value. The
preload as indicated by global end-diastolic volume
index (GEDI), intrathoracic blood volume index
(ITBI), and CVP values did not change significantly.
HR, dPmx, and CI were increased significantly after
the first bleeding and remained so for the rest of the
experiment. Only CI changed significantly until T3
when comparing the values at each interval with the
previous one. MAP decreased significantly from T,
but the median remained >70 mmHg throughout.
Other macrohemodynamic variables did not change
significantly during the experiment.

Effects on oxygen balance
Variables relating to the oxygen balance are listed in
Table 2.

Sa0; remained in the normal range throughout
the experiment. DO; fell significantly from T,, VO, at
T4, VO,/DO; increased significantly from T;, and
exceeded the physiologic threshold of 30%. The
change in ScvO, displayed a similar pattern as VO,/
DO, and changed significantly and also fell below
70% only at T,. The other parameters did not change
significantly. The pattern of changes of VO,/DO,
and ScvO, over time is demonstrated in Fig. 2. Only
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arterial oxygen partial pressure increased signifi-
cantly by the end of the experiment, other blood gas
parameters did not change significantly.

We determined the association between VO,/DO,
and ScvO,, and found a strong, negative correlation
(r=-0.71, P <0.001) (Fig. 3).

ROC analysis revealed the same tendency as
the correlation. With 30% taken as the physiologic
threshold for VO,/DO0O,, the area under the
curve (AUCQ), its standard error and that of the 95%
confidence interval were >0.5 for ScvO, [AUC =
0.768 = 0.056 (0.657-0.878) P <0.001]. It was also
important to determine the best cut-off for ScvO, to
detect the significant increase in VO,/DQO,, there-
fore, sensitivity, specificity, PPV, and NPV for ScvO,
levels of 70% and 75% were calculated. An ScvO,
level of 70% had better specificity and PPV, whereas
a ScvO, level of 75% had better sensitivity and
NPV (sensitivity: 45%, specificity: 97%, PPV: 95,
NPV: 58; sensitivity: 68%, specificity: 77%, PPV:
79, NPV: 65, respectively). Furthermore, linear
regression revealed a significant relationship
between ScvO, (r=0.71, r*=0.50, P<0.001) and
VO,/DOs.

Discussion

Maintaining adequate tissue oxygenation by
improving DO, is the rational for blood transfusion.
Despite this fact, treatment of anemia with blood
transfusion in the absence of acute bleeding is rec-
ommended at certain levels of Hb, regardless of
actual DO, and need, thus resulting in possible
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Table 2
Effects of isovolemic anemia on oxygen balance.
TO T1 T2 T3 T4 T5

Sa0; (%) 5 (92-97) 6 (94-97) 6 (95-97) 6 (95-97) 7 (97-97) 7 (97-97)
DO, (ml/min/m2) 431 (362-474) 438 (323-524) 378 (302-412)*t 344 (252-376)* 284 (236-333)* 247 (216-292)*t
VO, (ml/min/m2) 9(82—139) 130(7 —~151) 3 (66—136) 3(67—141) 8 (72-120) 105( —-120)
VO,/DO; (%) 9 (18-33) 9 (17-33) 9 (18-32) 5 (21-40)* 7 (26-43)* 1 (27-47)*
ERO: (%) 9 (13-26) 9 (14-24) 0 (14-22) 1 (16-28) 0 (22-37)* 2 (21-39)*
SvO: (%) 8 (64-77) 7 (64-77) 8 (63-79) 4 (58-76) 2 (55-72)* 8 (52-72)*
Scv0; (%) 76(69—83) 73 (72 (82) 7 (75-83) 77(68—81) 68(61—76) 66(60—76)
Lactate (mmol/l) 4.5 (3.2-5.3) 4.2 (3.0-5.1) 5.0 (3.2-6.0) 4.1 (2.9-6.0) 4.2 (2.9-6.5) 4.0 (3.0-6.4)
pH 7.44 (7.40-7.50) 7.43 (7.40-7.50) 7.43 (7.41-7.50) 7.43 (7.39-7.49) 7.44 (7.42-7.49) 7.44 (7.40-7.47)
PaO, (mm Hg) 76 (66-80) 75 (72-80) 76 (73-80) 77 (72-82) 79 (75-85)* 81 (77-90)*

(kPa) 10.1 (8.8-10.7) 10.0 (9.6-10.7) 10.1 (9.7-10.7) 10.3 (9.6-10.9) 10.5 (10.0-11.3) 10.8 (10.3-12.0)
PaCO, (mm Hg) 39 (35-44) 38 (35-43) 37 (34-45) 39 (34-46) 37 (34-42) 38 (35-41)

(kPa) 5.2 (4.7-5.9) 5.1 (4.7-5.7) 4.9 (4.5-6.0) 5.2 (4.5-6.1) 4.9 (4.5-5.6) 5.1 (4.7-5.5)
aHCO; (mmol/l) 25 (24-27) 24 (24-26) 25 (23-27) 25 (23-27) 25 (22-27) 25 (21-25)
aBE (mmol/l) 0.90 (-0.05-2.50)  0.40 (-0.85-2.25)  0.60 (-0.9-2.45)  0.80 (-0.45-3.15)  0.90 (-1.45-2.35)  0.70 (0.43—1.08)

GLM repeated measures ANOVA.

*P < 0.05 compared with To.

1P < 0.05 compared with previous.

Sa0,, arterial oxygen saturation; DO, oxygen delivery; VO, oxygen consumption; VO2/DO,, oxygen extraction ratio; ERO., simplified oxygen extraction
ratio; SvO,, mixed venous oxygen saturation; ScvO,, central venous oxygen saturation; PaO,, arterial oxygen partial pressure; PaCO., arterial carbon
dioxide partial pressure; aHCO;, arterial bicarbonate; aBE, arterial base excess; To, baseline measurement; T—Ts, five intervals of bleeding.
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Fig. 2. Changes of VO,/DO, (A) and ScvO, (B) over time (To—Ts5). Data are presented as median (interquartile range). *P < 0.05 compared

excess blood administration.” In our study in iso- Oxygen balance and ScvO,

volemic anemia, we found that ScvO, is a sensitive In certain clinical conditions, an ScvO, value of
indicator of oxygen balance and may thus serveasa  ~70% has been used as a goal to therapeutic inter-
rational guide to therapy in this all too common  vention in attempts at improving DO,.> In one
problem. study in septic patients goal-directed therapy
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30 T T T T T
10 20 30 40 50 60 70
VO,/DO; (%)

Fig. 3. Correlation between VO,/DO, and ScvO,. Data are pre-
sented as scatter with a linear regression line and its mean’s 95%
confidence interval. VO,/DO,: oxygen extraction, ScvO,: central
venous oxygen saturation.

according to ScvO, values, saw an absolute 16%
reduction in in-hospital mortality as compared with
conventional therapy."”” Two recent studies have also
demonstrated that a low ScvO, predicts peri- and
post-operative morbidity and complications in
high-risk surgery.'®"” It may also serve as a useful
tool to assist the weaning process in mechanically
ventilated patients.'®

In our experiment, despite a continuous and sig-
nificant drop in Hb levels, the value of VO,/DO,
increased significantly only from Ts, and exceeded
the physiologic threshold of 30%. The change in
ScvO; displayed a similar pattern as VO,/DO, and
fell below 70% only at T,. If we translate that into
clinical practice, the reduced Hb concentrations
could have indicated blood transfusion from T5;
however, we found no evidence of impaired VO,/
DO, until the Hb was well below the current recom-
mended transfusion threshold.

About two decades ago it was found during hem-
orrhage in animal and human experimental models
that ScvO, may be useful for the identification of
patients with occult or ongoing clinically significant
blood loss.”® In a prospective human interven-
tional study it was found that in acute isovolemic
anemia of Hb 50 g/l (3.1 mmol/l) in conscious
healthy resting humans did not produce evidence of
inadequate systemic DO, and oxygen imbalance was
accompanied by a significant drop in SvO,.*' These
results were reinforced by a retrospective analysis of
a prospective observational study in which ScvO,
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was found to be a good indicator of transfusion.
Our results give further evidence that anemia-
induced change in oxygen balance can be monitored
by ScvO..

