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Cardiopulmonary bypass (CPB) remains essential for all valvular operations and the vast majority
of coronary bypass surgeries. Inadequate CPB results in tissue underperfusion, activation of an-
aerobic metabolism and increased lactate production. The goal of the study was to determine the
factors influencing oxygen delivery to and consumption in tissue. Fifty-six patients (41 male and
14 female patients of 27 to 84 years of age) scheduled to undergo cardiac surgery with CPB were
enrolled in this prospective study. No operation-based selection was applied. The following data
have been collected and analysed: demographics, preoperative cardiovascular profile. Arterial
and venous blood gas tests, including blood glucose and lactate concentrations were obtained.
We have assessed DOz (mL/min/m<) and VOo2 (mL/min/mz), venous oxygen content (CvO2)
(mL/dL), arterial oxygen content (CaO2) (mL/dL) calculated according to standard equations
based on haemoglobin concentration and saturation in arterial blood, cardiac output or pump
flow. The main factors of organ dysoxia during CPB are the haemodilution degree and low periph-
eral oxygen delivery (DO2). Our study confirmed that hematocrit on pump and systemic flow rate
determine the amount of oxygen delivery to the body, i.e. DO2 decrease is correlated with de-
crease of both hematocrit (Ht) and pump flow.

Key words: cardiopulmonary bypass, peripheral oxygen delivery, arterial oxygen content, venous

oxygen content, lactate.

INTRODUCTION

Over the past 50 years, extracorporeal circulation has
evolved into a remarkably safe means of providing systemic
perfusion during open heart surgery. A greater understand-
ing has been gained of its adverse effects at the molecular
and biochemical levels on organ system function and pa-
tient recovery from surgery. Although cardiopulmonary by-
pass (CPB) remains essential for all valvular operations, the
vast majority of coronary bypass surgeries is still performed
with CPB.

The mean age and risk profile of patients reffered for car-
diac surgery is constantly rising. Surgeons are now inclined
to accept high risk patients because interventional cardiol-
ogy provides less invasive alternatives for an overlapping
patient cohort.

During CPB intravascular filling may be disturbed leading
to hypotension. Tissue hypoxia in patients during CPB may
be induced by low blood pressure or by insufficient tissue
perfusion due to limited pump flow (Hensley et al., 2008).
An inadequate perfusion during CPB results in the activa-
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tion of anaerobic metabolism in the underperfused organs.
Energy production is partially supplied by anaerobic glyco-
lysis. As a result, lactate production increases. The main
factors leading to a possible organ dysoxia during CPB are
the haemodilution degree (Habib et al., 2003; Swaminathan
et al., 2003) and a low peripheral oxygen delivery (DO,)
(Ranucci et al., 2005). DO, is the product of cardiac output
and the arterial oxygen content. The concept of critical DO,
is based on the assumption that when a patient is perfused
below the critical value, the oxygen consumption (VO,) be-
comes dependent on the DO, (Pinsky, 1994). This state is
characterised by a VO, and DO, dependency and the de-
velopment of tissue hypoxia.

There are only a few methods to measure perfusion in the
clinical setting. Oxygen consumption (VO,) measurement,
although not commonly used clinically, but it can be easily
calculated from simultaneously measured arterial and ve-
nous oxygen contents and pump flow.

Normal oxygen consumption during deep general anaesthe-
sia may be about 90—110 mL/min/m? and falls about 5% per
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degree centigrade of hypothermia (Cavaliere et al., 1995).
Normally VO, is about 25% of the DO, and energy is pro-
duced basically through the aerobic mechanism. A decrease
in DO, (extreme haemodilution, low pump flow) is fol-
lowed by decreased oxygen consumption.

Whenever the DO, decreases, compensatory mechanisms
are usually triggered in order to maintain the VO, through a
higher oxygen extraction (Ranucci, 2006).

The start of CPB rapidly changes the Ht, t° and blood vis-
cosity values.

At normothermia, if hematocrit falls from 40 to 20%, vis-
cosity will fall about 50%, and at a constant pump flow, the
mean arterial pressure (MAP) will fall about 50%. If arterial
pressure during CPB is too low, perfusion of critical vascu-
lar beds may be compromised. On the other hand, excessive
arterial pressure increases noncoronary collateral flow to the
heart during aortic cross-clamping (Hensley et al., 2008).

