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Results

Systemic effects of hypercapnic acidosis during LPS
infusion

Table | shows the effects of hypercapnic acidosis and
LPS infusion on systemic circulatory and biochemical
parameters versus the sham animals. Hypercapnia group
showed a marked hypercapnic acidosis to match the eri-
teria of this group as described in “Materials and
methods” versus the normocapnia group. By fluid resus-
citation during LPS infusion, mean arterial pressure
(MAP) and heart rate (HR) remained constant throughout
the study period in both normocapnia and hypercapnia
groups, while hypercapnia apparently increased MAP in
sham group possibly through the activation of sympa-
thetic system versus normocapnia. The number of
circulating WBC in LPS-treated animals was significantly
reduced to a similar extent in both study groups versus the
baseline, whereas those in the sham groups remained
constant throughout the study periods. Lactate dehydro-
genase (LDH) activity to reflect the extent of LPS-
induced tissue injury was increased in both the study
groups, but those in normocapnia group were slightly but

significantly higher versus hypercapnia group at 4 h
(P < 0.05), which was comparable to the sham. Simul-
taneously, arterial lactate in normocapnia group was
significantly elevated versus hypercapnia group, indicat-
ing that tissue hypoxia caused by LPS infusion was
reduced by hypercapnic acidosis.

Splanchnic effects of hypercapnic acidosis during LPS
infusion

Figure 2 illustrates the changes of pHi, PCO, gap and
portal blood flow at baseline and at 0—4 h of LPS infu-
sion. The pHi values of both normocapnia and
hypercapnia groups were progressively depressed, but the
extent of the latter group was significantly greater versus
the former. PCO, gap in hypercapnia group was signifi-
cantly greater at 2 and 4-h study periods versus
normocapnia group. On the other hand, portal blood flows
in both normocapnia and hypercapnia groups increased at
2 and 4-h study periods compared to the baseline while
the latter was increased significantly greater at 4 h versus
the former.

Table 1 Effects of hypercapnic acidosis and lipopolysaccharide (LPS) infusion on systemic circulatory and biochemical parameters

Group Baseline Oh 2h 4 h
Mean arterial pressure (mmHg)  LPS Normocapnia 55+9 54+ 4 53+5 58+ 11
Hypercapnia 58L5 5845 9 12 60 4 10
Sham  Normocapnia 64 £ 1 60 + 13 64 £ 12 67+ 13
Hypercapnia 67 £ 12 71 £ 10 70 £ 19 75 £ 25
Heart rate (beats/min) LPS Narmocapnia 283 4+ 24 2713 £ 35 267 + 21 268 4+ 30
Hypercapnia 275 £ 26 254 £ 27 259 £ 30 258 + 25
Sham  Normocapnia 212 £ 12 280 £ 24 262 +£9 270 +£ 24
Hypercapnia 285 £ 12 287 £ 33 27124+ 22 272 £ 37
Arterial pH LPS Normocapnia 742 £ 0.06 743 £ 0.07 740 4 0.05 738 £0.04
Hypercapnia 7.25 & 0.05%= 7.27 & 0.02%* 7.25 £ 0.03** 7.24 £ 0.04**
Sham  Normocapnia 7.40 £ 0,02 741 £+ 0.01 746 + 0.03 7.45 £ 0.02
Hypercapnia ~ 7.22 & 0.07 7.26 + 0.02 7.27 + 003 727 + 0.04
PaCO; (mmHg) LPS Normocapnia 39+ 4 3743 JB8+3 40+3
Hypercapnia 68 & 6** 70 % 57 68 + 5%* 71 £ 5%¢
Sham  Normocapnia 4213 40+ 2 39413 39+3
Hypercapnia T4+£5 T3%5 1247 0£7
White blood cell count (/mm”)  LPS Normocapnia 5,440 + 830 3330 £ 1,4201 1,560 £ 4301 1,870 £ 620§
Hypercapnia 5,530 £ 1,470 3300 £ 1,5601 1,680 £ 930% 2,020 + 1,380%
Sham  Normocapnia 5,450 + 500 5460 + 1,027 5,280 + 1,800 5,360 + 700
Hypercapnia 5,330 £ 2590 5470 + 1,350 6,180 £ 1,500 5,660 £ 1,400
Lactate dehydrogenase (IU/L) LPS Normocapnia 120 £ 36 133 £ 41 174 £ 70 184 £ 94+
Hypercapnia 135 + 31 135 + 31 145 + 20 148 + 22*
Sham  Normocapnia 135 £ 21 145 & 30 139 + 12 141 £ 19
Hypercapnia 124 1 135 £ 7 127 £ 29 132 + 38
Anerial lactate (mmol/L) LPS Normocapnia 29+ 1.0 29 1.6 34 £ 1.1 37+ 14
Hypercapnia 19+ 08 1.8 £ 09 1.9 £ 0.6* 22 09
Sham  Normocapnia 2.1 £05 21415 25108 22+ 1.0
Hypercapnia 1.9 £ 0.6 1.1+ 03 1.2 £ 09 1L7+£12

Baseling = 45 min afier preparatory surgery; 0, 2 and 4 h = study
period during lipopolysaccharide infusion
* P <005, ** P <00l versus Normocapnia

t P <0035, 1P <00l versus Baseline
Data are expressed as mean £ SD. No statistical analyses were
performed berween LPS and Sham



Fig. 2 Changes of intramucosal
pH (pHi), PCO, gap and portal
blood flow during 4-h study
periods, Data are expressed as
mean + SD. Significance:

* P < 0.05 versus normocapnia
group. T P <005, 1 P <00l
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Figure 3 illustrates the changes of plasma FD4 con- between the study groups, both of which appeared to be
centration, wet/dry weight ratio of gut and ileal MPO augmented versus the sham animals.
activity. Plasma FD4 concentration in hypercapnia group,
which was comparable with those in two sham groups
was significantly less versus normocapnia group. Simul- Pulmonary effects of hypercapnic acidosis during LPS
taneously, the wet/dry weight ratio of terminal ileum in infusion
hypercapnia group was significantly lower versus nor-
mocapnia group. However, ileal MPO activity to reflect To verify the effects of hypercapnic acidosis on injured
neutrophil accumulation in the intestinal wall was similar lungs evoked by LPS infusion in this model, we measured

Fig. 3 Changes of plasma FD4
concentrations, wet/dry weight
ratio of terminal ileum and ileal
myeloperoxidase (MPO)
activity. Data are expressed as
mean £ SD. Significance:

* P <005, ** P <0.0] versus
normocapnia group
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(mg/mg-protein)
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Fig. 4 Changes of protein

concentration in

(A) Protein concentration in BALF

(B) Wet/dry weight ratio of lung

bronchoalveolar lavage fluid (mg/ml)
(BALF) and wet/dry weight
ratio of lung. Data are expressed
as mean £ SD. Significance; 20k 8 F
* P < 0.05 versus normocapnia *
group
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the changes of protein concentration in BALF and wet/dry
weight ratio of lung (Fig. 4). We then found that the
protein concentration in BALF was significantly less in
hypercapnia versus normocapnia group, whereas wet/dry
weight ratio of lung was not significantly different
between the groups.

