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ABSTRACT
The purpose of this study was to compare the relatiqnship
between 1mmersibn running and treadmill running through'the
measurement of ca;diorespiratory parameters.
| Sixteen subjects completed two exeréise protocols to
exhaustion; The treadmill rﬁnning protocol was initlated at 3.08
m*s-l and Iincreased a 0;22 m*s-1 every sixty'seconds.' The
immersion running protocol utilized an immersion running
Ergometer (IRE). The IRE is similar tb a tethered swim machine.
The Initial weight was set at 1 kg and increased a 1/2 kg every
slxty seconds. ‘ Heart rate (HR), oxygen _donsumption (vozy,
ventilatory equiyalent (VE/VO2), and minute ventilation (VE) were
determined at ventllatory threshold and at maximal effort. HR,
VOZ; VE/VO2 and VE were analyzed by MANOVA (RM). Tidal volume and
'freQUency of breathing were collected for fOur' subjects at
ventilatory threshold and at maximal effort (no statistical
analysisf. Two subjects who had completed the initial exercise
protocols volunteered for a »follow up study of blood flow
distributlion testling (no statistical aﬁalysiS). These sublJects
were 1injected with Tc-99 2-methyloxy 1isobutyl 1isonitrile at
ventilatory threshold .during immersion and treadmill running.
Inaging was performed with a Selmans Gamma Camera at the UBC
Depf. of Nuclear Medicine.
‘V02 and HR at ventilatory threshold and maximal effort were

significantly lower (P < .05) durlné immersion running. VE/VOZ
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was slgnificantly greater at maximal effort during immersion.
Minute Qentilation' was unaffected by immersion, however, there
was a trend towards a‘smaller tidal volume and g;eater frequency
of breathing. | The .blood 'flow dist:ibution data wvaried
considerably partialiy between subijects.

The significaﬁt drop in V02 at maximum effoft and at
ventilation threshold during immersion runnlng may be accounted
for by changes in muscle mass recrultment, muscle £fibre type
recrultment, recrultment pattern and state of peripheral
»adaptation (muscular). A lower heart rate during immersibn méy
be due to lncreases In intrathoraéic blood volune. The trend
towards é higher‘bbreathing .frequehcy and lower tidalivolume
during lmmersion running may be due to the lncreased effort to
breath caused by hydrostatic chest compresSioﬁ. The significant
increase in VE/V02 at maximal effort during immersion running was
due to the signiflcant drop In VOZ.

It may be concluded that imme:sion running causes
signlficant chaﬁges in cardiorespiratory paiameters at
ventilatory threshold and at maximal effort. Research 1s needed

to investigate the significénce of the changes.
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CHAPTER 1

THE PROBLEM
INTRODUCTION

Immérsion running (IR) involves thé simulation of runhing
motion while immersed to the neck invan aqueoﬁs environment. IR
has been utilized for two speciflc functions.

They 1n¢1ude:

1. Rehabil;tatipn of runners sufferihg from lower leg

| injuries (Johnson et al., 1977; Koszuta, 1986); and

2. Initiating physiological adaptations specific to land

based runnihé‘(Koszuta, 1986). |

Koszuta (1986), documented the use of immersion running as a
form of rehabilitation for runners with stress related injuries
(1l.e. stress'fractures and achilles tendonltis); Injured runners
'upon resumption of land tralning, subjectlively felt .that they
were able to maintain or 1ﬁprove-cardiorespiratory fitness as it
related to land based running performance because of lmmersion
running. The subjective heasures from 1injured runners has
provided the foundation upon which coaches and athletes have
utilized 1mhersion running as an alternatlive form of athletic
training. To date, there is a lack of research substantiating
the subjective measures. o

For immersion running to be utilized as a modé of athletic
training for the competitive rﬁnner, it should induce adaptations

speclific to land based running performance. Land



based performance 1s a function of two properties. Those
properties are:

1. A highly developed central cardiorespifatory syStem_.
with the abllity to  sustain prolonged endurance
activit}es (Astrand, 1977); and

2. A highly developed peripheral musculature with the.
ability to ‘sustain a running performahce for a glven
period of time (Astrand, 1977).

The areas "documented '_in the previous paragraph
'(cardiorespiratory and peripheral adaptations) can be méasureq by
a number of vérYing methods. Although both areas are werthy of
investigation, it is the purpose of this study to concentrate on
comparing cardioresbiratbry  parameters between' an lmmerslon and
treadmlill running conditlion. | |

Traditionally, the measurement of maximum oxygen consumption
(VO2max ) has been used to assess the degree of cardlorespiratory
'.fitness ,(Astrand, '1977). Characteristically, highly trained
middle distance runners elicit VO2max vélues greater than 65
ml*kg—l*min—l.' More recently, é number of authors have ut111zed
ventllatory threshold as a measure of cardlorespliratory fithess
because of lts correlation wlth endurance performance (Rhodes et
al., 1984; Withers et al., 1981). Well tralned middle distance
runners traditionally acqulre a ventilatory threshold greater-
than 80% of VO2max (Davisvet al., 1984; Withers et al., 1981).