Blood flow is regulated not only at the level of the central
circulation, but also at the regional level and the microcircu-
latory levels. The flow is determined by the autonomic con-
trol of vascular tone and local microvascular responses and
to the degree of affinity of the Hb molecule for oxygen.
Systemic vascular resistance (SVR) is modulated by auto-
nomic nervous systemic tone and circulating catecholamine
and vasopresors level. These changes are directly related to
tissue metabolism.

The goal of study was to identify the factors influencing
oxygen delivery and consumption in tissue.

MATERIALS AND METHODS

The prospective study was performed at Pauls Stradins Uni-
versity Hospital within the Latvian Cardiac Surgery Centre
(LCSC) from 2008 till 2009. The study was approved by
the Pauls Stradin$ University Ethics Committee, and the
study design did not include any special intervention, and
data collection was based on routine measurements per-
formed during the operation. Fifty-five patients scheduled
to undergo cardiac surgery with CPB were enrolled in this
prospective study, including 41 (75%) male and 14 (25%)
female patients of 27 to 84 years of age. Average analysed
patient age was 64 + 11.7 years. The dominating preopera-
tively NYHA classes were II and III, average left ventricular
ejection fraction (LVEF), was 52% =*17.1%, with LVEF
min 21% and LVEF max 70%. Fourty-seven percent of all
involved patients had a history of myocardial infarction
(Table 1).

No operation-based selection was applied. The only exclu-
sion criteria was the presence of an abnormal (> 2 mMol/L)
plasma lactate value before entering CPB.

Fourty-four percent of the patients underwent CABG, 32%
underwent valve replacement, 24% underwent combined
surgery, all of them under CPB. Mean duration of CPB was
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Table 1
PREOPERATIVE CLINICAL CHARACTERISTICS

Parameter ‘ No ‘ % ‘MeaniSD‘ Min ‘ Max

Age (yr) 64.0+11.7 27.0 84.0
BSA (m?) 1.9+ 0.2 1.5 2.4
LVEF (%) 52.0+17.1 21.0 70.0
History of MI 26 47

SD, Standard Deviation; LVEF, left ventricular ejection fraction; Min,
minimal values; Max, maximal values; BSA, body surface area; MI,
miocardial infarction.

Table 2

CARDIOPULMONARY BYPASS DATA

Mean + SD Min Max
CPB time (min) 106.0 £ 39.0 51.0 190.0
X-clamp time (min) 67.0+35.6 16.0 127.0
Flow rate calculated (L/min/m?) 2425 2.0 2.7
Actual flow rate (L/min/m?) 2727 2.3 34
Cardioplegia (mL) 1668.0 = 667.0  1000. 3300.0
Diuresis (mL/kg/h) during bypass 3.8 0.0 12.0

SD, Standard Deviation; Min, minimal values; Max, maximal values; CPB,
cardiopulmonary bypass.

106 min, and mean aortic cross-clamp time was 67 min (Ta-
ble 2). Mean calculated flow rate was 2.4 L/min/m2. Actual
flow rate was 2.71 L/min/m2. Mean volume of cardioplegic
solution was 1,668 ml.

All of the patients received standardised anaesthesia. Inva-
sive haemodynamic monitoring was achieved with a 20-G
radial artery catheter, a 20-cm long double-lumen central
venous catheter and a fiberoptic PAC (744 HF 7.5F; Ed-
wards Lifesciences, Irvine, CA ) were inserted via the right
or left internal jugular vein. CPB was established via a
standard median sternotomy, aortic root cannulation and
single or double atrial cannulation for venous return. Low-
est core temperature during CPB was 35 °C. Antegrade in-
termittent cold crystalloid cardioplegia was used according
to the surgeon’s preference. The circuit was primed either
with 1,100 mL of a crystalloid solution (Deltajonin), or 900
mL crystalloid solution (Deltajonin) and red blood cells, to
avoid decrease of Hb concentration below 20%.

