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ABSTRACT

Objective: Major seismic events leave their sur-
vivors trapped under the rubble leading to ex-
tensive muscle damage and its devastating se-
quale of hemodynamic and metabolic distur-
bances and acute renal failure. Hypoxemia ag-
gravated during each hemodialysis (HD) session
is important in acute renal failure patients with
massive tissue injury. We retrospectively ana-
lyzed the adjunctive role of hyperbaric-oxygen
(HBO) therapy in patients treated with HD for
acute renal failure due to crush injury in terms of
dialysis duration. Patients and Methods: 16 pa-
tients admitted after the 1999 Marmara earth-
quake to Istanbul Faculty of Medicine were
treated with HBO. Only 8 (2 M, 6 F, mean age:
24.8 + 7.3 years) of them had required HD
treatment. 29 (16 M, 13 F, mean age: 34.6 + 12.9
years) crush syndrome patients treated with HD
but not with HBO were taken as controls and the
clinical and laboratory data of the two groups
were compared. Results: The mean duration
time under the rubble for the HBO group was 9.4
+ 3.2 hours. Mainly lower extremity fasciotomies
were performed at 15.6 + 14.8 hours after extri-
cation. There were no amputations in this group.
There were three amputations in the control
group. The mean number of HD sessions was 9.2
+ 6.7/patient for 10.9 + 9.6 days until renal func-
tions recovered and the patients had 27.4 + 15.6
HBO sessions until the recovery of their lesions.
There were no correlations between the number
of HBO sessions and any laboratory parameter
nor the number of HD sessions. There was no
statistical difference in the need for HD between
the HBO and control group. Conclusions: Our re-
sults could not demonstrate a significant effect
of HBO treatment in terms of HD duration; how-
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ever, the valuable contribution of the HBO treat-
ment was to increase the salvage of crushed
limbs.
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1. INTRODUCTION

Acute renal failure is a life threatening disorder with
high mortality despite the introduction of hemodialysis
and many modern supportive therapies. Though a modest
improvement in mortality has been achieved during the
last 20 years, simple acute renal failure without co-
morbid conditions has about 7% - 23% mortality [1].

Prognosis is worsened if other organ systems are
affected by the primary event as in the case of acute renal
failure related to crush syndrome [2]. Crush syndrome is
the systemic manifestation of muscle injury caused by
prolonged limb compression sustained in crush injury
and is characterized by hypovolemic shock, hyperkalemia,
acute renal failure and muscle necrosis [2]. The mortality
rate of crush syndrome associated with acute renal fai-
lure remains high despite major advances in critical care,
reaching 50% - 60% in complicated cases [3]. This rate
was reported to be 17.2% among the dialyzed victims
after the Marmara earthquake [3].

For the treatment of crush victims when indicated,
hemodialysis (HD) is a life saving treatment modality
and should be initiated as soon as possible. The HD
should always be initiated in the presence of serum po-
tassium >6.5 mmol/l or quickly rising serum potassium
levels not responding to other measures, Acidosis and
BUN level 2100 mg/dl or serum creatinine >8 mg/dl are
further indications for HD. Even if the before mentioned
laboratory findings are not present or unavailable, clini-
cal symptoms of renal failure or uremic retention such as
volume overload, pericarditis, coagulopathy and an oth-
erwise unexplained decline in mental status constitute the
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other indications for dialysis [1-3]. On the other hand,
one should not forget that, hypoxemia aggravated during
each HD session is important in this particular group of
patients with massive crush injuries [4-6]. Hypoventila-
tion remains the major cause of hypoxemia in HD [6].
This hypoventilation is mainly due to CO, consumption
during acetate metabolism (acetate dialysis), or alkalini-
zation of the blood (bicarbonate dialysis) [4-6].

Hyperbaric-oxygen (HBO) therapy may simultane-
ously provide beneficial effect directed at many compo-
nents responsible for ischemia-reperfusion injury, includ-
ing the neutrophil, endothelium, inflammatory mediators,
lipid peroxidation, cellular energetics and microvascular
blood flow [7-11]. It has been reported that HBO treat-
ment may modulate kidney function in rats with sepsis,
rats with adriamycin-induced nephrotic syndrome and
experimental cyclosporine nephrotoxicity [12]. Recently,
Solmazgul et al. [13] demonstrated that HBO attenuated
the elevation in plasma creatinine and histological dam-
age in Sprague-Dawley rats subjected to renal ischemia/
reperfusion injury. Moreover, HBO treatment has been
reported to be beneficial in the management of the mus-
cle compartment syndrome, a devastating complication
of crush syndrome, where kidney function is often im-
paired [14-19].

