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Abstract [ blockers reduce cerebral oxygenation after
acute hemodilution and may contribute to the incidence of
stroke when used perioperatively. The goal of the study was
to investigate whether cerebral tissue oxygenation using near
infrared spectroscopy can detect the § blocker-induced de-
crease in cerebral oxygenation depending on the severity of
hemodilution and/or the dose of B blockers. Animals were
anesthetized with 2 % isoflurane and randomly assigned to a
landiolol or esmolol group. After baseline measurement,
landiolol or esmolol was administered at 40 pg/kg/min for
20 min, increased to 200 pg/kg/min for 20 min, and then
stopped. Hemodynamic and arterial variables and the tissue
oxygenation index (TOI) were recorded at each [ blocker
dose. Two stages of hemodilution were sequentially induced
by repeated hemorrhage of 600 ml (33 % of estimated blood
volume) and infusion of the same volume of hydroxyethyl-
starch. During each stage, landiolol or esmolol was similarly
administered and measurements were made. Landiolol and
esmolol both dose-dependently decreased heart rate, mean
arterial pressure and cardiac output, depending on the
severity of hemodilution. Landiolol at 40 pg/kg/min was
almost equivalent in potency to 200 pg/kg/min esmolol for
decreasing HR before hemodilution. Based on the TOI,
short-acting B blockers reduced cerebral oxygenation in a
dose-dependent manner during hemodilution, and oxy-
genation returned to the baseline level after drug infusion
was stopped. TOI may be useful for identification of a de-
crease in cerebral oxygenation for patients receiving B
blockade during surgery associated with major bleeding.
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1 Introduction

Perioperative B blockers prescribed for cardiac protection
are associated with dose-dependent increases in adverse
outcomes, including stroke and mortality [1-6]. Acute
blood loss contributes to the incidence of these adverse
events [5, 7]. Acute hemodilution causes a hemodynamic
response in which adequate cerebral perfusion is main-
tained by an increase in cardiac output (CO) and prefer-
ential redistribution of blood flow to the brain [8-12].
blockers reduce cerebral tissue oxygenation by restricting
the cardiac response to acute hemodilution [13].

The volume of bleeding is a major factor in the increased
mortality and incidence of multiple organ failure in patients
treated with B blockers [7] and unexpected high blood loss
associated with surgical bleeding may also occur during
anesthesia. Hence, cerebral oxygenation monitoring using
near infrared spectroscopy (NIRS), which permits non-in-
vasive online monitoring of tissue oxygenation in a wide
range of clinical scenarios [14], may be useful for patients
receiving B blockade to prevent stroke during the periop-
erative period. Han et al. [15] used NIRS in major orthopedic
surgery and found that esmolol-induced controlled hy-
potension caused a decrease in cerebral oxygen saturation
during acute normovolemic hemodilution. However, it is
unclear whether NIRS can detect the § blocker-induced de-
crease in cerebral oxygenation depending on the severity of
hemodilution and/or the dose of  blocker.

The current animal study was conducted to determine
whether the tissue oxygenation index (TOI) measured by
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NIRS could follow the effect of a B blocker on cerebral
oxygenation under different hemodilution conditions and at
different B blocker dosages. The short-acting B blockers,
landiolol and esmolol, were used because these drugs allow
individual titration of the drug effect due to their short half-
lives of 4 and 9 min, respectively. Furthermore, compar-
ison of the effects of these 3 blockers on TOI might allow
examination of the influence of PBl-selectivity on cerebral
oxygenation. Landiolol is a highly B1-selective B blocker
with a potency ratio (B1/B2) of 255, compared with 33 for
esmolol [16], and several studies have shown that highly
B1-selective agents are advantageous for preserving cere-
bral perfusion during hemodilution due to minimization of
the effects of f2-mediated antagonism of cerebral vasodi-
lation [17-19].