Roller pumps (Stockert Instruments, Munich, Germany)
were used with a hollow fiber D 905 Avant oxygenator
(Dideco, Mirandola, Italy). The pump flow was targeted be-
tween 2.0 and 2.4 L/ min/m?2. To ensure mean arterial pres-
sure (MAP) above 60 mmHg vasopressor phenylephrine
was used. The gas flow was initially set at 60% oxygen /
air ratio and a 1 : 2 flow ratio with the pump flow indexed,
and subsequently arranged in order to maintain an arterial
oxygen tension (PaO,) > 150 mmHg and an arterial carbon
dioxide tension (PaCO,) between 33 and 38 mmHg. Anti-
coagulation was provided with an initial dose of 300 IU of
heparin per kilogram of body weight, injected into a central
venous line 10 minutes before the initiation of CPB with a
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target activated clotting time of 480 seconds. At the end of
CPB, heparin was reversed by protamine sulphite at a 1:1
ratio of the loading dose, regardless of the total heparin dos-
age.

The following preoperative data were collected and ana-
lysed: demographics and preoperative cardiovascular pro-
file (Ejection Fraction; New York Heart Association Func-
tional Class, laboratory assays). Arterial and venous blood
gas tests, including blood glucose and lactate concentrations
were obtained at the start of surgery (T1), at onset of CPB
(T2) 20 minutes on CPB (T3), and after termination of CPB
(T4). We estimated DO, (mL/ min/mz) and VO,
(mL/min/mz), venous oxygen content (CvO,) (mL/dL), and
arterial oxygen content (CaO,) (mL/dL) according to stan-
dard equations based on haemoglobin concentration and
saturation in arterial blood, cardiac output or pump flow
(Marini et al., 2006; Hensley et al., 2008).

Statistical analysis. Difference and shift are the tools to
find correlation between mean values. All the data are ex-
pressed as mean =+ standard deviation, or as absolute num-
bers and percentages when appropriate. A P value < 0.05
was considered significant for all the following statistical
tests. The statistical analysis was performed using Statistic 7
General linear modell Annova Analysis. Heterogeneity of
variance was avoided by logarithmic transformation.

RESULTS

Fifty-one percent of the patients required use of vasopres-
sors during CPB (Fig. 1) to maintain stable MAP. MAP at
T1 was 75.4 = 15.2 mmHg, at T2 62 + 10.8 mmHg, at T3
68.2 + 13.8 mmHg and at T4 71.5 £12.4 mmHg. There
were no significant changes in glucose and lactate level at
any of the times, while use of vasopressors had no statisti-
cally significant correlation with lactate level. Nevertheless,
vasopressors were mostly used at time T, (£ < 0.05), when
the lowest Ht value (23.8 + 3.2) was observed (Table 3).

Regarding aerobic metabolism the mean supplied O,
amount (paO,) at CPB start T 2 was 258.5 + 39.1, after sec-
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Fig. 1. Use of vasopressors at set times (P < 0.05)
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Table 3
LABORATORY VALUES (mean + SD)

‘ T, ‘ T, T, T,

PaO, (mmHg) 176.0 +71.0 258.5 +39.1 256.2 = 31.9 205.0 £ 67.0
PvO, (mmHg) 36.0+£57 44.9+9.6 422+86 40.0+7.1
Glucosae (mMol/L)  5.9+1.6 53+10 60+1.1 63+13
Ht (%) 384+48 238+32 27.0+28 285+29
Lactate (mMol/L) ~ 0.7+03  1.0£03  14+07 18+1.1

T1— T4, time points; SD, Standard Deviation; PaO; , arterial partial pres-
sure of oxygen, PvO2, venous partial pressure of oxygen, Ht, hematocrit

ondary cardioplegia at T3 256.2 + 31.9, a value is higher
than at T1176 + 71, and at T4 205 + 67 (Table 3)

Oxygen delivery during CPB depends on Ht (Fig. 2a, P <
0.01) and CO (Fig. 2b, P < 0.01), the equivalent of which is
the pump flow rate. In our study we found a significant cor-
relation between these values. There was no difference in
DO, at times T|~T),.

