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Chapterr  1 

Generall  introduction 

Historicall  aspects 

Legendd has it that the first exchange of human blood was accomplished in 

1492,, when the blood of three healthy boys was transferred into the veins of 

thee old and sick Pope Innocentius VIII , unfortunately without success.1 

However,, the concept of blood transfusion was not further elaborated upon 

beforee the description of the circulation by William Harvey in the first half 

off  the seventeenth century. Shortly thereafter, the first intravenous injections 

weree performed and blood was exchanged in animal experiments. In 1666, 

thee Englishman Richard Lower observed how dogs, that were nearly bled to 

death,, could be revived with intravenous injections of another dog's blood. 

However,, it was the Frenchman Jean-Baptiste Denis, who would deserve the 

creditss for performing the first blood transfusion to a human one year later. 

Inspiredd by the experiments from Lower, he administered calf blood to a 

man,, hoping to treat the man's frenzy with the "cool and fresh" blood of the 

youngg animal. The man did not suffer any immediate harmful consequences, 

andd soon this new transfusion therapy spread across Europe, where doctors 

begann to exchange blood between different animals and humans for all kinds 

off  disorders, ranging from leprosy to psychiatric illness. 

Denis'' success caused a lot of envy and criticism from the leading scien-

tistss of the conservative French academy. Due to their lobby, and the fatal 

outcomee of other transfusion experiments, a court order declared the per-

formancee of blood transfusion dependent on the permission of the Faculty of 

Medicine.. Rather than to submit to the most conservative doctors in France, 

thee practice of blood transfusion was abandoned and faded away. Two years 

later,, the French Parliament officially banned all transfusions involving hu-

mann beings, followed by the English Parliament and the Vatican, and as a 
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Chapterr 1 

resultt the study of circulation and transfusion was abandoned for a long 

time.2 2 

Itt was not before the late eighteenth century, when oxygen had been 

identifiedd by Lavoisier in 1777, that experimental transfusions in animals 

revealedd the oxygen transport function of blood. New insights resulted in the 

firstfirst transfusions of human blood, which were supposedly performed by the 

Englishh physician and obstetrician James Blundell in 1818. His results, 

whichh were encouraging because he only used human blood, with the only 

goalgoal to replace the blood lost after hemorrhage, revived the interest for blood 

transfusionn in Europe. However, the lack of knowledge about sterility, blood 

groups,, and coagulation resulted in low success rates: in 1873, evaluation of 

bloodd transfusions showed that more than 50 % had ended in death. The 

proceduree threatened to be abandoned again. 

Inn 1901, Karl Landsteiner, investigating failed transfusions, identified the 

mainn types of red blood cells, resulting in the ABO and rhesus blood group 

system.. Although it took more than a decade before cross matching was used 

too type donor and recipient, the chance of adverse reactions after transfusion 

wass now strongly reduced. In combination with the use of more adequate 

equipment,, which simplified the procedure of blood collection and 

administration,, and the introduction of sodium citrate as an anticoagulant by 

Richardd Lewisohn in 1915, the transfer of blood from one person to another 

hadd become a relatively safe and bearable procedure. 

Still,, transfusion was dependent on the immediate availability of a 

matchedd blood donor, as the blood was directly transferred from the donor to 

thee patient. To circumvent this problem, in the Soviet Union doctors 

experimentedd with human cadaver blood, and later with stored donor blood. 

Theirr lead was followed by others, resulting in the development of the first 

storedd blood facilities in the end 1930s in the anticipation of huge numbers 

off  war casualties. Indeed, during WW II the technique and understanding of 

bloodd banking and blood transfusion developed rapidly. Another impulse 
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wass given by the development of the plastic container. After its introduction 

inn 1950, the separation of whole blood into different components and the 

relatedd therapeutic procedures became reality, and further stimulated the 

developmentt of blood banking and transfusion therapy, as we know it today. 

Transfusionn therapy 

Thee objective of red blood cell (RBC) transfusion is based on two assump-

tions:: 1) patients experience adverse outcomes when the oxygen-carrying 

capacityy of the blood is reduced, and 2) RBC transfusion, by augmenting the 

oxygen-carryingg capacity of the blood, can prevent these adverse outcomes. 

Inn general, oxygen delivery to the tissues is defined as the product of blood 

floww (Q) and arterial oxygen content (Ca02). The latter is a function of he-

moglobinn concentration (Hb), saturation (Sa02), and the amount of 

physicallyy dissolved oxygen in arterial blood (Pa02): 

D022 - Q x Ca02 

Ca022 - (Hb x Sa02 x 1.31) + (Pa02 x 0.003), 

inn which 1.31 represents the 02 binding capacity of hemoglobin (ml 02 per 

gramm Hb) and 0.003 the solubility coefficient for 02 in blood (0.003 ml 02 

iss dissolved for each mmHg of partial 02 pressure). Within the tissues, addi-

tionall  factors, such as the local distribution of blood flow, capillary hetero-

geneity,, RBC transit time in the capillaries, and the position of the oxygen 

dissociationn curve, are of importance for the transport of oxygen to the cell. 

Ass a rather arbitrary clinical threshold for RBC transfusion ('transfusion 

trigger'),, a Hb of 10 g/dl and a hematocrit of 30 % have been propagated. 

Althoughh effective blood transfusion may be possible in this way, serious 

concernss have emerged, leading to a reconsideration of this transfusion trig-

ger.. The main concern against transfusion of blood products consists of 

severall  serious adverse effects: (next page) 
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TransmissionTransmission of infectious diseases. The risk of transmission of infectious 

(viral)) diseases during transfusion has raised considerable public concern 

sincee the description of transfusion-associated infection with the human im-

munodeficiencyy virus (HIV) in 1982. Other viruses that can be transmitted 

aree hepatitis A, B, and C, CMV, HTLV I and II and parvovirus B19. Fortu-

nately,, transmission has decreased over the years, and currently the rates are 

tooo low to measure. Estimated frequencies are shown in table 1.1. 

BacterialBacterial contamination. In the beginning of the twentieth century, contami-

nationn of blood was not uncommon, due to non-sterile donation and storage 

procedures.. The chance of contamination of blood units is greater with a 

longerr storage time and when pooled blood components from multiple do-

norss are used. Contamination of red cells most commonly concerns Yersinia 

enterocolitica,, for platelets Staphylococcus aureus and Klebsiella 

pneumonia. . 

Immunomodulation.Immunomodulation. The immunosuppressive effect of blood transfusion has 

beenn associated with exposure to donor leukocytes. Although this relation 

hass never been proven, these cells can be found in the recipient's circulation 

yearss after transfusion. The clinical implications are not clear, but an 

increasedd incidence of (postoperative) infection and an increased recurrence 

off  cancer have been reported after blood transfusion.3 However, the 

conditionss that give rise to the need for blood transfusion might also 

contributee to this effect.4 

Transfusion-associatedTransfusion-associated acute lung injury. Reactive substances in the donor 

blood,, possibly arising during storage, are thought to cause an acute respira-

toryy distress syndrome a few hours after transfusion.5 

HemolyticHemolytic reactions. Despite the knowledge of the RBC antigens, fatal 

hemolyticc reactions to transfusion still occur. Half of these acute fatal 

hemolyticc reactions is due to ABO incompatibility as a result of administra-

tivee mismatching of blood and recipient. In addition, patients can suffer from 

lesss severe reactions to minor RBC antigens. 

12 2 
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Tablee 1.1. Estimated frequencies 
Effect Effect 

Hepatitiss A 

Hepatitiss B 

Hepatitiss C 

Humann Immunodeficiency Virus (HIV) 

Bacteriall  contamination 

RBCs s 

Platelets s 

Acutee hemolytic reaction 

(e.g.. ABO incompatibility) 

Delayedd hemolytic reaction 

(too minor antigens) 

Transfusion-relatedd acute lung injury 

off  adverse effects6 

PerPer unit 

11 / 1.000.000 

11 / 30.000 - 1 / 250.000 

11 / 30.000-1 / 150.000 

11 / 200.000 - 1 / 2.000.000 

11 / 500.000 

11 / 12.000 

11 / 250.000 1/1.000.000 

11 / 1.000 

11 / 5.000 

DeathsDeaths per million 

units units 

0 0 

0-0.14 4 

0.5-17 7 

0 .5 -5 5 

0.1-0.25 5 

21 1 

0.67 7 

0.4 4 

0.2 2 

However,, these adverse effects are not the only reason for a reevaluation 

off  the clinical practice of blood transfusion. The efficacy of RBC transfusion 

iss being questioned as well. The results of an increasing number of studies, 

investigatingg the effect of RBC transfusion on oxygen transport, demon-

stratedd that transfusion of stored RBCs did not improve impaired tissue 

oxygenation.7122 Moreover, in a large clinical trial it was found that a more 

restrictivee RBC transfusion strategy in critically ill patients resulted in lower 

ratess of hospital mortality, cardiac complications, and organ dysfunction.13 

Thee reduced efficacy of RBC transfusion has been associated with impaired 

RBCC function due to the storage prior to transfusion. 

Inn combination with the shortage of donor blood supplies, the increasing 

costss of transfusion therapy, a growing public concern regarding the role of 

bloodd transfusion in the spreading of hepatitis and human immunodeficiency 

virusess (HIV), and an increasing number of patients demanding treatment 

withoutt transfusion of donor blood, these arguments plead for the limitation 

off  the number of blood transfusions and the use of alternatives, which are 
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Tablee 1.2. Techniques that delay or prevent the need for  RBC transfusion. 

Technique Technique Objective Objective 

Preoperativee autologous donation 

Preoperativee erythropoietin 

therapy y 

Acutee normovolemic 

hemodilution n 

Acutee hypervolemic hemodilution 

Perioperativee blood salvage 

Redd blood cell substitutes 

Anesthesiaa techniques 

Pharmacologicall  treatment 

Patientt donates blood several weeks before surgery, which can 

bee retransfused after blood loss. 

Too elevate the preoperative hemoglobin level; possibly in 

combinationn with preoperative autologous donation. 

Priorr to surgery, blood of the patient is exchanged for an equal 

volumee of plasma substitute. Due to the lower hematocrit, less 

bloodd cells are lost. If necessary, the patient's own blood is 

retransfused. . 

Priorr to surgery, a substantial volume of plasma substitute is 

administeredd to the patient. Due to the larger circulating volume 

withh a lower hematocrit, a larger volume of blood loss can be 

tolerated. . 

Bloodd lost is either collected in containers and retransfused 

throughh a filter, or washed, and RBCs are filtered and re-

transfused. . 

Artificiall  oxygen carriers have been developed that might delay 

orr alleviate the necessity of RBC transfusion. There are two 

liness of development: hemoglobin solutions and 

perfluorocarbonn emulsions. 

Maintenancee of normothcrmia. adequate coagulation, and hy-

potensivee anesthesia can reduce the intraoperative blood loss. 

Antii  fibrinolytic therapy (e.g.aprotinin, tranexamic acid) or 

procoagulantt treatment can reduce the perioperative blood loss. 

shownn in table 1.2. Of these alternatives, preoperative donation and hemo-

dilutionn are considered to actually reduce the need for homologous blood 

transfusions.. Blood substitutes are currently being evaluated in preclinical 

andd clinical studies. 

Althoughh the number of transfusions has already been decreasing since 

1982,, when it became clear that HIV could be transmitted through blood 

transfusion,66 in general medical practice no clear consensus exists 

concerningg transfusion therapy.14 This is illustrated by investigations, 

showingg that the reason for transfusion was not documented in the patient's 

medicall  record in more than two thirds of the investigated cases15 and that 
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thee inappropriate use of RBC transfusion has been estimated to range from 5 

upp to 25 %.6'16 This lack of appropriateness, resulting in low cost-

effectivenesss and unnecessary risk of adverse events, has been attributed to a 

lackk of knowledge, that affects transfusion decision making.17 In a survey of 

surgeonss and anesthesiologists, 48 % of the physicians substantially 

overestimatedd the probability of inducing myocardial infarction by allowing 

thee hematocrit to fall below 30 % in the absence of active coronary disease. 

Inn addition, 41 % falsely believed that anemia itself impairs postoperative 

woundd healing.17 Focused educational efforts have been shown to improve 

transfusionn practice.16 

Basedd on experimental and clinical investigations, a universal transfusion 

triggerr has been abandoned and more sophisticated guidelines for transfusion 

therapyy have been proposed: transfusion is rarely indicated when Hb is 

greatergreater than 10 g/dl, and almost always indicated when less then 6 g/dl. 

Transfusionn for intermediate concentrations (6-10 g/dl) depends on the pa-

tient'ss risk for developing ischemic complications and, when appropriate, 

alternativess might be used.18 In other words, red blood cell transfusion 

shouldd be guided by individual physiologic signs of inadequate tissue oxy-

genationn rather than arbitrary hemoglobin levels.19 

Tissuee oxygenation 

Whenn the red blood cell volume of the blood is reduced, the oxygen-carrying 

capacityy of blood decreases and the oxygen transport to the tissues might get 

impaired.. However, it has been demonstrated that, as long as the circulating 

volumee remains constant, systemic oxygen delivery and oxygenation of the 

internall  organs and skeletal muscle can be preserved until a systemic he-

matocritt of around 20 %.20>21 During isovolemic anemia, organ oxygen 

deliveryy is maintained by an increase in cardiac output and organ blood flow, 

causedd mainly by an increase in venous return due to a decrease in blood 
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viscosityy and systemic vascular resistance, but to which is contributed by an 

increasedd sympathetic stimulation of the heart.22-23 

Withinn the organs, oxygen is delivered to the tissue by arteries, branching 

intoo a fine network of vessels ranging in diameter from 5 to 100 urn: the 

microcirculation.. Under physiologic conditions, there is considerable hetero-

geneityy in the distribution of red blood cell flow through the microcircula-

tion.. The packed cell volume within the smallest vessels, the capillaries, is 

veryy heterogeneous as well and can be up to six times lower than the sys-

temicc packed cell volume.24"26 Oxygen leaves the vessels by diffusion, not 

onlyy in the capillaries, but in the arterioles as well,27 and is absorbed by the 

tissuee cells, or by nearby venules.28 When the systemic packed cell volume 

iss reduced during isovolemic hemodilution, the red blood cell velocity and 

floww through the capillary bed increase,29^31 the precapillary diffusional 

oxygenn loss decreases,31-32 and the distribution of capillary flow becomes 

moree homogeneous.26-33 

Ann increase in blood flow appears to be the most important compensatory 

mechanismm during conditions of reduced hemoglobin levels. However, the 

increasedd cardiac output is redistributed in favor of organs which cannot 

readilyy increase their oxygen extraction, i.e., the heart and the brain.2134_36 

Inn the vascular beds of other organs, for example the gastrointestinal tract, 

thee blood flow does not increase following hemodilution37'40 and oxygen 

consumptionn is preserved by a more efficient oxygen extraction. 

Whenn the systemic oxygen delivery falls below a certain point, the com-

pensatoryy mechanisms become insufficient; oxygen consumption (VO2) be-

comess dependent on supply and decreases at the same rate as the DCX The 

pointt where this so-called state of oxygen supply dependency is reached 

duringg a decrease in systemic packed cell volume can be expressed as a criti-

call  hematocrit value, which has been reported for systemic oxygen con-

sumptionn during normovolemic hemodilution in both anesthetized ani-

mals39-41"444 and anesthetized humans.45-46 However, considering the 
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redistributionn of cardiac output, such a systemic critical value does not pro-

videe information about the tolerance of different organ systems for hemodi-

lution;; 39>43*47>48 determination of adequacy of tissue oxygenation requires 

locall  organ measurements.49 

Itt is not clear how the effect of reduced hematocrit and hemoglobin levels 

translatess itself to regional microcirculatory oxygenation. The amount of 

physicallyy dissolved oxygen in the microvessels, the microvascular P02, is a 

drivingg force for the diffusion of oxygen into the tissues. Thus, it can be hy-

pothesizedd that the microvascular PO2 can be considered as an important 

determinantt of tissue oxygen consumption. However, evidence to support 

thiss hypothesis has not been provided. In pig studies, intestinal oxygen con-

sumptionn and tissue PO2, using surface oxygen electrodes, were measured 

duringg hemodilution, but the results were inconclusive. During progressive 

hemodilution,, Haisjackl and colleagues observed no change in tissue P02, 

intestinall  02 consumption and O2 extraction,38 whereas Nöldge and col-

leaguess found an increase in the 02 extraction, maintaining the 02 consump-

tion,, while tissue P02 decreased.37 

Thee discrepancies between these studies might be explained by limita-

tionss imposed by the use of oxygen electrodes. Although the area of tissue, 

whichwhich is effectively measured by oxygen electrodes, has been estimated to 

bee about 15-20 urn deep, the origin of the measured oxygen is unknown,50 

andd it has been shown that oxygen electrodes are especially sensitive to 

changess in arterial oxygen content.51 Therefore, measurement of the 

microvascularr P02, using the oxygen dependent quenching of Pd-porphyrin 

phosphorescence,, might be more advantageous for the assessment of tissue 

oxygenation.522 This technique has a deeper penetration depth and, used in 

combinationn with an optical fiber, selectively measures the P02 in the capil-

lariess and the venules.5354 Comparison of the regional venous P02 to the 

microvascularr P02, as measured with this technique, allows a direct meas-
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urementt of the presence and severity of functional shunting of oxygen from 

thee microcirculation.50 

Aimm of the present thesis 

Thee overall goal of the work presented here was to investigate the effect of 

changess in the oxygen-carrying capacity of blood on the regional oxygena-

tion.. Several aspects of this effect were concentrated upon. When looking at 

thee microvascular PO2 and the regional venous PO? within a single organ: to 

whatt extent are these parameters related during an isovolemic decrease in 

packedd cell volume, and how are these parameters influenced by the mecha-

nismss preserving tissue oxygen consumption? 

AA critical point in oxygen delivery can be established for oxygen con-

sumption.. Is it possible to identify a critical hematocrit value for the 

microvascularr oxygenation as well? Despite the importance of the microvas-

cularr P02 as a determinant of tissue oxygen consumption, the relation 

betweenn microvascular P02 and tissue V02 under conditions of diminished 

oxygenn supply is not well documented. What are the critical hematocrit 

valuess at which the V02 and the microvascular P02 in an organ cannot be 

maintainedd by compensatory mechanisms during a progressive decrease in 

arteriall  oxygen content? 

Regardingg the simultaneous effects on different organs, how does the 

preferentiall  redistribution of oxygen supply, during a progressive decrease in 

hemoglobin,, influence the microvascular oxygenation in different organs? 

Doess the redistribution of the oxygen supply result in a preservation of the 

microvascularr P02 and the oxygen consumption of the vital organs (i.e., 

heartt and brain) as compared to the other organs? When the hemoglobin 

levell  is reduced, the arterial oxygen content can be increased by increasing 

thee amount of physically dissolved oxygen in the blood. However, it is not 

clearr how this intervention interacts with the compensatory mechanisms in-

ducedd by the low hemoglobin levels and whether this results in an improve-
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mentt of microvascular PO2 and tissue oxygen consumption during oxygen 

supplyy dependency. 

Furthermore,, what is the effect of red blood cell transfusion in terms of 

tissuee oxygenation? Transfusion of stored red blood cells is associated with a 

lowerr efficacy due to storage related function impairment. It can be hypothe-

sizedd that a decrease in red blood cell function is detectable especially on the 

microcirculatoryy level. Is it possible to restore microvascular PO2 and oxy-

genn consumption with transfusion of stored red blood cells? 

AnimalAnimal model 

Inn the studies presented here, two animal models were used. In both models, 

attentionn is focused on the intestinal microcirculation, because of the acces-

sibilityy of the intestines, and because the results of several investigations 

indicatee that the intestinal VO2 might be limited by supply at an earlier stage 

thann systemic VO2.39,55 Thus, this organ might be considered relatively 

sensitivee to conditions of decreased systemic 02 delivery.56 Because the pig 

modell  has already been described elsewhere,51'57 only the rat model is de-

scribedd here. 

Malee Wistar rats were anesthetized with an intraperitoneal injection of a 

mixturee of 90 mg kg"1 ketamine, 0.5 mg kg"1 medetomidine and 0.05 mg kg"1 

atropine.. Anesthesia was maintained with 50 mg kg"1 hour"1 ketamine intra-

venously.. To compensate for fluid loss, crystalloid solution was adminis-

teredd continuously at a rate of 15 ml kg"1 hour'. Body temperature was 

measuredd with a thermocouple placed in the rectum and was maintained at 

377  0.5 °C with a heating pad under and a warming lamp above the animal. 

Followingg tracheotomy, a PVC tube (Ch 6) was inserted in the trachea to 

enablee mechanical ventilation with a mixture of 30 % oxygen and 70 % 

nitrogen.. A heat and moisture exchanger (Humid-Vent Micro, Gibeck, Swe-

den)) was placed between the tracheal tube and the ventilator to diminish loss 

off  fluid through the mechanical ventilation. A capnometer (Capstar-100, 
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CWE,, Inc., Ardmore, USA) was used to measure end-tidal PCO2, in order to 

maintainn normocapnia. 

AA polyethylene catheter (outer diameter 0.9 mm) was inserted into the 

rightt jugular vein for intravenous administration of drugs and fluids. The tip 

off  the catheter was advanced near the right atrium for central venous blood 

sampling.. A similar catheter was placed into the right carotid artery and con-

nectedd to a pressure transducer for continuous monitoring of arterial blood 

pressuree and heart rate. For the hemodilution experiments, additional cathe-

terss of the same size were placed into the right femoral artery and vein for 

withdrawall  of blood and administration of fluid. 

Followingg midline laparotomy, a polyvinylchloride catheter (outer 

diameterr 0.9 mm) was placed into the urinary bladder to prevent distension 

off  the bladder wall during the experiment. The gut was exteriorized carefully 

andd a perivascular flow probe (type 1RB; Transonic Systems Inc., Ithaca, 

NY,, USA), was placed around the superior mesenteric artery. This probe 

wass connected to a flow meter (T206; Transonic Systems Inc., Ithaca, NY, 

USA).. When mesenteric venous blood sampling was required, an ileocecal 

veinn was isolated under the microscope, ligated distally and cannulated with 

aa polyethylene catheter (outer diameter 0.8 mm). The tip of this catheter was 

advancedd into the vessel in a proximal direction to have an estimate of the 

mesentericc venous blood gas values. All exposed organ surfaces were 

coveredd with plastic foil to prevent evaporative fluid loss. 

MicrovascularMicrovascular PO2 measurements 

Thee microvascular P02 was measured using the oxygen dependent quench-

ingg of Palladium(Pd)-porphyrin phosphorescence.53-5860 This technique is 

basedd upon the principle that a Pd-porphyrin molecule, when excited by a 

pulsee of light, can either release this absorbed energy as light (phosphores-

cence)) or transfer it to molecular oxygen. Thus, after the excitation of Pd-

porphyrinn by light, the decay of the phosphorescence is dependent on the 
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amountt of oxygen present. The relationship between the decay time and the 

oxygenn tension is given by the Stern-Volmer equation, in which calibration 

constantss allow the calculation of oxygen tensions from the measured decay 

times.533 The preparation of the compound determines the calibration con-

stantss and makes them pH insensitive. Therefore this technique requires no 

calibrationn prior to each measurement, unlike oxygen electrodes.53 By 

bindingg Pd-porphyrin to a large molecule such as albumin, the compound is 

confinedd mainly to the vascular compartment.5960 Because less oxygen 

resultss in longer decay times, the quenching of the phosphorescence is a 

sensitivee measurement for low oxygen concentrations, i.e. the presence of 

hypoxia. . 