In order for immerslion running to be utilized effectively by



athletes, it must be able to elicit oxygen consumption values (at

maximél effort and at ventllatory threshold) equivalent or
greater to those measuréd duringva treadmill running protocol.

If immersion runnlng can eliclit a V02‘at‘ﬁax1mum-effdrt and
at ventllatory threshold equivalent. to treadmill ru?ning, an
individual may be able to maintaln or improvevtheir level of
cardiorésplratory adaptatlion. Ultimately, any change 1n oxygen
consumption that may occur between an immersion running and
treadmill condition will be due to:
| 1. ‘~The introduction of a water environment which increases

thoracic blobd voluhe and hydrostéth chest compression
(Epstein, 1976; Begin et al., 1976); and

“2. Changes in task speclficity (Astrand, 1977; Secher et
al., 1977; Withers et al., 1981). Within the area of
task specificity, there are a number of subfactors that
‘may affect V02 at maximal efforf and at vent;latory
threshold. It was hoped that some of these factors
could be isoiated and neasured utilizing an
experimental radionucllde procedure.

The primary factor in cardiorespiratofy fitness 1s oxygen
consumption. However, secondary to this factor, a number of
other parameters including heart rate, minute ventilation, tidal
volume, breathing fréquency 'énd VE/VO2 may help 1in overall
cardiorespiratory function. The measurement of these paraheters

will be included in thls study. Similarly, any changes that may



occur In the cited parameters between an immersion‘and treadmill
~running condition will be due to elther the introduction of thé
water environmeht and/or changes in task specificity (Astrand,
1977; Epsteln, 1976; Withers et al., 1988).

Ultimately, understanding the nature of immersion running is
important to the coach, the athlete, and the physiotherapist.'
The use of IR mayﬁ

1. Decrease the rate of incidence and brevent lower

extremity injuries (and therefore increase  the
effective tralning time); and ' |

2. Increase the performance level of the athlete due to

its poténtiall ablility to 1induce cardioreépiratory and

peripheral adaptations specific to land based running.

STATEMENT OF THE PROBLEM

lThe purpose of thls study was to compare the relationships
between immersion running and treadmill running- through the
measurements of cardiorespiratory . parameters. It has been
hypothesized that oxygen consumption will be simllar under both
conditions and'tﬁét the _VE/VOZ ratio should be 1lower during
immersion running. ' It has also'been hypothesized that heart
rate, ventlilatlon and tidal volume willl be greater during

treadmill running than immersion running.



HYPOTHESIS

1.

‘Maximal oxygen consumptlion (VO2max) durihg an IR protocol

(W) will be equal to makimal oxygen consumption during a
treadmill running protocol (T). Equality shall_bé defined aé

a P‘>.50. VOZ2maxw = VO2maxT

_Oxyéen consumption at ventilation threshold (vo2vt) will be

equal during an IR protocol and during a treadmill protocol.
Equality shall be defined as P >.50. VO2vtw =VO2vtT

Heart rate at VO2max (HRmax) will be greater during a

treadmill protocol than an IR protocol. HRmaxT > HRmaxW

Heart rate at ventilation threshold (HRvt) will be greater

during a treadmill protocol than an IR protocol.

HRVtT > HRVtW

Ventilation at VO02max (VEmax) will ‘be greater during a
treadmill prdtocol thaﬁ_an IR protocol. VEmaxT > VEmaxw
Ventilatlion at wventllation threshold (VEvt) will be greater.
during a treadmill protocol than an IR protocol.

VEVET > VEvEW | |

Tidal volume at VO2max (TVmax) will be greater during a
t;eadmill protocol than an IR protocol. TVmaxT > TVmaxW
Tidal volume at ventilation threshold (Tvvt) will be greater
during a'treadmill protocol than an IR prdtocol._

TVVvET >TVvtw



Ventilatory equivalent at vVO2Zmax (VE/VO2max) wlll be smaller

9.
during an IR protocol than a treadmill protocol.
VE/VO2maxwW < VE/VO2maxT | '

10. Venfilatorf equivalent at ventilatlion threshold (VE/VOth)
will be smaller during an IRF protocol than a treadmill
protocol. VE/VOthw <'VE/V02vtT |

C11. Frequency of breathing at vO2max (Fhax) will be greater
| during an IR protocol'thanAa treadmill protocol.
Fmaxw > FmaxT

12. Frequency of"breathing at ventllation threshoid (Fvt) will
:be greater dﬁring an IR protocol than a treadmill protocol.
Fvtw > FvtT

RATIONALE

1. It has been hypothesized that there will be a non-

significant change in oxygen conéumption at maximum effort

and at ventilatory threshold during immersion and treadmill

runnling. These hypothesis are pased upon two assumptions.

