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Chapterr  6 

Intestinall  and cerebral oxygenation durin g severe isovolemic 

hemodilutionn and subsequent hyperoxic ventilation in a pig model 

Abstract Abstract 

Background:Background: Determination and comparison of critical levels of O2 supply 

forfor microvascular oxygenation and O2 consumption of different organs dur-

inging hemodilution provides more insight into the functional effects of the 

redistributionredistribution of cardiac output and O 2 supply on regional oxygenation. 

Methods:Methods: 15 Pigs were randomized between an experimental group (n=10), 

inin which severe isovolemic hemodilution was performed with HAES-steril 

6%,6%, and a time matched control group (n=5). Systemic, intestinal, and cere-

bralbral hemodynamic and oxygenation parameters were monitored. 

MicrovascularMicrovascular PO2 (11PO2) was measured in the cerebral cortex and the in-

testinaltestinal serosa and mucosa, using the O2 dependent quenching of Pd-

porphyrinporphyrin phosphorescence. In the final phase of the experiment, FiÖ2 was 

increasedincreased to 1.0. 

Results:Results: Hemodilution decreased Ht from 25.1  0.9 to 7.6  0.6 % (mean

SEM).SEM). Critical levels of systemic DO2 and Ht were similar for systemic, 

cerebral,cerebral, and intestinal V02. At a regional level, cerebral V02 and juP02 

werewere preserved until the same level of hemodilution, whereas in the intes-

tines,tines, serosal JUPO2 decreased at an earlier stage than mucosal {1PO2 and 

intestinalintestinal V02. Hyperoxic ventilation did not improve systemic or regional 

vovo22. . 
Conclusions:Conclusions: Redistribution of the systemic O2 supply during isovolemic 

hemodilutionhemodilution in favor of organs with lower O2 extraction capacity resulted 

inin similar critical levels of hemodilution for the intestines, the brain, and the 

wholewhole body. It is hypothesized that redirection of the O2 supply within the 

intestinesintestines resulted in the preservation of VO2 and mucosal juP02 compared 
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toto the serosal juP02. During 02 supply dependency, hyperoxia had no bene-

ficialficial  effect. 

Introductio n n 

Acutee isovolemic hemodilution is a commonly used technique to delay or 

omitt the need for transfusion of homologous blood during surgery. Although 

thee O2 content of the blood is reduced during this procedure, the whole body 

O22 consumption (VO2) is maintained by an increase in cardiac output and an 

increasee in the oxygen extraction ratio (02ER) of the tissues. A critical level 

off  hemodilution is reached when the whole body O2 delivery (DO2) falls 

beloww a critical point and compensatory mechanisms become insufficient: 

V022 becomes dependent on supply and decreases at the same rate as the 

DO2.. Such critical levels of hemodilution have been determined for systemic 

D022 and V02 in anesthetized animals15 and humans.6'7 

However,, when looking at the oxygenation of individual organ systems 

duringg hemodilution, a redistribution of cardiac output and 02 transport oc-

curss in favor of the vital organs, i.e. heart and brain.8-11 Thus, a critical level 

forr the systemic V02 does not provide adequate information about the criti-

call  level of hemodilution for the oxygenation of different organ systems. 

Furthermore,, critical levels for the microvascular oxygenation of different 

organss during normovolemic hemodilution have not yet been determined. 

Thee present study was designed to determine the critical levels of hemo-

dilutionn for the systemic V02, the intestinal, and the brain V02 in the 

anesthetizedd pig. In addition, critical levels were determined for the 

microvascularr oxygenation of the cerebral cortex, and the intestinal mucosa 

andd serosa. Comparison of these critical levels might provide more insight 

intoo the functional effects of the redistribution of 02 supply during iso-

volemicc hemodilution on regional oxygenation. A porcine model was 

selectedd since the responses of this animal to several conditions of stress 
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havee been demonstrated to be similar to those of humans, this in contrast to 

dogs.12,13 3 

Sincee it is unclear whether an increase in the amount of physically dis-

solvedd O2 can restore organ 02 consumption and microvascular PO2 during a 

statee of O2 supply dependency, the arterial O2 content was increased after 

reachingg severe hemodilution. 

Material ss and methods 

Animals Animals 

Thee protocol of the present study was approved by the Animal Research 

Committeee of the Academic Medical Center at the University of Amsterdam. 

Animall  care and handling were performed in accordance with the national 

guideliness for care of laboratory animals. The experiments were performed in 

155 crossbred Landrace x Yorkshire pigs with a mean (  SEM) bodyweight of 

255  1 kg. 