Phosphorescencee is measured by a phosphorimeter, which can be at-

tachedd to a microscope to determine the P02 in single blood vessels of Pd-

porphyrinn infused animals. In vivo, this technique has been used to assess 

thee arteriolar, venular, and capillary P02 in hamster and mouse skinfold 

models,61-655 and in the skeletal muscle,60'66 and intestines of rats.54 

Too enable the measurement of P02 in areas not easily accessible to mi-

croscopes,, as well as in more clinically relevant animal models, such as the 

pig,677 an optical fiber can be attached to the phosphorimeter. The optical 

fiberr transmits the excitation light and the phosphorescence signal to and 

fromm the tissue surface. Fiberoptic measurements of microvascular P02 in-

corporatee blood vessels under the fiber over an area of approximately 1 cm2, 

too a penetration depth of about 0.5 mm.51'59 To determine which 

microvascularr compartment is measured by Pd-porphyrin fiber phos-

phorimetry,, the phosphorescence fiber technique has been compared with a 

microscopicc phosphorimeter.54 The P02 in the rat intestinal microcirculation 

wass measured in first order arterioles, venules, and capillaries at three 

differentt fractional inspired oxygen levels. Simultaneous P02 measurements 

withh the fiberoptic technique showed excellent correlation with 

microscopicallyy measured P02 in capillaries and first order venules, but not 
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withh arteriolar and venous P02 values.54 Thus, the values provided by the 

fiberfiber phosphorimeter represent predominantly the capillary and venular PO2, 

andd can be referred to as the microvascular PO2 (UPO2). For the 

simultaneouss measurement of 11PO2 in different regions, a multifiber 

phosphorimeterr has been developed.51-57 

Measurementss of J1PO2 in pigs demonstrated that the intestinal serosal 

uP022 values were comparable to the mesenteric venous P02 values during 

baseline,, but decreased to a larger extent during hemorrhagic shock.51-57 This 

discrepancyy between microvascular PCh and venous outflow P02 {PO2 gap) 

mightt indicate that at this stage O2 was being shunted from the intestinal 

microcirculation.. The P02 gap disappeared after administration of a hemo-

globinn based oxygen carrier.57 Furthermore, the uP02 was demonstrated to 

reflectt the balance between oxygen supply and consumption in Langendorff-

perfusedd pig hearts.68 The uP02 decreased when the myocardial work was 

increasedd during constant oxygen supply as well as when the oxygen supply 

wass decreased during constant myocardial work. 

Forr the uP02 measurements in the present studies, Pd-meso-tetra(4 car-

boxy-phenyl)porphinee (Porphyrin Products, Logan, UT, USA) was coupled 

too human serum albumin to form a large molecular complex. The Pd-por-

phyrinn solution was administered to the animals in a dosage of 12 mg kg"1 

bodyweight.. The microvascular PO2 measurements were made with one or 

moree optical fibers, which were placed near the surface of the organ of 

interest.. Because the calibration constants in the Stern-Volmer equation are 

temperaturee dependent, temperature measurements from the organ surfaces 

weree used for the correction of these constants. 
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Outlin ee of this thesis 

Inn chapter  2, an overview is presented of the techniques, that can be used to 

monitorr hemodynamic and oxygenation parameters during isovolemic 

hemodilution.. In chapter  3, the effect of a moderate decrease in hematocrit 

onn intestinal microvascular P02 and mesenteric venous P02 is investigated, 

inn order to study how these parameters are influenced by the mechanisms 

preservingg the intestinal VO2. The study in chapter  4 was designed to de-

terminee the critical points at which the intestinal VO2 and microvascular P02 

couldd not longer be maintained by compensatory mechanisms during 

extremee hemodilution in the rat, and to relate these two parameters during 

adequatee intestinal oxygenation and oxygen supply dependency. In chapter 

5,, the microvascular P02 is measured simultaneously in the heart, kidney, 

andd intestines of the rat during extreme hemodilution, to determine the 

functionall  effects of hemodilution on regional oxygenation. Chapter  6 

providess information on the effects of hemodilution and subsequent 

hyperoxiaa on systemic and regional hemodynamic and oxygenation 

parameterss in a pig model. In chapter  7, a clinical case report is presented of 

aa patient with chronic polycythemia, undergoing isovolemic hemodilution. 

Inn chapter  8, the acute effects on rat intestinal 02 consumption and 

microvascularr P02 are compared for transfusion of either RBCs stored for 28 

dayss or fresh RBCs after hemorrhagic shock. Finally, in chapter  9, the main 

findingss and conclusions of the foregoing chapters are summarized. 
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Chapterr  2 

Monitorin gg normovolemic hemodilution 

Monitoringg during normovolemic hemodilution is undertaken for several 

reasons.. First, monitoring can measure the ability of the patient to cope with 

anemiaa by important physiological adaptations. This type of monitoring in-

cludess evaluation of central hemodynamic variables such as central venous 

pressuree (CVP), pulmonary capillary wedge pressure (PCWP), cardiac out-

putt (CO), heart rate (HR) and arterial pressure, and hemodilutional patho-

physiologicall  changes in oxygenation such as shifts to the right of the 

oxygenn dissociation curve (ODC). Another approach to monitoring during 

hemodilutionn would be to provide information on the critical level of hemo-

dilutionn to support decisions regarding perioperative transfusion of red blood 

cellss (RBC). The scientific argument for perioperative RBC transfusion rests 

onn two assumptions: surgical patients experience adverse outcomes as a re-

sultt of diminished oxygen-carrying capacity, and RBC transfusions, by en-

hancingg oxygen-carrying capacity, can prevent these adverse outcomes.1 In 

otherr words, tissue oxygenation is the key factor for perioperative RBC 

transfusions,, where possible impairment of tissue oxygenation should be 

balancedd with the risks of transfusions, such as immunomodulation.2 

Inn general, oxygen flux into the tissue (D02) and finally into the cells, 

dependss on many factors such as arterial oxygen content (hemoglobin, he-

moglobinmoglobin oxygen saturation and physically dissolved oxygen in plasma), 

systemicc hemodynamics (CO), regional blood flow and blood flow proper-

tiess in the microcirculation, capillary density in the tissue, packed cell vol-

umee and erythrocyte transit time in the capillaries, position of the ODC, 

tissuee affinity for oxygen, tissue diffusion coefficient and oxygen transport 

acrosss the cell membrane. 

Regulatoryy mechanisms by hormones such as catecholamines or by local 

metabolitess in relation to receptors in the macro- and microcirculation play 
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ann important role. Hemodilution might interfere with, or change, many of 

thesee factors and regulatory mechanisms. 

Monitorin gg systemic hemodynamics 

Acutee isovolemic hemodilution induces a decrease in systemic vascular re-

sistancee (SVR) almost parallel with a decrease in blood viscosity. Over a 

widee range of hemoglobin concentrations, the increase in CO compensates 

forr the decreased oxygen transport capacity, thereby maintaining D02 (the 

productt of CO and arterial oxygen content). Comparing studies in conscious 

andd anesthetized animals, the increase in CO under anesthesia in all studies 

wass closely related to the increase in stroke volume (SV), while heart rate 

(HR)) remained constant; in contrast, in conscious experiments an increase in 

COO was attributable mainly to an increase in HR.3 Some studies reported an 

increasee in HR during hemodilution under anesthesia. In all of these studies, 

however,, CVP or PCWP was artificially maintained at baseline values as an 

indicatorr of normovolemia.4-5 The central hemodynamic variables, such as 

CVP,, PCWP or left ventricle end diastolic pressure (LVEDP), increased at 

hemodilutionn because of increased venous return.6-8 In a randomized, con-

trolled,, clinical study, we found a linear relationship between hemoglobin 

concentrationn and measured PCWP. At baseline (hemoglobin 12.1 g dl"1) 

PCWPP was +8 mmHg while at a hemoglobin level of 6.9 g dl'1, PCWP in-

creasedd to +16 mmHg. 

Att the end of surgery and in the first 2 h after operation, the increase in 

hemoglobinn (10.3 g dl" ) with transfusion of blood was associated with a de-

creasee in PCWP to +9 mmHg despite acute volume loading. In the control 

groupp no changes in these variables were observed.9 The reduction in packed 

celll  volume observed in this study produced a decrease in whole blood 

viscosity,, resulting in acceleration of blood flow, especially in low flow 

vesselss with low shear rates in the venous circulation. Increased flow 

increasess venous return and therefore the filling  pressures of the heart. It has 
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beenn postulated that PCWP during normovolemia is dependent on packed 

celll  volume and that during normovolemic hemodilution higher CVP or 

PCWPP values should be pursued.7'910 

Monitorin gg blood flow to organs 

Monitoringg systemic (total body) variables leaves open concerns about the 

organn specific variables of flow and oxygenation. A key issue for the use of 

extremee hemodilution clinically is to find organ specific monitoring that en-

abless the technique to be used safely.10 In general, in the face of a reduction 

inn DO2, to meet varying metabolic demands of different organs, regional 

redistributionn of blood away from lower extracting beds towards more criti-

call  tissues might occur. There are few studies on the distribution of CO dur-

ingg normoxic normovolemic hemodilution, and most use electromagnetic 

floww probes which limits the number of organs that can be studied and does 

nott allow assessment of distribution of flow within an organ. Four studies 

usedd the radioactive microsphere technique to determine regional perfusion. 

6,11-133 AH of these studies indicated that redistribution of CO and therefore 

oxygenn transport occurred in favor of vital organs such as the heart and 

brain.. In one study, the pig was selected as the animal model.6 The 

cardiovascularr system and metabolism of pigs and humans show similarities 

withh respect to size and distribution of coronary vessels, arterial pressure, 

HR,, cardiac index, regional distribution of CO and maximum oxygen con-

sumption.14"166 In this pig study, during extreme hemodilution (packed cell 

volumee ranged from 28 % to 9 %) flows increased in all organs, except for 

thee spleen, adrenal gland, hepatic artery flow and skin, with the largest in-

creasee in the heart (42 %) and brain (170 %). Circulating catecholamines 

weree excluded as a regulatory mechanism of hemodynamics and regional 

floww patterns.6 

Thesee experiments showed that increased flows to several organs were 

essentiall  compensation for the decrease in arterial oxygen content. Monitor-
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ingg flow to the brain and heart might be essential during profound hemodi-

lution,, especially in patients with compromised blood supply to these organs. 

Transcraniall  Doppler ultrasonography can measure middle cerebral artery 

floww velocity (vmca) continuously and non-invasively. Although vmca does 

nott reflect absolute cerebral blood flow (CBF), changes in vmca are usually 

directlyy proportional to changes in CBF.1718 

Too our knowledge there are no data on the use of transcranial Doppler 

ultrasonographyy as a monitoring device during hemodilution, but the device 

hass been used to monitor the effects of several anesthetics on CBF and cere-

brovascularr autoregulation.18"21 

Itt is also possible to measure flow to the heart in patients using a coro-

naryy sinus thermodilution catheter. Coronary sinus blood flow can be meas-

uredd accurately by continuous thermodilution.22-23 As with transcranial 

Dopplerr ultrasonography, to our knowledge there are no data on the use of 

thiss technique during hemodilution. The technique has been used in humans 

too evaluate coronary flow adaptations in response to increased cardiac oxy-

genn demand,24 but is highly invasive, needs an experienced operator and is 

thereforee not used in routine monitoring. 

Monitorin gg systemic oxygenation 

Withh a decline in hemoglobin concentration, the total arterial oxygen content 

off  the blood decreases. As discussed above, the increase in CO over a wide 

rangee of hemoglobin concentrations compensates for a decreased oxygen 

transportt capacity, thereby maintaining D02 until the compensatory increase 

inn CO is exhausted. Any further decrease in arterial oxygen content leads to 

ann increased extraction ratio (ER = V02 / D02) up to a maximum, dependent 

onn the position of the ODC3 and oxygen demand. A further reduction in 

hemoglobinn concentration produces oxygen supply dependency of V02. 

Duringg hemodilution ER might vary not only as a result of changes in D02 

butt also of changes in V02. In some reports increases in V02 at the initial 
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stagess of stepwise-induced normovolemic hemodilution have been 

found.6'25'266 It has been suggested that with increased CO extra oxygen is 

usedd by the heart and this alone could account for this increase in VO2. 

Onn the other hand, induction of anesthesia in patients decreases VQ2 by 10 

%,, while VO2 in the first hours after anesthesia increases by 20 % compared 

withh pre-anesthetic values.27 Therefore, during surgery and anesthesia a 

moree pronounced hemodilution might be more acceptable than during the 

initiall  postoperative phase. 

Forr monitoring systemic oxygenation, global variables of tissue oxy-

genationn and variables of the balance between oxygen need and oxygen flux 

shouldd be available. During major surgery with a pulmonary artery thermo-

dilutionn catheter inserted, CO and analysis of arterial and mixed venous 

bloodd can be undertaken. From these values, D02, V02 and ER can be cal-

culated.. Furthermore, continuous monitoring of Sv02 has been developed 

andd is used for measurement of oxygen transport patterns.28"30 The accuracy 

off  such fiberoptic devices is not affected by acute changes in packed cell 

volumee or CO and they are useful during hemodilution.3132 Sv02 was found 

too correlate well with ER during hemodilution and therefore reflects the 

overalll  balance between D02 and V02.
33-34 

Inn pigs, at the critical point of hemodilution (V02 became dependent on 

D02)) Sv02 was 44.2  7.9 %,34 while in a case report on hemodilution in hu-

mans,, a critical value of 56 % was found.35 The critical point of Sv02 or ER 

duringg hemodilution is related to the position of the ODC. In pig experi-

mentss a direct, significant, linear relationship was observed between the shift 

too the right of the ODC and the increase in ER (and Sv02 also) during D02 

supplyy dependency of VO2.36 Therefore, continuous Sv02 measurements are 

usefull  during hemodilution to monitor changes in oxygen balance but cannot 

bee used as an absolute indicator of hypoxia. Mixed venous PO2 (Pv02) how-

ever,, might be more sensitive to changes in several factors influencing oxy-

genation,, especially when changes in ODC are involved.37'38 Pv02 is thought 
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too reflect overall P02 in the microvasculature as the driving pressure for 

oxygenn diffusion into the tissues. Some authors reported that under some 

conditionss such as severe shock, microcirculatory P02 (Pmic02) can become 

lowerr than venous P02.
39-40 Also in pigs, we showed that during hemor-

rhagicc shock, Pmjc02 decreased to values lower than venous P02,
41 but 

changess in Pv02 paralleled PmiL02. Therefore, venous P02 is not the same as 

endcapillaryy P02 but changes in Pv02 reflect changes in overall Pmic02. In 

severall  animal experiments and clinical situations, except septic shock, a 

criticall  Pv02 of 30 - 33 mmHg has been found.34-35-42-43 In pigs, at the critical 

pointt of hemodilution, a Pv02 of 32.3  3.1 mmHg was found34 while in a 

casee report on hemodilution in a human, the critical Pv02 was 34 mmHg.35 

Thee position of the ODC influences the maximum ER before D02 supply 

dependencyy of V02 starts. Acute shifts to the right of coronary sinus, venous 

andd arterial blood have been reported during signs of hypoxia of the heart in 

humans.44"466 Chronically reduced hemoglobin concentration is compensated 

forr by improved oxygen unloading, afforded by the P50.47'48 In dogs, an 

acutee change in ODC during acute hemodilution occurred but not before 

packedd cell volume decreased to less than 10 %.49 

Inn pigs with acute hemodilution, the ODC shifts to the right (for pH-cor-

rected)) related changes in Pv02, in common with the acute changes in P50 

duringg signs of hypoxia in the heart.36 Also, in the human, P50 changed 

whenn the critical Pv02 was reached.35 

AA concept in monitoring systemic oxygenation that includes the effect of 

changess in ODC has been introduced using the S35 (saturation of hemoglo-

binn at P02 = 35 mmHg).36 Real arterial available oxygen content (Cavl02) 

cann be calculated from a single blood gas analysis as the maximum amount 

off  oxygen that can be extracted from hemoglobin in several organs before 

oxygenn diffusion into tissue becomes compromised and V02 decreases 

(figuree 2.1). The relationship between arteriovenous oxygen content 

differencee and Cavl02 (ERav) gives a realistic index of the available oxygen 
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supplyy and V02, including the effect of changes in ODC. Comparing 

hemodilutionn in pig experiments with a fatal human case revealed 

differencess in critical ER (0.57 versus 0.46) but not in critical ERav (both 

1.0). . 

Duringg hypoxia, lactic acidosis may occur. Currently, the lactate concen-

trationn in blood can be measured within minutes and can be used as a global 

variablee of tissue hypoxia. In one study of extreme hemodilution, although 

hemoglobinn concentration decreased to 3.0 g dl~', none of the patients' serum 

lactatee concentrations were outside the normal range.7 
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Figuree 2.1. Effect of changes in oxygen dissociation curve (ODC) on S35 (saturation of he-

moglobinn at P02=35 mmHg), total oxygen content (Ct02), and the available oxygen content 

(Cavl02).. Vi indicates the intersection with the critical venous P02; v2 = after shift to the right 

off  ODC. 

Monitorin gg oxygenation of organs 

Itt can be argued that global variations of oxygenation may not reflect tissue 

oxygenationn of single organs at risk. In this respect, most attention has been 
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paidd to the vital organs such as the heart and brain. However, studying the 

redistributionn of flows during extreme hemodilution, concern has been di-

rectedd at the splanchnic area, as although D02 to most organs remained 

constant,, it decreased to the splanchnic organs.6 At present, only one tech-

niquee is in clinical use for monitoring the metabolism of the splanchnic area. 

Mucosall  pH of the gut (pHi) or sigmoid colon can be determined with tono-

metry.500 In a study of patients undergoing major surgery, pHi < 7.32 at the 

endd of surgery was associated with more major complications and greater 

mortalityy in the postoperative period.51 In patients undergoing surgery of the 

abdominall  aorta, a gastric pHi of 7.20 and a sigmoid pHi of 7.10 were found 

too be critical.52 So far, tonometry has not been used as a monitoring tool in 

transfusionn practice. 

Itt has been postulated that during hemodilution, CO increases without an 

increasee in myocardial contractility and therefore without increased oxygen 

consumption.. The current evidence shows that with hemodilution in animals 

andd in humans the oxygen demand of the heart is increased.6 In pigs with 

changingg packed cell volume from 28 % to 9 % the oxygen consumption of 

thee left ventricle increased by 105 %. Fortunately, this increase in consump-

tionn was met by an increased oxygen availability, because flows to the heart 

increasedd by 420 %. However, during more profound hemodilution, ische-

miaa of the myocardium may occur, especially in patients with coronary 

arteryy disease. Therefore, in some patients it is important to monitor myo-

cardiall  function. 

Withh a coronary sinus catheter in situ it is possible to measure oxygen 

fluxx to the heart, myocardial oxygen consumption and the balance between 

thesee two variables, but the technique is too complicated for routine use. It is 

questionablee whether standard single-lead or three-lead electrocardiogram 

withh continuous ST-segment analysis or CO as a variable are sensitive 

enoughh to detect early signs of myocardial hypoxia. The answer is probably 

no.. Continuous transoesophagal echocardiography can be used to evaluate 
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patternss of pathological movement in various regions of the left ventricle and 

couldd at an early stage be taken as an indicator of oxygen depletion. 

Similarly,, in the brain during normovolemic hemodilution, decreased 

oxygenn transport capacity is compensated for by an increase in flow, out of 

proportionn to the increase in CO. Oxygen flux to the brain remained constant 

untill  a packed cell volume of 12 % and decreased slightly with further reduc-

tionn of arterial oxygen content.6 Use of a jugular bulb catheter enables 

informationn to be obtained on the oxygenation of the brain. Jugular bulb 

catheterss are simple, safe and practical for both intermittent and continuous 

monitoringg of jugular venous bulb oxygen saturation and blood gas analysis. 

Measurementt of jugular bulb blood oxygen content allows calculation of the 

arteriovenouss oxygen content difference (AVD02) and therefore the oxygen 

extractionn ratio of the brain.53'54 Using transcranial Doppler ultrasonography 

andd jugular bulb oximetry, a reasonable estimate of the ratio between flow 

andd oxygenation of the brain can be obtained. 

Monitorin gg the microcirculation and tissues 

Inn a capillary where the vessel diameter approximates the red blood cell 

diameter,, a clear distinction must be made between the red blood cell vol-

umee within the capillary (tube packed cell volume) and the red cell volume 

flowingg through the capillary at an instant in time. Under physiological con-

ditions,, the tube packed cell volume is very heterogeneous inside the 

capillaryy bed and can be up to six times lower than systemic packed cell vol-

ume.55577 Isovolemic hemodilution exerts some distinct effects on the 

microcirculation.. During moderate hemodilution, with a systemic packed 

celll  volume of approximately 30 %, red blood cell flux through the mi-

croo vasculature increases. During further hemodilution to systemic packed 

celll  volumes less than 20 %, redistribution of red blood cells and plasma 

throughh the microcirculatory network occurs, the density of perfused capil-

lariess increases, and flow and packed cell volume values become more 
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homogeneous.57-588 In general, it can be assumed that a decrease in systemic 

packedd cell volume to values of 50 % of normal values does not affect capil-

laryy packed cell volume.59'60 Changing systemic packed cell volume does 

nott result in directly proportional changes in capillary cell content or red cell 

floww distribution into the tissue. 

Nevertheless,, monitoring of the microcirculation might be of great im-

portancee during hemodilution. Recently, reflectance videophotometry has 

beenn developed by which the microcirculation in any part of the human body 

cann be seen non-invasively. This monitoring device may become important 

whenn the pictures can be quantified, not only for understanding changes in 

thee microcirculation but also as a warning device for deterioration of the 

microcirculationn during surgery and hemodilution in different organs such as 

thee splanchnic area. 

Too assess tissue oxygenation it would be very helpful to measure P02 and 

hemoglobinn saturation inside the capillary network and to relate these values 

too local venous PO: values. The development of optical spectroscopy has 

introducedd these possibilities in experimental models. Absorption spectros-

copyy has been used successfully in the evaluation of the distribution of 

hemoglobinn saturation in the capillary network.61 The introduction of Pd-

porphyrinn phosphorescent dyes allowed in vivo measurements of microvas-

cularr P02.
62-63 In the near future, these techniques in experimental models 

mayy elicit the relationship between microvascular PO2 (driving pressure for 

diffusionn of oxygen into the tissue), venous PO2, and Pv02 during normo-

volemicc hemodilution. To obtain an even better picture of tissue 

oxygenation,, measurements inside the tissue itself should be appropriate. For 

example,, insertion of a microdialysis catheter into organs at risk has been 

suggested.100 With this technique it is possible to measure online, in the tis-

sue,, several metabolites, including lactate. A tubular dialysis membrane is 

introducedd into the tissue or placed in contact with a moist surface. The 

smalll  tube is perfused continuously with a liquid (1-6 ui min"1) that equili-
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bratess with the fluid outside the tube by diffusion on both directions.64'65 The 

applicationn of the technique may be time consuming because of calibration 

procedures. . 