Those assumptlons are:

A.v That the water environment will .not affect normal
cardiorespiratory  function as 1t relates to oxygen
éonsumpfion. Dressendorfer et al., 1976 and Denison et
al., 1972 noted that there were non-significant changes

in VvO2 at maximal and submaximal Intensities



Comparatively between a 1land and immersion dycling
protocol; ahd

B. That any changes (or lack of chénges)‘in task spéclflc
factors will not cause significant changes in the rate
of oxygen consumption.

2. It has been hypothesized that there will be a significantly
- lower heart‘rate (at maximal effort and ventilétdry _
threshold) during 1mmerélon running. These hypotheslis are
based upon two assuhptions. Those assumptions are:'

A. fhat the 1increase 1in Intrathoracic blood volume due to
the 1ntioduction of a water envifonment will Increase
stroke vélume'and 1ow¢r heart rate‘at any given cardlac
output or exercise intensity. A 1lower heart rate due
to water-immersion during exerclse has been reported by
investigators (Sheldahl et al., 1976; Sheldahl et al.,
1984, Dreésendorfer et al., 1976);

B. That task- speclfic factors (l.e. the fraining state of
recrulted musculéture and the type of recrulited

‘ musculature) ‘thch may increase heart rate at
ventilatory threshold‘during immersion running will be
- insignificant comparatively to the effects of the water
envirbnment'(CIausen et al., 1973; withers et al.,

- 1981).
3. It has been hypothesized that ventilation at maximal effort

and at ventilatory threshold will be signlf}cantly‘lower



during immersion running.  These hypothesis are bésed upon

two assumptions7 Those assumptions are: -

A. That the lIncrease in hydrostatic chest compress1on‘and
intrathoracic blood volume (the water'énvironment),
will result 1in an ‘increésed effort to breathe. An
increésed effort to breathe may be ﬁharacterized_byi
changes in lung mechanlics (pahlback et al., 1975,_1978a
and 1978b); | |

B. . That task specific factors (i.e. the ' involvement of

' lafge quantlitlies of upper body _muscuiature) may
contribute in 1lowering minute ventilation during
immersion running -(Secher et al., 1977; Tqﬁér et.al.,
1984). |

It has been hypothesized that tidal volume will  be

-significantly higher énd breathing frequency significantly

lower during immersion running. These hypotheslis are baséd

upon two assumptions. Those assumptions are:

A. That the 1Increase 1n intrathoracic blood volume and
hydrostatlic chest compression (the water environmeﬁt)
will inhibitv normal resplratory mechanics (Dahlback et
al., 1975, 1978a and 1978b); |

B. That task specific factors (l.e. the utilizatlon of
upper body musculature)‘may contfibute to the changes

in tidal volume and breathing fréquency initiated by
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the water environment (Secher et al., 1977; Toner et

al., 1984).
It has been hypotheslzed that the VE/V02 ratio will be
signifiCéntly lower during 1immersion running at maximum

effort and at ventlilatory threshold. These hypothesls are

based upon two assumptions. Those assumptions are:

A. Oxygen consumption will be equivalent between the two
exerclse conditions; and
B. Minute wventlilation will be 1lower during immersion

running comparatively to land running.

DELIMITATIONS

1.

The sample +type ( male middle aged runners trained in both

land and immersion running).

' The sample size (22 male subjects).

Thé initially high level of aerobic fltness of the subjects
(a maximal oxygen consumption of 60m1*k§*—1m1n—1 or greater
is needed in order to participate 1in vthe study). This
ériteria has been utllized 1in order to ensure that the
subjects are adequately tralned- in relatlon to

cardioresplratory fltness.

LIMITATIONS

1,

The abllity of the sublects to simulate the immersion

running motlon correctly.
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2. The ability of the‘reseaicher to ensure that the subject
will be ablé to perform maximally on both tests during the
time requlired. , |

3. The ability of the ihmersion running ergomeﬁer (IRE) to
apply resistance to the subject allowling expression of
ventilation threshold and maximal oxygenbconsumption.

4, The abllity of the Investlgater to abcurately extrapolate
ventilation threshold from excess COZ, Ventilation; and
VE/VO2. - |

DEFINITIONS

1. Maximal oxygen consumption - “the :highest oxygen uptake
attained during physical work while bteathing at séa level.
Ventllation threshold - Ventilation threshold is the polint

at which a nonlineér increase 1n excess. C02 1s detected.
Because of ‘potential wvarlablility In excess C02, VE and
VE/VO2 were utilized Secondarily to increase the accﬁracy of
the excess - C02- parameter. Ventllatory threshold was
determined independently by three separate 1lnvestigators.

Excess C02 = VC02 - Restlng RQ * v02
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CHAPTER 2

METHODS AND PROCEDURES
BUBJECTS |

Twenty-two male subjects between the ages iof éighteéh and
thirty-one were ﬁtllized in this study. All subjects were
trained middle distance , runners (members of the UBC middle
distance high 'berformance unit) familiar with immersion running.
These subjects were utlllized »because immerslon running’vwaé a
reqular part of there training program. 'Subjects weie required
to have a VO2max of 60 ml*kg*-1min*-1 (treadmill) or higher to
participate In the study. All subjects compléted a consent forrmn
describing the labofatory procedures, Féur of the twenty—ﬁwo
éubjects volunteered for a follow-up procedure which involved
nuclear 1imaging technlques to assess cﬁanges .in blood flow
distribution. = The four subjects completed additional consent

forms describing these procedures.