2 Materials and methods
2.1 Animal preparation

This study was approved by the Institutional Ethics Com-
mittee (Committee on Animal Research, Hamamatsu
University School of Medicine, Hamamatsu, Japan).
Twenty-four swine (body weight range: 24.5-26.9 kg,
mean = SD = 25.3 £ 0.6 kg) were used in the study.
General anesthesia was achieved by isoflurane inhalation
(5 %) in oxygen at 6 L/min, using a standard animal mask.
After tracheostomy with regional anesthesia, anesthesia was
maintained with a 2 % inhalational concentration of isoflu-
rane and an oxygen-air mixture (oxygen : air = 1 : 1 L/min)
via mechanical ventilation to keep a constant anesthetic
depth throughout the study [20]. Exhalation gases were
analyzed using a Capnomac Ultima (ULT-V-31-04, Datex-
Ohmeda, Helsinki, Finland). A ventilator was set to keep
end-tidal carbon dioxide between 35 and 45 mmHg during
the animal preparation period and this setting was main-
tained throughout the study. Lead II of an electrocardiogram
was monitored with three cutaneous electrodes. A pul-
monary artery catheter (5 F, 4 lumen, Nihon Kohden, Tokyo,
Japan) and a central venous catheter (16 gauge) were inserted
via the right jugular vein and a catheter (16 gauge) was
placed in the right femoral artery. All catheters were placed
under local anesthetic. The blood temperature of the swine
was maintained at 37.5-38.5 °C with heating lamps
throughout the study. After these preparation steps, NIRS
monitoring (NIRO-200, Hamamatsu Photonics, Hamamat-
su, Japan) was started bilaterally by preparing the skin over
the fronto-occipital regions and positioning electrodes. The
TOI and normalized tissue hemoglobin index (n'THI) were
collected electronically at intervals of 10 s using spatially
resolved spectroscopy, which is not influenced by the scalp
or surface area [21].
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2.2 Experimental protocol

The experimental protocol is shown in

Fig. 1. After completion of animal preparation, baseline
measurements were taken after a 20 min stabilization period.
Animals were randomly assigned to the landiolol group (body
weight range: 24.5-26.1 kg, mean £+ SD = 25.2 4+ 0.5 kg)
and esmolol group (body weight range: 24.6-26.9 kg,
mean £ SD = 254 %+ 0.6 kg). Landiolol or esmolol was
administered with an infusion pump via a central venous
catheter at a rate of 40 pg/kg/min for 20 min, increased to a
rate of 200 pg/kg/min for 20 min, and then stopped. The
landiolol doses were determined based on our previous swine
studies [22, 23] and the same doses were used for esmolol.
Hemodynamic variables [heart rate (HR), mean arterial
pressure (MAP), and CO], arterial blood analysis (pH, PCO,,
PO,, hematocrit and O, content), and NIRS values (TOI and
nTHI) were recorded just before the start of 3 blocker infusion,
after 20 min of 40 pg/kg/min infusion, after 20 min of
200 pg/kg/min infusion, and 20 min after stopping infusion.
Hemodynamic variables except CO were also recorded at
intervals of 1 min throughout the study. CO was determined
with a thermodilution computer (Cardiac Output Computer,
MTC6210, Nihon Kohden, Tokyo, Japan) using 5 ml of cold
5 % glucose injected into the right atrium. CO measurements
were performed four times at each time point and the mean of
the last three values was recorded. After these measurements,
600 ml of blood (approximately 33 % of estimated total blood
volume; estimated total blood volume (ml) = 70 x 25 kg =
1,750 ml) was removed for 20 min via the arterial catheter
and then the same volume of hydroxyethylstarch was infused
for 20 min via the central venous catheter (33 % hemodilu-
tion). After a further 20 min stabilization period, each
blocker was administered and measurements were obtained as
described above. Finally, a further 600 ml of blood was re-
moved for 20 min via the arterial catheter and the same vol-
ume of hydroxyethylstarch was infused for 20 min via the
central venous catheter (66 % hemodilution). After another
20 min stabilization period, each [ blocker was administered

600 ml 600 ml
hemorrhage and hemorrhage and
(ug/kg/min) HES infusion HES infusion
X Fy
Landiolol
or
Esmolol

40
0 L
| 2% Isoflurane (+ O, 1 L and Air 1 L) |

RN RN b

Before 33% 66%
hemodilution hemodilution hemodilution

»
>

Blood and
hemodynamic
measurements

Fig. 1 Experimental protocol after animal preparation. HES hydroxyethyl-
starch
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and measurements were performed for a third time, again as
described above.