NADHH fluorescence can be used in experimental models to monitor cel-

lularr metabolism, because NADH fluoresces when excited at 365 nm while 

NAD++ does not.66 This application of fluorescence has been used to measure 

thee energy state of hearts. Also, with near infrared spectroscopy intracellular 

metabolismm can be studied.67 

Hemoglobinn concentration as transfusion trigger 

Inn clinical situations, despite several routine possibilities for monitoring 

oxygenation,, physicians' decisions to transfuse are mostly based on hemo-

globinn measurements. For this reason it is important to know at which 

hemoglobinn concentration systemic oxygenation might become critical. As 

discussedd before, a Pv02 of 33 mmHg has been found at the critical point of 

hemodilution.. Using several keywords, a search of the literature has been 

performedd to find the relationship between hemoglobin concentration and 

Pv022 values in humans during hemodilution and anesthesia. Of 124 publica-

tions,, five studies 8>9>68-70 involving 102 patients were suitable for analysis. 

Fromm these 102 patients, 18 patients underwent hemodilution to such a de-

greee that they reached a Pv02 of 33 mmHg. Hemoglobin concentration at this 

pointt of hemodilution was 7.2  0.3 g dl"1. Furthermore, we searched the lit-

eraturee for Jehovah's Witness patients with severe anemia; 25 patients with 

hemoglobinn concentrations ranging from 1.4 to 4.6 g dl"1 were found of 

whomm 20 patients survived and five died. At hemoglobin concentrations less 

thann 2.4 g dl"1, mortality rate was 50 %, while mortality rate was 6 % when 

hemoglobinn concentration exceeded 2.4 g dl"1. However, a publication bias 

mightt have influenced these values as survivors are reported more often than 

patientss who die. Other workers reviewed the literature on the treatment of 
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Jehovah'ss Witnesses, including 4722 patients. They found that anemia-re-

latedd mortality started at a hemoglobin concentration of 5.0 g dl"1 or less.71 

Theree are no prospective, randomized, clinical studies on blood transfu-

sionn in the postoperative period and therefore no evidence-based transfusion 

triggerr for the surgical patient. A study in 43 European hospitals on safe and 

goodd use of blood in surgery (Sanguis project) showed that after operation, 

patientss (n = 4501, table 1) were transfused at a packed cell volume of 27

33 % (hemoglobin 8.6  1.0 g dl"1).72 

Tablee 2.1. Postoperative packed cell volume (PCV) values at the start of transfusion 

(fromm the SANGUIS project)72 

ProcedureProcedure n PCV (%) 

Rightt and left hemicolectomy 995 28  4 

Coronaryy artery grafting 1 ] 66 28  3 

Abdominall  aortic aneurysmectomy 693 27  3 

Totall  hip replacement 1647 26  3 

Totall  4501 27 3 

Conclusion n 

Theree are many possibilities for monitoring oxygenation during hemodilu-

tion,, more than are generally realized (table 2). Some are only applicable in 

animall  models but many can be used in humans. For any individual patient, 

thee physician can choose modalities depending on the type of surgery, ex-

pectedd blood loss and general conditions of the patient. The risks involved 

withh some types of invasive monitoring have to be balanced with the long-

termm hazards of blood transfusion. 
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Tablee 2.2. Monitorin g durin g hemodilution, invasive (I) and non-invasive (N) 

TechniqueTechnique I/N In humans 

CVPP catheter 

Pulmonaryy artery catheter 

(systemicc hemodynamics, DCH, VOi) 

Transcraniall  Doppler ultrasonography 

Coronaryy sinus thermodilution 

Mixedd venous oximetry <PV02) 

Modifiedd extraction ratio (ERav) 

Closedd circuit VCh measurements 

Systemicc lactate measurements 

Tonometryy (gut, sigmoid) 

Continuouss ST-analysis 

Jugularr bulb catheter, oximetry 

Reflectancee videophotometry (microcirculation) 

Echocardiography y 

Pd-porphyrinn phosphorescence (uPQ>) 

Microdialysis s 

NADHH fluorescence 

Nearr Infrared Spectroscopy 
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Preservationn of intestinal microvascular  P02 durin g normovolemic 

hemodilutionn in a rat model 

Abstract Abstract 

TheThe effect of hemodilution on the intestinal microcirculatory oxygenation is 

notnot clear. The aim of this study was to determine the effect of moderate nor-

movolemicmovolemic hemodilution on intestinal microvascular POi and its relation to 

thethe mesenteric venous PO2 (Pmv02). Normovolemic hemodilution was per-

formedformed in 13 anesthetized male Wistar rats. Systemic hemodynamic and 

intestinalintestinal oxygenation parameters were monitored. Intestinal microvascular 

PO2PO2 (jiPOj) was measured using the oxygen dependent quenching of Pd-

porphyrin. porphyrin. 

HemodilutionHemodilution decreased systemic hematocrit from 45.0  0.1 (mean

SEM)SEM) to 24.6  1.6 %. The mesenteric blood flow did not change from base-

lineline values, resulting in a linear decrease in intestinal D02 (from 2.77  0.15 

toto 1.42  0.11 ml min'kg'1). Intestinal O2 extraction ratio increased signifi-

cantlycantly from 24  1 to 42  4 %. Pmx02 decreased significantly (from 57

toto 41  2 mmHg) but intestinal V02 and juP02 remained unaffected. As a 

result,result, the difference between 11PO2 and Pmy02 increased significantly during 

hemodilution.hemodilution. Intestinal juP02 and VO2 were well preserved during moder-

ateate normovolemic hemodilution. 

TheseThese results might be explained by the notion of others that hemodilu-

tiontion induces recruitment of capillaries resulting in redistribution of the 

intestinalintestinal blood flow in favor of the microcirculation allowing a more effi-

cientcient extraction of oxygen. These findings further indicate that the use of 

venousvenous POj values as indicators of microvascular oxygenation may be mis-

leading. leading. 
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Introductio n n 

Duringg normovolemic hemodilution, red blood cell concentration is reduced 

whilee the total intravascular blood volume is maintained. This condition can 

bee expected to affect oxygen transport to tissues due to the decreased oxygen 

carryingg capacity of blood. However, different studies found that systemic 

oxygenn delivery and tissue oxygenation of the internal organs and skeletal 

musclee were preserved until a systemic hematocrit of around 20 %.12 Organ 

oxygenn delivery is maintained by an increase in cardiac output and organ 

bloodd flow, caused mainly by a decrease in blood viscosity and systemic 

vascularr resistance1-3, whereby an increased sympathetic stimulation of the 

heartt is a contributory factor.4-5 However, there is uncertainty about how this 

effectt translates itself to regional microcirculatory oxygen delivery. 

Observationss on the microcirculation of skeletal muscle during hemodi-

lutionn have shown that the red blood cell velocity and flow through the 

capillaryy bed increase,6"8 the precapillary diffusional oxygen loss de-

creases,8-99 and the distribution of capillary flow becomes more 

homogeneous.10-11 1 

Basedd on these studies, an increase in blood flow appears to be the most 

importantt compensating mechanism during normovolemic hemodilution. 

However,, especially in the gastrointestinal tract a more efficient O2ER ap-

pearss to be more important, as the increased systemic blood flow is 

redistributedd in favor of vital organs, such as heart and brain.2 The 

mesentericc blood flow, however, did not increase but even decreased 

followingg hemodilution,12"15 and intestinal V02 was preserved by a more 

efficientt 02 extraction. Surface oxygen electrode measurements on pig 

intestiness in hemodilution studies demonstrated baseline tissue P02 values in 

thee same range as mesenteric venous P02 values.12-13 During progressive 

hemodilution,, Haisjackl and colleagues observed no change in tissue P02 

andd Pmv02 in combination with unchanged 02 consumption and 02ER,13 

whereass NoTdge and colleagues found a decrease in Pmv02 as the O2 
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extractionn increased to maintain 02 consumption while tissue PO2 

decreased.12 2 

Thee discrepancies between these studies can be explained by the limita-

tionss imposed by the use of oxygen electrodes. It has been shown that 

oxygenn electrodes have a limited sensing penetration depth and are sensitive 

too changes in arterial oxygen content.16'17 The use of the oxygen dependent 

quenchingg of Pd-porphyrin phosphorescence might be more advantageous as 

thiss technique has a deeper penetration depth and, used in combination with 

ann optical fiber, selectively measures the P02 in the capillaries and the 

venules.16'188 Comparison of the venous P02 to the microvascular P02 

(uP02),, as measured with this technique, allows a direct measurement of the 

severityy of the functional shunting of oxygen from the microcirculation.17 

Usingg this new technique of measuring microvascular PC ,̂ we posed the 

questionn of how intestinal microvascular PO2 and mesenteric venous P02 are 

relatedd during hemodilution and how these parameters are influenced by the 

mechanismss preserving intestinal V02. The study was directed at the micro-

circulationn of the gut, because of the sensitivity of this organ to hypoxia 

comparedd to other organs.19 

Methods s 

Animals Animals 

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

Committeee of the Academic Hospital at the University of Amsterdam. The 

experimentss were performed in thirteen male Wistar rats, bodyweight 324

88 gram (mean  SEM). 

Preparation Preparation 

Thee rats were anesthetized with an intraperitoneal injection of a mixture of 

900 mg kg"1 ketamine, 0.5 mg kg"1 medetomidine and 0.05 mg kg"1 atropine. 

Anesthesiaa was maintained with 50 mg kg' hour' ketamine intravenously. 

53 3 



Chapterr 3 

Too compensate for fluid loss, crystalloid solution was administered 

continuouslyy at a rate of 15 ml kg"1 hour"1. Body temperature was measured 

withh a thermocouple placed in the rectum and was maintained at 37  0.5 °C 

withh a heating pad under and a warming lamp above the animal. 

Tracheotomyy was performed and a PVC tube (Ch 6) was inserted in the 

tracheaa to enable mechanical ventilation with a mixture of 30 % oxygen and 

700 % nitrogen. A heat and moisture exchanger (Humid-Vent Micro, Gibeck, 

Sweden)) was placed between the tracheal tube and the ventilator to diminish 

losss of fluid through the mechanical ventilation. A capnometer (Capstar-100, 

CWE,, Inc., Ardmore, USA) was used to measure end-tidal PC02. This in-

formationn was used to adjust ventilator settings in order to maintain an 

arteriall  PC02 between 35 and 40 mmHg. 

AA polyethylene catheter (outer diameter 0.9 mm) was inserted into the 

rightt jugular vein for intravenous administration of drugs and fluids. The tip 

off  the catheter was advanced to the right atrium for central venous blood 

sampling.. A similar catheter was placed into the right carotid artery and con-

nectedd to a pressure transducer for continuous monitoring of arterial blood 

pressuree and heart rate. Catheters of the same size were placed into both the 

rightright femoral artery and vein for withdrawal of blood and administration of 

fluid.. Following midline laparotomy, a PVC catheter (outer diameter 0.9 

mm)) was placed into the urinary bladder to prevent distension of the bladder 

wallwall during the experiment. 

Thee gut was exteriorized carefully and a perivascular flow probe (type 

1RB;; Transonic Systems Inc., Ithaca, NY, USA) was placed around the su-

periorr mesenteric artery. This probe was connected to a flow meter (T206; 

Transonicc Systems Inc., Ithaca, NY, USA). For mesenteric venous blood 

sampling,, an ileocecal vein was isolated under the microscope, ligated dis-

tallyy and cannulated with a polyethylene catheter (outer diameter 0.8 mm). 

Thee tip of this catheter was advanced into the vessel in a proximal direction 

too have an estimate of the mesenteric venous blood gas values. All exposed 
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organn surfaces were covered with plastic foil to prevent evaporative fluid 

loss. . 

Measurements Measurements 

Arteriall  pressure was measured in the carotid artery. Mean arterial pressure 

wass calculated as MAP (mmHg) = diastolic pressure + (systolic pressure -

diastolicc pressure) / 3. QSMA (ml min"1 kg"1) was measured continuously and 

indexedd according to body weight. Blood samples of 0.2 ml each were col-

lected.. At each measurement point an arterial sample was taken from the 

femorall  artery, a central venous sample was taken from the jugular venous 

catheterr and a mesenteric venous sample was taken from the ileocaecal ve-

nouss catheter. The samples were used for the determination of blood gas 

valuess (ABL505 blood gas analyzer, Radiometer, Copenhagen, Denmark), 

ass well as for the determination of hematocrit, hemoglobin concentration and 

hemoglobinn oxygen saturation (OSM 3, Radiometer, Copenhagen, Den-

mark). . 

Intestinall  oxygen delivery was calculated as DOHNT (ml min" kg" ) = 

QSMAA  X arterial oxygen content, which was calculated as (1.31 x Hb x Sa02) 

++ (0.003 x Pa02). Intestinal oxygen consumption was calculated as VQ21NT 

(mll  min"1 kg"1) = QSMA  X arterial - mesenteric venous oxygen content 

difference.. Mesenteric venous oxygen content was calculated as (1.31 x Hb 

xx Smv02) + (0.003 x Pmv02). The intestinal oxygen extraction ratio was 

calculatedd as 02ER]NT (%) = V02iNT / D02TNT. Since values of mesenteric or 

portall  venous pressure were not available, an estimation of the vascular 

resistancee of the superior mesenteric flow region was made: MAP- QSMA 

ratioo (U) = [MAP / QSMA] X 100. 

Thee intestinal microvascular P02 (jiP02) was measured using the oxygen 

dependentt quenching of Pd-porphyrin phosphorescence.20'21 Excitation of 

Pd-porphyrinn by a pulse of light causes emission of phosphorescence with a 
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decayy in time, which is quantitatively related to the oxygen concentration. 

Pd-meso-tetra(44 carboxy-phenyl)porphine (Porphyrin Products, Logan, UT, 

USA)) is coupled to human serum albumin to form a large molecular com-

plexx which, when injected intravenously, is confined mainly to the vascular 

compartment.22233 1 ml of a 4 mM Pd-porphyrin solution was administered, 

correspondingg with a dosage of 12 mg kg"1 body weight. The uP02 measure-

mentss were made with an optical fiber for transmission of excitation and 

emissionn light, attached to a phosphorimeter. To determine which microvas-

cularr compartment is measured by fiber phosphorimetry, the Pd-porphyrin 

phosphorescencee fiber technique was compared with a microscopic phos-

phorimeter.. The P02 in the gut microcirculation was measured in first order 

arterioles,, venules and capillaries in the ileum of rats at three different FiO; 

levels.. Simultaneous measurement of PO2 with the fiberoptic technique 

showedd excellent correlation with microscopically measured P02 in capil-

lariess and first order venules, but not with arteriolar and venous P02 

values.188 This study allowed us to term the fiberoptic measurement of P02 as 

thee measurement of microvascular P02 (uP02). 

Thee fiber was placed near the serosal surface of the terminal ileum. 

Fiberopticc measurements of juP02 incorporate blood vessels under the fiber 

overr an area of approximately 1 cm2 to a penetration depth of about 0.5 

m r nn i6,23 A S m e calibration constants in the calculation of uP02 from the 

phosphorescencee decay time are temperature dependent, temperature meas-

urementss from the tissue surface were used for correction of these constants. 

ExperimentalExperimental procedure 

Afterr surgery and a 30 minutes stabilization period, baseline measurements 

weree made (tO). Stepwise normovolemic hemodilution was accomplished by 

administrationn of an identical volume of a pasteurized protein solution (PPS, 

CLB,, Amsterdam, the Netherlands) immediately after withdrawing a blood 

samplee from a catheter. This resulted in the exchange of 0.6 ml blood for 
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proteinn solution at each measurement point. After each dilution step, a 15 

minutess stabilization interval was taken into account before measurements 

weree made. The following measurement was made 30 minutes after the pre-

vious.. The experiment was considered completed after 8 dilution steps, 

resultingg in 9 measurement points (tO - t8). The animal was sacrificed with a 

boluss injection of pentobarbital (60 mg i.v.). The correct placement of the 

catheterss in the mesenteric vein and the right atrium was checked post-

mortem. . 

StatisticalStatistical analysis. 

Valuess are presented as mean  SEM. Data were analyzed using ANOVA 

forr repeated measurements. When appropriate, post-hoc analyses were per-

formedd with the Student-Newman-Keuls test. Pmv02 and uP02 were 

comparedd at each measurement point with the Student's paired t-test. 

PP values < 0.05 were considered significant. 

Results s 

SystemicSystemic hemodynamics 

Uponn completion of each experiment 5.4 ml of blood had been replaced by 

thee same volume of pasteurized protein solution. Hemodilution decreased 

systemicc hematocrit from 45.0  0.1 % at baseline to 24.6  1.6 % at t8 and 

thee hemoglobin concentration from 14.7  0.4 g dl~' to 7.9  0.5 g dl1. The 

meann arterial pressure (98  6 mmHg at baseline) decreased significantly at 

t66 (corresponding Ht 28.9  1.2 %) to 75  6 mmHg and reached 69  3 

mmHgg at t8. No change in heart rate was observed. QsMA remained constant 

duringg hemodilution: from 13.2  0.7 ml min"1 kg"1 at baseline to 12.8  1.1 

mll  kg"'min'1 at t8 (figure 3.1). The MAP-QSMA ratio, used as an estimation of 

thee mesenteric vascular resistance, decreased significantly at t8. A summary 

off  the data is given in table 3.1. 
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Figuree 3.1. Effect of hemodilution on intestinal blood flow, D02 and V02. As the hema-

tocritt decreases with each dilution step (tl-t8), the QSMA in this model is not affected. Due to 

thee decreasing [Hb], the intestinal D02 falls progressively while V02 remains constant. 

Valuess represent mean  SEM. *P<0.05 vs. baseline (tO), **P<0.05 vs. baseline and vs. 

previouss measurement. 
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Figuree 3.2. Effect of hemodilution on intestinal uP02,
 pmv02 and 02ER. During progres-

sivee hemodilution (tl-t8), Pmv02 decreased from t5 until t8 resulting in a significant difference 

betweenn Pmv02 and uP02. Meanwhile, the intestinal 02ER increased from t5 until t8. Values 

representt mean  SEM. *P<0.05 vs. baseline (tO), **P<0.05 vs. Pmv02. 
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IntestinalIntestinal oxygenation. 

Resultss of the oxygen measurements and related parameters are shown in 

tablee 3.2 and figures 3.1 and 3.2. Oxygen delivery to the intestines decreased 

immediatelyy when hemodilution began: from 2.77  0.15 ml min"1 kg"1 at 

baselinee to 1.42  0.11 ml min"1 kg"1 at t8 (PO.05). The intestinal oxygen 

consumptionn remained unaffected (figure 3.1). The oxygen extraction ratio 

wass 24  1 % at baseline; it increased at t5 (corresponding Ht 32.2  1.6 %) 

too 32  2 % (PO.05) and to 42  4 % at t8 (figure 3.2). The microvascular 

P022 did not show a significant change throughout the entire experiment (58 

 2 mmHg at baseline, 55  3 mmHg at t8). The mesenteric venous P02 on 

thee other hand, which was in the same range as uP02 at the start of the 

experimentt with 57  2 mmHg, decreased significantly at t5 to 47  2 mmHg 

(correspondingg Ht 32.2  1.6 %) and to 41  2 mmHg at t8. Consequently, 

thesee two parameters started to diverge during the progress of hemodilution 

(figuree 3.2). Compared at each time point, uP02 and Pmv02 were 

significantlyy different from t5 until t8 (P<0.05). S,m02 (74  2 % at baseline) 

decreasedd at t5 as well, to 67  4 % (PO.05) and finally reached 62  3 % at 

t8.. The Scv02 fell progressively from the beginning of the experiment from 

555  2 % at baseline to 33  2 at t8 (PO.05) 

Discussion n 

Thee main findings of the present study are that, despite a diminished oxygen 

delivery,, the intestinal microvascular P02 was maintained during moderate 

normovolemicc hemodilution. The mesenteric venous P02, which was com-

parablee to uP02 at baseline, decreased, which caused a significant 

divergencee between Pmv02 and uP02 values. To our knowledge, this obser-

vationn has not been made before and it indicates that the oxygenation of the 

intestinall  microcirculation is better preserved than is apparent from the 

PITIVOTT values. 
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Thesee results indicate that the diminishing oxygen flux to the intestinal 

tissuee is redistributed in favor of the capillary-venular compartment. This is 

consistentt with the observations in skeletal muscle showing a decrease in the 

precapillaryy diffusional oxygen loss during normovolemic hemodilution re-

sultingg in more oxygen being delivered to the capillary compartment.8'9'24*26 

Furthermore,, during hemodilution the absolute amount of oxygen trans-

portedd to the capillary compartment is also maintained by an increase in the 

numberr of perfused capillaries (capillary recruitment) or by vasodilatation of 

microvesselss already perfused.2728 This provides a more homogeneous 

distributionn of the flow in the microcirculation,29'30 which shortens the O2 

diffusionn distances and facilitates the O2 uptake. As these regulatory mecha-

nismss favor a more efficient utilization of the remaining circulating red 

bloodd cell volume,31,32 the intestinal O2ER increases and the intestinal V02 

iss preserved, as was observed in the present study. 

Capillaryy recruitment is a major factor in the regulation of the intestinal 

tissuee oxygenation,33 being of greater quantitative significance than blood 

floww autoregulation in preventing cellular hypoxia when intestinal perfusion 

pressuree is reduced.34 In a homogeneously perfused tissue model, increasing 

capillaryy density has been shown to be more advantageous for the preserva-

tionn of tissue P02 than increasing blood flow.35 This implies that intestinal 

02ERR and V02 are regulated by changes in capillary density;33'36 adaptation 

too changing circumstances is mediated by vascular factors regulating the 

capillaryy exchange capacity.37 Recently, formation of nitric oxide (NO) has 

beenn shown to play an important role in the systemic vasodilatory reaction 

andd in the renal and gastrointestinal response to hemodilution.38"40 

Despitee an increase in capillary perfusion, QSMA could remain constant, as 

normall  tissues are able to regulate the amount of perfused capillaries without 

changingg the blood flow.29 With a constant QSMA, intestinal D02 decreased 

inn the same rate as the arterial hemoglobin concentration as was observed in 

otherr studies.1415 The intestinal VO2 remained constant, which implies that 
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thee decreasing oxygen delivery to the gut did not reach a critical level at 

whichh the intestinal V02 became dependent on supply: a state of oxygen 

supplyy dependency.41-42 This is supported by the constant fiPCK, which can 

bee considered as the major driving pressure for diffusion of oxygen into the 

tissuee and therefore an important determinant of V02. The J1PO2 values, 

whichh were in the same range as measured with oxygen electrodes on the 

intestinall  surface in rat43 and pig studies,1213 did not decrease in the present 

study,, indicating preservation of the oxygen diffusion gradient. An 

alternativee to isovolemic hemodilution as applied in this study could be the 

usee of oxygen carrying resuscitation fluids which are able to maintain uPCK 

too equal levels using much less volume.44 

Inn conclusion, we observed an increasing divergence between Pmv02 and 

UPO22 during moderate normovolemic hemodilution. Despite a decreased 

intestinall  DO2, UPOT and VO2 were well preserved with an increase in 

O2ER.. This might be explained by the notion of others that the perfusion of 

thee intestinal capillaries increases following normovolemic hemodilution 

throughh a combination of capillary recruitment and a decrease in blood vis-

cosity.. A more homogeneous microcirculatory perfusion (increased extrac-

tingg bed) might explain a more efficient oxygen extraction, which is 

expressedd as an increase in 02ER. Therefore, whether a similar preservation 

off  UPO2 is achieved as in the present study when the microcirculation is 

compromisedd (e.g. during sepsis), becomes of interest. 
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Critica ll  hematocrit in intestinal oxygenation during severe 

normovolemicnormovolemic hemodilution 

Abstract Abstract 

Background:Background: A critical point in oxygen supply for microvascular oxygena-

tiontion during normovolemic hemodilution has not been identified. The relation 

betweenbetween organ microvascular P02 and organ oxygen consumption (V02) 

duringduring a decreasing oxygen delivery (D02) is not well understood. The 

presentpresent study was designed to determine the systemic hematocrit (Hi) and 

organorgan D02 values below which organ 11PO2 and VO2 cannot be preserved by 

regulatoryregulatory mechanisms during normovolemic hemodilution. 