In this study, we retrospectively analyzed the adjunct-
tive role of HBO therapy in patients treated with intermit-
tent HD for crush syndrome related acute renal failure.

2. MATERIAL AND METHODS

After the Marmara Earthquake, one of the greatest dis-
asters of the previous decade, registering 7.4 on the
Richter Scale, 960 injured patients were admitted to the
emergency units of Istanbul Medical Faculty and 321
(33%) of them were hospitalized. Sixty (18%) patients
(30 male, 30 female) with a mean age of 31.3 + 13.8
years fullfilling the criteria for crush syndrome (urine
output < 400 ml/day and/or BUN > 40 mg/dl, serum cre-
atinine > 2.0 mg/dl, uric acid > 8.0 mg/dl, potassium >
6.0 mEq/L, phosphorus > 8.0 mg/dl and/or serum total
calcium < 8.0 mg/dl) were the subject of this study.

Among those patients, 16 patients received HBO the-
rapy. Only 8 of them required HD treatment (Group I).
Twenty-nine patients requiring HD treatment, but not
HBO therapy, were taken as controls (Group II). Hyper-
baric-oxygen therapy was initiated for fasciotomized pa-
tients in the presence of necrosis, edema and/or wound
infection. The remaining patients did not need any HD or
HBO treatments.

Data concerning the patients’ demographics, physical
and laboratory findings, treatment modalities and out-
comes were collected retrospectively from the patients’
files.
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In each patient, blood biochemistry was determined
after the physical examination both at admission and
thereafter. Besides supportive therapies fasciotomies were
carried out in patients according to the indications of
clinical findings, since intracompartment pressure could
not be measured.

Bicarbonate HD treatment was performed intermit-
tently for 3 - 4 hours, with tight heparinization protocol,
until the recovery of renal function in patients with acute
renal failure. The recovery of renal function was taken as
normalization of urinary volume in a patient with im-
proving serum biochemical values in the absence of fluid
overload. Vascular access for this treatment was main-
tained by double lumen catheters, which were inserted
percutancously to central veins.

A session of HBO lasted 90 minutes in a closed multi-
place chamber where all the patients breathed 100%
oxygen at 2.4 ATA through a face mask after the HD ses-
sion when applicable as suggested by UHMS protocol
[20,21]. Side effects of HBO therapy were classified as
pulmonary or central nervous system oxygen toxicity and
middle ear barotrauma. The HBO therapy was continued
until recovery of necrosis, edema and/or wound infec-
tion.

Descriptive statistics of all numeric variables, include-
ing mean, standard deviation and minimum and maxi-
mum values were calculated. Statistical significance was
considered at a p value < 0.05.

3. RESULTS

Group I consisted of 2 male and 6 female patients
whose mean age was 24.8 + 7.3 (19 - 38) years. Group 11
had 16 male and 13 female patients with a mean age of
34.6 +12.9 (16 - 62) years (p = 0.005).

The mean duration of time under the rubble for Group
I was 9.4 + 3.2 (2.5 - 12) hours. All of the patients had
lower extremity fasciotomies which were performed at
15.6 + 14.8 (4 - 96) hours after extrication. There were
no amputations in this group. The admission laboratory
values of Group I are presented in Table 1. On the other
hand, the mean duration of time under the rubble was 8.5
+ 3.9 (4 - 19) hours in Group II. There was no statistical
difference between the two groups in terms of time under
the rubble (p = 0.53). Five patients did not have any fas-
ciotomies and the rest (83%) had fasciotomies performed
in 41 different anatomical sites. There were also three
amputations in this group. All of the patients with ampu-
tations had already fasciotomies.

There was no statistical difference in serum potassium
(K), creatinine phosphokinase (CPK) and alanine ami-
notransferase (ALT) levels, the duration time under the
rubble and the need for HD between the Group I and
Group II (Table 2).
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Table 1. The laboratory parameters of Group I at admission.

Table 3. Hyperbaric oxygen treatment details.

Serum Mean Range
Creatinine, mg/dl 39+1.7 2.7-17.7
Potassium, mEq/L 49+1.4 35-74

Creatinine phosphokinase, iu/L  20240.5 +29203.6 374 - 68715

Alanine aminotransferase, iv/L  389.8 + 487.3 5-1301
Albumin, g/dl 23+0.5 1.7-25
Leucocyte, /mm’ 16700 + 7066 5000 - 12000
Albumin, g/dl 23+0.5 1.7-25

Table 2. Comparison between Group I and Group II.

