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Introduction 

The incidence of neurological dysfunction after cardiac 
surgery or thoracic aortic surgery with cardiopulmonary 
bypass (CPB) is much higher than after general surgery 
[1,2]. To prevent neurological complications, it is impor- 
tant to detect any deterioration in cerebral function and 
oxygenation as early as possible in the perioperative 
period. Accordingly, we noninvasively and continu- 
ously monitored changes in hemoglobin oxygenation 
and in the redox state of cytochrome oxidase (Cyt.aa3) 
in the cerebral cortex by near-infrared spectrophotom- 
etry (NIRS) during aortic arch surgery, and evaluated 
whether or not the level of reduced Cyt.aa3 could 
be used as a real-time indicator of any neurological 
prognosis. 

Methods 

A spectrophotometer (OMl10 NIRS, Shimadzu, 
Kyoto, Japan) was used, following previously published 
analytical procedures [3-5]. After induction of anesthe- 
sia, but before any surgical procedure, two probes 
(light source and detector) were placed 4cm apart on 
the lateral forehead. This enabled us continuous mea- 
surement by NIRS in the brain cortex of relative 
changes in the concentration of oxygenated hemo- 
globin (Oxy-Hb) and deoxygenated hemoglobin 
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(Deoxy-Hb) and of the redox state of cytochrome oxi- 
dase (Cyt.aa3). 

Deep body temperature of the forehead was continu- 
ously monitored by a deep body temperature monitor 
(Coretemp, CTM-204, Terumo, Tokyo, Japan) placed 
on the forehead. 

Case reports 

Two patients, a 67-year-old man and a 63-year-old 
woman, underwent aortic dissection (DeBakey type I). 
The transverse aortic arch was repaired following car- 
diopulmonary bypass (CPB) and separate cerebral per- 
fusion (SCP) under profound hypothermia. Anesthesia 
was induced and maintained with isoflurane and 
fentanyl in both cases. Figure 1 shows the relative 
changes in Oxy-Hb, Deoxy-Hb, and the redox state of 
Cyt.aa3 at the initiation of CPB and SCP in case 1. The 
immediate decrease in Oxy-Hb at the beginning of CPB 
corresponded with an acute hemodilution (hematocrit 
decreased from 37% to 22%) but, at this time, the redox 
state of Cyt.aa~ did not change. After the carotid artery 
was clamped, Oxy-Hb decreased further, and oxidized 
Cyt.aa3 decreased rapidly. Following the start of SCP 
(blood temperature was maintained at 14~ Oxy-Hb 
and oxidized Cyt.aa3 started to increase, while Deoxy- 
Hb was gradually decreased. After gradual rewarming, 
the rectal temperature reached 32~ but the blood tem- 
perature in the SCP still remained at around 20~ The 
relative changes in Oxy-Hb, Deoxy-Hb and Cyt.aa3 af- 
ter termination of SCP in cases 1 and 2 are shown in 
Figs. 2 and 3. Oxy-Hb and oxidized Cyt.aa3 fell rapidly 
after SCP was replaced by systemic perfusion but, in 
case 1, Cyt.aa3 gradually reverted to the baseline value 
within 2 h (Fig. 2). This patient emerged from anesthesia 
uneventfully. On the other hand, in case 2, the hemat- 
ocrit value was increased from 20% to 26%, Oxy-Hb 
reverted to its baseline level, Deoxy-Hb was gradually 
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Fig. 1. Changes in Oxy-Hb, Deoxy-Hb, 
Cyt.aa3, rectal temperature, and deep body 
temperature of the forehead at the ini- 
tiation of CPB and SCP, and during 
CA clamp in case 1. Oxy-Hb, oxygenated 
hemoglobin; Deoxy-Hb, deoxygenated 
hemoglobin; Cyt.aa3, cytochrome oxidase; 
CPB, cardiopulmonary bypass; SCP, sepa- 
rate cerebral perfusion; CA, carotid artery; 
OD, optical density. Upward deflections 
indicate: in Oxy-Hb and Deoxy-Hb, an in- 
crease in relative concentration; in Cyt.aa3, 
an increase in oxidation form 
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Fig. 2. Changes in Oxy-Hb, Deoxy-Hb, 
Cyt.aa3, rectal temperature, and deep body 
temperature of the forehead after termina- 
tion of SCP and CPB in case 1. Oxy-Hb, 
oxygenated hemoglobin; Deoxy-Hb, 
deoxygenated hemoglobin; Cyt.aa3, cyto- 
chrome oxidase; CPB, cardiopulmonary by- 
pass; SCP, separate cerebral perfusion; OD, 
optical density. Upward deflections indicate: 
in Oxy-Hb and Deoxy-Hb, an increase in rela- 
tive concentration; in Cyt.aa3, an increase in 
oxidation form 

increased, and the hemodynamic state was stable, while 
oxidized Cyt.aa3 continued to fall and never recovered 
(Fig. 3). This patient suffered from severe brain damage 
after surgery. 