ExperimentalExperimental preparation 

Afterr an overnight fast with free access to water, the animals were sedated 

withh an intramuscular injection of ketamine (20 mg kg"1), midazolam (1 mg 

kg"1)) and atropine (0.5 mg). Anesthesia was induced with thiopental (5 mg 

kg""  , i.v.) and was maintained by intravenous infusion of midazolam (0.2 mg 

kg"11 bolus, followed by 0.2 mg kg 'hr') and fentanyl (20 jig kg"1 bolus, 

followedd by 10 jig kg"1™*"1). Muscle relaxation was obtained with 

pancuroniumm bromide (0.1 mg kg"1 bolus, followed by 0.1 mg kg'hr"1). After 

tracheall  intubation, ventilation was performed (AV-1; Dragerwerke, Liibeck, 

Germany)) with oxygen in air (Fi02 0.33). Normocapnia was maintained. As 

maintenancee fluid, a crystalloid solution (Ringer's lactate) was administered 

(155 ml kg"'hr"1). Central body temperature was maintained at around 37 °C 

withh a heating pad, isolation blankets, and by warming the fluids before infu-

sion. . 
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Catheterss were placed into the right brachial artery (6 Fr) for the 

measurementt of arterial blood pressure and collection of arterial blood 

samples,, the right brachial vein (14G) for the administration of fluids, the 

leftt femoral artery (8 Fr) for blood withdrawal during exchange transfusion 

andd the right internal jugular vein (4 Fr) for the collection of jugular venous 

bloodd samples. A pulmonary artery thermodilution catheter (Edwards 7 Fr; 

Baxterr Healthcare Corp) was positioned into the pulmonary artery via an 

introducerr in the left femoral vein for the measurement of cardiac output, 

rightt atrial pressure (RAP), pulmonary artery pressure (PAP), pulmonary 

capillaryy wedge pressure (PCWP), central body temperature and collection 

off  mixed venous blood samples. 

Followingg identification of the right carotid bifurcation, the external ca-

rotidd artery was ligated and an ultrasonic flow probe (3.0 mm; Transonic 

Systemss Inc., Ithaca, NY, USA) was placed around the right common carotid 

artery.. This procedure was described by Meadow et al., who demonstrated 

thatt measurement of the internal carotid flow in pigs in this way accurately 

reflectss the ipsilateral cerebral blood flow, as determined by microsphere 

measurements.14 4 

Followingg midline laparotomy, an ultrasonic flow probe (4.0 mm, Tran-

sonicc Systems Inc., Ithaca, NY, USA) was placed around the superior 

mesentericc artery for the measurement of blood flow to the splanchnic 

region.. After location of the terminal ileum, a mesenteric vein related to the 

ileumm was cannulated (6 Fr) for the collection of mesenteric venous blood 

samples.. A tonometer catheter (Tonocap 16 Fr; Tonometries, Datex-Oh-

meda,, Finland) was positioned into the lumen of the terminal ileum. An anti-

mesentericc incision was made to expose the intestinal mucosa. The urinary 

bladderr was cannulated to prevent distension of the bladder wall and to 

monitorr urinary production. 

AA 5x5 cm skin flap was removed from the right side of the skull. A cir-

cularr piece of bone (~ 2 cm diameter) was removed, exposing the dura mater 
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off  the brain. The dura was opened carefully until the cortical surface of the 

rightt hemisphere was clearly visible. Continuous irrigation with warmed 

salinee prevented the exposed tissues from desiccation. 

HemodynamicHemodynamic and blood gas measurements 

Systolicc and diastolic arterial blood pressures (mmHg), heart rate (bpm), 

rightt atrial pressure (mmHg), systolic and diastolic pulmonary pressures 

(mmHg),, and pulmonary capillary wedge pressure (mmHg) were monitored. 

Cardiacc output was measured by thermodilution and a cardiac output com-

puterr (Vigilance, Baxter Edwards Critical Care). Blood flows in the internal 

carotidd (QICA) and superior mesenteric artery (QSMA) were measured con-

tinuouslyy (Flow meter T206, Transonic Systems Inc., Ithaca, NY, USA). 

Hemodynamicc and oxygenation values were indexed according to 

bodyweight.. Systemic vascular resistance index (mmHg ml'Wn'kg"1) was 

calculatedd as SVRI = (MAP-RAP)/CI, mesenteric vascular resistance index 

andd internal carotid vascular resistance index (mmHg ml"'min''kg"1) were 

calculatedd as MVRI = (MAP-RAP)/QS MA and ICVRI - (MAP-RAP)/QICA, 

respectively. . 