Group I (n=28) Group II (n=29) p

DUR, hours 9.4 +3.2 8.5+39 NS

UO, ml/day 862.5 +1378.6 871.2+2031.3 NS

BP,mmHg 125.7+26.1/78.1£14.6 145+30.1/85.6+18.8 NS

Htc, % 29.8+8.9 27.0+7.6 NS
Cr,mg/dl 3917 6.1+33 0.02
K, mEqg/L 49+14 50+14 NS
CPK, iwL  20240.5 +29203.6 23336.6 +26810.5 NS
ALT,iwL  389.8 +487.3 231.14330.3 NS
HDses/pt 9.3 +6.7 9.4+638 NS
HD dr, days 10.9 £ 9.6 104485 NS

DUR: duration time under the rubble; UO: urine output; BP: blood pressure;
Htc: hematocrit; Cr: creatinine; ses/pt: session/patient; dr: duration.

In Group I, the mean HD session/patient was 9.2 + 6.7
for 10.9 + 9.6 days until the renal functions recovered
and the patients had a mean of 27.4 + 15.6 (2 - 54) HBO
sessions till the recovery of their fasciotomy lesions (Ta-
ble 3). In Group II, the mean HD session/patient was 9.4
+ 6.8 for 10.4 + 8.5 days.

During the hospitalization group I patients received a
mean of 27.3 = 43.1 (3 - 124) units of blood and 39.8 +
35.9 (8 - 96) units of fresh frozen plasma. Group II pa-
tients received 17.4 = 21.9 (1 - 76) units of blood and
38.5 £ 49.8 (1 - 176) units of fresh frozen plasma which
was not statistically different from group I (p = 0.58 and
p = 0.95, respectively ).

There were no correlations between the number of
HBO sessions and any admission laboratory parameters
nor the number of HD sessions. The total number of
HBO sessions correlated negatively with initial urine
output (r = —0.61) and positively with blood transfusions
(r = 0.79) and fresh frozen plasma administrations (r =
0.59). None of the patients in Group I had a documented
side effect of HBO treatment.
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Patients Gender/Age, No of ‘ No of'HBO
years Fasciotomies sessions
1 F/38 1 42
2 F/23 1 2
3 F/19 2 4
4 F/22 1 25
5 F/19 1 26
6 F/24 1 54
7 M/34 1 22
8 M/19 1 25

One (12.5%) patient in Group I died due to hydro-
cephalus and 6 (20.6%) patients in Group II died while in
the hospital (p = 0.58). Four of the patients died due to
sepsis and the remaining due to ARDS. All the other pa-
tients regained normal renal function and were dis-
charged to either their new homes or to the rehabilitation
centers.

4. DISCUSSION

Hyperbaric oxygen therapy is defined as a treatment in
which a patient is intermittently exposed to 100% oxy-
gen while the treatment chamber is pressurized to a
pressure above sea level (>1 ATA, 760 mmHg) [20].

Hyperbaric oxygen therapy was first documented in
1662 when Henshaw built the first hyperbaric chamber
[21]. Thereafter HBO therapy has been used in a number
of diseases including acute carbon monoxide poisoning,
gas gangrene, chronic refractory osteomyelitis, decom-
pression sickness, air embolism and crush injury with a
proven efficacy in a limited number of disorders [20,22].

Crush syndrome was first described by Bywaters and
Beall in 1940 during World War II and afterwards it was
reported in many disasters such as earthquakes, car acci-
dents, war crimes and terrorist acts [2]. Musculoskeletal
injuries secondary to crush, blast and penetrating trauma
each produce local tissue ischemia, hypoxic gradients
from zones of necrotic to healthy tissue and, when in-
adequately treated, the potential for propagation of is-
chemic injury into adjacent healthy tissues [23]. Surgery
remains one of the treatment strategies for these injuries.
Reduction of edema, protection from reperfusion injury,
and enhanced wound healing are postulated benefits of
adjunctive therapy with hyperbaric oxygen [20].

Effectiveness of hyperbaric oxygen therapy in crush
injury due to ecarthquake has been reported after the
Marmara earthquake by the Haydarpasa Military Acad-
emy localized in Istanbul. Yildiz et al. [24] reported that
630 patients were admitted to their hospital. Many dif-
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ferent surgical procedures were performed in 146 pa-
tients. These procedures included 92 fasciotomies for com-
partment syndrome, 3 femoral artery repairs and 5 ex-
tremity amputations. Among these patients 52 were treated
with HBO therapy (3 to 70 sessions per patient) in the
postoperative period. Similar number of HBO sessions
were also noted in our series (2 - 54 sessions per patient).
Forty five patients recovered without complication or
any sequelae [24]. Amputation of the extremities had to
be performed in 5 patients and two patients died due to
acute respiratory distress syndrome and sepsis [24,25].