Hemodynamic effects of isovolaemic anemia

Our goal of maintaining isovolemia was achieved as
parameters of preload and central blood volume,
such as GEDI, ITBI, CVP did not change throughout
the experiment. A significant increase in cardiac
index was found, caused by increased HR, as SV did
not change significantly over time. This increase was
in agreement with the hemodynamic changes of a
recent study by Krantz et al. with a similar experi-
mental setting, but with a different hypothesis.”
Myocardial contractility as indicated by dPmx
values, also increased significantly, most likely in
response to isovolemic anemia. Although we did
not measure catecholamine levels, a theoretical
explanation could be that the bleeding caused an
enhanced stress response resulting in the observed
positive inotropic effect.**

Limitations of the study

One of the possible limitations of our study is that
the length of the preparation of the animals may
have been too long, which resulted in persistent
tachycardia and increased levels of lactate from
baseline to the end of the experiment. The steady-
state periods may also have been relatively short,
although, the same time intervals have been used
previously.* Another concern might be the type of
fluid replacement, as one cannot exclude the possi-
bility that the use of different types of colloid solu-
tions would affect these results. Furthermore, these
data were obtained in anesthetized animals, and
may not be the same in conscious animals. Finally,
our results cannot be applied directly in those clini-
cal conditions where other confounding factors are
present, which may affect ScvO,, such as severe
sepsis, septic shock, multiple trauma, etc.

Conclusions

In conclusion, our results show that ScvO, reflects
changes in oxygen extraction in isovolemic anemia.
Furthermore in isovolemic anemia, ScvO, better
identifies the point when compensatory mecha-
nisms fail and DO, begins to decline, as compared
with the Hb concentration alone. These findings are
in accord with the idea that compensatory changes
in CO and other parameters of DO, make Hb con-
centration alone a less sensitive marker of oxygen



balance and for the need for therapeutic interven-
tion to increase DQ,. ScvO, could therefore be
important in helping to avoid hypoxia and tissue
injury under such circumstances, while helping to
more accurately guide blood transfusions. This
remains to be confirmed in the clinical setting.
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Monitoring hypovolemia is an everyday challenge in critical care, with no consensus on the best indicator or what is the clinically
relevant level of hypovolemia. The aim of this experiment was to determine how central venous oxygen saturation (ScvO,) and
central venous-to-arterial carbon dioxide difference (CO, gap) reflect hypovolemia-caused changes in the balance of oxygen
delivery and consumption. Anesthetized, ventilated Vietnamese minipigs (n = 10) were given a bolus followed by a continuous
infusion of furosemide. At baseline and then in five stages hemodynamic, microcirculatory measurements and blood gas analysis
were performed. Oxygen extraction increased significantly, which was accompanied by a significant drop in ScvO, and a significant
increase in CO, gap. There was a significant negative correlation between oxygen extraction and ScvO, and significant positive
correlation between oxygen extraction and CO, gap. Taking ScvO, < 73% and CO, gap >6 mmHg values together to predict
an oxygen extraction >30%, the positive predictive value is100%; negative predicted value is 72%. Microcirculatory parameters,
capillary perfusion rate and red blood cell velocity, decreased significantly over time. Similar changes were not observed in the
sham group. Our data suggest that ScvO, < 73% and CO, gap >6 mmHg can be complementary tools in detecting hypovolemia-

caused imbalance of oxygen extraction.

1. Introduction

Diagnosing hypovolemia is an everyday challenge in critical
care. Clinicians utilize a large array of tools from simple
clinical signs to invasive hemodynamic measurements, but
a universally accepted gold standard remains elusive [1].
Although diagnosis may prove difficult, early recognition of
hypovolemia is of utmost importance. By the time macro-
hemodynamic changes manifest, the microcirculation may
already be damaged [2]. Furthermore, fluid therapy is a
double-edged sword: on the one hand fluid resuscitation can
save lives, but on the other hand a cumulative positive fluid
balance is an independent factor for mortality [3, 4]. Deciding
on the level of monitoring (noninvasive, “less” invasive,
invasive) and which parameter to monitor in order to keep
the critically ill patient normovolemic remains uncertain.

Central venous oxygen saturation (ScvO,), an easily obt-
ained parameter via the central venous catheter already in
situ in most critically ill patients, is often used as a marker of
the balance between oxygen delivery (DO,) and consump-
tion (VO,). The main factors, which influence ScvO,, are
hemoglobin (Hb), arterial oxygen saturation (SaO,), cardiac
output (CO), and VO,. Theoretically if Hb, SaO,, and VO, are
kept constant, the value of ScvO, should reflect the change in
CO. Recent studies have translated theory into practice and
demonstrated that ScvO, may be a good marker for assessing
fluid responsiveness [5, 6].

The normal value of ScvO, varies between 73 and 82%.
It is slightly higher than mixed-venous oxygen saturation
(SvO,) and is considered a reasonable surrogate marker in
the clinical setting [7].



Changes in ScvO, reflect systemic oxygen uptake but may
be falsely positive (>70%) in regional hypoxia [8]. Under
these conditions the central venous-to-arterial CO, differ-
ence (CO, gap) has been proposed as an alternative [8-10].
The physiological value of CO, gap is <5mmHg, but this
may be higher in low-flow states [8, 9]. However, it remains
unclear how and whether the CO, gap changes in hypov-
olemia.

Therefore, the aim of our hypovolemic animal model was
to investigate the association between ScvO,, CO, gap, micr-
ocirculatory blood flow and hypovolemia-caused altered
VO,/DO,.

2. Methods

The study protocol was approved by the local Ethics Commit-
tee and the Institutional Animal Care and Use Committee at
the University of Szeged, and the study was conducted in the
research laboratory of the Institute of Surgical Research in a
manner that does not inflict unnecessary pain or discomfort
upon the animal.

2.1. Animals and Instrumentation. Vietnamese minipigs (n =
15) weighing 28 + 4 kg underwent a 24 hr fast preoperatively
but with free access to water. Anesthesia was induced by
intramuscular injection of a mixture of ketamine (20 mg/kg)
and xylazine (2 mg/kg) and maintained with a continuous
infusion of propofol (6 mg/kg/hr i.v.), while analgesia was
maintained with nalbuphine (0.1 mg/kg). A tracheal tube was
inserted and the animals’ lungs were ventilated mechanically.
The tidal volume was set at 10 mL/kg, and the respiratory
rate was adjusted to maintain the end-tidal carbon dioxide
and partial pressure of arterial carbon dioxide in the range
of 35-45 mmHg and the arterial pH between 7.35 and 7.45.
The adequacy of the depth of anesthesia was assessed by
monitoring the jaw tone. After induction of anesthesia, the
right jugular vein and the right femoral artery and vein were
dissected and catheterized. Tonometric probes and catheters
were placed simultaneously into the stomach and the small
bowel. A suprapubic urinary catheter was also inserted to
monitor urine output. Animals were kept warm (35 + 1°C)
by an external warming device.

For invasive hemodynamic monitoring, a transpulmon-
ary thermodilution catheter (PiCCO, PULSION Medical
Systems SE, Munich, Germany) was placed in the femoral
artery, and a pulmonary artery catheter (PV2057 VoLEF
Catheter, PULSION Medical Systems SE, Munich, Germany)
was placed in the femoral vein. The latter was also used
to draw mixed venous blood gas samples from which the
VO, was calculated. The femoral artery served as the site
for arterial blood gas sampling and the central venous line
was used for taking central venous blood gas samples and
for the injection of cold saline boluses for the thermodilution
measurements.

For continuous noninvasive visualization of the micro-
circulation in the sublingual region an intravital orthogonal
polarization spectral (OPS) imaging technique (Cytoscan
A/R, Cytometrics, Philadelphia, PA, USA) was used [2, 11].
A 10x objective was introduced onto the sublingual serosa,

Critical Care Research and Practice

and microscopic images were recorded with an S-VHS video
recorder (Panasonic AG-TL 700, Osaka, Japan).

