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The life-saving effect of hyperbaric
oxygenation during early-phase severe blunt
chest injuries.
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Rogatsky GG, Mayevsky A. The life-saving effect of hyperbaric oxygenation during early-phase severe blunt
chest injuries. Undersea Hyperb Med 2007; 34(2):75-81. The effect of hyperbaric oxygenation (HBO2) on survival
during the early phase of severe blunt chest injury (BChI) has not been elucidated. Our aim was to investigate
this effect on human victims of BChI. We monitored cardiac index (CI), stroke volume index (SVI), PaO2 and
PaO2/FiO2 in 18 victims treated conventionally, and 8 victims treated under combined conventional and HBO2
treatment. Out of the 18 victims, 4 survived (Group A) and 14 died (Group B). Another 8 victims, in Group
C, received HBO2and all survived. Human victims showed marked reductions in all cardiorespiratory values
during the ﬁrst 24 h. Group B persistently tended towards a decrease in SVI, PaO2/FiO2 and PaO2, eventually
reaching fatal levels. The survivors developed a cardiorespiratory function characterized by a tendency towards
recovery of all monitored parameters, more notable in Group C, which showed an earlier and more signiﬁcant
normalization vs. Group A (P<0.01). Our clinical data suggest that the earliest possible HBO2 treatment after
severe blunt trauma can signiﬁcantly enhance victims’ survival.

INTRODUCTION
Despite the extreme importance of
rescue and therapy of severe blunt injury
victims (including blast injuries), the role and
efﬁciency of hyperbaric oxygenation (HBO2)
in the management has not been investigated in
detail. In this regard, perhaps the least studied
are questions about the inﬂuence of HBO2
treatment (HBO2T) on the victims’ survival
after severe blunt chest injuries (BChI).
Previous studies showed that severe BChI
is accompanied by early cardiorespiratory
dysfunction (1-4). This dysfunction led to a
drastic decrease in oxygen delivery, associated
with poor outcome (2). Mortality increases to
an even greater level upon BChI combined
with injuries of other organs, speciﬁcally, with
head injuries (HI), which often occur in the
Copyright © 2007 Undersea and Hyperbaric Medical Society, Inc

most severe cases of blunt trauma (5,6).
This background indicates it is
reasonable to evaluate the ability of HBO2T, the
most powerful known anti-hypoxic strategy, to
prevent life-threatening levels of tissue hypoxia
at an early stage of severe blunt injury. The
ﬁrst such observations were performed over
30 years ago and showed that HBO2T had a
beneﬁcial effect on survival after severe BChI
in animal experiments (7), and later in human
victims (8). Since then, there has been a lack
of contemporary data on the inﬂuence of early
HBO2T on dynamics of cardiorespiratory
function and, accordingly, on the survival of
victims with a severe BChI. This study is a
retrospective analysis of our clinical observations
of severe BChI victims who underwent HBO2T
in the course of their therapy.
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MATERIALS AND METHODS

support,and analgesia. Mechanical ventilation
was used when needed for severe and resistant
hypoxemia. All hyperbaric treatments were
started during the ﬁrst day after blunt injury and
were performed in a monoplace chamber. The
protocol for HBO2 exposure was 1.6-2.0 ATA,
40-60 min daily for 4-15 consecutive days, and
this was adjusted according to the progress of
recovery.
Cardiac output index (CI) and stroke
volume index (SVI) were measured by a
noninvasive impedance cardiography technique
(9,10) using corresponding standard formulas
(11). Arterial blood gas values were measured as
well (ABL-330, Radiometer). The measurement
of all parameters, usually simultaneously, was
carried out 1-3 times daily.
Statistical analysis was performed
using Student’s t-test. A value of p<0.05 was
considered signiﬁcant. Results are presented as
mean + SD.

