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Hyperbaric oxygen: A potential new therapy for leukemia?
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Hyperbaric oxygen (HBO;) therapy is the administration
of 100%-inhaled oxygen to patients at increased atmo-
spheric pressure. The amount of oxygen bound to circulating
hemoglobin is very similar whether a patient breathes air
at sea level or breathes 100% oxygen at increased pressure.
In contrast, while the partial pressure of oxygen dissolved
in plasma is usually 100 mmHg in a person breathing air
at sea level, it can exceed 1000mmHg in a person during
an HBO; treatment. Consequently, HBO, enhances oxygen
delivery to cells throughout the body. HBO, is a proven,
effective treatment for patients with carbon monoxide poi-
soning, decompression sickness, and arterial air embolism.
There is also evidence supporting the use of HBO to treat gas
gangrene, osteomyelitis, radiation tissue damage, and com-
promised skin grafts as well as to enhance the healing of
selected problem wounds [1].

Oxygen is a potential anticancer therapeutic. Mammalian
cells require oxygen to proliferate and, under certain condi-
tions, cells also need oxygen to undergo apoptosis. In cancer,
the balance between cell proliferation and apoptosis is not in
equilibrium. Due to their rapid growth and limited angiogene-
sis, solid tumors have areas where oxygen concentrations are
very low. While hypoxia probably slows tumor growth, it also
causes these tumors to be resistant to the tumoricidal effects
of radiation. Based upon these observations, HBO, was used
successfully over 30 years ago as a radiosensitizer in clini-
cal trials of head and neck cancer [2] and cervical cancer [3]
performed by the British Medical Research Council. In vitro
studies have demonstrated that HBO, can also increase the
tumoricidal effects of chemotherapeutic agents [4]. Due to the
cumbersome nature of administering chemotherapy and espe-
cially radiation to patients in hyperbaric chambers, HBO,
therapy for cancer may have been prematurely abandoned.

Cells use oxygen as a terminal electron acceptor in the
process of generating ATP in their mitochondria. Reactive
oxygen species (ROS) are promiscuous byproducts of this
reaction. When ROS react with macromolecules (such as pro-
teins, lipids, and DNA), the initial reaction generates a second

0145-2126/$ — see front matter © 2006 Elsevier Ltd. All rights reserved.
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radical, which then reacts with another macromolecule, cre-
ating a radical-forming cascade. The overall balance between
intracellular ROS production and antioxidant defense mech-
anisms determines the redox status of a cell. By increasing
the amount of oxygen dissolved in the extracellular space
both in vitro and in vivo, hyperoxia at ambient pressure and
HBO; enhances intracellular oxygen levels and ROS [5). The
resulting milieu can cause the intracellular oxidative activi-
ties to overwhelm the reducing equivalents, thereby placing
cells in a state of oxidative stress and activating stress signal-
ing pathways such as the mitogen-activated protein kinase
(MAPK) pathway [6]. Although the molecular mechanisms
whereby ROS induce these pathways are still uncertain, acti-
vating these pathways results in apoptosis. While hyperoxia
and HBO, usually exert similar effects, in some models their
effects differ, suggesting that increasing atmospheric pressure
does more than simply further enhancing hyperoxia.

In this issue of Leukemia Research, Chen et al. report that
HBO; induces apoptosis in the Jurkat T-cell leukemia and the
NCI-H929 myeloma cell lines [7]. These findings confirm our
earlier report demonstrating that HBO, induces spontaneous,
radiation-induced, and chemotherapy-induced apoptosis in
Jurkat and HL-60 promyelocytic leukemia cells [8]. These
experiments demonstrate that HBO, is pro-apoptotic in
hematopoietic cells, a phenomenon that merits confirmation
in other leukemia cell lines. In contrast to the hematopoi-
etic cell lines, neither Chen et al. nor our group were able to
show that HBO; affects apoptosis in the non-hematopoietic
A549 lung carcinoma and MCF-7 breast adenocarcinoma cell
lines and in patient-derived benign and malignant mammary
epithelial cells immortalized by transfection with the human
papilloma virus E6 oncogene [9]. The molecular correlate
of these cellular phenomena is Chen’s intriguing observa-
tion that HBO; activates the pro-apoptotic MAPK pathway
in hematopoietic cells, but not in non-hematopoietic cells.

In addition to stimulating apoptosis, oxidative stress
can also trigger anti-apoptotic pathways. Not unexpectedly,
Chen et al. observed that the anti-apoptotic ERK pathway is
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down-regulated or unaffected in HBO,-exposed hematopoi-
etic cells. While this group did not explore the status of ERK
in HBO,-exposed non-hematopoietic cells, Lee et al. have
reported that HBO; activates ERK in human umbilical vein
endothelial cells [10]. In addition, it is notable that oxidative
stress turns on calcium/calmodulin-dependent kinases (and
thereby ERK) [11] and that H»Os induces MCF-7 cell
apoptosis only if the cells are incubated in the presence of a
calcium/calmodulin-dependent kinase inhibitor [12].

In addition to influencing apoptosis, HBO; can also affect
cell proliferation. HBO; inhibits proliferation in some models
and stimulates it in others. Studies showing HBQ;’s antipro-
liferative effects led to the aforementioned 1970s clinical
studies showing that HBO, slowed tumor progression. How-
ever, because HBO, enhances proliferation in some in vitro
models, there are also concerns that HBO, could promote
cancer progression in vivo [13]. To address this possibil-
ity, Feldmeier et al. reviewed human and animal studies
examining the effect of HBO, on tumor progression [14].
These authors concluded that HBO; treatment has a neu-
tral effect on solid tumor growth. There were an insufficient
number of studies available for them to reach any conclu-
sions regarding the in vivo effects of HBO, on hematopoietic
cancers.

The effects of HBO; on cellular function are also influ-
enced by the extracellular environment. Because HBO,
produces much higher oxygen tensions in cell culture media
than in vivo, it is possible that HBO»’s effects on apopto-
sis and proliferation are in vitro phenomena, For this reason,
human primary leukemia cells should be transplanted into
immunodeficient mice, the mice exposed to HBO», and apop-
tosis measured. If HBO; causes leukemia cell apoptosis in
these animal models, primary human leukemia cells could
then be exposed to HBO, ex vivo, and the cell death path-
ways further studied to provide more insight into how HBO,
might be used against leukemias.

In summary, the finding that HBO, promotes leukemia
cell apoptosis prompts us to reconsider using HBO; to treat
cancer. Because it suppresses proliferation, HBO, has been
used to treat solid tumors. Because it promotes apoptosis,
HBO, merits further study as a novel treatment for leukemias,
either alone or as an adjuvant to chemotherapy.
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Abstract

Hyperbaric (HBO) and normobaric (NBO) oxygen therapy have been shown to be neuroprotective in focal cerebral ischemia. In previous
comparative studies, NBO appeared to be less effective than HBO., However, the experimentat protocols did not account for important advantages
of NBO in the clinical setting such as earlier initiation and prolonged administration. Therefore, we compared the effects of early prolonged NBO
to delayed HBO on infarct size and functional outcome. We also examined whether combining NBO and HBO is of additional benefit. Wistar

rats underwent filament-induced middle cerebral artery occlusion (MCAO) for 150 min. Animals breathed either air, 100% O, at ambient pressure
(NBO; initiated 30 min after MCAO) 100% O, at 3 atm absolute (HBO; initiated 90 min after MCAO), or a sequence of NBO and HBO, Infarct
volumes and neurological outcome (Garcia score) were examined 7 d after MCAO. HBO (174 £ 65 mm®) significantly reduced mean infarct volume
by 31% compared to air (251 = 59 mm®) and by 23% compared to NBO treated animals (225 + 63 mm®). In contrast, NBO failed to decrease
infarct volume significantly. Treatment with NBO + HBO (185 + 101 mm?) added no additional benefit to HBO alone. Neurological deficit was
significantly smaller in HBO treated animals (Garcia score: 13.3 £ 1.2) than in animals treated with air (12.1 & 1.4), but did not differ significantly
from NBO (12.4 4 0.9) and NBO + HBO (12.8 - 1.1). In conclusion, HBO is a more effective therapy than NBO in transient experimental ischemia
even when accounting for delayed treatment-onset of HBO. The combination of NBO and HBO results in no additional benefit.

© 2007 Elsevier Ireland Lid. All rights reserved.

Keywords: Hypoxia; Neuroprotection; Stroke; Experimental ischemia

Improving tissue oxygenation in ischemic stroke has been con-
sidered a promising therapeutic strategy for many years. The
majority of experimental studies have been performed with
hyperbaric oxygen treatment (HBO). Despite positive results in
experimental focal cerebral ischemia [14,24-28,30], the effec-
tiveness of HBO in the treatment of acute ischemic stroke in
patients remains controversial [4,16]. Disappointing results of
clinical pilot studies [1,17,19], potential side effects of HBO
[3,5,16], and limited availability of HBO chambers are major
limitations. Recent experimental studies suggest that normo-
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baric hyperoxia (NBO) has substantial neuroprotective effects
in focal cerebral ischemia [6,11,12,21-23]. NBO has several
advantages compared to HBO [21]. Importantly, NBO ther-
apy could be initiated earlier after stroke-onset by emergency
medical personnel with only minimal risk.

The efficacy of NBO and HBO has been compared directly
only in a limited number of studies in focal cerebral ischemia.
In most experiments, HBO showed a significantly stronger neu-
roprotective effect than NBO. The interval between onset of
ischemia and initiation of oxygen therapy is an important factor
determining its effectiveness [14,30]. In the previous studies,
however, NBO was administered for the same duration and
initiated after the same interval after ischemia-onset as HBO
[25-28], although this experimental design does not reflect the
time-advantage that can be expected for initiation of NBO in the
clinical setting. Another interesting approach may be to com-

i
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bine the effects of both oxygen modalities sequentially, but this
aspect has received only little attention so far [27]. The main
purpose of the present study was to compare the effects of early
initiated NBO to delayed HBO treatment on infarct size and neu-

rological outcome in rats after transient focal cerebral ischemia, -

We hypothesized that initiating NBO earlier than HBO could
compensate for inferiority of NBO in direct comparison of both
therapies. We also addressed the question whether the combina-
tion of both therapies is superior to administration of NBO or
HBO alone.

All experiments were performed on male Wistar rats (n = 72)
weighing 300-350 g (Charles River, Germany) and approved
by the local and regional governmental animal care authorities.
Using a face mask, anaesthesia was induced with 4% halothane
in O, and continued with 0.8~1.2 % halothane in a 70/30 mixture
of nitrous oxide/oxygen under spontaneous respiration. Dur-
ing surgery, temperature was continuously monitored with a
rectal probe and maintained at 37 °C with a thermostatically
controlled heating pad. The femoral artery and vein were cannu-
lated with PE-50 polyethylene tubing for continuous monitoring
of arterial blood pressure and heart rate, to provide samples for
blood gas measurements and to inject the MR—contrast agent.
Focal cerebral ischemia was induced using the reversible fila-
ment occlusion model as introduced by Longa et al. [13] with
some modifications as previously described [26]. After place-
ment of the silicone coated filament and closure of the neck,
rats were placed into a MRI scanner (Bruker Biospec, 2.35 T).
Perfusion-weighted imaging (PWI) was performed to ensure
hypoperfusion in the territory of the occluded MCA in all ani-
mals (see below). After PWI, rats were allowed to wake up. All
animals were subjected to ischemia of 150 min duration. Treat-
ment was performed according to one of four treatment protocols
to which animals were randomly assigned (Fig. 1). Animals
breathed either air, 100% O, at ambient pressure (NBO), 100%
O2 at 3 atm absolute (ata; HBO), or a sequence of NBO and
HBO (NBO+ HBO group). In the NBO group, NBO was initi-
ated 30 min after MCAO and was continued for 120 min during
ischemia plus 180 min during reperfusion. In the HBO group,
HBO was begun 90 min after ischemia-onset and performed
for 60 min. After reperfusion, these animals received no further

MCAO Reperfusion Decapitation

o s J_,/p &8 Room air
el = : -4 [INBO treatment
IR HBO treatment

NBO

GROUP

HBO

NBO+HBO [i44

30 min 90 min 150 min
TIME AFTER MCAQO

Fig. 1. Schematic overview of the experimental protocols.

therapy and breathed room air. In the NBO + HBO combination
group, rats received NBO 30 min after onset of ischemss for a
period of 60 min followed by HBO for 60 min plus 180 min of
NBO during reperfusion. In all groups, a PWI MRI was per-
formed just after removal of the filament to verify successful
reperfusion in all animals. Animals were examined ina 2.35 T
MRI scanner (Biospec 24/40, BRUKER Medizintechnik Eittlin-
gen, Germany) with a previously described configuration and
protocol [10]. For perfusion-weighted imaging (PWI), we used
a gradient-echo echo-planar imaging (GE-EPI) sequence (rep-
etition time =1 s, echo-time = 15 ms, 20 repetitions with a time
resolution of 1s/image data set) for monitoring the bolus pas-
sage of 1 mmol/kg of a paramagnetic contrast agent (Omniscan,
Nycomed Amersham, Oslo, Norway). For analysis of PWI dur-
ing ischemia and after reperfusion, the relative cerebral blood
volume (rCBV) and the relative mean transit time were calcu-
lated in two predefined regions of interest in the parietal cortex
and the striatum in both hemispheres from the signal-time-curve
determined from the PWI data set as previously described [9].

Seven days after ischemia, rats were deeply anesthetized
and transcardially perfused with 100 mL of heparinized saline.
Brains were rapidly removed, frozen in isopentane and stored
at —80°C. For determination of infarct size, 20 pm coronal
sections were cut at 400 pwm intervals and stained with the high-
contrast silver infarct method as previously described [29]. The
public domain Scion image program was used for analysis of
infarct size. No correction for focal edema was necessary at 7d
after ischemia.

Neurological deficit was graded 7d after ischemia using a
scale ranging from 3 to 18 introduced by Garcia et al. [7] for
filament-induced MCAO in rats. On this scale, lower scores
represent greater deficits. Scores were assessed by an observer
blinded to experimental groups.

All values are expressed as mean +standard deviation
(8.D.). For comparison of physiological values, infarct vol-
umes and MRI data, ANOVA was used followed by post hoc
Fisher’s protected least significant difference test. Between-
group differences of behavioral scores were analysed with the
Mann-Whitney U-test. All analyses were performed using SPSS
analysis software. A p-value <0.05 was considered statistically
significant.

Physiological parameters before MCAO and 5 min after treat-
ment were not significantly different between the air group and
the different oxygen treatment groups except for arterial pO,
(Table 1). Arterial pO; could not be measured during HBO treat-
ment in the chamber. Perfusion deficit on MRI after MCAO in
cortex and striatum did not differ among groups. Cortical rtCBV
(ischemic/nonischemic) was 0.57 £ 0.13 in the air, 0.54 +0.14
in the NBO, 0.60+0.17 in the HBO group, and 0.62 +0.21
in the NBO + HBO combination group. Thus, all groups under-
went ischemia of the same severity. Similarly, reperfusion after
filament removal did not differ significantly among groups (data
not shown).

Mortality did not differ significantly among the experimental
groups during the 7d observation period. In each of the air,
NBO, and NBO +HBO combination treated groups three rats
died, whereas only two rats died in the HBO group. Postmortem
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Table 1
Physiological Parameters
Air NBO HBO NBO+HBO
Baseline
pO, (mmHg) 136 £ 13.2 1319 + 13.5 1369 £ 11.7 1347 + 8.9
pCOz (mmHg) 419 + 4.6 418 & 36 414 + 34 434 + 4.7
pH 745 £+ 0.04 744 £ 0.03 7.45 £ 0.03 7.43 + 0.04
Temperature (°C) 374 +03 372+ 02 373+ 02 373+ 03
MAP (mmHg) 87.6 179 88.7 + 6.5 89.3 + 94 864 - 8.2
HF (bpm) 435 + 46 433 4 35 442 + 49 429 £ 41
Reperfusion
pQOy (mmHg) 121.2 + 19.8 385 X 25.7* 570.3 & 36.6% +* 546 + 49.3% **
pCO2 (mmHg) 432 £ 42 44.7 £ 52 405 £ 5.8 416 £ 5.1
pH 7.39 £ 0.03 7.41 £ 0.03 742 £ 0.04 7.40 + 0.03
Temperature (°C) 377+ 0.3 376 £ 0.3 37.6 =04 375+ 04

Except for arterial pOy after reperfusion, there were no significant differences in physiological parameters between groups (*p <0.05 compared to air; **p <0.05
compared to NBO; ANOVA and post hoc Fisher’s protected least si gnificant difference test).

examination of the animals which all died within the first 48 h
after ischemia revealed massive brain edema with signs of uncal
herniation as the most likely cause of death. These animals were
not included in further data analysis.