Discussion

The present study indicates that hypercapnic acidosis,
approximately at 70 mmHg of PaCQ,, ameliorates LPS-
induced gut barrier dysfunction associated with the pro-
gression of intramucosal acidosis, and that intramucosal
acidosis per se is not directly associated with deterioration
of mucosal barrier function. In addition, overall tissue and
cellular destruction, including the alterations of micro-
vascular and alveolar permeability in endotoxemia, were
minimized by short-term application of hypercapnic aci-
dosis. These findings bring up a new hypothesis that lung
protective strategy, subsequently inducing hypercapnic
acidosis, could be another approach to prevent bacterial
translocation from gut in critically ill state like
endotoxemia,

To obviate confounding factors such as hypotension
but concurrently to elicit gut mucosal injury, we applied
low-dose endotoxin infusion model of rabbits with
aggressive fluid resuscitation. These animals showed
normotensive hyperdynamic circulatory responses as
previously reported [16] although it remains unclear why
MAP in the LPS-treated animals was kept slightly lower
even at baseline period versus the sham (Table 1).
Besides, progressive reduction of circulating WBC counts
with mild elevation of arterial lactate fit well with the

finding in septic patients who were adequately resusci-
tated [22], suggesting that injected LPS was biologically
active for 4-h study periods. Since hypercapnic acidosis
ameliorated LPS-induced lung injury as shown in the
protein leakage into BALF, our model could be compa-
rable with previous studies, demonstrating protective
property of hypercapnic acidosis on several types of
injured lung [3, 4, 9]. Protective properties of hypercapnic
acidosis on injured organs could be produced by its va-
sodilating and/or anti-inflammatory mechanisms. Tashkin
et al. [23] demonstrated that hypercapnic acidosis caused
a significant vasodilator effect, which was not related to
arterial pH or fl-adrenergic stimulation, on mesenteric
arterial beds depending on the extent of hypercapnia.
Indeed, we found that hypercapnic acidosis augmented
the elevation of portal blood flow evoked by endotoxemia
and fluid resuscitation. Such augmentation of blood flow
to splanchnic area by hypercapnic acidosis might be able
to reduce plasma FD4 concentration and show restoration
of gut mucosal permeability by a simple dilution effect.
However, portal blood flow was augmented to approxi-
mately 20% extent in hypercapnia group, which was
unable to account for a marked increase of FD4 concen-
tration, twice as much as higher versus normocapnia.
Among inflammatory mediators and cells, tissue accu-
mulation of activated neutrophils is a major contributor to
develop gut mucosal injury [14]. Although tissue MPO
activity alone may be insufficient to determine the precise
involvement of activated neutrophils, the data in the LPS-
treated animals showed apparently higher level compared
to the sham group as previously reported in lung injury
maodel [24]). However, it should be noted that the effects
of hypercapnia on neutrophil function in situ such as
phagocytosis and/or bactericidal capacity are not neces-
sarily assessed using MPO activity.



Another important finding of this study was to show
that PCO; gap progressively increased despite an aug-
mentation of portal blood flow in hypercapnia versus
normocapnia group. Paradoxically, arterial lactate in
hypercapnia group was slightly but significantly reduced
at 4-h study period versus the normocapnia group. As
previously documented [25], arterial lactate per se, par-
ticularly in sepsis, does not always mirror the severity of
tissue hypoxia. Although we did not directly assess the
alterations of microvascular blood flow in gut mucosa,
this finding suggests that the amelioration of LPS-induced
gut barrier dysfunction under hypercapnic acidosis was
not caused by the increase of intramucosal blood flow.
High PCO, produces a rightward shift of the oxygen
dissociation curve by increasing P50 value of hemoglo-
bin, resulting in the augmentation of oxygen delivery to
tissues as flow-independent mechanism [26]. While the
exact mechanisms to enlarge PCO. gap remain unclear,
hypercapnic acidosis might be able to redistribute blood
flow to the others from mucosal layer of intestinal wall,
augment intramucosal CO, production and/or produce
progression of intramucosal hypoxia resulting in anaero-
bic glycolysis. In addition, the changes of intracellular pH
exert a variety of actions on ionic conductance of cellular
membranes, thus disturbing electric properties of excit-
able cells [27]. In gut mucosa, these alterations of
membrane potential may be able to make intestinal wall
rigid against macromolecules, i.e.. hypercapnic acidosis
preserves gut mucosal homeostasis possibly through the

modulation of membrane potential rather than the ame-
lioration of intramucosal blood flow.

There are several limitations to interpret the data
herein. Since the results of this study were obtained
during 4 h of acute hypercapnia, prolonged effects remain
to be fully determined. The present study clearly showed
that gut mucosal barrier dysfunction caused by endotoxin
infusion was ameliorated at least within 4 h of moderate
hypercapnia. Second, this endotoxemic model may not be
clinically relevant to mirror septic patients because
hemodynamic parameters such as MAP and heart rate
remained constant throughout the study periods. Although
we did not measure cardiac output directly, increased
portal blood flow up to 30% in normocapnia group sug-
gests that cardiac output in this model was augmented by
infusion of endotoxin and aggressive fluid therapy.
Finally, since enzyme-linked immunoassay kits for many
kinds of inflammatory cytokines are not commercially
available for rabbits, we are unable to examine these
markers, which might be more convincing to elucidate the
mechanisms regarding the modulation of inflammation.

In conclusion, hypercapnic acidosis minimized endo-
toxin-induced gut barrier dysfunction possibly through
neutrophil-independent mechanisms. Lung protective
strategy inducing hypercapnic acidosis may serve to
protect gut barrier function in critically ill patients.
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Abstract

Purpose. The inflammatory response triggered by transfu-
sion is implicated in the pathophysiology of transfusion-related
immunomodulation. The authors hypothesized that two
distinctive autotransfusion methods, acute normovolemic
hemodilution (ANH) and preoperative donation (PD), have
different influences on both inflammatory mediator genera-
tion during storage and the inflammatory response after a
transfusion. The purpose of this study was to compare the
plasma concentrations of neutrophil elastase (NE), interleu-
kin (IL)-6, IL-8, and IL-10 in patients who underwent either
of these two autologous transfusion methods.

Methods. With institutional review board approval, the
plasma concentrations of the above inflammatory mediators
were determined in 23 patients with ANH and 8 patients with
PD at the following time points: after anesthetic induction, at
the end of the operation, and the morning of postoperative
day 1. The concentrations of these inflammatory mediators
were also measured in the donated blood obtained by either
ANH or PD before retransfusion.

Results. The mean storage durations were 3.7 h and 6.1 days
for ANH and PD, respectively. Higher concentrations of NE
and IL-10 were detected in the PD blood than in the ANH
blood. Long duration of storage and/or low temperature may
have been responsible for the increased NE and IL-10 con-
centrations in the PD blood. However, the difference between
the two groups in the extent of increased plasma concentra-
tions of these inflammatory mediators was not statistically
significant.

Conclusion. Inflammatory mediators were significantly
increased in PD blood during storage compared to the blood
obtained by ANH. However, their effects on the inflammatory
response elicited in the recipients were not significantly
different.
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Introduction

The complications of allogeneic transfusions, such as
transfusion-related immunological modulation and the
transmission of infectious agents, are widely acknowl-
edged [1-3]. Biological substances released from blood
components during storage play important roles in these
side effects [4-6]. For example, the cause of the febrile
nonhemolytic transfusion reaction was previously attrib-
uted to the immune system’s reaction against donor
leukocytes. However, several studies have implicated
inflammatory cytokines generated during storage for
this syndrome [7.8]. Furthermore, proteins and lipids
released during storage prime neutrophils and may
result in transfusion-related acute lung injury [9,10]. In
this respect, several studies have compared the genera-
tion of inflammatory mediators during storage and the
reactions of the recipients of autologous and allogeneic
blood transfusions [11-13]. These studies mainly focused
on the difference between preoperative donation (PD)
and allogeneic blood transfusions and concluded that
autologous blood elicited less of an inflammatory
response. However, recent reports have demonstrated
that even PD blood triggers an inflammatory response
in the recipient under certain conditions [14,15]. To
clarify the possible effects of autologous transfusion
on the inflammatory response, we compared the infla-
mmatory response of PD and acute normovolemic
hemodilution (ANH), another method for autologous
transfusion.