2.3 Cerebral oxygenation measurements

TOI and nTHI were continuously measured by spatially re-
solved spectroscopy using a standard procedure with the
NIRO-200 system (Hamamatsu Photonics). This form of
spectroscopy uses continuous wave light emission coupled
with light detectors at multiple distances. The NIRO-200
system transmits light at three wavelengths in the near in-
frared range (775, 810 and 850 nm), delivered via a fiber
optic bundle terminating in an emission probe. A detection
probe positioned 4 cm from the emission probe incorporates
two aligned photographic detectors, which are separated by
4 mm. The emission and detection probes were fixed in a
black rubber holder as a NIRO-200 probe and placed over the
fronto-occipital regions bilaterally and covered with opaque
dressing. Bilateral NIRO-200 probes were combined with
measuring units connected to the NIRO-200 display unit.
Spatially resolved spectroscopy measurements were made
using slopes of the near infrared light attenuation versus the
distances of the two detectors from the emission probe. By
fitting these data to a modified diffusion equation describing
light transport in tissue, the ratio of concentrations of oxy-
hemoglobin to total hemoglobin and the percentage change
in the amount of initial hemoglobin (reflecting the change in
regional blood volume), and hence the absolute average TOI
and nTHI, were computed continuously [24, 25].

Table 1 Hemodynamic variables in the landiolol group

2.4 Statistical analysis

Data are expressed as mean values £ SD. Statistical analysis
was performed using StatView 5.0 for Windows (Abacus
Concepts, Berkeley, CA). Hemodynamic and arterial blood
analysis variables and TOI and nTHI for each 3 blocker dose
in all hemodilution stages and for each hemodilution stage at
all B blocker doses were analyzed by repeated-measures one-
way analysis of variance (ANOVA). If the ANOVA was
significant, a Scheffe F-test for multiple comparisons was
performed. Percentage changes in HR, MAP, CO and bilat-
eral vertex TOI from the respective values before 3 blocker
infusion were calculated. Values obtained with landiolol and
esmolol at the same [ blocker dose and same hemodilution
state were compared by unpaired ¢ test. P values <0.05 were
considered to be significant.

3 Results

Averaged hemodynamic variables in the landiolol and esmolol
groups are shown in Tables 1 and 2, respectively. Before he-
modilution, esmolol decreased HR, MAP and CO, whereas
landiolol did not decrease MAP. Stopping infusion for 20 min
reversed these changes. At 33 and 66 % hemodilution, both
drugs decreased HR, MAP and CO in a dose-dependent man-
ner. These changes tended to recover after stopping infusion,
but the values did not return to those before administration.
Hemodilution produced compensatory increases in HR and

Before hemodilution 0 pg/kg/min 40 pg/kg/min 200 pg/kg/min Off
HR (beats/min) 104 + 15 90+ 9 84 £ 7% 97 + 14*
MAP (mmHg) 60 + 9 56 + 4 60 + 8 62+9
CO (L/min) 24+04 21+03 20+ 03 23403
33 % hemodilution
HR (beats/min) 121 + 16' 96 + 9* 86 + 8% 99 + 12%
MAP (mmHg) 72 £ 97 61 + 10* 55 + oxf 56 + 8
CO (L/min) 3.6 £ 04' 2.8 £ 0.3* 2.3 £ 0.2+™ 2.6 + 0.3*
66 % hemodilution
HR (beats/min) 131 + 197 96 + 12% 85 + 11%* 104 + 14%
MAP (mmHg) 59 + 7 45 £ 9%7 40 + 8 1 45 + g1
CO (L/min) 3.6 + 04 2.7 + 0.5% 2.3 + 0.5% 2.7 + 0.5%

Data are expressed as mean values £ SD

HR heart rate, MAP mean arterial pressure, CO cardiac output
* Significant difference versus each variable at 0 pg/kg/min

T Significant difference versus each variable at 40 pg/kg/min
i Significant difference versus each variable at 200 pg/kg/min