Mean total infarct volumes were significantly smaller in
HBO treated animals (174 4+ 65 mm?) than in animals treated
with air (251 £59 mm?®) or NBO (225 + 63 mm3). Thus, HBO
induced a 31% reduction of mean infarct volume compared
to air despite a delay of treatment initiation (Fig. 2). In con-
trast, mean tfotal infarct volume of NBO treated animals was
not significantly smaller than of animals treated with room air.
Treatment with NBO + HBO (185 % 101 mm?) resulted in a 26%
reduction of mean infarct volume compared to air. Comparison
of infarcted cortical and subcortical regions showed a signif-
icant reduction of mean cortical infarct volume in the HBO
group compared to air (79 49 mm> versus132 + 37 mm3) and
to NBO (117 +54mm?). Mean cortical infarct volume of
HBO +NBO treated animals (83 3- 58 mm®) was significantly
lower than of animals treated with air. There were no signif-
icant differences observed between mean subcortical infarct
volumes among the groups, although a trend towards reduction

3501

300

Infarct Volume (mm®)

AR NBO HBO ' NBO+HBO

Fig. 2. Infarct volumes on silver stained sections 7d after MCAO. HBO
decreases infarct volume compared to air and NBO. Combination of HBO and
NBO decreases infarct volume significantly compared to air, but difference was
not significant compared to NBO treated animals (*p <0.05 compared to air;
**p<0.05 compared to NBO; ANOVA and post hoc Fisher's protected least
significant difference test).

was noticed between mean subcortical infarct volumes of HBO
and air (94 £33 mm? versus 119 +41 mm?; p=0.08). Mean
subcortical infarct volumes were 108 434 mm?> for NBO and
101 & 52 mm? for NBO+HBO,

Behavioral deficits evaluated 7d after MCAO appeared to
depend on the treatment strategy, being most severe in the
air group (12.1k1.4), followed by the NBO (12.4 +0.9),
the NBO+HBO (12.8+£1.1), and finally the HBO group
(13.3 £ 1.2) (Fig. 3). At a statistical significance level, though,
only the HBO group showed a better outcome compared to air
treatment. Absolute mean scores were rather high because the
deficits measured by the Garcia scale had already improved 7 d
after MCAO.

The findings in the present study may be of relevance for
the translation of oxygen therapy from the experimental into
the clinical setting. Consistent with previous studies from our
and other groups [14,24-26,28], intraischemic HBO reduced
histological infarct size and improved neurological outcome in
rats subjected to tramsient focal cerebral ischemia. In contrast

16+

12+

Garcia neurological score

104

AIR NBO HBO  NBO+HBO

Fig. 3. Neurological deficit graded on the Garcia scale. HBQ decreases
neurological deficit compared to air and NBO (*p<0.05 compared to air;
Mann-Whitney U-test). NBO and combination of NBO and HBO (NBO + HBO)
do not improve neurological outcome compared to air (p > 0.05; Mann—Whitney

U-test).
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to most previous studies, the delay until initiation of HBO was
sufficiently long in the present study to be of significance for a
substantial subgroup of acute stroke patients. Other authors have
reported protective effects of HBO in rodent transient ischemia
when treatment was started up to 6 h after ischemia-onset [2,14],
but in these studies HBO was performed during the reperfusion
period after early recanalization. When we examined longer time
windows necessitating an MCA occlusion time of 4 or even
5h, mortality became excessively high in all groups indicat-
ing a ceiling effect in the filament model which produces large
hemispheric infarcts.

Although there is also accumulating evidence for a protec-
tive effect of NBO in cerebral ischemia [6,11,12,21-23], the
available data suggest that its time window is short [22), that its
effectiveness is inferior to HBO in transient [25,26,28] and lim-
ited in permanent focal ischemia [27]. Relative ineffectiveness
of NBO compared to HBO in previous experimental studies may
have been caused by starting both treatments after an identical
interval although NBO could obviously be implemented earlier
in the clinical setting. Therefore, our present experiments were
designed to account for a 60 min delay of treatment initiation
of HBO relative to NBO. NBO was started 30 min after MCAO
because this time was effective in one recent study [22] and
appears to be the realistic minimum interval that can be achieved
in most outpatient treatment situations. NBO was administered
for a 5 h period because prolonged treatment was most effective
in a well-designed study by Flynn and Auer [6] and in another
study using a permanent focal ischemia model [11]. Neverthe-
less, NBO failed to reduce infarct size and neurological deficit
compared to air treated rats in our experiments in contrast to
previous reports by other groups [6,11,12,22,23]. A potential
explanation for this discrepancy could be the longer MCA occlu-
sion period in our experiments. In this setting, the 30 min time
interval until treatment initiation may have been too long as
the time from onset of ischemia to initiation of oxygen therapy
is of great importance [14,30]. Alternatively, prolonged expo-
sure to NBO for 5h may have increased production of reactive
oxygen species, although recent studies did not find any evi-
dence for enhanced oxygen radical induced cell damage after
NBO treatment [15,20,24]. Exposure to normobaric oxygen in
these studies, however, was shorter than in our study and did
not include the reperfusion period during which oxygen-radical
induced damage is of particular importance. Also, rats were
anaesthesized only during surgical procedures in our experi-
ments in contrast to previous studies. As inhalative narcotics
can alter brain metabolism and infarct size [8] this may offer a
further explanation for outcome differences between the stud-
ies. Results from clinical studies on hyperoxia in stroke patients
are controversial. Ronning and Guldvog [18] observed a worse
1-year-outcome in stroke patients receiving supplementary oxy-
gen. While in this study patients were enrolled in a time window
of 24 h, Singhal et al. [21] found an improved clinical outcome
and less MRI abnormalities when normobaric hyperoxia was
started within 12 h after stroke-onset.

The sequential administration of normobaric and hyperbaric
oxygen therapy may be an attractive option in the clinical stroke
setting because it combines the advantages of early application

of NBO with the apparently more powerful but logistically chal-
lenging protective effect of delayed HBO. To our knowledge,
this concept so far has only been studied in a study of perma-
nent cortical murine ischemia from our group [27]. Similar to
that study, administering NBO prior to HBO resulted in no bene-
fit beyond protection by delayed HBO alone in the present study.
However, this hypothesis may have to be retested using a shorter
time window than 30 min for NBO.

In conclusion, our findings are of relevance for the potential
translation of oxygen therapy from experimental into clinical
ischemic stroke because they suggest a more powerful protective
effect of HBO than of NBO even when accounting for vari-
ables such as delay of treatment-onset and prolonged treatment
duration.
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Quantification of Neurocognitive Changes Before, During, and After
Hyperbaric Oxygen Therapy in a Case of Fetal Alcohol Syndrome

Kenneth P. Stoller, MD

ABSTRACT. Fetal alcohol syndrome (FAS) is the most
common nonhereditary cause of mental retardation, with
deficits in general intellectual functioning, learning,
memory, attention, and problem-solving. Presented here
is the first case in which measured neurocognitive abil-
ities were determined before, during, and after hyper-
baric oxygen therapy in a case of FAS involving a teenage
male patient. Memory, reaction time, and visual motor
speed assessments were compared. After 40 hyperbaric
treatments with 100% oxygen at 1.5 atmospheres abso-
lute, the patient’s performance in 6 of 6 categories of the
computer-administered test battery improved. Word
composite (verbal) scores improved from 55% to 73%,
memory composite (visual) scores improved from 38% to
55%, reaction time composites improved from 1.03 to 0.53
seconds, impulse control composite scores improved
from 8 to 5, and visual motor speed scores improved from

18.6 to 19.03. The patient’s subjective symptoms dimin- -

ished 94%. Six months after these treatments, the pa-
tient’s verbal memory was maintained at 73% without
any other interventions; impulsivity continued to im-
prove, whereas other indices did not. Thirty-three addi-
tional treatments continued to improve test performance,
with verbal memory at 95%, visual memory at 57%, and a
100% reduction of subjective symptoms. This patient,
with 15-year-matured FAS, benefited from a short course
of low-pressure hyperbaric oxygen therapy, sustained
durable cognitive improvements, and continued to ex-
hibit improvement with another short course of
treatments. Pediatrics 2005;116:e586-e591. URL: www.
pediatrics.org/cgi/doi/10.1542/peds.2004-2851; hyperbaric
oxygen therapy, fetal alcohol syndrome.

ABBREVIATIONS. FAS, fetal alcohol syndrome; ATA, atmo-
spheres absolute; HBOT, hyperbaric oxygen therapy; ARND, al-
cohol-related neurodevelopmental disorders; DCS, decompres-
sion sickness; SPECT, single-photon emission computed
tomographic.

lated neurodevelopmental disorders (ARND)
are the leading causes of nonhereditary mental
retardation. FAS is caused by maternal consumption
of alcohol during pregnancy, with growth deficien-
cies and a characteristic set of minor facial traits that

I retal alcohol syndrome (FAS) and alcohol-re-
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tend to become more transparent as the child ma-
tures. In addition to deficits in general intellectual
functioning, individuals with FAS/ARND often
demonstrate difficulties with learning, memory, at-
tention, and problem-solving skills, as well as mental
and social impairments. Children with ARND do not
have the characteristic facial defects and growth de-
ficiencies. The prevalence of FAS in the general pop-
ulation of the United States is thought to be between
0.5 and 2 cases per 1000 births, and the prevalence of
FAS and alcohol-related birth defects combined is at
least 10 cases per 1000 births, or 1% of all births.!
Fetal alcohol spectrum disorders is now the accepted
general term describing the range of effects that can
occur among individuals whose mothers drank alco-
hol during pregnancy. Other than supportive ser-
vices, there is no treatment; according to the Centers
for Disease Control and Prevention, FAS is consid-
ered irreversible and incurable.

It has been a decade since Harch et al? first used
hyperbaric oxygen therapy (HBOT) for a child with a
neurodevelopmental disorder in North America, af-
ter making the observation that patients with neuro-
logic conditions who were treated with standard
HBOT for chronic wound problems experienced im-
provement in their neurologic problems. Several
years earlier, Neubauer et al>= reported several cases
of single-photon emission computed tomographic
(SPECT) brain imaging before and after HBOT for
stroke, near drowning, and natural gas poisoning,
with recovery of neurologic function. Subsequently,
Harch et al*%7 performed the same sequence of
SPECT scans/HBOT/SPECT scans for commercial
divers with brain decompression sickness (DCS) and
obtained results similar to those of Neubauer et al*>-
for patients with acute, subacute, or chronic carbon
monoxide poisoning, patients with acute, subacute,
or chronic brain DCS, and patients with chronic isch-~
emic, hypoxic, traumatic, and/or hypoxic brain inju-
ries.

Commercial divers with DCS of the brain or spinal
cord were flown in comatose and/or paralyzed con-
dition from the oil and gas fields of the Gulf of
Mexico. These injured divers showed neurologic im-
provement far exceeding published reports and cur-
rent expectations. The notable improvement was at-
tributable to a protocol that treated beyond the
medical standard of a few HBOT treatments. Some
patients required as many as 100 treatments before
reaching a clinical plateau. Minutes to hours after the
onset of DCS, tissue damage continues to develop
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because of persistent occlusion of blood vessels by
bubbles or secondary damage to blood vessels
caused by passage of bubbles. This situation is vir-
tually identical to the pathologic processes that occur
in the brains of people during and after a stroke.
Although not widely known or used, HBOT is now
considered an important stroke treatment strategy
and proved successful in several animal and human
stroke studies.® The journal Stroke published a dou-
ble-blind study showing that stroke patients who
had received HBOT had less disability and better
neurologic function 1 year later than those who did
not receive HBOT.®

Treatment of acute focal cerebral ischemia with
HBOT has been reported for animals and humans. In
general, the results of research in animals have sug-
gested a promising role for HBOT. Hundreds of
cases of human ischemic stroke treated with HBOT
have been reported. In approximately one half of the
cases, improvement in status was claimed on clinical
or electroencephalographic grounds.1®

It seems that HBOT may play a role in the repair or
reconstruction of injured lower motor neurons as
well.! On the basis of the available literature, it has
been suggested that HBOT may provide an effective
strategy for the prevention and treatment of numer-
ous neurologic handicaps that plague many chil-
dren.!? The senior clinicians involved in the largest
randomized trial of HBOT for children with cerebral
palsy,!314 as well as the McGill pilot study,!> have
been unequivocal regarding the benefits of HBOT for
children with brain injuries.'6

I adapted successfully'” a computerized neuropsy-
chologic test battery, which was developed origi-
nally to evaluate sports concussions at the Center for
Sports Medicine Sports Concussion Program of the
University of Pittsburgh Medical Center,’819 to eval-
uate victims of carbon monoxide poisoning before
and after HBOT. The software evaluates and docu-
ments multiple aspects of neurocognitive function-
ing, including memory, brain processing speed,
reaction time, and postconcussive symptoms. Fur-
thermore, unlike standard neurocognitive testing
modalities, ImPACT (Immediate Postconcussion As-
sessment and Cognitive Testing) has shown itself to
be a reliable evaluation tool with virtually no prac-
tice effect influence on score stability.2° This comput-

erized evaluation was administered in this first doc-

umented case of HBOT for a child with FAS.

CASE REPORT

The child was found abandoned in a train station in Rustov,
Russia, as a toddler and subsequently was adopted and brought to

the United States. When the patient entered school, numerous
problems arose that led eventually to the diagnosis of FAS (cate-
gory II, because the patient was without confirmed maternal
alcohol exposure). Although the patient’s exact age was not
known, his legal birth date made him 15 years of age at the time
of the evaluation, in which he still exhibited several key features of
FAS, including classic facial anomalies and neurodevelopmental
abnormalities of the central nervous system. Furthermore, it is of
interest that, because of his neurocognitive state, the patient was
found incompetent to stand trial for an alleged offense in the court
system in New Mexico.

The patient was given the aforementioned, computer-adminis-
tered, test battery, which consists of 7 individual test modules that
measure aspects of cognitive functioning including attention,
memory, reaction time, and processing speed (Table 1). He took a
baseline test, a test midway through his HBOT, and a retest as he
completed his initial block of HBOT at treatment 40. The patient
was retested 6 months after HBOT and again after completing
another 33 treatments.

On the basis of normative data for his age, the patient’s baseline
scores placed him in the impaired range (Figs 1-5; Table 2). The
patient was treated with low-pressure HBOT 5 days per week, for
60 minutes at depth for each treatment (100% oxygen at 1.5 atmo-
spheres absolute [ATA], which is equivalent to the pressure at 17
feet of seawater), in a multiplace chamber with a hood to admin-
ister the oxygen. After his 20th treatment, he was retested and
demonstrated a precipitous decrease in reaction time and the
beginnings of improvement in memory. As is often the case when
reaction time improves, impulsivity scores increased initially. By
the end of treatment, 5 of 5 composite scores of neurocognitive
function showed improvement, although the patient’s verbal and
visual memory scores still placed him in the borderline impaired
range. Impulsivity control and reaction time surpassed the high
school mean, and subjective symptoms reported during the eval-
uation decreased 94% from baseline values.

After 6 months with no additional treatments or interventions
of any kind, the patient was retested. His verbal memory score
was maintained at 73%. His impulse control composite score
continued to improve by decreasing to only 2; however, his visual
memory score decreased and was only 13% better than the base-
line value. His reaction time was still 36% better than the baseline
value but was >0.1 second worse than his 40-treatment exit score
of 0.53 second. The patient reentered treatment and, after 33
additional exposures to HBOT, his verbal memory was 95% (pre-
treatment: 55%), visual memory was 57% (pretreatment: 38%),
reaction time was (.64 second (pretreatment: 1.03 second), visual
motor speed score was 20.1 {pretreatment: 18.6), and all previ-
ously reported symptoms resolved.

DISCUSSION

In 1992, Rockswold et al?! reported a study of
acute traumatic brain injury. Conducted from 1983 to
1989, the study enrolled 168 patients with Glasgow
Coma Scale scores of =9. The overall mortality rate
was reduced significantly, by 50%, in the HBOT
group (57% in the group with increased intracranial
pressure). In 2001, Rockswold et al2? reported that
HBOT improved the cerebral metabolic rate for ox-
ygen, decreased cerebrospinal fluid lactate levels (a
marker of damaged brain cells), and reduced intra-
cranial pressure. Those authors showed the ability of

TABLE 1.  Neuropsychologic Test Modules
Test Module Ability Area
Word discrimination Attentional processes, verbal recognition
Symbol memory Visual working memory, visual processing speed
Sequential digit tracking Sustained attention, reaction time
Visual span Visual attention, immediate memory
Symbol matching Visual processing speed, learning and memory
Color click Focused attention, response inhibition, reaction time
Three letters Working memory, visual motor response speed

Results from these tests are computed into overall memory, reaction time, and processing speed
composite scores (normative data are available at www.impacttest.com).
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Fig 1. Changes in verbal and visual memory
composite scores over the course of HBOT.
The high school means were 87.49% (SD: 9%)
for verbal memory and 77.89% (SD: 13.16%)
for visual memory.