For the tonometry special probes (Tonosoft Medical-
Technical and R&G Ltd.) were used and monitoring was per-
formed with a Sidestream Microcap Handheld Capnograph
(Oridion Medical Ltd., Jerusalem, Israel) instrument [12].

To assess further biochemical changes in the microcir-
culation, plasma big-endothelin-1 (BigET) levels were deter-
mined. BigET is a 38 amino acid containing protein, the
precursor of endothelin-1, which becomes elevated in tissue
hypoxia [13].

2.2. Hemodynamic Measurements. Cardiac output (CO), glo-
bal end-diastolic volume index (GEDI), stroke volume (SV),
heart rate (HR), and mean arterial pressure (MAP) were mea-
sured by transpulmonary thermodilution and pulse contour
analysis at baseline and at the end of each interval. Detai-
led description of transpulmonary thermodilution and pulse
contour analysis is provided elsewhere [14, 15]. All hemo-
dynamic parameters were indexed for body surface area or
bodyweight. The average of three measurements following
10 mL bolus injections of ice-cold 0.9% saline was recorded.
Central venous pressure (CVP) was measured via the central
venous catheter at the same times as the other hemodynamic
variables.

Arterial, central venous, and mixed venous blood gas
samples (Cobas b 221, Roche Ltd., Basel, Switzerland) were
drawn and analyzed by cooximetry simultaneously at base-
line and at the end of each cycle.

2.3. Monitoring the Microcirculation. Microcirculatory eval-
uation of the sublingual region was performed offline by
frame-to-frame analysis of the videotaped images. Capillary
red blood cell velocity (RBCV) and capillary perfusion
rate (CPR) were determined in three separate fields using
a computer-assisted image analysis system (IVM Pictron,
Budapest, Hungary). All OPS measurements were performed
by one investigator.

Gastric and small bowel changes in partial pressure of car-
bon dioxide (APCO,) were calculated by subtracting tono-
metric PCO, from arterial PCO, (gastric-arterial: Ga-PCO,;
bowel-arterial: Ba-PCO,) [12].

For measurements of BigET, blood samples of 2 mL were
drawn from the jugular vein into chilled polypropylene tubes
containing EDTA (1 mg/mL). The samples were centrifuged
at 1200 g for 10 min at 4°C. The plasma samples were then
collected and stored at —70°C until assay.

2.4. Experimental Protocol. At baseline (Tj) hemodynamic,
microcirculatory and blood gas parameters were recorded.
Hypovolemia was induced via a bolus followed by a con-
tinuous infusion of furosemide (5mg/kg and 5mg/kg/2h,
resp.) in a group of 10 animals—hypovolemic group (HG).
After the administration of bolus furosemide measurements
were recorded in five stages with 20-minute interval between
each measurement (T,-T5). When the preload parameter
(GEDI) decreased by >20% its baseline value, OPS imaging
and BigET sampling were performed, which were repeated
only at the end of the experiment. There were 5 anaesthetised,
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TaBLE 1: Hemodynamic changes.
TO Tl TZ T3 T4 T5
s f# *F# *# *# *#
GEDI (mL/mz) HG 349 + 51 293 + 53 257 + 47 246 + 53 233 + 42 223 + 31
SG 350 + 26 387 +43 360 + 22 365 + 76 356 + 51 349 + 46
+ + #F# + w# + *F# + s# + s#
CVP(mmHg) HG 7+4 4+3 4+3 4+3 3+3 4+3
SG 8+1 7+1 7+1 7+2 7+1 7+2
3 £ *f * *
MAP (mmHg) HG 121 £15 107 £ 17 94 +19 86 £ 15 85+ 15 83+17
SG 120 + 13 121+ 14 117 + 15 113 + 16 121+ 24 111 + 25
*F * * *F Eot3
HR (1/beats) HG 78 +14 83+15 93 +17 102 +19 130 + 28 142 + 28
SG 74 +12 75+12 74 +9 78 £10 83+16 80+9
L, HG 230 £0.35 1.78 + 0.31"* 1.54 + 0.32"* 1.46 + 0.35™ 1.52 + 0.41% 1.58 + 0.36*
CI (L/min/m~)
SG 2.38 £ 0.50 2.65 + 0.65 2.42 +0.48 2.38 +0.76 2.32+0.50 2.27 +£0.27
+ + *fH + *# + *# + *H + *#
SVI (mL/mz) HG 29+5 19+2 15+4 14+4 12+4 12+3
SG 33+4 34+6 33+3 32+6 31+8 28+5

GEDI: global end-diastolic volume index; CVP: central venous pressure; MAP: mean arterial pressure; HR: heart rate; CI: cardiac index; SVI: stroke volume
index. T: baseline measurement; T;-Ts: five intervals. * p < .05 as compared to T}; ¥ p < .05 as compared to the previous value; RM ANOVA; # p < .05HG

versus SG; Mann-Whitney U-test with Bonferroni correction.

ventilated animals in the sham group (SG), who did not
receive any furosemide, but maintenance infusion of lactated
Ringer (4 mL/kg/h) and hemodynamic, microcirculatory and
blood gas parameters were recorded in the same fashion as
described previously. At the end of the experiment all animals
were humanely euthanized.

2.5. Data Analysis and Statistics. Data are reported as means
+ standard deviations unless indicated otherwise. For test-
ing normal distribution the Kolmogorov-Smirnov test was
used. Changes in all parameters throughout the experi-
ment were tested by repeated measures analysis of variance
(RM ANOVA), and the number of degrees of freedom
was adjusted to Greenhouse-Geisser epsilon when needed.
Mann-Whitney U-test with Bonferroni correction was used
for between-groups analysis. For pairwise comparisons Pear-
sons correlation was used. To evaluate the performance
of ScvO,, CO, gap and microcirculatory parameters in
detecting altered oxygen extraction with a threshold of 30%,
receiver operating characteristics (ROC) curve analysis was
performed, and sensitivity, specificity, positive predictive
(PPV), and negative predictive values (NPV) were also
determined. Post hoc calculation showed a power of 83% with
an effect of 36% decrease in GEDI for a sample size of 10
and & = 0.05. For statistical analysis SPSS version 18.0 for
Windows (SPSS, Chicago, IL, USA) was used and p < .05
was considered statistically significant.

3. Results

3.1. Hemodynamic Effects of Hypovolemia. Urine output in
the hypovolemic group following the bolus and the onset of
infusion was 176 + 160 mL at T}, which increased to 647 +
231mL at T5. In contrast, in the sham group, urine output
was 74 + 74 mL at T} and had increased to 325 + 175 mL by
Ts. All other hemodynamic data are summarized in Table 1.
Preload, as indicated by GEDI, decreased significantly after
each phase in the hypovolemic group compared to baseline
and dropped by 36% of its baseline value by the end of the
experiment. The change of the other macrohemodynamic

ScvO, (%)

30 T T T T T T
20 30 40 50 60 70

VO,/DO, (%)
FiGure 1: Correlation between VO,/DO, and ScvO,. Data are
presented as scatter with a linear regression line and its mean 95%
confidence interval. VO,/DO,: oxygen extraction, ScvO,: central
venous oxygen saturation.

variables followed a similar pattern. When comparing the
sham versus hypovolemic animals, variables differed between
the two groups from T, but significant differences over time
continued only for GEDI, CVP and SVI. In the sham group
there were no significant changes over time throughout the
experiment.

3.2. Effects on Oxygen Balance. Variables related to oxygen
balance are listed in Table 2. In the hypovolemic group DO,
fell significantly from T, and remained so for the rest of the
experiment. The VO,/DO, increased significantly over 30%
from T}, while ScvO, and CO, gap followed this change only
after T,. Lactate changed significantly from Tj. There were
no significant changes in the sham group throughout the
experiment.