The purpose of this prospective, observational study
was to investigate the production of inflammatory medi-
ators in ANH and PD during storage and the subse-
quent inflammatory responses in the transfused hosts.
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Subjects and methods

The institutional review board of Tachikawa Kyosai
Hospital approved the study protocol, and informed
consent from each patient was obtained before the
study started. Consecutive patients undergoing major
abdominal, urological, and orthopedic surgery with
800 ml of ANH or PD at Tachikawa Kyosai Hospital
during a 30-month period were prospectively examined.
Patients who were transfused with less than 800 ml of
autologous blood and those who received concomitant
allogeneic blood products were excluded from the anal-
ysis. The general anesthesia applied to all the patients
was sevoflurane and nitrous oxide.

Autologous transfusion

The inclusion criteria of ANH were as follows: esti-
mated intraoperative blood loss more than 1000 ml and
preoperative hemoglobin (Hb) more than 11 g-dl™.
After the induction of general anesthesia, 800 ml of
autologous blood was drawn into a blood bag contain-
ing citrate-phosphate-dextrose (CPD; Terumo, Tokyo,
Japan) via an intravenous catheter placed in the right
internal jugular vein. After blood collection, 1000 ml of
6% hydroxyethyl starch solution (Saline-Hes HES
70/0.5; Kyorin Pharmaceuticals, Tokyo, Japan) was
administered to maintain normovolemia. The autolo-
gous blood, stored at room temperature, was retrans-
fused to maintain Hb at more than 8gdl™ during
surgery. Other anesthetic management, including fluid
administration, was at the discretion of the attending
anesthesiologist.

In the PD group, orthopedic patients whose estimated
intraoperative blood loss exceeded 1000 ml were
included. Autologous blood (800 ml) was donated
before surgery and was stored in a CPD-containing bag
at 4°C. Patients received supplemental FeSO, and
recombinant human erythropoietin (rhEPO; Daiichi
Pharmaceuticals, Tokyo, Japan). The same anesthetic
management as that in the ANH group was applied,
including the trigger for transfusion of autologous
blood.

Measurements of neutrophil elastase (NE) and
interleukin (11.)-6, IL-8, and IL-10

The sample of donated blood was obtained at the time
of retransfusion. Arterial blood was obtained at the fol-
lowing time points: after anesthetic induction, at the end
of the operation, and the morning of postoperative day
1 (POD 1). All samples were immediately centrifuged
at 4°C and the plasma was stored at —80°C until assay.
Plasma concentrations of the following inflammatory
mediators were assayed with commercially available

Y. Kotake et al.: Inflammation in autologous transfusion

enzyme immunoassay systems: NE, with PMN Elastase
(Merck, Darmstadt, Germany); and IL-6, IL-8, and
IL-10, with Biotrak cytokine human EIA systems
(Amersham, Buckinghamshire, UK). All the assays
were duplicated and averaged data were used in the
subsequent analysis. The clinical presentations of any
types of transfusion reactions were recorded.

Statistical methods

The values for demographic and surgical data were
expressed as means + SD. The values for the concentra-
tions of the inflammatory mediators were expressed as
medians and 25th-75th percentiles. Friedman’s test
assessed changes within the groups. If the P value was
less than 0.05, post-hoc comparisons were performed
for the change from the preoperative value by a two-
tailed Wilcoxon test for pair-wise comparisons. Because
multiple comparisons were required to evaluate statisti-
cally significant change within a group, P < 0.01 was
used. Comparisons between the ANH and PD groups,
were performed with the Mann-Whitney test and differ-
ences were considered significant if the P value was less
than 0.05.

Results

The patient demographics are summarized in Table 1,
There were no significant differences in any parameters
between the two groups. The ANH group (n = 23) con-
sisted of patients who underwent major gastrointestinal
(n=10) and urological (n = 11) surgery for malignancy,
as well as patients who underwent gynecological and
spinal surgery (n = 1 each). The PD group (n = 8) con-
sisted of patients who underwent orthopedic surgery
(spinal or hip replacement surgery).

The mean storage duration of ANH blood and PD
blood was 3.7h and 6.1 days, respectively. All the
donated blood was retransfused and there were no clini-
cally relevant transfusion reactions after retransfusion
in either of the groups.

The concentrations of the inflammatory mediators in
the donated blood at the time of retransfusion are sum-

Table 1. Patient charactenistics
ANH (n =23) PD (n=8)

Age (years) 52312 50+£13
Sex (M/F) 18/5 53

Duration of surgery (min) 327 £ 156 227 + 88
Blood loss (g) 833 + 397 780 + 570
Hb on POD 1 (g-dl™) 11615 1.1 £ 1.0
WBC on POD 1 (mm™) 12160 +£2770 11540 + 1610

Data values are expressed as means £ SD. No significant differences
were found in any of the parameters
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Table 2. Concentrations of inflammatory mediators in the autologous blood

ANH (n=23) PD (n=8)
Neutrophil elastase (ng-ml™) 251 (151-280) 506 (479-633)*
IL-6 (pg-ml™) 49 (23-4.7) 5.3 (2.0-5.5)
IL-8 (pg:ml™) 10.0 (2.8-11.7) 18.1 (8.2-22.0)
IL-10 (pg'ml™) 11.9 (5.9-18.2) 28.0 (11.4-42.6)*

* P <005 vs ANH group

Concentration was determined at the time of retransfusion. Data values are expressed as means

(25th-75th percentiles)
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Fig. 1. The plasma concentrations of neutrophil elastase in
the acute normovolemic hemodilution (ANH) group (n = 23;
open boxes) and PD group (n = 8; shaded boxes) are summa-
rized in this box plot. The median values, 25th-75th percen-
tiles, and 10th-90th percentiles are given. Pre, after anesthetic
induction; Post, at the end of operation; 1POD, the morning
after the operation. *F < 0.01 vs preoperative value with Wil-
coxon rank sum test. No significant differences were noted
between the ANH group and the PD group

marized in Table 2. The concentrations of NE and IL-10
in the donated blood were significantly higher in the PD
group than in the ANH group. However, neither IL-6
nor 1L-8 levels in the donated blood differed between
the two groups.

Changes in the plasma concentrations of the studied
inflammatory mediators during the perioperative period
are summarized in Figs. 1 to 4. There was a significant
increase in the plasma NE concentration on POD 1
compared to the preoperative value in both groups, but
there was no significant difference between the groups
(Fig. 1). Plasma IL-6 also steadily increased immedi-
ately postoperatively and on POD 1 in the ANH group
(Fig.2). In the PD group, it remained unchanged imme-
diately postoperatively, but was significantly increased
on POD 1. Plasma IL-8 was significantly increased
immediately postoperatively in the ANH group (Fig. 3)
and then decreased significantly on POD 1 and returned
to the preoperative level. In the PD group, no signifi-
cant change in plasma IL-B was noted during the study
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Fig. 2. The plasma concentrations of interleukin-6 (/L-6) in
the ANH group (n = 23; open boxes) and PD group (n = 8;
shaded boxes) are summarized in this box plot. The median
values, 25th-75th percentiles, and 10th-90th percentiles are
given, Pre, after anesthetic induction; Posr, at the end of oper-
ation; /POD, the morning after the operation. *P < 0.01 vs
preoperative value with Wilcoxon rank sum test. No signifi-
cant differences were noted between the ANH group and the
PD group

period. The plasma IL-10 level did not change during
the study period in either of the groups (Fig. 4).
Although the changing profiles of these inflammatory
mediators in the two groups were somewhat different
over time, the plasma concentrations of NE, IL-6, IL-8,
and IL-10 at equivalent time points were not signifi-
cantly different between the two groups.