Att each measurement point, simultaneously an arterial sample was taken 

fromm the brachial artery, a mixed venous sample from the pulmonary artery 

catheter,, a mesenteric venous sample from the mesenteric venous catheter 

andd a jugular venous sample from the internal jugular venous catheter. The 

sampless were used to determine blood gas values (ABL505, Radiometer, 

Copenhagen,, Denmark), as well as hematocrit (Ht), hemoglobin (Hb) con-

centrationn and hemoglobin oxygen saturation (SO2) (OSM 3, Radiometer, 

Copenhagen,, Denmark). 

Systemicc oxygen delivery was calculated as DQSYS (ml mhf'kg"1 body-

weight)) = CI (ml min'kg"1) x arterial 02 content (ml 02 ml"1 blood), which 

wass calculated as (1.31 x Hb x Sa02) + (0.003 x Pa02) x 0.01. Systemic 

oxygenn consumption was calculated as VCWs (ml min"'kg1 bodyweight) = 
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CII  x (arterial-mixed venous O2 content difference). The systemic oxygen 

extractionn ratio was calculated as 02 E RSY S (%) = (arterio - mixed venous 02 

contentt difference) / arterial 02 content. In a similar way, the intestinal 02 

deliveryy (D02SMA), 02 consumption ( V 0 2 S MA ) , and 02 extraction ratio 

(02ERSMA)) were calculated. Based on the QICA, an indication of the 

ipsilaterall  cerebral oxygenation was obtained: the D02 through the internal 

carotidd artery was calculated as D02ICA
 =

 QICA  X arterial 02 content. An 

indicationn of the corresponding 02 consumption was calculated using the 02 

contentt difference between right internal carotid artery and right internal 

jugularr vein: V02ICA
 =

 QICA  X (arterio-internal jugular venous 02 content 

difference).. Compared to the determination of the intestinal oxygenation, 

onlyy an estimation of the total cerebral oxygenation could be made. To avoid 

confusionn with the actual cerebral oxygenation by using absolute numbers, 

thee values for the D02ICA and V02ICA were expressed as percentage of the 

firstfirst baseline measurements. Measurement of the internal jugular venous 02 

contentt allowed the calculation of the arteriovenous 02 content difference, 

andd thereby the 02 extraction ratio of the brain.15"17
 02E R ICA was calculated 

as:: (arterio - internal jugular venous 02 content difference) / arterial 02 

content. . 

MicrovascularMicrovascular PO2 measurements 

Thee microvascular P02 was measured in the cerebral cortex and the serosa 

andd mucosa of the ileum, using the 02 dependent quenching of Pd-porphyrin 

phosphorescence.. Excitation of Pd-porphyrin by a pulse of light causes 

emissionn of phosphorescence with a decay in time, which is quantitatively 

relatedd to the oxygen concentration.18"20 Pd-meso-tetra(4 carboxy-

phenyl)porphinee (Porphyrin Products, Logan, UT, USA) is coupled to hu-

mann serum albumin to form a large molecular complex which, when injected 

intravenously,, is confined mainly to the vascular compartment.20'21 50 ml of 
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aa 4 mM Pd-porphyrin solution was administered, corresponding with a 

dosagee of 12 mg kg"1 body weight. The microvascular PO2 measurements 

weree made with optical fibers for the transmission of excitation and emission 

light,, attached to a phosphorimeter. To determine which microvascular com-

partmentt is measured by fiber phosphorimetry, the Pd-porphyrin 

phosphorescencee fiber technique has been compared with a microscopic 

phosphorimeter:: simultaneous PO2 measurements with the fiberoptic tech-

niquee showed excellent correlation with microscopically measured PQ2 in 

capillariess and first order venules, but not with arteriolar or venous PQ2 

values,, at different Fj02 levels.22 Thus, this result allowed us to term the 

fiberopticfiberoptic measurement of P02 as the measurement of microvascular P02 

(uP02).. Fiberoptic measurements of uP02 incorporate blood vessels over an 

areaa of approximately 1 cm2 with a penetration depth of about 0.5 mm.20-23 

Ass the calibration constants in the calculation of the (J.PQ2 from the phospho-

rescencee decay time are temperature dependent, intestinal surface 

temperaturee measurements were used for correction of these constants. In the 

presentt study a multifiber phosphorimeter was used, with three separately 

operatedd optical fibers. The fibers were placed near the surfaces of the cere-

brall  cortex, and the serosa and mucosa of the ileum. In this way, the 11PQ2 

wass measured in three different regions simultaneously. 