In the hypovolemic group there was a significant corre-
lation between VO,/DO, and ScvO, and CO, gap (Figures 1
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TaBLE 2: Changes of oxygen balance.
TO Tl TZ T3 T4 TS
520, (%) HG 94+ 6 95+5 95+2 96 +2 94 +3 94 +2
SG 95+5 94+38 96+5 94+38 95+5 94+7
Hb (/L) HG 12249 129 +13 132+7° 134 + 7% 137 + 7+ 138 + 8°
& SG 119 +10 15+9 110 + 6 108 + 11 1+9 102 + 10
+ +52*% + 47 +55* + 65" +55*
DO, (mL/min/mz) HG 361 + 39 302 £ 52 268 + 47 258 + 55 269 + 65 284 + 55
SG 365+ 78 396 + 88 346 £ 73 337 + 67 324 +55 298 + 36
*% #F *% * *
VO0,/DO, (%) HG 28+5 31+6 34+7 39+9 41+9 40 +10
SG 25+4 25+6 26+7 29+5 27+ 6 307
HG 74 +10 71+10 67 + 11°¥ 64 + 14" 59 + 13** 57 +14*
ScvO, (%)
SG 77 £ 8 76 £10 76 £9 75+ 11 73+ 14 73 +12
HG 43+23 75+3.3 71+2.6" 83+28" 73+2.9" 101+ 5.5*
CO,-gap (mmHg)
SG 41+2.4 35+1.9 45+13 3.9+29 46+19 44+19
HG 3.8+ 1.4 39+13 43+09 4.7 £0.9* 51412 53+15"
Lactate (mmol/L)
SG 3.8+0.9 39+1.2 42 +1.8 4.6 +£2.1 47 +2.7 49 +32
+ + + +7* +10* +
VO, I (mL/min/mZ) HG 98 + 11 93+16 88+9 96 +7 104 + 10 109 £ 16
SG 88 +16 96 + 6 85+12 96+ 8 85+12 88+ 14

Sa0,: arterial oxygen saturation; Hb: hemoglobin; DO,: oxygen delivery; VO,/DO,: oxygen extraction ratio; ScvO,: central venous oxygen saturation; CO,
gap: venous-to-arterial carbon dioxide difference; VO,: oxygen consumption. Tj: baseline measurement; T} -Ts: five intervals. “ p < .05 as compared to T};
¥p < .05 as compared to the previous value; RM ANOVA; * p < .05 HG versus SG; Mann-Whitney U-test with Bonferroni correction.
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FIGURE 2: Correlation between VO,/DO, and CO, gap. Data are
presented as scatter with a linear regression line and its mean 95%
confidence interval. VO,/DO,: oxygen extraction; CO, gap: central
venous-to-arterial carbon dioxide difference.

and 2). Lactate also showed a significant, but weak correlation
with VO,/DO, (r = .38, r* = .14; p < .05).

With receiver-operator characteristic (ROC) curves for
ScvO,, CO, gap and lactate to detect a VO,/DO, >30%, the
area under the curves (AUC) was significant for ScvO,, CO,
gap (AUC + SE = 0.887 + 0.046; 0.783 + 0.062; p < .05,
resp.) while lactate did not reach statistical significance. The
cut-off values to give the best sensitivity and specificity for
ScvO, and CO, gap were 73% and 6.5 mmHg, respectively.
Sensitivity, specificity, positive predictive, and negative pre-
dictive values for ScvO, and CO, gap are summarized in

TaBLE 3: Complementation of ScvO, with CO, gap.

Sensitivity ~ Specificity PPV~ NPV

(%) (%) (%) (%)
ScvO, <73% 78 83 91 63
CO, gap > 6 mm Hg 71 72 85 52
Scv0, + CO, gap 58 100 100 72

(<73%) (>6 mm Hg)

ScvO,: central venous oxygen saturation; CO, gap: venous-to-arterial car-
bon dioxide difference; PPV: positive redictive value; NPV: negative predic-
tive value.

Table 3. Taking ScvO, and CO, gap values together to predict
a VO,/DO, >30%, the false positive and false negative values
were reduced.

3.3. Effects on Microcirculation. Variables related to micro-
circulation are listed in Table 4. In the hypovolemic group
tonometry increased significantly only when measured in the
intestines. Capillary perfusion rate and red blood cell velocity
gradually and significantly decreased over time. This change
was accompanied by a significant increase in BigET levels. In
contrast, the sham group BigET decreased significantly by Ts,
while the other parameters remained unchanged. There was
a significant difference in capillary perfusion rate, red blood
cell velocity and BigET between the two groups.

The ROC curves for predicting VO,/DO, >30% proved
to be significant for capillary perfusion rate and red blood cell
velocity in the hypovolemic group. The area under curve did
not differ significantly between these two parameters (AUC
+ SE = 0.848 + 0.084; 0.848 + 0.092; p < .05, resp.).

The correlation between ScvO, and the microcirculatory
parameters proved to be significant apart from Ga-PCO,



Critical Care Research and Practice 5
TABLE 4: Changes in microcirculation.
TO Tl TZ T3 T4 TS
*F * * *
Ba-PCO, (mmHg) HG 24 +8 35+16 35+17 36 £13 33+13 37 +16
SG 19+5 22+9 20+ 6 22+11 22 +£10 20+ 8
+ + + + + +
Ga-PCO, (mmHg) HG 40 + 12 43+ 14 42 +14 39+14 36 +10 37111
SG 36 +£22 37+24 34 +21 32+21 34 +20 32+18
. wf# _ . Egoed
CPR (%) HG 82+15 53+11 45 £ 16
SG 91+ 50 81+ 80 83 +70
. Eotd . . *#
RBCV (um/s) HG 887 + 141 509 + 120 463 + 209
SG 1054 + 141 848 + 194 963 + 51
— ik _ . w#
BigET (fmol/mL) HG 1.44 + 0.53 1.97 + 0.84 2.29 +0.89 )
SG 1.36 £ 0.93 1.49 +1.27 0.98 +£0.92

Ba-PCO,: small bowel-to-arterial carbon dioxide difference; Ga-PCO,: gastric-to-arterial carbon dioxide difference; CPR: capillary perfusion rate; RBCV: red
blood cell velocity; BigET: big endothelin. Ty: baseline measurement; T, -Ts: five intervals. * p < .05 as compared to Ty, ¥ p < .05 as compared to the previous
value, GLM repeated measures ANOVA; * p < .05 HG versus SG, Mann-Whitney U-test with Bonferroni correction.

(Scv0,-Ba-PCO,, -CPR, -RBCV; -BigET: r = —.38, r* = .15;
r= 49,17 = 2451 = 40,17 = 161 = —47, 17 = 23;
p < .05, resp.). CO, gap showed significant correlations with
Ba-PCO, and CPR (r = 48,1* = 23;r = —51,7° = .26
p < .05, resp.).

4. Discussion

The main finding of our study is that it provides further evi-
dence that low or decreasing ScvO,, as well as high or increas-
ing CO,-gap can reflect changes and may be complementary
in global oxygen balance and altered microcirculatory blood
flow in hypovolemia.

4.1. Hemodynamic Changes. Our goal of achieving hypov-
olemia was reached as global end diastolic index, central
venous pressure and stroke volume decreased significantly
throughout the experiment, which resulted in a significant
drop in cardiac index in the hypovolemia group. This
decrease was notable until T5. Due to this change VO,/DO,
increased significantly from 7.

