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Effects of early postoperative hyperbaric oxygen therapy on energy
metabolism and hepatic regeneration after hepatectomy
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Abstract

Aims: Effects of early hyperbaric oxygen therapy (HBOT) on energy metabolism and hepatic regeneration after
hepatectomy for liver cancer were prospectively evaluated.

Materials and methods: A total of 39 patients who underwent hepatectomy for liver cancer were divided into two groups;
19 patients who received postoperative HBOT (HBOT group) and 20 patients who did not receive HBOT (control group).
Each group was further subdivided into noncirrhotic and cirrhotic subgroup. HBOT was performed twice; 3 and 24 hrs
after hepatectomy.

Results: (1) Hepatic venous oxygen saturation (ShvO.) and arterial ketone body ratio (AKBR) in patients with cirrhotic
liver were significantly higher in the HBOT group than in the control group, 12 hrs after the operation. (2) The first
passage of flatus and peroral intake of meal were obviously earlier in the HBOT group. In addition, the postoperative
recovery of serum albumin level was earlier in the HBOT group, particularly in patients with cirrhotic liver. (3) As a result,
the hepatic regeneration was promoted in the HBOT group.

Conclusions: These results suggest that early postoperative HBOT has a beneficial effect on the hepatic regeneration
by improving an imbalance between oxygen demand and delivery, and by enhancing the energy metabolism, and that
HBOT is particularly beneficial to patients with cirrhotic liver.
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Introduction

In the surgical treatment of liver cancer, surgical
insult occasionally triggers hepatic failure. In particular,
cirrhotic residual liver has insufficient functional reserve.
Thus, the hepatic impairment rapidly progresses in
patients with cirrhotic residual liver, and they are difficult
to treat. It has been reported that decreased oxygen
delivery to the liver parenchyma due to microcirculatory
failure largely contributes to the progression of hepatic

impairment”. In fact, postoperative mechanical ventila-

*%  have been reported to

tion” and hyperdynamic state
improve the failure of tissue oxygen metabolism, and to
be beneficial in the prevention of hepatic failure. In order
to prevent the posthepatectomy hepatic failure through
improvement of an imbalance between oxygen demand
and oxygen delivery, we have used hyperbaric oxygen
therapy (HBOT), and reported increase in dissolved
oxygen tension and reduction in the injury of sinusoidal

endothelium mediated by inhibition of neutrophil
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activation”. It has been reported that HBOT promotes
hepatic regeneration in extensively hepatectomized rats®.
However, clinical effects of HBOT on energy metabolism,
albumin synthesis and liver regeneration in hepatecto-
mized patients are still unknown. The present study was
undertaken to evaluate effects of early HBOT on the
energy metabolism and on the hepatic regeneration after

hepatectomy.

Materials and methods

Patients

A total of 39 patients who underwent hepatectomy for
liver cancer between September 1998 and May 2000 were
subjected to the present study. Twenty seven patients
had a primary hepatocellular carcinoma and 12 patients
had metastatic tumors in the liver. Nineteen patients
HBOT group) received HBOT and the remaining 20
patients (control group) did not receive HBOT. Based
upon the histological activity index (HAI) score,
noncancerous region of the liver was classified into 2
categories; cirrhotic (HAI = 5) and noncirrhotic (HAI <
5). In the HBOT group, 5 cases were noncirrhotic and
the remaining 14 cases were cirrhotic. In the control
group, 8 cases were noncirrhotic and the remaining 12
cases were cirrhotic.

Informed consent was obtained from each individual
and the protocol was approved by the ethics committee
of Kagoshima University Graduate School of Medical and
Dental Sciences.

Hyperbaric oxygen therapy (HBOT)

HBOT was performed twice; 3 hrs and 24 hrs after
the hepatectomy, with pure oxygen. Oxygen pressure
was then increased at a constant rate to reach a pressure
of 2 absolute atmospheres in 15 mins. After 60 min of
exposure at 2 absolute atmospheres, patients were
decompressed to the normal atmospheric pressure at the
same rate as in the compression procedure. Fluid
replacement was controled so that the central venous
pressure could be maintained normodynamic.

Assays

Oxygenation and energy metabolism were evaluated
using the following criteria: hepatic venous oxygen
saturation (ShvO.), arterial ketone body ratio (AKBR)
and lactate level. They were measured prior to and

immediately after the operation, prior to and immediately
after the first HBOT, 12 hrs after the operation, prior to
and immediately after the second HBOT, and 48 hrs after
the operation. Clinical items recorded were the date of
the first passage of flatus, the date of the first peroral
intake of meal, and serum albumin levels on the first, 4th
and 7th day after the operation.