The studies involving human subjects
were performed according to the regulations
of the institutional Helsinki Committee. The
current report is based upon data obtained from
26 victims with severe BChI, treated in the
ICU of Moscow Scientiﬁc Research Institute
for Emergency Medicine (Dr. G.G. Rogatsky).
All the victims suffered 4-12 rib fractures with
contusion of the lungs. Pneumothorax was
diagnosed in 10 victims and hemopneumothorax
in 15 victims at the time of admission; two
of the latter underwent surgery to control
bleeding. Twenty victims were in a state of
traumatic hemorrhagic shock at the accident
site. Twenty-two of them also had injuries to
other parts of the body (brain, abdomen, pelvis,
and long bone), but BChI was the major factor
in the victims’ general condition.
Within the 24-72 h following blunt
injury, all 26 victims developed arterial
hypoxemia while receiving conventional
treatment, and they comprise the cohort of the
present study. The analysis involved dividing
them into three groups according to outcome
and therapy: Group A consisted of 4 survivors
who were treated by conventional therapy only,
Group B consisted of 14 victims who died after
having been treated by conventional therapy
only, and Group C consisted of 8 survivors who
were treated by a combination of conventional
and HBO2 therapy.
Management at the time of admission
consisted of measures for resuscitation of
circulation and breathing. According to
standard protocol, the victims were resuscitated
with a transfusion of a solution of crystalloids
and colloids, blood (or blood products) as
indicated clinically, nasotracheal or endotraceal
intubation as necessary, supplemental inspired
oxygen, correction of acid-based changes
in the blood, resolution of pneumo- and/or
hemopneumothorax,
necessary
inotropic

RESULTS
The cardiorespiratory changes in
victims of BChI were divided into three phases.
The 1st phase, from the moment of trauma until
up to 24 h, was marked by cardiorespiratory
instability (sometimes with very severe changes
in homeostasis) and recovery required intensive
care. The 2nd phase, beginning on days 2-4 and
continuing up to 26 days, was characterized
by the appearance and development of acute
cardiorespiratory dysfunction (ACRD). The
3rd phase lasted up to 2 days; this phase was
set apart by rapid and fatal worsening of
cardiorespiratory parameters among the nonsurvivors. In contrast, a relatively stable state
to a near-normal level for cardiorespiratory
parameters was attained among the surviving
victims.
Table 1 presents the relevant features
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Table 1. Characteristics of cardiorespiratory function in victims after severe blunt chest injury (mean + SD).

Parameters

Phase

1
2
3

PaO2 mm
Hg

Type of
therapy
Survival
No. of
victims
Group

Conventional therapy

Additional HBO2T

Survivors
N=14

Nonsurvivors
N=14

Survivors
N=8

Nonsurvivors
N=0

A
49.7+7.68
57.9+10.61
78.0+4.32
***(1,2); †††(B)

B

C

61.8+18.48
52.3+11.40
40.1+7.62***(1),
**(2)

57.7+5.62
65.4+11.73*(1);
††(B)
85.3+5.85 *(1,2);
†††(B)

–

290+27.91
323+57.65 *(1);
††(B)
422+15.17
***(1,2); †††(B)

–

1
2
3

248+38.38
284+53.33
389+18.55
***(1,2); †††(B)

308+91.08
255+53.97
173+33.86
***(1,2)

1
2
3

31.9+17.64
46.4+13.02
50.0+7.77 †(B)

33.6+15.61
38.2+9.34
27.3+5.57

31.0+7.05
43.3+9.20**(1)
47.7+2.79 **(1);
†††(B)

–

CI (1 min-12)

1
2
3

3.77+2.42
4.76+1.19
4.34+0.87

3.14+0.97
4.66+1.20,*(1)
3.42+1.23

3.16+0.71
4.26+1.19,*(1)
4.17+1.22

–

HR (b min-1)

1
2
3

108+25.85
101+12.57†(B)
90+10.78 †(B)

98+22.52
132+28.79*(1)
116+22.02

99+14.10
94+15.54†
82+13.45 *(1);
††(B)

–

PaO2/FiO2
ratio

-2

SVI (ml m )

PaO2 = arterial partial pressure of oxygen; PaO2/FiO2 ratio = ratio of the partial pressure of arterial oxygen to the
fraction of inspired 100% oxygen.
SVI = stroke volume index; CI = cardiac index; HR = heart rate. See text for definitions of phases 1-3.
This table shows statistically significant differences of mean values after comparison of all phases and groups.
Values are shown as mean (SD). *Significant differences between phases, P<0.05; **Significant difference
between phases, P<0.01; ***Significant difference between phases, P<0.001. The number inside the brackets
beside symbols represents phase number. †Significant difference between Groups A (or C) and B, P<0.05;
†Significant difference between Groups A (or C) and B, P<0.01; †††Significant difference between Groups
A (or C) and B, P<0.001.