4.2. CO, Gap and ScvO, in Hypovolemia. Up until now,
there has been consensus neither on the most accurate
hemodynamic marker of hypovolemia nor on the endpoints
for optimal fluid therapy [1, 16, 17]. Many recent studies have
suggested that fluid therapy should be based on dynamic
(such as cardiac output, pulse pressure variation and stroke
volume variation) rather than static hemodynamic variables
(such as CVP, pulmonary artery occlusion pressure), because
they are better predictors of fluid responsiveness in ICU
patients. However, pulse pressure variation and stroke vol-
ume variation are limited to patients who are fully ventilated
and have no arrhythmias [18, 19]. Although it is not strictly
a hemodynamic variable, in certain clinical conditions an
ScvO, value of ~70% has been used as a therapeutic endpoint
to improve oxygen delivery [3, 7, 20, 21]. In a recent study
it was found that a change in ScvO, is a reliable parameter
to define fluid responsiveness at the bedside in critically ill
patients [5]. Similar results have been reported in two other

studies demonstrating a close relationship between ScvO,
and cardiac index [6, 22]. However, one has to bear in mind
that fluid resuscitation reduces hemoglobin levels, which
may result in no change or decrease in ScvO, therefore, the
above may only hold true for hypovolemic patients with low
ScvO,.

In our experiment the change in VO,/DO,, which incre-
ased significantly from T,;, was accompanied by a fall in
ScvO,, which is in accordance with previous findings. The
change in VO,/DO, was also accompanied by an increase
in CO, gap from T,. There is some evidence that CO, gap
increases in certain low flow states [8, 9]. The pathophysiol-
ogy of increased CO, gap may be due to the CO, stagnation
phenomenon. When cardiac output decreases, blood flow is
slow and the washout is impaired; therefore, more CO, is
accumulated in the tissues, and as CO, diffuses easily and
quickly the CO, gap increases [23].

ScvO, showed very good sensitivity and specificity with
a threshold of 73% for determining VO,/DO, >30%, which
was further improved when CO, gap >6.5 mmHg was added,
leading to less false negative and false positive results.
The ScvO, and CO, gap showed a significant and strong
negative correlation. It is also important to note that lactate
showed a significant but substantially weaker correlation to
VO,/DO, as compared to ScvO, or CO, gap. This highlights
the limitation of lactate levels as therapeutic endpoint for
resuscitation. This finding is in accordance with previously
published data showing the limitation of lactate levels as
therapeutic endpoint for resuscitation [24].

In cases when due to microcirculatory and/or mitochon-
drial defects oxygen uptake is insufficient, ScvO, may be
elevated (i.e. false negative). Previous studies have suggested
that under such circumstances the increased value of CO, gap
(>5 mmHg) may help the clinician in detecting inadequate
DO, to tissues [8-10]. Our results lend further support to
this theory. Furthermore, adding the CO, gap to ScvO, for
identifying VO,/DO, >30%, there was an improvement in
specificity, positive predictive, and negative predictive values.

We are not aware of any studies that have tailored
hemodynamic support based on or supported by changes



in CO, gap; therefore, its clinical relevance remains unclear.
However, our data clearly shows, and to our knowledge this
is the first experiment to show that, an altered VO,/DO,
caused by hypovolemia is reflected by an increase in CO,
gap. Therefore its value may be an important alarm signal
for the clinician and would help decision making at the
bedside, especially when considering a fluid challenge or
where commencing advanced hemodynamic monitoring is
concerned.

4.3. Microcirculation. In any shock like states the microcir-
culation plays a vital role, as the most devastating effects of
oxygen debt occur here in the cells [2, 22]. It has been demon-
strated that microcirculatory disturbances can occur not only
in cases of severe hypovolemic shock, but also in cases of a
moderate hypovolemia without severe hypotension in human
patients [25]. Recently, Bartels et al. evaluated the alteration
of the sublingual microcirculation in response to controlled,
central hypovolemia using sidestream dark field imaging in
human subjects with intact autoregulation. They confirmed
that despite adequate compensation of hypovolemia it can
still be associated with decreased microcirculatory response,
consequently with decreased oxygen delivery to the tissues
[26].

In a prospective observational study in patients with
septic shock it was found that the capillary perfusion rate was
different in survivors (in whom it was increased) as com-
pared to nonsurvivors. Moreover, it was the only factor to
differentiate survivors and patients dying of multiple-system
organ failure after the shock had resolved [2]. In accordance
with these results we saw a gradual and significant decrease
in both capillary perfusion rate and red blood cell velocity
over time. There was also a very good area under curve when
defining VO,/DO, >30% and good correlation with ScvO,
and CO, gap. All these changes were observed only in the
hypovolemic, but not in the sham group.

According to the microcirculatory parameters measured
in this experiment, the inflicted hypovolemia resulted in sig-
nificant changes to the microcirculation. Tonometry showed
a significant increase in Ba-PCO, due to hypovolemia, indi-
cating decreased blood flow in the intestines. This is in accor-
dance with previously published reports [27]. In contrast,
there was no significant change in the Ga-PCO,. Regarding
the importance and the value of gastric mucosal pH is
controversial and its routine use has declined in intensive care
over the last decades [28-30]. The difference between Ga-
PCO, and Ba-PCO, is an interesting observation and also
difficult to explain. However monitoring both has already
been suggested, in order to give a small additional value in
the diagnosis of possible mismatch in splanchnic perfusion
[31, 32].

There was also a significant correlation between Ba-PCO,
both with ScvO, and CO, gap.

Little is known about BigET, but there is some evidence
that ET-1 reflects tissue hypoxia [33]. However, in contrast to
the insignificant change in BigET found in healthy volunteers
suffering from acute hypoxia, our results showed a significant
difference of BigET levels between the hypovolemic and
the sham groups, which indicates that there is an effect
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of hypovolemia-induced tissue hypoxia on BigET levels
[34].

4.4. Limitations of the Study. One of the possible limitations
of our study is the long preparation period which might have
resulted in the slightly elevated lactate levels although this was
observed in both groups. Its clinical impact may be limited as
a decreased ScvO, and elevated CO, gap may be influenced
by several factors other than hypovolemia, including heart
failure, severe sepsis/septic shock, and multiple trauma; thus,
these results can only be applied when these conditions are
unlikely to be present, for example, in postoperative critical
care. Furthermore, these data were obtained in anesthetized
animals and may not be the same in conscious human
subjects. Finally, as there are no gold standards for hypo-
volemic animal experiments, therefore one cannot exclude
that the choice of furosemide-caused hypovolemia may not
be the most appropriate model. The disadvantage of this
model is that it does not replicate real life clinical diseases.
Traumatic hypovolemia and hypovolemia associated with
sepsis are associated with profound microcirculatory changes
which become superimposed on the changes following
hypovolemia. This is particularly important in patients with
sepsis, where ScvO, is known to be a poor marker of tissue
oxygenation. Indeed, in patients with sepsis, a high rather
than a low ScvO, is predictive of mortality.

5. Conclusion

Our results have shown that in addition to central venous
oxygen saturation (ScvO,), central venous-to-arterial CO,
difference (CO, gap) may also be used as a simple, but
valuable indicator of hypovolemia-caused imbalance of oxy-
gen extraction (VO,/DO,). Further clinical studies have
to validate its clinical merits in indicating and tailoring
hemodynamic support.
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Abstract

Despite blood transfusions are administered to restore adequate tissue oxygenation, transfusion guidelines consider only
hemoglobin as trigger value, which gives little information about the balance between oxygen delivery and consumption.
Central venous oxygen saturation is an alternative, however its changes reflect systemic metabolism and fail to detect
regional hypoxia. A complementary parameter to ScvO, may be central venous-to-arterial carbon dioxide difference (CO,-
gap). Our aim was to investigate the change of alternative transfusion trigger values in experimental isovolemic anemia.
After splenectomy, anesthetized Vietnamese mini pigs (n= 13, weight range: 18-30 kg) underwent controlled bleeding in
five stages (T;-Ts). During each stage approximately 10% of the estimated starting total blood volume was removed and
immediately replaced with an equal volume of colloid. Hemodynamic measurements and blood gas analysis were then
performed. Each stage of bleeding resulted in a significant fall in hemoglobin, the O,-extraction increased significantly from
T3 and ScvO, showed a similar pattern and dropped below the physiological threshold of 70% at T,. By T, CO,-gap
increased significantly and well correlated with VO,/DO, and ScvO,. To our knowledge, this is the first study to show that
anemia caused altered oxygen extraction may have an effect on CO,-gap.
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Introduction

Transfusion of red blood cells is an everyday practice in critical
care with the primary aim of restoring adequate tissue oxygenation.
Transfusion guidelines consider certain levels of hemoglobin as
transfusion trigger [1,2], which on its own gives little information if
any about the balance between oxygen delivery (DOj) and
consumption (VO,). Hence, there is a clear need for additional
physiologic transfusion trigger values. One of the potentially useful
physiological parameters is the central venous oxygen saturation
(ScvOg), which has been shown to be a potential physiologic
transfusion trigger in hemodynamically stable but anemic patients
[3]. Its normal value is around 70-75% and it is the product of the
VO, and DOy relationship. Low ScvOjy usually indicates inade-
quate DOy, but higher than physiological values may be difficult to
interpret as these can indicate reduced oxygen consumption, but
may also mean inappropriate oxygen uptake [4,5]. Under these
circumstances additional parameters are needed.