20HBOT
s 40 HBOT 7%
Ig 6 months later 73%
In 33 more HEOT 95%

Fig 2. Impulse control composite scores.

*With a rapid decrease and improvement in

reaction time, there is a tendency for impul-

sivity scores to initially increase, as shown
halfway through the first treatment series,
but the exit score represents a 38% improve-
: ment from the baseline value and is better
1 than the high school mean of 9.51 (SD: 8.68).

0.00
Impulse Control Composite
Impulse Control Compasite:
@ Pre-HBOT 8.00
» 20 HEOT R
I 30 HBOT %00
8 & months later RS
[ 33 more HBOT 3.

Fig 3. Reaction time composite. Reaction
time improvement bettered the high school
mean of 0.565 seconds (SD: 0.08 seconds) after
40 treatments.

Reaction Time Composite

Reaction Time Comgposite

1.03

Pre-HBOT
® 20 HBOT 0,58
@ 40 KBOT a.5%
W § months later D66
[® 33 imore HEQT s

HBOT to recouple blood flow with metabolism. This
is relevant because it is time to revise the old concept
that brain injury is a condition for which there is no
treatment other than supportive measures.

Furthermore, the axiom that old injuries are static
or irreversible is untenable. It is now recognized in
neurology that deterioration attributable to brain
damage at birth may take place over 28 years.?? This
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Fig 4. Symptom scores. The computer-ad-
ministered evaluation asks patients to score
subjective symptoms relevant to brain injury
that they may be having. The decrease in
reported symptoms is consistent with the
global improvement this patient displayed in
the other modules of the test. The return of
some symptoms after 6 months is also con-
sistent with the partial deterioration in some
of his scores, but the score decreased to 0 with
additional HBOT.

Symptom Score

Visual Motor Speed Com,

Fig 5. Visual motor speed composite score.
Visual motor speed improved with treatment
but remained in the borderline impaired
range (high school mean: 36.81).

I Pre-HBOT 18.60
2 20 HBOT X 10.83

40 HBOT 19.03
@ 6 months later 16.68
® 33 more HBOT 201

mirrors the adult situation.?* Furthermore, stem or
progenitor cells have been found in the adult brain in
the past decade, and they can result in neural regen-
eration.” This recovery process is oxygen dependent
and, on first principles, is much more likely to take
place in a youngster than in an adult. There is now
conclusive evidence from altitude studies that the
capillary density can be increased even in the adult
mammalian brain.26

However, there is trepidation in using extra oxy-
gen to treat children with neurologic problems, be-
cause of ingrained concern regarding retinopathy.
Tissue hypoxia is compounded by the intravascular
sequestration of leukocytes, which release oxygen
free radicals. These mechanisms, which constitute
the inflammatory response, seem to be activated in-
appropriately in reperfusion injury and are stimu-
lated by hypoxic signaling produced by increased
levels of hypoxia-inducible factor 1a,%” which also
upregulates the production of vascular endothelial
growth factor. Therefore, it seems to be hypoxia,
created by abrupt reduction of incubator oxygen lev-
els, and not oxygen toxicity that is responsible for
neovascularization in retinopathy of prematuri-

ty- 28,29
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The computer assessment used in this case seems
to be a very useful tool for monitoring changes in
neurocognitive function after a brain injury and has
application beyond the evaluation of sports-related
concussions. HBOT may be useful in the treatment of
neurologic injury even if applied in the nonacute
period,?%31 as it was with this patient. Patients with
DCS sometimes needed to be treated 100 times be-
fore a clinical plateau was reached, and the block of
33 additional treatments continued to improve this
patient’s neurocognitive function when given at a -
later date (7 months after the end of his first block of
treatments). On the basis of previous experience with
DCS cases, this patient might have maintained some
of his gains better if he had received additional treat-
ments in the 6-month period after his initial treat-
ment ended, as the continued improvement in his
neurocognitive test results with resumption of ther-
apy 7 months later indicates. No conclusion should
be drawn from this case regarding how to use HBOT
to treat a newborn with evidence of fetal alcohol
exposure, because the pathologic features of a more
acute exposure to alcohol may not be like those of an
old exposure. The lack of appreciation of the patho-
logic differences in acute versus chronic brain inju-
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TABLE 2. Scoring Generated by Computer Assessment of Neurocognitive Function
ImPACT Clinical Report Before After 20 After 40 6 mo Later  After 33 More
HBOT HBOT HBOT HBOT
Treatments Treatments Treatments,
73 Total
Examination language English English English English English
Word memory
Hits (immediate), no. 10 1 12 12 11
Correct distractors (immediate), no. 11 12 12 12 10
Learning correct, % 88 96 100 100 86
Hits (delay), no. - 10 11 11 11 9
Correct distractors (delay), no. 12 12 12 11 11
Delayed memory correct, % 92 96 96 92 83
Total correct, % 90 96 98 96 85
Design memory
Hits (immediate), no. 8 9 8 7 6
Correct distractors (immediate), no. 4 6 6 8 6
Learning correct, % 50 - 63 58 63 50
Hits (delay), no. 9 7 7 4 6
Correct distractors (delay), no. 7 5 8 10 9
Delayed memory correct, % 67 50 63 58 63
Total correct, % . 58 56 60 60 56
X's & O's
Total correct (memory), no. 2 4 6 3 7
Total correct (interference), no. 72 41 85 71 72
Average correct reaction time (interference), s 0.84 0.84 0.81 1.16 1.13
Total incorrect (interference), no. 8 34 5 2 2
Average incorrect reaction time (interference), s 1.57 1.28 0.58 1.75 0.43
Symbol match
Total correct (symbols), no. : 27 26 27 27 26
Average correct reaction time (symbols), s 2.06 246 2.36 246 236
Total correct (symbols hidden), no. 2 0 : 2 2 9
Average correct reaction time (symbols hidden), s 1.70 0.00 223 6.24 3.95
Color match
Total correct, no. T 0 0 0 0
Average correct reaction time, s 1.55 0.00 0.00 0.00 0.00
Total commissions, no. 0 0 0 0 1
Average commissions reaction time, s 0.00 0.00 0.00 0.00 141
Three letters
Total correct, no. 2 4 5 5 5
Average correct reaction time, s 8 12 15 15 15
Total letters correct, % 53 80 100 100 100
Average time to first click, s 3.44 4.08 4.33 4.57 3.84
Average counted, no. 6.4 5.6 6.4 5.2 8
Average counted correctly, no. 6.4 3.8 5.6 5.2 74
Composite scores
Memory composite (verbal), % 55 59 73 73 95
Memory composite (visual), % 38 45 55 43 57
Visual motor speed composite score 1.03 0.55 0.53 16.68 20.10
Impulse control composite score 8 34 5 2 3

ries and how to treat such injuries has produced a
legacy of equivocal results. Dosage matters with
HBOT, especially in treating chronic brain injuries.
Pressures used for treatment of diabetic foot ulcers
(2.4 ATA) or acute DCS (2.8 ATA) probably will not
produce the desired healing of mature brain injuries.

In any situation in which application of appropri-
ate measurements gives concrete evidence of
changes induced by treatment, the significance of
limited numbers of patients is increased. In a sense,
this FAS patient acted as his own control, which was
facilitated by the level of documentation that the
computer-generated neurocognitive evaluation was
able to provide. Low-pressure HBOT is a therapy
with an extremely low risk profile and relatively low
cost, with potential benefits that seem to be signifi-
cant and measurable for a condition considered in-
curable, with no treatment at our disposal. In this
case, a youth with 15-year-matured FAS benefited
from a short course of low-pressure HBOT and sus-
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tained durable cognitive improvements. Given the
implications, these results should receive consider-
ation for broader study as soon as possible.

REFERENCES

1. May PA, Gossage JP. Estimating the prevalence of fetal alcohol
syndrome: a summary. Alcohol Res Health. 2001;25:159-167

2. Harch PG, Gottlieb SF, Van Meter KW, Stabb P. HMPAO SPECT brain
imaging and low pressure HBOT in the diagnosis and freatment of
chronic traumatic, ischemic, hypoxic and anoxic encephalopathies. Un-
dersea Hyperb Med. 1994;21(suppl):30

3. Neubauer RA, Gottlieb SF, Kagan RL. Enhancing “idling” neurons.
Lancet. 1990;335:542

4. Neubauer RA, Gottlieb SF, Miale A Jr. Identification of hypometabolic
areas in the brain using brain imaging and hyperbaric oxygen, Clin Nucl
Med. 1992;17:477-481

5. Neubauer RA. Severe natural gas poisoning successfully treated with
hyperbaric oxygen: 2 years later. In: Proceedings of the 5th International
Congress on Neurotoxicity and Occupational Neurology, Prague, Yugoslavia,
September 24-27, 1990. Vienna, Austria: European Federation of Neuro-
logical Sciences; 1990:10

A AoadeD trom o Reh o care bt DL OFQLSTADROME, i 22, 2008



10.

11.

12

13.

14,

15,

16.

17.

. Harch PG, Gotilieb SF, Van Meter KW, Stabb P, HMPAQO SPECT brain

imaging of acute CO poisoning and delayed neuropsychological se-
quelae (DNSS). Undersea Hyperb Med. 1994;21(suppl):15

. Harch PG, Gotilieb SF, Van Meter KW, Stabb P. The effect of HBOT

tailing treatment on neurological residual and SPECT brain images in
type II (cerebral) DCI/CAGE. Undersea Hyperk Med. 1994;21(suppl):22

. Singhal AB, Dijkhuizen RM, Rosen BR, Lo EH. Normobaric hyperoxia

reduces MRI diffusion abnormalities and infarct size in experimental
stroke. Neurology. 2002;58:945-952

. Nighoghossian N, Trouillas P, Adeleine P, Salord F. Hyperbaric oxygen

in the treatment of acute ischemic stroke: a double-blind study. Stroke.
1995;26:1369-1372

Nighoghossian N, Trouillas P. Hyperbaric oxygen in the treatment of
acute ischemic stroke: an unsettled issue. | Neurol Sci. 1997;150:27-31
Nakajima M, Kuwabara S, Uchino F, Hirayama K. Enhanced regenera-
tion of terminal axons after hyperbaric oxygen therapy in a patient
resembling progressive postpoliomyelitis muscular atrophy [in Japa-
nese]. Rinsho Shinkeigaku. 1994;34:48-51

Calvert JW, Yin W, Patel M, et al. Hyperbaric oxygenation prevented
brain injury induced by hypoxia-ischemia in a neonatal rat model. Brain
Res. 2002;951:1-8

Collet J-P, Vanasse M, Marois P, et al. Hyperbaric oxygen for children
with cerebral palsy: a randomised multicentre trial. Lancet. 2001;357:
582-586

Hardy P, Collet JP, Goldberg ], et al. Neuropsychological effects of
hyperbaric oxygen therapy in cerebral palsy. Dev Med Child Neurol.
2002;44:436-446

Montgommery D, Goldberg J, Amar M, et al. Effects of hyperbaric
oxygen therapy on children with spastic diplegic cerebral palsy: a pilot
project. Undersea Hyperb Med. 1999;26:235-242

Marois P, Vanasse M. Hyperbaric oxygen therapy and cerebral palsy.
Dev Med Child Neurol. 2003;45:646—648

Stoller KP. Quantification of neurocognitive changes before and after
delayed hyperbaric oxygen therapy in a case of carbon monoxide poi-
soring. Presented at the Undersea and Hyperbaric Medical Society Guif
Coast Chapter 2004 annual scientific meeting; Dallas, Texas, August
5-7, 2004

Downloaded from www.pediatrics.org at Uhiv OF ;?rm ?ga%ﬁz{ S%iée%)rh%)'%gg6&eds'20%2851

19.

20.

21.

24.

26.

27.

28.

29,

30.

31

. Collins MW, Lovell MR, Mckeag DB. Current issues in managing

sports-related concussion. JAMA. 1999;282:2283-2285

Collins MW, Grindel SH, Lovell MR, et al. Relationship between con-
cussion and neuropsychological performance in college football play-
ers. JAMA. 1999;282:964-970

Iverson GL, Lovell MR, Collins MW. Interpreting change on ImPACT
following sport concussion. Clin Neuropsychol. 2003;17:460-467
Rockswold GL Ford SE, Anderson DC, Bergman TA, Sherman RE.
Results of a prospective randomized trial for treatment of severely brain
injured patients with hyperbaric oxygen. ] Neurosurg. 1992,76:929-934

. Rockswold SB, Rockswold GL, Vargo JM, et al. Effects of hyperbaric

oxygenation therapy on cerebral metabolism and intracranial pressure
in severely brain injured patients. | Neurosurg. 2001;94:403--411

. Saint Hilaire MHS, Burke RE, Bressman SB, Brin MF, Fahn S. Delayed-

onset dystonia due to perinatal or early childhood asphyxia. Neurology.
1991,41:216-222

Burke RE, Fahn S, Gold AP. Delayed-onset dystonia in patients with
“static” encephalopathy. | Neurol Neurosurg Psychiatry. 1980;43:789-797

. Steindler DA, Pincus DW. Stem cells and neuropoesis in the adult

human brain. Lancet. 2002;359:1047-1054

Harik 51, Behmand RA, LaManna JC. Hypoxia increases glucose trans-
port at blood-brain barrier in rats. ] Appl Physiol. 1994;77:896-901
Stamler JS, Jia L, Eu JP, et al. Blood flow regulation by S-nitrosohemo-
globin in the physiological oxygen gradient. Science. 1997,276:2034—2037
Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: role of
the HIF system. Nature Med. 2003;9:677~684

Calvert JW, Zhou C, Zhang JH. Transient exposure of rat pups to
hyperoxia at normobaric and hyperbaric pressures does not cause ret-
inopathy of prematurity. Exp Neurol. 2004;189:150~161

Ziser A, Shupak A, Halpern P, Gozal D, Melamed Y. Delayed hyper-
baric oxygen treatment for acute carbon monoxide poisoning, Br Med |
(Clin Res Ed). 1984;289:960

Ersanli D, Yildiz S, Togrol E, Ay H, Qyrdedi T. Visual loss as a late
complication of carbon monoxide poisoning and its successful treat-
ment with hyperbaric oxygen therapy. Swiss Med Wkly. 2004;134:
650-655

e591



Quantification of Neurocognitive Changes Before, During, and After Hyperbaric
Oxygen Therapy in a Case of Fetal Alcohol Syndrome

Kenneth P, Stoller

Pediatrics 2005;116,e586-¢591; originally published online Sep 15, 2005;

DOI: 10.1542/peds 2004-2851

Updated Information
& Services

References

Subspecialty Collections

Permissions & Licensing

Reprints

including high-resolution figures, can be found at:
http://www pediatrics.org/cgi/content/full/116/4/e586

This article cites 29 articles, 7 of which you can access for free

at:
http://www pediatrics.org/cgi/content/full/1 16/4/e586#BIBL

This article, along with others on similar topics, appears in the
following collection(s):

Therapeutics & Toxicology
http://www.pediatrics.org/cgi/collection/therapeutics_and__toxico
logy

Information about reproducing this article in parts (figures,
tables) or in its entirety can be found online at:
http://www pediatrics.org/misc/Permissions.shtml

Information about ordering reprints can be found online:
http://www pediatrics.org/misc/reprints.shtml

American Academy of Pediatrics
DEDICATED TO THE HEALTH OF ALL CHILDREN™

Downloaded from www.pediatrics.org at Univ Of North Dakota on February 22, 2008




PEDIATRICS

Quantification of Neurocognitive Changes Before, During, and After Hyperbaric
Oxygen Therapy in a Case of Fetal Alcohol Syndrome
Kenneth P. Stoller
Pediatrics 2005;116;¢586-¢591; originally published online Sep 15, 2005;
DOI: 10.1542/peds.2004-2851

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://www pediatrics.org/cgi/content/full/116/4/e586

PEDIATRICS is the official journal of the American Academy of Pediatrics. A monthly
publication, it has been published continuously since 1948, PEDIATRICS is owned, published,
and trademarked by the American Academy of Pediatrics, 141 Northwest Point Boulevard, Elk
Grove Village, Illinois, 60007. Copyright © 2005 by the American Academy of Pediatrics. All
rights reserved. Print ISSN: 0031-4005. Online ISSN: 1098-4275.