TESTING PROCEDURES
1. Laboratory Measures
a) Height and welght determinations

2. IR Measures

a) Maximal 02 consumption test
b) . ECG monitoring to determine heart rate
c) Beckman Metabolic Cart to measure V02, ventilation,

tidal volume and frequency of breathlng
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Extrabolation of ventilation threshold from excess CO2,

ventilation and VE/VO2

3. Treadmill Measures

a) Maximal 02 consumption test

b) ECG monitorihg t¢ determine heart rate

c) Beckman Metabolic Cart to measure V02, ventilation,

tidal volume énd frequency of breathling

d) Extrapolation of ventiiation threshold from excess CO2Z,

ventilation and VE/VO2 | |
4, Blood Flow Distribution Measures (Nuclear Inmaging)

a) Two submaximal exerclse pfotocols (immersion vs 1énd)

b) ECG monitoring to determine heart rate |

c) Beckman Metabolic Cart to assess V02

d) I.V. catheterizatlon of the'cephalic>ve1n }

e) Injection of TC—§9 2 methyloxy 1isobutyl isonitrile

during the exercise protocol.

The subjects were asked to refrain from traihing on the day

of

"TESTING

Ac - IR
An
maximal

shaped,

the testing session.

PROTOCOLS
Cardiorespirétory Testing
and maximal 02 cbnsumption test
immersion running ergometer (IRE) was developed to test
02 consumption in an aqueous environment. The IRE 1s box

measuring 2.5 metres high and one metre long and wide. A
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metal bar was attached 1lengthwise across the bottom of the IRE.

Attached to the top of the IRE and the metal bar was a pulley
system creating a one to one advantage. One-half centlmetre
nylon rope was used. throughout the pulley system. A five
centimetre:flat webbing walst harness éttached the subject to‘the'
IRE.
| Subjects were Iimmersed to the neck 1in water. The IRE was

placed by fhe éide of a pool ahd 1.5 metres of rope was passively
pulled through the pulley system. The subjects were requlred by
correct running motion to pull out an additional 1.5 metres. This
action moved the Yeight atFached to the end of the pulley system
1.5 metrés. A marker was used to indicate the three metre point.

Subjects were asked to maintaln the three metre position
throughout the teét. The IR protocol used to test maximal oxygen
consumption was a continuous model with a progressive load
Increase every sixty seconds. The 1Inltlal weight value was set
at one killogram with a load increase of 500 grams évery sixty
seconds. The test was performed to5exhaUStion. Exhaustion was
determined when the subject could nof maintain a poslitlion between
the 1.5 and 3.0 metre mark; The test protocol was'approximateiy
12 to 14 minutes In length.

Immersion running posture was measured subjectlvely.
Researchers were looking sbecifically for hip flexion followed by
hip and 1leqg extension. Arm actlon followed a normal’running

motion. The subjects were asked not to cup their hands.
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B. Treadmill running and maximal oxygen consumption test

The treadmill protocol to test maximal 02 consumptlion was a
continuous modeli with a progressive load ihcrease every sixty
seconds. The t;éadmill_ run was initiated at 3.68 m*s-1 and
increased 0.22 m*s-1 every sixty seconds until exhaustion.
Exhaustion was determined when .the subject codld- nollonger
maintain treadmill veloclty. The test protocol was apﬁroklmately

12 to 14 minutes in length.

- €., Gas analyslis andhanaerobic threshold

Gas analyslis was conducted using a second generation Beckman
Metabollc Measurement Cart.-Minute ventlilatlon, VvCO2, v02, tidal
volume and breathing freQuency weievmeasured and tabuiated every
fifteen seconds during treadmill running and évery 30 seconds’
during water 1mmersion running. Ventilation .threshold was
determined by the break or non-linear increase in.exCess co2. VE
and VE/VO2 were used sécondarily to céhfirm the threshold break
in excess CO02. Three examlners determined ventilation threshoié
‘1ndependent1y. Discrepancles that may occur in ventilatory
threshold deterhination were reviewed by - the examiners
colléctively. ‘The use of "excess CO2" has been studled and
validated against othérﬁ metabolic gas parameters used in the

prediction of ventilation threshold (Rhodes et al., 1984).
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D. Heart rate determlnatlon

A standard ECG machlne and electrodes were used to determlne
heart rate. Three electrodes were used. One electrode was
placed on the sternum, the other two electrodes were placed on »
the left and right sides on the iateral aspects of the fifth
intercostal space. The electrodes during the immersion condltion
were covered ~ with waferproof tepe to prevent interference from
the water envlronment.

