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ABSTRACT

Purpose: The purpose was to examine venous POl, transcutaneous tissue P02 (PlC;0Û,

and V02ma.x in a normobaric environment following a single HBOl treatment. Methods:

Ten moderately trained (V02m~:( =57.6 mL'kg-l'min-l) males volunteered for the study.

Baseline testing included measures ofV02m:l.'b Ple02, and anthropometry. Subjects

received t'ovo HB02 treatments~ which consisted ofbreathing 9S% oxygen at 2.5 ATA for

90 min. Follo\\ing the first HBO! treatment (6.0 ± 1.0 min), subjects performed a V02ma:(

test. Follo\ving the second HB02 treatment, leg and chest PlcOl and venous PO! were

monitored for 60 min. Results: V02ma.<t running time, and peak La were not altered

(p<O.OS) post-HB02 treatment. Leg Plc;Ol was lower (p<O.OS) and chest prcO! was

unchanged following the HBOl treatment compared to baseline values. Venous POl was

lo\ver in the tirst 3 min post-HBO! treatment than subsequent values, but no other

differences \vere found (p<O.OS). Conclusion: The results of this study show that a single

HBO! treatment at 2.5 ATA for 90 min does not elevate venous P02, PleO!, or V02ma.x in

a nonnobaric, normoxic environment. Key words: ~IAXIMAL OXYGEN UPTAIŒ,

TRA1'!SCUTAl"IEOUS TISSUE OXYGEN, ~1AXIM.t\L EXERClSE~ ERGOGENIC

AID
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RÉsUMÉ

But: Le but de cet étude était de détenniner la POz veineuse, la P02 tissulaire

transcutané (Pu:02) et le V02ma.x dans un environement normobarique à la suite d'une

exposition hyperoxique, hyperbare (HB02). Méthodes: Dix hommes modérément

entraînés (V02m:l.x =57.6 mL· kg· l . min· l
) se sont portés volontaire pour l'étude. Les tests

constituaient en la mesure de V02m:l.·b de Pte02: et de l"antropométrie. Les sujets ont reçu

deux traitements de HB02 consistant à respirer 950/0 d'oxygène à 2!S A pour une durée de

90 minutes. À la suite du premier traitement de HB02: les sujets ont subi un test de

V02m:l.x, À la suite du deuxième traitement de HB02, les résultats du PreO! et du POl

veineu.x pour les jambes et la poitrine ont été enregistrés pendant 60 minutes. Résultats:

Suivant le taiternent de HBOl , le V02m:l.x, le temps de course, et le « peak» AL n'ont pas

été altérés (p<O,05). Aussi, le pteO! pour les jambes a diminué alors qu'il est resté le

même pour la poitrine. Finalemen4 le P02 veineu.'{ a diminué seulement dans les 3

premières minutes suivant le traitement de HB02mais aucune autre difference a été

enregistré (p<O,05). Conclusion: Les résultats de cet étude démontrent qu'un seul

traitement de HB02 dans un environement norborarique et nonnoxique à 2,5 A et pour

une durée de 90 minutes n'élève pas le PO! veineux, le pteO!, ou le Vo,.m:rt. Mots clés:

OXYGÈNE !vIAXINlALE REÇUE~ TISSUE oëXYGÈNE l'Ri\NSCUTANÉS,

EXCERCICE ~lAuXThLI\L, AIDE ERGOGÉNIQUE.
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INTRODUCIlON

Hyperbaric oxygen (HB02) therapy is a relatively new area ofresearch in

medicine and physiology. Hyperbaric chambers were originally introduced in the 1930s

as a means oftreating decompression sickness. Use bas since expanded into the field of

hyperbaric Medicine. The Undersea & Hyperbaric Medical Society (UHMS) currently

approves 13 medical indications for treatment with HBOz (9). HBOz therapy is a Medical

treatment in which the patient breathes 1000/0 oxygen intermittently while inside a

chamber at a pressure greater than 1atmosphere absolute (ATA) (9).

ln recent years sorne professianal and college athletic teams have used HBOz

therapy to treat sports injuries, to speed recovery after exercise, and as an ergogenic aid

to enhance performance. Due ta the importance ofoxygen in the aerobic energy system:

professianal athletes sometimes receive HB02 before participation in their sport in the

belief that subsequent performance will be improved (18).

Physiologists have long debated whether oxygen delivery or utilization by the

skel~tal muscles is the limiting factor for V02ma.,. Potential physiological factors limiting

VO!m:l.' include: 1) pulmonary diffusion capacity for Oz: 2) maximal cardiac output, 3)

the peripheral circulation, and 4) the metabolic capacity ofskeletal muscle (21)..

According to Rowell (21): most physiologists believe that the capacity ofthe central

cardiovascular system ta transport oxygen to the tissues is the principle determinant of

V02m:L'. This concept has been used to justify HBOl treatments to enhance the

availability ofoxygen in an attempt to increase ma.ximal aerobic performance.. AIso,

oxygen stored in the tissues following an HB02 treatment May be available to working

muscles..
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There is evidence that breathing hyperoxic gas during exercise enhances

performance (1, 4, 6, 14, 16, 19,26). Using arteriaI and femoral venous sampling

cambined with measurement ofblaad flaw, it has been shown that hyperaxia increases

maximal VOl of an exercising leg (14). Hawever, it is unclear ifHB02 treatments priar

ta exercise alter performance.

Cantradictory findings have been reported regarding the effeet ofa single HB02

treatment on aerobic performance. Kaijser (12) compared dynamic forearm exercise

under hyperbaric (3.0 ATA) and norrnabaric conditions. The performance time to

exhaustion was increased in three subjects and unchanged in three subjects. A small

number of investigations have examined the effect ofHB02 on recovery from exercise.

Intenninent exposures ta HB02 have been used ta treat delayed onset muscle soreness in

the quadriceps that had been induced by eccentric exercise (23). HBO! treatments

improved recavery of eccentric strength compared to placebo treatments. HB02 has aIso

been used foUowing 90-min runs at 75 - 80% afV02nmx (15). A single HBO! treatment

did not eMance recovery. Regarding HB02 as an ergogenic aid to performance, two

studies have reported positive findings (2, 3) and nva studies have reported no benefits

(15,24).

Due ta potentiaI misuse by the athletic community, there is a need ta establish if

there are benefits in using HB02 as an ergagenie aid. Unwarranted use ofHB02 therapy

not ooly wastes hyperbaric resaurces but aIso poses sorne risks to the patients. This smdy

examines the ergagenic patential ofHBO!. The purpase was ta examine venous P02,

transcutaneous tissue PO! (Pu:Oû, and V02ma.~ in a normobaric environment following a

single HB02 treatment.
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METRons

Subjects

The subjects were ten trained (V02mn.'( = 57.6 ± 6.2 ml· kg"l •min-l
) male

volunteers. Subject characteristics are described in Table 1. Subjects were examined by a

physician and were excluded ifcontraindications to HB02 treatment were evident (recent

thoracic surgery, repeated ear infections~ asthma,. cataracts, diabetes, receiving anti­

convulsant medication~ heredirory spherocytosis, and recent upper respiratory tract

infections). AIl experimental procedures were evaluated and approved by the McGilI

University Faculty of Medicine Institutional Review Board. Subjects gave wrinen

infarmed consent ta panicipate after the design and risks of the study had been described

to them.

Experimental Design

Subjects undenvent tests on three non-consecutive clays within a t\vo-\veek

periode Baseline testing on clay l included assessment ofphysical characteristics, Ptc02

during normoxic and hyperoxic breathing, and measurement OfV02m:L'(' Testing on day 2

included a 90-minute HB02treatment foIIowed by a V02mir< test. The time clelay from

exiting the hyperbaric chamber to the start of the V02ma.'< test was 6.0 ± 1.0 min. On day

3.. subjects received a 90-minute HB02 treatment fallowed by nine venous P02 samples

and Ptc02 measurements for 60 min.

H}'perbaric Oxygen Protocol

Figures 1 and 2 illustrate the HB02 chamber and protocoI. The HB02 treatment

was adrninistered in a Sigma Plus monoplace hyperbaric chamber (perry Baromedicai

Corporation, Riviera, FL) under the supervision ofa certified chamber operator at the
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Cleghorn Hyperbaric Laboratory, McGill University. It took approximately 10 min to

pressurize the chamber to 2.5 ATA with 95% oxygen. At 25 and 55 min into the 90-min

treatment~ subjects were given a S-min air break through an oronasal mask to reduce the

risk of oxygen toxicity.•AJter 90 min, the chamber was decompressed from 2.5 to 1.0

ATA in approximately eight minutes.

Exercise Test Procedure

Prior to the exercise test~ physical characteristics (height, weight, and body

composition) were measured. Percent body fat was estimated from skinfold

measurements and the regression equation ofJackson and Pollock (11).