ExperimentalExperimental procedure 

Afterr preparation and a stabilization period of at least 30 minutes, two base-

linee measurements were made during a one-hour period. The animals were 

randomizedd between a hemodilution group (n=10) and a time matched control 

groupp (n=5). Stepwise isovolemic hemodilution was accomplished by with-

drawall  of blood from the femoral artery and simultaneous administration of 

ann equal volume of HAES-steril 6 % (6 % hydroxyethylstarch 0.5 DS in 0.9 

%% NaCl solution, Mw 200.000; Fresenius, Germany) through the femoral vein 

att the same rate. Four dilution steps were made: three steps of 20 ml kg"1 
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bodyy weight and a final step of 30 ml kg"1, resulting in a total volume ex-

changee of 90 ml kg"1. Twenty minutes after each hemodilution step, all 

hemodynamic,, blood gas, and (1PO2 measurements were repeated. Lactate 

measurementss were performed at baseline and after a total volume exchange 

off  40 and 90 ml kg"1. Following the measurements after the final hemodilu-

tionn step, Fi02 was increased to 1.0 and after 20 minutes stabilization, all 

measurementss were repeated. In the control group, identical measurements 

weree made at corresponding time intervals, but no hemodilution was per-

formed.. In the final stage of the experiment, the Fi02 was increased to 1.0. All 

experimentss were terminated by administration of 30 mmol of potassium 

chloridee solution. 

StatisticalStatistical analysis 

Valuess are reported as mean  SEM. Data were analyzed using analysis of 

variancee (ANOVA) for repeated measurements. When appropriate, post-hoc 

analysess were performed with the Student-Newman-Keuls test. Parameters 

fromm the hemodilution group were compared with the control group for each 

measurementt point with the unpaired t test. P values < 0.05 were considered 

significant.. The effect of hemodilution on VO2 was determined for the brain, 

thee intestines, and the total body; the effect on uP02 was determined for the 

intestinall  serosa and mucosa and the cerebral cortex. From plots of Ht or 

DO22 against V02 and uP02, it was possible to determine the points at which 

V022 or uP02 became dependent on either Ht or D02 with further hemodilu-

tion.. These points were determined for each animal separately by the 

intersectionn of the two best-fit regression lines, as determined by a least sum 

off  squares technique. 
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Results s 

SystemicSystemic and pulmonary hemodynamics 

Dataa are summarized in table 6.1. Baseline measurements in the hemodilu-

tionn and the control group were not significantly different except for the 

heartt rate, which was lower in the control group. In the control animals, all 

systemicc hemodynamic parameters remained constant throughout the ex-

periment.. In the hemodilution group, the decrease in hematocrit, from 25.1

0.99 at baseline 1 to 7.6  0.6 % after exchange of 90 ml kg"1, was accompa-

niedd by an increase in cardiac index (figure 6.1). The heart rate increased 

significantly,, whereas the stroke volume did not change from baseline 

values.. The MAP remained constant during hemodilution, although the 

systemicc vascular resistance index (SVRI) decreased significantly compared 

too baseline and control group values. The pulmonary artery pressure (MPAP) 

andd pulmonary vascular resistance index (PVRI) did not change 

significantly.. The pulmonary capillary wedge pressure (PCWP) increased 

slightlyy but not significantly. 

Followingg the final dilution step, hyperoxia decreased the heart rate to the 

rangee of baseline values, resulting in a slight but not significant decrease in 

CI.. In addition, the PCWP and the SVRI increased after hyperoxia. 

SystemicSystemic oxygenation 

Dataa are summarized in table 6.2 and figure 6.1. Arterial P02 and S02 did 

nott change in both groups, until the Fi02 was increased. Despite the increase 

inn CI, DO2SYS decreased with the onset of hemodilution. The C^ERSYS in-

creasedd and as a result the V02SYS was preserved until a Ht of 9.9 %, but 

decreasedd significantly after the final hemodilution step at a hematocrit of 

7.66 %. Consequently, the mixed venous P02 and S02 decreased with pro-

gressivee hemodilution. 

Hyperoxiaa significantly increased the arterial Q2 content in the 

hemodilutionn group from 3.4  0.1 ml dl"1 to 4.7  0.1 ml dl"1. This resulted 
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Cardiacc Index 
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Figuree 6.1. Systemic blood flow and oxygenation parameters after 20, 40, 60, and 90 ml 

kg"11 hemodilution (HD) and subsequent hyperoxia (HO) in 10 anesthetized pigs and at 

correspondingg time points in 5 control animals. 