of the data. In all groups, the 1st phase showed
a profound reduction in the mean values for
the cardiorespiratory parameters (PaO2/FiO2
ratio, PaO2, SVI, CI) and tachycardia. The 2nd
phase was characterized by a tendency towards
recovery of these parameters in Groups A and
C, but not in Group B. This tendency was more
pronounced in Group C, for which a statistically

signiﬁcant increase of the mean values of these
parameters was already apparent in the 2nd phase
compared with the 1st phase. The 3rd phase in
Groups A and C was characterized by recovery
of these parameters to normal or near-normal
levels. As a result, mean values of the parameters
in the 3rd phase were signiﬁcantly higher than
those in the 1st phase (PaO2/FiO2 ratio, PaO2,
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victims of acute lung injury (ALI) and ARDS
when the PaO2/FiO2 ratio reaches 300 mmHg
(12,13) and even 350 mmHg (14,15). These
levels are much higher than the level of
250 mmHg posited in earlier works (16,17,
and others). In addition, there is a basis for
assuming that when assessing the probability
of lethal outcome under such conditions, it is
important (perhaps even essential) to consider
not only the absolute PaO2/FiO2 ratio, but the
direction and dynamics of its changes. In our
study, the use of HBO2T qualitatively stalled
the negative trends in this parameter, starting
with the second phase. This is evidenced by
the statistically signiﬁcant differences in the
PaO2/FiO2 ratio in the second and third phases
in group C, with a corresponding level in group
A (i.e., the group of survivors that received
conventional treatment).
In our study, the PaO2/FiO2 ratio
proved to be a highly adequate and informative
parameter for assessing the severity of acute
respiratory dysfunction and therapy efﬁciency.
It is important to note that a recent study using
large groups (18), showed that the PaO2/
FiO2 ratio is a simple method of quantifying
lung injury severity in trauma patients that
better predicts mortality compared with the
more complex modiﬁed Murray lung injury
score. According to these authors, “the P/
F score should replace more complex and
potentially therapy-dependent scores” (18).
Our observations agree with these conclusions,
especially concerning the functional utility of
this parameter in pathophysiologic analysis of
the victims’ cardiorespiratory status.
The data presented in Table 1 indicate
the development of acute cardiorespiratory
dysfunction (ACRD) after blunt injury
is characterized by reduction not only of
pulmonary gas exchange but also of cardiac
function. Taken together with the PaO2/FiO2
ratio and the PaO2 value, the SVI is a highly
prominent marker, especially in the group