V02m3.'( \vas measured on a Quinton Q65 Series 90 treadmill (Quinton

Instruments, Seattle, WA). Subjects began an incremental test at 5 mph (134 m· min- l
)

and 50/0 grade \vith speed increased by 0.5 mph (13.4 m· min-t
) every minute until

volitional exhaustion. Expired gases were collected \VÎth VE, VO:!, and VC02 averaged

every 20 5 using a SensorMedics 2900 Metabolic rvleasurement Cart (SensorMedics,

Yorka Linda. CA). Subjects \vere verbally encouraged ta continue exercising until

volitional exhaustion. Criteria for reaching V02mll:t \vere attainment ofage-predicted

HRm:L,(' an RER value of~ LlO, or a plateau in VO:! with increased workload. V02rna:<

\vas calculated by averaging the highest values over 1minute. Heart rate was measured

using a Polar Accurex Hean Rate Monitor (Polar Electro, Kempele, Finland) and

averaged every 5 s. Four minutes follo\\ing the V02ma.'( test a finger prick blood sample

\'ias taken ta determine peak blood lactate (La) concentration. The blood samples were

analyzed \Vith an Accusport Portable Lactate Analyzer (Bebringer Mannheim!

~Iannheim, Germany)_
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Pt,o! Measurement

Plc02 was measured al two sites: chest (second Ïntracostal) and Ieg (mid-thigh

over the rectus femoris). The sites were prepared by removal ofhair, cleaning with

alcohol, and denuding the skin by repeated application and removal ofadhesive tape (22).

A calibrated rCM 30 Transcutaneous P02 Monitoring System (Radiometer, Copenhagen,

Denrnark) \vas used ta measure P[ç02 continuously. The electrodes were warmed ta 45° C

as recommended for use in hyperbaric operations (la, 20). There was a lag of

approximately 10 min follo\\ing application of the electrodes before stable values were

achieved. Values were recorded every minute for 60 min. The baseline Plc02 assessment

included a 20-minute oxygen challenge in which the subjects breathed lOO% oxygen

through an oronasal mask from minute 20 to minute 40. The purpase ofthe oxygen

challenge \vas to demonstrate the subjects' PleG2 responsiveness to breathing 1000AJ

oxygen.

Venous PO! l\leasurement

Upon exiting the hyperbarlc chamber on day 3, a 14...gauge intravenous (IV)

catheter \\·as inserted in an antecubital vein. The IV line \vas kept patent bet\veen samples

\\ith 5% dextrose solution (1VD5\V). Bload samples (3 - 5 ml) were dra,vn 3,5, 10, 15,

20, 30~ 40~ 50, and 60 min after exiting the chamber. Ta ensure blood samples were not

contarninated with rvDSW solution, 5 mL ofblaod were drawn and discarded before

every blaod sample was collected. Samples were immediately aspirated into a

Radiometer ABL5 blood analyzer (Radiometer, Capenhagen, Denmark), which was

calibrated with kno''In samples provided by the manufacturer. Every 30 min the blood

analyzer performed a barometric pressure and a I-point calibration ofthe P02 electrode
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using gas of 19.8% O2• Every t\VO hours the blood analyzer performed a 2-point

calibration of the POl electrode using gases of0% and 19.8% O2•

With regard ta blood sampling our preference was ta obtain arterial POl

measurements since it is unclear how long PaOl remains elevated following an HB02

treatment. The ethics institutional review board clid not approve arteriaI sampling for this

study, and requested that an intravenous catheter be used ta obtain blood samples.

Statistical Analysis

Paired t-tests were used to compare baseline and post-HBOl conditions far

V02ma."( and peak. La data. A one-way repeated measures ANOVA was used ta compare

venous POl data from the baseline and past-HBOl conditions. A two-way repeated

measures Al"l'OVA was used to compare PleO! data at two sites (chest and leg) and two

conditions (baseline and post-HBO!). ANOVAs were followed by post hoc comparisons

using Tukey's HSD (honestly significant difference) test. For aU statistical analyses~ CI.

\vas set at p<0.05.

RESLLTS

The exercise test results are shaVtll in Table 2. No significant differences (p<O.OS)

were found for V02m:l."( or peak La between the baseline and post-HB02 conditions. The

mean V02ma."( values were 57.6 ± 6.2 and 57.3 ± 5.8 ml ·kg-l
• min-t in the tv/a

conditions. The time from exiting the chamber and initiation of the exercise test was 6.0

± 1.0 min. The HBOl treatment did not enhance exercise performance, as run times were

identical in bath conditions (10.1 ± 1.9 min). Peak La values were sunHar (8.9 ± 2.8 and

10.0 ± 1.9 mmol· L-t) in the baseline and post-HBOz conditions.
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Under normal sea level conditions, barometric pressure is 1ATA or 760 mm Hg

and oxygen content in the air is 20.9%. In these conditions the Pa02 is 100 mm Hg.

During our HB02 treatment the combination ofincreased pressure (2.5 ArA) and

increased oxygen concentration (95%) results in additional oxygen dissolved in plasma.

During the hyperbaric treatment at these conditions the PaO! is predicted ta be:

PaOl = {(PBTPS * FjOû - {PaCO!! Rn
PaOl ={[(2.5 ATA * 760) ... 47 mm Hg] * 0.95} - (40 mm Hg / 0.82)

PaOl = 1853 -49 =1804 mm Hg

\vhere PBTPS =Pressure at body temperature pressure saturated (mm Hg)

Ficl =Fraction ofoxygen in inspired air (%)

PaCC! = Partial pressure ofC02 in arterial blood (mm Hg)

R=Respiratory quotient

The venous POl results are surnmarized in Table 3 and illustrated in Figure 3. The

only significant (p<O.OS) difference in venous POl following the HB02 treatment was a

lov;er POl value at 3 min compared to the values from 5 ta 60 min. The tourniquet on the

upper arm \vas in place for about one minute prior to dra\ving ofthe initial blood sample.

~le attribute the significantly lower PO! at 3 min to altered blood flow in the arm. The

venous POl data suggest that there was no excess oxygen circulating in the blood

folIa\ving the HBOI treatment.

The PtcOz data are summarized in Figure 4. In the baseline canditio~ the stan of

the oxygen challenge was at 20 min. The chest P~O! increased fram approximately 80 ta

290 mm Hg in about 5 min while the reg PteÛl increased from 70 ta 230 mm Hg in the

same time frame. Upon completion ofthe oxygen challenge at 40~ bath the chest and
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leg Plc02 retumed ta baseline values within 3 min. Following the HB02 treatmen~ the leg

PtcO! was significantly (p<O.OS) lawer than the baseline values.. In cantrast, the chest

PreO! values were similar in the baseline and post-HB02 conditions.

DISCUSSION

The purpose ofthis study was ta examine venous P02, Ptc02, and V02m:t< in a

normobaric environment following a single HB02 treatment Four studies have

investigated maximal aerobic performance in a normobaric environment following HBO!

treatrnents \vith t'NO studies sho\ving positive results and two studies showing no benefits.

Cabric et al. (3) administered 100% oxygen at 2..8 ATA for 60 minutes. Eighteen

female students were randomly divided into three groups (n=6 per group). Following the

HB02 treatment, the first group performed a V02ma.>t test at 30 min, the second at 3 h, and

the third at 6 h.. Both VO~mn."( and treadmill run time to exhaustion increased significantly

at 30 min and 3 h post-treatment.. Follawing the HB02 treatment, V02ma:t increased by

IS% at 30 min (p<O.DS), 10% at 3 h (p<O.OS), and 7% at 6 h (non-significant).. The

improved performance \vas anributed ta oxygen stored within skeletal muscle tissue. It

has also been reported that blaod lactate levels, VO!.. and VC02 were lo\ver during

subma.ximal exercise in a narmobaric environment following HB02 (2) .. This study

included only (Wa subjects and therefore it is difficult to generalize their findings.

\Vebster et al .. (24) questioned the ergogenic effect ofHBO!. Their subjects

performed three exercise tests on a cycle ergometer. These tests were performed on

separate days with the first two exercise tests designed to establish baseline data, and the

third test following an HB02 treatment at 2.0 ATA for 60 minutes.. The Mean time from

8



exiting the chamber to cycling was 22.5 min. No significant clifferences were round for

V01ma.x, ventilatory threshold, lactate threshold, VEnu'b or HRma.x for the three tests. Near

infrared spectroscopy \vas used ta examine tissue oxygenation ofthe vastus lateralis

muscle at rest, throughout exercise, and during recovery. Following the HB02 treatment,

muscle tissue oxygenation during rest and recovery were siInHar ta control values.

McGavock et al. (15) examined the acute effects ofa single HB02 treatment on

aerobic performance in a normobaric environment. Subjects (n=12) performed four

exercise-HBO! conditions designated as: 1) control, 2) exercise-non HB01, 3) no

exercise-HB02'1 and 4) exercise-HB02. Exercise was a 90-mîn run in arder ta produce

fatigue. The HBOl treatments were at 2.5 ATA for 90 min. At the end ofeach condition,

aerobic performance was assessed using running economy tests and a V02max test. The

time bet\veen exiting the chamber and running on the treadmill averaged 40 min.

Recovery \vas not enhanced follo\\ing a single HB02 treatment nor did it alter

subma.ximal or ma.ximal running performance.

Our fmdings support the results of\\Tebster et al. (24) and McGavock et aL (15).

Baseline and post-HBO! conditions were sunHar for V01ma.·b treadmill running time, and

peak La indicating that the single HB02treatment was not ergogenic.

wleasurement ofPtt02 is a direct assessment ofoxygen available to tissues (22).