Cardiacc index increased during hemodilution, D02SYS decreased with the onset of hemodi-

lution,, whereas V02SYS decreased after the final hemodilution step. 02ERSYs increased 

significantly.. Hyperoxia had no significant effect on these parameters. 

Valuess represent mean + SEM. * P<0.05 HD vs. Control; o P<0.05 HD vs. baseline; 

 P<0.05 HD vs. previous;  P<0.05 Control vs. baseline; D P<0.05 Control vs. previous 
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Figuree 6.2. Intestinal blood flow and oxygenation parameters after 20, 40, 60, and 90 ml 

kg"11 hemodilution and subsequent hyperoxia (HO) in 10 anesthetized pigs and at 

correspondingg time points in 5 control animals. 

QSMAA did not change during hemodilution. D02SMA decreased with the onset of hemodilution; 

V02SMAA decreased after the third hemodilution step. 02ERSMA increased progressively during 

thee experiment. Hyperoxia significantly decreased O^MA and D02SMA in the control group and 

02ERSM AA in the hemodilution group. 

Valuess represent mean + SEM. * PO.05 HD vs. Control; o PO.05 HD vs. baseline; 

 P<0.05 HD vs. previous;  PO.05 Control vs. baseline; D P<0.05 Control vs. previous 
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Figuree 6.3. Internal carotid artery blood flow and oxygenation parameters after 20, 40, 

60,, and 90 ml kg"1 hemodilution and subsequent hyperoxia (HO) in 10 anesthetized pigs and 

att corresponding time points in 5 control animals. 

QICAA  increased after the first hemodilution step. However, DO21CA decreased significantly 

withh hemodilution. V02ICA fell after the third hemodilution step, despite the significant in-

creasee in 02ERIC A at the same stage. Hyperoxia significantly decreased QJCA 'n both 8rouPs> 

andd VO21CA in the control group. 

Valuess represent mean  SEM. * P<0.05 HD vs. Control; o P<0.05 HD vs. baseline; 

 P<0.05 HD vs. previous;  P<0.05 Control vs. baseline; D P<0.05 Control vs. previous 
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inn a slight increase in D02SYS, despite the decrease in CI. The 02ERSY S 

decreasedd significantly following hyperoxia and the V02SYS was not 

restored.. Mixed venous P02 and S02 increased above baseline values 

(P<0.05).. In the control group, the arterial 02 content was increased by 

hyperoxiaa as well. However, this did not change the DC^SYS and V02 SYS, 

althoughh mixed venous P02 and S02 exceeded baseline values. 

RegionalRegional blood flow and oxygenation 

Althoughh all animals underwent the same surgical and anesthetical protocols 

andd were randomly assigned to the hemodilution or the control group, 

mesentericc blood flow (QSMA) in the control group was lower (figure 6.2) 

comparedd to the hemodilution group. Al l control group parameters were 

stablee in time. Hemodilution did not change QSMA, resulting in a progressive 

decreasee in D02SMA- The 02ERSMA increased from 20  2 % at baseline to 46 

 4 % after the final hemodilution step, and the V02SMA decreased from 

baselinee after the third hemodilution step (corresponding Ht 9.9 %), as can 

bee seen in figure 6.2. Mesenteric venous P02 (figure 6.5) and S02 values 

(tablee 6.3) decreased concomitantly. 

Baselinee values for the carotid blood flow (QICA, figure 6.3), and the 

correspondingg vascular resistance (table 6.1) were comparable for both 

groups.. The QICA increased from 2.5 1 ml min'kg"1 at baseline 1 to 4.2

0.66 ml min^kg"1 after 90 ml kg"1 blood exchange (figure 6.3); meanwhile the 

ICVRII  decreased. Similar to the systemic circulation, the increase in blood 

flowflow did not compensate for the decreased arterial Q2 content and the D02I CA 

felll  with the onset of hemodilution. An increase in 02ERrCA (from 31  3 % 

att baseline to 47  2 % at 90 ml kg'1 exchange) preserved the V02ICA, again 

untill  the third hemodilution step. Internal jugular venous PO2 (figure 6.5) 

andd S02 (table 6.3) decreased during hemodilution, reflecting the increase in 

02ERICA--
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Hyperoxiaa did not influence the QSMA after hemodilution. The D02SMA 

increasedd slightly although not significantly, but the V02SMA did not im-

prove.. Mesenteric venous PO2 and S02 increased substantially following 

hyperoxia;; the P02 even exceeded baseline values. In the control group 

however,, the MVRI increased after hyperoxia and the QSMA decreased, 

resultingg in a decrease in D02SMA but not in V02 SMA - The change in 02 E RS M A 

wass not statistically significant and the mesenteric venous P02 and S02 did 

nott significantly increase in the control group after hypoxia. 