SVI) and even the 2nd phase (PaO2/FiO2 ratio,
PaO2). Despite the trends, normalization of the
mean values of the measured cardiorespiratory
parameters were observed in the 3 phases only
in Group C.
There were different qualitative
changes in Group B. After the initial reduction
of parameters in the 1st phase, subsequent
worsening cardiorespiratory function was
observed in the 2nd and 3rd phases. In fact, the
reduced means of the PaO2 and PaO2/FiO2 ratio
levels – signiﬁcantly lower in the 3rd phase than
in the 1st and 2nd phases – yielded a critically
lower mean SVI. Compared to the 1st phase, ,
CI increased only for a while in the 2nd phase
due to tachycardia. Extremely low levels of
PaO2 and SVI in the 3rd phase were ultimately
fatal for these victims.
As a result of the combination of
tendencies above, the differences in mean
SVI, PaO2 and PaO2/FiO2 ratio in Group A and
even more so in Group C took on increasing
importance compared with the same parameters
in Group B, becoming maximal in the 3rd phase
(P<0.001). The mortality rate in the two groups
with conventional therapy (Groups A + B) was
77%, and 0% in Group C.
DISCUSSION
Analysis of data presented in Table 1
indicates that with the dramatic decrease in mean
PaO2/FiO2 ratio characteristic for all groups
studied, the second phase can be considered
the onset of fatal decline in this parameter,
when the tendency of decline was already more
pronounced than in the other groups (255±53
vs 284±53 and 323±57 in groups B, A, and C,
respectively).
This level of PaO2/FiO2 the nonsurviving victims in the second phase, agrees
with the conclusions of recent investigations
that point to a risk of lethal outcome for
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of victims with a fatal outcome for whom
intensive therapy failed to restore and stabilize
cardiorespiratory function.
In analyzing the clinical course in
Group C, it appears that cardiopulmonary
resuscitation in victims with poor cardiac
function who were treated with HBO2 was
similar to that of Group A. Moreover, the
statistically signiﬁcant increase of PaO2/FiO2,
PaO2, and SVI that was already apparent in the
2nd phase relative to the 1st phase, suggests that
reversibility in Group C was more apparent
than in Group A. As a result, victims treated
with a combination of conventional and HBO2
therapy in the 3rd phase can be expected to
normalize their cardiorespiratory parameters. It
is also noteworthy that the absence of mortality
in 8 victims treated with HBO2 may indicate
that HBO2 is especially suitable for victims
with poor cardiac function following BChI.
The positive effect of adjunctive HBO2 on these
victims may include powerful anti-hypoxic
potential that is capable of effective correction
of disorders induced by acute deﬁcit of oxygen
to tissues (19-22). These conclusions are also
supported by our published results in animals
(23,24). It was established that the application
of HBO2 during the early phase of severe head
injury signiﬁcantly diminished intracranial
pressure and mortality (25).
The implementation of HBO2 as
considered above can be linked therapeutically
by the delivery of greatly-needed oxygen to the
tissue with subsequent prolonged improvement
in metabolism of the traumatized brain, as
shown by Rockswold et al. (26). The earliest
possible HBO2 application (during emergency
care), while correcting the oxygen deﬁciency
caused by the acute decrease in cerebral blood
ﬂow and acute respiratory dysfunctions (2729), as well as activating tissue metabolism,
might provide for the early stabilization of the
victim’s state.
Another mechanism responsible for the

pathogenesis of critical conditions resulting
from a severe blunt injury should also be
noted. Studies of the past have established that
the development of acute cardiopulmonary
dysfunction is already present at an initial
stage of severe head trauma (30-33). In this
case, cardiopulmonary dysfunction induces
pronounced pathophysiological perturbations,
usually accompanying severe HI (such as
apnea, hypoxia, hypercarbia, and catecholamine
surge (34). Excessively high catecholamine
levels cause myocardial damage and cardiac
failure (34,35). A markedly low cardiac index
may result from the heart failure (1,30,32).
Therefore, under these conditions as well as
in cases of BChI, the application of HBO2 can
reinforce the resistance to ACRD. Accordingly,
elimination of progressive arterial and tissue
hypoxia relieves a “physiologic depressant”
of the heart (36) through the use of HBO2,
and it is possible to prevent, or at least delay,
acute progressive disturbances in myocardial
contractility.
This conclusion appears to be supported
by data showing restoration of hypoxic
myocardial contractions after treatment with
HBO2 in humans (37,38) and even an increase
in cardiac contractility in healthy animals
(39,40). Thus, the signiﬁcant recovery of SVI
following HBO2 administration may create
a potential for normalization not only of CI
levels, but also of lung gas exchange by this
approach to therapy for ACRD. We suppose
that cardiac function is a determining factor
in victims who have undergone severe blunt
trauma. Elimination of the cardiac component
of hypoxia in these victims was probably no
less important than elimination of the “pure”
pulmonary component, because restoration of
the necessary level of SVI and CI effectively
solved the problem of inadequate oxygen
delivery to tissues.
As can be seen from Table 1, the
recovery of respiratory function in survivors
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(Groups A and C) was seen most clearly by
the tendency for SVI to increase in the 2nd and
3rd phases. We propose that adequate therapy
interrupts the “vicious circle” of interconnected
acute deteriorations of respiratory and
cardiac functions, and that the main goal of
therapy should be the elimination of hypoxic
and circulatory hypoxia. Therefore, HBO2
should be considered a front-line treatment
with a demonstrated capability to improve
cardiorespiratory function.
In
conclusion,
the
early-phase
application of HBO2T in severe BChT (under
emergency care regimen) dramatically
lowers the mortality. Analysis of our results
in comparison to the data ﬁn the literature,
justiﬁably suggests extrapolation of these ideas
to victims of primary blast injury.