Methods:Methods: Eighteen male Wistar rats were randomized between an experi-

mentalmental group (n=12), in which normovolemic hemodilution was performed 

withwith pasteurized protein solution (PPS), and a control group (n=6). Sys-

temictemic hemodynamic and intestinal oxygenation parameters were monitored. 

IntestinalIntestinal microvascular P02 (juP02) was measured using the oxygen 

dependentdependent quenching of Pd-porphyrin phosphorescence. 

Results:Results: Baseline values in hemodilution and control group were similar. 

HemodilutionHemodilution decreased Ht to 6.2  0.8 % (mean  SD). Constant central 

venousvenous pressure measurements suggested maintenance of isovolemia. De-

spitespite an increasing mesenteric blood flow, intestinal D02 decreased 

immediately.immediately. Initially, 11PO2 was preserved whereas Pmv02 decreased; below 

aa Ht of 15 %, pP02 decreased significantly below Pmv02. Critical D02 was 

1.51.5  0.5 ml kg' min ! for V02 and 1.6  0.5 ml kg'1 min' for pP02. Critical 

HtHt values for V02 and /JP02 were 15.8  4.6 % and 16.0  3.5 %, respec-

tively. tively. 

Conclusions:Conclusions: Intestinal jiP02 and V02 were limited by a critical decrease in 

D0D022 and Ht at the same time. Beyond these critical points not only shunting 
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ofof O? from the microcirculation could be demonstrated, but also a signifi-

cantcant correlation between intestinal JUPO2 and VO2. 

Introductio n n 

Normovolemicc hemodilution can be used to delay or omit the need for trans-

fusionn of blood in a patient. Although the oxygen carrying capacity of the 

bloodd is reduced during this procedure, the body oxygen consumption (V02) 

iss maintained by compensatory mechanisms like an increase in cardiac out-

putt and an increase in the oxygen extraction ratio (02ER) of the tissues. 

However,, there is a limit to this process: when the systemic oxygen delivery 

(D02)) falls below a critical point, the compensatory mechanisms will be in-

sufficient;; V02 becomes dependent on supply and will decrease at the same 

ratee as the D02.] Such a critical point has been documented for systemic D02 

andd V02 during normovolemic hemodilution in both anesthetized animals2"6 

andd humans,7'8 but does not provide information about the critical level of 

hemodilutionn for the different organ systems. 

AA critical point for the microvascular oxygenation during normovolemic 

hemodilutionn has not yet been determined. The relation between microvas-

cularr P02 (uP02), and tissue V02 in this process is not well documented 

either.. The present study was designed to determine the critical points at 

whichh the intestinal V02 and uP02 could not be maintained by systemic 

and/orr local compensatory mechanisms during extreme normovolemic 

hemodilutionn in the anesthetized rat. By comparing the regional venous P02 

withh the juP02, as measured with the oxygen dependent quenching of Pd-

porphyrinn phosphorescence, a direct measurement of the severity of the 

shuntingg of 02 from the microcirculation can be obtained.9 Our study 

focusedd on the microcirculation of the gut as several investigations have 

shownn that the intestinal V02 is limited by supply at an earlier stage than 
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systemicc V02.
2'10 Thus, this organ might be considered relatively sensitive to 

conditionss of decreased systemic 02 delivery.11 

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 

inn 18 male Wistar rats with a mean (  SD) bodyweight of 337  23 gram. 

Preparation Preparation 

Thee rats were anesthetized with an intraperitoneal injection of a mixture of 90 

mgg kg"1 ketamine, 0.5 mg kg"1 medetomidine and 0.05 mg kg ' atropine. An-

esthesiaa was maintained with 50 mg kg"1 hr"1 ketamine (i.v.). To compensate 

forr fluid loss, crystalloid solution was administered continuously at a rate of 

155 ml kg"1 hr"1. Body temperature was measured with a thermocouple placed 

inn the rectum and was maintained at 37  0.5 °C with a heating pad under and 

aa warming lamp above the animal. Tracheotomy was performed, and a PVC 

tubee (Ch 6) was inserted into the trachea to enable mechanical ventilation 

withh a mixture of 30 % oxygen and 70 % nitrogen. A heat and moisture 

exchangerr (Humid-Vent Micro, Gibeck, Sweden) was placed between the 

tracheall  tube and the ventilator to diminish loss of fluid through the 

mechanicall  ventilation. A capnometer (Capstar-100, CWE, Inc., Ardmore, 

PA,, USA) was used to measure end-tidal PC02. This information was used to 

adjustt ventilator settings in order to maintain an arterial PCO2 between 35 and 

400 mmHg. 

AA polyethylene catheter (outer diameter 0.9 mm) was inserted into the 

rightt jugular vein for intravenous administration of drugs and fluids. The tip 
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off  the catheter was advanced near the right atrium for central venous blood 

sampling.. A similar catheter was placed into the right carotid artery and con-

nectedd to a pressure transducer for continuous monitoring of arterial blood 

pressuree and heart rate. Catheters of the same size were placed into both the 

rightt femoral artery and vein for withdrawal of blood and administration of 

fluid.. Following midline laparotomy, a PVC catheter (outer diameter 0.9 

mm)) was placed into the urinary bladder to prevent distension of the bladder 

walll  and to monitor the urine production during the experiment. 

Thee gut was exteriorized carefully and a 0.5 mm perivascular flow probe 

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

mesentericc artery and connected to a flow meter (T206, Transonic Systems 

Inc.,, Ithaca, NY, USA). For mesenteric venous blood sampling, an ileocecal 

veinn was isolated under the microscope, ligated distally and cannulated with 

aa polyethylene catheter (outer diameter 0.8 mm). The tip of this catheter was 

advancedd into the vessel in a proximal direction to have an estimate of the 

mesentericc venous blood gas values. A thermocouple was placed on the in-

testinall  surface and all exposed organ surfaces were covered with plastic foil 

too minimize evaporative fluid loss. 

MeasuremMeasurem en ts 

Arteriall  pressure was measured in the carotid artery. Mean arterial pressure 

wass calculated as MAP (mmHg) = diastolic pressure + (systolic pressure -

diastolicc pressure) / 3. The amplitude of the arterial blood pressure was cal-

culatedd as pulse pressure (Ppuis) = systolic pressure - diastolic pressure. 

Bloodd flow in the superior mesenteric artery, QSMA (ml min ' kg"1) was meas-

uredd continuously and indexed according to bodyweight. Urine output 

throughh the urinary bladder catheter was monitored. To avoid bias by 

differencess in the time needed for preparation of the animal, the volume of 

producedd urine at each measurement point was normalized to the urine vol-

74 4 



Criticall  hematocrit 

umee at baseline 1. Blood samples of 0.2 ml each were collected and replaced 

withh the same volume of pasteurized protein solution (PPS, CLB, Amster-

dam,, the Netherlands). At each measurement point an arterial sample was 

takenn from the femoral artery, a central venous sample was taken from the 

jugularr venous catheter and a mesenteric venous sample was taken from the 

ileocecall  venous catheter. The samples were used to determine blood gas 

valuess (ABL505, Radiometer, Copenhagen, Denmark), as well as hema-

tocrit,, hemoglobin concentration and hemoglobin oxygen saturation (OSM 

3,, Radiometer, Copenhagen, Denmark). 

Intestinall  oxygen delivery was calculated as D02INT (ml min"1 kg" ) = 

QSMAA
 x arterial oxygen content, which was calculated as (1.31 x [Hb] x 

Sa02)) + (0.003 x Pa02). Intestinal oxygen consumption was calculated as 

V02INTT (ml min"1 kg"1) = QSMA  X (arterial - mesenteric venous oxygen 

contentt difference). Mesenteric venous oxygen content was calculated as 

(1.311 x [Hb] x Smv02) + (0.003 x Pmv02). The intestinal oxygen extraction 

ratioo was calculated as 02ER[NT (%) = V02INT / D02INT- Since values of 

mesentericc or portal venous pressure were not available, an estimation of the 

vascularvascular resistance of the superior mesenteric flow region was made: 

MAP:QSMAA ratio (U) = [MAP / QSMA] * 100. 

Thee intestinal microvascular P02 (uP02) was measured using the oxygen 

dependentt quenching of Pd-porphyrin phosphorescence.1214 Excitation of 

Pd-porphyrinn by a pulse of light causes emission of phosphorescence with a 

decayy in time, which is quantitatively related to the oxygen concentration. 

Pd-meso-tetra(44 carboxy-phenyl)porphine (Porphyrin Products, Logan, UT, 

USA)) is coupled to human serum albumin to form a large molecular com-

plexx which, when injected intravenously, is confined mainly to the vascular 

compartment.13155 1 ml of a 4 mM Pd-porphyrin solution was administered, 

correspondingg with a dosage of 12 mg kg"1 bodyweight. The uP02 measure-

mentss were made with an optical fiber for transmission of excitation and 
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emissionn light, attached to a phosphorimeter. To determine which microvas-

cularr compartment is measured by fiber phosphorimetry, the Pd-porphyrin 

phosphorescencee fiber technique has been compared with a microscopic 

phosphorimeter.166 Simultaneous PO2 measurements with the fiberoptic tech-

niquee showed excellent correlation with microscopically measured PO2 in 

capillariess and first order venules, but not with arteriolar and venous PO: 

values,, at different FiOi levels.16 This study allowed us to term the fiberoptic 

measurementt of PO2 as the measurement of microvascular PO2 (UPO2). The 

fiberr was placed near the serosal surface of the terminal ileum. Fiberoptic 

measurementss of uP02 incorporate blood vessels under the fiber over an area 

off  approximately 1 cm2 to a penetration depth of about 0.5 mm.1317 Because 

thee calibration constants in the calculation of JJ.PO2 from the phosphores-

cencee decay time are temperature dependent, temperature measurements 

fromm the intestinal surface were used for correction of these constants. 

ExperimentalExperimental procedure 

Afterr surgery and stabilization, two baseline measurements were made 

duringg a one-hour period. At this point, the animals were randomized 

betweenn the hemodilution (n=12) and the control group (n=6). Normo-

volemicc hemodilution was accomplished by withdrawal of blood from the 

femorall  artery and simultaneous administration through the femoral vein of 

pasteurizedd protein solution (PPS, CLB, Amsterdam, the Netherlands) at the 

samee rate. The oncotic pressures of this protein solution and rat blood were 

determinedd and it was found that the protein solution is slightly hyperoncotic 

comparedd to rat blood (oncotic pressures of 14.5  0.4 and 12.7  0.6 mmHg 

forr PPS and rat blood, respectively) and therefore suitable for isovolemic 

hemodilution.. Infusion/withdrawal occurred at a rate of 20 ml hr"1, using a 

doublee syringe pump (Harvard 33 syringe pump, Harvard Apparatus, South 

Natick,, MA, USA), and did not cause any undesired hemodynamic reactions 
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inn our model. Four dilution steps were made: from baseline going down to a 

hematocritt of approximately 25 % (HI), then to 15 % (H2), to 10 % (H3) 

andd finally to 5-10 % (H4). A 15 minute stabilization period followed each 

dilutionn step before measurements were made. Because hematocrit values 

lowerr than 5 % were found to be incompatible with life in this model, the 

experimentss were terminated after measurement H4; an overdose of pento-

barbitall  (60 mg i.v.) was administered to the animals. In the control group, 

noo hemodilution was performed but measurements were made at similar 

timee intervals as in the hemodilution group. 

Too provide more information on the effect of the hemodilution procedure 

onn the animals' volume status, in four additional animals the arterial and 

centrall  venous pressures were measured during hemodilution in combination 

withh measurement of the intestinal uP02. Hemodilution was performed in 

thee same way as in the other animals and subsequently a fluid challenge of 

2.55 ml of PPS was administered, which could be expected to cause an in-

creasee in MAP if the animal would be hypovolemic. 

StatisticalStatistical analysis 

Valuess are reported as mean  SD. Data within each group were analyzed 

usingg ANOVA for repeated measurements. When appropriate, post-hoc 

analysess were performed with the Student-Newman-Keuls test. Pmv02 and 

uP022 were compared at each measurement point with the Student's paired t-

testt The hemodilution and the control group were compared with an un-

pairedd t-test. P values < 0.05 were considered significant. The critical level 

off  hemodilution was determined from plots of Ht and D02INT against both 

uP022 and V02|NT. The critical points were defined as the points at which 

uP022 and V02iNT became dependent on Ht and D02INT with further hemodi-

lution.. These points were determined for each animal separately, by the 

intersectionn of the two best-fit regression lines with a least sum of squares 
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technique.11 The correlation between uP02 and V02INT was calculated with 

Pearson'ss correlation coefficient. 

Results s 

SystemicSystemic hemodynamics 

Uponn completion of the experiment, an average of 26.3 1 ml blood had 

beenn exchanged for an identical volume of PPS. Baseline values in the 

hemodilutionn and the control group were not different. As can be seen in 

tablee 4.1, hemodilution decreased Ht from 44.9  3.8 % at baseline to 6.2

0.88 % at H4 and Hb from 14.6  1.3 to 1.8  0.3 g dl"1. Although Ht and Hb 

decreasedd in the control group as well, to 35.1  1.3 % and 11.6  0.5 g dl"1 

att H4, respectively, the values in the hemodilution group were significantly 

lowerr from control from HI to H4. MAP, QSMA, heart rate and MAP:QSMA 

ratioo did not change in the control group. In the experimental group, MAP 

(1066  13 mmHg at baseline) decreased significantly at H2 (corresponding 

Htt 14.8  2.8 %) to 85  23 mmHg and reached a minimum of 46  11 

mmHgg at H4. Heart rate (267  20 bpm at baseline) decreased significantly 

too 241  35 bpm at H3 and to 23 1  35 bpm at H4. During hemodilution, 

PpUiss increased significantly compared to the control group, from 13  5 

mmHgg at baseline 1 to 30  13 mmHg at H3. Ppuis did not change signifi-

cantlyy in the control group. QSMA (14.0  2.3 ml kg'min"' at baseline) in-

creasedd at HI to 17.5  2.0 ml kg 'min-1 (P<0.05), reached a maximum value 

off  21.9  3.3 ml kg'min"1 at H3 and returned to baseline values at H4. The 

MAP:QSMAA  ratio (2403  466 U at baseline) decreased progressively to 861 

 324 U at H4. Again, significance was reached at HI (1810  431 U). 
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Figuree 4.1. Mesenteric venous P02 (Pmv02) and intestinal microvascular  P02 (uP02). 

Untill  a Ht of 15 %, uP02 was preserved, resulting in a significant divergence between uP02 

andd Pmv02 at HI and H2. In contrast to this, a P02 gap between venous and microvascular 

bloodd could be demonstrated with more severe hemodilution, indicating that at this stage 02 

waswas being shunted from the microcirculation. In the control group, no change in uPO, or 

Pmv022 was observed. Data represent mean  SD.  uP02: P<0.05 vs. baseline (1&2); 

oo Pmv02: P<0.05 vs. baseline; * Pmv02: P<0.05 vs. uPO,. 
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OxygenOxygen measurements 

Resultss of the oxygen measurements and related parameters are shown in 

tabless 4.2, 4.3, and 4.4. In the hemodilution group, mesenteric venous P02 

(Pmv02,, 60  8 mmHg at baseline) decreased significantly at HI (42  4 

mmHg)) to 34  4 mmHg at H4. Intestinal microvascular P02 (uP02) in the 

samee group, however, remained stable around 60 mmHg until H2, then it 

decreasedd to 25  3 mmHg at H3 to a final value of 14  4 mmHg at H4. 

Comparingg uP02 to Pmv02 (figure 4.1), it is shown that the Pmv02 became 

significantlyy lower than the uP02 at HI (P<0.05). However in contrast to 

this,, at H3 and H4 (when Ht was decreased below 10 %), uP02 had fallen 

beloww Pmv02 (P<0.05). The figure clearly shows the difference with the 

controll  group, in which both parameters did not change. 

Mesentericc venous 02 saturation (Smv02) was 77  9 % at baseline, 

startedd to decrease at HI to 67  8 % (PO.05) with a final value of 33  8 % 

att H4. A similar pattern was observed for the central venous 02 saturation 

(Scv02)) with values of 61  12 at baseline to 45  13 at HI (PO.05) and 24

77 at H4. In the control group Smv02 did not change, Scv02 decreased 

significantlyy at H3 and H4. 

Despitee an increased QSMA, D02INT decreased immediately when Ht was 

diminishedd by hemodilution, from 2.6  0.3 ml kg"1 min"1 at baseline to 0.4

0.11 ml kg"1 min"1 at H4. Initially V02INT remained constant at 0.6 ml kg"1 

min"1,, but decreased significantly at H3 (0.5 1 ml kg"'min'1) and reached 

0.33 1 ml kg"1 min"1 at H4. At HI, the 02ER1NT was significantly increased 

comparedd to baseline (from 25  8 % at baseline to 34  8 % at HI) and 

continuedd to rise to 70  6 % at H4. In the control group, V02]NT remained 

constantt around 0.6 ml kg"1 min"1 throughout the experiment. D02INT how-

everr (2.6  0.2 ml kg"1 min"1 at baseline) decreased slightly but significantly 

too 2.1  0.1 at H4, which was still significantly higher than in the hemodilu-
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tionn group. As a result, the 02ER[NT in the control group (20  2 % at 

baseline)) was increased at H2 (P<0.05) to 29  3 % at H4. 

Arteriall  pH and Sa02 did not change in either group. Pa02 did not change 

inn the control group (171  18 mmHg at baseline) but increased during 

hemodilutionn from 165  17 mmHg at baseline to 194  15 mmHg at H4. 

Arteriall  PCO2 in the control group remained constant around 37 mmHg, in 

thee hemodilution group (38  4 mmHg at baseline) PC02 decreased at H3 to 

233  7 mmHg at H4. In the control group, mesenteric venous pH and PCQ2 

weree stable around 7.34 and 43 mmHg respectively. Following 

hemodilution,, PmvC02 did not change from baseline or control. pHmv, 

however,, decreased significantly at H3 (7.26  0.07) and H4 (7.19  0.06). 

Thee critical D02INT and Ht values are shown in figures 4.2 and 4.3. 

VO21NTT became dependent on supply at a D02iNT of 1.5  0.5 ml kg"1 min"1. 

Forr the uP02, critical D02]NT was 1.6  0.5 ml kg"1 min'. A similar critical 

valuee was calculated for the Ht: V02[NT decreased with Ht at 15.8  4.6 %. 

Thee critical Ht for uP02 was 16.0  3.5 %. The critical D02 values and 

Htt values were not significantly different for uP02 and V02INT, indicating 

thatt intestinal 02 consumption and microvascular P02 became dependent on 

supplyy at the same point during hemodilution. This is illustrated by figure 

4.4:: during intact oxygenation, littl e correlation could be found between 

uP022 and V02 [ NT- As soon as intestinal oxygenation was impaired by pro-

gressivee hemodilution, a significant correlation between intestinal uPĈ  and 

V02INTT could be demonstrated (Pearson's r2 = 0.86, P<0.0001). 
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Figuree 4.2. Panel A shows the critical D02 value for the intestinal V02, Panel B shows the 

criticall  D02 value for the intestinal uP02. Critical D02 values were determined in each 

animall  separately and are represented here as mean + SD. There was no significant difference 

betweenn these values. Data points originating from the same animal are represented by a 

similarr symbol. 
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Figuree 4.3. Panel A shows the critical Ht value for the intestinal V02, Panel B shows the 

criticall  Ht value for the intestinal uPC"2. Critical Ht values were determined in each animal 

separatelyy and are represented here as mean  SD. There was no significant difference be-

tweenn these values. Data points originating from the same animal are represented by a similar 
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Figuree 4.4. Relation between intestinal |iP02 and V02. Panel A During a state of 02 supply 

dependency,, a significant correlation between uP02 and intestinal V02 could be demonstrated 

(Pearsonn r = 0.86, P<0.000l). Panel B During uncompromised intestinal tissue oxygenation 

theree was littl e correlation between uP02 and intestinal V02. Data originating from the same 

animall  are represented by a similar symbol. 

CentralCentral venous pressure measurements 

Thee results of the combined measurement of the central venous pressure, 

MAPP and intestinal uP02 during hemodilution in four animals are shown in 

figuree 4.5. The central venous pressure increased slightly, but not signifi-

cantlyy during hemodilution. The MAP and the intestinal uP02 showed a 

similarr response to hemodilution as in the other animals. Following the fluid 

challenge,, Ht decreased from 8 to 6 %, but the central venous pressure, 

MAP,, and uP02 did not change significantly. 

Discussion n 

Thee main result of this study is that a critical point in the intestinal microvas-

cularr oxygenation could be identified during extreme normovolemic 

hemodilution.. The critical point for uP02 corresponded with the critical 

pointt for intestinal 02 consumption: both V02iNT and uP02 were limited by 

supplyy at the same stage during severe normovolemic hemodilution. 
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Figuree 4.5. Central venous pressure (CVP), mean arterial pressure (MAP), and intesti-

nall  fiP02 durin g extreme normovolemic hemodilution in the rat. Stepwise hemodilution 

waswas performed with PPS. Following hemodilution, a bolus of 2.5 ml PPS was infused over 10 

minutes.. Data represent mean  SD (n=4). o |iP02: P<0.05 vs. baseline; * MAP: P<0.05 vs. 

baseline.. MAP and uP02 decreased significantly, whereas CVP did not change throughout the 

experiment,, indicating that isovolemia was maintained. Fluid challenge decreased Ht from 8 

too 6 %, but did not result in a significant change in the other parameters. 

Nott only did we find similar critical D02INT values for uP02 and V02iNT, but 

criticall  Ht values were of the same order as well. When the critical point in 

intestinall  02 delivery had been reached and uP02 and V02INT were limited by 

supply,, a significant correlation between the intestinal tissue 02 consumption 

andd the microvascular P02 could be demonstrated but not between intestinal 

tissuee 02 consumption and Pmv02. At this time 02ERiNT had not reached a 

maximumm yet, but continued to increase until the end of the experiment, 

indicatingg that regulation of the intestinal tissue oxygenation was still 

functioning,, although insufficiently. 

Untill  a Ht of  15 % at H2, uP02 remained constant resulting in a signifi-

cantt divergence between uP02 and Pmv02 (fig 4.1). This might be explained 
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byy the notion from others that hemodilution can increase microvascular per-

fusionn by increasing the amount of perfused capillaries (capillary 

recruitment)) or by vasodilatation of microvessels already perfused.18'20 As a 

result,, the absolute amount of oxygen transported to the capillaries can be 

maintainedd and a more homogeneous distribution of the flow in the micro-

circulationn is provided as well.21-22 This shortens the O2 diffusion distances 

andd facilitates the 02 uptake (increased extracting bed). In the regulation of 

thee intestinal tissue oxygenation, capillary recruitment is of great impor-

tance.233 In fact, it has been shown to be of greater quantitative significance 

thann blood flow autoregulation in preventing cellular hypoxia when intesti-

nall  perfusion pressure is reduced.24 In addition, changes that have been 

observedd in skeletal muscle microcirculation following the decrease in blood 

viscosityy during hemodilution can be assumed to contribute to the preserva-

tionn of the intestinal tissue oxygenation as well: a decrease in the 

precapillaryy diffusional oxygen loss, resulting in more oxygen being 

deliveredd to the capillaries and a diminished oxygen diffusion path,25"29 

allowingg a more efficient utilization of the remaining circulating red blood 

celll  volume.30-31 With more progressive hemodilution, DO?INT and Ht 

reachedd the critical point where uP02 became limited by the decreasing 02 

supplyy and decreased progressively below Pmv02. This resulted in a P02 gap 

betweenn mesenteric venous and microvascular blood, demonstrating that at 

thiss stage 02 was being shunted from the intestinal microcirculation. Princi-

pall  mechanisms that can cause functional shunting within the 

microcirculationn are: convective shunting through anatomical anastomoses, 

directt diffusion of 02 from arterioles to venules, altered heterogeneity of the 

microvascularr architecture leading to 'vascular steal' and inability of Hb to 

off-loadd 02 fast enough to the tissues as it passes through the microcircula-

tion.99 Which of these mechanisms can be held responsible for the P02 gap 

duringg hemodilution has as yet to be determined. Whether it is the origin or 
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merelyy an effect of the inability of intestinal regulatory mechanisms to 

maintainn tissue oxygenation is not clear. 