Ptc02 is traditionally used ta predict ifHB02 therapy will be beneficial for wound healing

and ta maintain tissue oxygen values within an appropriate range (27). Chest Ptc02 values

have been recorded at 1~ 12 ± 112 mm. Hg during a HBÛ2 treatment at 2.4 ATA (5). In

our study, Ptc02 was used to assess oxygen levels in muscle tissue follo\VÎng the HB02

treatment. It appears that the excess oxygen that is physically dissolved in plasma during

9



HBOl is rapidly consumed upon exiting the HB02 chamber. Upon application ofthe

ptcO! electrode, it takes -10 minutes to obtain a reliable value as the electrade warms the

skin (22). In our study, la minutes after exiting the chamber Ptc02 values had retumed to

baseline while leg Pte02 values were lower than baseline. The lower PICOZ values in the

leg may he attributed to vasoconstriction. It has been shawn both in vivo and in vitro that

blaod flo\v is decreased when iospired POz increases above 500 mm Hg (17). The

vasacanstrictive effect occurs in bath anerial and venous vascular beds (7).

Sheffield (22) presents normal values for blood and tissue Ol measured by blood

gas analyzer~ mass spectrometer, tissue tonometer, implanted polarographic electrode,

and PrcOl at pressures of 1.0 to 3.0 ATA. Normal mean values for venous POz range from

36 .. 40 mm Hg (8" 25). Between 10 and 60 min post..HB02, our venous P02 data ranged

from 31.7 ta 38.7 mm Hg indicating that there was no excess oxygen circuIating in the

blood. Banister et al. (2) previously examined Paal and PaCO! follawing an HB02

treatment in t\vo subjects. The P:la2 and PaCO! were unchanged following the HB02

treatment. The time from the end of treatment ta drawing blood samples was not stated.

Our venous POl and PtcOl data indicate that plasma and tissue oxygen levels are nat

elevated post..HB02. Tissue auto-regulation reduces Oz levels upon return ta a

normabaric, narmoxic environment (13).

In summary, the results of this study show that a single HB02 treatment at 2.5

ATA for 90 min does nat elevate venous P02, PtcO!~ or V02m:L'C in a normobaric,

normoxic environment. Our findings support the work ofWebster et aL (24), McGavock

et al. (15), and the Undersea & Hyperbaric ~Iedical Society statement that HBÛ! daes not

have ergagenic properties.
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Table 1. Physical characteristics orthe subjects (n=10).

Variables Mean ± sn Range

Age (yrs) 25.7 ± 5.5

Height (cm) 179.7 ± 7.5

Weight (kg) 76.4 ± 4.1

Fatness (%) 10.2 ± 2.0

V02m3.~ (ml' kg' l • minOi) 57.6 ± 6.2

20-38

165.0 - 194.9

70.9 - 82.3

5.5 - 17.4

47.5 - 67.1
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Table 2. Physiological responses during exercise tests (mean ±SD).

,,-ariables Baseline Post-HBOI

V02m:1.X (ml· kg-1
• min-I

) 57.6 ± 6.2 57.3 ± 5.8

V02ma:< (L' min-() 4.38 ± 0.5 4.38 ± 0.5

Run rime (min) 10.1 ± 1.9 10.1 ± 1.9

HRm:l.,( (beats · minot) 191 ± 10.3 189 ± 11.3

Lama.'< (mmol' LOi) 8.9 ± 2.8 1000 ± 1.9
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Table 3. Venons POz following HBOz(mean ± SD).

Time (min) POz(mm Hg)

3 18.0 ± 4.3 *

5 31.3 ± 7.9

10 37.1 ± 10.6

15 36.3 ± 6.8

20 37.3 ± 9.1

30 37.0 ± 10.2

40 36.8 ± 9.6

50 38.7 ± 15.6

60 31.7 ± 9.4

* Significantly different compared ta other readings (p<O.OS).
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Legends for Figures 1 - 4.

Figure 1. HBO! Monoplace Chamber.

Figure 2. HB02 Protocol.

Figure 3. Venous P02 vs. rime.
* p<O.OS campared ta all other values.

Figure 4. Chest and Leg PtcO! During the Baseline and Post-HB02
Conditions vs. rime.
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Hyperbaric oxygen (HB02) therapy is a relatively new area ofresearch in

medicine and physiology. Hyperbaric chambers were originally introduced in the 1930s

as a means ofsafely decompressing divers suffering from decompression sickness. Use

bas since expanded into the field ofhyperbaric medicine. The Undersea & Hyperbaric

Medical Society (UHMS) currently approves 13 medical conditions for HB02 treatment

(Hampson, 1999).

Hyperbaric oxygen is a medical treatment in which the patient breathes 95 -

100% oxygen at a pressure greater than 1 atmosphere absolute (ATA). In recent years

sorne professional and callege athIetic teams have used HB02 therapy not only to treat

sports injuries, but also to speed recavery after exercise and as an ergogenic aid to

enhance performance. Beeause ofthe imponance ofoxygen in the aerabie energy system,

these athletes have associated HB02 treatments with enhanced performance.

Contradictory findings have been reported in the research literature regarding the effeet

ofa single HB02 treatment on aerobic performance. A small number of research

investigations have examined the effect ofHBO! on recovery from exercise with positive

results by Staples (1999), while rvlcGavock et aL (1999) found that a single HBO!

treatment at 2.5 ATA did not enhance recovery from exercise. Regarding HB02 as an

ergogenic aid, two studies have reported positive findings (Banister et al., 1970; Cabric et

aL. 1991) and two studies have reported no benefits ofHB02 treatments (McGavock et

al.~ 1999; Webster et al., 1998).

It is difficult to rationalize how prior HB02 enhances performance. Cabric et al.

(1991) suggested that oxygen might be stored within muscle tissue as an explanation for
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the improved performance in their study. Il has been shown, however, that tissue auto­

regulation reduces oxygen levels upon retum to a normobaric normaxic enviranment

(Kelly et al., 1972).

Nature and Scope orthe Problem

Oxygen availability ta the skeletal muscles is ofparamount importance to aerobic

performance. Two factors have commonly been isolated as limiting aerobic performance:

oxygen delivery to the skeletal muscles and oxygen utilization by the muscles. It is

possible, therefore.. that ifoxygen availability were increase~ maximal aerobic

performance could be increased.

With use of HB02, the oxygen content ofthe blood can be increased through an

increase in the partial pressure cfoxygen (POl) in plasma. Ibus more oxygen is delivered

ta the skeletal muscles during an HEOl treatment. The use afHB02 as an ergogenic aid

ta performance depends on a sustained increase in oxygen availability in the muscles

follo\\ing treatment.

By measuring bath venous plasma POl and transcutaneous tissue POl (PrcOl), it is

possible to determine how long any increase in oxygen availability is present following

an HB02 treatment.

Significance of the Problem

There have been a large number of investigations examining the effeets of

increased oxygen inspiration on aerobic performance (Cunningh~ 1963, Ekblom et aL,

1975, Wùson etai., 1975, Adams and Welch, 1980, Welch, 1984 KnightetaL, 1993,
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Nielson et al., 1998, Richardson et al., 1999). There have been a number of investigations

on the possibility ofchanged aerobic performance as a result ofHB02 therapy (Banister

et al., 1970; Kaijser, 1969; Cabric et aL, 1991; Webster et al., 1998; McGavock et al.,

1999). These studies have been inconclusive on the issue, and a case can still be made for

an ergogenic effect following HB02 therapy.

Statement of the Problem

The purpose ofthis study is ta examine venous PO!, transcutaneous tissue PO!

(PteG:!), and VO:!m:1.'t in a normobaric environment following a single hyperbaric oxygen

treatment. The study is designed to answer three questions. Ooes a single HB02 treatment

at 2.5 ATA for 90 minutes: 1) elevate venous P02; 2) elevate Pte:02; and 3) elevate

V02ma.'h in a nonnobaric nonnoxic environment. The follo\\ing hypotheses were

proposed:

1. Follo\'âng a single HB02 treatmen~ venous PO! will retum to normal values within

60 minutes.

2. There \'till be no significant increase in performance (V02ma.x) following an HB02

treatment.

3. pteO! will be elevated following an HB02 treatment and will retum ta normal values

within 60 minutes fallowing the HB02 treatment.

Operational Definitions and AbbreviatioDs

HBOl ... hyperbaric oxygen is detined as breathing 9S - 100 % axygen at

a pressure greater than 1 atmosphere absolute
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ATA

PO!

pola!

PaCO!

P.-\02

PleO!

- atmosphere absolute: a measure ofthe barometric pressure

(1 ArA =760 mm Hg)

- a measure ofthe maximal oxygen consumption ofa subject,

measured in ml · kg- l
• min-l

- partial pressure ofoxygen

- partial pressure ofoxygen in the arteries

- partial pressure ofcarbon dioxide in the arterles

- panial pressure ofoxygen in the alveoli

- partial pressure ofoxygen in the tissue measured with a

transcutaneous monitor

- arteriai oxygen saturation ofhemoglobin

- blood axygen content

- inspired oxygen content

- the blaod lactate concentration taken after 4 minutes of recovery

follo\ving campletion ofa V02max test

Limitations

This study has a number of limitations:

1. Due ta the nature ofthe equipment available, it was not possible to measure venous

blood PO! while in the hyperbaric chamber. There \vas a minimal rime delay in

abtaining the venous blood samples after decompressing the chamber.