8.
9.
10.
11.

12.
13.
14.

ACKNOWLEDGEMENT
15.

The authors thank Ilia Stambler of Bar-Ilan
University for editorial assistance.

16.

REFERENCES
1.
2.

3.
4.

5.
6.
7.

Rogatskii GG. Pathogenesis of acute heart failure
following closed chest injury. Biull Eksp Biol Med
1980; 90:402-405 (in Russian).
Rady MY, Edwards JD, Nightingale P. Early
cardiorespiratory ﬁndings after severe blunt
thoracic trauma and their relation to outcome. Br J
Surg 1992; 79:65-68.
Irwin RJ, Lerner MR, Bealer JF, Brackett DJ, Tuggle
DW. Cardiopulmonary physiology of primary blast
injury. J Trauma 1997; 43:650-655.
Moomey CBJr, Fabian TC, Croce MA, Melton
SM, Proctor KG. Determinants of myocardial
performance after blunt chest trauma. J Trauma
1998; 45:988-996.
Black TL, Snyder CL, Miller JP, Mann CMJr,
Copetas AC, Ellis DG. Signiﬁcance of chest trauma
in children. South Med J 1996; 89:494-496.
Segers P, Van Schil P, Jorens P, Van Den Brande F.
Thoracic trauma: an analysis of 187 patients. Acta
Chir Belg 2001; 101:277-282.
Damon EG, Jones RK. Hyperbaric medicine in the
treatment of thoracic trauma. Physiologist 1971;

17.

18.
19.

20.

21.

80

14:127.
Weiler-Ravel D, Adatto R, Borman JB. Blast
injury of the chest. A review of the problem and its
treatment. Isr J Med Sci 1975; 11:268-274.
Kubicek WG. On the source of peak ﬁrst time
derivative (dZ/dt) during impedance cardiography.
Ann Biomed Eng 1989; 17:459-462.
Hubbard WN, Fish DR, McBrien DJ. The use of
impedance cardiography in heart failure. Int J
Cardiol 1986; 12:71-79.
Shoemaker WC, Wo CC, Bishop MH, et al.
Multicenter trial of a new thoracic electrical
bioimpedance device for cardiac output estimation.
Crit Care Med 1994; 22:1907-1912.
Luce JM. Acute lung injury and the acute respiratory
distress syndrome. Crit Care Med 1998; 26:369376.
Gunther A, Walmrath D, Grimminger F, Seeger W.
Pathophysiology of acute lung injury. Semin Respir
Crit Care Med 2001; 22:247-258.
Suematsu Y, Sato H, Ohtsuka T, Kotsuka Y, Araki S,
Takamoto S. Predictive risk factors for pulmonary
oxygen transfer in patients undergoing coronary
artery bypass grafting. Jpn Heart J 2001; 42:143153.
Thabut G, Mal H, Cerrina J, et al. Inﬂuence
of donor characteristics on outcome after lung
transplantation: a multicenter study. J Heart Lung
Transplant 2005; 24:1347-1353.
Bishop MH, Jorgens J, Shoemaker WC, et al. The
relationship between ARDS, pulmonary inﬁltration,
ﬂuid balance, and hemodynamics in critically ill
surgical patients. Am Surg 1991; 57:785-792.
Sloane PJ, Gee MH, Gottlieb JE, et al. A multicenter
registry of patients with acute respiratory distress
syndrome. Physiology and outcome. Am Rev Respir
Dis 1992; 146:419-426.
Offner PJ, Moore EE. Lung injury severity scoring
in the era of lung protective mechanical ventilation:
the PaO2/FiO2 ratio. J Trauma 2003; 55:285-289.
Rockswold GL, Ford SE, Anderson DC, Bergman
TA, Sherman RE. Results of a prospective
randomized trial for treatment of severely braininjured patients with hyperbaric oxygen. J
Neurosurg 1992; 76:929-934.
Holbach KH, Caroli A, Wassmann H. Cerebral
energy metabolism in patients with brain lesions at
normo- and hyperbaric oxygen pressures. J Neurol
1977; 217:17-30.
Boerema I, Meyne NG, Brummelkamp WK, et al.
Life without blood: a study of the inﬂuence of high
atmospheric pressure and hypothermia on dilution
of blood. Cardiovasc Surg 1960; 1:133-146.