The lmmersion runniﬁg protocol was performed prior.to the
treadmill ‘prot0c01. One to three weeks separated the two
exerclise pfotocols. Statistical analysis was perfermed on heart
rate, oxygen consumption, minute ventilation and VE/vV0O2 utilizing
a MANOVA model with a repeated measure on the exercise condition
(immersien- vs treadmill running). Values at ventilatery

threshold and at maximal effort were analyzed 1in separate

MANOVAs.

_ Blood Flow Distribution Testing
Tc-99 2 methyloxy isobutyl 1soni£r11e was utlilized in this
part of the study to demonstrate changes 1in blood flow
distribution. 1Isonitrile 1s a lipophllic compound that binds to
the inner and outer membrane of muscle cells. Isonitrile 1s most
eommonly used in heart tissue to image 1ischemia. Recently,
1nvest1gators have utilized 1son1trile to image skeletal muscle

tissue (Dhekne et al., 1988). Scientiﬁic evidence seems to show
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that there 1s a linear relatlonship between isonitrile uptake and

muscle blood flow (Mousa et al., 1987b; Liu et al., 1987).

A. IR protocol

The subject performed the IR protocol at the University of
British Columbia Aquatic Center. An I.V. cathgter was lInserted
into the cephaiic_veln‘ of the right arm.  The catheter was
secured to the arm with watefproof tape. The catheter line was
washed with a dilute Heparin solution. Heart rate andAVOZ were
monitored by the procedures described above. . The subject was
sécurﬁd.- to the immersion running ergémeter as described
previously. |

Once Ilmmersed to the heck, the .subject performed IR as
pfeviously described. The subjgct warmed up at a workload of 1.5
kgs for five minutés. At the end of the warmup period, thé load
was Increased tovglicit a heart rate (plus or minus 5 bpm) and a
VO2 (plus or minus 3 ml*kg*-1min-1) that corresponded with
Qentilatory threshold (previously determined). The subiject
maintained this Intensity for £f£ive mlnutes. At the end of the
five minute period approximately 740 MBq of TC-99 2-methyloxy
isobutyl 1sonitrile was 1injected and washed 1into the TI.V.
catheter with saline solution. Approximately 90 seconds waé
requlired for injectlion of the radiobhérmaceutical and 30 ml of
salihe. The subject. contlnued to exerclise at ventilatory

threshold for two minutes to allow optimum uptake. At the end of
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the exercise protocol, the catheter was removed. The‘subject was

then escorted to the Dept. of Nuclear Medicine for imagery. The
immersion running protocol was performed'approximately one week

prior to the treadmill protocol.

VB. Treadmill Protocol ‘ |

An I.V. catheter was‘ihserted into the cephalic veln of the
subJect. The catheter was secﬁred with waterproof tape. The .
line was washed with a dllute Heparin solutioh. Heart ‘rate and
VO2 were monitored as previously described.

The subject warmed up at a treadmill velpcity"of 3.08 m¥*s-1

fof 5 minutes. At the end of the warmup berlod, the veloclty of
the treadmlll was Increased to eliclt a heart rate (plus or minus
5 bpm) and a V02 (plus or mlnus 3 ml*kg*-1min-1) that
correspdnded with ventilatory threshold (pfeviously determined).
The subject maintained this ihtensity for 5 minutes. At the end
of the flve minute perlod, 740 MBg of Tc-99 2 methyloxy l1sobutyl
isonitrlle was injected 1Into the catheter and washed Qith a
saline solution. The subject. contlnued to exerclise at
ventilatory threshold for 2 minutes post-injection to allow
optimum uptake. At the end of exercise protocol, the catheter
was removed and the subiject was‘escorted to the Dept. of Nuclear

Medicine for body Imagery.
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c. Imaging Techniques

Imaging was performed utlilizing a Seiman Gamma Camera. 'A
signature‘I.D. of 500 counfs per square cm was used.b Fifteen
views were obtalined. ‘They included: ' |

1. Anterior Right and Left oblique;

2. 'Posterior Thorax; |

3. Anterior and Posterlor Abdomlnal;

4. BAnterlor Right and Left Thigh;

5. posterior Right and Left Thigh;

6. Lateral Right Thigh; V

7. aAnterior Right and Left Leg,

8. Posterior Right and Left Leg; and

9. hateral Cranium_

From the planar‘images, regions of |interest were drawn and
analyzed using existing nuclear medicine software. Data obtained
from the reglions of 1hterest included area (pilxels), radiation
 coun£, and radiafion count per pixel. In order to "“semi"
quantify the data, two 'ratios were generated. The first rafio
was radlation count (muscle group) divided by radliation count
" (central braln area).' The central braln case was utllized
because of éonsistently low isonitrile uptake. The secoﬁd ratio
was the radlation count (muscle group) divided by total radiation
count (whole body) dnd multiplied by 100%. An example of the

total rédiation calculation is supplied in Appendix J.
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CHAPTER 3
LITERATURE REVIEW

Thé literature review will be divided into three area=z.
Those areas are:
1. The cardliovascular sYstem during body
immerslon;.
2. The respiratory system during body immersion;
3. Task _ speclificity and its ‘relatlonshlp to

cardlorespiratory parameters during dynamic exercise.