American Academy of Pediatrics
DEDICATED TO THE HEALTH OF ALL CHILDREN™

Downloaded from www pediatrics.org at Univ Of North Dakota on February 22, 2008



Quantification of Neurocognitive Changes Before, During, and After
Hyperbaric Oxygen Therapy in a Case of Fetal Alcohol Syndrome

Kenneth P. Stoller, MD

ABSTRACT. Fetal alcohol syndrome (FAS) is the most
common nonhereditary cause of mental retardation, with
deficits in general intellectual functioning, learning,
memory, attention, and problem-solving. Presented here
is the first case in which measured neurocognitive abil-
ities were determined before, during, and after hyper-
baric oxygen therapy in a case of FAS involving a teenage
male patient. Memory, reaction time, and visual motor
speed assessments were compared. After 40 hyperbaric
freatments with 100% oxygen at 1.5 atmospheres abso-
lute, the patient’s performance in 6 of 6 categories of the
computer-administered test battery improved. Word
composite (verbal) scores improved from 55% to 73%,
memory composite (visual) scores improved from 38% to
55%, reaction time composites improved from 1.03 to 0.53
seconds, impulse control composite scores improved
from 8 to 5, and visual motor speed scores improved from
18.6 to 19.03. The patient’s subjective symptoms dimin-
ished 94%. Six months after these treatments, the pa-
tient's verbal memory was maintained at 73% without
any other interventions; impulsivity continued to im-
prove, whereas other indices did not. Thirty-three addi-
tional treatments continued to improve test performance,
with verbal memory at 95%, visual memory at 57%, and a
100% reduction of subjective symptoms. This patient,
with 15-year-matured FAS, benefited from a short course
of low-pressure hyperbatic oxygen therapy, sustained
durable cognitive improvements, and continued to ex-
hibit improvement with another short course of
treatments. Pediatrics 2005;116:¢586—e591. URL: www.
pediatrics.org/cgi/doi/10.1542/peds.2004-2851; hyperbaric
oxygen therapy, fetal alcohol syndrome.

ABBREVIATIONS. FAS, fetal alcohol syndrome; ATA, atmo-
spheres absolute; HBOT, hyperbaric oxygen therapy; ARND, al-
cohol-related neurodevelopmental disorders; DCS, decompres-
sion sickness; SPECT, single-photon emission computed
tomographic.

lated neurodevelopmental disorders (ARND)
, are the leading causes of nonhereditary mental

retardation. FAS is caused by maternal consumption
of alcohol during pregnancy, with growth deficien-
cies and a characteristic set of minor facial traits that

I i'etal alcohol syndrome (FAS) and alcohol-re-
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tend to become more transparent as the child ma-
tures. In addition to deficits in general intellectual
functioning, individuals with FAS/ARND often
demonstrate difficulties with learning, memory, at-
tention, and problem-solving skills, as well as mental
and social impairments. Children with ARND do not
have the characteristic facial defects and growth de-
ficiencies. The prevalence of FAS in the general pop-
ulation of the United States is thought to be between
0.5 and 2 cases per 1000 births, and the prevalence of
FAS and alcohol-related birth defects combined is at
least 10 cases per 1000 births, or 1% of all births.1
Fetal alcohol spectrum disorders is now the accepted
general term describing the range of effects that can
occur among individuals whose mothers drank alco-
hol during pregnancy. Other than supportive ser-
vices, there is no treatment; according to the Centers
for Disease Control and Prevention, FAS is consid-
ered irreversible and incurable.

It has been a decade since Harch et al? first used
hyperbaric oxygen therapy (HBOT) for a child with a
neurodevelopmental disorder in North America, af-
ter making the observation that patients with neuro-
logic conditions who were treated with standard
HBOT for chronic wound problems experienced im-
provement in their neurologic problems. Several
years earlier, Neubauer et al*- reported several cases
of single-photon emission computed tomographic
(SPECT) brain imaging before and after HBOT for
stroke, near drowning, and natural gas poisoning,
with recovery of neurologic function. Subsequently,
Harch et al*7 performed the same sequence of
SPECT scans/HBOT/SPECT scans for commercial
divers with brain decompression sickness (DCS) and
obtained results similar to those of Neubauer et al>-5
for patients with acute, subacute, or chronic carbon
monoxide poisoning, patients with acute, subacute,
or chronic brain DCS, and patients with chronic isch-
emic, hypoxic, traumatic, and for hypoxic brain inju-
ries.

Commercial divers with DCS of the brain or spinal
cord were flown in comatose and /or paralyzed con-
dition from the oil and gas fields of the Gulf of
Mexico. These injured divers showed neurologic im-
provement far exceeding published reports and cur-
rent expectations. The notable improvement was at-
tributable to a protocol that treated beyond the
medical standard of a few HBOT treatments. Some
patients required as many as 100 treatments before
reaching a clinical plateau. Minutes to hours after the
onset of DCS, tissue damage continues to develop
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because of persistent occlusion of blood vessels by
bubbles or secondary damage to blood vessels
caused by passage of bubbles. This situation is vir-
tually identical to the pathologic processes that occur
in the brains of people during and after a stroke.
Although not widely known or used, HBOT is now
considered an important stroke treatment strategy
and proved successful in several animal and human
stroke studies.® The journal Stroke published a dou-
ble-blind study showing that stroke patients who
had received HBOT had less disability and better
neurologic function 1 year later than those who did
not receive HBOT.?

Treatment of acute focal cerebral ischemia with
HBOT has been reported for animals and humans. In
general, the results of research in animals have sug-
gested a promising role for HBOT. Hundreds of
cases of human ischemic stroke treated with HBOT
have been reported. In approximately one half of the
cases, improvement in status was claimed on clinical
or electroencephalographic grounds.10

It seems that HBOT may play a role in the repair or
reconstruction of injured lower motor neurons as
well.1’ On the basis of the available literature, it has
been suggested that HBOT may provide an effective
strategy for the prevention and treatment of numer-
ous neurologic handicaps that plague many chil-
dren.’? The senior clinicians involved in the largest
randomized trial of HBOT for children with cerebral
palsy,'>1* as well as the McGill pilot study,!5 have
been unequivocal regarding the benefits of HBOT for
children with brain injuries.16

T adapted successfully'” a computerized neuropsy-
chologic test battery, which was developed origi-

nally to evaluate sports concussions at the Center for v

Sports Medicine Sports Concussion Program of the
University of Pittsburgh Medical Center,819 to eval-
uate victims of carbon monoxide poisoning before
and after HBOT. The software evaluates and docu-
ments multiple aspects of neurocognitive function-
ing, including memory, brain processing speed,
reaction time, and postconcussive symptoms. Fur-
thermore, unlike standard neurocognitive testing
modalities, INPACT (Immediate Postconcussion As-
sessment and Cognitive Testing) has shown itself to
be a reliable evaluation tool with virtually no prac-
tice effect influence on score stability.?0 This comput-
erized evaluation was administered in this first doc-
umented case of HBOT for a child with FAS.

CASE REPORT

The child was found abandoned in a train station in Rustov,
Russia, as a toddler and subsequently was adopted and brought to

TABLE 1.  Neuropsychologic Test Modules

the United States. When the patient entered school, numerous
problems arose that led eventually to the diagnosis of FAS (cate-
gory II, because the patient was without confirmed maternal
alcohol exposure). Although the patient’s exact age was not
known, his legal birth date made him 15 years of age at the time
of the evaluation, in which he still exhibited several key features of
FAS, including classic facial anomalies and neurodevelopmental
abnormalities of the central nervous system. Furthermore, it is of
interest that, because of his neurocognitive state, the patient was
found incompetent to stand trial for an alleged offense in the court
system in New Mexico.

The patient was given the aforementioned, computer-adminis-
tered, test battery, which consists of 7 individual test modules that
measure aspects of cognitive functioning including attention,
memory, reaction time, and processing speed (Table 1). He took a
baseline test, a test midway through his HBOT, and a retest as he
completed his initial block of HBOT at treatment 40. The patient
was retested 6 months after HBOT and again after completing
another 33 treatments.

On the basis of normative data for his age, the patient’s baseline
scores placed him in the impaired range (Figs 1-5; Table 2). The
patient was treated with low-pressure HBOT 5 days per week, for
60 minutes at depth for each treatment (100% oxygen at 1.5 atmo-
spheres absolute [ATA], which is equivalent to the pressure at 17
feet of seawater), in a multiplace chamber with a hood to admin-
ister the oxygen. After his 20th treatment, he was retested and
demonstrated a precipitous decrease in reaction time and the
beginnings of improvement in memory. As is often the case when
reaction time improves, impulsivity scores increased initially. By
the end of treatment, 5 of 5 composite scores of neurocognitive
function showed improvement, although the patient’s verbal and
visual memory scores still placed him in the borderline impaired
range. Impulsivity control and reaction time surpassed the high
school mean, and subjective symptoms reported during the eval-
uation decreased 94% from baseline values.

After 6 months with no additional treatments or interventions
of any kind, the patient was retested. His verbal memory score
was maintained at 73%. His impulse control composite score
continued to improve by decreasing to only 2; however, his visual
memory score decreased and was only 13% better than the base-
line value. His reaction time was still 36% better than the baseline
value but was >0.1 second worse than his 40-treatment exit score
of 0.53 second. The patient reentered treatment and, after 33
additional exposures to HBOT, his verbal memory was 95% (pre-
treatment: 55%), visual memory was 57% (pretreatment: 38%),
reaction time was 0.64 second (pretreatment: 1.03 second), visual
motor speed score was 20.1 (pretreatment: 18.6), and all previ-
ously reported symptoms resolved.

DISCUSSION

In 1992, Rockswold et al?! reported a study of
acute traumatic brain injury. Conducted from 1983 to
1989, the study enrolled 168 patients with Glasgow
Coma Scale scores of <9. The overall mortality rate
was reduced significantly, by 50%, in the HBOT
group (57% in the group with increased intracranial
pressure). In 2001, Rockswold et al?? reported that
HBOT improved the cerebral metabolic rate for ox-
ygen, decreased cerebrospinal fluid lactate levels (a
marker of damaged brain cells), and reduced intra-
cranial pressure. Those authors showed the ability of

" Test Module Ability Area
Word discrimination Attentional processes, verbal recognition
Symbol memory Visual working memory, visual processing speed
Sequential digit tracking Sustained attention, reaction time
Visual span Visual attention, immediate memory
Symbol matching Visual processing speed, learning and memory
Color click Focused attention, response inhibition, reaction time
Three letters Working memory, visual motor response speed

Results from these tests are computed into overall memory, reaction time, and processing speed
composite scores (normative data are available at www.impacttest.com).
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Fig 1. Changes in verbal and visual memory
composite scores over the course of HBOT.
The high school means were 87.49% (SD: 9%)
for verbal memory and 77.89% (SD: 13.16%)
for visual memory.

" Verbal Memory

o ProrBOT 5%
|o 20 1801 59%
Jm 40 HB0T 73%
A & months later 73%
| 33 more HBOT 95%

Fig 2. Impulse control composite scores.

With a rapid decrease and improvement in

reaction time, there is a tendency for impul-

10.00

sivity scores to initially increase, as shown
halfway through the first treatment series,
but the exit score represents a 38% improve-
ment from the baseline value and is better
than the high school mean of 9.51 (SD: 8.68).

0.00 -
Impulse Control Composite
impulse Control Composite. -
& pre-HBOT 200 :
B 20 H80T 34
& 40 HEOT 5.00
8 & months liter 2
W 33 ricre HBOT : 3 \-

Fig 3. Reaction time composite. Reaction
time improvement bettered the high school
mean of 0.565 seconds (SD: 0.08 seconds) after
40 treatments.

Reaction Time Composite

Reaction Time Composite

HBOT to recouple blood flow with metabolism. This
is relevant because it is time to revise the old concept
that brain injury is a condition for which there is no
treatment other than supportive measures.
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Pre-HBOT 1.03
™ 20 HBOT 0855
@ 40 HBOT 02.53
8 6 months later 066 5
@ 33 more HEOT 0.64 s

Furthermore, the axiom that old injuries are static
or irreversible is untenable. It is now recognized in
neurology that deterioration attributable to brain
damage at birth may take place over 28 years.23 This
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Fig 4. Symptom scores. The computer-ad-
ministered evaluation asks patients to score
subjective symptoms relevant to brain injury
that they may be having. The decrease in
reported symptoms is consistent with the
global improvement this patient displayed in
the other modules of the test. The return of
some symptoms after 6 months is also con-
sistent with the partial deterioration in some
of his scores, but the score decreased to 0 with
additional HBOT. :

Fig 5. Visual motor speed composite score.
Visual motor speed improved with treatment
but remained in the borderline impaired
range (high school mean: 36.81).

& Pre-HBOT 19,60
lo 20 HeOT 10.83
jm 0 B0T 19.03
o & months rater 7668
I® 33 more HBOT 201

mirrors the adult situation.?* Furthermore, stem or
progenitor cells have been found in the adult brain in
the past decade, and they can result in neural regen-
eration.?® This recovery process is oxygen dependent
and, on first principles, is much more likely to take
place in a youngster than in an adult. There is now
conclusive evidence from altitude studies that the
capillary density can be increased even in the adult
mammalian brain.2¢

However, there is trepidation in using extra oxy-
gen to treat children with neurologic problems, be-
cause of ingrained concern regarding retinopathy.
Tissue hypoxia is compounded by the intravascular
sequestration of leukocytes, which release oxygen
free radicals. These mechanisms, which constitute
the inflammatory response, seem to be activated in-
appropriately in reperfusion injury and are stimu-
lated by hypoxic signaling produced by increased
levels of hypoxia-inducible factor 1e,?” which also
upregulates the production of vascular endothelial
growth factor. Therefore, it seems to be hypoxia,
created by abrupt reduction of incubator oxygen lev-
els, and not oxygen toxicity that is responsible for
neovascularization in retinopathy of prematuri-

t—y_28,29
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The computer assessment used in this case seems
to be a very useful tool for monitoring changes in
neurocognitive function after a brain injury and has
application beyond the evaluation of sports-related
concussions. HBOT may be useful in the treatment of
neurologic injury even if applied in the nonacute
period, 3! as it was with this patient. Patients with
DCS sometimes needed to be treated 100 times be-
fore a clinical plateau was reached, and the block of
33 additional treatments continued to improve this
patient’s neurocognitive function when given at a
later date (7 months after the end of his first block of
treatments). On the basis of previous experience with
DCS cases, this patient might have maintained some
of his gains better if he had received additional treat-
ments in the 6-month period after his initial treat-
ment ended, as the continued improvement in his
neurocognitive test results with resumption of ther-
apy 7 months later indicates. No conclusion should
be drawn from this case regarding how to use HBOT
to treat a newborn with evidence of fetal alcohol
exposure, because the pathologic features of a more
acute exposure to alcohol may not be like those of an
old exposure. The lack of appreciation of the patho-
logic differences in acute versus chronic brain inju-
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TABLE 2.  Scoring Generated by Computer Assessment of Neurocognitive Function
ImPACT Clinical Report Before After 20 After 40 6 mo Later After 33 More
HBOT HBOT HBOT HBOT
Treatments Treatments Treatments,
73 Total
Examination language English English English English English
Word memory
Hits (immediate), no. 10 11 12 12 11
Correct distractors (immediate), no. 11 12 12 12 10
Learning correct, % 88 96 100 100 86
Hits (delay), no. 10 11 11 11 9
Correct distractors (delay), no. 12 12 12 11 11
Delayed memory correct, % 92 96 9% 92 83
Total correct, % 90 96 98 96 85
Design memory
Hits (immediate), no. 8 9 8 7 6
Correct distractors (immediate), no. 4 6 6 8 6
Learning correct, % 50 63 58 63 50
Hits (delay), no. 9 7 7 4 6
Correct distractors (delay), no. 7 5 8 .10 9
Delayed memory correct, % 67 50 63 58 63
Total correct, % 58 56 60 60 56
X's & O’s :
Total correct (memory), no. 2 4 6 3 7
Total correct (interference), no. 72 41 85 71 72
Average correct reaction time (interference), s 0.84 0.84 0.81 1.16 1.13
Total incorrect (interference), no. 8 34 5 2 2
Average incorrect reaction time (interference), s 1.57 1.28 0.58 1.75 0.43
Symbol match
Total correct (symbols), no. 27 26 27 27 26
Average correct reaction time (symbols), s 2.06 246 236 2.46 2.36
Total correct (symbols hidden), no. 2 0 2 2 9
Average correct reaction time (symbols hidden), s 1.70 0.00 223 6.24 3.95
Color match
Total correct, no. 1 0 0 0 0
Average correct reaction time, s 1.55 0.00 0.00 0.00 0.00
Total commissions, no. 0 0 0 0 1
Average commissions reaction time, s 0.00 0.00 0.00 0.00 141
Three letters
Total correct, no. 2 4 5 5 5
Average correct reaction time, s 8 12 15 15 15
Total letters correct, % 53 80 100 100 100
Average time to first click, s 3.44 4.08 4.33 4.57 3.84
Average counted, no. 6.4 5.6 6.4 5.2 8
Average counted correctly, no. 6.4 3.8 5.6 52 74
Composite scores :
Memory composite (verbal), % 55 59 73 73 95
Memory composite (visual), % 38 45 55 43 57
Visual motor speed composite score 1.03 0.55 0.53 16.68 20.10
Impulse control composite score 8 34 5 2 3

ries and how to treat such injuries has produced a
legacy of equivocal results. Dosage matters with
HBOT, especially in treating chronic brain injuries.
Pressures used for treatment of diabetic foot ulcers
(2.4 ATA) or acute DCS (2.8 ATA) probably will not
produce the desired healing of mature brain injuries.