Discussion

This study demonstrated that NE and IL-10 were sig-
nificantly higher in PD blood than in ANH blood (Table
2). This finding indicates that the generation of inflam-
matory mediators is, to some exient, affected by storage
conditions. The risks associated with allogeneic blood
transfusions have been well recognized, and autologous
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(n = 23; open boxes) and the PD group (n = 8; shaded boxes)
are summarized in this box plot. The median values, 25th-75th
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anesthetic induction; Post, at the end of operation; 1 POD, the
morning after the operation. No significant differences were
noted between any time points and the preoperative value,
nor were any significant differences noted between the ANH
group and the PD group

blood transfusion is now widely preferred [16]. One of
the major advantages of autologous transfusion is that
it causes less of a proinflammatory response when com-
pared to allogeneic blood transfusions.

Recently, much attention has focused on the accumu-
lation of inflammatory mediators during the retrieval
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and storage of donated blood. Possible relationships
between the accumulation of inflammatory mediators
and the side effects of blood transfusions, such as non-
hemolytic febrile reaction, transfusion-related lung
injury, and multiple organ failure after a massive trans-
fusion have been investigated. For example, several
studies have reported increased concentrations of NE,
IL-1P, IL-6, and IL-8 during storage [17-20]. Addition-
ally, Biedler et al. [13] reported that banked whole
blood had an immunosuppressive effect that was largely
attributable to storage-dependent factors. Jensen et al.
[4] reported an increased IL-6 concentration 3 days
after colorectal surgery in patients who underwent allo-
geneic transfusion, and they noted that the increase was
attenuated by leukocyte depletion before storage.

Because these findings suggest that the presence of
leukocytes during storage significantly augments the
inflammatory response, leukocyte depletion in autolo-
gous transfusion may have the potential to attenuate the
inflammatory response. Additionally, the storage dura-
tion is obviously longer in PD blood than in ANH blood.
This storage period may have a significant impact on the
transfusion-related inflammatory response. Recent
investigations, which have reported that the prolonged
storage of allogeneic blood might increase morbidity,
may support this possibility [21-23]. The temperature
during storage may also affect the inflammatory
response. ANH blood is typically stored at room tem-
perature in order to preserve platelet function [24,25].
Based on these possibilities, we hypothesized that the
methods of autologous transfusion may affect the peri-
operative inflammatory response, because different
storage durations and conditions may cause a distinct
pattern of inflammatory mediator generation.

We found no differences in the IL-6 and IL-8 concen-
trations in the stored blood between our two groups.
These cytokines are, presumably, released from the
neutrophils and monocytes contained in the stored
blood. Kristiansson et al. [18] reported increased con-
centrations of these cytokines in red blood cell concen-
trates during storage. Interestingly, they reported that
the increase of IL-6 was independent of the length of
storage, but the increase of 1L-8 was dependent on the
length of storage. In contrast, we found that the IL-10
concentration in the PD blood increased significantly
during storage (Table 2). Hodge et al. [26] reported that
IL-10 production during storage was decreased at room
temperature and increased at 4°C. Our data correspond
with their conclusion that temperature plays an impor-
tant role in IL-10 production during storage.

The plasma concentrations of the investigated cyto-
kines increased at some points of measurement in each
study group, as shown in Figs. 1 through 4. However,
there were no significant differences in the plasma con-
centrations of IL-6, IL-8, and TL-10 between the two
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groups. Additionally, there was no apparent relation-
ship between the concentration in the stored blood and
the plasma sampled from the patients. Avall et al. [12]
found that patients who were transfused with PD blood
demonstrated higher IL-6 and IL-8 concentrations in
plasma than patients who received allogeneic blood
transfusion. They concluded that an attenuated cyto-
kine response to allogeneic transfusion was a sign of
immunosuppression. Heiss et al. [11] reported a signifi-
cant increase in plasma IL-10 after an allogeneic trans-
fusion but not after an autologous transfusion in patients
undergoing colorectal cancer surgery. Tylman et al. [27]
reported that reinfusion of salvaged blood resulted in
an increased plasma IL-10 concentration. These results
suggest that the difference between PD and ANH had
less of an impact on the transfusion-triggered inflamma-
tory response compared to allogeneic transfusion or the
reinfusion of salvaged blood.

There are some limitations in the present study. First,
the present study population varied in terms of back-
ground and surgical procedure. These differences were
mainly caused by the fact that the decision to apply
autologous transfusion was at the discretion of the sur-
geons and was based on their clinical preferences. These
differences make the interpretation of the data some-
what difficult. The different baseline characteristics of
the subjects, especially the presence of malignancy, may
have affected the results. Previous investigations have
demonstrated that preoperative values of the inflamma-
tory cytokines that we investigated were similar in
patients undergoing either surgery for cancer removal
or orthopedic reconstructive surgery [4,11,12,27).
However, it is still possible that the transfusion-related
inflammatory response was actually less in our ANH
group, but the difference may have been undetected
due to the influence of a more stressful surgical proce-
dure in the ANH group. Second, the numbers of par-
ticipants in the two groups were small and unevenly
distributed. Because the cytokine concentrations were
not normally distributed, formal power analysis was not
feasible for our study. However, we do not think that
increasing the number of participants would drastically
change the results. Third, other medications may also
affect the inflammatory response. For example, eryth-
ropoietin [28] and FeSO, [29] were administered to the
PD group, while HES 70/0.5 was infused to maintain
normovolemia in the ANH group. Thus, the anti-
inflammatory properties of the HES solutions may have
contributed to the results [30]. However, the prepara-
tions used in the present study have characteristics dif-
ferent from those of commonly used HES preparations,
such as HES 130/0.4 or 200/0.5,so this possibility remains
to be clarified [31]. Despite these limitations, the present
study provided previously unknown information about
the differences in inflammatory mediator generation
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during storage and the inflammatory response elicited
in the recipients of PD blood and ANH.

In conclusion, this study demonstrated higher NE and
IL-10 concentration over time in predonated autolo-
gous blood than in instantaneous autologous blood
obtained by normovolemic hemodilution. This differ-
ence may be related to the differences in storage condi-
tions between the two methods. However, the plasma
concentrations of these inflammatory mediators were
not different between the study groups after retransfu-
sion, indicating that the inflammatory response was not
affected by the method of autologous transfusion.
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Abstract

Purpose. The recruitment maneuver (RM) has been shown
to improve oxygenation for post-cardiopulmonary bypass
(CPB) patients; however, sustained inflation of the lung gives
rise 1o hypotension. The primary goal of our study was to
evaluate the safety and efficacy of our proposed RM, defined
on the basis of dynamic lung compliance (Cdyn).

Methods. Twenty-eight patients undergoing elective cardiac
surgery with CPB were assigned to two treatment groups: an
individualized RM group, in which a pressure equal to 15 ml
* real body weight/Cdyn + positive end-expiratory pressure
(PEEP) cmH,0 was applied for 15 s; and a control RM group,
in which a pressure of 20 emH,O was applied for 25 s. Arterial
blood pressure, cardiac output, pulmonary artery pressure,
and heart rate (HR) were monitored. Tidal volume (V1), and
airway pressure were continuously obtained from an expira-
tory flow meter and pressure monitor. Blood samples were
obtained and analyzed with a blood gas analyzer.

Results. 'The changes in HR, mean arterial pressure, mean
pulmonary artery pressure, and cardiac index at the end of the
RM were not significantly different between the two groups.
The mean airway pressure of sustained inflation was 28.3 £
1.3 emH,0 in the individualized RM group. The individual-
ized RM significantly improved the Cdyn and partial pressure
arterial oxygen/inspiratory fraction of oxygen (P/F) ratio com-
pared with values in the control RM group (P = 0.026 and
P = 0.012, respectively).

