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Chapterr 2 

Monitoringg 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. 

Monitoringg 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 

Monitoringg 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. 

Monitoringg 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. 

Monitoringg 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. 

Monitoringg 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. Monitoring during 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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