
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Hemodilution, blood transfusion, and regional oxygenation

van Bommel, J.

Publication date
2001

Link to publication

Citation for published version (APA):
van Bommel, J. (2001). Hemodilution, blood transfusion, and regional oxygenation. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/hemodilution-blood-transfusion-and-regional-oxygenation(76c1325b-6ee0-4a3b-80b1-94e422bf93af).html


Preservationn of intestinal 

microvascularr P 02 

duringg normovolemic 

hemodilutionn in a rat model 

JJ Lab Clin Med 2000;135:476-483 

J.J. van Bommel 

M.M. Siegemund 

D.A.F.D.A.F. van den Heuvel 

Ch.P.Ch.P. Henny 

A.A. Trouwborst 

C.C. Ince 





Preservationn microvascular P02 

Chapterr  3 

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 

55 5 



Chapterr 3 

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. 

58 8 



Preservationn microvascular PO2 

2 2 

OS S 

70-, , 

60--

50--

40--

30 0 

75-, , 

50--

25--

0-1 1 

*** ** 

45.00 43.5 39.3 37.2 33.7 32.2 28.9 28.1 24.6 Ut (%) 

II 1 1 1 1 1 1 1 h 
to o t1 1 t2 2 t3 3 t4 4 t5 5 t6 6 t7 7 t88 time 

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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