# Significant difference versus all other variables for same hemodilution condition

' Significant difference versus each variable before hemodilution at same B blocker dose

¥ Significant difference versus all other variables at same B blocker dose
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Table 2 Hemodynamic variables in the esmolol group

Before hemodilution 0 pg/kg/min 40 pg/kg/min 200 pg/kg/min Off
HR (beats/min) 106 + 18 99 + 12 91 + 11* 102 + 12
MAP (mmHg) 67 + 6 67 + 8 65 + 8" 69 +£9
CO (L/min) 26+ 04 25403 23 + 0.3% 26+ 03
33 % hemodilution
HR (beats/min) 125 + 14! 109 + 11% 96 + 9% 111 + 11%#
MAP (mmHg) 74 £ 77 67 £ 7% 62 + 5% 64 + 4%
CO (L/min) 3.6 +04' 3.1 £ 0.3% 2.5+ 03" 2.8 £ 0.5"
66 % hemodilution
HR (beats/min) 140 + 147 121 + 121 104 + 12*7 122 + 17%1
MAP (mmHg) 62 +7 56 + 5% 46 + 9*7 52 + 10%7
CO (L/min) 40+ 0.5 3.5 £ 0.3%7 2.7 + 0.4%7 3.0 + 0.6%

Data are expressed as mean values &+ SD

HR heart rate, MAP mean arterial pressure, CO cardiac output

* Significant difference versus each variable at 0 pg/kg/min

# Significant difference versus all other variables for same hemodilution condition

' Significant difference versus each variable before hemodilution at same esmolol dose

7 Significant difference versus all other variables at same esmolol dose

CO, and both drugs attenuated these hemodynamic responses ~ TOI are shown in Figs. 2 and 3, respectively. Hemodilution
and decreased MAP in a dose-dependent manner. decreased hematocrit and O, content by almost two-thirds

Averaged arterial blood analysis variables and TOI and  at 33 % hemodilution and by another one-third at 66 %
nTHI values with landiolol and esmolol are shown in  hemodilution. Bilateral TOI changed similarly in both
Tables 3 and 4, respectively, and individual changes in  groups, with TOI values in the left vertex tending to be

Table 3 Arterial blood analysis variables and TOI and nTHI values in the landiolol group

Before hemodilution 0 pg/kg/min 40 pg/kg/min 200 pg/kg/min Off
pH 7.44 £ 0.03 7.45 + 0.03 7.46 + 0.03 7.46 + 0.02
PCO, (mmHg) 372432 362+ 1.8 355420 36.3 + 2.2
PO, (mmHg) 176 + 36 190 + 37 207 + 37 193 + 35
Hematocrit (%) 29+ 2 29 +2 29 +2 30 +2
0, content (mL/dL) 132 + 0.7 132 + 0.7 134 + 0.7 13.5 £ 0.7
TOlgign: (%) 61.1 £29 61.1 £2.9 62.6 + 3.7 65.6 + 3.2%
NTHIg;gn 1.0+ 0.1 1.1+0.1 1.1+0.1 1.1+0.1
TOI o, (%) 594 + 54 599 +39 60.8 & 4.1 64.7 + 48"
nTHI, g, 1.0 + 0.1 1.0 £0.1 1.0 £02 1.1 +£02
33 % hemodilution
pH 7.47 £ 0.03 7.49 4+ 0.03 7.50 + 0.03 7.50 + 0.04
PCO, (mmHg) 373426 351422 350+ 1.9 350 + 2.4
PO, (mmHg) 197 + 37 208 + 38 214 + 41 209 + 48
Hematocrit (%) 17+1 17 £ 1 19+ 1 19+ 1'
0, content (mL/dL) 7.8 £ 0.5' 8.0 £ 0.5' 8.5 + 0.6 8.9 + 0.6
TOlkign (%) 68.0 & 3.8' 64.1 + 3.2% 63.2 & 3.2% 66.4 + 3.5M
nTHIign 0.9 +0.1' 0.9 £ 0.1' 0.9 £ 0.1' 0.9 £ 0.1'
TOI ot (%) 66.2 + 4.1 62.9 + 3.4% 62.5 & 3.7* 63.8 &+ 4.2
nTHI o 0.9 + 0.1 0.9 +0.2' 0.9 +0.2' 0.9 + 02
66 % hemodilution
pH 7.48 + 0.05 7.51 £+ 0.04 7.51 £ 0.05 7.50 + 0.06
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Table 3 continued