2. Blaod lactate analysis was only possible at the end ofthe VOlma.x test. In arder ta

measure blood lactates during thet~ the test would have to be discontinuous. This
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means that only ma~mallactate can be compared pre.. and post..treatment rather than

comparing lactate values at variaus work levels.

3. Due ta the nature of the transcutaneous monitor, there was a delay ofapproximately

10 minutes follo\ving HB02 treatment ta obtain the frrst measurement oftissue PO!.

Delimitations

It was necessary ta delimit this investigation in a number ofways:

1. The study \vas limited to male subjects. This allowed the use ofone test protocal for

camparisan afVOzmax values. ~lales were chosen over females due ta the nature of

subjects available to the investigators.

2. Subjects \vere between 20 and 38 years ofage.
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Introduction

Hyperbaric oxygen (HBOû therapy is the condition ofbreathing 95-100% oxygen

in a chamber at higher than sea level pressure (> 1atmosphere absolute, ATA).

Generally, pressurization should be 1.4 ATA or higher to have a therapeutic effect.

(Hampson, 1999). HBOl therapy was originally introduced in the 1930s as a means to

safely decompress divers and treat decompression sickness. Presently, The Undersea and

Hyperbaric ~Iedical Society (UHMS) has approved HB02 for the following 13 uses

(Hampson~ 1999):

1. Air or gas embolism

2. Carbon monoxide poisoning

3. Clostridial myositis and myonecrosis

4. Crush injury, compartment syndrome and other acute traumatic ischemias

5. Decompression sickness

6. Enhancement ofhealing in selected problem wounds

7. Exceptional blood loss (anemia)

8. Intracranial abscess

9. Necrotizing soft tissue infections

10.0steomyelitis

Il. Delayed radiation injury

12. Skin grafts and flaps

13. Thermal bums

The majority ofstudies in the literature involving HB02 concem patients with

these conditions. The use ofHB02 in sports circles bas generally been limited to injury
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healing. Although the effectiveness of HB02 as a treatment for sports injuries remains

somewhat inconclusive (Borromeo et aL, 1997; Staples et al., 1999), it is a common

practice among Many collegiate and professional sports teams to treat a wide range of

soft tissue injuries v,ith HB02 therapy. Use of HB02 as an ergogenic aid comprises a

very smali component ofthe literature, but a few studies have been done (Kaijser, 1969,

Banister et al., 1970, Cabric et al., 1991, Webster et al., 1998, and McGavock et al.,

1999).

Since most of the research on HB02 involves injuries and medical conditions, the

majority of studies concerning HB02 and in vivo oxygen measurement deal with tissue

oxygenation around a wound site, rather than arterial blood oxygenation. This review

examines the principles ofHB02regarding the assessment ofblood gases, the

assessment of tissue oxygenation through transcutaneous monitoring, and the issue of

HB02 use in sports as an ergogenic aid.

Dlood Gas Physiolog)' and Dlood Gas Analysis

Princip/es ofHB02 and B/oad Gas Physiology

Oxygen transpon in the blood occurs in one oftwo ways: attached to hemoglobin

(Hb) or dissolved in the plasma. Under normal conditions, 97% ofhlood oxygen content

is bound to hemoglobin while only 3% is clissolved in the plasma. Blood oxygen content

(Ca02) is calculated by:

CaO,! =(Hemoglobin oxygen content) + (dissolved oxygen content)

CaO! = (1.34 X Rb X Sa02) + (0.003 X PaÛ2)
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Ca02 = {(1.34 ml 02/ g Hb x 15 g /100 ml blood) x 0.98}

+ (0.003 ml 02/ mm Hg x 100 mm Hg)

Ca02 =19.7 mL 02/100 ml blood +0.3 ml Oz/100 ml blood

= 20.0 ml ofO2 /100 ml blood

where: Rb =Hemoglobin concentration (15 g 1100 mL blood)

Sa02 =arterial 02 saturation ofhemoglobin (98%)

pa02 =partial pressure ofoxygen in arterial blood (100 mm Hg)

1.34 =volume (ml) ofoxygen bound to Ig ofhemoglobin

Gases dissolve according to Henry's Law: 'the quantity ofa gas that can dissolve

in a fluid is equal to the product of the gas partial pressure and the solubility coefficient.'

The solubility coefficient for oxygen is 0.00003 ml 02/ mL blood 1mm Hg. Therefore

the dissolved oxygen content ofblood is (0.003 mL O2 / 100 ml blood x PaOÛ. In arterial

blood~ Pa02 is 100 mm Hg, 50 the dissolved oxygen content is 0.3 ml 02/ 100 ml blood.

Under normal sea level conditions, the oxygen content ofair is 20.93% and the

barometric pressure is 760 mm Hg. The partial pressure ofoxygen in ambient air is

therefore 160 mm Hg. The partial pressure ofoxygen in arterial blood (Pa02) is 100 mm

Hg. With hemoglobin concentration of 15 g /100 ml blood, the oxygen content of

arterial blood under normobaric conditions is 20 ml 02/100 ml blood.

During HB02 therapy, barometric pressure May reach 3 atmospheres absolute

(ATA) or 2280 mm Hg. The inspired air in the chamber typically contains 95 - 100%

oxygen. Under these conditions, the partial pressure ofoxygen in the chamber is 2160

32



mm Hg. This combination ofincreased pressure and oxygen results in more dissolved

oxygen in the plasma. PaO! is calculated by:

PaO! =[{(3 ATA X 760) - 47 mm Hg} X 0.95] - (40 mm Hg 10.82)

PaOl =2121-49 =2072 mm Hg

where: PBTPS =Pressure at body temperature pressure saturated

F,02 = fraction ofoxygen in inspired air

PaCO! =partial pressure ofC02 in arterial blood (mm Hg)

R =respiratory exchange ratio at rest

Direct measures ofarterial PO! at 2.0 and 3.5 ArA have been found to be 1356

and 2448 m Hg respectively (Clark and Lambertson, 1971). Interpolation of these data to

2.5 ATA vields a value of 1720 mm HE.. ~

Under these hyperbaric conditions, the dissolved oxygen content is increased 20

fald from 0.3 ta 6.2 ml /100 ml blood and oxygen content ofthe blood is increased

from 20.0 ta 25.9 ml 01/100 ml blood:

Ca02 =(1.34 ml 02/ g Hb) x (15 g 1100 ml bload) + (0.003 x 2072 mm Hg)

Ca02 =19.7 + 6.2 = 25.9 ml of02/100 ml blood

The significance of increased oxygen dissolved in the plasma bas been sho\\ln

experimentally in animais whose entire blood volume bas been replaced with Ringer's

lactate (Boerema et aL, 1960). These animais can survive in an HBOl environment based

solely on the oxygen dissolved in the solution (with no hemoglobin).
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As a result ofthe increase in PaÛ2 during a HBÛ2 treatmen~ the hemoglobin is

still fully saturated with oxygen on the venous side (Hammarlund, 1999). Paradoxically,

the increase in oxygen saturation on the venous side May be the cause ofcomplications

from oxygen toxicity during HB02 therapy. As a result of the oxygen-saturated

hemoglobin in the venous blood, carbon dioxide cannot easily bind to hemoglobin for

remova1 from the tissues.

P02 at the end-capillary level drives oxygen diffusion to the cell and mitochondria

(Robertson and Hart. 1999). End..capillary POl depends on cardiac outpu~ perfusion, and

arterial oxygen content. Data obtained from arteriaI blood gas analysis (Pa02) provide

information on pulmonary gas exchange. HB02 therapy causes an increase in Pa0 2•

I! is the increase in dissolved oxygen that provides the interest in HB02 as an

ergogenic aid. Depending on the time frame with which the Pa02 retums to normal, it is

hypothesized that the elevated oxygen level in the blood and ùssues may enhance aerobic

performance.

Blood Gas Analysis

Blood gas analyzers are instruments capable ofmeasuring blood parameters such

as Pil02, PaCOl, and pH. The PaOl electrode is a polarographic device that measures

oxygen tension through a chemical process that generates eleetric currents (oxidation­

reduction reactions). Williams (1998) provides normal adult values for Pa02 and oxygen

saturation (Table 2.1).
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Table 2.1: Adult values for Pa02 and oxygen saturation.

p.o! (kPa) P.Ol(mmHg) SaOl (0.,'0)

lVormal 13 (> 10.7) 98 (> 80) 97 (95 .. 100)

Hypoxemia < 10.7 <80 <95

l\'lild hypoxemia 8 ... 10.5 60 ... 79 90-94

l\'loderate hypoxemia 5.3 -7.9 40 -59 75 - 89

Severe hypoxemia <5.3 <40 <75

According ta Weaver and Ho\ve (1992) a blood gas analyzer, such as the

Radiometer ABL330, can be used to accurately measure Pa02 in subjects receiving

HB02. In this study 10 subjects received HBOz conditions of 100% oxygen and up to 2.9

ATA.. The subjects had a catheter placed in the brachial artery (inserted through the radial

artery) to allo\\' monitoring OfP il02. Results showed that the values for Pa02 correlated

strangly with the calculated alveolar axygen tension (P402) (1' =0.97). The authors

concluded that the PîlOl of normal subjects exposed to HB02 could be accurately

measured at aunospheric pressure with this particular automated blood gas analyzer.