Thee fall in both Smv02 and Scv02 reflects the increase in 02ERiNT during 

thee experiment. 02ERiNT was increased to 70 % at H4, indicating that 

regulationn of the intestinal oxygenation was capable of increasing QZERINT, 

althoughh not sufficiently to maintain the intestinal oxygenation at baseline 

levels.. The similar critical values and the significant correlation between 

uP022 and V02INT in the state of 02 supply dependency support the 

hypothesiss that the amount of physically dissolved 02 within the 

microcirculationn can be considered as the major driving pressure for 

diffusionn of oxygen into the tissue cells, and as such, can be regarded as an 

importantt determinant of tissue V02. 

QSMAA  is an important determinant of the D02INT and as such influences 

thee critical Ht and D02INT values during hemodilution. During hemodilution, 

QSMAA  has been reported to increase sufficiently to maintain oxygen flux to 

thee organs, including the small intestine, until a hematocrit of  10 %.32 Al-

thoughh QSMA increased significantly in this study, D02INT decreased; the 

increasee in QSMA was never sufficient to fully compensate for the decreased 

oxygenn carrying capacity of the blood. This observation has been reported in 

priorr studies as well2'33 and indicates that an increase in 02ER is more 

importantt in the preservation of intestinal V02. 

Despitee an increase following hemodilution, QSMA fell back to baseline 

valuesvalues in the final phase of the experiment, when Ht was only 6 %. Simulta-

neously,, MAP decreased to 46 mmHg and the heart rate was significantly 

decreasedd as well. Most likely, hemodynamic stability could no longer be 

maintainedd at this point. This is supported by the decrease in arterial PCĈ  at 

H4.. It can be hypothesized that the substantial hypotension and decrease in 

QSMAA  at the lowest hematocrit were caused by inadequate cardiac function. 
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Thee arterial pH did not change during the experiment, unlike the mesen-

tericc venous pH; the latter decreased significantly at H3. This was the same 

pointt where both the intestinal JUP02 and V02INT decreased significantly 

fromm baseline values, which not only supports the notion that now the 

intestinall  tissue oxygenation had become impaired but also indicates that in 

thiss study, pHmv was a more reliable indicator of intestinal tissue 

oxygenationn than Pmv02. 

Onee might argue that failure to maintain isovolemia throughout the ex-

perimentt might explain these observations as well. In the absence of blood 

volumee measurements, only supporting evidence could be provided 

regardingg the maintenance of isovolemia during hemodilution: i.e., the 

constantt CVP during hemodilution and the lack of effect of the subsequent 

fluidd challenge on CVP, MAP, and uP02 in four additional animals. In addi-

tion,, a significant increase in Ppuis in the hemodilution group, the comparable 

urinee production in the hemodilution and the control group, the use of a 

slightlyy hyperoncotic protein solution, and a slight increase in total body-

weightt of the animals during the experiment suggest that the animals in the 

hemodilutionn group were not hypovolemic throughout the experiment. 

Therefore,, the hemodynamic parameters and the determination of a critical 

levell  of 02 delivery for the intestinal V02 and uP02 in this model were not 

likelyy to be biased by an insufficient circulating volume. 

Duee to blood sampling and subsequent volume correction, a small but 

significantt degree of hemodilution took place in the control group, resulting 

inn a decrease in D02iNT. V02INT and uP02 were preserved by an increase in 

02ER1NTT from 20 % at baseline to 29 % at H4. This was only reflected in the 

decreasee in Scv02, any change in the other parameters did not reach signifi-

cance.. The results from the control group demonstrated that the 

hemodynamicc parameters were stable throughout the entire experiment. 
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Inn contrast with our results are the observations of Haisjackl et al. who 

observedd no significant change in pig intestinal oxygen consumption until a 

systemicc hematocrit of  6 %, due to a doubling in intestinal O2ER.34 This 

suggestedd an uncompromised microcirculatory oxygenation at an extremely 

loww hematocrit. However, surface oxygen electrode measurements in their 

studyy demonstrated that mucosal PO2 was preserved until a Ht of 6 % and 

thatt serosal PO2 decreased below a Ht of 15 %. The measurement depth of 

thee Pd-porphyrin phosphorescence is in the order of 0.5 mm.17 Therefore, 

thee size of the rat small intestine did not allow us to distinguish between a 

mucosall  and a serosal uP02, as would be possible when using Pd-porphyrin 

phosphorescencee in the pig.17'35 Thus, the intestinal UPO2 values in our 

study,, although in the same range as pig serosal PO2 values measured with 

eitherr 02 electrode or Pd-porphyrin phosphorescence, must be considered as 

aa resultant of the |iP02 values in the different layers of the gut wall. As such, 

theyy are hardly comparable to uP02 values found in the pig. Furthermore, it 

hass been shown that oxygen electrodes are sensitive to changes in arterial 

oxygenn content.917 The use of the oxygen dependent quenching of Pd-

porphyrinn phosphorescence might be more advantageous as this technique 

hass a deeper penetration depth and, used in combination with an optical 

fiber,fiber, selectively measures the P02 in the capillaries and the venules.16,17 

Thee discrepancy in intestinal V02 might be explained by the interspecies 

differencee (pig vs. rat), or by the fact that Haisjackl et al. used an isolated gut 

segment,, which was perfused at a constant pressure, whereas in our experi-

mentss the intestines were not isolated and were perfused at the mean arterial 

pressure,, which decreased significantly below Ht 15 %. This is supported by 

thee results from Nöldge et al,36 who found a decrease in both MAP and liver 

andd small intestine surface P02 values at and below a Ht of 15 % during 

normovolemicc hemodilution. In this context it must be realized that for an 

adequatee interpretation of the results of hemodilution experiments, the use of 
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anesthesiaa must be taken into account: the compensatory mechanisms during 

hemodilutionn are influenced by the use of anesthesia and a critical level of 

022 delivery could not be demonstrated during hemodilution in conscious 

dogss and humans.37"39 

Inn conclusion, a critical point for the intestinal tissue oxygenation could 

bee identified during normovolemic hemodilution. It was demonstrated that 

uP022 and V 0 2 I M were limited by 02 supply at the same time when the intes-

tinall  oxygen delivery decreased to a critical level. As soon as the intestinal 

oxygenationn became dependent on 02 supply, pHmv fell and an increasing 

P022 gap between the venous and microvascular blood could be demon-

strated,, reflecting shunting of 02 from the microcirculation. At this point a 

significantt correlation between uP02 and V02INT could be demonstrated but 

nott between Pmv02 and V02INT- These data indicate that as soon as the uP02 

iss impaired during hemodilution, the tissue 02 consumption is affected as 

well.. Unlike the regional venous pH, venous P02 cannot be regarded as a 

reliablee parameter for the judgment of the intestinal tissue oxygenation. 
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Comparisonn of cardiac, renal, and intestinal microvascular  PO2 durin g 

severee isovolemic hemodilution 

Abstract Abstract 

TheThe effects of stepwise isovolemic hemodilution on systemic hemodynamics, 

bloodblood gas values and the microvascular PO2 in heart, kidney, and intestines, 

asas measured with the O2 dependent quenching of Pd-porphyrin phos-

phorescence,phorescence, were studied in 12 rats anesthetized with ketamine and 

medetomidine.medetomidine. Ht decreased from 46.6  3.8 % to 7.0  1.8 % (mean  SD). 

MicrovascularMicrovascular PO2 values (JUPO2) of heart, kidney, and intestines did not 

respondrespond uniformly: renal JUPO2 (56  mmHg at baseline) started to 

decreasedecrease at a Ht level of 38.5  %, intestinal JL1PO2 (59  6 mmHg at 

baseline)baseline) started to decrease at Ht 17.4  7.1 % and cardiac JL1PO2 (40  6 

mmHgmmHg at baseline) decreased in the final stage of the experiment at a Ht of 

8.78.7  3.5 %. These results demonstrate that the regulation of microvascular 

oxygenationoxygenation during isovolemic hemodilution is specific for each organ 

system.system. The relation between these observations and organ function and 

damagedamage needs to be determined. 

Introductio n n 

Acutee isovolemic hemodilution can be used to delay or omit the need for 

transfusionn of blood in a patient. Although the O2 carrying capacity of the 

bloodd is reduced during this procedure, the 02 demand of the body is met by 

increasess in cardiac output and 02 extraction. However, when the systemic 

O22 delivery (DO2) falls below a critical point, these compensatory mecha-

nismss become insufficient and oxygen consumption (VO2) becomes 

dependentt on supply. A critical hematocrit level has been reported for whole 

bodyy VO2 during normovolemic hemodilution in anesthetized animals1"5 and 
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humans66 but this does not provide information about the tolerance of 

differentt organ systems for hemodilution because the decrease in Ht does not 

resultt in a uniform increase in perfusion in all organs1'4'7"9 and the 

decreasingg 02 supply is redistributed in favor of the vital organs, i.e. heart 

andd brain.9"11 

Whenn looking at the functional effects of the redistribution of the blood 

floww and O2 supply, some information has been provided on tissue P02 

duringg isovolemic hemodilution for some organs in the past.12"16 However, 

relationss involving Ht and microvascular PO2 measurements in different 

organss have not yet been determined during isovolemic hemodilution. 

Becausee the microvascular PO2 can be considered to reflect the balance be-

tweenn 02 supply and demand,17 it can be assumed that a decrease in 

microvascularr P02 might precede impairment of tissue V02. Therefore, 

simultaneouss determination of these Ht - microvascular P02 relations for 

differentt organs, including a vital organ as heart or brain, would provide 

moree detailed information on the functional effects of redistribution during 

isovolemicc hemodilution. It can be hypothesized that, due to redistribution of 

O?? supply, each organ would have its own specific Ht-microvascular P02 

relation.. The present study was designed to determine and compare the Ht 

levelss at which the microvascular P02 values in the heart, kidney, and intes-

tiness were not preserved any longer and became dependent on hematocrit 

duringg severe normovolemic hemodilution in the anesthetized rat. 

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 

122 male Wistar rats with a mean (  SD) bodyweight of 332  30 gram. 
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Preparation Preparation 

Thee rats were anesthetized with an intraperitoneal injection of a mixture of 90 

mgg kg"1 ketamine, 0.5 mg kg"1 medetomidine and 0.05 mg kg"1 atropine. 

Anesthesiaa was maintained with 50 mg kg^hour"1 ketamine (i.v.). To 

compensatee for fluid loss, crystalloid solution was administered intravenously 

att a rate of 15 ml kg"1 hour"1. Body temperature was measured with a thermo-

couplee placed in the rectum and was maintained at 37  0.5 °C with a heating 

padd under and a warming lamp above the animal. Tracheotomy was 

performed,, and a PVC tube (Ch 6) was inserted into the trachea to enable 

mechanicall  ventilation with a mixture of 30 % oxygen and 70 % nitrogen. A 

capnometerr (Capstar-100, CWE, Inc., Ardmore, PA, USA) was used to meas-

uree end-tidal PC02. This information was used to adjust ventilator settings in 

orderr to maintain an arterial PCO2 between 35 and 40 mmHg. 

AA polyethylene catheter (outer diameter 0.9 mm) was inserted into the 

rightt jugular vein for intravenous administration of drugs and fluids. The tip 

off  the catheter was advanced near the right atrium for central venous blood 

sampling.. A similar catheter was placed into the right carotid artery and con-

nectedd to a pressure transducer for continuous monitoring of arterial blood 

pressuree and heart rate. Catheters of the same size were placed into both the 

rightt femoral artery and vein for withdrawal of blood and administration of 

fluid.. Following midline laparotomy, a PVC catheter (outer diameter 0.9 

mm)) was placed into the urinary bladder to prevent distension of the bladder 

walll  during the experiment and to monitor urine production. The surface of 

thee right kidney was exposed by careful manipulation of the intestines. A 

midlinee thoracotomy was performed to gain access to the heart. A thermo-

couplee was placed on the intestinal surface and all exposed organ surfaces 

weree covered with plastic foil to prevent evaporative fluid loss. 
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HemodynamicHemodynamic and blood gas measurements 

Systolicc and diastolic arterial pressures were measured in the carotid artery. 

Meann arterial pressure was calculated as MAP (mmHg) = diastolic pressure 

++ (systolic pressure - diastolic pressure) / 3. The amplitude of the arterial 

bloodd pressure was calculated as pulse pressure (Ppuis) = systolic pressure -

diastolicc pressure. Blood samples of 0.2 ml each were collected and replaced 

withh the same volume of a pasteurized protein solution (PPS, CLB, Amster-

dam,, the Netherlands). At each measurement point an arterial sample was 

takenn from the femoral artery and a central venous sample was taken from 

thee jugular venous catheter. The samples were used to determine blood gas 

valuess (ABL505, Radiometer, Copenhagen, Denmark), as well as hema-

tocrit,, hemoglobin concentration and hemoglobin oxygen saturation (OSM 

3,, Radiometer, Copenhagen, Denmark). 

MicrovascularMicrovascular PO2 measurements 

Thee microvascular P02 was measured in heart, kidney and intestines using 

thee oxygen dependent quenching of Pd-porphyrin phosphorescence. Excita-

tionn of Pd-porphyrin by a pulse of light causes emission of phosphorescence 

withh a decay in time, which is quantitatively related to the oxygen concen-

tration.18-199 Pd-meso-tetra(4 carboxy-phenyl)porphine (Porphyrin Products, 

Logan,, UT, USA) is coupled to human serum albumin to form a large mo-

lecularr complex which, when injected intravenously, is confined mainly to 

thee vascular compartment.20-21 1 ml of a 4 mM Pd-porphyrin solution was 

administered,, corresponding with a dosage of 12 mg kg"1 body weight. The 

microvascularr PO2 measurements were made with optical fibers for the 

transmissionn of excitation and emission light, attached to a phosphorimeter. 

Too determine which microvascular compartment is measured by fiber phos-

phorimetry,, the Pd-porphyrin phosphorescence fiber technique has been 

comparedd with a microscopic phosphorimeter.22 Simultaneous P02 measure-

mentss with the fiberoptic technique showed excellent correlation with 
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microscopicallyy measured P02 in capillaries and first order venules, but not 

withh arteriolar or venous P02 values, at different F1O2 levels.22 Therefore, 

thiss study allowed us to term the fiberoptic measurement of PO2 as the 

measurementt of microvascular PO2. Fiberoptic measurements of microvas-

cularr P02 incorporate blood vessels under the fiber over an area of 

approximatelyy 1 cm2 to a penetration depth of about 0.5 mm.2123 Because 

thee calibration constants in the calculation of the microvascular P02 from the 

phosphorescencee 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 use of this device allowed us to measure the mi-

crovascularr PO2 in heart, kidney and gut simultaneously. 

ExperimenExperimen tal procedure 

Afterr surgery and stabilization, two baseline measurements were made 

duringg a one-hour period. Subsequently, the animals were assigned to either 

aa hemodilution (n=9) or a time matched control group (n=3), in which iden-

ticall  measurements were made at corresponding time intervals, but no 

hemodilutionn was performed. Isovolemic hemodilution was accomplished by 

withdrawall  of blood from the femoral artery and simultaneous administra-

tionn through the femoral vein of pasteurized protein solution (PPS, CLB, 

Amsterdam,, the Netherlands) at the same rate. The oncotic pressures of PPS 

andd rat blood were determined and it was found that the protein solution is 

slightlyy hyperoncotic compared to rat blood (oncotic pressures of 14.5  0.4 

andd 12.7 + 0.6 mmHg for PPS and rat blood, respectively) and therefore 

suitablee for isovolemic hemodilution. Infusion/withdrawal occurred at a rate 

off  20 ml hour"1, using a double syringe pump (Harvard 33, Harvard Appara-

tus,, South Natick, MA, USA), and did not cause any undesired 

hemodynamicc reactions in this model. Four dilution steps were made: from 

baselinee to a hematocrit of approximately 25 % (HI), to 15 % (H2), to 10 % 
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(H3)) and finally to 5 - 10 % (H4). A 15 minute stabilization period followed 

eachh dilution step before measurements were made. The experiments were 

terminatedd after measurement H4 by administration of an overdose of pento-

barbitall  (60 mg i.v.). Final microvascular P02 measurements were made 

post-mortem. . 

StatisticalStatistical analysis 

Valuess are reported as mean  SD. Data were analyzed using ANOVA for 

repeatedd measurements. When appropriate, post-hoc analyses were per-

formedd with the Student-Newman-Keuls test. P values < 0.05 were 

consideredd significant. The hemodilution and the control group were com-

paredd using an unpaired t-test. The effect of hemodilution on the different 

organn microvascular PO2 values was determined using plots of Ht against 

microvascularr PO2. From these plots it was possible to determine the points 

att which the microvascular PO2 of heart, kidney, and intestines became de-

pendentt on hematocrit with further hemodilution. These points were 

determinedd for each animal separately, by the intersection of the two best-fit 

regressionn lines, as determined by a least sum of squares technique. Post-

mortemm microvascular PO2 measurements were not included in the fit  proce-

dure. . 

Results s 

SystemicSystemic parameters 

Dataa are summarized in tables 5.1 and 5.2. Baseline measurements in the 

hemodilutionn and control group were not significantly different. In the 

hemodilutionn group, systemic Ht decreased from 46.6  3.8 % at baseline 1 

too 7.0  1.8 % at H4. A similar decrease was found for the hemoglobin (Hb) 

concentrationn (from 15.1  1.2 g dl"1 at baseline 1 to 1.9  0.5 g dl"1 at H4). 
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Duee to blood sampling and subsequent volume correction, a small but sig-

nificantt degree of hemodilution took place in the control group: Ht decreased 

fromm 43.4  2.7 % at baseline 1 to 36.5  1.2 % at H4 and Hb decreased 

fromm 14.1  0.9 g dl"1 at baseline 1 to 11.9  0.3 g dl"1 at H4. 

Initially ,, the mean arterial pressure was not affected by hemodilution. 

However,, when Ht fell below 10 % at H3, MAP decreased significantly to 

633 1 mniHg and to 41  14 mmHg at H4. MAP was stable in the control 

group.. During hemodilution, Ppu|S increased significantly compared to the 

controll  group, from 19  5 mmHg at baseline 1 to 32  13 mmHg at H3. At 

H4,, PpUis returned to baseline values. PpU|S did not change significantly in the 

controll  group. The heart rate was not affected by hemodilution and remained 

inn the range of 200 - 220 beats/minute in both the hemodilution and the 

controll  group. The urine production, which was normalized to the start of the 

experiment,, was similar in both groups and increased significantly through-

outt the experiment. 

Thee arterial P02 (Pa02) demonstrated a small increase during the experi-

mentt in both groups. This increase became significant only in the 

hemodilutionn group at H4. The arterial hemoglobin 02 saturation (Sa02) was 

stablee in both groups. The central venous hemoglobin 02 saturation (Sv02) 

decreasedd progressively with the onset of hemodilution from 70.5  8.7 % at 

baselinee 1 to 23.5  10.6 at H4. This parameter did not change significantly 

inn the control group. The arterial pH remained at baseline levels until H4 in 

bothh groups. At H3, similar to the MAP, the arterial PC02 (PaC02) in the 

hemodilutionn group (37  2 mmHg at baseline 1) decreased to 29  6 mmHg 

andd to 21 5 mmHg at H4. In the control group, PaC02 remained between 

355 and 40 mmHg throughout the experiment. 
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MicrovascularMicrovascular PO2 measurements 

Dataa are summarized in table 5.3 and figure 5.1. Baseline measurements in 

thee hemodilution and control group were not significantly different. uP02 

valuess of the heart, kidney, and intestines did not respond uniformly to iso-

volemicc hemodilution. The intestinal uP02 (59  6 mmHg at baseline 1) did 

nott change until the Ht was decreased below 20 % at H2. At this point, in-

testinall  U.PO2 fell to 44  9 mmHg and decreased with further hemodilution 

too 9  5 mmHg at H4, which was not significantly different from the post-

mortemm value of 4  2 mmHg. The exact point where the intestinal uP02 

startedd to decrease at the same rate as the Ht was determined at a Ht value of 

17.44 1 %. 

Inn the kidney, the uP02 (56  10 mmHg at baseline 1) decreased 

immediatelyy with the onset of hemodilution. At H3 (Ht 9.2  1.8 %), renal 

uP022 was 7  5 mmHg, which was in the same range as the post-mortem 

valuee of 2  1 mmHg. As a result, the point where the renal uP02 started to 

decreasee with Ht was determined at a Ht value of 38.5  8.6 %. 

Inn contrast to the intestinal and renal uP02 values, the cardiac uP02 (40

66 mmHg at baseline 1) was hardly affected by hemodilution. Only in the 

finalfinal stage of the experiment, when Ht fell below 10 %, a significant de-

creasee to 16  7 mmHg was observed. This value was still well above the 

post-mortemm measurement of 3  1 mmHg. The point where the cardiac 

uP022 started to decrease with Ht was determined at a Ht value 8.7  3.5 %. 

Thee uP02 measurements in the control groups were stable throughout the 

experimentss in all three organs. Only after termination of the experiment, the 

uP022 values decreased to post-mortem values, similar to the post-mortem 

valuess in the hemodilution group. 

Discussion n 

Thee main finding of the present study is that the uP02 values of heart, kid-

ney,, and intestines did not respond uniformly to severe isovolemic 

112 2 



Regionall  microvascular PO2 

hemodilution.. The organ systems displayed different Ht levels at which the 

correspondingg uP02 values started to decrease with Ht, reflecting a different 

responsee of each organ's microvascular oxygenation for isovolemic hemo-

dilution. . 