Hepatic regeneration

Calculating the regeneration ratio of residual liver
from the data obtained by measurement of resected liver
and pre-and-postoperative CT volumetry (Windows98
Epson GT-8000), hepatic
regeneration was estimated in 22 patients (11 cases of the

NCC Volumeter, scanner :

HBOT group and 11 cases of the control group). The
following formula was used in calculating the regenera-
tion ratio of residual liver;

regeneration ratio of residual liver (%) = [ total hepatic
volume 2weeks after operation - (preoperative total
hepatic volume - total resected liver volume)] / resected
noncancerous liver volume X 100

Statistical Analysis

We expressed values as means+SD and for statistical
analysis, Mann-Whitney test was used. P < 0.05 was
considered to be statistically significant.

Results

The clinical features of 39 patients who underwent
hepatectomy are shown in Table 1. There were no
significant differences between the HBOT and the
control group, with regard to age, sex, indocyanine green
retention rate at 15 min. after injection (ICGR15), extent
of hepatic resection, and blood loss during the operation.

1. Oxygenation and energy metabolism
1) ShvO.

Although statistically insignificant, ShvO, in patients
with noncirrhotic residual liver was higher in the HBOT
group than in the control group, 12 hrs after the
operation. In patients with cirrhotic residual liver, ShvO,
was 74.5+£5.7 % in the HBOT group, whereas it was 66.8
+9.2 % in the control group, 12 hrs after the operation.
ShvO, was significantly elevated in the HBOT group

(Fig.1).
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Table 1. Background factors in HBOT and Control groups.

Group Co?gil ZgOr)oup HB&E %‘;UD p Value

Age (years) 64110 65+7 0.67
Sex, male/female 154 0.62
ICGR15 (%) 12.6+£5.5 13.9+8.0 0.61
Blood loss (g) 1476 +1257 1498 +1430 0.96
Extent of he_patic resection (cases) 7

enuculeation or subsegmentectomy

segmentectomy 7

lobectomy 5 0.86

ICGR15: indocyanine green retention test at 15 min after injection.
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Fig. 1. Changes of hepatic venous oxygen saturation (ShvO,). Bars show mean * SD. *P<0.05
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Fig. 2. Changes of AKBR values in plasma after operation. Bars show mean = SD. *P<0.05

In both the HBOT and the control group, AKBR in
the noncirrhotic residual liver gradually increased
following the operation for 48 hrs. There was no
significant difference between these two groups. In the

cirrhotic residual liver, AKBR was maintained at a low
level in the control group, but AKBR was markedly
increased in the HBOT group. Twelve hrs after the
operation, AKBR was 1.2+0.4 in the HBOT group, while
it was 0.8£0.2 in the control group. The difference was
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statistically significant (Fig.2).

3) Lactate

In patients with noncirrhotic residual liver, the
decline of lactate level was significantly more rapid in the
HBOT group than in the control group. There was no
significant difference in the cirrhotic residual liver
(Fig.3).

2. First flatus and first meal after the operation

The first passage of flatus occurred 2.6+1 days after
the operation in the HBOT group. It occurred 3.3+0.9
days after in the control group. The difference between
two groups was statistically significant. The first meal
was taken 3.8+ 1.4 days after the operation in the HBOT
group, while it was taken 4.711.6 days after in the
control group. The HBOT group took the first meal after
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the operation earlier than the control group (Table 2).

3. Postoperative serum albumin level

In patients with noncirrhotic residual liver, the
serum albumin level was maintained at a relatively high
level on the 4th and on the 7th postoperative day, and
there was no significant difference between the HBOT
and the control group. In patients with cirrhotic residual
liver, the serum albumin level in the control group was
3.86+0.28, 3.6740.37 and 3.65+0.43 g/dl on the first, on
the 4th and on the 7th postoperative day, respectively.
The serum albumin level gradually declined. In the
HBOT group, it was 3.75+0.22, 3.73+0.37 and 3.76+
0.44 g/dl on the first, 4th and 7th postoperative day,
respectively. The recovery of serum albumin level was
favorable in this group (Fig.4).
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Fig. 3. Changes of Lactate values in plasma after operation. Bars show mean & SD.
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Table 2. Postoperative recovery of bowel function. The period of first flatus and start of oral diet after

operation.

First flatus after operation (day)

Start of oral diet after operation (day)

Control group(n=17)
HBOT group(n=19)

3.3+0.9
2.6+1.0*

47+16
3.8+14

Results are expressed as mean+SD. *P<0.05 compared with Control group, Mann-Whitney test.

Table 3. Comparison of regeneration ratio of residual liver 2 weeks after operation.

Non-cirrhotic liver
Control (n=4) HBOT (n=3)

Cirrhotic liver
Control (n=7) HBOT (n=8)

Regeneration ratio (%)

99+£28 78+£22

52+£16 62+£9

Results are expressed as mean=+SD. There were no significant differences between the

Control groups and the HBOT groups.

4. Hepatic regeneration

The regeneration ratio of noncirrhotic residual liver
was 78 +22 % in the HBOT group, while it was 59+28 %
in the control group. The regeneration ratio of cirrhotic
residual liver was 6219 % in the HBOT group, whereas it
was 52+16 % in the control group. Although statistically
insignificant, the mean regeneration ratio was slightly
higher in the HBOT group than in the control group
(Table 3).