Beaulieu et al. (1999) examined the stability of POl in fresh blood samples. In this

study~ \vhole blood samples \Vere obtained from patients and stored either on ice (124

samples) or at room temperature of22°C (64 samples). Initial measurement ofblood gas

parameters (POl, PCO!: and pH) was taken within 30 minutes ofsampling. Blood gas

parameters \\"ere measured again at 15, 30~ and 60 minutes after the initial measurements

for the samples stored at 22°C, and at 30~ 60, and 120 minutes for the samples stored on

ice. It was found mat PÛ! decreased significanùy CP < 0.001) over time in the samples

stored at 22°C, and increased significanùy CP ~0.005) for the samples stored on ice. The

changes in PO! were also much greater for the samples stored at 22°C than for those on
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ice. The authors concluded that blood gas parameters are more stable when the samples

are stored on ice than at room ternperature.

Transcutaneous POl and Oximetry

Assessment of tissue oxygen tension is a means ofdetermining the amount of

oxygen present in the tissue. HB02 therapy produces a higher level of tissue oxygenation

than nonnal conditions and, therefore, tissue PO! assessment is an imponant pan of

HBO! therapy. In this study~ the purpase ofassessing tissue PO! was ta determine ha\v

quickly levels rerumed ta normal, and the similarity oftissue PO! to arterial bload PO!

faUo\ving HBOl therapy. Methods presently used ta assess tissue oxygenation are mass

spectroscopy, tissue tanametry, blaod gas analysis, invasive polarographic electrodes,

and transcutaneaus oxirnetry.

Transcutaneaus oximetry, which was the method oftissue oxygen assessment

used in this study. was developed as a non-invasive method to measure tissue oxygen

tension by Huch et al. (1972). It is used as a toal ta predict candidates for HB01, ta

identify the presence afhypoxia in waunded tissues, ta predict the response ta hyperoxia.

and ta determine \"hen HBO! therapy is complete (Sheffield, 1998). Transcutaneaus

aximetry is frequenùy used ta assess tissue oxygenation because it is a non-invasive and

relatively simple methad (van der Kleij, 1997).

According to Robertson and Hart (1999), Clark built the first electrochemical

sensar that allo\ved measurement afPOz in the blood in 1954. The Clark electrode is

composed ofa platinum or gold cathode and a silver anode in an eleetrolyte solution

(potassium chlaride). A constant polarizing electric current of600 te 800 mV is applied
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to the cathode. An oxygen permeable but water impermeable membrane separates the

electrodes from the tissue (human skin). Oxygen diffuses into the Clark electrode and

generates an electric current proportional ta P02 as it is reduced. T0 measure PtcOZt Huch

et al. (1972) madified a Clark electrade with a heating element and thermistor ta maintain

a set temperature of42°C -45°C. The electrode is anached ta the skin with a fLxation

ring filled with saline. Heating the electrode causes dilation ofthe capillaries, opening of

skin pores! a decrease in oxygen solubility, and shifts the oxyhemoglobin curve to the

right allowing oxygen ta be released from hemaglabin more easily.

Sheffield (1998) has reviewed the measurement oftissue oxygen levels.

According to this anicle, transcutaneous oximetry was originally developed for use in

pediatrics~ and is nov; commonly used in plastic surgery, vaseular surgery,

anesthesiology, orthopedies, and hyperbaric medicine.

One of the major uses of tran5cutaneous oximetry is in wound healing. Studies of

isehemie wounds have revealed that Many problem wounds (non..healing wounds) are

severely hypoxie. and that HB02 enhanees oxygenation to norrnallevels. SLx specifie

findings \vere summarized (Sheffield 1998):

1. Problem wounds have low PO:!.

2. Wounds respond ta axygen.

3. Wound P02 has minute to minute variability.

4. HB02 elevates wound PO!.

5. ~!ultiple HBOz exposures increase \vound response.

6. Irradiated tissue responds ta HB02 like a wound.

HBOl increases wound healing by increasing tissue oxygenation.
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Sheffield (1998) states that measurement of tissue P02 provides a direct

assessment of the oxygen available to the tissues, and the most common use OfPtc02

measurement is for medical purposes. Tissue oximetty has gained importance in three

areas: 1) determining candidate patients for HB02; 2) in predicting non-responders ta

HB02; and 3) ta choose amputation sites.

Transcutaneous tissue pal (PEc02) values above 30 -40 mm Hg are generally

required for wound healing. According ta a study by Wyss et al. (1984), patients with leg

and foot PICO! values belo\\· 20 mm Hg were significantly more likely to have ulcers,

pain. and amputation than those with values above 20 mm Hg. rvlatos and Nunez (1994)

concluded that transcutaneous oxygen measurement was the best method available to

determine the need for HB02•

In addition to \\·ound treatment, transcutaneous oxygen measurement can be used

to assess the level of tissue oxygenation during or following HB02 in healthy subjects.

Sheffield and Workman (1983) reported the f1I5t known PtcOl data recorded under

hyperbaric conditions. Values above 1,000 mm Hg were recorded in bath healthy

subjects and patients. A normal value for PecO! cannat be specified due ta variations in

arteriai P02, type of tissue, inter-capillary distance, and cellular metabolic rate. In

normobaric conditions, ideal arterial PO! is typicaIly 100 mm Hg with PICO! ranging frOID

49 - 69 mm Hg. Under HBO! conditions (100% 02 and 2.4 ATA), arteriaI P02 increases

to 1.700 mm Hg with Ptc02 ranging from 919 -1,350 mm Hg (Sheffiel~ 1998).

Transcutaneous oximetry requires careful planning to ensure reproducibility.

According to Sheffield (1998) the following factors must he considered prior to

collection ofPtcO! data:
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1. The method ofassessment: The researcher must decide which, and how many sites to

assess.

2. Selection ofthe monitor: Several manufacturers make sensors that can be used in the

assessment ofPIc02.

3. Calibration ofthe monitor: Calibrations and corrections for ambient temperature and

pressure must be made prior ta collection.

4. Selection ofsensor temperature: Changes in skin temperature cause physiological

changes (opening of pores, dilation ofcapillaries, increased skin perfusion, and

release ofoxygen from hemoglobin) that will create changes in the assessment that do

not necessarily refleet a true change in the tissue POl.

5. Standardized site of measurement: There should be a standard approach ta

positioning the sensor.

6. Site preparation for electrode placement: The site should be shaved, clean, and

stripped ofdead skin. The site should not overlie a bony prominence or superficial

vessels.

lt appears that when these factors are considered, there is a close correlatian

bet\\·een anerial PO: measured invasively and PICO!. Huch et al. (1977) m~asured the

arteriaI PO! and PICO: of7 subjects '-'·hile exposed ta HB02 conditions. They faund that

calculated chamber P02 correlated weIl with arterial POl Cr =0.98), and aIso with PICO!

(r= 0.97).
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Exercise Performance & HB02: An Ergogenic Aid

Aerobic performance is limited by the ability to consume oxygen. By definition,

ma'cimal aerobic performance (V02max) is a measure ofoxygen consumption. There are

t\VO limits to oxygen consumption : delivery ofoxygen to the tissues (central factors), and

use of oxygen by the tissues (peripheral factors). This is surnmarized by the Fick equation

for oxygen consumption :

VO! =(Heart Rate x Stroke Volume) x (a- v02difference) (Wilmore and Costill, 1994).

where : heart rate and stroke volume = central factors

a - vO!difference =peripheral factors.

The follo\ving evidence indicates that central factors ofaxygen delivery can limit

maximal oxygen uptake. In this case! an increase in oxygen delivery ta the tissues

through increased PO! in the bload cauld lead to increased performance.

According ta Astrand and Rodahl (1977), ane of the limits ta aerobic perfarmance

is the ability of the body to deliver fuel and oxygen ta the \varking muscle fibre. When

exercise \vorkload increases, the active tissues require more oxygen. As a result,

endurance abilities depend on the ability ofthe circuIatory system to deliver oxygen to

the tissues (\Vilmore and Costill, 1994). Richardson et al. (1999) anempted to answer the

question af\vhether maximal exercise is dependant on oxygen supply. Seven trained

subjects performed knee extension exercises while breathing three different oxygen

concentrations (12%, 21%, and 100%). It was found that maximal oxygen delivery,

maximal work rate.. and VOl all increased with the inspired oxygen concentrations
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(p < 0.05). The authars cancluded that, in isalated knee extensian exerciset muscle

VOZm:l'< is not limited by mitochondrial metabolic rate but by oxygen supply.

In a study by Nielson et al. (1998), eleven trained male subjects exercised

(Concept II rowing ergometer) at different intensities while breathing ambient air and

300/0 oxygene It was faund that V02max was increased by Il% while breathing 30%

oxygene Other maximal exercise measures (pH, lactate, and heart rate) were nat changed

\\ith increased inspired axygen content (fIOZ). Adams and Welch (1980) perfarmed a

study in which six male subjects (18 - 28 years) rode a bicycle ergometer ta exhaustion

breathing FIOZof0.17, 0.21, and 0.60. There was a significant (p < 0.05) increase in

perfonnance in the hyperoxic condition compared to the normoxic. VOZma.·(t however,

sho\ved no significant (p < 0.05) change in either the hyperoxic or hypoxic conditions

compared to the normoxic condition. In a study of 12 male subjects (21 - 36 years)

Knight et al. (1993) sho\ved a significant (p < 0.05) increase in leg VOZm:J,'< when \vorking

on a cycle ergometer in a hyperoxia (FIOl =1.0) environment when compared ta a

normo~:ic (FlO! =0.21) envirolUllent.