Thee uP02 of the kidney demonstrated the lowest tolerance for hemodilu-

tion.. Unexpectedly, the renal uP02 decreased immediately with the onset of 

hemodilution.. There might be several explanations for this observation. The 

tolerancee of an organ system for conditions of decreased O2 delivery is de-

terminedd by its ability to preserve tissue oxygenation, which depends on the 

systemicc redistribution of blood flow7-9 and on the oxygen extraction 

capabilitiess of the organ system itself.24,25 Renal blood flow has been shown 

nott to increase during normovolemic hemodilution,8'26'27 thus leading to a 

directt decrease in renal D02 as the arterial 02 content falls. As the kidney 

hass a high 02 consumption, requiring a relatively high blood flow,28 a de-

creasee in renal D02 could limit V02 in an early stage of hemodilution, 

especiallyespecially when the renal V02 increases when renal work increases. In re-

sponsee to a fall in MAP, as was observed in the current experiment, 

correctingg mechanisms in the kidney will work to increase sodium and water 

reabsorptionn in an attempt to preserve the blood pressure with consequently 

aa possibly increased V02. As afferent vasoconstriction is a part of this 

process,, blood flow to the kidney will decrease and renal D02 wil l be further 

diminished,, eventually leading to ischemic renal failure.28 

However,, in contrast to the results of the present study, no decrease was 

foundd in renal tissue P02, as measured with 02 electrodes in anesthetized 

dogss during isovolemic hemodilution until a systemic Ht of 20 %.!5 In addi-

tion,, no decrease in renal V02 was found during severe hemodilution until a 

Htt of  10 % in anesthetized dogs and pigs.7-9 Assuming that the micro-

vascularr P02 is an important determinant of tissue 02 consumption, 

reflectingg the balance between 02 supply and demand,17 the findings from 

thesee prior studies are hardly compatible with the decrease in renal mi-
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crovascularr P02 in the present study. Under normal conditions, there is a 

considerablee P02 gradient in the rat kidney; arteriovenous 02 shunting in the 

cortexx leads to high P02 values in this region and to low values in the 

medulla.299 Because the measurement depth of the Pd-porphyrin 

phosphorescencee is in the order of 0.5 mm,23 the renal uP02 measurements 

inn the present study (with baseline values between 50 and 60 mmHg) might 

predominantlyy reflect the uP02 of the renal cortex. During hemodilution ex-

perimentss in pigs, Van Woerkens et al. observed a redistribution of intra-

renall  blood flow from outer to inner cortex.9 This effect might very well 

explainn the observations in this experiment, rather than a global impairment 

off  renal microvascular oxygenation. Nevertheless, the results of this study 

demonstratee that profound changes in microvascular P02 occur in the kidney 

duringg acute anemia. In human patients, renal tubular cell damage has been 

observedd following normovolemic hemodilution to a Ht of 23 % in combi-

nationn with controlled hypotension.30 Although there is not much evidence 

too substantiate this finding as yet, it indicates that the regulation of intra-

renall  oxygenation deserves special attention under conditions of diminished 

oxygenn delivery. 

Furthermore,, in the present study the intestinal uP02 was better preserved 

andd started to decrease at a Ht of 17.4 %. This is in agreement with the re-

sultss from Nöldge et al., who observed an intestinal surface P02 of 54 

mmHgg in pigs using 02 electrodes, which decreased significantly to 45 

mmHgg after hemodilution to a Ht of 15 %.12 It has been suggested that the 

intestinall  oxygenation is more sensitive to conditions of diminished 02 de-

livery311 and a state of 02 supply dependency has been shown to occur at a 

higherr systemic D02 than systemic critical D02.
32 Because a systemic Ht of 

 10-15 % has been observed as critical level of hemodilution for the total 

bodyy VO2,1"3,6 the impairment of the intestinal microvascular P02 at a Ht of 

17.44 % in the present experiment might be in agreement with the notion of 
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otherss that the oxygenation of the intestines might be impaired before other 

organss when systemic oxygen delivery is decreased.31-32 

Onn the other hand, it must be noted that the size of the rat small intestine 

didd not allow us to distinguish between a mucosal and a serosal microvas-

cularr P02, as would be possible when using Pd-porphyrin phosphorescence 

inn the pig.23'33 Therefore, the intestinal microvascular PO2 values in the pre-

sentt study must be considered as a resultant of the microvascular PO2 values 

inn the different layers of the intestinal wall, which made it impossible to de-

tectt any redistribution of 02 within the intestinal wall, as was demonstrated 

byy Haisjackl et al. Their surface 02 electrode measurements during 

hemodilutionn in pigs demonstrated that serosal PO2 decreased below a Ht of 

155 % and that mucosal PO2 was preserved until a Ht of 6 % with no signifi-

cantt change in intestinal VO2 until a systemic hematocrit of  6 %.13 A 

similarr process in the rat intestinal wall might have to be taken into account 

forr the interpretation of the results of the current study. 

Whenn looking at the heart, it was found that UPO2 in this organ was 

hardlyy affected by hemodilution. Only when a Ht of 8.7 % had been reached, 

aa change in UPO2 was observed. This indicates that the oxygenation of the 

heartt is maintained even under severely compromising circumstances. As the 

coursess of renal and intestinal uP02 in this experiment show, the decreasing 

amountt of systemically available 02 appears to be redistributed in favor of 

thee oxygenation of the heart. Only in the final stage of the experiment, when 

Htt had decreased below 8 % at H4, the uP02 of the heart was impaired. This 

wass reflected in the hemodynamic measurements. Although the heart rate 

showedd no change at H4, the Ppu[s (which increased until H3) suddenly de-

creasedd and the MAP decreased to 41 mmHg. Similarly, the PaC02 

decreasedd to 21 mmHg at H4. This state of circulatory failure was most 

likelyy the result of impaired cardiac function, due to decreased cardiac mi-

crovascularr oxygenation. 
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Circumstantiall  evidence excludes hypovolemia as a cause for hypoten-

sion:: the significant increase in Ppuis in the hemodilution group, the 

comparablee urine production in the hemodilution and the control group, the 

usee of a slightly hyperoncotic protein solution, and a slight increase in total 

bodyweightt during the experiment indicate that the animals in the hemodilu-

tionn group were isovolemic throughout the experiment. A decrease in MAP 

duringg isovolemic hemodilution has been observed in hemodilution studies 

inn rats34 and dogs11 as well. 

Onlyy when the activity of the heart was terminated with pentobarbital, did 

thee cardiac microvascular PO2 fall to 3 mmHg, comparable to the values 

renall  and intestinal microvascular PO2 had reached at an earlier stage. This 

meanss that, in contrast to the other organs, the heart was provided with 02 

evenn at an extreme level of hemodilution as long as some blood flow was 

maintained.. This finding is in agreement with the results of prior investiga-

tionss which demonstrated that below a Ht of 10 %, only the 02 flux to the 

heartt was maintained compared to brain, kidney, stomach, small intestine, 

andd skin9 or total body.16 Again it must be realized that the measurement of 

thee myocardial UPO2 in the present experiment might have been influenced 

byy redistribution of the blood flow within the organ; hemodilution below a 

Htt level of 20 % has been shown to cause a decrease in the ratio of endo- vs. 

epicardiall  blood flow.9-35-36 

Thee exact mechanisms of the systemic and local redistribution of the O2 

supplyy are largely unknown. The results of the present study have demon-

stratedd the functional consequences of redistribution and only allow for 

speculationss to be made regarding regulatory mechanisms. Possible mecha-

nisms,, which could account for systemic and/or local redistribution, could 

includee increased sympathetic activity,24-37-38 although the level of 

circulatingg catecholamines does not increase during hemodilution.9 On the 

otherr hand, activity of nitric oxide (NO) could also play an important role in 

thee systemic and local response to hemodilution.34 39-40 
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Inn conclusion, the different Ht levels at which the uP02 of heart, kidney, 

andd intestines became dependent on Ht in the present study, demonstrate that 

thee functional effects of systemic and local regulatory mechanisms are dif-

ferentt for each of these organs during acute isovolemic hemodilution. 

Systemicc redistribution of the O2 supply resulted in preservation of the mi-

crovascularr P02 of the heart at the cost of the other, less vital organs, 

whereass intra-organ redistribution of blood flow in the kidney resulted in an 

earlyy decrease in the renal microvascular PO2 values. This confirms the 

hypothesiss that redistribution of the decreased 02 supply during isovolemic 

hemodilutionn results in a specific Ht-microvascular PO2 relation for each 

organ.. The exact nature of the regulatory response to acute isovolemic 

hemodilution,, of which the redistribution of the decreasing O2 supply be-

tweenn and within the organs seems to be a major component, needs to be 

determined.. Although the Ht - microvascular PO2 relations are specific for 

thee present model, they have not been made in prior studies concerning iso-

volemicc hemodilution. The results of the present study emphasize that the 

systemicc and local regulation of 02 supply should not be judged by systemic 

parameterss and that a critical level of hemodilution for organs cannot be de-

terminedd based on the total body O2 consumption. 
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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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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--

137 7 



Chapterr 6 

co o 

-HH +1 

XX o 

OSS O — — 

„„  c\i —. 

XX u 

-H H 

\ 0 0 

+1 1 
Ö Ö 
-H H 

O O 

-H H 

— — 

OSS Q  ̂ „  _ 

ONN — 

cr-cr-  o, — — 

O NN O N — — 

OO ON — — 

3CC U 

< ** ^ 

-HH -H 

XX U 

-HH -H 
—— vC 

—— — o 

—— <N 

-HH -H 

OO — — 

„ ""  r>1 CN 

—— (N 
-HH -H 

—II  r<-) r * l 

OO — —' 

—,, m ro 

OO — —' 

XX U XX u 

en n 
. * • • 

l /~> > 
O O 

O O 
V V 
ft. ft. 

+1 1 
n n 
C3 3 

E E 
c c (D D 

u u 
D. . 

cr r 
u u 

J3 3 
CO O 

n n 

n n 
.2 2 
a> > 
i--

q q 

— — 
-o -o 

c c 
,£> > 

o o 
60 0 
O O 

E E <u u 
-C C 

X X 
D . . 

, , e3 3 
i— — 
0> > 

c3 3 

''  ^ T, T, 
o. . 

"So o 

y y 
b b 
~—' ' 
O O 
O O 
O H H 

,, , 03 3 

W W 

03 3 

O O 
V V 

o o — — 
u u 
O. . 

_ C C 

II I 

O O 
X X 
+-." " 

5 5 
>-. . T3 3 

— — 
O, , 
<u u 

e e 3 3 
O O 
P > > 

'--
y y 

*" " 

o o 
o o 

> > 
n n 

o o ö ö 
V V 
CU U 

* * 
-o o 
e e c3 3 

~ ~ s s 
<U U 

e e 
3 3 

cd d 

E E 
3 3 
o o 
> > ID D 

o. . 

> > 
u-> > 
o o 
o o 
ft. ft. 

T3 3 

's s 
^ ^ 
e e dj j 
c c o o 
o o 

o o 
"c3 3 

1) ) 
c c 

R) ) 

o o 
o o 
^^ ^^ 
au au 
X X 
H H p p 

O O 
o. . 
eg g 
u--
o o 
C C ra ra 

r j j 

<%<% ss 

; —— c3 

138 8 



Systemicc and regional oxygenation 

s s 

e e o o 

3 3 
S3 3 

H H 

—— — ++ 

+11 41 

acc  u 

-HH 44 
OO — 

""  i 

f ii  44 
444 — 

444 44 

acc  o 

—— 44 
444 >£ 

444 44 

r-.. — — 

r-.. — — 

—— — i O s 

r -- — —i 

XX U XX u 

s s 
</3 3 
44 4 

O O 
(3 3 
13 3 
L--

o o n n 
> > 
o o 

t;;  .* 

s-- -s J 
an n 
1> > 
3 3 

> > 
c3 3 

O O 
<L> > 

>-> > 
J 3 3 
II I 

r*\ \ 

o o 
o o 

> > 
i n n 
O O 
o o 
V V cu u 
* * 
-a a 
e e 
cd d 

i-U U 
Q. . 
3 3 
O O 
c c > > 

T3 3 
X X 

E E 

I I 
O. O. 

** s 

>. . 
a a 
o o -o o 
ÖI) ) 
^ ^ 

o o 
H H 
3 3 
o o 22 O 

b b 
P P 
o o 
> > 

T3 3 
<L> <L> 
01) ) 

Tl l 
X ! ! 

> > 
u-i i 
O O 
O O 
V V 
(X X 

<N N 

> > 
T3 3 
O O 
X X 
H H 

O O 
00 0 

«3 3 

EE E 

. 55 in o <J 

££ V > u 

oo  Cu c c 

139 9 



Chapterr 6 

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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Systemicc and regional oxygenation 

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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Introduction Introduction 

AA few data from animal studies in an acute polycythemic model showed that 

thiss situation was associated with a decreased cardiac output (CO) and in-

creasedd systemic vascular resistance (SVR) because of an increased blood 

viscosity.1"33 However, the concept of decreased CO and increased SVR with 

polycythemia,, as hypothesized in the literature, was never confirmed in man 

andd especially not in relation to chronic polycythemia. In contrast to poly-

cythemia,, acute isovolemic hemodilution leads to an increase in CO, a 

decreasee in SVR, and finally an increase in the oxygen extraction. These ob-

servationss are summarized in the concept of an optimal hematocrit range for 

maximumm oxygen transport. However, there is no report in the literature on 

thee effects of acute isovolemic hemodilution, starting with chronic poly-

cythemiaa and ending with a hematocrit well below normal value, while 

monitoringg systemic hemodynamic and oxygenation parameters. We 

describee the treatment and the effects of acute hemodilution in a patient with 

chronicc polycythemia undergoing surgery for an erythropoietin producing 

renall  tumor. 

Casee report 

Ann 80-year-old woman was to be operated for an erythropoietin producing 

renall  tumor. Physical examination and laboratory tests on admission re-

vealedd an arterial blood pressure 160/75 mmHg, an erythropoietin level of 

1166 U l"1 (normal range: 1-10 U l"1), and a Ht of 62 %. The ECG showed 

signss of left ventricular hypertrophy. The patient was treated with nifedipin 

andd atenolol for chronic hypertension. Since polycythemia needed correction 

beforee surgical intervention, it was decided to perform acute isovolemic 

hemodilutionn just prior to surgery, which would also result in a quantity of 

autologouss blood for retransfusion during surgery if acute bleeding should 

occur. . 
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Afterr having obtained informed consent, and before anesthesia was in-

duced,, venous and arterial cannules were inserted, including a pulmonary 

arteryy thermodilution catheter (Edwards 7 Fr; Baxter Healthcare Corp, USA) 

throughh the right jugular vein. Baseline measurements of the mean arterial 

bloodd pressure (MAP), pulmonary artery pressure (PAP), pulmonary artery 

wedgee pressure (PAWP), central venous pressure (CVP), and cardiac index 

(CI)) were made before anesthesia. Arterial and mixed venous blood samples 

weree obtained for the determination of hemoglobin (Hb), Hb oxygen satura-

tion,, Ht, PO2, PCO2, and pH. From this data, systemic vascular resistance 

indexindex (SVRI), pulmonary vascular resistance index (PVRI), left ventricle 

strokee work index (LVSWI), systemic oxygen delivery (D02), oxygen con-

sumptionn (V02), and oxygen extraction ratio (02ER) were calculated. In 

addition,, whole blood and plasma viscosity, including erythrocyte 

aggregability,, were measured. The microcirculation (sublingual mucosa) was 

visualizedd using orthogonal polarization spectral (OPS) imaging (Cytoscan, 

Cytometrics,, PA, USA).4 

Anesthesiaa was induced with thiopental 5 mg kg"1, fentanyl 2 \xg kg"1, and 

rocuroniumm 0.5 mg kg"1. Following tracheal intubation, the lungs were ven-

tilatedd with a mixture of oxygen in air (FiCh: 0.4), maintaining normocapnia. 

Anesthesiaa was maintained with isoflurane 0.4- 0.7 % and fentanyl; muscle 

relaxationn was maintained with rocuronium. After induction of anesthesia, 

isovolemicc hemodilution was performed by withdrawal of blood and simul-

taneouss infusion of a gelatin solution (Gelofusine®) in a ratio of 2:3. Fol-

lowingg baseline measurements after induction of anesthesia, all measure-

mentss were repeated after exchange of 500, 1000, 1500, 2000, and 2500 ml, 

andd after retransfusion of 500 ml autologous blood. A selection of the 

parameterss is depicted in table 7.1. 

Att baseline a CI above the normal range and a low SVRI were found, 

whichwhich is in contrast to what was expected. Exchange of up to 2000 ml blood 

resultedd in a decrease in Ht from 59 to 34 %. During hemodilution, CI 
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Tablee 7.1. Systemic hemodynamic and oxygenation parameters 

pre-ann post-an 5̂00" -1000 -1500 -2000 -2500 +500 post-op 

577 49 41 39 34 30 37 42 Ht t 

MAP P 

HR R 

PAWP P 

CI I 

SVRI I 

PVR1 1 

pvo2 2 

svo2 2 

D02 2 

vo2 2 

02ER R 

59 9 

[35-45] ] 

121 1 

[70-105] ] 

72 2 

[60-90] ] 

16 6 

[5-12] ] 

4.71 1 

[2.5-4.0] ] 

1883 3 

[1700-2600] ] 

271 1 

[70-180] ] 

5.9 9 

80 0 

[60-80] ] 

957 7 

[550-650] ] 

145 5 

[115-165] ] 

15 5 

[24-28] ] 

1022 84 100 114 86 77 101 87 

733 60 69 74 65 60 68 79 

166 12 19 25 23 23 24 12 

4.711 4.27 5.29 5.27 4.41 4.43 5.34 7.5 

15611 1384 1286 1457 1215 1046 1228 906 

1877 187 197 197 200 216 165 96 

7.44 7.4 7.3 7.0 6.8 6.8 6.1 6.1 

877 87 85 85 87 79 79 

9255 760 827 778 567 479 744 710 

933 86 103 112 83 56 136 102 

100 11 13 14 15 12 18 14 

Tablee 7.1. Systemic hemodynamic and oxygenation parameters durin g hemodilution. 

Beforee induction of anesthesia (pre-an), after induction of anesthesia (post-an), during hemo-

dilution,, where (-) denotes the withdrawal and (+) the administration of blood, and finally 

post-operativee (post-op), ([normal values]) 

Ht:: hematocrit (%), MAP: mean arterial pressure (mmHg), HR: heart rate (beats per minute), 

PAWP:: pulmonary artery wedge pressure (mmHg), CI: cardiac index (1 min'm2), SVRI: 

systemicc vascular resistance index (dyn s cm5m'2), PVRI: pulmonary vascular resistance 

indexx (dyn s cm 5m""), Pv02: mixed venous P02 (kPa), Sv02: mixed venous saturation (%), 

D02:: systemic 02 delivery (ml min'm2), V02: systemic 02 consumption (ml min'm"2), 

02ER:: systemic 02 extraction ratio (%). 
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increasedd only slightly despite a further decrease in SVRI. PAWP and CVP 

increased.. Because of just a slight increase in CI, in combination with the 

decreasingg arterial oxygen content (Ca02), the D02 gradually decreased and 

thee low O2ER at baseline increased from 10 to 15 %. The very high whole 

bloodd viscosity returned to normal values at a Ht of 34 %. 

Uponn further hemodilution (to Ht 30 %), V02 suddenly decreased to a 

valuee of 40 % of baseline, while the 02ER remained at a low level (12 %). 

Att this last step of hemodilution, MAP fell to 77 mmHg, which was accom-

paniedd by acute ST depression and inverse T waves on the ECG. Because of 

thesee sudden changes, it was decided to retransfuse 500 ml of autologous 

bloodd to a Ht of 37 %. Upon retransfusion, the ECG abnormalities disap-

pearedd and V02 increased above post-anesthetic baseline values. 

OPSS imaging showed an increased number of microcirculatory networks 

withh significantly dilated venules as compared to normal (figure 7.1). During 

thee whole procedure this image did not change. 

Afterr retransfusion the surgical procedure was started. Because of 

metastases,, surgery was discontinued after obtaining some tissue samples 

fromm the tumor. The postoperative course was uneventful and treatment with 

chemotherapyy was started. 

Discussion n 

Itt is generally accepted that isovolemic hemodilution is accompanied by an 

increasee in CO, whereas hemoconcentration (e.g. chronic polycythemia) re-

sultss in a decrease in CO, due mostly to changes in SVR, caused by 

differencess in blood viscosity. However, in the present chronically poly-

cythemicc patient, systemic baseline parameters were not conform this 

theory:: the CI was not decreased but elevated and the SVRI was not in-

creasedd but below normal levels. Together with the OPS images, these 

findingss are suspect for shunting of blood at tissue level, which may explain 

thee fixed low 02ER, decreased SVRI despite high viscosity, and conse-
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quentlyy the high CI. The images, as well as the O2ER, remained unchanged 

duringg hemodilution, suggesting that the possible shunting persisted. The 

observationss during isovolemic hemodilution in our patient did not confirm 

thee hypothesis of an optimal hematocrit range for tissue oxygenation. As 

bloodd is bypassing the capillary beds, more oxygen ends up at the venous 

sidee of the vascular bed, without being utilized by the tissues, as reflected in 

thee present case by the P^02 and SvO;. Even when the V02 started to de-

creasee at Ht 34 % (Hb: 9.5 g dl'1), indicating that oxygen uptake had reached 

aa state of oxygen supply dependency, PvO? and Sv02 showed littl e change. 

Thee critical level of hemodilution at Ht 34 % is in contrast with previous 

reports,, where in anesthetized animals'-3-5-6 and humans7 a critical Ht of 9 -

122 % could be demonstrated. At further hemodilution to a Ht of 30 %, V02 

decreasedd severely and cardiac ischemia became apparent on the ECG 

registration,, indicating that in our patient at an Ht of 30 % (Hb: 8.0 g dl"1) 

myocardiall  oxygenation was already compromised. In a recent study of 

hemodilutionn down to a Hb level of 5.2 g dl"1 in awake volunteers, 3 out of 

555 subjects showed ECG changes, but not before a Hb level between 5.0 and 

6.77 g dl"1.8 Administration of 500 ml autologous blood not only restored the 

hemodynamicss but also led to an overshoot in VO2, which might very well 

havee served to meet a possible oxygen debt. 

Basedd on the above data, it may be hypothesized that chronic 

polycythemiaa is compensated for by peripheral shunting of the blood. This 

adaptionall  response to conditions of increased blood viscosity does not seem 

too change during acute hemodilution, thereby decreasing the tolerance for 

acutee isovolemic hemodilution. One might argue that advanced age or the 

chronicc use of a B-blocking agent may have influenced the critical point of 

hemodilution.. However, in clinical studies it has been demonstrated that the 

compensatoryy mechanisms are independent of these factors.910 

Inn conclusion, from the results of the presented case it may be hypothe-

sizedd that chronic polycythemia is compensated by peripheral shunting, of 
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whichwhich the exact nature is subject for further investigation. Meanwhile one 

shouldd be cautious with acute hemodilution to subnormal levels in 

chronicallyy polycythemic patients, since this may well be deleterious for the 

patient. . 

References s 

1.. Messmer K, Lewis DH, Sunder-Plassmann L, Klovekorn WP, Mendler N, Holper K: 

Acutee normovolemic hemodilution. Changes of central hemodynamics and microcircu-

latoryy flow in skeletal muscle. Eur J Surg Res 1972; 4: 55-70 

2.. Jan KM, Chien S: Effect of hematocrit variations on coronary hemodynamics and oxy-

genn utilization. Am J Physiol 1977; 233: H106-H113 

3.. Chapler CK, Cain SM: The physiologic reserve in oxygen carrying capacity: studies in 

experimentall  hemodilution. Can J Physiol Pharmacol 1986; 64: 7-12 

4.. Groner W, Winkelman JW, Harris AG, Ince C, Bouma GJ, Messmer K, Nadeau RG: 

Orthogonall  polarization spectral imaging: A new method for study of the 

microcirculation.. Nat Med 1999; 5: 1209-1212 

5.. Rasanen J: Supply-dependent oxygen consumption and mixed venous oxyhemoglobin 

saturationn during isovolemic hemodilution in pigs. Chest 1992; 101: 1121-1124 

6.. Van Woerkens ECSM, Trouwborst A, Duncker DJGM, Koning MMG, Boomsma F, 

Verdouww PD: Catecholamines and regional hemodynamics during isovolemic hemodi-

lutionn in anesthetized pigs. J Appl Physiol 1992; 72: 760-769 

7.. Van Woerkens ECSM, Trouwborst A, Van Lanschot JJB: Profound hemodilution: what 

iss the critical level of hemodilution at which oxygen delivery-dependent oxygen con-

sumptionn starts in an anesthetized human? Anesth Analg 1992; 75: 818-821 

8.. Leung JM, Weiskopf RB, Feiner J, Hopf H, Kelley S, Viele M, Lieberman J, Watson J, 

Nooranii  M, Pastor D, Yeap H, Ho R, Toy P: Electrocardiographic ST-segment changes 

duringg acute severe isovolemic hemodilution in humans. Anesthesiology 2000; 93: 

1004-1010 0 

9.. Vara-Thorbeck R, Marcote Guerrero-Fernandez J.A.: Hemodynamic response of elderly 

patientss undergoing major surgery under moderate normovolemic hemodilution. Eur J 

Surgg Res 1985; 17:372-376 

10.. Spahn DR, Schmid ER, Seifert B, Pasch T: Hemodilution tolerance in patients with 

coronaryy artery disease who are receiving chronic beta-adrenergic blocker therapy. 