Conclusion. The present study indicates that the individual-
ized RM resulted in minimum changes of hemodynamics
and brought about improvement in oxygenation and lung
compliance.

Key words Recruitment maneuver - Dynamic compliance -
Cardiopulmonary bypass - Cardiac surgery

Introduction

The recruitment maneuver (RM) has been shown to
improve oxygenation for patients with cardiopulmonary
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bypass (CPB) [1]. However, sustained inflation of the
lung often gives rise to a decrease in venous return and
cardiac output (CO) in patients ventilated after CPB
[2-6]. A previous study demonstrated that the RM using
a sustained pressure technique with continuous inspira-
tory pressure of 40 cmH,0O for 10s and 20 s reduced
CO by more than 50%, reduced left ventricular end-
diastolic area by about 45%, and reduced mean arterial
pressure (MAP) by 20% in cardiac patients [6]. The
hemodynamic effects of positive airway pressure will
depend on the degree of lung inflation and holding time
[3,4]. Furthermore, the inflation volume of the lung will
contribute to lung compliance and chest wall elastance
[5]. Although lung compliance varies among mechani-
cally ventilated patients, in previous studies the level of
the sustained inflation pressure used in RMs has been
the same constant pressure [1,7). The optimal pressure
and duration of inflation have not been documented
for RMs, so that the most effective technique for RM
remains undetermined, despite many studies of acute
respiratory distress syndrome (ARDS) [8].

Individualization of RM to respiratory mechanics
may improve oxygenation without causing hemody-
namic effects. Traditionally, static pulmonary mechan-
ics has been used to assess lung mechanics [5). However,
recent studies have indicated that the application of
dynamic respiratory mechanics in ventilated patients is
more appropriate than the use of static lung mechanics
[9-11]. Therefore, we have proposed the concept of an
individualized RM that was defined on the basis of
dynamic compliance (Cdyn), which is easily obtained
from the ventilator as a bedside diagnostic tool [9-11].

The purpose of the present study was to assess the
safety and efficacy of our individualized RM in patients
after cardiac surgery. The primary endpoint of our study
was to verify the hemodynamic effects induced by the
individualized RM and to evaluate the improvement in
oxygenation and Cdyn.
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Methods

Patients

With the approval of our institutional ethics committee
and informed consent, from the patients, patients who
had undergone elective cardiac surgery with CPB and
received overnight mechanical ventilation were enrolled
in this prospective and randomized study. Patients were
admitted to the 14-bed medical and surgical intensive
care unit (ICU) at a university hospital. All patients
were mechanically ventilated with an 840 Ventilator
System (Nellcor Puritan Bennet, Boulder, CO, USA).
Patients with chronic obstructive lung disease (percent
volume exhaled during the first second of a forced expi-
ratory maneuver ([FEV, ;.. ] < 70%), intraoperative pul-
monary trauma, and hemodynamic instability (cardiac
index [CI] < 2.2 'min~"-m? and/or arterial systolic pres-
sure < 80 mmHg) were excluded. Patients with a pace-
maker, intraaortic balloon pumping, or percutaneous
cardiopulmonary support were also excluded.

Protocol

All patients were ventilated in the pressure-regulated
control mode with 5 cmH,O of positive end-expiratory
pressure (PEEP). Other ventilatory parameters were
sel as follows: inspiratory plateau pressure (<30 emH,0)
was sel to obtain a tidal volume (VT) of 10-12 ml-kg™,
or inspiratory plateau pressure (>30 emH,0) was set to
obtain a Vr of 6-8 ml-kg™"; respiratory rate (RR) and
inspiratory fraction of oxygen (Fi, ) were set to obtain
a Pago, of 38-42 mmHg and a Pag, of 150-180 mmHg;
inspiratory time was set at 1.0s. A standard-size tra-
cheal tube was used, with a 7.5-mm inner diameter (1D)
for women and an 8.5-mm ID for men. A standard
ventilator tubing set (Universal Ventilator Tubing Set;
Hudson Respiratory Care, Durham, NC, USA) was
used for the respiratory circuit. The patients were
well-sedated with a continuous infusion of propofol
(50-100 mg-h™), and were observed for 3 to 4 h after
intensive care unit (ICU) admission so as to ascertain
hemodynamic stability, which was defined as less than

Admi 'pmie@

Handomization
Eligible patients 1

* Measurernent of the Vv and
end.inspirstory pressure to calcalate Cdyn

sCdyn = Ve (end-expiratony pressure « PEER)

* Duration (sec) = |5

15% variation of hemodynamic parameters with no
clinically relevant bleeding (<100 ml-h™").

The V1,RR, and airway pressure were obtained from
the eligible patients, and the Cdyn in each patient was
calculated as Vt/(end-inspiratory pressure—PEEP),
breath-by-breath. Then the eligible patients were ran-
domly assigned to two treatment groups: an individual-
ized RM group and a control RM group. In the
individualized RM group, an inflation pressure (cmH,0)
equal 1o 15 x real body weight/Cdyn + PEEP (previ-
ously used) was applied for 15 s. We allowed a maximum
inflation pressure of up to 45 cmH,0. In the control RM
group, an inflation pressure of 20 cmH,O was applied
for 25 5; this has been reported to have minimal effects
on CO and arterial pressure in cardiac surgery patients
[2.4]. A table of random numbers, generated by com-
puter software, was utilized for patients’ randomization
into the two groups (Fig. 1).

The baseline variables of hemodynamics and respira-
tion were obtained before the initiation of RM, and
then hemodynamic variables were measured at the end
of RM. Respiratory measurements were repeated at 15,
60, and 180 min after RM. The percent change (A%) in
the variables was calculated [(variables post-RM-the
variables at baseline) x 100/ variables at baseline].

Measurements and calculations

Arterial blood pressure was monitored through a radial
artery catheter (20-G Arterial Line Kit; Argon Medical,
Athens, TX, USA). Cardiac output (CO) and pulmo-
nary arterial pressure (PAP) were measured by the
thermodilution method, using a continuous CO catheter
(Swan-Ganz CCO mbo; Edwards Life Sciences, Irvine,
CA, USA). Heart rate (HR) was monitored by an
electrocardiogram.

The VT, RR, and airway pressure were continuously
obtained from the expiratory flowmeter and pressure
monitor of the ventilator system. Calibrations of the
flowmeter and oxymeter, and correction of the respira-
tory circuit, were performed daily by a biomedical engi-
neer. Respiratory variables, which were obtained from

“ Control BM group

« Inflahon pressure (em HAD)

=20

* Duration (sec) = 75

Individualized
BM group

= Infiation pressupe (cm Hi0)

Fig. 1. Protocol for the setting of the
recruitment maneuver (RM). Vr, Tidal
volume; Cdyn, dynamic compliance; real
BW, real body weight; PEEP, positive
end-expiratory pressure

= |5 = real BW / Cdyn + PEEP
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the flowmeter and pressure monitor, were calculated by
an average of five breaths. Arterial blood samples were
analyzed with a blood gas analyzer (ABL 700; Radiom-
eter, Copenhagen, Denmark). Dynamic compliance
was calculated on a breath-by-breath basis.

Statistical analyses

All data values are expressed as means £ SEM unless
otherwise described. Before starting the present study,
we determined the number of subjects based on a power
calculation; this showed that 28 subjects would be
needed to achieve an 80% power to detect a difference
of 10% in the Pag /Fi,, (P/F) ratio, with o = 0.05. The
patient characteristics were analyzed using Student’s -
test, the Mann-Whitney U-test, and the Kruskal-Wallis
test for differences between the groups. The data were
analyzed by two-way repeated-measures analysis-of-
variance for differences between the groups, followed
by the Mann-Whitney U-test. P < (.05 was considered
to be statistically significant.

