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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 
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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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