In any situation in which application of appropri-
ate measurements gives concrete evidence of
changes induced by treatment, the significance of
limited numbers of patients is increased. In a sense,
this FAS patient acted as his own control, which was
facilitated by the level of documentation that the
computer-generated neurocognitive evaluation was
able to provide. Low-pressure HBOT is a therapy
with an extremely low risk profile and relatively low
cost, with potential benefits that seem to be signifi-
cant and measurable for a condition considered in-
curable, with no treatment at our disposal. In this
case, a youth with 15-year-matured FAS benefited
from a short course of low-pressure HBOT and sus-
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tained durable cognitive improvements. Given the
implications, these results should receive consider-
ation for broader study as soon as possible.
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Hyperbaric oxygen in traUmafié brain injury

Sarah B. Rockswold, Gaylan L. Rockswold and Archie Defillo
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Neurosurgery, Uz%ersily of Minnesota, 701

Hennepin County Medical Center, Department of
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- Objectives: This critical literature review examines historical and current investigations on the
efficacy and mechanisms of hyperbaric oxygen (HBO} treatment in traumatic brain injury (TBI).
Potential safety risks and oxygen toxicity, as well as HBO’s future potential, are also discussed.

Methods: Directed literature review.

Results: Historically, cerebral vasoconstriction and increased ox gen availability were seen as

the primary mechanisms of HBO in TBI, HBO now appears to

improving cerebral aerobic

metabolism at a cellular level, namely, by enhancing damaged mitochondrial recovery. HBO
given at the ideal treatment paradgm, 1.5 ATA for 60 minutes, does not appear to produce
e

oxygen toxicity and is relatively safe.

Discussion: The use of HBO in TBI remains controversial. Growing evidence, however, shows
that HBO may be a potential treatment for patients with severe brain in/'ury. Further
investigations, including a multicenter prospective randomized clinical trial, will be required
to definitively define the role of HBO in severe TBI. [Neurol Res 2007; 29: 162-172]

Keywords: Cerebral metabolism; hyperbaric oxygen; intracranial pressure; traumatic brain injury

INTRODUCTION

Traumatic brain injury (TBI) is called the silent epidemic
of the USA. Two million people suffer TBI each year in
the USA and approximately one million of them require
an emergency room visit; 500,000 are hospitalized and
50,000 die. This results in direct and indirect costs of 56
billion dollars annually to our country. The magnitude
of the problem is shown in the statement by Dr Thomas
A. Ginnarelli, a neurosurgeon specializing in TBI: ‘in the
last twelve years, the number of deaths from head injury
has exceeded all the military deaths in all the wars [up
to the Vietnam War] fought by this nation since 1776'.
Various drug and hypothermia multicenter trials have
failed to show improvement in functional outcome and
mortality rates in patients suffering from TBI*>. |n
recent years, however, there has been promising animal
and clinical research in the area of oxygen (O,),
especially hyE_erbaric oxygen (HBQ), for the treatment
of severe TBI*10,

The use of HBO in the treatment of TBI has been
controversial. Oxygen toxicity and safety concerns have
been at the forefront of this controversy. In truth, the
complications from HBO have been rare and reversible
in the authors’ experience. Historically, HBO was seen
as a mechanism to decrease cerebral blood flow (CBF)
and intracranial pressure (ICP) while increasing O,
availability to injured brain cells''". As highly
technical equipment has become available in both TBI
animal and clinical studies, however, HBO appears to
be working at the mitochondrial level to improve
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cerebral aerobic metabolism after brain injury’3°.
Clinically, HBO has been shown to decrease mortality
rates and improve functional outcome in severely brain-
injured patients®'*>. As research on HBO continues,
the goal is to accomplish a multicenter prospective
randomized clinical outcome trial by which the efficacy
of HBO in the treatment of severely brain-injured
patients is evaluated. :

PATHOPHYSIOLOGY OF TBI
Ischemia has been implicated as a major cause of
seconda:;y brain injury and death following severe brain
injury’®™®. Inadequate O, supply to the traumatized
brain results in the conversion of aerobic metabolism to
anaerobic metabolism'%?°, Anaerobic metabolism results
in acidosis and depletion of cellular energy. As the
demands for energy production are no longer met, the
brain cells lose their ability to maintain ionic homeostasis.
Abnormally high intracellular concentrations of calcium
occur’. A” combination of cellular acidosis and
excessive concentrations of calcium activates various
important intracellular proteins. This abnormal cellular
environment results in the release of excitatory amino
acids and in the formation of highly reactive free radicals
that are extremely damaging to cell membranes?+26, The
high levels of calcium also have been shown to lead to
excessive calcium being absorbed on neuronal mito-
chondria membranes leading to the impairment of
mitochondrial respiratory chain-linked oxidative phos-
phorylation leading to further functional failure of aerobic
metabolism?®”*®, Mitochondrial dysfunction can persist
for days following the initial insult?-32,

Paradoxically, during this early phase of injury,
metabolic needs of the injured brain tissue are increased
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and CBF and delivery of O, in substrate are decreased.

_This results in what has been termed a ‘flow/metabolism
mismatch’?”’. Oxygen “delivery to brain tissue is
impaired not only by decreased CBF but by reduced
O, diffusion into cells caused by vasogenic and
cytotoxic edema. Studies have also shown that local
brain tissue oxygen (PtO,) levels are significantly
correlated with ischemia and outcome®*% " Van den
Brink et al. demonstrated the presence of early ischemia
at the tissue level with reduced initial PtO, and found
that low PtO, was an independent predictor of death
and unfavorable outcome™*,

Many studies indicate that increased cerebrospinal
fluid (CSF) lactate product is a marker for this anaerobic
metabolism status caused either by a lack of O,
(ischemia) and/or by damage to the mitochon-

- dria'819333637 " A continued high level of lactate in
the brain has been shown to be a poor prognostic
indicator after brain injury'%37-3%,

The time from the primary brain injury to the
occurrence of irreversible cell damage resulting from
ischemia and hypoxia varies considerably, depending
upon the severity of the injury and the degree of
hypoxia*®. Brain tissue cannot survive without adequate
delivery of O,, and even short periods of O, deprivation
may result in the activation of pathologic events that
contribute to secondary cell damage. Supporting the
aerobic processes of the threatened cells could possibly
preserve viable, but non-functioning tissue.

HISTORICAL REVIEW OF HBO

The first paper published measuring the effect of HBO
on CBF was written by Lambertson ef al. in 19537
Using the nitrous oxide method developed by Kety and
Schmidt, they found a reduction of 24% in the CBF of
conscious normal volunteers breathing O, at 3.5 atmo-
spheres absolute (ATA) compared to 1 ATA*2. However,
their subjects hyperventilated at increased pressure,
resulting in a fall of arterial PCO, by 5 mmHg, They
concluded that the reduction in CBF was from the
arterial hypocapnia.

There were no further published reports on HBO until
the following decade. Early in the 1960s, there were two
published articles by Hlingworth et al. and Smith et al.,
who found that there may be possible therapeutic value
to HBO where it gave protection to an ischemic brain
shown by electroencephalography****. However, there
was debate whether this protection was negated by the
cerebral vasoconstriction found by Lambertson et al.*.
Jacobson et al. undertook an experiment measuring CBF
and arterial and venous blood gasses with constant
arterial PCO; in non-injured dogs™. They found a 21%
reduction in CBF between dogs receiving 100% O, at
1 versus 2 ATA. The venous PO, remained relatively
constant while there were large increases in the arterial
PO, leading to an increased arterial-venous difference
of oxygen (AVDO,). They felt that this increase in the
AVDO, showed that there was a homeostatic mechan-
ism that exists to maintain tissue oxygen levels within
fairly close limits and served to mitigate against the

Hyperbaric axygen in traumatic brain injury: 5. B. Rockswold et al.

deleterious effects of HBO on the central nervous
system. Also, because the arterial PCO, was held
constant, they found that the decrease in CBF was a
direct consequence of vasoconstriction. Tindall et al.
also studied the effect of HBO on CBF in baboons*. He
did not control arterial PCO, and found that there was a
drop in CBF as well as arterial PCO, during the dive.
Theilr4 1c_onclusions were similar to that of Lambertson
etal”.

During the mid-1960s, there were reports that the use
of HBO may be beneficial in the treatment of cerebral
ischemia*’~*®, However, there was one conflicting
report by Jacobsen et al. that there were larger infarcts
in the cerebrum following middle cerebral artery
occlusion when HBO was used®®. Of note was that
the number of subjects described in all of these reports
was very small. :

The first study in which HBO was used to treat
experimental TBI was carried out by Dunn et al.>'. The
authors exposed dog brains to liquid nitrogen simulating
brain contusion. The animals were divided into six
groups accordinF to pressure and O, received. The
mortality for all groups receiving hyperoxia was
significantly decreased (15%) .in comparison to those
that did not (56%). The sizes of the lesions also were
reduced in the HBO-treated group, although this finding
did not reach statistical significance.

Sukoff et al. used two methods to produce cerebral
edema in dogs, ?syflium seeds and the extradural
balloon technique>2. Both series of dogs were divided
into a HBO-treated group (3 ATA for 45 minutes) and a
control group. Mortality in the psyllium seed group was
27% for the HBO-treated group and 83% for the control
group. In the extradural balloon group, mortality was
50% for the HBO-treated group and 100% for the
control group. All surviving HBO-treated dogs were
neurologically normal. All animals were killed and their
brains showed gross evidence of cerebral edema.
However, the HBO-treated brains weighed significantly
less than the control brains. They concluded that HBO
has a protective effect against experimental cerebral
edema. _

Sukoff et al. published another paper on the effects
of HBO on experimental edema'’. This study was
performed again in dogs, using the psyllium seed tech-
nique to produce a space occupying lesion. The animals
were exposed at 3 ATA for 45 minutes at 8 hours
intervals, The results were as follows: mortality rate for
the control group was 83% compared to 27% in the
HBO-treated group. Cisternal CSF pressure was steadily
reduced in the HBO-treated group as compared to the

"control group which showed steady increase in ICP.

They felt that the main action of HBO was at the level
of the cerebral blood vessel. HBO caused cerebral
vasoconstriction and decreased CBF reducing cerebral
edema, yet at the same time, there was increased
availability of O, at the cellular level. For these reasons,
HBO could protect the injured brain against ischemia
secondary to cerebral edema.

A similar study was performed by Moody et al., using
an extradural balloon in dogs™. The 95% mortality rate
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in the control group was reduced to 50% by treatment
of the dogs with 100% O, at 2 ATA for 4 hours follow-
ing balloon decompression. The quality of survival was
good among the survivors of the HBO-treated group.
They also concluded that HBO produces better tissue
oxygenation during low CBF seen following this type of
experimental brain injury.

The next important study on the effect of HBO on CBF
was published by Wullenberg et al. from Dr Holbach’s
group in Germany>*. This study was the first to measure
CBF in severely brain-injured patients during HBO
treatments. They used thermoprobes to measure the
CBF. In contrast to previous published results, they
found that CBF increased during the dive during
increasing pressures, but once the pressure reached
2.5 ATA, no further rise occurred. During the same time
period, blood pressure, pH and arterial PCO, remained
normal. Arterial PO, increased to 1100 mmHg but
venous PO, increased only slightly. The concentrations
of lactate and pyruvate decreased corresponding to the
rise in arterial PO,. The CBF.remained slightly elevated
after the dive. They concluded that HBO is indicated in
cases of severe brain injury.

Mogami et al. were one of the first to describe the
effect of HBO on ICP in severely brain-injured
patients®. Sixty-six patients in whom most (51) had
TBls were studied. The HBO treatment was usually
given ata pressure of 2 ATA for 1 hour, two times a day;
six of these treatments, however, were given at 3 ATA
for 30 minutes. In total, 143 treatments were given to
the 66 patients. During HBO, 33 patients (50%) showed
clinical improvement during the treatment, but usually,
regressions occurred after the treatments. CSF pressure
was measured during treatment. The pressure was found
to decrease during the beginning of treatment, stay at a
tow level during treatment and then rebound after
treatment. The authors also found that lactate/pyruvate
ratios were mildly decreased. This was the first
published article that challenged that ICP decreases
only from vasoconstriction. The group asserted that
HBO may be affecting and stabilizing the blood-brain
barrier. They also found that TBI has such heteroge-
neous pathophysiology that HBO may affect individuals
differently.

Hayakawa et al. demonstrated clinical evidence that
HBO treatment decreased CSF pressure®®. There were
two parts in this article, a clinical and experimental
portion. The clinical study measured changes in CSF
pressure in 13 patients with acute cerebral damage,
nine who had TB1 and four who underwent craniotomy
for a brain tumor. PCO, was not controlled or
measured. The authors described three main patterns
during HBO treatment at 2 ATA for 1 hour: (1) in nine
patients, CSF pressure decreased at the beginning of the
dive, but rose again at the end; (2) in two patients, CSF
pressure fell and remained lower after the dive; (3) in
two patients, CSF pressure showed little change with the
dive. In the experimental study, HBO was administered
to 46 dogs at 3 ATA for 1 hour. Twelve of these dogs
underwent extradural balloon technique to produce

a brain injury. Both CBF and CSF pressure were
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measured. The response of the brain-injured dogs to
the HBO was variable, but for most part, no or little
change in CBF or CSF pressure was seen during and
after HBO treatment. The authors concluded that there
is considerable variation in the response of CSF pressure
to HBO in patients and animals with brain injury, and
like Mogami et al., these differences needed to be
studied and defined before HBO could be used in the
treatment of TBI patients.

During the late 1960s and early 1970s, studies on
HBO also were being carried out in Glasgow, Scotland.
Miller et al. published several experimental animal
studies which showed HBO could reduce CBF and ICP
by divect cerebral vasoconstriction in injured dogs®’. In
one study, they showed that increased ICP was reduced
by 23% by breathing 100% O, at normobaric pressures
and 37% at 2 ATA in a HBO chamber”’. The arterial
blood pressure and arterial PCO, remained constant.
They found that ICP was only responsive to HBO when
autoregulation was still responsive to carbon dioxide.
Another study showed that elevated ICP dropped during
HBO treatment (26%), but not as much as with
hyperventilation (34%)'>. However, when HBO was
used in conjunction with hyperventilation, an additional
25% drop in ICP was recorded. There was no significant
change in CSF lactate in the HBO-treated group. Their
conclusion was that HBO caused vasoconstriction, but
at the same time, improved cerebral tissue oxygenation
which protected the cells from damage.

The first article written by Holbach et al. studying
the effect of HBO on glucose metabolism was published
in 1972%, The main objective of this study was to
determine the limits of O, tolerance in severely brain-
injured patients to advance the use of HBO in the
treatment of TBI. In this study, the effects of different HBO
pressures (1-3 ATA) on cerebral glucose metabolism
were studied in ten patients with severe TBI. The AVDO,,
arterial-venous differences of glucose (AVDG), lactate
(AVDL) and pyruvate were taken. The glucose oxidation
quotient (GOQ), which indicates cerebral glucose
oxidative metabolism, was then calculated. At 1.5 ATA,
a well-balanced cerebral glucose metabolism was
maintained, indicated by a normal GOQ of 1.35. There
was also a decrease in lactate and lactate/pyruvate ratio.
However, Holbach et al. found that exposure of HBO at
2 ATA led to a decrease in oxidative glucose metabolism
shown by a significantly reduced uptake of O, in
comparison to glucose as well as a rise in lactate and
lactate/pyruvate levels®®. They found that the increased
pressure interfered with oxidative energy formation and
led to a compensatory increase of anaerobic energy
production and hyperglycolysis.

By 1973, Holbach wrote: The real indication for the
hyperbaric oxygen therapy is the deficiency of oxygen
in the brain tissue because brain hypoxia is an essential
factor of...secondary hypoxic brain lesions’®®. He
reviewed his past work, stating that HBO caused a
marked rise in arterial O, pressure (8-10-fold increment
at 1.5 ATA and 12-fold increment at 2 ATA), while the
arterial O, pressure in the jugular bulb venous flow rose
only slightly resulting in a marked increase in cerebral




AVDO;. He also reiterated the findings of the 1972
study which showed that 1.5 ATA was the ideal
pressure based on oxidative glucose metabolism.
Finally, the results of a randomized trial between
patients treated with 1.5 versus 2.0 ATA were des-
cribed. Two hundred and sixty-seven HBO treatments
were given to 102 patienits: 50 patients treated with
1.5 ATA and 52 treated with 2.0 ATA. Forty-eight
percent of the patients treated with 1.5 ATA had a good
outcome versus 25% of the patients treated with
2.0 ATA. This improvement in functional outcome
was statistically significant.