Discussion 

Despite the many improvements in cardiopulmonary 
bypass technology and in surgical and anesthetic meth- 
ods, it remains likely that all patients undergoing car- 
diac or thoracic aortic surgery suffer some degree of 
injury to the nervous system. The incidence of brain 

damage after repair of the transverse aortic arch has 
remained relatively high, a major cause of morbidity 
after such surgery being brain damage due to cerebral 
ischemia and hypoxia [6,7]. Therefore, maintaining 
adequate flow, pressure, and temperature in the CPB or 
SCP are the most important factors in preventing neu- 
rological complications. NIRS was recently proposed 
for the continuous and noninvasive monitoring of 
changes in hemoglobin oxygen saturation and the redox 
state of Cyt.aa3 in the cerebral cortex [8]. Both hemo- 
globin and Cyt.aa3 have a broad absorption band in the 
near-infrared region [9,10] and light in this region easily 
penetrates biological tissues. Cyt.aas is a terminal 
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Fig. 3. Changes in Oxy-Hb, Deoxy-Hb, 
Cyt.aa3, rectal temperature, deep body 
temperature of the forehead, and systemic 
blood pressure after termination of SCP 
and CPB in case 2. Oxy-Hb, oxygenated 
hemoglobin; Deoxy-Hb, deoxygenated 
hemoglobin; Cyt.aa3, cytochrome oxidase; 
CPB, cardiopulmonary bypass; SCP, sep- 
arate cerebral perfusion; BP, systemic 
blood pressure; OD, optical density. Up- 
ward deflections indicate: in Oxy-Hb and 
Deoxy-Hb, an increase in relative concen- 
tration; in Cyt.aa3, an increase in oxidation 
form 

enzyme of the respiratory chain which catalyzes appro- 
ximately 95% of all 02 utilization. Furthermore,  as 
repor ted  by Tamura et al. [11], Pcr/Pi measured by 
N M R  simultaneously decreases with the reduction of 
Cyt.aa3 measured by NIRS under hypoxic conditions. 
For  this reason, monitoring of the oxidation-reduction 
state of Cyt.aa3 provides information about the cerebral 
oxygen metabolism and energy storage. However,  the 
accuracy of the measurement of the redox state of 
Cyt.aa3 remains controversial because of many remain- 
ing problems with the methods, especially any algo- 
ri thm containing a constant value for the absorption 
coefficient of Cyt.aa 3, which is not constant but varies 
with the energy levels [12]. We used new methods to 
measure the redox state of Cyt.aa3, thus overcoming 
several technological problems in the measurement  of 
Cyt.aa 3 during hematocrit  values from 5% to 45% [4]. 
In our two cases, hemodilution (hematocrit values 
15%-35%) during initiation of CPB caused a reduction 
in the cerebral hemoglobin concentration because of 
the decrease in the total hemoglobin concentration, 
which results in changes in the summation of Oxy-Hb 
and Deoxy-Hb.  On the other hand, the redox state of 
Cyt.aa3 did not change, presumably because there was 
sufficient oxygen in the brain tissues. When the carotid 
artery was clamped during insertion or extraction of the 
cerebral perfusion tube, oxidized Cyt.aa 3 decreased 
rapidly because of the occurrence of severe cerebral 
ischemia under  the cessation of cerebral blood flow. 
Cyt.aaa was also reduced during the warming period, 
especially after SCP replaced by systemic perfusion, 
because of a huge increase in cerebral oxygen consump- 
tion (Figs. 2, 3). However,  while the Cyt.aa3 level recov- 

ered in patient 1, a gradual and persistent reduction 
was observed in patient 2, who eventually suffered 
from severe brain damage. From our observations, it 
appears that, while the hemoglobin oxygen saturation is 
an early indicator of cerebral hypoxia-ischemia and 
reflects a change in O2 supply-O2 demand, its level does 
not tell us whether or not the cerebral oxygenation is 
sufficient. On the other  hand, the redox state of Cyt.aa3 
is a critical indicator of cerebral tissue oxygenation 
and energy store and, therefore, monitoring the redox 
state of Cyt.aa3 can serve as an alarm of critical 
levels. 

In summary, in these two cases, changes in the 
redox state of Cyt.aa3 were measured with NIRS during 
aortic arch surgery. A reduction in Cyt.aa3 indicated 
severe cerebral hypoxia or ischemia. These data suggest 
that the level of reduced Cyt.aa 3 could be used as a 
real-time indicator of critical conditions in cerebral 
tissues. 
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