Aerobic metabolism is determined by the amount of O,
molecules, or arterial O, content, which affects tissue me-
tabolism (Table 4). In our study we found a close correla-
tion between CaO,, CvOz’ and serum concentration of lac-
tate. A decrease of arterial O, capacity CaO, below 16
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Fig. 2. Relationship of DO> with Ht and CPB flow rate (pump flow). A: 12
=0.4617, r = 0.6795, P < 0.01; B: r> = 0.2640, r = 0.5139, P < 0.01.
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Table 4
DERIVED VALUES (mean + SD)

‘ T, ‘ T, T, T,

VO,I (mL/min/m?) 108.4+29.0 72.8+23.9 84.9+24 125.0+37.0
DO,I (mL/min/m?) 344.2+92.0 316.0 £ 48.6 335.6 £42.1 384.0 = 85.0
CaO, (mL/dL) 17.5+22 114+14 128+13 132+12
CvO, (mL/dL) 11.9+2.0 88=+14 9.5+1.6 89+1.3

VO2I, oxygen consumtion indexed; DO:l, oxygen delivery indexed; CaO»,
arterial oxygen content; CvO2, venous oxygen content.
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Fig. 3. Impact of CaOz and CvO; on serum lactate concentration during
CPB. A: 1 = 0.0564, r = 0.237, P < 0.05; B: r> = 0.0713, r = 0.267, P <
0.05.

ml/dL (Fig. 3a, P < 0.05) and venous O, capacity below 10
ml/dL (Fig. 3b, P < 0.05) resulted in a considerable in-
crease of serum lactate concentration. Despite constant O,
supply we observed different oxygen consumption. The
lowest oxygen consumption per square meter of body sur-
face area of patient (VO,I) was observed at time T,, 72.8 =
23.9 ml/min/m?, while the highest was seen at T, timepoint,
125 + 37 ml/min/m? (Table 4).

VO2I consumption at all of the times was significantly in-
fluenced by age of patient (P < 0.05), and was lower during
CPB than before and after CPB (see Fig. 4).
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Fig. 4. Oz consumption depending on the age of the patient. 1> = 0.306, r =
0.553, P < 0.05.

Changes in the concentration of lactate, an end-product of
glycolysis and glycogenolysis, as well as glyconeogenesis
substrate, were used as a marker for organ hypoperfusion,
therapy evaluation and prognostic value during CPB. At a
Ht value below 20%, DO, drops below the critical level
(270 ml/min/mz) (Fig. 2a), which is followed by increased
concentration of serum lactate.

A statisticvally significant (P < 0.05) increase of serum lac-
tate concentration was observed in patients with prolonged
CPB and lower MAP — type A lactatemia (Fig. 5a), and in
patients with hyperglycemia, which indicates type B lacta-
temia.

DISCUSSION

The main findings of our study are that the hematocrit on
pump and systemic flow rate determine oxygen delivery to
the body, support the metabolic needs of the various organs
and provide appropriate tissue perfusion. A DO, decrease
was associated with a decrease of both Ht and pump flow.
In the literature the relationship between the lowest hemato-
crit (Ht) value during CPB and inadequate tissue perfusion,
low cardiac output state and inhospital mortality has been
pointed out (Fang et al., 1997).

Haemodilution from the pump prime commonly reduces ox-
ygen delivery by 25% (Gravlee et al., 2007) and leads to a
reduced oxygen transport capacity and decreased systemic
vascular resistance. The extremes of haemodilution sub-
stantially reduce oncotic presure and increase fluid require-
ments. This can exacerbate the systemic inflammatory re-
sponse and capillary leak, causing substantial tissue edema.
Changes in Ht and t° are followed by blood viscosity
changes. The lowest haemodilution value in our study was
observed just after CPB initiation and crystalloid cardio-
plegia infusion. At this stage the highest vasopressor infu-
sion rate was necessary to maintain mean arterial pressure.
Haemodilution, accepted by current CPB management
guidelines, may contribute to postoperative organ dysfunc-
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Fig. 5. Type A lactatemia — lactate concentration depending on MAP and
CPB duration. A: r2 = 0.0778, r = 0.279, P < 0.05; B: 2 = 0.0750, r =
0.274, P < 0.05.

tion. Recent observations have pointed out disadvantages of
low values of Ht during CPB. De Foe and colleagues found
a significant association between low Ht and return to by-
pass after attempted separation and described a need for
intraaortic balloon pumping (IABP) during or after surgery
(DeFoe et al., 2001). Fang et al. considered the lowest Ht
on CPB to be an independent risk factor for postoperative
low cardiac output and hospital mortality (Fang et al.,
1997). A correlation between haemodilution and acute renal
failure (ARF) was also confirmed by Swaminathan ef al. in
2003 and Ranucci et al. in 2005. The critical Ht value of
less than 23% to 26% significantly increased the risk of
AREF, however, in our study the critical Ht value was 20%.