Results

Thirty-nine post-CPB patients were admitted our ICU,
and 11 patients were excluded (1 patient with chronic
obstructive lung disease, 3 patients with intraoperative
pulmonary trauma, 3 patients with hemodynamic insta-
bility, 2 patients with a pacemaker, and 2 patients with
intraaortic balloon pumping). In total, 28 patients were
randomly allocated to the individualized RM group
(n = 14) or the control RM group (n = 14).

The patients’ characteristics, including the duration of
CPB, were not significantly different between the groups
(Table 1). Both hemodynamic and respiratory parame-
ters in the two groups had similar values at baseline
and there were no significant differences (Table 2). No
patient was ventilated with an inspiratory plateau pres-
sure of more than 30 cmH,O in either group. The P/F
ratio in 4 of the 14 patients in the RM control group and
in 6 of the 14 patients in the individualized RM group

Table 1. Patients' characteristics

ranged between 200 and 300. There was no patient with
a P/F ratio of less than 200 in either group.

Table 3 shows the percent changes in HR, MAP,
mean pulmonary arterial pressure (MPAP), and cardiac
index (CI) at the end of the RM. There were no signifi-
cant differences between the groups. During the RM,
no patient in either group was observed with hypoten-
sion (MAP < 50 mmHg), arrhythmia, or a low CI
(<2.2 I'min":m?). There were significant improvements
in the A Cdyn and the A P/F in the individualized RM
group, compared with values in the control RM group
(P =0.026 and P = 0.012, respectively; Fig. 2). The mean
airway pressure of sustained inflation was 283 + 1.3
(21.4-33.8) emH,0 in the individualized RM group. In
the six patients with a P/F ratio ranging between 200
and 300, this pressure was 28.6 + 1.8 cmH,0 range,
24.2-32.9 cmH,0. Two of the 14 patients in the control
RM group were ventilated with a noninvasive positive-
pressure ventilator within 24 h of extubation due to
hypoxemia, whereas none of the patients in the indi-
vidualized RM group needed such ventilation.

There was no correlation between the inflation pres-
sure and the changes in hemodynamic parameters,
involving the HR, MAP, MPAP, and CI, in the indi-
vidualized RM group (P > 0.1; linear regression analy-
sis). Also the inflation pressure was not correlated
with the improvement of the P/F ratio (Fig. 3; 7 =007,
P = 0.18, linear regression analysis).

Discussion

The present study indicates that the individualized RM,
defined on the basis of dynamic compliance, improved
pulmonary oxygenation and slightly increased lung
compliance in post-CPB patients. In addition, there was
no difference in hemodynamic stability between the two
groups, and both groups were stable and safe. These
findings suggest that our individualized RM, which is
optimized for each patient’s dynamic compliance, is
appropriate for post-CPB patients without hemody-
namic instability.

Control RM group (n = 14)

Age (years) 64.6 3.4
Height (cm) 1618419
Weight (kg) 628+24
Sex (M/F) 1004
Surgery

CABG 7

AVR 3

MVR 1

Ao grafl 3
Duration of CPB (min) 111.1+£94

Individualized RM group (n = 14) P value
66,7+ 3.4 0.67
1585+29 0.36
596126 0.38
10/4 1
6
3 0.56
3
2
111.1-%12:6 1

" Values are means + SEM

CABG, coronary artery bypass graft; AVR, aortic valve replacement; MVR, mitral valve replacement; Ao graft, aortic graft surgery, CPB, car-

diopulmonary bypass
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Table 2. Baseline hemodynamic and respiratory parameters

Parameter Control RM group (n=14) - Individualized RM group (n = 14) P value
Heart rate (bpm) 81.1+£3.0 876+35 0.18
Mean arterial pressure (mmHg) 733+29 75.0%3.1 0.70
Mean pulmonary pressure (mmHg) 156+1.1 15616 0.98
Cardiac index (I'min~"-m?) 3102 3.5+£02 0.20
Fig, 0.51 £0.02 0.50 £ 0.02 0.78
Pressure (cmH,O) 207+£1.0 207+17 1.00
Respiratory rate (bpm) 116 £0.6 12109 0.64
Tidal volume (ml) 6504 +32.7 610.1 + 283 0.36
Dynamic compliance (ml-cmH,0™") 415423 392+21 0.46
Pag, (mmHg) 1633+ 64 157.0+£93 0.58
Pacg, (mmHg) 383+19 399+12 0.45
Pn.D,IIFh: 3268+ 184 313.7+£ 195 0.63
Values are means + SEM

Fu,. inspiratory fraction of oxygen; Pa,, partial pressure of arterial oxygen; Pa . partial pressure of arterial carbon dioxide

Table 3. Hemodynamic changes at the end of the RMs

Percent change in parameter Control RM group (n = 14) Individualized RM group (n = 14) P value
Heart rate (%) 79+48 1.8+12 0.25
Mean arterial pressure (%) 03+£18 -27+63 0.64
Mean pulmonary artery pressure (%) 173178 282+ 135 0.49
Cardiac index (%) -1.0+0.7 10+12 0.14

Values are means + SEM
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change in partial pressure arterial oxygen/
5 = 3 inspiratory fraction of oxygen (P/F) and
s dynamic compliance (Cdyn). Changes in both
£ v o 9 parameters decreased beyond 15 min after the
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P = 0.012, respectively). *P < 0.05 vs control
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Fig. 3. The inflation pressure was not correlated with the
improvement of the P/F ratio at 15 min after RM (¥ =007,
P=0.18; linear regression analysis). P/F, partial pressure arte-
rial oxygen/inspiratory fraction of oxygen

The preservation of hemodynamic stability should be
the first priority for the postoperative management of
cardiac surgery. The RM should be used to avoid hemo-
dynamic changes after cardiac surgery because cardiac
compensation is insufficient in post-CPB patients, owing
to myocardial stunning [6,12]. Indeed, in our clinical
experience, a substantial decline in CO and MAP occurs
in some patients. Therefore, the application of up to
20 emH,0 continuous positive airway pressure (CPAP)
for 25 s, associated with minimal and short-term changes
in CO, was selected for the control procedure. It was
obvious that this application was insufficient to improve
pulmonary oxygenation or compliance in our pilot
study.

The inflation pressure of the individualized RM
was relatively higher than that of the control method
(28 cmH,O vs 20 emH,0); however, hemodynamic
changes were similar in the two groups. The individual-
ized RM in our study reduced MAP by only 3% and
changed CI by 1% and HR by about 2%, while an RM
with high inflation pressure (40 cmH,0, 10 s or 20 s) has
been reported to reduce CO by more than 50%, left
ventricular end-diastolic area by about 45%, and MAP
by 20% [6]. This discrepancy between the studies may
be explained in terms of intrathoracic pressure (ITP)
and sympathetic withdrawal [13]. Increasing airway
pressure is elevated in ITP and this leads to decreased
venous return and CO. Decreasing lung compliance,
however, has been shown to decrease the transmission
of the airway pressure to the ITP [13]. In our patients,
in whom lung injury was mild to moderate, there was
not much difference in ITP, even though there were
about 8-cmH,O differences in inflation pressure between
the groups. On the other hand, large-volume inflation
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of the lung (>15 ml-kg™) decreased HR in an animal
model [14]. Lung volume in an RM with 40 emH,0 may
reach more than 15ml-kg™, and lead to sympathetic
withdrawal in post-CPB patients. Indeed, an RM with
high inflation pressure (40 cmH,O, 20 5), as opposed to
our methods, was shown to decrease HR by about 20%
[6]. Therefore, an RM with high inflation pressure may
contribute to hemodynamic instability.