Introduction
Early investigations utllized immersion as a medium to
counteractigraVitational forces (Howard et al., 1967; Graveline
et al. 1962; Grayblel et al., 1961; Torphy et al, 1966). The
counteraction was useful In the simulation of spaceflight (Howard
et al., 1967; Torphy et al., 1966). These reports provided the
foundation for futﬁre 1mmersion‘research.
Cardlovascular and respliratory changes during Immersion are
due to two vba31C‘ physiological phénomena (Epstein, 1976,
Greenleaf, 1984). ' They are:
| 1. The hydrostatic compression of the lower limbs causing
a redistribution of blood from the leg vascular beds to
the thoraclc cavity (Epstéin, 1976);
2. The 'hydrostatic compresslion of the abdominal and

thoraclic reglon causing dlaphragm 11ft and relocation
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of blood from the abdominal to the thoracic region
(Epstein, 1976).

The Cardiovascular System During Body Immersion
A. Cardliac Output: |
‘ buring resting lmmersion, cardiac output (C.0.) increases
(Arborelius et al., 1972; Beqin‘ et al., 1976; Farhi et‘al.,
1977). Arborelius et al. (1972), using a dilution dye technique,
demonstrated that résting C.0. rose from 6.0 1l/min to 7;7 1/min
during immersion. The 32% rlise ‘correspoﬁds well with -
investigations reporting overall increases ranging from »20 to 60
percent (Begin et al., 1976; Farhi-ﬁét al.,l1977). Farhi et al.
(1977) concluded that C.0. increased linearly with the depth of
irmmersion. |

Two factors that may suppress C.O. increases at rest during
immersion _aré water temperature and measurement reliability.
Arborelius et al. (1972), questioned the reliability of the C02
rebreathing technique during resting conditions. Correspondingly,
McArdle et al. (197s), réportéd that water temperature below the
bédy's thermoneutral point (approximately 35C) can depress heart
rate, ventllatlion, and v02Z at rest (McArdle et al., 1976).

\

B. Heart Rate

Although controversial, heart rate dquring resting immersion

is lower thah erect posture on land (Lange et al., 1974; Farhl et
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al., 1977). This is an area widely debated because of conflicting
results (Arborelius et al., 1972; Beqin et al., 1976).

Discrepancies in heart rate may be accounted_for by:
differences 1ln water temperature, methodological procedures and
reflex mechanlsms (Arborelius et al., 1972; Begin et al., 1956;
Farhi et al., 1977). As reported -earlier, a arop in water
 temperature'may lower heart rate during immersion while invasive
physiological techniques may increase heart rate under both an
immersion and land condition (Arborelius et al., 1972; Beglin et
al., 1976).

The influence of'réflex mechanisms on heart rate has been
discussed by Lin (13988). During 1mmersion,vthere is an Increase
in central blood volume; and pfessure. | An lncrease in theée
parameters may induce a general tachycardia (Lin, 1988). The
induced tachycardia may be countered by a bradycardla response
"ellicited by an increase in stroke volume (Lin, 1988). Changes in
the magnitude of either response could also Influence heart rate

during rest (Lin, 1988).

C. Stroke Volume

A rise 1n cardiac output during resting immersion may be
explained through increases 1in stroke Qolume (Arborelius et al.;
1972; Lollgen ét al., 1981). Recent literature has concentrated

on the extent of the rlse in stroke vblume {s.V.) and how it is
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affected by a dynamlic exerclise conditién (Greenleaf, 1984; Lin,
- 1988). v o

The general increase in s.v. and reduction In heart rate
during immersion 13 1lnlitlated by hydrostath limb compressioﬁ
(Epstein, 1976; Greenleaf, 1984). Hydrostatic 1limb compression
during immersiqn» counteracts the effect of gravity withiﬁ the
columns (arterie=s and veins) of blood. As the depth of 1mmersion
incfeases, the extent of the hydrostatic compression rlises
(Lollgen et al. 1981). Arborelius et al. (1972), concluded that
duiing neck immersion the increase in central blood volume was
approximately 0.7 1. Lange et al. (1974) estimated the rise in
heart volume to be approximately 180ml or 26% of the increase in
intrathoracic blood volume. A rise in heart volume should
increase end diastplic volums and, therefore, cause an 1ncresse
in stroke volume (Echt et al., 1974; Polliner et al., 1980).

Stroke volume 1s a function of four major determinants.
Those determinants are:

1. Prsload;

2. - Afterload;

3. Heart Rate;

4, Inotroplc State.
The 'measurement of these' determinates and how they may affect
stroke volume_during immersion will be discussed in the followiﬁg

paragraphs.