UHM 2007, Vol. 34, No. 2 - Hyperbaric oxygen enhances survival after blunt trauma

22. James PB. Postoperative hypoxia: an indication
for intermittent hyperbaric oxygen? Lancet 1992;
340:1046.
23. Krakovsky M, Rogatsky G, Zarchin N, Mayevsky
A. Effect of hyperbaric oxygen therapy on survival
after global cerebral ischemia in rats. Surg Neurol
1998; 49:412-416.
24. Rogatsky GG, Meilin S, Zarchin N, Thom SR,
Mayevsky A. Hyperbaric oxygenation affects rat
brain function after carbon monoxide exposure.
Undersea Hyperb Med 2002; 29:50-58.
25. Rogatsky GG, Kamenir Y, Mayesky A. Effect of
hyperbaric oxygenation on intracranial pressure
elevation rate in rats during the early phase of
severe traumatic brain injury. Brain Res 2005;
1047:131-136.
26. Rockswold SB, Rockswold GL, Vargo JM, et al.
Effects of hyperbaric oxygenation therapy on
cerebral metabolism and intracranial pressure in
severely brain injured patients. J Neurosurg 2001;
94:403-411.
27. Bouma GJ, Muizelaar JP. Cerebral blood ﬂow,
cerebral blood volume, and cerebrovascular
reactivity after severe head injury. J Neurotrauma
1992; 9 Suppl. 1:S333-S348.
28. Pierson DJ. Indications for mechanical ventilation
in adults with acute respiratory failure. Respir Care
2002; 47:249-265.
29. Zauner A, Doppenberg EM, Woodward JJ, Choi
SC, Young HF, Bullock R. Continuous monitoring
of cerebral substrate delivery and clearance: initial
experience in 24 patients with severe acute brain
injuries. Neurosurgery 1997; 41:1082-1093.
30. Velmahos GC, Shoemaker WC, Wo CC,
Demetriades D. Physiologic monitoring of
circulatory dysfunction in patients with severe head
injuries. World J Surg 1999; 23:54-58.
31. Huttemann E, Schelenz C, Chatzinikolaou K,
Reinhart K. Left ventricular dysfunction in lethal
severe brain injury: impact of transesophageal
echocardiography on patient management. Intensive
Care Med 2002; 28:1084-1088.
32. Tamaki T, Isayama K, Yamamoto Y, Teramoto A.
Cardiopulmonary haemodynamic changes after
severe head injury. Br J Neurosurg 2004; 18:158163.
33. Grunsfeld A, Fletcher JJ, Nathan BR.
Cardiopulmonary complications of brain injury.
Curr Neurol Neurosci Rep 2005; 5:488-493.
34. Atkinson JL. The neglected prehospital phase of
head injury: apnea and catecholamine surge. Mayo
Clin Proc 2000; 75:37-47.
35. Prichard BN, Owens CW, Smith CC, Walden RJ.

36.
37.

38.

39.
40.

81

Heart and catecholamines. Acta Cardiol 1991;
46:309-322.
Braunwald E, Ross J, Sonnenblick EH. Mechanisms
of Contraction of the Normal and Failing Heart.
Boston: Little, Brown and Company, 1967.
Efuni SN, Rabkin IKh, Rodionov VV, Bukaev
IuN, Svirshchevskii EB. Effect of hyperbaric
oxygenation on the circulatory function in
rheumatic mitral valve disease. Kardiologiia 1977;
17:29-36 (in Russian).
Swift PC, Turner JH, Oxer HF, O’Shea JP, Lane GK,
Woollard KV. Myocardial hibernation identiﬁed by
hyperbaric oxygen treatment and echocardiography
in postinfarction patients: comparison with exercise
thallium scintigraphy. Am Heart J 1992; 124:11511158.
Doubt TJ, Evans DE. Effects of hyperbaric oxygen
exposure at 31.3 ATA on spontaneously beating cat
hearts. J Appl Physiol 1983; 55:139-145.
Stuhr LE, Bergo GW, Tyssebotn I. Systemic
hemodynamics during hyperbaric oxygen exposure
in rats. Aviat Space Environ Med 1994; 65:531538.