\\bile evidence in the literature indicates that central factors can limit

performance, peripheral factors can aIso act as a limit. In this case increased oxygen

delivery ta the tissues does not aid aerobic performance.

There is evidence in the literature that breathing an increased fraction ofoxygen

(F10=,) can result in increased aerobic performance (Richardson et al., 1999; NieIson et

aL. 1998). The cases ofbreathing increased FIO! under hyperbaric canditions during

exercise and before exercise remain less clear. Kaijser (1970) concluded that breathing

oxygen at 3 ATA did not significantly increase maximal aerobic work performance.
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Twelve young (18 - 25 years) male subjects performed 5 minutes ofexercise at a

submaximalload followed by 10 minutes ofrest and then worked to exhaustion while

breathing oxygen at 3 ATAor while breathing air at 1 ATA.

Welch (1982) revie\ved the difference between performance changes due to

hyperoxia and due to hyperbaric oxygenation. Welch (1982) defmed hyperoxia as the

condition in \vhich the inspired oxygen pressure is greater than that ofsea Level, but at a

pressure not more than 1 ArA. Hyperbaric oxygenation is the condition produced by

breathing gas in which the panial pressure ofoxygen is greater that that of 100% oxygen

at sea Level. \Ve1ch (1982) demonstrated that the effects on performance are different for

hyperoxic and hyperbaric oxygenation conditions. An increase in ambient pressure (ofup

to 6 ArA.) decreases performance (\\'hiLe under pressure), while an increase in FI02

increases performance. Welch (1982) suggested 5 possible mechanisms for increased

performance with hyperoxia:

1. J/aximaloxygen llprake. An increase in V02ma.'t with hyperoxia should not be

expected to exceed 5 - 6%. Higher values than !bis are likely the result of

measurement error (mixing chamber vs Douglas Bag).

2. Cardiovasclilar adjusrments dllring hyperoxia. There is no evidence ofa

difference in cardiac output or ma'<Îmal heart rate during hyperoxia. There is

sorne evidence, however, ofa reduction in blood flow to the active muscle. It

is not clear that oxygen availability is increased during hyperoxia.

3. l\tfetabolic responses. It has been shown that blood lactate concentration is

decreased during exercise with hypoxia. There is also sorne evidence ofa shift

toward increasing fat oxidation as a fuel in this condition.
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4. Pulmonary ventilation. Pulmonary ventilation is reduced during moderate to

severe exercise with hyperoxia, and there is a greater effect with higher FIO!.

5. Acid-base changes. Arterial hydrogen ion concentration (Hj can be changed

during exercise in hypoxic and hyperoxic conditions as a result ofboth

respiratory and metabolic responses.

The previous evidence ofchanges due ta hyperoxic conditions are relevant for

HBO! therapy. An increase in performance might be possible through the use ofHB02 if

the PO! in the blood remains elevated following treatment The use ofHB02 as a

successful ergogenic aid \vould involve a treatment followed by increased aerobic

performance in a normobaric, normoxic enYÏronment. It is hypothesized that HB02,

which results in increased artenaI blood oxygen content, May lead to increased aerobic

performance through an increase in oxygen delivery. It bas aIso been proposed that HB02

therapy May result in a decreased lactate formation during subsequent exercise (Kaijser..

1969, and Banister et al.• 1970), allo\\ing a subject ta perform at a higher exercise

intensity.

The literature on HB02 therapy as an ergogenic aid is inconclusive. In a study by

Kaijser (1969) sLx male subjects performed dynamic forearm exercise with a band

ergometer under normal conditions and under HB02 conditions of 100% oxygen and 3

ATA. The subjects worked at 3 work intensities (the highest being a supramaximal

intensity), \vhile arterial and venous blood was sampled for P02, PC02, pH, lactate and

pyruvate concentrations. Performance times for the subma.~al exercise were increased

for 3 subjects under HB02 conditions, but unchanged for 3 subjects. There was no

significant difference in the average performance time. Ma.ximal oxygen uptake in active

--....
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muscles was not increased when arterial oxygen content was increased. There was a

significantly (p < 0.01) lower lactate concentration for exercise at 100% afV02ma:~ under

HBOl than under normal conditions.

Banister et aL (1970) studied 2 subjects performing severe exercise under normal

and HB01 conditions. Lactate levels in venous blood were lower, for the same exercise,

in HB02 than in normal conditions. This effect was also evident during exercise in

normal conditions following HB02.

Subjects in a study by Cabric et al. (1991) showed significantly (p<O.OS) higher

V02ma.'" and \vere capable ofsustaining higher exenion follo\ving HB02 therapy than

during baseline tests. Eighteen female physical education students performed a

discontinuaus maximal treadmill test priar to HB02 therapy. The treatment consisted of

60 minutes breathing 100% oxygen in a multiplace chamber with the pressure at 2.8

ATA. Three groups of six subjects performed the same treadmill tests 30 minutes" 3

heurs! and 6 heurs pest..treatment. Significantly CP < 0.05) higher values \vere obtained

for VO:!m:L't and exertion intensity (as measured by treadmill velocity) for tests perfermed

30 minutes and 3 hours post..treatment. However, there was no control group in this

study.

T\vo receot srudies, however, show no changes in subma.ximal or ma.ximal

performance follo\\ing HB02• In a study by Webster et aL (1998), twelve cyclists

underv.'ent t\VO baseline maximal rvronark cycle ergometer tests ten and four days,

respectively, before HB02 therapy. A third ma.ximal test was performed as saon as

possible post-treatment. Treatment consisted of 100% oxygen at 2 ATA in a monoplace

chamber for 60 minutes. No significant (p < 0.05) differences were shawn for V02m;1;(,
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ventilatory threshold, lactate threshold, ma.ximal ventilation or maximal heart rates.

~tcGavock et al. (1999) showed similar fmdings. Six male and six female subjects

underwent a baseline test of running economy and maximal oxygen uptake. Each subject

undenvent four conditions, two ofwhich involved HB02 therapy followed by running

economy and V02ma.x tests. There were no significant differences in running economy or

VO:!ma.x bet\veen the t\vo conditions involving HBOl therapy and the baseline condition.

There \vas~ however, a 40-minute delay between HB02 therapy and exercise testing due

ta neuropsychological testing.

After reviewing the literature conceming HB02 and ergogenic effects during

aerobic performance, it is clear that aerobic performance can he enhanced by oxygen in

sorne conditions. It is not clear, ho\vever, whether hyperbaric oxygenation enhances

aerobic performance in a nonnobaric environment.
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Cabric et al. (1991) demonstrated an increase in performance following a single

HB02 treatment. Vv'ebster et al. (1998) and McGavock et al. (1999) showed no such

increase in performance following HB02.

\Vith the exception ofthe value at 3 min post...HB02, there was no significant

difference (p<O.05) between venous P02 values during the 60 min post-HB02. There was

a significant difference (p<O.OS) bet\veen baseline and post-HB02 PICO! data in the leg

but not in the chest. For both the venous P02data and the Pu:02 data, the ooly significant

differences were lower values. \vhich indicates that no excess oxygen was available to the

muscle after the HB02 treatment. No significant difference (p<O.OS) was found bet\veen

baseLioe and post-HB02 V02ma~t running timet and peak La. This indicates that the HB02

treatment had 00 ergogenic effect on performance.

In conclusion, the results of this study show that a single HB(h treatment at 2.5

.~TA for 90 min does not elevate venous P02, PlCÛ!, or V02ma~ in a nonnobaric,

nonnoxic environment. The results support the fmdings by Webster et al. (1998) and

~[CGavock et al. (1999) that there is no ergogenic effect on performance follo\ving a

single HBQz treatment.
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Veurs sincere!yt

r:JJ/cêL~,.L-
~. J. Lawrence Hutchison, M.C.
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Will the research require a self-administered questionnaire?: ......:.;N=o lnterviewer questionnaire?: --!:!Q

Will the researc.' requlre recruitment advertisement?:.......:;N.:.;:o~ Subiect remuneration?: --l:!Q

STUOY SUPPORT (PlEA5E INOICATE YE5, NO. NIA OR EXPLAIN)
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Effect of Hyperbaric Oxygen on Plasma POl,

Transcutaneous POl, and V02mu in a Normobaric Environment

Co-Investigators: DL Montgomery, JS Delaney, VJ LacroL't, Al't~ Bodges

Introduction

Hyperbaric oxygen (HBOÛ is a Medical treatment in which the patient or subject

breathes 95 - 100% oxygen at pressures greater than 1atmosphere absolute (ATA). In

recent years sorne professional and coUege athletic teams have used HB02 therapy not

ooly to treat sports injuries, but also to speed recovery after exercise and as an ergogenic

aid to enhance performance. Because ofthe importance ofoxygen in the aerobic energy

system~ these athletes have associated HB02 treatrnents with enhanced performance.