An important clinical study was published by
Holbach et al. in 1974'*. This paper strongly suggested
that HBO applied systematically may improve the
outcome of patients who were severely brain-injured.
The study included 99 patients with traumatic midbrain
syndrome, every other one of whom was treated with
HBO at 1.5 ATA for 30 minutes. Each patient received
between one and seven treatments which was deter-
mined on each patient’s response to the HBO. The

overall mortality rate for the 49 HBO-treated patients

was 33% as compared to the control patients which was
74%. Functional outcome also was improved with 33%
of the HBO-treated patients having a good outcome
compared to 6% of the control patients. Patients with
cerebral contusions less than 30 years of age were
particularly benefited by HBO. They found that the
increased survival and functional outcome in the HBO-
treated group was secondary to decreased ICP as well as
improved oxidative glucose metabolism.

The final publication by Holbach et al. was in 1977
(Ref. 60). This study measured the effect of HBO at 1.5
and 2 ATA on cerebral glucose metabolism in 23 TBI
patients and seven anoxic brain-injured patients. Many
of their previous findings on the effect of pressure on

lucose metabolism were replicated in this study. They
ound that the injured brain would not tolerate HBO
exposure at 2 ATA for 10-15 minutes, but exposure at
1.5 ATA for 35-40 minutes was well tolerated and
lucose metabolism was improved. An important
inding for future work was that the AVDO, values
remained unchanged after the 1.5 ATA HBO treatments
from baseline measurements.

Another clinical study was published by Artru et al.,
evaluating the effectiveness of HBO in the treatment
of severely brain-injured patients', The study was a
prospective trial of 60 patients randomized into an HBO
treatment group and a control group. The HBO was
administered at 2.5 ATA for 60 minutes. The treatment
sequence was ten daily sessions, no session for 4 days,
followed by ten more daily sessions until the patient
either recovered consciousness or died. There was a
time delay between injury and onset of HBO treatment
averaging 4.5 days. Only 17 of the 31 patients received
four daily treatments in the first week secondary to
treatment interruptions. No difference in mortality at
year 1 was seen between the two groups; however,
infectious complications were the primary reason for

death in both groups. Functional outcome was:

improved at month 1, in younger patients treated with
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HBO, who had & clinical picture of brainstem contu-
sion. The authors found that the delay in treatment and
frequent interruptions of treatment may have led to the
study’s poor resuits. :

A second paper written by Artru et al., also published
in 1976, studied the effect of HBO on cerebral
metabolism in severely brain-injured patients®’. Six
patients were treated with HBO at 2.5 ATA, timing
between dives is not known. CBF, AVDO,, AVDG and
AVDL as well as CSF parameters were measured
2 hours pre-dive and 2 hours post-dive. The cerebral
metabolic rates of oxygen (CMRO,), glucose (CMRG)
and lactate (CMRL) were calculated from those mea-
surements. Pre-dive arterial and CSF lactate levels were
found to be high while pre-dive CBF and CMRO, were
lower than normal. They found that the AVDO,
remained constant before and after the dives as had
Holbach et al.%°. The CBF was raised in patients who
had low CBF values before the dive and was reduced in
the patients who started with a high CBF. Each patient’s
CMRO, values followed the direction of their CBF. The
effects of the HBO treatment did not last until the next
pre-dive measurement and the patients reacted to each
HBO treatment consistently. The spinal CSF lactate,
CMRL and CMRG did not significantly change. The
authors concluded that HBO can improve CBF when
there is cerebral edema or intracranial hypertension.

in 1982 Sukoff et al. published an article studying the
effect of HBO on CBF and ICP in TBI'?, Their theory was
that HBO reduced ICP by decreasing CBF but con-
comitantly increased cerebral oxygenation leading to a
decrease in cerebral ischemia. Entered into the study
within 6 hours of injury, 50 comatose TBI patients were
treated with HBO at 2 ATA for 45 minutes every
8 hours for 2—4 days. The ICP was decreased in all
patients in whom measurements were obtained. This
reduction ranged between 4 and 21 mmHg below the
pre-dive level and was sustained for 24 hours after
HBO treatment was completed. Sukoff et al. recorded"
only the lowest ICP value during the HBO treatment and
did not report all ICP measurements recorded through-
out the dive'?. There were no reports of pulmonary
toxicity. They found that additional studies on the effect
of HBO on ICP and cerebral metabolism were needed.

The above investigations of HBO had several weak-
nesses. Most of the protocols were not uniform and the
number of subjects was small. Although Holbach et al.
had shown that the ideal depth was 1.5 ATA for
treatment of TBI, HBO was delivered at 2-3 ATA in
most of the experimental and clinical studies’**%-°, |n
the clinical trials, the severity of brain injury is not
known as Glasgow coma scale {(GCS) scoring was
not used. In addition, none of the trials were truly
randomized. Despite these shortcomings, positive
results on the efficacy of HBO in TBI were consistently
found.

The first paper to show that HBO had a persistent
effect on cerebral glucose metabolism following treat-
ment was published by Contreras et al.%2. The authors
measured glucose utilization with the autoradiographic
2-deoxyglucose technique in rats injured by a focal
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parietal cortical freeze lesion. This cold lesion was
felt to correspond with a focal braia contusion. Four
groups of rats were: used: (1) sham-lesioned group, no
treatment; (2) sham-lesioned, HBO treatment; (3) cold-
lesioned, no treatment; (4} cold-lesioned, HBO treat-
ment. The HBO treatments at 2 ATA for 90 minutes
were carried out daily for 4 consecutive days. Initially,
glucose utilization was decreased throughout the brain,
especially ipsilateral to the lesion. Glucose utilization,
however, tended to be increased 5 days after injury in
the HBO-treated cold-lesioned rats as compared to the
control cold-lesioned group. This improvement reached
statistical significance in five of the 21 structures
examined, which were the auditory cortex, the medial
geniculate body, the superior olivary nucleus, the lateral
geniculate body ipsilateral to the lesion and the
mamillary body. An interesting finding was that HBO
decreased glucose utilization in sham-lesioned rats.
Their results indicate that HBO improves glucose
utilization in a cold-lesion rat model, especially in the
gray matter structures closeto the actual lesion. Their
novel finding was that the increase persisted for at least
1 day after termination of HBO exposure. They were
unsure of the mechanism involved with this persistence,
but felt that further studies were indicated.

A paper which studied the effects of HBO on the
blood-brain bartrier was published by Mink et al.%.
Rabbits were subjected to cerebral ischemia by CSF
compression. They were allowed to reperfuse for
30 minutes and then either treated with HBO at
2.8 ATA for 125 minutes followed by 90 minutes of
100% FiO, or with 100% O, for 215 minutes. CBF and
vascular permeability were measured at the end of the
reperfusion period and 90 minutes after termination of
the treatments. HBO treatment statistically lowered CBF
in the HBO-treated group as compared with the
controls. Vascular permeability also was statistically
lowered by 16% in the gray matter and 20% in the
white matter. Somatosensory evoked potentials {SEP)
were similar between both groups. The authors con-
cluded that HBO was promoting the blood-brain barrier
in;eagrity following global cerebral ischemia in a rabbit
model. CBF also was reduced and this effect was not
associated with a reduction in the SEP recovery. The
results suggested that if there were any detrimental
effects of free radical generation with HBO treatment,
they were outweighed by the beneficial effects of HBO.

An important paper investigating the mechanisms by
which HBO improved ischemic tissue O, capacitance
was published by Siddiqui et al%%. The authors
measured subcutaneous tissue O, treatment in an
ischemic rabbit ear model before, during and after
HBO treatment followed by 100% O, versus those
treated only with 100% O,. The HBO treatment, which
was at 2 ATA for 90 minutes, was performed daily for
14 treatments. The tissue responsiveness, measured by
O, tissue tension, was found to increase on successive
days from an ischemic baseline to well above a non-
ischemic level. The authors found that there was ‘a
consistent and striking response to 100% oxygen (at
1 ATA) by ischemic tissue undergoing serial hyperbaric
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oxygen therapy’. This responsiveness was not found in
tissue that was treated only with 100% O, at 1 ATA. The
group asserted that this tissue responsiveness indicates
the tissue’s ability to accept and potentially use O, and
that HBO was responsible for this change. They found
that cells in the ischemic region may see the supraphy-
siologic elevation of tissue O, partial pressure as a
trigger that signals that enough O, is in the environment
to proceed with normal healing. Subsequent exposure
to 100% O reinforces this signal and also supplies the
O3 needed to continue the repair. They concluded that
‘molecular oxygen, when delivered at high pressure,
can function both as a respiratory metabolite and as a
signal transducer’.

Rockswold et al. published the first modern prospec-
tive randomized clinical trial on the efficacy of HBO in
the treatment of severely brain-injured patients®. All
patients who were entered had suffered closed head
injury with a GCS score of 9 or less. The patients were
entered into the study between 6 and 24 hours post-
injury. One hundred and sixty-eight severely brain-
injured patients were randomized into two groups: the
first group receiving HBO treatments and the second
serving as a control group. Eighty-four patients received
HBO with 100% O, at 1.5 ATA for 60 minutes.
Treatments were given every 8 hours for 14 days unless
the patient began following commands or became brain
dead. Treatments were discontinued if the patient
required a fraction of inspired oxygen (FiO,) of 50%
or greater to maintain an arterial PO, greater than
70 mmHg. The GOS was used as the primary tool for
assessing outcome. Of the 168 patients, only two
control patients were lost to follow-up at month 12.

The mortality rate for the 84 HBO-treated patients
was 17% and for the 82 control patients was 32%
{(p<0.05). This improvement suggests a 50% relative
reduction in mortality. In addition, mortality rate was
improved in specific subgroups. In the 47 patients with
ICP values persistently greater than 20 mmHg, the
mortality rate was 21% as opposed to 48% mortality
in the 40 patients with elevated ICP who served as
controls (p<0.02). Functional recovery was evaluated
12 months post-injury using the GOS. Favorable out-
come was defined as good recovery or moderate
disability. Overall, there was no significant improve-
ment in favorable outcome in the 84 patients treated
with HBO in comparison to the 82 control patients.
However, some specific subgroups did show improved
favorable outcome. The 33 patients with surgically
evacuated mass lesions had a 45% favorable outcome at
year 1 as opposed to a 34% favorable outcome in the 41
patients with surgically evacuated mass lesions who
served as control. This indicates a 33% relative
improvement. It is now thought that with an appro-
priately increased ‘rt, this difference would be statisti-
cally significant. Mean peak ICP was significantly
reduced in HBO-treated patients as opposed to controls.

Of major importance is the fact that the 84 patients in
the treatment group received a total of 1688 HBO
treatments for an average of 21 treatments. Considering
the number of treatments delivered, relatively few




complications occurred. They were all pulmonary in
nature, manifested by an increased FiO; requirement
and frequently, chest X-ray infiltrates, In ten patients, the
-HBO treatments were stopped. All pulmonary changes
were reversible. There were no permanent sequelae that
occurred from the 1688 HBO treatments that were
delivered. ‘

This clinical outcome study showed that HBO can be
administered to severely brain-injured patients safely
and systematically and that mortality rates for severely
brain-injured patients are reduced by ~50% with HBO
treatments, particularly in patients with GCS scores of
4-6, those with mass lesions and those with increased
ICP. These three factors are interrelated and without
HBO treatment, the mortality rate would be the highest
in these groups of patients because all are indicative of
poor prognosis. Thus, through reducing ICP and
probably improving aerobic glucose metabolism, HBO
allowed these severely brain-injured patients to survive.
The authors were unsure why the functional recovery
overall was not improved with this treatment paradigm
but hypothesized that too much O, was given to
patients with less severe injuries, i.e. higher GCS score,
contusion or normal ICP. They found that the protocol
should be more individualized.

Many questions persisted about the efficacy: and
application of HBO in TBI following the above pro-
spective randomized clinical study. Further investiga-

tion was needed to elucidate the potential metabolic -

effects of HBO on severely brain-injured patients. A
prospective, clinical physiologic study, therefore, was
undertaken to determine the effects of HBO on CBF,
cerebral metabolism and ICP’.

Thirty-seven patients treated for severe TBI were
entered into the study within 24 hours of admission.
All patients had a GCS score 8 or less and CT scan
scores were =il in conformance with the classification
system of the Traumatic Coma Data Bank. The
patients received HBO with 100% O, at 1.5 ATA for
60 minutes. The mean time from injury to initial HBO
treatment was 23 hours. Treatment was administered on
subsequent days for a total of five treatments. CBF using
the nitrous oxide method, AVDO,, CMRO,, ventricular
CSF lactate levels and ICP values were obtained 1 hour
before HBO and 1 and 6 hours post-HBO. The patients
were then assigned to reduced, normal or raised
categories according to the CBF classification system
develc;ped by Obrist et al. and modified by Robertson
et al 8568,

In patients in whom CBF levels were reduced before
HBO, both CBF and CMRO, were raised 1 and 6 hours
after HBO (p=0.001). In patients in whom CBF levels
were normal before HBO, both CBF and CMRO, levels
were increased at hour 1 (ﬁ<0.05), but not at hour 6.
CBF was reduced 1 and 6 hours after HBO (p=0.007),
but CMRO, was unchanged in patients who exhibited
raised CBF before HBO.

Levels of CSF lactate were consistently decreased
1 and 6 hours after HBO, regardless of the patients’ CBF
category before undergoing HBO (p=0.011). Pre-dive
CSF lactate levels for individual HBO treatments were
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inversely related fo the pre-dive CBF values demonstrat-
ing that in those HBO sessions in which patients began
with a reduced CBF value, CSF lactate pre-treatment
levels were significantly greater than those seen in HBO
in which patients began with normal or raised CBF
(p=0.003). This finding may indicate that patients with
reduced pre-dive CBF were the most ischemic or had
the most severe cellular dysfunction in the brain and
responded to HBO treatment most dramatically.

ICP was measured before, during the HBO treatment
and until the next HBO treatment. The ICP values rose
throughout the dive except for a trend for patients with
elevated ICP (=15 mmHg) to improve during the
pressurization phase and the first 15 minutes of the
HBO treatment. Patients with elevated ICP also showed
a consistent and highly significant decrease in their ICP
from the time of the completion of the HBO treatment to
6 hours post-treatment (p=0.006). .

The results of this study indicate that HBO may have -
improved the ability of ischemic or damaged brain
tissue to use the O, received in baseline FiO; for at least
6 hours following the HBO. This led to improved
CMRO,; and decreased CSF lactate levels, which also
persisted for at least 6 hours, indicating a shift toward
aerobic metabolism. The authors hypothesized that CBF
rises in response to this increased cerebral metabolism.
When CBF and CMRO, are normally metabolically
coupled, the ratio between them does not change; in
other words, the AVDO, remains constant. This trend
for HBO to normalize metabolic coupling of CBF and
cerebral metabolism was the most apparent in patients
with reduced CBF or with ischemia as documented by
high lactate levels.

The authors found that the potentially noxious stimuli
of heat and pressure in the paranasal sinuses may have
overridden any benefit that HBO had on the patient’s
ICP during treatment. However, in patients who began
their dive with a high ICP, HBO reduced their ICP
(15 mmHpg) for at least 6 hours following treatment. In
this study, HBO also lowered CBF in patients who
began their treatment with a raised CBF and did so
without significantly reducing their CMRO,. Raised CBF
or hyperemia has been shown to be related to increased
ICP, brain edema and poor outcome. The authors felt
that HBO may promote blood-brain barrier integrity,
reducing cerebral edema and hyperemia, which in turn
helped to lower elevated ICP.

In 2004, an important basic science article was
published by Daugherty et al. studying the mechanism
of action that HBO has on TBI®. The authors produced
strong supporting experimental data for clinical obser-
vations of Rockswold et al.”. Four groups of rats were
compared: (1) sham-injured, 30% FiQ, for 4 hours; (2)
sham-injured, 1 hour HBO (1.5 ATA) followed by
3 hours of 100% FiO, at 1 ATA; (3) fluid percussion
injured, 30% FiO, for 4 hours; (4) fluid percussion
injured, 1 hour HBO (1.5 ATA) followed by 3 hour
100% FiO, at 1 ATA. Fluid percussion injury was
delivered at 2.1 + 0.05 ATA to the rats®”%%_ ptO, levels
were measured by a Licox probe into the cortex near the
cortical hippocampal junction. This placement allowed
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for the measurement of brain PtO, under the injury site.
Ex vivo measurements of global brain tissue oxygen
consumption (VO,). were made using the Cartesian
diver microrespirometer methodology described by
Levasseur et al.%%, Ex vivo measurements of mitochon-
drial metabolic activity (redox potential) were carried
out in a synaptosomal preparation to enrich for
mitochondria. Mitochondrial redox potential was mea-
sured using an Alamar blue fluorescence technique”®”",

Brain PtO, was significantly improved in both the
injured and sham-injured animals that received HBO
treatment as compared to the ones receiving only 30%
O,. Injured animals tended to have a lower brain PtO,
levels as baseline compared to the sham-injured ones.
Baseline brain PtO, levels were 37.7 mmHg in injured
animals receiving 30% O,. This value went to
~103 mmHg on 100% O, at 1.0 ATA and finally to
247 mmHg on HBO at 1.5 ATA. The dramatic relative
250% increase in brain PtO, levels, when going from
100% O, at T ATA to 100% O, at 1.5 ATA, was not
clear. Under normobaric conditions, the amount of
dissolved O, in the blood is relatively small (0.3 ml/dl
in air at atmospheric pressure). HBO at 1.5 ATA
increases the amount of dissolved O, by ten-fold
(3.2 ml/dl), therefore increasing the arterial PO,. One
hypothesis for explaining the relatively high brain PtO,
in relationship to arterial PO, is that this dissolved O, in
plasma is more readily available to brain tissue than
hemoglobin-bound Q.