An injured lung often shows nonhomogeneous alveo-
lar distension and high airway pressure is needed to
recruit alveoli. Previous studies have shown that, if
inflation volume is constant, ITP will be equally
increased, which will not reflect a change in the cardio-
vascular status, although the alveolar distention is not
homogeneous [13,15]. In our study, inflation pressure
varied, while the inflation volume of the individualized
RM was theoretically constant (= 15 x real body weight).
Accordingly, the individualized RM would change
hemodynamic stability only slightly.

The impairment of pulmonary gas exchange after
cardiac surgery contributes to the requirement for pro-
longed mechanical ventilation [16]. A previous study
showed that the P/F ratio in patients with extubation
failure was only 7% lower than that in the patients
without extubation failure after cardiac surgery [17].
Another study demonstrated that the relative risk of
delayed extubation was 0935 when the P/F ratio
increased by 10 [18];in that study, the patients’ P/F ratio
at baseline was similar to that in our study. Determining
the effect of the RM on long-term outcome after the
procedure was not the purpose of our study; however, 2
of the 14 patients in the control RM group were venli-
lated with a noninvasive positive-pressure ventilator as
a result of hypoxemia, whereas none of the patients in
the individualized RM group needed such ventilation.
Therefore, this slight improvement, without hemody-
namic instability, could have some relevance for patients
with CPB, although our individualized RM increased
the P/F ratio by only about 38 from baseline.

The present study has some limitations. First, our
ventilation setting of VT was relatively high and may be
unsuitable for the management of patients with acute
lung injury. Pulmonary dysfunction in most patients
with CPB is reported to range from subclinical func-
tional changes to moderate lung injury [19,20]. In our
patient population, lung injuries were not severe but
mild, and no patient had a P/F ratio of less than 200. All
patients had been ventilated with an inspiratory plateau
pressure of about 20 cmH,O. It remains controversial
whether or not V1 should be reduced when the inspira-
tory plateau pressure is lower than 30 emH,0 [21,22].
Therefore, we used a Vr of 10-12 ml to avoid increasing
pulmonary atelectasis. Second, we did not try to obtain
static pressure-volume loop values because it was our
desire to simplify the individualized RM in terms
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of daily management. We considered that static
pressure—volume loop values did not always provide
clear inflection points without neuromuscular agents
and the use of these parameters was not necessarily of
advantage for post-CPB patients [23]. Recent studies
indicate that the application of dynamic respiratory
mechanics as a diagnostic tool in ventilated patients
could be more appropriate than using static pressure-
volume curves [9]. Similarly, we did not correct for the
influence of the tracheal tube on airway pressure, and
this influence possibly modifies the measurement of
dynamic lung compliance. Correction of the airway
pressure could make it possible to accurately calculate
the dynamic compliance of the respiratory system. By
the monitoring of airway pressure in the trachea, respi-
ratory mechanics can be assessed more accurately [24],
Third, in the present study, we chose the pressure to be
15 = real body weight/dynamic compliance + PEEP
(emH,0), and did not investigate other pressures or
hold-times. There may be another combination of pres-
sure and hold-time which is even more effective for the
improvement of oxygenation, Nevertheless, we believe
that our method, based on dynamic compliance, facili-
tates the identification of the optimal pressure and hold-
time. Finally, based on the P/F ratio, lung injuries in our
patient population were not severe but mild, and no
patient had a P/F ratio of less than 200. Therefore, it
remains unclear whether our individualized RM would
be effective for patients with ARDS.

Conclusion

In conclusion, this preliminary study suggests that an
individualized RM, defined on the basis of dynamic
compliance, slightly improves oxygenation and lung
compliance, without hemodynamic instability, for post-
CPB patients. We expect to propose a new RM concept
by seeking to optimize the inflation pressure for each
individual patient, but a large-scale study will be
required to determine the optimal pressure and hold-
time, and other parameters.
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Abstract

This article reports an unusual case of repeated intraoperative
myocardial ischemia and ventricular arrhythmia during
neurosurgical anesthesia. The presentation was clinically
diagnosed as coronary spasm after successful resuscitation.
Intraoperative prostaglandin E, and B-adrenergic blockade, as
well as vagal stimulation due to surgical manipulation, may
have contributed to the episode.

Key words Coronary spasm - Anesthesia - Neurosurgical -
Prostaglandin E, - Propranolol

Introduction

Coronary vasospasm may occur intraoperatively and
cause serious ventricular arrhythmia and hemodynamic
instability [1,2]. However, recurrent episodes of intra-
operative coronary spasm in one patient during a single
procedure is very rare. We present a case of multiple
intraoperative episodes of ST change and ventricular
tachycardia in a neurosurgical patient. These episodes
were clinically diagnosed as coronary spasm, and the
administration of a B-blocker and prostaglandin E; for
deliberate hypotension may have been involved in the
pathophysiology of the recurrent symptoms.