Central venous-to-arterial carbon dioxide difference (COq-gap)
may be one of the potential alternatives to complement ScvOs.
Under physiological circumstances its value is less than 6 mmHg
[6,7]. Transport of carbon dioxide in blood ensues in three forms:
dissolved in plasma, as bicarbonate ion and bound to hemoglobin.
The COg-gap may be higher during anaerobic respiration when
lactic acid has to be buffered by bicarbonate or under aerobic
respiration in poorly perfused tissues when flow stagnation results in

PLOS ONE | www.plosone.org

an accumulation of COy [8,9,10]. From previous experiments it
seems that increased COg-gap during ischemia is related to
decreased blood flow and impaired CO, washout rather than to
hypoxemia [10]. Whether anemia caused tissue hypoxemia is
reflected in changes of the COy-gap has not been investigated before.

Another additional parameter may be the central venous-to-arterial
pCO, difference divided by the difference of the arterio-venous
oxygen content, P(v-a)COy/C(a-v)Oy, which is considered to give
information about tissue oxygenation. It was found in a retrospective
study that this ratio reflected the occurrence of anaerobic metabolism
better than other oxygen-, or COs-derived parameters [11].

Our aim was to investigate how COg-gap and P(v-a)COy/C(a-
v)Oq change during experimental isovolemic anemia.

Materials and Methods

The study protocol was approved by the local ethics committee
at the University of Szeged and the study was carried out in the
research laboratory of the Institute of Surgical Research. The
current experiment complements our previously published data on
the relationship of ScvOy and isovolemic anemia [12]. Vietnamese
mini pigs (n=13) weighing 24#*3 kg were anaesthetized and
mechanically ventilated in pressure control mode. Anesthesia was
induced with an intramuscular injection of a mixture of ketamine
(20 mg/kg) and xylazine (2 mg/kg) and maintained with a
continuous infusion of propofol (6 mg/kg/h i.v.). The tidal volume

August 2014 | Volume 9 | Issue 8 | 105148
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CO,-Gap in Isovolemic Anemia

Table 1. Hemodynamic effects of isovolemic anemia. These data have been published earlier [12].

To T T, Ts Ta Ts

Hb (g/L) 125(113-134) 102(90-109)*" 79(73-93)*" 68(60-76)*"" 59(53-67)*" 49(43-55)*7
HR (beats/min) 125(91-135) 119(100-138)* 123(102-146)* 129(110-159) * 139(118-179) * 147(131-177)*
MAP (mm Hg) 91(79-105) 89(79-101) 83(75-98)* 82(68-90)* 72(59-85)% 72(63-86)*
CVP (mm Hg) 6(5-8) 8(5-9) 7(4-9) 7(5-9) 7(5-9) 7(3-10)

Cl (L/min/m?) 2.6(23-2.8) 3.3(2.7-3.6)*" 3.6(2.9-3.8)*" 3.6(3.3-4.1)* 3.5(3.2-4.0)* 3.9(3.6-4.1)*
GEDI (mL/m?) 270 (243-284) 271 (245-320) 276 (248-298) 274 (236-305) 268 (227-302) 261 (232-298)
ELWI (mL/kg) 9 (9-10) 10 (10-10) 9 (9-10) 10 (9-10) 10 (9-10) 10 (9-11)
dPmx (mm Hg/s) 540(485-790) 700(540-985)* 800(570-1075)* 810(540-1480)* 880(560-1360)* 975(562-1275)*

Hb- Hemoglobin, HR- Heart rate, MAP- Mean arterial pressure, CVP- Central venous pressure, CI- Cardiac index, GEDI- Global end-diastolic volume index, ELWI-

doi:10.1371/journal.pone.0105148.t001

was set at 13+2 ml/kg and the respiratory rate was adjusted to
maintain the end-tidal carbon dioxide and the partial pressure of
arterial carbon dioxide in the range of 35-45 mmHg and the
arterial pH between 7.35 and 7.45. The adequacy of the depth of
anesthesia was assessed by monitoring the jaw tone. After the
mnitiation of anesthesia, the right carotid artery and jugular vein
and the right femoral artery and vein were dissected and
catheterized. The animals underwent suprapubic urinary catheter
placement and laparotomy for splenectomy. Splenectomy in swine
hemorrhage models are performed because of the distensibility of
the spleen and the resultant variation in the amounts of

extravascular lung water index, dPmx- Index of left ventricular contractility. To- Baseline measurement, T,-Ts- Five intervals of bleeding.
*p<.05 compared with To; *p<.05 compared with previous; GLM repeated measures ANOVA.

sequestered blood [13]. The core temperature was maintained at
37%x1°C through use of an external warming device.

For invasive hemodynamic monitoring, a transpulmonary
thermodilution catheter (PiICCO, PULSION Medical Systems
AG, Munich, Germany) was placed in the femoral artery and a
pulmonary artery catheter (PV2057 VoLEF Catheter, PULSION
Medical Systems AG) by pressure tracings via the femoral vein.
The latter was also used to draw mixed venous blood gas samples.
The femoral artery served as the site of arterial blood gas samples
and the central venous line was used for central venous blood gas
sampling and for the injection of cold saline boluses for

Table 2. Descriptives (Median=IQR).