The combined HBO/100% FiO, treatment paradigm
described also caused a highly significant increase in
global VO, in both injured and sham-injured animals
when compared to control animals receiving 30% O,.
Brain tissue VO, is a marker for cerebral aerobic
metabolism and corresponds to CMRO, values used
clinically in patients. CBF and VO, are closely coupled
and respond to cellular activity. Daugherty et af. felt that
the findings of increased VO, after HBO treatment
strongly support that HBO improves aerobic metabo-
lismn in the injured brain®,

Mitochondrial redox potential was significantly
reduced by the fluid percussion injury when compared
to sham-injured animals in both the HBO and 30% FiO,
groups at the completion of 1 hour of treatment.
However, following the 1 hour HBO treatment plus
3 hours of 100% O, at 1 ATA, mitochondrial redox
potential was reversed to near sham-injured animal
levels. When the authors compared the effects of the
different treatments at hour 4, the injured animals that
had received the HBO treatment had significantly
increased mitochondrial redox potential in al| areas of
the brain sampled when compared to the injured
animals that had received 30% O,. These data indicate
that mitochondrial function may be depressed after TBI,
but there is a potential for mitochondrial functional
recovery and that HBO can enhance this recovery.

Recent experimental evidence in the same lateral
fluid percussion TBl rat model has demonstrated
improved cognitive recovery, increased cerebral ATP
levels and reduced hippocampal neuronal cell loss with
HBO followed by normobaric hyperoxia'®. For the
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cognitive recovery portion of the study, 205 rats were
divided into four groups 15 minutes after injury: (1)
sham-injured; (2) fluid percussion injured, 30% FiO,;
(3) fluid percussion injured, 100% O, in the HBO
chamber at 1.5 ATA for 1 hour and at 1 ATA for
additional 3 hours; (4) fluid percussion injured, 100%
O; in the HBO chamber at 1 ATA for 4 hours. On days
11-15 following injury, cognitive function was assessed
by the Morris Water Maze test. The results demonstrated
that when compared to sham animals, all three injured
groups described above had longer goal latencies.
However, the combined HBOFiO;-treated group
showed significantly shorter goal latency than the other
two groups for all time points. By day 15, the cognitive
deficit was markedly attenuated in the HBO/100% Oy
treated group, but not in the 100% O,-treated group or
control animals.

For ATP measurement, the rats in each group were
given only 1 hour of treatment, whether it was 30% O,
HBO or normobaric hyperoxia. The combination
of HBO and 100% O, was not studied. ATP was
extracted from the cerebral cortex and measured
using high performance liquid chromatography system.
immediately following injury, ATP levels were signifi-
cantly decreased in all injured animals when compared
to sham-injured animals. However, after 1 hour of
treatment, both groups of animals that received hyper-
oxia had significantly elevated ATP levels when
compared with the injured animals that received 30%
O;. In fact, the ATP levels were close to the levels of the
sham-injured group.

Twenty-one days post-injury, four rats in each group
were killed to assess hippocampal neuronal loss.
Cranial sections throughout the hippocampus were
examined with an Olympus Image System Cast
Program. The HBO/100% FiO, combined group had
significantly reduced injury-induced cell loss in the
CA2-3 region of the hippocampus when compared to
control or animals receiving normobaric hyperoxia
alone. No significant differences in peroxide, peroxyni-
trite or free radical production between the sham-
injured animals.and the injured animals treated with
30% Oy, 100% O, or HBO 1 or 4 hours post-treatment
were found. The results of this study strongly corrobo-
rate the findings that HBO used in combination with
normobaric hyperoxia enhances cellular metabolism
and supports the concept that this enhancement
provides a protective effect for severe TBI.

POTENTIAL MECHANISM OF HBO

Historically, the mechanism through which HBO
worked was found to be vasoconstriction of the cerebral
blood vessels which led to decreased CBF and ICP. The
vasoconstriction was not found to be deleterious
because 012 availability to the injured cells was greatly
increased’ 13, As experimental research continued and
more evidence accumulated, however, HBO appeared
to be decreasing cerebral edema and stabilizing the
blood-brain barrier as well’*5%3, Recent clinical
studies on the effect of HBO corroborate these findings




with elevated ICP being improved persistently after
treatment®”12,

HBO appears to improve aerobic metabolism in
.severely brain-injured patients. Following severe TBI,
there is a relative energy crisis with depression of
cerebral mitochondrial function. Impaired mitochon-
drial respiration results in a shift from aerobic to
anaerobic metabolism with resultant increased lactate
and reduced ATP production®®3°, At the same time,
delivery of O, to the brain tissue is reduced by both
decreased local CBF as well as diminished O, diffusion
secondary to cerebral edema. HBO allows the delivery
of supranormal amounts of O to the injured brain cells
through increasing dissolved O, in the blood and
improved CBF”®. In addition, work by several investi-
gators suggests that HBO allows the injured brain to use
baseline amounts of O, more efficiently following
treatments and has a persistent effect on the injured
brain tissue”*%%-%2 There is a growing amount of
experimental animal evidence that this change occurs at
the mitochondrial level®®. The exact mechanism by
which HBO may enhance mitochondrial recovery is
unknown.

SAFETY AND OXYGEN TOXICITY ISSUES

Most neurosurgeons treating severe TB! are only familiar
with HBO treatment in a relatively vague way. Even
among neurosurgeons more familiar with the technique,
the idea of placing an intubated, severely brain-injured
patient with multiple injuries into an HBO_chamber,
particularly a monoplace, seems prohibitive’. One of
the challenges in establishing HBO as an accepted
therapy for severe TBI is to establish its safety as well as
the efficacy of the treatment.

Fortunately, for both the TBI patient and the treating
physician, the landmark investigations of Holbach et a/.
established the ideal HBO treatment pressure at
1.5 ATA®6C_ This is a relatively ‘shallow dive’ as far
as HBO treatment protocols are concerned, which are
typically in the 2.0-3.0 ATA level. The intermittent
60 minute HBO treatment administered every 6
8 hours at 1.5 ATA greatly reduces potential safety
and toxicity issues. :

Based on our own past and continuing investigations,
as well as that of Weaver et al. placing severe TBI
patients in either a monoplace or multiplace HBO
chamber at_1.5 ATA for 60 minutes is a very low risk
procedure®”737¢, Monoplace chambers are much less
expensive than multiplace chambers and can be placed
in or near the intensive care unit. In fact, the monoplace
chamber becomes an extension of the critical care
environment. Continuous monitoring of ICP, mean
arterial pressure (MAP), cerebral perfusion pressure
(CPP), end tidal CO, and brain tissue oxygen can be
performed. In addition, central venous pressure or
Swan-Ganz catheter monitoring are carried out if
needed. Careful evaluation of the patient’s pulmonary
status before HBO treatment is critical. In our work, we
have regarded a baseline FiO, requirement of greater
than 50% and a positive end expiration pressure of
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greater than 10 to maintain adequate oxygenation as
contraindications to HBO. It is essential to maintain
adequate ventilation throughout the treatment. In the
case of an emergency, an intubated ventilated patient
can be decompressed and out of the chamber in
2 minutes. We routinely perform myringotomy to
reduce patient stimulation during tredtment and
thereby, ICP®.

The lung is the organ most commonly damaged by
hyperoxia because the O, tension in the lungs is
substantially higher than in other tissues’”. The mechan-
ism by which pulmonary injury occurs has been termed
‘oxidative stress’’®7%. Central to this process is the
release of proinflammatory cytokines by alveolar
macrophages, specifically 1L-8 and IL-6, and the
subsequent influx of activated cells into the alveolar
air space®®'. Measurement of these proinflammatory
cytokines in bronchial alveolar lavage has been shown
to be predictive of acute lung injury and pulmonary
infection in exposure to super physiologic concentra-
tions of inspired O,

The concept of ‘unit pulmonary toxic dose’ (UPTD)
has been developed and allows comparison of the
pulmonary effects of various treatment schedules of
hyperoxia®*®. One UPTD is equal to 1 minute of
100% O3 at 1 ATA. Appropriate conversion factors (Kp),
that is, multipliers of 1 minute of 100% O, at 1 ATA,
allow one to quantitate the pressure (ATA) of the O,
exposure. In general, it is recommended that total O,
exposure in a single treatment be limited to a UPTD of
615 or less. The extreme limit of a single O, exposure
is 1425 UPTD. This dose will produce a predicted
10% decrease in vital capacity in a normal individual.
A 1hour HBO treatment at 1.5 ATA is equal to
60 x 1.78 Kp or 106.8 UPTD. In our first study, 1 hour
treatments at 1.5 ATA were delivered every 8 hours
producing 320 UPTD per day®. The 24 hours of 100%
0O, at 1 ATA, which was described in the recent article
by Tolias et al., is the equivalent of 1440 UPTD®. This
number exceeds the extreme upper limit for a single O,
exposure. Therefore, relatively speaking, a 1 hour HBO
treatment of 1.5 ATA delivers a low dose of O,. In the
clinical trial described previously in which 84 TBI
patients received 1688 HBO treatments, no permanent
sequelae resulted®. Pulmonary complications occasion-
ally occurred (ten of 84 patients), but all were reversible.

Oxygen, especially under increased pressure, also
may cause potential cerebral toxicity. Brain tissue is
especially vulnerable to lipid peroxidation because of its
high rate of O, consumption and high content of
phospholipids. Additionally, the brain has limited
natural protection against free radicals, i.e. it has limited
scavenging ability, poor catalase activity and is rich in
iron, which is an initiator of radical generation in brain
injury®>85-%7_ There are experimental studies demon-

~ strating increased formation of reactive O, radicals and

secondary lipid peroxidation in the brain, but the depth
and duration of HBO treatment in theses studies
are much greater than used in our clinical investiga-
tions®®*9%. There is no clinical evidence for cerebral
toxicity using an HBO treatment paradigm of 1.5 ATA
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for 60 minutes. However, to further evaluate this issue,
we are monitoring ventricular CSF F2-isoprostane which
is isometric to c¥clwoxygenase and is derived from
prostaglandin F2°"92, CSF F2-isoprostane is exclusively
produced from free radical catalyzed peroxidation of
arachidonic acid. it-is a specific quantitative biomarker
of lipid peroxidation in vivo in the brain. F2-isoprostane
values have not been elevated in our current study
{(unpublished data).

In conclusion, HBO treatments at a depth of 1.5 ATA
can be delivered to the severe TBI patient with or
without multiple injuries in either a monoplace or
multiplace chamber with relative safety and low risk
of O, toxicity.

PRESENT AND FUTURE DIRECTIONS

The authors are currently carrying out a prospective,
randomized clinical trial for severe TBI patients
designed as three-treatment comparison, i.e. HBO,
normobaric hyperoxia and. control, funded by the
National Institute of Neurological Disease and Stroke.
HBO is delivered for 60 minutes at 1.5 ATA and
normobaric hyperoxia (100% FiO,) for 3 hours. The
treatments are given every 24 hours for 3 days. Recent
studies have described normobaric hyperoxia (100%
FiO,) as a method of delivering supernormal levels of
O, to severe TBI patients>?’. improvement in cerebral
metabolism and reduced ICP have been described. The
relative ease of administration and its inexpense require
that normobaric hyperoxia be evaluated as an alter-
native treatment to HBO. 4

This is not a clinical outcome study. However,
surrogate outcome variables which predict and corre-
late with clinical outcome will be studied. They are
measured before initiation of therapy, during adminis-
tration of therapy, and for 24 hours following therapy.
Continuously monitored outcome variables include ICP,
PtO,, microdialysate lactate, glucose, pyruvate and
glycerol. CBF, AVDQ,, CMRO,, CSF lactate, F2-
isoprostanes and bronchial lavage fluid (IL-8 and IL-6
assays) are being obtained once before treatment,
during treatment, and 1 and 6 hours post-treatment.
The results of the trial will allow a direct comparison of
HBO and normobaric hyperoxia in terms of their
treatment efficacy on the surrogate outcome vatiables
as well as their relative toxicity. In addition, post-
treatment effects will be compared statistically to pre-
treatment values. The duration of the effect will be
determined. Traumatic brain injury is very heteroge-
neous in terms of lesions and severity. The study will
allow us to determine which severe TBI patients
respond to therapy in terms of their GCS scores and
lesion types.

The work described above by Daugherty and Zhou
from the laboratory at the Medical College of Virginia,
has prompted a fourth treatment arm in this study®'®,
That is a combination of HBO for 60 minutes at
1.5 ATA followed by 3 hours of 100% FiO, at
1.0 ATA. The hypothesis to be tested is that improve-
ment in cerebral metabolism does not occur during the
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HBO treatment, but HBO treatment results in improved
use of O, by restoring mitochondrial function in the
hours following treatment.

Following completion and analysis of the above
clinical trial, our goal is to use positron emission
tomography (PET) scanning in testing the hypothesis
that the optimum HBO treatment paradigm improves
mitochondrial dysfunction and the energy depletion
crisis which occurs following severe TBI in humans.
Hovda and colleagues at University of California, Los
Angeles (UCLA) have demonstrated a strong correlation
between cerebral metabolism and neurological out-
come in TBI**%. Clinical improvement coupled to
enhanced cerebral metabolism documented by PET
scanning would provide strong evidence for the
beneficial effect of HBO.

It remains to be seen whether the data accumulated
will be compelling enough to institute HBO either alone
or in combination with 100% FiO; as a standard
treatment for severe TBl or whether a multicenter
clinical outcome trial will be required. The authors are
reasonably confident based on this review and their
experience. that in either case, HBO will become a
significant treatment for patients suffering a severe TBI.

REFERENCES

1 Narayan RK, Michel ME, Ansell B, et al. Clinical trials in head
injury. J Neurotrauma 2002; 19: 503-557

2 Clifton GL, Miller ER, Choi SE, et al. Lack of effect of hypothermia
in acute brain injury. N Engl f Med 2001; 344: 556-563

3 Gaab MR, Trost HA, Akantara A, et al. ‘Ultrahigh’ dexamethasone
in acute brain injury. Results from a prospective randomized
double-blind muiticenter trial (GUDHIS). German Ultrahigh
Dexamethasone Head Injury Study Group. Zentralbl Neurochir
1994; 55: 135-143

4 Marshall LF, Maas Al, Marshall SB, et al. A multicenter trial on
the efficacy of using tirilazad mesylate in cases of head injury.
J Neurosurg 1998; 89: 519-525

5 Morris GF, Bullock R, Marshall SB, et al. Failure of the competitive
N-methyl-D-aspartate antagonist Selfotel (CGS 19755) in the
treatment of severe head injury: Results of two phase 1ll clinical
trials. The Selfotel nvestigators. | Neurosurg 1999; 91: 737743

6 Rockswold GL, Ford SE, Anderson DL, et al. Results of a
prospective randomized trial for treatment of severely brain-
injured patients with hyperbaric oxygen. J Neurosurg 1992; 76:
929-934 '

7 Rockswold SB, Rockswold GL, Vargo M, et al. The effects of
hyperbaric oxygen on cerebral metabolism and intracranial
pressure in severely brain-injured patients. f Neurosurg 2001; 94:
403-411

8 Tolias CM, Reinert M, Seiler R, et al. Normobaric hyperoxia-
induced improvement in cerebral metabolism and reduction in
intracranial pressure in patients with severe head injury: A
prospective historical cohort-matched study. J Neurosurg 2004;
101: 435-444

9 Daugherty WP, Levasseur JE, Sun D, et al. Effects of hyperbaric
oxygen therapy on cerebral oxygenation and mitochondrial
function following moderate lateral fluid-percussion injury in rats.
] Neurosurg 2004; 101: 499-504

10 Zhou Z, Daugherty WP, Sun D, et al. Hyperbaric oxygen treatment
protects mitochondrial function and impraves cognitive recovery
in rats following lateral fluid percussion injury. f Neurosurg 2006;
to be published

11 Sukoff MH, Hollin SA, Espinosa OF, et al. The protective effect
of hyperbaric oxygenation in experimental cerebral edema.
] Neurasurg 1968; 29: 236-241

12 Sukoff MH, Ragatz RE. Hyperbaric oxygenation for the treatment
of acute cerebral edema. Neurosurgery 1982; 10; 29-38




13 Miller JD, Ledingham IM. Reduction of increased intracranial
pressure. Arch Neurol 1971; 24: 210-216

14 Holbach KH, Wassman H, Kolberg T. Verbesserte reversibilitit des
traumatischen mittethirnsyndroms bei Anwendung der hyperbaren
oxygenierung. Acta Neurochir 1974; 30: 247-256

15 Artru F, Chacomnac R, Deleuze R. Hyperbaric oxygenation for
severe head injuries: Preliminary results of a controlled study. Eur
Neurol 1976; 14: 310-318

16 Graham DI, Adams jH, Doyle D. Ischaemic brain damage in
fatal non-missile head injuries. / Neurol Sci 1978; 39: 213-
234

17 Bouma G, Muizelaar JP, Stringer WA, et al. Ultra-early evaluation
of regional cerebral blood flow in severely head-injured patients
using xenon-enhanced computerized tomography. f Neurosurg
1992; 77: 360-368

18 Siesjo BK, Siesjo P. Mechanisms of secondary brain injury. Eur J
Anaesthesiol 1996; 13: 247-268

19 Krebs EG. Protein kinases. Curr Top Cell Regul 1972; 5: 99-133

20 Muizelaar JP. Cerebral blood flow, cerebral blood volume, and
cerebral metabolism after severe head injury. In: Becker DP,
Gudeman 5K, eds. Textbook of Head Injury, Philadelphia, PA: WB
Saunders, 1989: pp. 221-240

21 Waxman SG, Ransom BR, Stys PK. Non-synaptic mechanisms of
Ca®*.mediated injury in CNS white matter, Trends Neurosci 1991 ;
14: 461-468 .