Hyperoxiaa decreased the Q|CA significantly in the hemodilution and the 

controll  group. This did not influence the D02ICA in the control group, but 

slightlyy increased the D 02 I CA in the hemodilution group. However, V02ICA 

didd not improve in the hemodilution group and even decreased in the control 

group.. P02 and S02 in the internal jugular vein in the hemodilution group 

exceededd baseline values, whereas they did not change in the control group. 

0 JJ - - « - C I ^ ^ Q s M A -D-Q|CA 
11 1 1 1 1 1 r 

B11 B2 20 40 60 90 HO 

Figuree 6.4. Change in cardiac index (CI), QICA, and QSMA during normovolemic 

hemodilution.. CI increased with hemodilution; however QICA increased to a 

significantt greater extent and QSMA did not change at all during the experiment, 

illustratingg the redistribution of the CI in favor of the cerebral circulation. Values 

weree normalized to the first baseline measurement and represent mean  SEM. o 

P<0.055 QSMA vs. CI;  PO.05 QICA vs. CI. 
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Figuree 6.5. Mesenteric and jugular venous P02 values and intestinal serosal and mucosal, and 

cerebralcerebral cortex uP02 values. From top to bottom: mesenteric venous P022 decreased progres-

sivelyy throughout the complete hemodilution procedure, the int. jugular  venous P02 

decreasedd at a slower rate, reaching significance after the third hemodilution step. The 

mucosall  uP02 decreased significantly after 60 ml kg"1 blood exchange, similar to the cortex 

u.P02.. The serosal uP02, with baseline values in the same range as the mesenteric venous 

P02,, decreased immediately after the first hemodilution step. Hyperoxia increased serosal and 

cortexx uP02, restored mucosal uP02 to baseline levels, but increased the mesenteric and 

jugularr venous P02 above baseline levels. 

Valuess represent mean  SEM. * P<0.05 HD vs. Control; o P<0.05 HD vs. baseline; 

 P<0.05 HD vs. previous;  P<0.05 Control vs. baseline; D P<0.05 Control vs. previous 
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Thee distribution of the increased cardiac index during hemodilution is shown 

byy the changes in the blood flows (figure 6.4). The steeper curve shows that 

thee QICA increased to a greater extent than the CI, whereas the flat curve of 

thee QSMA shows that the mesenteric circulation did not increase during 

hemodilution. . 

MicrovascularMicrovascular P02 measurements 

Dataa are shown in figure 6.5. Baseline measurements were similar for the 

hemodilutionn and the control group. The uP02 of the serosa (58  2 mmHg 

att baseline 1) decreased after the first hemodilution step, and fell to 21 

mmHgg after the last step, when Ht was 7.6  0.6 %. The mucosal uP02 (27

11 mmHg at baseline) remained unaffected for a longer period of time and 

decreasedd after the third hemodilution step (at Ht 9.9  0.4 %). The uPĈ  of 

thee cerebral cortex (26  1 mmHg at baseline) demonstrated a similar be-

haviorr as the mucosal uP02 and decreased after the third hemodilution step. 

uP022 measurements in the control group did not change over time. 

Hyperoxiaa increased both the serosal and the mucosal UPO2; the mucosal 

uP022 was restored to baseline values. The cerebral cortex UPQ2 was signifi-

cantlyy increased as well, but did not return to baseline values. 

CriticalCritical  levels of hemodilution 

Att a D02SYS of 17.8  3.7 ml min"'kg'1, V02SYs started to decrease. The 

criticall  D02SYS values for the V02SMA and the V02ICA were 20.1  3.6 and 

19.11  5.1 ml min'kg"1, respectively. When calculated for the Ht, V02SYS 

startedd to decrease with Ht at a mean Ht of 13.7  3.5 %, VQSMA at 11.0

2.55 %, and the V02ICA at 9.9  2.1 %. These values were not significantly 

differentt from each other. 