Case report

A 60-year-old, 54-kg, 157-cm-tall woman underwent
neck clipping of an unruptured cerebral aneurysm. She
had already undergone neck clipping of a ruptured cere-
bral aneurysm 10 years prior to this procedure, without
any neurological sequelae. She had no history of coro-
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nary artery disease, and all the preoperative tests,
including chest radiograph and ECG, revealed no
abnormalities. Premedication consisted of oral famoti-
dine and intramuscular meperidine, midazolam, and
atropine sulfate. General anesthesia was induced with
intravenous propofol and fentanyl, supplemented with
vecuronium and maintained with continuous infusion of
propofol and inhaled N,O-O, (fractional inspired
oxygen; Fig, = 0.33). The maintenance dose of propofol
was 4 mg-kg-h™". The patient was mechanically venti-
lated to maintain Pagg, at 30 to 35 mmHpg, Before inci-
sion, administration of intravenous propranolol (0.6 mg)
and continuous infusion of prostaglandin E,, at a rate
of 0.03 pg-kg™min™', were started for deliberate hypo-
tension. Twenty minutes after incision, a brief episode
of bradycardia (heart rate [HR], 45 bpm), atrioventricu-
lar (AV) block, ST elevation, and T wave inversion with
hypotension (arterial pressure, 74/48 mmHg) was noted
(Fig. 1, trace 1A). Two minutes later, these changes
disappeared, and only ST depression persisted (Fig. 1,
trace 1B). After another minute, the ECG spontane-
ously returned to normal (Fig. 1, trace 1C). At this time,
the HR was 74 bpm, and the blood pressure was
94/56 mmHg, The attending anesthesiologist diagnosed
this episode as coronary vasospasm, and a transdermal
isosorbide dinitrate patch was applied as a prophylactic
measure. Prostaglandin E, administration was tempo-
rarily stopped and then restarted at the same dose
20 min later when microscopic manipulation was started.
Eighty minutes after the first episode and during the
microscopic manipulation of cerebral aneurysm, signifi-
cant ST elevation and premature ventricular contrac-
tions were noted (Fig. 1, trace 2). At this time, the HR
was 84 bpm, and the blood pressure was 89/46 mmHg.
One minute later, ventricular tachycardia was noted on
the ECG and was successfully treated with 60 mg of
intravenous lidocaine. Two minutes after this event, the
ECG returned to normal following transient ECG evi-
dence of ST depression and T wave inversion. After this
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second event, the prostaglandin administration was ter-
minated. Al this time, the HR was between 80 and
90 bpm, and the systolic blood pressure was between 90
and 110 mmHg. The surgical procedure proceeded after
consultation with the neurosurgeon, as the second
episode of ECG change had been successfully treated
with lidocaine, The rest of the anesthetic regimen
remained constant during these periods, and arterial
blood gas analysis revealed no abnormalities (pH, 7.45;
Pacg,, 38 mmHg, Pag, 170 mmHg; hemoglobin [Hb),
13.1 g-dl™). Ten mmutes after the second episode, sig-
nificant ST elevation and pulseless ventricular tachycar-
dia was noted (Fig. 1, trace 3A). This life-threatening
arrhythmia did not respond to 100 mg intravenous lido-
caine and was immediately treated with DC defibrilla-
tion and 1 mg of intravenous epinephrine. The ECG
returned to sinus rhythm with a rate of 90 bpm and
moderate ST depression. The systolic blood pressure
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Fig. 1. Electrocardiographic recordings
of repealed intraoperative ST changes
and ventricular arrhythmia. Time of the
recording and the heart rate (HR) of each
trace are shown in the upper left corner of
each trace. Traces 1A through IC. First
episode of electrocardiographic (ECG)
change (trace 1A); subsequent ST depres-
sion and T wave inversion (trace 1B)
spontaneously normalized (trace 1C).
Trace 2. Second episode of ECG change.
ST elevation and ventricular premature
contractions were successfully treated
with intravenous lidocaine. Traces 3A and
3B. The third episode of ECG change.
Ventricular tachycardia, which necessi-
tated DC defibrillation, temporary chest
compression, and epinephrine adminis-
tration, was recorded in lead I1 at 10 min
after the second episode (rrace 3A). Only
slight ST depression was noted in the
ECG after treatment (trace 3B). Trace 4.
- The fourth episode of ECG change. Junc-
tional rhythm, ST depression, and severe
hypotension, which required external
chest compression and intravenous epi-
nephrine  administration, were noted
30 min after the episode of coronary
spasm
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was stabilized around 120 mmHg after transient hyper-
tension due to intravenous epinephrine administration
(Fig. 1, trace 3B). After this event, N,O was terminated
but propofol was continued at the same rate as previ-
ously. Cardiovascular support and vasospasm prophy-
laxis consisted of a continuous infusion of dopamine,
nicardipine, lidocaine, and diltiazem, and the surgery
was postponed due to these adverse cardiovascular con-
ditions. Multiple episodes of hypotension with systolic
blood pressure around 80 mmHg occurred during dural
and cranial closure and these were treated with intrave-
nous ephedrine and phenylephrine. Thirty minutes after
the third event, clinical cardiac arrest following severe
hypotension (systolic blood pressure below 60 mmHg)
occurred and was successfully treated with 1.5 min of
chest compression and repeated epinephrine adminis-
tration. ECG monitoring at this time revealed an AV
junctional rhythm with a rate of 112 bpm and marked
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ST depression (Fig. 1, trace 4). High-dose continuous
epinephrine (0.5 pg'kg™min™) administration was
added to the medications, and stable hemodynamics
was achieved during craniotomy closure. At the end of
the surgery, these intraoperative events were diagnosed
as coronary vasospasm by a consulting cardiologist.
Subsequent echocardiographic study demonstrated no
pathologic lesion, no signs of inadequate preload, and
well-preserved ventricular contractility. Postoperative
chest radiograph and blood gas analysis revealed no
abnormal findings, and the patient was transferred to
the neurological intensive care unit (ICU) and mechani-
cally ventilated. On arrival in the ICU, the HR was 86
with a sinus rhythm, and the systolic blood pressure was
between 120 and 140 mmHg with dopamine infusion at
a rate of 3 pgkg " min”. Neurologically, the patient
showed dilated pupils with a sluggish light reflex at the
end of surgery, but she had regained consciousness
60 min later without any neurological signs or symp-
toms, The patient was extubated after the administra-
tion of epinephrine was terminated. During and after
this recovery period, no ECG abnormality was found,
and the patient was discharged without invasive diag-
nostic testing,.

Discussion

The three episodes of ST segment elevation and ven-
tricular arrhythmia described in this report were most
likely caused by coronary spasm, because the patient
had no signs of preoperative myocardial ischemia and
no apparent imbalance of the myocardial oxygen
demand-and-supply relationship at the time of these
events [3]. Based on our MEDLINE literature search,
17 relevant case reports written in English about intra-
operative coronary spasm during noncardiac surgery
were located. Additionally, 21 case reports with English
abstracts were found in the Japanese literature. The
case we have described is characterized by the fact that
the multiple events of coronary spasm took place during
a single anesthesia course. From this perspective, we
believe this report may provide some additional infor-
mation about the interaction between coronary spasm
and anesthesia. Although the pathophysiology of coro-
nary spasm remains to be elucidated, involvement of
endothelial dysfunction and the autonomic nervous
system is suggested [4]. In the context of anesthetic
management, sympathetic activation due to inadequate
depth of anesthesia, parasympathetic activation due to
vagal stimulation, neostigmine and neuraxial blockade,
alkalosis, and hypotension have been implicated as trig-
gers of coronary spasm [2,4,5]. We believe that the HR
and blood pressure in our patient precluded inadequate
anesthetic depth or myocardial hypoperfusion at the
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time of the coronary spasm. At this time, the blood gas
analysis revealed no hypocapnia or alkalosis. It is not
readily known whether all episodes were triggered by
the same mechanism, however, three possible causes
may have been involved. First, the administration of
propranolol and prostaglandin E, may have triggered a
coronary spasm. Several reports implicate propranolol
as a triggering agent of coronary spasm, by blocking
sympathetic activity and causing parasympathetic domi-
nance [6-8]. Although the majority of investigations
have revealed a protective effect of P-blockade on
myocardial ischemia [9], B-blockade may cause spastic
vasoconstriction under certain conditions. Whether -
blockade may trigger coronary spasm or protect the
post-ischemic myocardium warrants further investiga-
tion. Prostaglandin E, is generally regarded to have a
myocardial protective effect [10]. However, several
anecdotal reports in the Japanese literature have dem-
onstrated a temporal coincidence between prostaglan-
din E, administration and the occurrence of coronary
spasm [11-13]. In our patient, the fact that ECG change
relevant to coronary spasm occurred only during
prostaglandin E, infusion may suggest this possibility.
Second, stimulation of the vagal nerve during neurosur-
gical manipulation may be involved as an underlying
mechanism of coronary spasm [12]. As each episode in
our patient occurred during craniotomy and during sur-
gical exposure of the cerebral aneurysm, it is possible
that the vagal nerve may have been stimulated at the
time of each episode. Third, propofol-based anesthesia
may have contributed to the coronary spasm. One labo-
ratory investigation demonstrated that propofol was
less protective against coronary spasm than sevoflurane
[14]. Of the 115 cases of coronary spasm reported during
the period from 1968 to 1998, 32% of the patients
were anesthetized with an inhalational agent, while
11% were anesthetized with an intravenous agent [2].
However, the contribution of anesthetic choice to the
occurrence of coronary spasm is not readily understood,
because the total number of cases is not known.

In summary, we have reported a case of recurrent
episodes of ST elevation and ventricular tachycardia
during neurosurgical anesthesia. Coronary spasm is
most likely implicated as an underlying mechanism of
these symptoms. Although the precise mechanisms
remain unclear, multiple factors, such as P-blockade,
prostaglandin E, administration for deliberate hypoten-
sion, vagal stimulation elicited by surgical manipulation,
and propofol may have been involved. This case reminds
us that even transient ST elevation and a few ventricular
premature contractions that are spontaneously allevi-
ated may be a sign of more clinically significant coro-
naryspasm. Meticulous attention is needed to circumvent
possible triggering conditions and to provide definitive
prophylaxis after these episodes.



