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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'). 
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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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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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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 

184 4 



Storedd RBCs and microvascular PO1 

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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