In crush injuries and acute peripheral ischemias perfu-
sion is often so compromised that repair processes ordi-
narily cannot occur [26]. Specific tissue oxygen tensions
are required for neovascularization and fibroblast prolif-
eration. HBO helps achieve these baseline tensions. This
is also the proposed mechanism for HBO’s usefulness in
related conditions such as replantation operations, frost-
bite and compromised skin grafts [22].

As previously reported by Sever et al. [3] after the
Marmara earthquake 639 patients (12.0%) suffered from
nephrological problems, 477 (8.9%) needed renal re-
placement therapy and HBO therapy was applied to 28
patients among which 16 were the subjects of this analy-
sis. Application of this strategy did not differ signify-
cantly between dialyzed versus non-dialyzed patients,
while one patients’ death was recorded among the pa-
tients who were treated with HBO (p = 0.022) [3].

Hyperbaric oxygen was more effective than no treat-
ment in animals with experimentally induced ischemia
and compartment syndromes [18,20,27]. Although many
case reports and case series suggest a benefit of hyper-
baric oxygen, it has not been compared with normobaric
oxygen in patients or animals with acute traumatic is-
chemic injury [27]. Perioperative protocols involve treat-
ment at pressures ranging from 2.0 to 2.8 atmospheres
for up to two hours [20]. Our treatment strategy was also
to perform a HBO session at 2.4 ATA lasting for 90 min-
utes in a closed multiplace chamber.

In ischaemic rat tissues, HBO was shown to inhibit
neutrophil adherence to the wall of ischaemic vessels and
to decrease post-ischaemic vasoconstriction in skin grafts
[12]. Furthermore, it was shown that HBO has striking
beneficial anti-inflammatory effects on experimental coli-
tis in rats [12].

In trauma of the extremities, a circulatory insuffi-
ciency with total and subtotal ischemia may occur. The
beneficial effect of HBO therapy is due to high arteriolar
oxygen content and oxygen diffusion, thus leading to
both enhanced wound healing by fibroblast and capillary
proliferation and prevention of infection notably due to
anerobic microorganisms [7,18,21]. In our series similar
effects were also observed though not statistically sig-
nificant (Figures 1 and 2). Moreover; HBO produces
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Figure 1. The fasciotomy lesion of a patient before HBO.
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Figure 2. The lesion after 34 HBO sessions.

vasoconstriction and reduces blood flow which leads to
the prevention of postischemic edema [21]. Furthermore,
this stabilizes the capillary hydrostatic pressure and the
vascular permeability. The potentially negative vasocon-
strictive effect of oxygen delivery is overcome with the
hyperoxygenation. As a result, fluid leakage from the in-
travascular compartment decreases; the intravascular vol-
ume gets maintained and an improvement of renal he-
modynamics and renal function can be observed [20-22].

When used according to standard protocols, with oxy-
gen pressures not exceeding 3 atmospheres and treatment
sessions limited to a maximum of 120 minutes, hyper-
baric therapy is not dangerous [20,21]. Complications
such as oxygen toxicity, middle ear barotrauma and con-
finenment anxiety are well controlled with appropriate
preexposure orientations, medications and treatment
schedules [21]. None of our patients had any complica-
tions related to the HBO treatment itself.

The findings of Better’s animal model provide novel
information on the mechanisms underlying acute renal
failure and support the use of HBO for treatment of is-
chaemic renal injury [12]. In their study renal ischaemia
was induced by unilateral renal artery clamping in rats
and within 24 hours following ischaemia, rats were
treated twice with HBO of 100% O, at 2.5 absolute at-
mospheres for 90 minutes each [12]. Untreated rats had
served as a control. Forty-eight hours after HBO treat-
ment glomerular filtration rate, renal blood flow and en-
dothelial-dependent vasorelaxation were measured in both
groups revealing better results in the HBO treated group.
The HBO-induced renal vasodilatation was associated
with a significant increase in total renal blood flow in
response to acetylcholine due to enhanced perfusion of
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the renal cortex in the ischaemic kidney [12].

5. CONCLUSIONS

Our results could not demonstrate a significant effect
of HBO treatment in terms of HD duration. This could be
attributed to the fact that our sample size was too little.
Rubinstein et al. [12] had demonstrated that despite the
improvement in renal hemodynamics, HBO did not
cause a concomitant increase in urine flow or sodium
excretion in their animal model.

Moreover, the most important and valuable contribu-
tion of HBO treatment was the avoidance of repetitive
surgical interventions and most likely amputations in the
victims [21]. A decade ago, HBO was described as “a
therapy in search of diseases” [28]. The discovery of be-
neficial cellular and biochemical effects has strengthened
the rationale for administering HBO as primary and/or
adjunctive therapy in many conditions including the ma-
nagement of crush injuries encountered during natural
disasters.
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