Contradictory findings have been reported in the research literature regarding the

etTect ofa single HB02 treatment on aerobic performance. A small number of research

investigations have examined the effec! ofHBO! on recavery tram exercise \\ith positive

results by Staples (1999). In contrast McGavock et aL (1999) found that a single HB02

treatrnent at 2.5 ATA did not enhance the speed of recovery from exercise. As an

ergogenic aid t'NO studies have reported positive fmdings (Banister et al.y 1970; Cabric et

aI.~ 1991) and t\vo smdies have reported no benefits from HB02 treatments (~lcGavock et

al... 1999; Webster et al.~ 1998). The rime lapse frOID exiting the hyperbaric chamber ta

performance of the exercise challenge has varied among these studies and may account

for the disparate findings..
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It is difficult to rationalize how prior HBOz enhances performance. Cabric et al.

(1991) suggested that oxygen might be stored within muscle tissue as an explanation for

the improved performance in their study. However, it has been shown in dogs that tissue

auto-regulation reduces oxygen levels upon retum to a normobaric normoxic

environment (Kelly et al., 1972).

The purpose ofthis study is to examine plasma P02, transcutaneous tissue PO:!,

and V02ma.'( in a normobaric environment following a single hyperbaric oxygen treatment.

The srudy is designed ta al1S\ver three questions. Does a single HB02 treatment at 2.5

ATA for 90 minutes: 1) elevate plasma PO!; 2) elevate transcutaneous tissue POz; and 3)

elevate VOZma.x, in a normobaric normoxic environment?

Subjects

Inclusion Criteria Subjects for this study \vill be male university students with high

aerobic fitness (V02lm.~ greater than 50 ml· kg-[· min-l
) between 19 and 39 years ofage.

Students \\ith an interest in hyperbaric oxygen and aerobic endurance will be asked ta

volunteer for this study. A total of 10 subjects will be participating in this study.

Exclusion Criteria Each subject will receive a medical examination by the hyperbaric

oxygen physicians (Dr. Scott Delaney or Dr. Vincent Lacroix). The purpose of this

examination will be to identify contraindicatians for HB02 therapy. The following

contraindications \vould exclude a subject:

Recent thoracic surgery
Repeated ear infections
Asthma
Cataracts
Diabetes
Receiving anti-convulsant medication
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Hereditary spherocytosis
Recent upper respiratory tract infection
Positive response on an Allen test

Since arterial blood samples will he drawn from the radial arteryt the physician

\vill evaluate the arterial supply to the hand by performing an Allen test on each subject.

This test is useful to assure the patency ofthe ulnar artery before puncturing the radial

anery for blood samples. If the ulnar artery is paten~ the palm flushes ~ithin about 3 ta 5

seconds. Persisting pallor indicates occlusion of ilie ulnar artery or its distal branches and

would exclude the subject from participation in this study.

Each subject \\ill perform the faIlo\ving tests at the Seagram Sports Science

Centre of rvkGill University: 1) one V02mil.'( test ta assess baseline aerobic fimess; 2) a

second VO~ma.'( test canducted immediately after exit from the HBO! chamber to assess

the ergogenic effect ofan HBOl treatment; 3) venous POl assessments follo\\ing an

HBO~ treatment: 4.) baseline transcutaneous tissue PO! assessments; and 5)

transcutaneous tissue POl assessments follo\\ling an HB02 treatment.

The time comminnent for each subject \vill be 9 hours spread over three sessions.

Day Time Tests

l 2 h baseline transcutaneous POl measures and V02ma.'( test

2 3 h HBO! treatment followed by V01ma'( test

3 4 h HB02 treatment followed by blood gas and transcutaneous P0 2

measures
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Procedures

V01m:LX Test (2 tests) The subjects will perform a V02ma.'t test on day 1 as a baseline

measure, and on day 2 following a HB02 treatment. The V02rn:L't test is a standard

laboratory assessment ofaerobic fitness. The test will be performed on a running

treadmill. The initial speed ofthe treadmill will be 5 mph (134 ID· min-l
) and will

increase by 0.5 mph (13.4 m· min-l
) every minute until volitional fatigue. The grade of

the treadmill will remain constant at 5%. This test is comparable to a short, high intensity

\vorkout and \villiast approximately 10 minutes. Verbal encouragement will be provided

during the test. Hean rate and V02 will be monitored continuously throughout the test.

~letabolic measurements will he made from analysis ofexpired air. Following each

V02m:L'< test~ one finger prick blood samp[e will he taken to determine blood lactate

concentration. This process is a standard laboratory technique.

Hvperbaric Oxvgen Treatment (2 treatments) There will be tv/o treaunents in the

hyperbaric oxygen chamber on days 2 and 3. During treatments. subjects watch videos.

The HBO:! treatment \~ill be approximately 105 minutes in duration and \\111 consist of a

compression period of 7 - 10 minutes, a treatment period of90 minutes, and a

decompression period of 5 - 7 minutes_ During the treatments~ the chamber \ViII be

compressed to 2.5 atmospheres ab50lute (ATA) and the subject will breathe 95% oxygen.

Under normal sea level conditions, barometric pressure is 1 ATA or 760 mm Hg.

The oxygen content in the air is 20.9%. In these conditions, the partial pressure ofoxygen

in anerial blood CPil02) is 100 mm Hg. During the HBO! treatment at 2.5 ATA and 95%

oxygen concentration in the chamber~ the P0102 is approximately 1600 mm Hg.
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Venous Blood Gas Analvsis Immediately upon exit from the hyperbaric chamber on day

3, the physician \vill clean an area on the subject's wrist and insert a catheter into the

antecubital vein. Bload samples (3 .. 5 ml) will be drawn every ten minutes until normal

venous POz values are obtained. This May occur after 1or 2 samples. A ma.ximum of6

samples will be dra\vn. The subject will remain in a seated position for these

measurements.

Transcutaneous Tissue OxvlIen Measurement (1 test). This is a non-invasive test that

measures the oxygen content in the tissues immediately below the skin. Upon exiting

from the hyperbaric chamber on day 3, tissue oxygen concentration will be measured at 2

sites (rectus femoris and brachiaradialis) by placing two electrodes on the skin over these

muscles. Any hair on the skin will be shaved at the electrode sites. The electrodes will be

warmed ta 45°C ta dilate the vasculature. Measurements \'till he continuous for one hour

during the same rime period that the blood samples are being collected. The subjects ~ill

be in a seated position for these measurements.

Data Analysis

This study is designed ta answer three questions. Ooes a single HB02 treatment at

2.5 ATA far 90 minutes: 1) elevate plasma POl; 2) elevate tranScutaneous tissue POz;

and 3) elevate V02ma:<! in a normobaric normoxic enviranment? One-way analyses of

variance CANOVA) will he used ta examine plasma POl and transcutaneaus tissue PO!

data. T...tests will be used to analyze V02m:l.'t and blood lactate data.
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Subject Consent Form

Effect of Hyperbaric Oxygen 00 Plasma POz,

Transcutaneous POl. and V02max in a Normobaric Environmeot

Co-Investigators: DL Montgomery, J5 Delaney, VJ Lacroix, ANH Badges

1.0 Introduction

Hyperbaric oxygen (HBO!) therapy is a medicai treatment in which the patient

breathes 95 - 100% oxygen at pressures greater than l atmosphere absolute (ATA).

Because ofthe importance ofoxygen in the aerobic energy system, sorne athletes have

used HBO~ as an ergogenic aid to enhance aerobic performance and to speed recovery

follo\\ing exercise. Contradiclory fmdings have been reported in the research literature

regarding the effect ofa single HB02 treatment on aerobic performance.

The purpose ofthis study is ta examine plasma oxygen pressure (pO!),

transcutaneous tissue oxygen pressure (PO!), and VÛ2ma:\ in a normobaric environment

follo\\ing a single hyperbaric oxygen treatment.

2.0 Stud)' Procedures

Subjects for this study will be university student-athletes between 19 and 39 years

ofage with high aerobic fitness (V02ma:t greater than 50 ml · kg-1•min-I). You have been

asked ta participate in this study because ofyour interest in hyperbaric oxygen and

aerobic endurance. A total of 10 subjects will be panicipating in this study.
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This study will take place at the Seagram Sports Science Centre ofMcGill

University. As a volunteer panicipant in this stUdy, your time commitment will be 9

hours spread over three sessions as follows:

Day Time Tests

2 h baseline transcutaneous PO! measures and VO!m:L"( test

2 3 h HB02 treatment followed by V02max test

3 4 h HB02 treatment followed by blood gas and tran5cutaneous PO!

measures

VO:!ma:< Test (2 tests). You will perform a V02ma:t test on day 1 as a baseline measure, and

on clay 2 following a HB02 treatment. The V02m3.x test is a standard laboratory

assessment ofaerobic fitness. The test \,i11 be performed on a running treadmill. The

initial speed of the treadmill will be 5 mph (134 ID' min-I
) and will increase by 0.5 mph

(13.4 m· minot) every minute until volitional fatigue. The grade ofthe treadmill \\111

remain constant at 5%. This test is comparable to a shon, high intensity workout and \\1Il

last approximately 10 minutes. Verbal encouragement will be provided during the test.