Thee V02SMA became dependent on supply at D02SMA of 2.2  0.4 ml 

min'kgg '. At the same point, the mucosal uP02 started to decrease, at a criti-
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call  D02SMA of 2.3  0.6 ml min'kg"1. The serosal uP02, however, decreased 

alreadyy at a D02SMA of 3.1 6 ml mirf'kg"1 (P<0.05). Similarly, the mu-

cosall  UPO2 was preserved until a Ht of 11.4  2.6 %, whereas the serosal 

j iP022 started to decrease at a Htof 16.9  4.2 % (P<0.05). 

Inn the brain, the V02ICA started to decrease when D02ICA was diminished 

too 72  4 % of its baseline values, whereas the uP02 in the cerebral cortex 

startedd to fall when D02ICA
 w as diminished to 73  5 % of its baseline 

values.. These values were not significantly different from each other. The 

criticall  Ht for the V02 !cA was 9.9  2.1 %, and the uPO? in the cortex started 

too decline at a H tof 12.1 1 %. 

MetabolicMetabolic parameters 

Systemicc and regional parameters are summarized in tables 6.2 and 6.3, 

respectively.. Arterial PC02 did not change during the entire experiment in 

thee hemodilution and the control groups. The regional intestinal PC02, 

measuredd with tonometry, increased during hemodilution, although not 

significantly.. The systemic and regional venous pH measurements did not 

changee in the control group. In the hemodilution group, the arterial pH de-

creasedd significantly after the final hemodilution step. The mixed venous pH 

didd not change, but the mesenteric venous pH decreased after the second step 

andd the jugular venous pH after the third step. Hyperoxia had no effect on 

thee pH values. There was no significant change in lactate levels during 

hemodilutionn and hyperoxia. 

Discussion n 

Thee main finding of this study is that similar critical levels of hemodilution 

weree found for the systemic, intestinal, and cerebral VO?. In addition, the 

cerebrall  VO2 and j iP02, and the intestinal VO2 and mucosal uP02 became 

impairedd at the same stage during hemodilution; whereas the intestinal se-

rosall  uP02 became impaired at an earlier stage. 
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Thee systemic response to the decrease in arterial O2 content consisted of 

ann increase in CI and an increase in 02ERSYS- On the regional level, the in-

creasedd CI was redistributed in favor of the brain, as was illustrated by the 

steeperr increase in QICA in figure 6.4. Despite the redistribution of blood 

flow,, systemic as well as intestinal and cerebral V02 became impaired by the 

diminishedd O2 supply at the same level of hemodilution. Systemic 

redistributionn may have favored the oxygenation of the brain, the intestines 

successfullyy compensated for the diminished Q2 delivery by a larger increase 

inn the O2 extraction from the blood: 130 % increase for the intestinal versus 

522 % for the cerebral 02ER from baseline 1 to the final hemodilution step. 

Ann increase in 02ER as the predominant mechanism for the preservation of 

intestinall  V02 has been reported in prior studies as well.1'24,25 Finally, a 

levell  of hemodilution was reached below which all regulation became 

insufficient,, resulting in a general critical level of hemodilution for the 

wholee body, the brain, and the intestines. 

Redistributionn of a diminished 02 supply in favor of organ systems with a 

lowerr 02 extraction capacity can increase the efficiency of O2 delivery.26 

However,, the mechanisms behind the redistribution of blood flow during 

hemodilutionn are not clear. The results of the present study demonstrated the 

functionall  consequences of redistribution and only allow for speculations to 

bee made regarding regulatory mechanisms. Possible mechanisms, which 

couldd account for systemic or local redistribution, could include increased 

sympatheticc activity,27"29 although the level of circulating catecholamines 

doess not increase during hemodilution.8 On the other hand, activity of nitric 

oxidee (NO) might play an important role in the systemic and splanchnic 

responsee to hemodilution.30-32 The increase in cerebral blood flow during 

hemodilutionn has been attributed to decreases in both Q02 and blood 

viscosity;33"355 increased NO activity should not be involved in this process.36 

Thee cerebral jiP02 and V02 were impaired at the same stage of hemodi-

lution,, supporting the notion that a decrease in the amount of dissolved O2 in 
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thee microcirculation, being a driving force for the diffusion of 02 into the 