Before hemodilution 0 pg/kg/min 40 pg/kg/min 200 pg/kg/min Off
PCO, (mmHg) 36.4 + 3.3 342 £ 3.0 33.8 +£2.7 343 + 28
PO, (mmHg) 216 + 47 231 + 34 225 + 33 222 + 44
Hematocrit (%) 11+1" 11+17 11+17 12+17
0, content (mL/dL) 5.1 + 047 5.3+ 0.57 5.4 + 0.67 5.5+ 0.6
TOlgign (%) 67.8 £ 4.0 63.9 £ 5.1% 61.3 + 6.0 66.1 £+ 5.7
nTHIgign( 0.7 £0.17 0.7 +0.17 0.7 +0.17 0.7 £ 0.17
TOI or, (%) 64.4 + 4.1 59.0 + 6.7* 57.0 + 7.8%! 615+ 7.1%
nTHI; o 0.7 £0.17 0.7 £ 0.17 0.7 £ 0.17 0.7 + 0.1

Data are expressed as mean values £ SD

TOlRigh or Lef: tissue oxygenation index of the right or left vertex, n"THIRigh or Lefe NOrmalized tissue hemoglobin index of the right or left vertex
* Significant difference versus each variable at 0 pg/kg/min

T Significant difference versus. each variable at 40 pg/kg/min

i Significant difference versus each variable at 200 pg/kg/min

# Significant difference versus other variables for same hemodilution condition

: Significant difference versus each variable before hemodilution at same landiolol dose

I Significant difference versus each variable at 33 % hemodilution at same landiolol dose

Y Significant difference versus other variables at same landiolol dose

Table 4 Arterial blood analysis variables and TOI and nTHI values in the esmolol group

Before hemodilution 0 pg/kg/min 40 pg/kg/min 200 pg/kg/min Off
pH 7.45 + 0.04 7.46 + 0.04 7.48 £ 0.04 7.47 + 0.05
PCO, (mmHg) 39.5 4+ 2.8 39.0 + 2.5 37.8 £ 3.0 38.6 + 3.5
PO, (mmHg) 198 + 47 214 + 43 215 + 51 199 + 46
Hematocrit (%) 31 +£2 31 +2 31+2 31+2
0, content (mL/dL) 13.9 + 1.0 14.0 £ 1.0 142 + 1.1 142 + 1.1
TOlgign (%) 59.5 4+ 4.2 60.7 + 4.0 60.6 + 3.8 63.3 + 4.8"
NTHI;gn 1.0 £ 0.0 1.1+0.1 1.1 £0.1 1.1+0.1
TOI o (%) 56.2 + 3.9 58.0 + 3.6 58.0 £ 2.9 61.0 + 3.9%
nTHI; o 1.0 + 0.0 1.1+0.1 1.1+0.1 1.1+0.1
33 % hemodilution
pH 7.47 £ 0.04 7.48 £ 0.03 7.50 £ 0.03 7.50 £ 0.03
PCO, (mmHg) 40.1 £ 3.5 40.1 £ 1.6 38.0 £ 2.2 387+ 2.8
PO, (mmHg) 195 + 47 201 + 43 217 + 42 200 + 46
Hematocrit (%) 18 £ 1' 19 + 2! 20 + 2 21 £ 1
0, content (mL/dL) 82+ 0.5 8.8 £0.7' 93+0.8 9.6 £ 0.7
TOlign: (%) 63.7 £ 3.9' 61.7 + 3.4% 59.6 + 3.3% 63.9 + 4.0
NTHIgign 0.9 + 0.1 0.9 +0.1' 0.9 +0.1' 0.9 + 0.1
TOI or (%) 60.1 + 3.8' 58.6 + 3.9 57.0 + 4.9% 60.5 £ 3.4%
nTHI of 0.9 £ 0.2' 0.9 £+ 0.2' 0.9 £+ 0.2' 0.9 + 0.2'
66 % hemodilution
pH 7.48 + 0.05 7.49 + 0.05 7.52 4+ 0.05 7.50 & 0.04
PCO, (mmHg) 405 + 3.6 40.0 + 3.8 37.6 + 39 387 4+ 3.7
PO, (mmHg) 209 + 34 218 + 32 227 + 31 216 + 39
Hematocrit (%) 12+1" 12+ 17 12+ 1" 13+ 17
0, content (mL/dL) 5.4 + 04" 57+ 05" 5.8 + 04" 6.1 +£ 047
TOlign: (%) 63.5 + 3.5' 60.1 + 3.2% 56.0 + 4.2%7 60.4 + 5.4%
NTHIRign 0.7 £0.17 0.7 £0.17 0.7 £0.17 0.7 £0.17
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Table 4 continued