~letabolic measurements will be obtained from analysis ofexpired air. The expired air

\vill be collected from a mouthpiece that is conneeted via a tube ta the metabolic can as

you run on the treadmill. Following each V02nm.'t te~ one finger prick blaod sample will

be taken to determine blood lactate concentration. This process is a standard laboratory

technique.
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Hvperbaric Oxveen Treatment (2 treatments) You will receive two treatments in the

hyperbaric oxygen chamber on days 2 and 3. The HB02 treatment \vill be approximately

105 minutes in duration and will consist ofa compression period of7 -10 minutes~a

treatment period of 90 minutes, and a decompression period of5 - 7 minutes. During the

treatments, the chamber vyill be compressed ta 2.5 atmospheres and you will be breathing

95% oxygen. During treatments you can watch videos. The hyperbaric technician will

remind you ofvarious techniques that can be used to equalize pressure during the

treatment.

Venous Blood Gas Analvsis Immediately upon exit from the hyperbaric chamber on day

3, the physician \vill clean an area on yOU! \\TÎst and insert a catheter into the antecubital

vein. Blood samples (3 - 5 ml) \"i11 be dra\vn every ten minutes until normal venous P02

yalues are obtained. This may occur after 1or 2 samples. A ma.ximum of6 samples vyill

be dra\\TI. You \vill remain in a seated position for these measurements.

Transcutaneous Tissue Oxveen ~leasurement (1 test). This is a non-invasive test that

measures the oxygen content in the tissues immediately below the skin. Upon exiting

from the hyperbaric chamber on day 3, tissue oxygen concentration will be measured at 2

sites (mid-thigh and forearm) by placing tV/O electrodes on the skin. The electrodes are

about the size of a quaner. Any hair on the skin will be shaved at the electrode sites. The

electrodes \~ill be \\11IIIled to 45°C. Measurements \vill be continuous for one hour during

the same time period that the blood samples are being coLlected. You will be in a seated

position for these measurements.

70



3.0 Benefits and Risks

3.1 In this study the benefits to you are minimaL You will receive two maximal treadmill

tests that \viII provide information on your aerobic fimess. The typical charge for a

V02ma.x test in the Seagram Sports Science Centre is S150. You will experience two

hyperbaric oxygen treatmeots. The ergogenic benefits ofthese HBOl treatments may be

minimal.

3.2 The risks associated with HB02 treatment are rare. They include the following:

Barotrauma: This is the mast common side effect of hyperbaric oxygen therapy. This

refers to injury or discamfort ta the ears due ta increased pressure. If the ears are not

properly c1eared. the eardrum could bruise. Reducing the chamber pressure or

stapping the treatment usually corrects the discomfort. Pressure changes in the

chamber are nonnally felt in the ears. The fallo\\'ing techniques can be used to cIear

the ears:

• Swallowing

• Ya\vning

• Che\\ing

• Blo\\ing out through your nase \Vhiie pinching the nostrils
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Pneumothorax: It is important that you do not hold your breath during the time the

pressure is being decreased in the chamber (at the end of the treatment). Air is

expanded during this time and ifyou hold your breath~ it is possible to rupture your

lung with air entering the chest cavity. This is very rare and is easily avoided by

breathing nonnally during decompression.

Sinus Trauma: Congested sinuses can cause pain while the chamber is being

compressed or decompressed. Reducing the chamber pressure usually relieves the

pain. It is imponant that you inform the physician ofany symptoms ofcongested

sinuses prior ta treatment so problems can be avoided.

Airway Irritation: This is the very rare case ofoxygen causing an airway irritation.

The symptom is a dry hacking cough. Should this occur the HB02 physician would

evaluate you and make a decision as to how the problem will he addressed.

Stomach Distension: Ifyou swallo\v large amounts ofair during the treatmen~ it \\i11

expand \vhen the pressure is decreased. This may cause vomiting or pain in the

abdomen. It can he avoided by breathing normally and avoiding carbonated beverages

before treatment.

Oxygen Toxicity: Sorne patients are more sensitive to oxygen thanothers. Symptoms

may include the following:

72



Visual - tunnel vision, loss ofclear vision

Ears - ringing or knocking in the ears, and distonion ofnormal sounds

Nausea - the urge to vomit

Twitching - twitching around the eyes and lips

IrritabiIity - apprehension, fidgeting, or disorientation

Dizziness - venigo (sensation ofroom revolving)

Dyspnea - shonness ofbreath

T0 reduce the risk 0 f oxygen toxicity, t\VO 5-minute air breaks \vill be administered

during the HB02 treatmenL

Alcohol: Since alcohol consumption may lower the threshold for oxygen toxicity, you

are asked to refrain from drinking alcohol within 24 hours on each ofthe 3 days that

you will be tested.

l.\rledication: Any medication you take shouid be discussed with the physician during

the medical examination to determine any contraindications to HB02 treatment.

Clauscrophobia: Sorne people experience an.xiety due to being enclosed in a confined

space. The side\valls of the hyperbaric chamber are a clear acrylic material that

permits you to watch videos during tteatment. If there is any concem of

claustrophobi~this should be discussed with the HB02 physician or technician

before entering the chamber.
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3.3 The risks associated with a V02ma't test are minimal, especially to individuals

familiar with running on a treadmilL The fmal 2 - 3 minutes of the test require a maximal

effort similar ta what you would experience during a high intensity exercise session. The

end point of the test is volitional fatigue..

3.4 The risks associated with a venous catheter to obtain blood samples are: 1) discomfort

associated \vith needle puncture; 2) risk of infection; 3) complications due ta venous

puncture \vruch inciude bleeding and local bruising.

4.0 \Vithdra\val From The Study

The hyperbaric physician will perform a medical examination prior ta the HB02

treatment. The physician mai" exclude a participant from the study for the following

reasons:

• Recent thoracic surgery

• Repeated ear infections

• Asthma

• Cataracts

• Diabetes

• Recei\ing anti..convulsant Medication

• Hereditary spherocytosis

• Recent upper respiratory tract infection
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It is important that you understandyour participation in this study is voluntary andYOll

have the right to wirhdraw[rom this scudy al any lime andfor any reason.

s.o Costs

There are no costs to you for the HB02 treatments, V02ma'( tests or the laboratary

tests (blood gas analysis and transcutaneous tissue oxygen measurements)

6.0 Compensation

After the data have been collected, you will be presented \vith a copy oryour

laboratory test results. A member of the research team will meet with you to discuss the

results ofyour tests and ta answer your questions.

7.0 Rights orthe Subjects

Yaur participation in this study is voluntary and unrelated to any courses in the

Department ofPhysical Education. You have the right ta withdraw fram this study at any

time and for any reasan. You have the right ta ask questions at any rime, and you have

the right to a copy of the data collected on you during this study.

8.0 Confidentiality

Information gained by the examining physician will remain confidential. The

examining physician will inform. the researchers only whether or not yau are clear ta

participute in the study. Data callected during the study will be stored in a lacked filing

cabinet and access will be limited ta the researchers. A labeling system will he used to
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identify each subject in this study by number only, and the names ofthe subjects will he

kept locked in the filing cabinet. In future publications and other references to the study t

results will be presented without mention ofnames or any other information that could

provide the identity ofany subject.

9.0 Contact

Ifan adverse event should occur, the HB02 physicians Dr. Vincent LacroLx or Dr.

Scott Delaney should be contacted. They can be reached at (514) 398-7007 between 8:00

A.M. and 5:00 P.~L and in an emergency can be paged at the folloV/ing numbers 988­

5092 (Dr. Lacroix) or 423-..8455 (Dr. Delaney).

[f you have any questions regarding your rights, do not hesitate to speak with the

investigators of this srudy:

Dr. David Montgomery (Room 335 at the McGill Sports Complex~ telephone

398-4184 eX!. 0558)

Dr. Vincent LacroLx (McGill Spons Medicine Clinic, telephone 398·7007)

Dr. Scott Delaney (McGill Sports Medicine Clinic, telephone 398-7007)
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INFORl\ŒD CONSENT

Title of Study:

Effect of Hyperbaric Oxygen on Plasma POl, Transcutaneous POl,

and V01max in a Normobaric Environment.

Investigators:

David Montgomery, Ph.D. Seagram Sports Science Centre

McGill Univenity Tel: 398-4184 ext.OS58

Scott Delaney, M.D. ~(cGiU Sport Medicine Clinic Tel: 398-7007

Vincent LacroL't, ~I.D. l"lcGill Sport ~(edicineClinic Tel: 398-7007

Alastair Hodges, Graduate Student, ~lcGill University

The purpose of the study, the procedures to be used, the henefits and risks associated with

my participation in this study, as weIl as the confidentiality of the data that will be

collected during the study have been explained to me.

l have had the opportunity ta ask questions conceming different aspects of the study and

my questions have been answered ta my satisfaction.

Lthe undersigned, voluntarily accept participation in this study. l am aware that l am free

ta withdra\v from the study at any time and for any reason without penalty.

l acknowledge that 1have received a signed copy ofthis consent forma

Name ofsubject

Narne of\VÏtness

Name ofresearcher

Signature

Signature

Signature

Date

Date

Date
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APPENDIXH

CONTRIBUTION OF CO-AUTHORS IN

THE RESEARCH ARTICLE
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Alastair Hadges

Responsible for recruiting ofsubjects, data collection~ and data analysis. Prepared

the final manuscript.

Scott Delaney & Vincent Lacroi,

Physicians responsible for supervision ofHB02 treatments, inserting ofvenous

catheter. and dra\\ing of blood samples. Edited the rmaI manuscript.

Jackie Lecomte

Administered the HEO:!, treatments. Edited the final manuscript.

David ~[ontgomel1·

Thesis supervisor, assisted with writing of research article.
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