Anesthh Analg 1996; 82: 687-694 

161 1 





Thee effect of transfusion of 

storedd red blood cells on 

intestinall  microvascular 

oxygenationn in a rat model 

J.J. van Bommel 

D.D. de Korte 

A.A. Lind 

M.M. Siegemund 

A.A. Trouwborst 

A.J.A.J. Verhoeven 

C.C. Ince 

Ch.P.Ch.P. Henny 





Storedd RBCs and microvascular P02 

Chapterr  8 

Thee effect of transfusion of stored red blood cells on intestinal 

microvascularr  oxygenation in the rat 

Abstract Abstract 

Background:Background: Although it is known that transfusion of stored red blood cells 

(RBCs)(RBCs) does not always improve tissue 02 consumption under conditions of 

limitedlimited tissue oxygenation, the efficiency of O2 delivery to the 

microcirculationmicrocirculation by stored RBCs has never been determined. 

Methods:Methods: The effect of resuscitation with fresh or 28 days old RBCs was 

investigatedinvestigated in a rat hemorrhagic shock model. Systemic hemodynamic and 

intestinalintestinal oxygenation parameters were monitored. Intestinal microvascular 

PO2PO2 (/nP02) was determined with the O2 dependent quenching of Pd-

porphyrinporphyrin phosphorescence, and the RBC deformability was measured with 

thethe Laser-assisted Optic Rotational Cell Analyzer. 

Results:Results: Hemodynamic and oxygenation parameters were significantly 

decreaseddecreased during shock. Deformability of the stored RBCs was significantly 

decreased.decreased. Intestinal oxygen consumption (VO21NT) was restored with 

transfusiontransfusion of both fresh and stored RBCs, except for CPD stored RBCs. The 

intestinalintestinal juP02 was only restored with fresh RBCs. 

Conclusion:Conclusion: Transfusion of stored RBCs did not restore the microcirculatory 

oxygenation.oxygenation. This was attributed to storage-induced changes in the RBC 

properties,properties, impairing 02 unloading in the microcirculation. 

Introduction Introduction 

Thee survival and function of transfused red blood cells (RBCs) are areas of 

majorr importance in transfusion medicine. Although the developments in 

preservationn techniques have resulted in an improved post-transfusion 

survivall  of the RBCs,1 the mechanisms underlying optimal function are not 

fullyy understood. The purpose of transfusion of RBCs is to increase the 
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bloodd 02 content and, thereby, to improve the 02 transport to the tissues. 

Thus,, the capability of improving tissue oxygenation determines the efficacy 

off  RBC transfusion. 

Thee results of an increasing number of studies, investigating the effect of 

RBCC transfusion on 02 transport, demonstrated that transfusion of stored 

RBCss during impaired 02 consumption did not have a beneficial effect in 

termss of improvement of systemic 02 consumption24 or survival.5 

Moreover,, in a large clinical trial it was found that a more restrictive RBC 

transfusionn strategy in critically ill patients resulted in lower rates of hospital 

mortality,, cardiac complications, and organ dysfunction.6 

Duringg storage, physical and biochemical changes occur in the RBCs. 

Thiss 'preservation injury' or 'storage lesion' results in reduced cell 

deformabilityy and increased hemoglobin 02 affinity. These changes can be 

expectedd to interfere with an important RBC function: unloading of 02 in the 

peripherall  circulation. It is not known how transfusion of stored RBCs 

influencess the microvascular oxygenation; it can be hypothesized that 

decreasedd RBC function is detectable especially in the microcirculation. For 

thiss purpose, the acute effects on intestinal 02 consumption and 

microvascularr P02 were compared for transfusion of either RBCs stored for 

288 days or fresh RBCs. Additionally, the effect was compared of different 

currentlyy used preservation solutions on red cell deformability, and on the 

efficacyy of stored RBCs in restoration of impaired microvascular P02 after 

hemorrhagicc shock. 

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. 
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BloodBlood collection and storage 

Eighteenn animals, with a mean (  SD) bodyweight of 412  25 gram, served 

ass blood donors. The animals were anesthetized with an intraperitoneal 

injectionn of a mixture of 90 mg kg"1 ketamine, 0.5 mg kg1 medetomidine and 

0.055 mg kg"1 atropine. The abdominal and thoracic skin was shaved and 

washedd with povidione-iodine solution. To minimize the risk of contact with 

partss of the animal's fur, the animals were taken into a separate room for the 

bloodd donation procedure. The animals were covered with sterile surgical 

draping,, leaving the abdomen exposed through a central opening. Under 

sterilee conditions a midline laparotomy was performed, and the intestines 

weree carefully manipulated to expose the abdominal aorta. A sterile 

venipuncturee catheter was inserted into the aorta, and blood was collected in 

sterilee syringes. 

Thesee syringes contained CPD (citrate, phosphate, dextrose) for final 

storagee in CPD-plasma or in SAG-M (saline, adenine, glucose, mannitol); 

otherwisee they contained CPD A-1 (citrate, phosphate, dextrose, adenine), for 

storagee in CPDA-1 -plasma. Based on literature about storage of human 

RBCs,, CPD-plasma was chosen to represent bad storage conditions, whereas 

CPDA-1-plasmaa or SAGM should represent better storage conditions.1 The 

collectedd blood was transferred to sterile glass tubes (Vacutainer, Becton 

Dickinson,, Meylan Cedex, France), and centrifuged to remove part of the 

plasma.. Prior to storage in SAG-M, the buffycoat was removed and one part 

off  storage medium was added to two parts RBC suspension. All RBC units 

(hematocrit:: 60-70 %) were stored at 4 °C for 28 days. This method of blood 

collectionn has been described by Fitzgerald et ai, and was shown to 

minimizee the risk of bacterial overgrowth of the stored blood and optimize 

thee post-transfusion survival of the RBCs.7 No bacterial growth could be 

demonstratedd at the end of the storage period in the experiments presented. 

Thee fresh RBC suspensions were prepared from the blood that was 
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withdrawnn to induce hemorrhagic shock. These RBCs were processed in 

threee different ways, identical to the RBCs that were stored for a longer time. 

ExperimentalExperimental procedure 

Thirty-sixx animals, with a mean (  SD) bodyweight of 356  26 gram, were 

usedd for the hemorrhagic shock and resuscitation experiments. Anesthesia 

wass induced in a similar way as in the blood donors, and was maintained 

withh ketamine 50 mg kg"1 hour"1 (i.v.). To compensate for fluid loss, 

Ringer'ss lactate was administered continuously at a rate of 15 ml kg" hour . 

Bodyy temperature was measured with a thermocouple placed in the rectum 

andd was maintained at 37  0.5 °C with a heating pad under and a warming 

lampp above the animal. Tracheotomy was performed, and a PVC tube (Ch 6) 

wass inserted into the trachea to enable mechanical ventilation with a mixture 

off  30 % oxygen and 70 % nitrogen. A capnometer (Capstar-100, CWE, Inc., 

Ardmore,, PA, USA) was used to measure end-tidal PC02. This information 

wass used to adjust ventilator settings in order to maintain an arterial PCO2 

betweenn 35 and 40 mmHg. 

AA polyethylene catheter (outer diameter 0.9 mm) was inserted into the 

rightt jugular vein for intravenous administration of drugs and fluids. The tip 

off  the catheter was advanced near the right atrium for central venous blood 

sampling.. A similar catheter was placed into the right carotid artery and 

connectedd to a pressure transducer for continuous monitoring of arterial 

bloodd pressure and heart rate. Following midline laparotomy, a PVC catheter 

(outerr diameter 0.9 mm) was placed into the urinary bladder to prevent 

distensionn of the bladder wall during the experiment. The gut was 

exteriorizedd carefully, and a 0.5 mm perivascular flow probe (Transonic 

Systemss Inc., Ithaca, NY, USA) was placed around the superior mesenteric 

arteryy and connected to a flow meter (T206, Transonic Systems Inc., Ithaca, 

NY,, USA). For mesenteric venous blood sampling, an ileocecal vein was 

isolatedd under the microscope, ligated distally, and cannulated with a 
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polyethylenee catheter (outer diameter 0.8 mm). The tip of this catheter was 

advancedd into the vessel in a proximal direction to have an estimate of the 

mesentericc venous blood gas values. A thermocouple was placed on the 

intestinall  surface and all exposed organ surfaces were covered with plastic 

foill  to minimize evaporative fluid loss. 

Afterr surgery and a 30 minutes stabilization period, two baseline 

measurementss were made during a one-hour period (Bl and B2). 

Hemorrhagicc shock was induced by withdrawal of blood until the MAP was 

reducedd below 55 mmHg. Measurements were made 15 minutes after the 

endd of blood withdrawal (S). Shock was maintained for another 30 minutes 

andd all measurements were repeated (S 45'). For subsequent resuscitation, 

thee animals were divided into 3 groups (n=6 per group) receiving stored 

RBCss (in CPD-plasma, CPDA-1-plasma, or in SAG-M) and 3 groups (n=6 

perr group) receiving autologous fresh RBCs (in CPD-plasma, CPDA-1-

plasma,, or in SAG-M). Each animal received ~15 ml/kg of RBC suspension 

andd -15 ml/kg of Ringer's lactate, which were both warmed to body 

temperaturee before administration. Measurements were made immediately 

afterr resuscitation (R) and 30 and 60 minutes after the completion of 

transfusionn (R 30' and R 60'respectively). At this point, the experiments 

weree terminated, and an overdose of pentobarbital (60 mg i.v.) was 

administeredd to the animals. 

Measurements Measurements 

Arteriall  pressure and heart rate were measured in the carotid artery. Blood 

floww in the superior mesenteric artery (QSMA) was measured continuously 

andd indexed according to bodyweight. Blood samples of 0.2 ml each were 

collectedd and replaced with the same volume of pasteurized plasma solution 

(PPS,, CLB, Amsterdam, the Netherlands). At each measurement point an 

arterial,, a central venous, and a mesenteric venous sample were obtained to 

determinee blood gas values (ABL505, Radiometer, Copenhagen, Denmark), 
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ass well as hemoglobin concentration and hemoglobin O2 saturation (OSM 3, 

Radiometer,, Copenhagen, Denmark). 

Intestinall  02 delivery (D02IM ) was calculated as QSMA  X arterial 02 

content.. Intestinal 02 consumption (V02INT) was calculated as QSMA  X 

(arteriall  - mesenteric venous 02 content difference). The intestinal 02 

extractionn ratio (02ERINT) was calculated as (arterio-mesenteric venous 02 

contentt difference) / arterial 02 content. Since values of mesenteric or portal 

venouss pressure were not available, an estimation of the vascular resistance 

off  the superior mesenteric flow region was made: mesenteric vascular 

resistancee (MVR) = [MAP / QSMA] x 100 (U). 

MicrovascularMicrovascular PO2 measurements 

Thee intestinal microvascular P02 (uP02) was measured using the 02 

dependentt quenching of Pd-porphyrin phosphorescence.810 Excitation of 

Pd-porphyrinn by a pulse of light causes emission of phosphorescence with a 

decayy in time, which is quantitatively related to the 02 concentration. Pd-

meso-tetra(44 carboxy-phenyl)porphine (Porphyrin Products, Logan, UT, 

USA)) is coupled to human serum albumin to form a large molecular 

complexx which, when injected intravenously, is confined mainly to the 

vascularr compartment.9'11 1 ml of a 4 mM Pd-porphyrin solution was 

administered,, corresponding with a dosage of 12 mg kg"1 body weight. The 

phosphorescencee measurements were made with an optical fiber for 

transmissionn of excitation and emission light, attached to a phosphorimeter. 

Too determine which microvascular compartment is measured by fiber 

phosphorimetry,, the Pd-porphyrin phosphorescence fiber technique has been 

comparedd with a microscopic phosphorimeter in a previous study.12 

Simultaneouss P02 measurements with the fiberoptic technique showed 

excellentt correlation with microscopically measured P02 in capillaries and 

firstfirst order venules, but not with arteriolar and venous P02 values, at different 
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FiÜ22 levels. Thus, this study allowed us to term the fiberoptic measurement 

off  PO2 as the measurement of microvascular PO2 (UPO2). 

Thee fiber was placed near the serosal surface of the terminal ileum. 

Fiberopticc measurements of UPO2 incorporate blood vessels under the fiber 

overr an area of approximately 1 cm2 to a penetration depth of about 0.5 

mm.9'133 Because the calibration constants in the calculation of uPQ from 

thee phosphorescence decay time are temperature dependent, temperature 

measurementss from the intestinal surface were used for correction of these 

constants. . 

RBCRBC deformability measurements 

Too determine the RBC deformability, the Laser-assisted Optical Rotational 

Celll  Analyzer (LORCA, Mechatronics, Hoorn, the Netherlands) was used. 

Forr this purpose, a blood sample is diluted 200 x in phosphate buffered 

salinee solution containing 0.14 mM Polyvinylpyrrolidone (PVP). A sample 

off  this PVP-diluted blood is subjected to increasing shear stress. By means 

off  laser diffraction, the elongation of the RBCs is measured. The RBC de-

formabilityy is determined by the relation between RBC elongation and shear 

stress.144 Deformability was measured in a sample from the blood to be trans-

fused,, and in blood samples from the animal receiving the transfusion: 

beforee induction of hemorrhagic shock (baseline) and one hour after resusci-

tationn (R 60'). 

StatisticalStatistical analysis 

Valuess are reported as mean +/- SD. Data were analyzed using analysis of 

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

analysess were performed using the Student-Newman-Keuls test. Pmv02 and 

uP022 were compared at each measurement point using the Student's paired 

t-test.. A significance level of P<0.05 was used. All analyses were performed 

withh Graphpad Prism (Version 3.00, 1999, Graphpad Software Inc.) 
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Results s 

HemodynamicHemodynamic measurements 

Heartt rate, mean arterial pressure (MAP), intestinal blood flow (QSMA), and 

mesentericc vascular resistance (MVR) showed similar values for all groups 

duringg baseline and shock. Both MAP (table 8.1) and QSMA (figure 8.1) were 

significantlyy reduced due to the blood loss, and remained reduced until 

resuscitation.. The administration of RBCs restored the MAP in all groups, 

whereass the QSMA was only restored when fresh RBCs were used. In the 

storedd RBC groups, QSMA remained lower than baseline values and in the 

correspondingg fresh RBC group until the end of the experiment. This effect 

wass reflected in the MVR values (table 8.2), which did not change in the 

freshh RBC groups, but increased significantly after resuscitation with the old 

RBCss and lasted throughout the experiment. Only in the CPD and SAG-M 

groups,, the MAP was back at baseline levels at the end of the experiment, 

whereass in the CPDA-1 groups, a slight but significant decrease had 

occurredd (table 8.1). The heart rate did not change significantly in any group 

throughoutt the experiment (table 8.3). 

OxygenationOxygenation measurements 

Thee hemoglobin (Hb) concentrations (figure 8.2) at baseline were similar for 

alll  groups and decreased significantly after induction of hemorrhagic shock. 

Resuscitationn with RBC transfusion increased the Hb levels (PO.05) in all 

groups,, but in the hour following resuscitation, the Hb concentrations de-

creasedd gradually in all groups, most likely due to blood sampling and 

subsequentt volume replacement with PPS. 

Ass a result of the decreased Hb and QSMA, in all groups the intestinal 02 

deliveryy (D02INT, figure 8.3) was reduced during shock. RBC transfusion 

significantlyy increased the DO21NT values, but did not succeed in restoring 

thiss parameter to baseline levels in any group. The decrease in D02INT during 
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Figuree 8.1. Mesenteric blood flow (QSMA) during hemorrhagic shock and subsequent 

resuscitationn with fresh or  28 days stored RBCs. QSMA decreased during hemorrhagic 

shockk in all groups. Resuscitation with the fresh RBCs restored QSMA to baseline levels, 

whereass administration of the 28 days stored RBCs did not improve blood flow. 

Valuess represent mean  SD. * P<0.05 fresh vs. stored; o P<0.05 fresh vs. baseline; 

 P<0.05 stored vs. baseline. 
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shockk resulted in a concomitant reduction in the intestinal Q? consumption 

(VO21NT,, figure 8.3) in all groups. Despite a significant increase in the intesti-

nall  02 extraction rate (02ER[NT, table 8.4), V02INT had become dependent on 

022 supply. In contrast to the old CPD stored RBCs, resuscitation with both 

thee old CPDA-1 and SAG-M stored RBCs, and all the fresh RBCs, restored 

thee VO21NT to baseline levels. Despite a decrease in the DO21NT, this im-

provementt lasted throughout the experiment. Only in the CPDA-1 groups, 

thee 02ERINT did not return to baseline levels, but remained slightly increased 

att measurement point R 60'. 

OxygenOxygen measurements 

Thee intestinal microvascular P02 (uP02) and the mesenteric venous P02 

(Pmv02)) were almost identical at baseline levels, in all groups (figure 8.4). 

Duringg shock, both parameters decreased significantly, although the uPQ 

decreasedd to a greater extent than the Pmv02 (PO.05). This resulted in a 

similarr P02 gap in all groups. Resuscitation with fresh RBCs restored both 

uP022 and Pmv02 to baseline levels, whereas administration of the stored 

RBCss only resulted in a return of Pmv02 to baseline levels and a concomitant 

persistencee of the P02 gap throughout the experiment. 

RBCRBC deformability measurements 

Thee results of the RBC deformability measurements are shown in figures 8.5 

andd 8.6. In the blood to be transfused (fig 8.5), the fresh RBCs displayed a 

similarr deformability, whereas the deformability of the stored RBCs was 

significantlyy reduced. Of these, the CPD stored RBCs were the least 

deformablee (PO.05). 

Thee RBC deformability of the animals receiving the RBCs was similar at 

baselinee and did not change after transfusion of fresh and stored RBCs. Only 

afterr administration of the CPD stored RBCs, a significant reduction in RBC 

deformabilityy was observed one hour after administration (R 60'). 

177 7 



Chapterr 8 

18 8 

'__ 12 
"O O 
a> a> 

CPD D 

—-28dd -a f r esh 

__ 12 
o o 

-Q Q 

- - -28d d 

CPDA-1 1 

fresh h 

__ 12 
-a -a 

.a .a 
X X 

SAG-M M 

-—-28dd — fresh 

ii  1 1 1 1 1 r 

B11 B2 S S45' R R 30' R 60' 

Figuree 8.2. Hemoglobin concentration (Hb) during hemorrhagic shock and subsequent 

resuscitationn with fresh or  28 days stored RBCs. Hb decreased during hemorrhagic shock 

andd increased after resuscitation in all groups, but was not restored to baseline levels. 

Valuess represent mean  SD. o P<0.05 fresh vs. baseline;  P<0.05 stored vs. baseline. 
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Figuree 8.3. Intestinal 02 delivery ( D 02 I M ) and consumption ( V 0 2J M ) durin g 

hemorrhagicc shock and subsequent resuscitation with fresh or  28 days stored RBCs. 

DO21NTT (left column) decreased after blood loss and improved after resuscitation but did not 

returnn to baseline levels, for both fresh and stored RBCs. V02|NT (right column) was limited 

byy the diminished supply during hemorrhagic shock. Only resuscitation with the CPD stored 

RBCss did not restore V02|NT to baseline levels. 

Valuess represent mean  SD. * P<0.05 fresh vs. stored; o P<0.05 fresh vs. baseline; 

 P<0.05 stored vs. baseline. 
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Figuree 8.4. Mesenteric venous P02 (Pmv02) and intestinal microvascular  P02 (nP02) 

durin gg hemorrhagic shock and subsequent resuscitation with fresh or  28 days stored 

RBCs.. Pmv02 and |iP02 were similar in all groups at baseline. During hemorrhagic shock, 

uP022 decreased to a greater extent than Pmv02, resulting in a significant PO? gap. After 

resuscitationn with stored RBCs, the P02 gap persisted, whereas administration of fresh RBCs 

discontinuedd the P02 gap. 

Valuess represent mean  SD. * PO.05 uP02 vs. Pmv02; o P<0.05 uP02 vs. baseline; 

 P<0.05 Pmv02 vs. baseline. 
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these,, the CPD stored RBCs were even less deformable. 
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Figuree 8.6. Deformabilit y of RBCs in the animals at baseline and one hour  after  RBC 

resuscitationn (R 60'), with fresh a and 28 days stored  RBCs. Deformability is 

expressedd as the RBC elongation index at a shear stress of 30 Pa and was identical for all 

groupss at baseline. Only after resuscitation with the CPD stored RBCs, a significant reduction 

inn RBC deformability was observed one hour after administration. 

Valuess represent mean  SD. **  P<0.05 vs. all. 
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Discussion n 

Thee main finding of the present study is that transfusion of 28 days stored 

RBCss did not improve intestinal uP02 values following hemorrhagic shock. 

Onn the other hand, the VO21NT could be restored to baseline levels by trans-

fusionn of the old and less deformable RBCs. Only when RBC deformability 

inn the circulating blood was reduced after transfusion of the old CPD stored 

RBCs,, VO21NT did not improve. These findings suggest that storage-induced 

changess of the RBC properties impaired the microvascular oxygenation after 

transfusion,, although not enough to interfere with tissue 02 consumption in 

thiss model of hemorrhagic shock. 

Thee cell deformability is thought to be an important determinant of ade-

quatee RBC function, because adjustment of the RBC shape to very small 

diameterss is required for passage through the microcirculation. During 

storage,, the RBC deformability is reduced,15"17 which can induce 

hemodynamicc changes after administration: transfusion of rigid RBCs has 

beenn shown to increase the local18-19 and systemic vascular resistance20 and 

too decrease the cardiac index.20 Preferential entrapment of less deformable 

RBCss was observed in the microcirculation of lung, liver, spleen, and bone, 

causingg a proportional increase in resistance and decrease in blood flow in 

thee same organs.21 This is conform the results of the present study: transfu-

sionn of the stored and less deformable RBCs increased the MVR and not the 

QSMA--

However,, these hemodynamic changes did not interfere with the V02|NT 

inn the present study: following administration of the CPDA-1 and SAG-M 

storedd RBCs, VO21NT directly returned to baseline levels. In these groups, 

RBCC deformability in the circulating blood was not reduced one hour after 

transfusionn (R 60'), probably due to disappearance of the less deformable 

RBCss from the circulating blood after transfusion,21 and to //; vivo rejuvena-

tionn of a part of the transfused RBCs, thereby regaining their normal 

properties.17-22 2 
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Administrationn of the CPD stored RBCs did not improve the VQ2iNT 

despitee the increase in DO21NT, and the RBC deformability in the circulation 

wass reduced after one hour. This might be explained by a more severe pres-

ervationn injury of these cells, resulting in an 02 extraction deficit and no 

improvementt of the V02INT- These findings suggest that the deformability of 

thee RBCs in the circulation of the recipient was more important with respect 

too tissue oxygenation, than the deformability of the RBCs that were to be 

transfused. . 