Before hemodilution 0 pg/kg/min 40 pg/kg/min 200 pg/kg/min Off
TOIp g (%) 60.3 &+ 3.7' 57.9 + 4.1 54.1 £ 5.4 57.0 & 5.4%
nTHI; ¢ 0.7 £ 0.27 0.7 £ 0.27 0.7 £ 0.27 0.7 4+ 0.2

Data are expressed as mean values £ SD

TOlRigh or Lef: tissue oxygenation index of the right or left vertex, n"THIRigh; or Lefe NOrmalized tissue hemoglobin index of the right or left vertex

* Significant difference versus each variable at 0 pg/kg/min
T Significant difference versus each variable at 40 pg/kg/min
i Significant difference versu each variable at 200 pg/kg/min

# Significant difference versus other variables for same hemodilution condition

: Significant difference versus each variable before hemodilution at same esmolol dose

7 Significant difference versus other variables at same esmolol dose

Left vertex

Right vertex

0 40 200

Fig. 2 Individual changes in
tissue oxygenation index (TOI) Landiolol
in the landiolol group. The bold
line with open circles shows the :
mean and SD |
|
|
|
: Before
I hemodilution
|
|
|
|
|
|
| _________
|
|
|
|
|
|
I 33%
| hemodilution T
| 50
|
|
|
|
I
|
|
|
|
|
|
: 66%
| hemodilution
|
|
|
|
|
|

smaller than those in the right vertex. Before hemodilution,
B blockers did not change TOI, but TOI increased after
infusion was stopped. After hemodilution,  blockers de-
creased TOI and dose dependency was observed at 66 %
hemodilution in the landiolol group, and at 33 and 66 %
hemodilution in the esmolol group. Stopping landiolol
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0 40 200 off
Landiolol (pug/kg/min)

returned each TOI value to that before infusion. However,
TOI did not return to the value before infusion after stop-
ping esmolol at 66 % hemodilution. Hemodilution de-
creased nTHI and the extent of the change depended on the
severity of hemodilution, but B blockers did not change

nTHI
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Fig. 3 Individual changes in
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Percentage changes in hemodynamic variables from each
value before B blocker infusion are shown in Fig. 4. He-
modynamic changes induced by landiolol and esmolol after
hemodilution were greater than those before hemodilution:
200 pg/kg/min landiolol decreased HR, MAP and CO by 18,
—1 and 15 % compared to the respective pre-administration
values before hemodilution; by 28, 23 and 34 % at 33 %
hemodilution; and by 33, 33 and 35 % at66 % hemodilution;
and 200 pg/kg/min esmolol decreased these values by 14, 2
and 11 % before hemodilution; by 24, 16 and 32 % at 33 %
hemodilution; and by 25, 25 and 31 % at 66 % hemodilution.
Landiolol induced greater changes in HR than esmolol, with
40 pg/kg/min landiolol (13 £+ 8 % decrease) having almost
equivalent potency to 200 pg/kg/min esmolol (14 + 8 %
decrease) before hemodilution.