Ht value during CPB is only one of the two determinants of
oxygen delivery (DO,), the pump flow being the second.
Traditionally, the pump flow rate during CPB is based on
the body surface area and on the temperature of the patient,
according to specific tables. Generaly, it is set betwen
2.0-3.0 L/min/m? to provide an adequate oxygen supply to
the organs, depending on the perfusion pressure.

As recording of a low Ht has a poor clinical value, because
the only possible (and arguable) countermeasure is blood
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transfusion, the oxygen delivery (DO,) may be modulated
by increasing the pump flow. The basic concept for assess-
ing the adequate pump flow should be the DO,.

One of the factors to provide sufficient oxygen supply to
tissues is to maintain MAP during CPB. Thus, the best ap-
proaches to maintaining MAP during the surgery are con-
sidered: to increase pump flow, to increase Ht or to use va-
sopressors. However, the maximal flow during CPB is
limited by venous return from the patient, which is influ-
enced by the height of the operating table above the heart —
lung machine, placement of and resistance in venous cannu-
las and lines, blood volume, and venous tone (Hensley et
al., 2008). Limiting intraoperative haemodilution should be
considered on time, providing blood transfusions when nec-
essary, while keeping in mind transfusion-related risks.
Pump flow should be adjusted to Ht to aV01d drop of DO,
below the critical level of 270 mL/min/m’. However, set-
ting the pump flow rate above 2.4 L/min/m? does not con-
siderably change MAP and serum lactate concentration.

Poor venous return supposes at first repositioning of venous
canulae or vacuum drainage. If this appears unsuccessful,
patient should be cooled to decrease O, consumption.

Demers and coworkers found that a low haemoglobin level
during CPB is associated with hyperlactatemia and it is rea-
sonable to interpret this information within the context of a
low DO, during CPB (Demers et al., 2000).

In our study the VO, and serum lactate concentration did
not change depending on DOZ, as there was no crltlcal drop
of this value at any time, i.e. below 270 mL/min/m?. Criti-
cal oxygen delivery is that point at which oxygen consump-
tion (VO,) starts to fall (becomes flow dependent) and tis-
sue hypoxemia and lactacidosis begins to occur. A
subcritical DO, level (under 270 mL/min/m?) is unable to
guarantee the oxygen demand to various organs, the oxygen
consumption (VO,) starts decreasing, while blood lactates
start increasing (type A hyperlactatemia).
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AUDU PERFUZIJAS NOVERTESANA MAKSLIGAS ASINSRITES LAIKA

Maksliga asinsrite (MAR) ir kluvusi par neaizvietojamu sastavdalu visas varstulu operacijas un lielakaja dala aortas-koronaras SuntéSanas
operaciju. Neadekvata MAR izraisa audu hipoperfiiziju, anaeroba metabolisma aktivaciju un palielina laktatu produkciju. Darba mérkis bija
noteikt faktorus, kas ietekmé skabekla piegadi un patérinu audos. Petijums bija prospektivs, un taja tika ieklauti 56 pacienti (41 virietis un
14 sievietes) vecuma no 27 lidz 84 gadiem, kam MAR tika veiktas sirds operacijas. Pacientu atlase nebija saistita ar operacijas veidu.
Petijuma tika apkopoti dati un analizéts pacientu demografiskais stavoklis, preoperativais kardiovaskularais stavoklis, veiktas arterialo un
venozo asins gazu analizes, noteikts glukozes un laktatu limenis asinis. Tika noteikta skabekla piegade DO2 (mL/ min/mz) un patérins VO2
(mL/min/mz). Izmantojot standarta vienadojumu, aprékinajam skabekla tilpumu arterialajas (CaO2) (mL/dL) un venozajas asinis.
Secinajam, ka organu disoksijas pamatfaktori MAR laika ir hemodiliicijas pakape un skabekla piegade un patérinS. Hematokrita limenis
MAR laika un asinsrites plismas atrums nosaka skabekla piegades apjomu audiem, t. i., DO samazinasSanas korel ar Ht un siikna plasmas
atruma samazinasanos.
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