Discussion

The rationale for using hyperbaric oxygen is the
improvement of tissue hyoxia through the inhalation of
high concentration oxygen under a hyperbaric condition,
resulting in increased blood oxygen tension (10-20 times)
and also in increased distance of interstitial oxygen
diffusion (2-3 times)”. HBOT is a therapy with some well
established indications; Decompression sickness, air
embolism, carbon monoxide poisoning, gas gangrene,
sudden deafness, chronic refractory osteomyelitis,
osteoradionecrosis, ileus, cerebrovascular injuries and
acute myelopathies are the indications for HBOT?.
Recently, HBOT has also been indicated to serious

10, 11, 12)

infections”, hyperbilirubinemia , Crohn's disease™

14)

and ulcerative colitis'. Experimentally, high oxygen

tension has been shown to reduce bacterial

® HBOT has also been shown to reduce

translocation
vascular endothelial damage through suppression of
neutrophil adhesion mediated by inhibition of leukocyte
migration and also by blockade of adhesion molecules'.
Hence, beneficial effects of HBOT have been attributed
to two mechanisms: 1) the prevention of failure in tissue
oxygen metabolism through increase in dissolved

oxygen and 2) the reduction of organ injuries through

the inhibition of neutrophil activation and subsequent
cytokine release. In an attempt to prevent hepatic failure
after hepatectomy, the present authors have been
performing early postoperative HBOT which potentially
improves an imbalance between oxygen demand and
oxygen delivery. In the present study, we have examined
effects of HBOT on the energy metabolism and on the
hepatic regeneration, and found that the early use of
HBOT after hepatectomy improves an imbalance
between oxygen demand and oxygen delivery, and also
enhances the energy metabolism particularly in patients
with cirrhotic residual liver. The results suggest that
HBOT promotes albumin synthesis and possibly hepatic
regeneration as well.

Comparing changes in ShvO. and AKBR, the tissue
oxygen metabolism appears to be more benefited in
patients with cirrhotic residual liver by HBOT performed
3 hrs after the operation. There has been a similar
previous report that HBOT after TAE for hepatocellular
carcinoma improved hepatic energy production”. In the
present study, HBOT has been shown to be of benefit in
patients with cirrhotic residual liver. The noncirrhotic
liver may have sufficient recuperative power even in the
absence of oxygen delivery support. In contrast, the
cirrhotic liver is less tolerant of insult because its
functional reserve is reduced. Hence, HBOT may be
more beneficial in the cirrhotic liver than in the
noncirrhotic liver. Since there are many patients with
reduced hepatic functional reserve, the beneficial effect
of HBOT on patients with cirrhotic residual liver has a
clinical significance.

The first passage of flatus after the operation was
earlier in the HBOT group than in the control group. It is
well known that HBOT prevents postoperative ileus.
HBOT may facilitate the passage of flatus by improving
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the splanchnic circulation. The facilitation of flatus
passage may have contributed to the earlier first meal
intake after the operation in the HBOT group. The serum
albumin level in patients with cirrhotic residual liver
progressively declined during the first 7 days after the
operation in the control group, but the HBOT group
showed an earlier recovery. Experimentally, it has been
shown that increased tension of dissolved oxygen
facilitates albumin secretion from cultured liver cells”.
Improvement of an imbalance between oxygen demand
and oxygen delivery enhances the energy metabolism.
The earlier peroral nutrition improves the splanchnic
circulation, and thus increases the oxygen and substrate
delivery to the liver. Probably these effects altogether
contributed to the earlier recovery of the serum albumin
level. As a result, although there was no significant
difference, postoperative duration of hospitalization was
shortened a little in the HBOT group (data not shown).

In extensively hepatectomized rats, HBOT has been
reported to promote hepatic regeneration”. In the
present clinical evaluation of HBOT, we estimated the
hepatic regeneration based on the regeneration ratio of
residual liver 2 weeks after the operation. The
regeneration ratio was calculated from the data obtained
by CT volumetry and postoperative measurement of
resected liver, and found that in both cirrhotic and
noncirrhotic patients, the ratio was slightly higher in the
HBOT group than in the control group. Hepatic blood
flow, oxygen delivery and growth factors may contribute
to hepatic regeneration. The present data suggest that
HBOT may promote hepatic regeneration through its
beneficial effects not only on the relationship between
oxygen demand and oxygen delivery, but also on the
intestinal absorption, as in the case of albumin synthesis.

To summarize, the early use of HBOT after
hepatectomy improves an imbalance between oxygen
demand and oxygen delivery, and enhances the energy
metabolism particularly in the cirrhotic residual liver. In
addition, HBOT has an added benefit of allowing peroral
nutrition to be taken earlier. As a result, HBOT promotes
albumin synthesis and possibly hepatic regeneration as
well. HBOT is a specific therapeutic measure to ensure
adequate oxygen delivery independent of transfusion and
also of fluid replacement. This approach is particularly of
benefit in patients with cirrhotic residual liver who are
prone to retain body water.
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