tissues,, might precede impairment of tissue VO2 and as such could reflect 

thee balance between O2 supply and demand.37 However, the uP02 measure-

mentss in the intestinal mucosa and serosa did not respond accordingly in 

relationn to V02SMA - Although the V02SMA and the mucosal uP02 were pre-

servedd until a Ht of 0 %, the serosal uP02 started to decline at a Ht of 

17.00 % (P<0.05). This finding is in agreement with 02 electrode measure-

mentss of Haisjackl et al. during hemodilution,38 and supports the notion that 

duringg hemodilution the diminished 02 supply is redistributed within the 

intestiness in favor of the mucosa.32-38 Furthermore, this finding implicates 

thatt the mucosa contains the predominant 02 consuming part of the intestinal 

wall.. A similar redistribution of intra-organ blood flow during hemodilution 

hass been shown to occur in the heart839-40 and the kidney.8 

Inn the present study, the critical Ht for systemic and regional oxygenation 

wass in the range of 10-15 %, which is in agreement with critical values in 

priorr models.2-4-6 In addition, the constant regional and systemic lactate 

levelss in the present study point at adequate tissue oxygenation until this 

levell  of hemodilution,41 to which is contributed by the values of the regional 

intestinall  PC02. Below the critical hemodilution level, only the decreased 

pHH values indicated that V02 was impaired, although systemic or local aci-

dosiss did not occur. Considering critical levels of hemodilution in general, it 

mustt be noted that the use of anesthesia must be taken into account: the 

compensatoryy mechanisms during hemodilution are influenced by the use of 

anesthesiaa and a critical level of D02 could not be demonstrated during 

hemodilutionn in conscious animals and humans.42"44 

Thee increase in Fi02 failed to improve the systemic or regional V02 

despitee an increase in arterial 02 content; the adverse effects of hyperoxia on 

cardiacc output and 02 utilization, that have been observed at normal Ht 

values,45-466 and at a Ht of -15 %,46-47 also occur below a critical level of 

hemodilution.. Furthermore, it was found that the regional venous P02 values 
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wheree increased more than the uPO? value, indicating that during hyperoxia 

thee increased amount of physically dissolved 02 is being shunted to the ve-

nouss side of the organ vascular beds. This observation might be explained by 

ann effect of hyperoxia on the regulation of O2 utilization in the tissues. 

Hyperoxiaa at normal and reduced Ht levels was shown to induce a local 

vasoconstrictivee response in skeletal muscle, causing a reduction of capillary 

density,, development of regions with littl e or no capillary flow,48 and a de-

creasee in O2 extraction and consumption.47 In the cerebral circulation, the 

arteriall  PO2 was shown to be an independent regulator of cerebral blood 

flow,499 and in the cerebral cortex, a reduction in capillary blood flow and a 

moree heterogeneous distribution of tissue P02 values were found during 

hyperoxia.50'51 1 

Itt has been suggested that the reduction in capillary flow is aimed at pro-

tectionn of the tissues from supra-normal oxygen concentrations, resulting in 

normall  microvascular and venous PO2 values but impaired O2ER and de-

creasedd 02 consumption levels.52 When looking at the results of the present 

study,, this hypothesis does not apply for all the organ vascular beds in the 

body.. In the control group, the venous PO2 values in the intestinal and cere-

brall  circulation remained constant during hyperoxia, whereas the mixed 

venousvenous P02 increased. This finding is conform prior studies, which have 

shownn that hyperoxia increased the 02 content in the venous outflow of the 

wholee body53 and of skeletal muscle,47'54 but not of the brain.55 However, 

followingg hemodilution in the present study, all systemic and regional ve-

nouss PO2 values increased. Based on these observations, one might 

hypothesizee that at normal Ht levels, an increase in arterial PQz does not in-

fluencee the microvascular and venous P02 values in the intestinal and 

cerebrall  vascular beds. In other tissues, such as skeletal muscle, shunting of 

022 increases the local and systemic venous PO2 values. During severe hemo-

dilution,, interaction with the compensatory adaptations to the low Ht levels, 

resultss in shunting of 02 in the cerebral and intestinal circulation as well. 
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Inn conclusion, similar critical levels of hemodilution were found for the 

systemic,, intestinal, and cerebral VO?, indicating that the diminished O2 

supplyy is efficiently redistributed in favor of the organs with lower O2 ex-

tractionn capacity. At the same critical level, the mucosal and cerebral uPCK 

becamee impaired, whereas the serosal uP02 decreased at an earlier stage, 

suggestingg that the 02 supply was redistributed within the intestines as well. 

Duringg O2 supply dependency, hyperoxic ventilation did not improve sys-

temicc or regional V02. The increased regional venous PO2 values in 

combinationn with the decreased 02ER indicate that the increased amount of 

physicallyy dissolved 02 was shunted to the venous side of the organ vascular 

beds. . 
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