Percentage changes in bilateral TOI from each value before
B blocker infusion are also shown in Fig. 4. Decreases in TOI
induced by landiolol and esmolol after hemodilution de-
pended on the severity of hemodilution: 200 pg/kg/min lan-
diolol decreased TOI in the right and left vertex by 7 and 5 %

0 40 200 off 0 40 200 off

Esmolol (ug/kg/min)

at 33 % hemodilution, and by 10 and 11 % at 66 % he-
modilution; and 200 pg/kg/min esmolol decreased TOI in the
right and left vertex by 6 and 5 % at 33 % hemodilution, and
by 12 and 10 % at 66 % hemodilution. There were no sig-
nificant differences in the % changes in bilateral TOI induced
by the two drugs.

4 Discussion

This study shows that short-acting B blockers reduce
cerebral oxygenation during hemodilution, as found pre-
viously for long-acting B blockers. This effect occurs be-
cause short-acting [ blockers reduce compensatory
increases of HR and CO in response to acute hemodilution
and decrease MAP in a dose-dependent manner. Decreases
in TOI induced by B blockers after hemodilution depended
on the severity of hemodilution and the dose of  blockers,
indicating that measurement of TOI using NIRS could be
useful for monitoring of patients receiving B blockade to
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Fig. 4 Percentage changes in
HR, MAP, CO, and bilateral Landiolol Esmolol
vertex tissue oxygenation index
(TOI) from each value before ) - (ugfkg/min) ) - (ug/kg/min)
infusion of landiolol or esmolol.
HR heart rate, MAP mean
arterial pressure, CO cardiac % changes in
output, TOI Right or Left TOI of HR
the right or left vertex. Asterisk
Significant difference between
h s se of - -
% changes at same dose of e—Before hemodiluion _ o— 33% hemodilution _ &~ 66% hemodilution |
blockers before hemodilution.
Dagger Significant difference ®1 o 0 200 (”Qlok?]ﬁmi“) @1 0 200 (”9’;?;“”)
between % changes at same 20 4 T 20 -
dose of B blockers at 33 % 0 1 < > 0 1 o
hemodilution. Double dagger % changes in = ) 1 ] \é\(j
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blockers at 66 % hemodilution 401 401 T
o——Before hemodilution ~ 0—— 33% hemodilution =~ A~ 66% hemodilution |
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% changes in | -20 ‘\‘ L 20
CcO 1 FTTTESR A 1 )
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TOI et 101 TR w0l T e — >/¢|;
e | S S e T
-201 -201
[ @&—Before hemodilution  o—— 33% hemodilution &~ 66% hemodilution |
I

detect a decrease in cerebral oxygenation during surgery  hemodilution, TOI did not decrease before B blocker in-
associated with major bleeding. fusion [26]. This finding suggests that oxygenation was

Han et al. [15] showed that controlled hypotension (-  maintained by fluid resuscitation using the same volume of
target MAP: 55-65 mmHg) using esmolol decreased  hydroxyethylstarch, which effectively expanded the in-
cerebral oxygen saturation at approximately 30 % acute  travascular volume and induced an approximately 50 %
normovolemic hemodilution in major orthopedic surgery,  increase in CO compared to CO before hemodilution. nTHI
and that this decrease recovered after stopping controlled  reflects the total hemoglobin concentration and is ex-
hypotension. These findings are consistent with our results  pressed relative to an initial value of 1. nTHI before lan-
and suggest that B blocker-induced hypotension during  diolol administration had values of 1, 0.9 and 0.7 before
hemodilution is a potential neurological risk due to the  hemodilution and at 33 and 66 % hemodilution, respec-
decrease in cerebral oxygenation. tively (Tables 3, 4). Assuming no change in hemoglobin

A NIRO monitor was used to measure nTHI and TOI level with hemodilution, the regional blood volume de-
using spatially resolved spectroscopy. Despite aggressive  creased by 10 % from baseline at 33 % hemodilution and
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by 30 % at 66 % hemodilution. However, with landiolol,
hemoglobin actually decreased from 9.8 g/dL before he-
modilution to 5.7 g/dL at 33 % hemodilution and 3.6 g/dL
at 66 % hemodilution, which indicates that the mean re-
gional blood volume increased by 55 % at 33 % he-
modilution and 91 % at 66 % hemodilution, compared to
the volume before hemodilution. We speculate that the
regional blood volume showed a compensatory increase in
response to hemodilution to maintain oxygen delivery.
Both doses of B blockers did not change nTHI, but de-
creased TOI. These findings indicate that landiolol and
esmolol restrict blood inflow and outflow to the brain
(assuming only inflow or outflow restriction, nTHI de-
creased or increased, indicating ischemia or congestion)
and decrease the ratio of the concentration of oxyhe-
moglobin to that of total hemoglobin.