Time intervals

To T, T2 Ts Ta Ts
«CO>-gap (mmHg) 5.0(2.6-8.5) 6.0(3.1-7.0) 5.0(3.5-5.5) 5.4(4.4-7.0) 8.0(4.3-8.5)* 6.3(5.9-11.0)*
+COy-gap (mmHg) 5.5(4.0-9.0) 6.5(4.5-7.8) 6.5(5.1-7.0) 5.5(3.7-6.0) 5.4(5.0-8.0) 6.2(5.5-8.0)
PoCO2/Cacy)O2 2.01(1.42-2.23) 2.27(1.76-3.34) 2.67(1.71-2.85) 2.59(1.50-4.47) 3.30(2.89-3.74)* 3.93(2.55-5.11)*
PyCO5/C(3-O> 1.57(0.77-1.99) 1.69(0.91-2.00) 1.71(1.36-1.99) 1.61(0.96-2.17) 2.14(1.58-2.23) 2.30(1.93-3.56)*
Scv0, (%)% 76(69-83) 73(72-82) 77(75-83) 77(68-81) 68(61-76)* 66(60-76)*
SvO, (%)* 68 (64-77) 67 (64-77) 68 (63-79) 64 (58-76) 62 (55-72)* 58 (52-72)*
DO, (ml/min/m?) # 431 (362-474) 438 (323-524) 378 (302-412)* 344 (252-376)* 284 (236-333)* 247 (216-292)*
VO, (ml/min/m?) # 119 (82-139) 130 (77-151) 93 (66-136) 113 (67-141) 98 (72-120)* 105 (70-120)*
VO,/DO, (%)* 29(18-33) 29(17-33) 29(18-32) 35(21-40)* 37(26-43)* 41(27-47)*
ERO, (%) 19(13-26) 19(14-24) 20(14-22) 21(16-28) 30(22-37)* 32(21-39)*
Lactate (mmol/L) # 4.5 (3.2-5.3) 4.2 (3.0-5.1) 5.0 (3.2-6.0) 4.1 (2.9-6.0) 4.2 (2.9-6.5) 4.0 (3.0-6.4)
vLactate (mmol/L) 4.6(3.7-5.3) 4.3(3.3-5.3) 4.4(3.1-5.4) 4.4(2.8-5.2) 4.4(3.0-5.2) 4.1(3.0-6.4)
cvlactate (mmol/L) 45(3.5-5.5)° 3.9(3.4-54)° 42(3.3-6.3)° 41(3.1-5.6)° 3.9(2.9-5.7)° 3.9(3.0-64)°
PaCO, (mmHg) # 39(35-44) 38(35-45) 37(34-45) 39(34-46) 37(34-42) 38(35-41)
Pa0, (mmHg) # 76(66-80) 75(72-80) 76(73-80) 77(72-82) 79(75-85) 81(77-90)
«CO,-gap: central venous-to-arterial carbon dioxide difference; ,CO,-gap: mixed venous-to-arterial carbon dioxide difference; P(c,-2)C02/C(5.c,)O2: the central venous-to-
arterial pCO, difference divided by the difference of the arterio-venous oxygen content; P(,.,C0O,/C,.,)O,: the mixed venous-to-arterial pCO, difference divided by the
difference of the arterio-venous oxygen content; ScvO,: central venous oxygen saturation; SvO,: mixed venous oxygen saturation; DO,: oxygen delivery; VO,: oxygen
consumption; VO,/DO,: oxygen extraction ratio; ERO,: simplified oxygen extraction ratio; PaCO,: arterial partial pressure of carbon dioxide; PaO,: arterial partial pressure
of oxygen * p<.05 as compared to baseline, * p<.05 significant difference between mixed venous and central venous blood with Friedman and Wilcoxon tests, # Data
published earlier [12].
doi:10.1371/journal.pone.0105148.t002
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thermodilution measurements. Central venous catheter was
positioned by using guidewire attached intracavital ECG. During
the experiment blood was drained from the catheter in the right
carotid artery, which was also used to replace the blood loss with
the same amount of colloid, in order to avoid a sudden increase in
right ventricular preload.

At baseline (Ty) hemodynamic and blood gas parameters were
recorded, and heparin sulfate (200 IU/kg) was administered
through the central venous line. Isovolemic anemia was achieved
in five intervals (T,—T's). During each interval 10% of the estimated
total blood volume was withdrawn over a 5- to 10-min period.
Hemodynamic parameters were recorded and the amount of blood
drained was immediately replaced by an equal volume of colloid
(hydroxyethyl starch 130 kDa/0.4, 6%, Voluven, Iresenius,
Germany). To achieve a steady state, the animals were allowed to
rest for 10 min between intervals. At the end of each cycle,
hemodynamic and blood gas parameters were measured. At the end
of the experiment the animals were humanely euthanized.

Arterial, central venous, and mixed venous blood gas samples
(Cobas b 221, Roche Ltd., Basel, Switzerland) were drawn and
analyzed by cooximetry simultaneously at baseline and at the end
of each cycle. From these parameters the oxygen delivery (DO5),
oxygen consumption (VOy), oxygen extraction ratio (VOo/DOy)
and the simplified oxygen extraction ratio (EROy) were calculated
according to standard formulae:

DO, =SV % HR * [Hb  1.34 % Sa0, + (0.003 % Pa0,)]
VO, =CO % [CaO; — (Hb % 1.34 % SvO, + (0.003 % PvO,))]
ER02 = (3302 — SCVOz)/SﬁOz

Central venous-to-arterial COq-gap (.,COq-gap), mixed venous-
to-arterial COg-gap (;COg-gap), the Pi.2CO9/CroyOy and
P(-0)CO2/ C,)Oy were also calculated from the arterial, central
venous and mixed venous blood gas samples.

These were calculated according to standard formulae:

90

oo o r=-0.71
o r2=0.53
p<0.001

807

707

60+

Scv02 (%)

40

VO2/DO02 (%)

Figure 1. The association between VO,/DO, and ScvO,. VO,/
DO,: oxygen extraction ratio; ScvO,: central venous oxygen
saturation.

doi:10.1371/journal.pone.0105148.g001
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cvCO;-gap =PcvCO, —PaCO,
vCO;,-gap=PvCO, —PaCO,
P(cv—a)CO,/C(a—cv)Oyratio=

(PcvCO,; —PaCO0;)/(Ca0, — CevOy)
P(v—2a)CO,/C(a—v)Oyratio=

(PvCO, —PaCO0,)/(Ca0, —Cv0Oy)
Ca0;,=(1.34 + SaO; * Hb) + (0.003 % PaO,)
CcvO; =(1.34 % ScvO; * Hb) + (0.003 * PcvOy)
CvO, = (1.34 % SVO, * Hb) + (0.003 + PvO,)

Analysis

Data are reported as median*standard deviation unless
indicated otherwise. For testing normal distribution the Kolmo-
gorov-Smirnov test was used. Changes in all parameters through-
out the experiment were tested by Friedman test and repeated
measures analysis of variance (RM ANOVA), and the number of
degrees of freedom was adjusted to Greenhouse-Geisser epsilon
when needed. For pairwise comparisons Pearson’s correlation was
used. To evaluate the performance in detecting altered oxygen
extraction of >30% (considered as the “physiological threshold”),
receiver operating characteristics (ROC) curve analysis was
performed. Post-hoc calculation showed a power of 86% with an
effect of 25% increase in VOo/DOy, for a sample size of 13 and
0.=0.05. For statistical analysis SPSS version 20.0 for Windows
(SPSS, Chicago, IL, USA) was used and p<<0.05 was considered
statistically significant.

Results

All 13 animals survived the study. The bleeding caused a
gradual decrease in hemoglobin level after each phase and by the
end of the experiment it had fallen by 61% of the baseline value.
The hemodynamic parameters are summarized in Table 1. The
SaO, remained in the normal range throughout the experiment.
DO, fell significantly from Ty, VOy at T4, VO9/DOy increased
significantly from T3, and exceeded the physiologic threshold of
30% (Table 2). The change in ScvO, displayed a similar pattern
as VOo/DOy and changed significantly and also fell below 70%
only at Ty. There was strong negative correlation between VOo/
DO, and ScvO, (Fig. 1).

The COg-gap was calculated for both, central venous (.,COq-
gap) and mixed venous blood (;COgs-gap). By T, COq-gap
increased significantly, however ,COg-gap did not change. The
correlations of VOo/DO, and ScvOy were significant with ,CGOo-
gap, while there were only weak correlations with ,COy-gap
(Fig. 2).

P(ev-2)CO9/ Ca.evyO2 increased by Ty and P.)CO2/ CioyyOq by
Ts. The correlations of VOo/DOy and ScvOy were significant
with Py CGO9/CaeryO2, but it was found to be weak between
P CO9/CnyOy and VO,/DO,, and there was no significant
correlation with SevOq (Fig. 3).

ROC analysis revealed the same tendency as the correlation.
With 30% taken as the physiologic threshold for VOo/DO,, the
area under the curve (AUC), its standard error and that of the
95% confidence interval were >0.5 only for COy-gap,
Py-)CO2/ CyeyOy ratio, ScvO, (Table 3.)
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Figure 2. Correlation between oxygen balance parameters and CO,-gap. ,CO,-gap and VO,/DO, and ScvO, (on the left); ,CO,-gap and
VO,/DO, and ScvO, (on the right). cvCO,-gap: central venous-to-arterial carbon dioxide difference; VO,/DO,: oxygen extraction ratio; ScvO,: central
venous oxygen saturation; vCO,-gap: mixed venous-to-arterial carbon dioxide difference.

doi:10.1371/journal.pone.0105148.g002

Linear regression revealed a significant relationship between
ScvOy (r=0.71, r?=0.50, p<<.001) and VOo/DO,. This rela-
tionship became significantly stronger when ,COo-gap was added
to SevOy (r=0.74, r*=0.54, p=.015). According to the Pratt’s
importance coeflicient, ScvOy was responsible for this increase in
63% and ., COg-gap in 37%.