1. Preload | v
Preioad can be described as the tenslon in the ventricular
wall at the end of diasfole (west, 1984). The tension within the
wall wlll determine +the resting flber length (West, 1984).
Prelcad 1s most commonly determinedV‘through ventricular end
dlastollic wvolume, ventricular end diastolic pressure and other
hemodynamlc parametérs.
| Measurement of preload can be cateéorized Into three éreas.

These are:

V1. vIndifect hemodynamic measurements;'
2. Echocardiographic studles; and
3. 'Radlopharmaceutical studles.

Hemodynamic measurements have been utilized to make 1nd1réct
inferences on <changes 1in preload and stroke volume during
immersion (Farhi’et al., 1977; Lollgen et al., 1981; Risch et
al.; 1978a; Rlisch et al., 1978b). The most commonly.measured
hehodynamic parameters are central venous pressure, pulmonary
artery preséure," pulmonary wedge pressure, effective complliance,
atrial transmural pressure and right:atrial pressure (Arborellus
~et al., 1972; Lollgen et al., 1981; Lange et al., 1974). During
immersion, there are'increases in central venous pressure (12-
17mm Hg) and central blood volume (Arboreiius'ét al., 1972; Echt
et al., 1974; Koubenec, 1978; Rlsch et al., 1978a).
Investigators have also reported greater pulmonary artery

pressure, pulmohary wedge pressure, and right atrial pressure
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(Arborellius et - al.,‘1972; Koubenec, 1978; Lollgen et al., 1981).
, The'measufement of hemodynamié parameters suggesté that preload
(and potentially stroke volume) 1s enhanced during 1mme:Sion
(Lollgen et al., 1981). » v
Sheldahl et al. (1984), using echocardiographic
measurements noted Increases in end diastolic dimension at rest
and at two‘ submaximal exercise condlitions during lmmersion.
During upright rest, thé.average left ventricle dimension was
4.54 cm on land vs. 4.92. cm during neck immersion. At_thé
hiqh&st ‘of the two exerclse conditioﬁst the up;iqht left
'ventricle dimension on land was 4.76 cm vs. 5.27 ch during neck
immersion (Sheldahl et‘al., 1984). The rise ih left ventricular
dimenslon along with increases in hemodynamic parameters supports
the hypothesls of augmented preload and stroke volume during
resting immersion (Lollgen et al., 1981; Epstein et al., 1975).
Further studles have been conducted using technetium'
labelled red blood cells to monitor changes in left ventricular
function during vaiied postural -positiohs and exerclse levels.
Left ventricular end dlastollc pressure (LVedp) and volume
" (LVedv) rises above normal during suplne rest and exerclse
compared to erect posture (Crawford et al., 1978; Pollner et al.,
1980; Thadan1 et al., 1978). Results from Pollner et al. (1980),
suggest that the differenée between LVedv at rest (supine vs.
upright) to be abprdximately 22 ml (107 mi vé. 85 ml). Péliner

et al. (1980), also reported that LVedv rose progresslvely during
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progressive.exercise 1ntensit1es, however, the difference between
the supine and upright exerciSe'remained relatlively constant (22
ml). Left ventricular end syetollc vdlume (supline) remained
constant at 32 ml during 1low and moderate workloads. Left
ventricular end systolicvvelume (upright) was' lower durlng low
and moderate exercise (Crawford et al., 1979; Poliner et al;,
1980).

The utilization of radliographlic techniques allows direct
measurement of S.V; and left ventricular ejection
fraction (LvVef)}. Under specificrresting and exerclise condltlions,
S.V. 1n the supine position 1s greater relatlve tovS.V. _1n.the
upright position (Bevegard et al., 1960; cCrawford et al. 1979;
wWelss et alr 1379). This is In agreement with the measurement 6f
Lvedv and LVesv clted above (Poliner et al. 1980). Thadani et
al. (1978) and Crawford et al. (1979) concluded that the increase
in measured stroke volume at rest and exercise (suplne vs.
upright) was due to. the rise_ in LvVedv. Poliner et al. (1980),
reported smaller changes in Lvef from rest to higher exercise
intensities during a supine position. Poliner et al. (1980),
concluded that  left ventricular reéponse to exexcise,
irrespective of the position, includes a combination of a
Frank-starling mechanism and an increase 1in contractile state,
however, changes in contractile stafe are of greater relative

lmportance 1in the upright rather than In the supine position.
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_2. Afterload

Afterload can be described as the tension developed by the
fibres of the ventricular wall (West, 1984). Two measureé of
‘afterioad are systolic aortic pressure and systolic left
ventricular pressure (West, 1984). Under experimental
conditions, |if preloéd is constant and aortic presSure is
gradually increased, a steady decrease in stroke volume and peak
-ejection veloclty should occur (west, 1984).