In this study, it was unclear if the decrease in TOI would
reach a critical level for inducing cerebral injury. In a
swine study of cardiopulmonary bypass (hematocrit 20 %),
Hagino et al. [27] showed that animals with an average
TOI < 55 % had cerebral injury, as evaluated using a
neurologic deficit scale and histologic assessment, whereas
animals with average TOI > 55 % showed minimal or no
evidence of injury. Our results showed that this threshold
was reached in one animal with landiolol and three with
esmolol at 33 % hemodilution (hematocrit 21 %), and five
animals with landiolol group and seven with esmolol group
at 66 % hemodilution (hematocrit 12 %), all at doses of
200 pg/kg/min. We did not perform a histological ex-
amination after the experiments, but these animals might
have been exposed to a critical state inducing cerebral
injury.

Both drugs decreased TOI dose-dependently and to a
similar extent during hemodilution, but careful interpreta-
tion of these results are required. The continuous infusion
dose of landiolol is 1040 pg/kg/min and that of esmolol is
150-300 pg/kg/min in humans, and the inhibitory potency
of landiolol for reversal of an isoproterenol-induced in-
crease in HR is six to eight times greater than that of es-
molol in beagle dogs [28]. In the present study, 40 pg/kg/
min landiolol had almost equivalent potency to 200 png/kg/
min esmolol for decreasing HR before hemodilution,
whereas 200 pg/kg/min esmolol decreased TOI in the right
vertex to a significantly greater extent than 40 pg/kg/min
landiolol at 66 % hemodilution (p = 0.0083). Several
studies of long-acting B blockers have shown that highly
B1-selective agents are advantageous for preserving cere-
bral perfusion during hemodilution and reducing the risk of
stroke due to minimization of the effects of P2-mediated
antagonism of cerebral vasodilation [17—19]. Landiolol is a
highly B1-selective B blocker with a potency ratio ($1/p2)
of 255, compared with 33 for esmolol and 0.68 for pro-
pranolol [16]. Hence, landiolol might have less effect on

cerebral oxygenation than esmolol and further studies are
required to examine this issue.

Several limitations of the study should be addressed.
There was no time-control group for measurements of TOI
in the absence of B blocker infusion to determine the effect
of hemodilution alone. In pilot studies, we found that TOI
did not change for at least 60 min after completion of 33
and 66 % hemodilution alone, but it is possible that the
effect of the B blocker on TOI might include the effect of
hemodilution. In addition, because we did not measure the
concentrations of § blockers, it was unclear whether the 3
blockers reached steady-state concentrations and/or un-
derwent significant elimination after maintaining each dose
for 20 min. Similarly, the half-lives of landiolol and es-
molol are 4 and 9 min, respectively, in humans and the
period without B blocker infusion was 80 min between
each hemodilution stage; hence, the residual B blocker
concentration before each stage was negligible. However,
the impact of blocking the adrenergic input to the cardio-
vascular system might have sustained effects on intracel-
lular signaling pathways. We also note that cerebral
oxygenation was assessed in the bilateral vertex, but not in
other brain regions, and thus the interpretation of the re-
sults may be limited because of the heterogeneity in
metabolic demands in different brain regions [29].

In summary, NIRS could detect the B blocker-induced
decrease in cerebral oxygenation depending on the severity
of hemodilution and/or the dose of B blocker. The clinical
implications are that B blocker-induced decreases in MAP
and CO during hemodilution should be carefully monitored
to prevent cerebral ischemia and that monitoring of cere-
bral tissue oxygenation is important for patients receiving 3
blockade in surgery in which major bleeding is anticipated.
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