Discussion

Our results in this isovolemic anemia animal model show that
besides ScvOy, both central venous-to-arterial COg-gap and the
P(y-CO2/CyeyyOq  correlated well with changes in anemia
caused increase in VOo/DO,. Furthermore, mixed venous blood
driven indices, such as ,COy-gap and P.)COy/C,., O, failed to
indicate changes in oxygen extraction. When oxygen extraction
ratio started to increase (from T') it was followed by a decrease of
ScvO, and an increase of ,COg-gap and P CO2/CyeyyOo,
and both performed well in the ROC analysis, with the ,COo-
gap’s AUC being marginally better. In addition, in our experiment

PLOS ONE | www.plosone.org

neither ,COy-gap nor P COy/Ciy.)Oy or lactate could detect
the increase in VOo/DO9>30% as revealed by ROC analysis.
An interesting finding of our experiment is that despite
1sovolemia was maintained as indicated by the stable global end
diastolic volume index values and there were in fact increasing
cardiac output and stroke volume, we observed a rise in ,CGOq-
gap. This observation seemingly contradicts previously published
results to some extent. The occurrence of increased COq-gap has
fundamentally been explained by the CO, stagnation phenome-
non [5]. This was based on the finding that there was inverse
correlation between COy-gap and cardiac index during non-septic
and septic low flow states [5,9,10]. Moreover, it was also found
that the amount of COy produced is negligible when anaerobic
respiration is present and COg-gap therefore cannot serve as a
marker of tissue hypoxia [10]. The paramount study on this theory
by Vallet et al. used an isolated hind limb model and reached
hypoxia either by decreasing flow or decreasing arterial oxygen
content [10]. They found that occurrence of an increased COy-
gap during ischemia was related to decreased blood flow and
impaired carbon dioxide washout; moreover, dysoxia per se was
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Figure 3. Correlation between tissue oxygenation and oxygen balance parameters. P,.,C0,/C(,.,)O> and VO,/DO, and ScvO; (on the
left); P-2C02/C(5.)O2 and VO,/DO, and ScvO, (on the right).P(c,-2C02/Ciacy)O2: the central venous-to-arterial pCO, difference divided by the
difference of the arterio-venous oxygen content; VO,/DO,: oxygen extraction ratio; ScvO,: central venous oxygen saturation; P(,.,CO,/C,.)05: the
mixed venous-to-arterial pCO, difference divided by the difference of the arterio-venous oxygen content.

doi:10.1371/journal.pone.0105148.g003

not sufficient to increase COy-gap. However, the latter could also
be due to the Haldane’s effect. As the carbon dioxide dissociation
curve is influenced by the saturation of hemoglobin with oxygen,
the lower the saturation of hemoglobin with oxygen, the higher the
saturation of hemoglobin with carbon dioxide for a given carbon
dioxide partial pressure is [14]. In our experiment arterial oxygen
saturation and PaO, remained in the normal range and did not
change over time, hence the CO, dissociation curve was not
influenced by low saturation of hemoglobin with oxygen.
Nevertheless, anemia resulted in increased VOo/DO, above the
baseline and also above the physiological 30% after the grd

Table 3. ROC analysis for determining VO,/D0O,>30%.

bleeding event, which was followed by the significant decrease of
SvOy and ScvO,. (It is important to note that there is
mathematical coupling between VOy and SvO,, which is not
the case considering ScvOy). The most interesting finding of the
current study is the increase of . COy-gap during the last two
stages of the experiment, without any change in the ,COy-gap.
One of the possible reasons for this difference is that due to
1sovolemia cardiac output was maintained to avoid low flow in the
systemic circulation, which is also reinforced by the unchanged
lactate levels. Therefore when CO, was measured in the mixed
venous blood it was unchanged and within the normal range

Test Result Variable(s) Area Std. Error Sig. 95% CI

«CO>-gap ,769 ,078 ,007 617 ,921
+vCO,-gap ,553 ,097 ,598 ,363 742
P(cv-2)C02/C5-c1)O; ratio 742 ,070 ,016 ,604 ,879
P-)C04/Cs-)O; ratio ,641 ,096 157 453 ,829
ScvO, ,768 ,056 ,000 657 879
SvO, ,986 ,010 ,000 967 1,000
Lactate 517 ,078 ,867 363 ,670

PLOS ONE | www.plosone.org

«COy-gap: central venous-to-arterial carbon dioxide difference;
+CO,-gap: mixed venous-to-arterial carbon dioxide difference;
P(cv-2C02/Cla-cvyO2: the central venous-to-arterial pCO, difference divided by the difference of the arterio-venous oxygen content;
P-2)C02/Ca,)O2: the mixed venous-to-arterial pCO, difference divided by the difference of the arterio-venous oxygen content;
ScvO,: central venous oxygen saturation; SvO,: mixed venous oxygen saturation.

doi:10.1371/journal.pone.0105148.t003
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almost throughout. As central venous blood driven variables
mostly reflect blood flow and metabolism of the brain [15], our
hypothesis is that anemia reached such a degree by T, that it
caused tissue hypoxia and consecutive anaerobic respiration with
COy production. However, due to the low hemoglobin levels the
Haldane effect could not take effect, hence there was a significant
increase in central venous pCOs. But these changes in the brain
did not have significant effects on the systemic level, to be picked
up in mixed venous blood. As anemia has greater influence on
arterial oxygenation than hypoxemia [16], this might explain the
observed increase in ., COg-gap. This is further reinforced by the
P(cv-a)COQ/C(a—cv)OQ results. Both the P(cv—a)COQ/C(a»cv)OQ and the
P(-CO2/C,)Oy increased at T, and T, but there was a more
pronounced change in central venous as compared to mixed
venous blood, which is also reflected in the results of the ROC
analysis. We also measured mixed venous and central venous
lactate levels and found that central venous lactate was signifi-
cantly lower than in the mixed venous blood, which might give
further proof to this hypothesis [17,18]. In a previous animal
experiment by Hare et al, it was found that hemodilutional
1sovolemic anemia led to cerebral hypoxia, and they also reported
a gradual increase in the jugular venous pCOq with a COg-gap of
2.9 to 7.8 mmHg (mean) 60 minutes after hemodilution in the
traumatic brain injured animals [19]. Although this finding was
not discussed in the article, as the authors mainly focused on
oxygenation, but nevertheless this is in accord with our results and
gives some support to our hypothesis.

There is increasing evidence that untreated anemia can be
associated with a worse outcome and increased mortality, while
transfusion may cause various infectious and non-infectious
adverse effects [20,21]. COy-gap may be an additional
quantitative parameter, beyond Hb and ScvO,, that would give
information on anemia related altered oxygen extraction and
hence the need for blood administration. .,COy-gap is a choice of
plausible alternatives as it can be easily obtained via the central
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venous and arterial catheters already i siu in most critically ill
patients and no additional invasive device is needed; moreover we
found that mixed venous blood driven indices failed to indicate
changes in oxygen extraction.

There are several limitations of our study. As the experiment
was not designed to measure the effects of isovolemic anemia
specifically on the brain, our hypothesis cannot be supported by
specific measurements, such as regional cerebral blood flow,
cerebral tissue oxygen and carbon dioxide tension. Furthermore,
splenectomy and the length of the preparation of the animals may
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from baseline to the end of the experiment. The steady-state
periods may also have been relatively short, although, the same
time intervals have been used previously [22]. Another concern
might be the type of fluid replacement, as one cannot exclude the
possibility that the use of different types of colloid or crystalloid
solutions would affect these results.

Conclusions

To our knowledge, this is the first study to show that anemia
caused altered oxygen extraction may have an effect on ., COq-gap
and P2 CO9/CoyO2 that cannot be detected from mixed
venous blood. The clinical relevance of this finding has to be
further tested in both experimental and clinical studies.
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