Whenn looking at the intestinal microvascular oxygenation, the improve-

mentt in VO21NT was not accompanied by an improvement in JL1PQ2 in all 

storedd RBC groups. As a result, the PO2 gap, being the difference between 

thee intestinal uP02 and mesenteric venous P02, which occurred during 

shock,, persisted after transfusion of the stored RBCs. Several mechanisms 

havee been proposed to explain the discrepancy between microvascular PQ2 

andd regional venous P02
23 that is observed during hemorrhagic shock24-25 

andd anemia.26 The P02 gap between mesenteric venous and microvascular 

bloodd might be attributed to changes in intramural blood flow redistribu-

tion,26"288 direct diffusion of O2 from arterioles to venules,29 or an inability of 

hemoglobinn to off-load 02 fast enough to the tissues as it passes through the 

microcirculation.300 Which of these mechanisms can be held responsible for 

thee PO2 gap during hemorrhagic shock has as yet to be determined. 

Transfusionn of the stored RBCs did not abolish the PO? gap, despite the 

increasess in both D02INT and V02INT- Comparing the effects of transfusion of 

oldd versus fresh RBCs, the persisting P02 gap might be attributed to storage 

inducedd changes in RBC properties. Based on these changes, several mecha-

nismss might result in an impairment of in vivo function: stagnation31 or 

redistribution322 of less deformable RBCs in the capillary network, leading to 

shuntingg of RBCs33 and a decreased capillary recruitment in response to hy-

poxicc conditions.34 Capillary recruitment is known to be a major factor in the 

regulationn of the intestinal tissue oxygenation,35 being of greater quantitative 
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significancee than blood flow autoregulation in preventing cellular hypoxia 

whenn intestinal perfusion pressure is reduced36 or during anemia.37 

Anotherr factor that might have contributed to the impaired microvascular 

oxygenationn is an increased hemoglobin oxygen affinity of the stored RBCs. 

Duringg storage the RBC energy content, including 2,3 diphosphoglycerate 

(DPG)) and ATP, is reduced. A decreased DPG level results in an increased 

affinityy of hemoglobin for oxygen. Transfusion of DPG depleted blood has 

beenn demonstrated to cause a slight decrease in the DPG level and P50 of the 

recipient'ss blood.33'38 As a compensatory response, an increase in tissue 

perfusionn can preserve oxygenation under these circumstances.39'40 Looking 

att the results of the present study, it can be hypothesized that the combined 

effectss of changes in RBC deformability and hemoglobin oxygen binding 

resultedd in an impairment of the microcirculatory oxygenation, although 

generall  intestinal tissue 02 demand could be met. 

Inn conclusion, the results of the present study indicate that transfusion of 

storedd RBCs can completely restore VO21NT during hemorrhagic shock. Only 

whenn the RBC deformability in the circulating blood was decreased, V02INT 

remainedd impaired until at least one hour after transfusion. However, trans-

fusionn of stored RBCs did not improve fiPC»2, indicating that the administra-

tionn of stored RBCs influenced the microvascular oxygenation, but not 

enoughh to impair tissue oxygen consumption. Therefore, the measurement of 

uP022 might be a more sensitive tool for the detection of changes in RBC 

functionn in relation to tissue oxygen supply, than determination of tissue 

oxygenn consumption alone. 
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Chapterr  9 

Summary y 

Transfusionn of homologous blood products contains several disadvantages, 

suchh as transmission of infectious diseases (HIV, hepatitis), 

immunomodulation,, hemolytic transfusion reactions, and transfusion-related 

acutee lung injury. A technique, which can be used to delay or omit the need 

forr transfusion of red blood cells in a patient, is acute normovolemic 

hemodilution.. Preoperatively (acute), a volume of blood is withdrawn and 

replacedd with a similar volume (normovolemic) of plasma replacing fluid. 

Noww the diluted blood contains less red blood cells, resulting in a decreased 

losss of red blood cells in case of blood loss. A general introduction in the 

practicee of blood transfusion and hemodilution is given in chapter  1. 

Inn chapter  2, the general physiologic response of the body to acute 

normovolemicc hemodilution is described and an overview is presented of 

techniquess that can be used to monitor the (effects of) changes in 02 delivery 

(DO2)) and consumption (VO2) in the body during hemodilution. 

Itt is generally assumed that the oxygenation of the body is preserved 

duringg moderate normovolemic hemodilution. However, it is not clear what 

happenss on a regional level. In chapter  3, the effects of moderate 

hemodilutionn on the intestinal microvascular PO2 (uP02) and mesenteric 

venouss P02 were determined in a rat model. During a decrease in hematocrit 

(Ht)) from 45 to 25 %, the intestinal blood flow did not increase, resulting in 

aa decrease in intestinal D02. Due to an increase in 02 extraction, not only the 

intestinall  V02, but the intestinal uP02 remained unaffected as well. This 

observationn might be explained by the notion that hemodilution induces 

recruitmentt of capillaries, resulting in redistribution of the intestinal blood 

floww in favor of the microcirculation and allowing a more efficient extraction 

of02. . 

193 3 



Chapterr 9 

Whenn the D02 falls below a critical point, the compensatory mechanisms 

becomee insufficient and VO2 becomes dependent on supply. In chapter  4, 

criticall  values for the Ht and the intestinal DO2 were determined, below 

whichh the intestinal V02 and uP02 in the rat could not be preserved by 

regulatoryy mechanisms during hemodilution. At similar critical values for 

bothh the Ht and intestinal DO?, the intestinal VO2 and uP02 started to fall, 

indicatingg that these parameters were limited by the decreased D02 at the 

samee time; below this critical point a significant correlation between the 

intestinall  uP02 and V02 could be demonstrated. At the same stage of 

hemodilution,, the intestinal uP02 decreased below the mesenteric venous 

PO?,, suggesting that beyond this critical level 02 was shunted from the 

intestinall  microcirculation. 

Partt of the physiologic response to hemodilution is redistribution of the 

022 supply in favor of vital organs such as the brain and the heart. To test the 

functionall  consequences of this compensatory mechanism on local 

oxygenation,, in chapter  5 the uP02 was measured in the intestines, the 

kidney,, and the heart of the rat during severe hemodilution. The uP02 

measurementss in these organs did not respond uniformly: the renal uP02 

startedd to decrease at a Ht level of  39 %, the intestinal uP02 started to 

decreasee at a Ht  17 % and the cardiac uP02 decreased at a Ht of  9 %. 

Thesee observations indicate that the regulation of local microvascular 

oxygenationn during isovolemic hemodilution is specific for each organ 

system. . 

However,, these findings do not allow for conclusions on the possibility of 

differentt critical levels of hemodilution for the 02 supply to different organs. 

Thee comparison of such critical levels for both microvascular oxygenation 

andd V02 of different organs could provide more insight into the functional 

effectss of the redistribution of cardiac output and 02 supply on regional 

oxygenation.. In chapter  6, systemic, intestinal, and cerebral oxygenation 

parameterss were related to uP02 measurements in the cerebral cortex, and 
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thee intestinal mucosa and serosa during hemodilution in a pig model. 

Redistributionn of the systemic D02 in favor of organs with lower 02 

extractionn capacity (i.e., the brain) resulted in similar critical levels of 

hemodilutionn for the intestines, the brain, and the whole body. Redistribution 

off  the D02 within the intestines might have resulted in the observed 

preservationn of intestinal V02 and mucosal uP02, as compared to the serosal 

uP02.. During 02 supply dependency, ventilation with 100 % 02 had no 

beneficiall  effect on systemic or regional V02. 

Thesee observations on local oxygenation might be the result of well 

knownn regulatory mechanisms, apparently allowing for a considerable 

degreee of hemodilution. These mechanisms are assumed to be of a general 

nature,, however, in chapter  7, the report is given of a human patient in 

whichh a critical level of hemodilution was reached at a very early stage. This 

patientt suffered from polycythemia due to an erythropoietin producing renal 

tumor.. Acute hemodilution, which started at a Ht of  60 %, was performed 

too decrease blood viscosity preoperatively and to be able to avoid 

homologouss blood transfusion in case of severe blood loss. During 

hemodilution,, the 02 extraction of the tissues did not increase despite a 

decreasee in D02. At a Ht of  30 %, signs of cardiac ischemia were detected 

andd autologous blood was administered, resulting in normalization of the 

ischemicc abnormalities on the ECG. This observation was explained by 

continuouss shunting of 02 from the tissues, most probably induced by the 

statee of chronic polycythemia, and leading to inadequate tissue oxygenation 

att moderately decreased Ht levels. 

Duee to the technique of acute normovolemic hemodilution performed in 

thiss patient, transfusion of homologous blood was not necessary. Regarding 

homologouss blood transfusions, it has been suggested that the reduced 

efficacyy of red blood cell transfusion is caused by aging processes within the 

redd blood cells and the medium in which they are stored. In chapter  8, this 

hypothesiss was tested by comparing the effect of resuscitation with old vs. 
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freshh erythrocytes on intestinal uP02 and V02 during hemorrhagic shock in 

aa rat model. In contrast to the use of slightly less deformable old RBCs, the 

usee of extremely rigid old RBCs did not improve intestinal V02. 

Microvascularr P02 was only restored with transfusion of the fresh RBCs. 

Thesee results indicate that transfusion of stored RBCs impairs the 

microcirculatoryy oxygenation, probably due to storage-induced changes, but 

doess not significantly impair tissue V02. 
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Transfusiee van donorbloed (homologe bloedtransfusie) kan een aantal 

nadeligee effecten hebben, zoals overdracht van infecties (HIV, hepatitis), 

aantastingg van het immuunsysteem, afstotingsreacties van het lichaam op het 

lichaamsvreemdee bloed, en met bloedtransfusie geassocieerde longaandoe-

ningen.. Een techniek om het moment van transfusie van rode bloedcellen bij 

eenn patiënt uit te stellen of zelfs overbodig te maken is acute 

normovolemischee hemodilutie. Hierbij wordt preoperatief (acuut) een 

hoeveelheidd bloed afgenomen en vervangen door een gelijk volume 

(normovolemisch)) plasmavervangende vloeistof. Het verdunde bloed bevat 

nuu minder rode bloedcellen, zodat bij bloedverlies minder rode bloedcellen 

verlorenn gaan. Bovendien kan, indien nodig, het eigen bloed van de patiënt 

teruggegevenn worden in plaats van donorbloed. Een algemene inleiding in 

bloedtransfusiee en hemodilutie wordt gegeven in hoofdstuk 1. 

Inn hoofdstuk 2 wordt een beschrijving gegeven van de fysiologische 

reactiee van het lichaam op acute normovolemische hemodilutie. Daarnaast 

wordtt een overzicht gegeven van technieken die gebruikt kunnen worden om 

dee (effecten van) veranderingen in de zuurstoftoevoer (DO2) en -consumptie 

(V02)) in het lichaam te kunnen meten tijdens hemodilutie. 

Hett is algemeen aanvaard dat de globale zuurstofvoorziening van het 

lichaamm in stand wordt gehouden tijdens gematigde normovolemische 

hemodilutie.. Wat er op lokaal niveau gebeurt is echter niet duidelijk. In 

hoofdstukk  3 worden de effecten bepaald van gematigde hemodilutie op de 

microvasculairee zuurstofspanning (uP02) in de darmen en op de 

zuurstofspanningg (P02) in de darmvene, de vena mesenterica. Bij een 

afnamee van de concentratie rode bloedcellen (de hematocriet, Ht) van 45 

naarr 25 % bleef de bloedstroom naar de darmen constant, waardoor de DQ2 

naarr de darmen afnam. Ten gevolge van een toename in de zuurstofextractie 
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inn de darmen kon niet alleen de V02, maar ook de uP02 gehandhaafd 

blijven.. Deze waarneming kan worden verklaard door een toename van het 

aantall  doorbloede capillairen in de microcirculatie ten gevolge van de 

verdunningg van het bloed. Hierdoor vindt een redistributie plaats van de 

bloedstroomm in de darmen ten gunste van de microcirculatie, waardoor een 

meerr efficiënte extractie van zuurstof mogelijk is. 

Alss de zuurstoftoevoer beneden een bepaald kritisch punt daalt, schieten 

dee compensatiemechanismen van het lichaam tekort en wordt de 

zuurstofopnamee direct afhankelijk van de toevoer. In hoofdstuk 4 worden de 

kritischee punten bepaald voor de hematocriet en de D02 van de darmen, 

waarbijwaarbij de zuurstofconsumptie en de microvasculaire P02 in de darm van de 

ratt niet langer in stand gehouden konden worden door de 

regulatiemechanismenn tijdens hemodilutie. Het bleek dat de V02 en de uP02 

bijj  gelijke kritische punten van Ht en D02 begonnen af te nemen. Dit 

betekentt dat deze parameters op hetzelfde moment afhankelijk werden van 

dee D02. Na het passeren van dit kritische niveau van hemodilutie werd een 

significantee correlatie gevonden tussen de V02 en de uP02. Op hetzelfde 

momentt werd de uP02 lager dan de mesenteriëel veneuze P02, hetgeen 

suggereertt dat er vanaf dat moment sprake was van shunting van zuurstof in 

dee microcirulatie van de darm. 

Eenn deel van de fysiologische respons van het lichaam op hemodilutie is 

eenn redistributie van de afgenomen hoeveelheid zuurstof in het bloed ten 

gunstee van vitale organen zoals de hersenen en het hart. Om de gevolgen te 

bepalenn van dit compensatiemechanisme voor de zuurstofvoorziening op 

lokaall  niveau, worden in hoofdstuk 5 microvasculaire P02 metingen 

vergelekenn in de darm, de nier en het hart van de rat tijdens extreme 

hemodilutie.. De uP02 waarden in deze organen reageerden niet op gelijke 

wijze:: de uP02 in de nier begon af te nemen bij een hematocriet van  39 %, 

inn de darm begon de uP02 af te nemen bij een hematocriet van + 17 % en in 

hett hart bij  9 %. Deze resultaten geven aan dat de regulatie van de lokale 
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microvasculairee zuurstofvoorziening tijdens normovolemische hemodilutie 

specifiekk is voor elk orgaansysteem. 

Dezee bevindingen laten echter geen conclusies toe over het mogelijk 

bestaann van verschillende kritieke niveaus van hemodilutie voor de 

zuurstofvoorzieningg van verschillende organen. De vergelijking van de 

kritiekee punten voor zowel de 11PO2 als de V02 in verschillende organen zou 

meerr inzicht kunnen verschaffen in de gevolgen van de redistributie van 

bloedstroomm en zuurstofconcentratie op de regionale zuurstofvoorziening. In 

hoofdstukk 6 worden de zuurstoftoevoer en -consumptie van het hele 

lichaam,, de darmen en de hersenen vergeleken met de (1PQ2 in de cortex van 

dee hersenen en de serosa en de mucosa van de darm tijdens hemodilutie in 

hett varken. Redistributie van de DO2 in het lichaam ten gunste van de 

organenn met een geringer vermogen de zuurstofextractie te verhogen (zoals 

dee hersenen) resulteerde in gelijke kritische niveaus van hemodilutie voor 

zowell  de darmen, de hersenen, als het hele lichaam. Binnen de darmen kan 

redistributiee van de zuurstofstroom niet alleen tot in stand houding van de 

V022 maar ook de uP02 in de mucosa hebben geleid, vergeleken met de 

UPO22 in de serosa, die al eerder afnam. Op het moment dat de Ht zo laag was 

datt de zuurstofconsumptie overal afhankelijk was van de toevoer, had 

beademingbeademing met 100 % 02 geen effect op de globale of regionale V02. 

Dezee effecten op de lokale zuurstofvoorziening lijken het resultaat te zijn 

vann min of meer bekende regulatiemechanismen, die het lichaam in staat 

stellenn een behoorlijke mate van hemodilutie te tolereren. Deze 

mechanismenn worden verondersteld algemeen werkzaam te zijn, echter, in 

hoofdstukk 7 wordt verslag gedaan van een patiënt bij wie een kritisch 

niveauu van hemodilutie al heel vroeg bereikt werd. Deze patiënt had een 

overmaatt aan rode bloedcellen (polycythemic) ten gevolge van een 

erythropoëtinee (EPO) producerende niertumor. Tijdens preoperatieve 

hemodilutie,, die begon met een Ht van  60 % (normaal 35-45 %), nam de 

zuurstofextractiee van de weefsels niet toe, ondanks een afname van de 
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zuurstoftoevoer.. Bij een Ht van  30 % werd duidelijk dat het hart te weinig 

zuurstoff  kreeg en moest bloed aan de patiënt teruggegeven worden. Dit kan 

mogelijkk verklaard worden door een continue shunting van de bloedstroom, 

enn daarmee van zuurstof, langs de weefsels, waarschijnlijk ten gevolge van 

dee chronische polycythemic Hierdoor kregen de weefsels een tekort aan 

zuurstoff  zodra de Ht verminderd werd. 

Hemodilutiee werd bij deze patiënt toegepast om de viscositeit van het 

bloedd te verlagen en om een hoeveelheid autoloog bloed te verkrijgen voor 

retransfusïee in geval van ernstig bloedverlies. Naast de eerder genoemde 

bezwarenn wordt gesuggereerd dat transfusie van donorbloed ook geen 

optimalee effectiviteit heeft door de veroudering en het functieverlies van de 

rodee bloedcellen tijdens het bewaren. In hoofdstuk 8 wordt het effect 

bepaaldd van transfusie van oude, rode bloedcellen op de uP02 en V02 in de 

darmm tijdens hemorrhagische shock (verbloeding) in de rat, en vergeleken 

mett het effect van verse bloedcellen. Van de oude, rode bloedcellen waren 

hett niet de minder vervormbare cellen, maar alleen de extreem slecht 

vervormbaree rode bloedcellen die niet in staat waren de VO2 van de darm te 

verbeteren.. De uPC>2 daarentegen kon alleen hersteld worden door transfusie 

vann de verse, goed vervormbare rode bloedcellen. Deze resultaten lijken aan 

tee geven dat transfusie van oude, rode bloedcellen wel degelijk een nadelig 

effectt heeft op de zuurstofvoorziening van de microcirculatie, maar een 

voldoendee zuurstofopname van de weefsels niet direct belemmert. 
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Eenn fascinerend aspect van invasief fysiologisch onderzoek is het direct 

waarnemenn van de werking van regulatiemechanismen in het lichaam, die 

normaall  gesproken verborgen blijven voor het blote oog. Waar vaak 

makkelijkk overheen gestapt wordt, is dat dergelijk onderzoek alleen mogelijk 

iss in levende dieren. Het is duidelijk dat ook dit proefschrift niet tot stand 

wass gekomen zonder de medewerking van de proefdieren. Van andere aard, 

maarr even onmisbaar, was de inzet en betrokkenheid van de volgende 

personen: : 

Prof.drr A. Trouwborst, u introduceerde mij in een onderzoek maar ook in 

eenn vakgebied waar ik weinig bekend mee was. Een wereld is letterlijk voor 

mijj  open gegaan. 

Prof.drr C. Ince, Can, jouw enthousiasme voor de wetenschap was onmisbaar 

enn onstuitbaar; je was altijd een stap vooruit. Het waren dan ook leerzame 

jaren. . 

Drr Ch.P. Henny, Pieter, jouw betrokkenheid was een drijvende kracht achter 

dee experimenten. Bovendien was je altijd in staat een sombere onderzoeker 

moedd in te praten; immense problemen waren bij jou nooit onoverkomelijk. 

Martinn Siegemund, the time we spent together on our research was 

invaluable,, in all respects. 

Lotharr Schwarte, without your effort we had never succeeded in collecting 

suchh an enormous amount of data. 

Danyell  van den Heuvel, voor de eindeloze gang naar de bloedgasmachine. 

Maringaa Emons, zonder wiens goede zorgen de biggenexperimenten nooit 

volbrachtt waren. 

Keess Donkersloot en Bert Mik, voor hun (groeiend) inzicht in de techniek 

achterr de metingen. 

Dee overige (oud-)medewerkers van de afdeling Experimentele 

Anesthesiologie:: Zill a de Boer, Otto Eerbeek, Paul Eibers, Max Hardeman, 
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Matt van Iterson, Joyce Kempes, Albert Lind, Keshen Mathura, Harold Raat, 

Michiell  Sinaasappel en Coert Zuurbier. 

Johnn Nunumete en Peter Lowie, afdeling Fotografie, voor de visuele 

ondersteuning. . 

Jeroenn Lips, nu ook weer Terug Naar Rotterdam. 

Johnn Dries, Marloes Klein, Goos Huijzer en Irene Straatsburg van de 

afdelingg Experimentele Chirurgie, zonder wiens kennis, technische 

vaardighedenn en inzet de experimenten praktisch onuitvoerbaar waren 

geweest. . 

Drr Dirk de Korte en Dr Arthur Verhoeven, van het CLB, afdeling 

Bloedtransfusietechnologie,, julli e maakten duidelijk dat bloed geven heel 

watt simpeler is dan bloed maken. 

Dee afdeling Anesthesiologie, Daniël den Hoedkliniek, Rotterdam, waar 

bleekk dat een proefschrift je niet los laat voordat het helemaal af is. 

Tott slot gaat mijn dank uit naar de leden van de promotiecommissie, die 

bereidd waren dit proefschrift te beoordelen. 
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Stellingenn behorend bij het proefschrift 

Hemodtlution,, blood transfusion, and regional oxygenation 

Jasperr van Bommel 

1.. Regulatie leidt tot redistribute. dit proefschrift 

2.2. Globale en regionale veneuze oxygenatieparameters geven geen 
goedee afspiegeling van de veranderingen in de zuurstofvoorziening 
vann de microcirculatie. dit proefschrift 

3.. Toediening van verouderde erythrocyten tijdens hemorrhagische 
shockk leidt niet tot herstel van de zuurstofconcentratie in de 
microcirculatie.. dit proefschrift 

4.. De regulatie van de microvasculaire zuurstofconcentratie is uniek 
voorr elk weefsel en is een afspiegeling van de in stand houding van de 
zuurstofconsumptiee van het weefsel. dit proefschrift 

5.5. Een huisdier heeft meer invloed op de omgang met proefdieren dan 
eenn cursus proefdierkunde. 

6.. Een proefschrift is als een klassieke auto. Er zit veel meer werk in 
dann verwacht en als het uiteindelijk af is, wordt de buitenkantt het eerst 
beoordeeld. . 

7.. Speculeren over hoe en waarom is boeiender dan beschrijven wat 
feitelijkk waargenomen is. 

8.. Gezien de hoeveelheid files die veroorzaakt wordt door 
verkeersknooppunten,, ligt de oplossing van het fileprobleem niet 
zozeerr in meer, maar juist in het slimmer aanleggen van asfalt. 

9.. De negatieve beleving van het filerijden is omgekeerd evenredig 
aann de ernst van het ongeval dat de file veroorzaakt. 

10.. Een anesthesioloog is als een barkeeper: hoewel ze zelf slechts 
koffiee drinken, is hun voornaamste bezigheid het verstrekken van 
sterkeree middelen, ondertussen toekijkend hoe hun klanten van de 
wereldd raken. 
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