22 Young W, Role of calcium in central nervous system injuries.
] Neurotrauma 1992; 9: $9-525

23 Siesjo BK. Basic mechanisms of traumatic brain damage. Ann
Emerg Med 1993; 22: 959-969

24 Krause GS, Kumar K, White BC, et al. Ischemia, resuscitation, and
reperfusion: Mechanisms of tissue injury and prospects for
protection. Arn Heart § 1986; 16: 1200-1205

25 lkeda Y, Long DM. The molecular basis of brain injury and brain
edema: The role of oxygen free radicals. Neurosurgery 1990; 27:
-1

26 Siesjo BK, Agardh CD, Bengtsson F. free radicals and brain
damage. Cerebrovasc Brain Metabol Rev 1989; 1: 165-211

27 Menzel M, Doppenberg EM, Zauner A, et al. increased inspired
oxygen concentration as a factor in improved brain tissue
oxygenation and tissue lactate levels after severe human head
injury. / Neurosurg 1999; 91: 1-10

28 Verweij BH, Muizelaar JP; Vinas FC, e al. Mitochondria
dysfunction after experimental and human brain injury and its
possible reversal with a selective N-type calcium channel
antagonist (SNX-111). Neurol Res 1997; 19: 334-339

29 Lifshitz ), Sullivan PG, Hovda DA, et al. Mitochondrial damage
and dysfunction in traumatic brain injury. Mitochondrion 2004; 8:
1-9

30 Signoretti S, Marmarou A, Tavazzi B, ef al. N-Acetylaspartate
reduction as a measure of injury severity and mitochondrial
dysfunction following diffuse traumatic brain injury. | Neurotrauma
2001; 18: 977991

31 Verweij BH, Muizelaar P, Vinas FC, et al. Impaired cerebrai
mitochondrial function after traumatic brain injury in humans.
J Neurosurg 2000; 93: 815-820

32 Bergsneider M, Hovda DA, Shalmon E, et al. Cerebral hypergly-
colysis following severe traumatic brain injury in humans: A
pasitron emission tomography study. J Neurosurg 1997: 86: 241—
251

33 Valadka AB, Goodman JC, Gopinath SP, et al. Comparison of brain
lissue oxygen tension to microdialysis-based measures of cerebral
ischemia in fatally head-injured humans. J Neurotrauma 1998; 7:
509-519

34 Van den Brink WA, Van Santbrink H, Steyerberg EW, ef al. Brain
oxygen tension in severe head injury. Neurosurg 2000; 46: 868~
876 )

35 Zauner A, Doppenberg EM, Woodward J), et al. Continuous
monitoring of cerebral substrate delivery and clearance: Initial
experience in 24 patients with severe acute brain injuries.
Neurosurgery 1997; 41: 1082-1091

36 De Salles AA, Muizelaar JP, Young HF. Hyperglycemia, cere-
brospinal fluid lactic acidosis, and cerebral blood flow in severely
head-injured patients. Neurosurgery 1987; 21: 45-50

Hyperbaric oxygen in traumatic brain injury: S. B. Rockswold et al,

37 Metzel £, Zimmermann WE. Changes of oxygen pressure, acid-
base balance, metabolites and electrolytes in cerebrospinal
fluid and blood after cerebral injury. Acta Neurochir 1971; 25:
177-188

38 De Salles AA, Kontos HA, Becker DP, et af, Prognostic significance
of ventricular CSF lactic acidosis in severe head injury. / Neurosurg
1986; 65: 615-624

39 Murr R, Stummer W, Schilrer L, et al. Cerebral lactate production
in refation to intracranial pressure, cranial computed tomography
findings, and outcome in patients with severe head injury. Acta
Neurochir 1996; 138: 928-937

40 Robertson CS, Narayan RK, Gokaslan ZL, et al. Cerebral
arteriovenous axygen difference as an estimate of cerebral blood
flow in comatose patients. / Neurosurg 1989; 70: 222-230

41 Lambertsen C), Kough RH, Cooper DY, et al, Oxygen toxicily;
effects in man of oxygen inhalation at 1 and 3.5 atmospheres upon
blood gas transport, cerebral circulation and cerebral metabolism.
] Appl Physiol 1953; 5: 471-486 :

42 Kety SS, Schmidt CF. The nitrous oxide method for the Quantitative
determination of cerebral blood flow in man: Theory, procedure
and normat values. J Clin Invest 1948; 27: 476-483

43 illingworth C. Treatment of arterial occlusion under oxygen at two
atmospheres pressure. Br Med J 1962; 2: 12711275

44 Smith G, Lawson S, Renfrew |, et al. Preservation of cerebral
cortical activity by breathing oxygen at two atmospheres of
pressure during cerebral ischemia. Surg Gynec Obstet 1961; 113:
13-16

45 Jacabson I, Harper AM, McDowall DG. The effects of oxygen
under pressure on cerebral blood flow and cerebral venous oxygen
tension. Lancet 1963; 2: 549

46 Tindall GT, Wilkins RH, Qdom GL. Effect of hyperbaric oxygena-
tion on cerebral blood flow., Surg Forum 1965; 16: 414-416

47 Saltzmann HA, Smith RL, Fuson HO, et al. Hyperbaric oxygena-
tion. Monogr Surg Sci 1965; 2: 1-68

48 Ingvar DH, Lassen, NA. Treatment of focal cerebral ischemia with
hyperbaric oxygenation. Acta Neurol Scand 1965; 41: 92-95

49 Whalen RE, Heyman A, Saltzman H. The protective effect of
hyperbaric oxygenation in cerebral anoxia. Arch Neurol 1966; 14:
15-20

50 Jacobson |, Lawson DD. The effect of hyperbaric oxygen on
experimental cerebral infarction in the dog. / Neurosurg 1963; 20:
849-859

51 Dunn JE, Connolly JM. Effects of hypobaric and hyperbaric oxygen
on experimental brain injury. In: Brown IW, Cox BG, eds.
Hyperbaric Medicine, Washington, DC: National Research
Council, 1966: pp. 447-454

52 Sukoff MH, Hollin SA, Jacobson JH. The protective effect of
hyperbaric oxygenation in experimentally produced cerebral
edema and compression. Surgery 1967; 62: 40-46

53 Moody RA, Mead CO, Ruamsuke $, et al. Therapeutic value of
oxygen at normal and hyperbaric pressure in experimental head
injury. / Neurosurg 1970; 32: 51-54

54 Wiillenweber R, Gdtt U, Holbach KH. rCBF during hyperbaric
oxygenation. In: Brock M, Fieschi C, Ingvar DH, Lassen NA,
Schiirmann K, eds. Cerebral Blood Flow, Berlin; Springer-Verlag,
1969: pp. 270-272

35 Mogami H, Hayakawa T, Kanai N, et af, Clinical application of
hyperbaric oxygenation in the treatment of acute cerebral damage.
J Neurosurg 1969; 1: 636-643 :

56 Hayakawa 7, Kanai N, Kuroda R, et al. Response of cerebrospinal
fluid pressure to hyperbaric oxygenation. J Neurol Neurosurg
Psychiatry 1971; 34: 580-586

57 Miller JD, Fitch W, Ledingham IM, et al, The effect of hyperbaric
oxygen on experimentally increased intracranial pressure.
J Neurosurg 1970; 33: 287-296

58 Holbach KH, Schroder FK, Kdster S. Alterations of cerebral
metabolism in cases with acute brain injuries during spontaneous
respiration of air, axygen and hyperbaric oxygen. Eur Neurof 1972:
8: 158-160

59 Holbach KH. Effect of hyperbaric oxygenation (HO) in severe
injuries and in marked blood flow disturbances of the human
brain. In: Schitmann K, ed. Advances in Neurosurgery, Vol. 1,
Berlin: Springer, 1973: pp. 158-163

Neurological Research, 2007, Volume 29, March 171




+ " Hyperbaric oxygen in traumatic brain injury: S. B. Rockswold et al.

60 Holbach KH, Caroli A, Wassmann H. Cerebral energy metabolism
in patients with brain iesions of normo- and hyperbaric oxygen
pressures. | Neurol 1977; 217: 17-30

61 Artru F, Philippon B, Gau F, et al. Cevebral blood flow, cerebral
metabolism and cerebrospinal fluid biochemistry in brain-injured
patients after exposure to hyperbaric oxygen. Eur Neurol 1976; 14:
351-364

62 Contreras FL, Kadekaro M, Eisenberg HM. The effect of hyperbaric
oxygen on glucose utilization in a freeze traumatized rat brain.
] Neurosurg 1988; 68: 137-141

63 Mink RB, Dutka AJ. Hyperbaric oxygen after global cerebral
ischemia in rabbits reduces brain vascular permeability and blood
flow. Stroke 1995; 26: 2307-2312

64 Siddiqui A, Davidson |D, Mustoe TA. Ischemic tissue oxygen
capacitance after hyperbaric oxygen therapy: A new physiologic
concept. Plast Reconstr Surg 1997; 99: 148-155

65 Obrist WD, Langfitt TW, Jaggi JL, et al. Cerebral blood flow and
metabolism in comatose patients with acute head injury.
J Neurosurg 1984; 61: 241-253

66 Robertson CS, Contant CF, Gokaslan ZL, et al. Cerebral blood
flow, arteriovenous oxygen difference, and outcome in head
injured patients. / Neurof Neurosurg Psychiatry 1992; 55: 594~
603

67 Dixon CE, Lyeth BG, Povlishock JT, et al. A fluid percussion model
of experimental brain injury in the rat. f Neurosurg 1987; 67: 110~
119

68 Mcintosh TK, Vink R, Noble L, et al. Traumatic brain injury in the
rat; Characterization of a lateral fluid-percussion model.
Neuroscience 1989; 28: 233-244

69 Levasseur JE, Alessandri B, Reinert M, et al. Fluid percussion injury
transiently increases then decreases brain oxygen consumption in
the rat. J Neurotrauma 2000; 17: 101-112

70 Azbill RD, Mu X, Bruce-Keller Aj, et al. Impaired mitochondrial
function, oxidative stress and altered antioxidant enzyme activities
following traumatic spinal cord injury. Brain Res 1997; 765: 283~
290

71 Springer JE, Azbill RD, Carlson SL. A rapid and sensitive assay for
measuring mitochondrial metabolic activity in isolated neural
tissue. Brain Res Brain Res Protoc 1998; 2; 259-263

72 Bullock RM, Mahon R. Hypoxia and traumatic brain injury.
J Neurosurg 2006; 104: 170-172

73 Rockswold GL, Ford SE, Anderson JR, et al. Patient monitoring in
the monoplace hyperbaric chamber. Hyperb Oxygen Rev 1985; 6:
161-168

74 Weaver LK, Greenway L, Elliot CG. Performance of the Sechrist
500A hyperbaric ventilator in a monoplace hyperbaric chamber.
] Hyperb Med 1988; 3: 215-225

75 Weaver LK. Management of critically ill patients in the monoplace
hyperbaric chamber. In: Kindwall EP, Whelan HT, eds. Hyperbaric
Medicine Practice, 2nd edn, Flagstaff, AZ: Best Publishing
Company, 1999: pp. 245-279

76 Weaver LK. Operational use and patient monitoring in the
monoplace chamber. Respir Care Clin Nh Am 1999; 5: 51-92

77 Klein J. Normebaric pulmonary oxygen toxicity. Anesth Analg
1990; 76: 195-207

78 Wispe JR, Roberts R]. Molecular basis of pulmonary oxygen
toxicity. Clin Perinatol 1987; 14: 651656

79 Mantell LL, Horowitz S, Davis M, et al. Hyperoxia-induced cell
death in the lung ~ the correlation of apoptosis, necrosis, and
inflammation. Ann NY Acad S¢i 1999; 887: 171-180

172 Neurological Research, 2007, Volume 29, March

80 DeForge LE,” Preston AM, Takeuchi E, et al. Regulation of
interleukin-8 gene expression by oxidant stress. / Biol Chem
1993; 268: 25568-25576

81 Deaton PR, McKellar CT, Culbreth R, et al. Hyperoxia stimulates
interleukin-8 release from alveolar macrophages and U937 cells:
Attenuation by dexamethasone. Am J Physiol 1994; 267: L187~
L192

82 Muehistedt SG, Richardson C}, Lyte M, et at Cytokines and the
pathogenesis of nosocomial pneumonia. Surgery 2001; 130: 602~
609

83 Bardin H, Lambertsen C|. A quantitative method for calculating
pulmonary toxicity: Use of the unit of pulmonary toxicity dose
{UPTD). Institute for Environmental Medicine Report,
Philadelphia, PA: University of Pennsylvania, 1970

84 Wright WB. Use of the University of Pennsylvania Institute for
Environmental Medicine procedure for caleulation of cumulative
pulmonary oxygen toxicity. Report 2-72, Washington, DC: US
Navy Experimental Diving Unit, 1972

85 Demopoulos HB, Flamm E, Seligman M, et al. Oxygen free
radicals in central nervous system ischemia and trauma. In: Autor
AP, ed. Pathology of Oxygen, New York: Academic Press, 1982:
pp. 127-155 _

86 Demopoulos HS, Flarmm ES, Setigman ML, et al. Further studies on
free-radical pathology in the major central nervous system
disorders: Effect of very high doses of methylprednisolone on the
functional outcome, morphology, and chemistry of experimental
spinal cord impact injury. Can f Physiol Pharmacol 1982; 60:
1415-1424

87 Ortega BD, Demopoulos HB, Ransohoff ). Effect of antioxidants on
experimental cold-induced cerebral edema. In: Reulen Hj,
Schurmann K, eds. Steroids and Brain Edema, New York:
Springer-Verlag, 1972: pp. 167-175

88 Harabin AL, Braisted JC, Flynn ET. Response of antioxidant
enzymes to intermittent and continuous hyperbaric oxygen.
1 Appl Physiol 1990; 69: 328-335

89 Noda X, McGeer PL, McGeer EML. Lipid peroxide distribution in
brain and the effect of hyperbaric oxygen. J Neurochem 1983; 40:
1329-1332

90 Puglia CD, Loeb GA. Influence of rat brain superoxide dismutase
inhibition by diethyldithiocarbamate upon the rate of development
of central nervous system oxygen toxicity. Toxicol App! Pharmacol
1984; 75: 258-264

91 Montine TJ, Beal MF, Cudkowicz ME, et al. Increased CSF F2-
isoprostane concentration in probable AD. Neurology 1999; 52:
562-565

92 Pratico D, Barry OP, Lawson JA, et al. IPF2alpha-: An index of
lipid peroxidation in humans. Proc Natl Acad Sci USA 1998; 95:
3449-3454

93 Hattori N, Huang SC, Wu HM, et al. Correlation of
regional metabolic rates of glucose with Glasgow Coma
Scale after traumatic brain injury. J Nucl Med 2003; 44: 1709
1716 -

94 Glenn TC, Kelly DF, Boscardin W), et ai. Energy dysfunction as a
predictor of outcome after moderate or severe head injury: Indices
of oxygen, glucose, and lactate metabolism. / Cereb Blood Flow
Metab 2003; 23: 1239-1250

95 Vespa PM, McArthur D, O’Phelan K, et al. Persistently low
extraceflular glucose correlates with poor outcome six months
after human traumatic brain injury despite a lack of increased
lactate: A microdialysis study. / Cereb Blood Flow Metab 2003; 23:
865-877