There is a’lack_of 1nveétigétion evaluating systolic aortic
pressure and systolic left ventricular pressure during lmmersion.
However, some 1ndiréct evidence may warrant attention. Sheidahl
et al. 61984),.reported Increases in'end diastollc and systolic
dimension during immersion under resting_and exercise conditions.
From these results Sheldahl et al. (1984), célculated ventricular
shortenlnq. ‘It was concluded that during immersion, ventricular
shortening was lower at rest‘and during exerclse and that changes
“may be accounted for by an increase in afterload or a decrease in
myocardial contractlility (Sheldahl et al., 1984). Investigations
réporting decreases in the systolic blood pressure to end
systolic dimension ratio, systolic pressure; and systemic
vascular reslstance ’suggests that afterload 1is not 1n¢reased
during 1mmersion (Epstein et al., 1975; Greenleaf, 1984).

Further investigatlions are needed.
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3. Inotrophic Btate

The inotrophlic  state -refers to the contractility of the
heart (west, 1984). Under experimental condltlons, a positive
inotrophic state will‘inducé a rise 1In stroke volume and peak
ejection velocity (West, 1984). Thev relationship between neck ,‘
immersion and the 1nbtroph1cv state remalns unélear, . More

investigations are needed.

4. Heart Rate _

Although .controversial, it ‘may be stated that during
immersion, exercise and restlng heart rate remains depressed
(Dressendorfer et al., 1976; Sheldahl et al., 1984) This
depresslion Influences stroke volumé in a two folded manner
{particularly during exerclise). At high exerclilse intensities a
depressed heart rate may enhance stroke volume by allowing a
greater ventricular fiiling time. Howevér, thé heart rate
depresslion may also 1nh151t the lncrease in stroke volume through
a - force frequency relatlonshlp (west, 1984). - Hemodynamic,
echocardlographic, and radiopharmaceutical studles suggest that
the 1latter plays a minor role 1in stroke volume regulation
(Arborelius et al., 1972; Poliner et al., 1980).

The Respiratory System During Immersion
Evaluating the effects of static and dynamic immersion on

the réspiratory system can be divided into two categories:
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A, Lung volumes ahd the factors influencing those volumes;
and
B. Pulmonary gas ekchange in 'respect to yentllation,

diffusion and perfusion.

A. Lung Volumes

1, Vital Capacity

vital Capadlty Y(VC) decreases between 1.9% and 8% during
neck lmmersion l(Hong et al,, ’1969; Agonstoni et al., 1966;
pahlback et .al., 1975; pahlback et al., 1979a). The decrease 1in
VC 1s due to Increased central thoracic blood volume (Dahlback et
_al., 1978a; Dahlback et al., 1978b). Using radiographic
techniques, Risch et al. (1978a &"1978b) correlated the rise in

lung blood volume with decreases in VC.

2. Total Lung Capacity and Residual Volume

puring thorax l1lmmersion (which entalls the ilmwersion of thév
chest and abdominal reglon without the wupper and 1lower limbs),
total lung volume (TLC) signlficantlyvdecreases (Bondl et al ‘
1376; Dahlback et al., 1975; Dahlback et al., 1978a). The
decrease 1n TLC correlates with a lower residual vdlume
{ decrease in TLC = .31 L, decrease in RV = .25 L). Dahlback et
al. v(1978a), concluded . that thorax immersion 1inhlibited
insplration as much as it enhanced expirétion (Dahlback et al.,

1978a and 1978b). cChanges in TLC and RV durlng thorax immersion



29

are due to hydrostatic chest compression.

buring neck immersion (immersion 1including the upper andv
lower 1limbs), TLC dropped .44 L (Dahlback et al., 1978a and
1978b). The decrease was not countered by a corresponding'
decrease in RV (RV rosé .06 L). Iﬁvestigators concluded that
the decrease in TLC was due to théA space competition between
alveolar gas and red%stributed blood (Dahlback et al., 1978a; and
1978b). o : . :

3. Functional Residual Capaclty |

Dahlback et al. (1978b), Areported decreases 1in functlonal
residual capécipy (FRC) during thorax immerslbn. Thé
investlgators were, however, unable fo demonstrate decreases in
FRC during neck immersion. Increases 1in thoracic blood volume
may-enlarge pulmonary capillaries contributing to lung
stiffening. Decreases in lung compliance and 1lung recoll during
Immersion confirm the hypothesis ofvlung stiffening (Agonstonl et

al., 1966; Blomgulst et al., 1983; Hong et al., 1969).

4. Lung Recolil

Lung recoll pressure aﬁ TLC decreéées from -42 ocm of H20
during nonimmersion to -25 cm of H20 during neck immersion
(Dahlback et al., 1978a and 1978b). High lung recoll pressures
correlate. stltively with high 1inspiratory and total lung
capaclties (west, 1984). |
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5. Lung Compliance

Lung compliance expresses the felétionship between lung
volume and lung pressure (West, 1984). During. 1mmersion;'the
pressure volume relationship_will changé (Agonstonl et al., 1966;
Hong et al., 1969). Lung compliance during immersion decreases
from .39 cm of H20 (land) to .27 cm of H20 (Dahlback et al.,
1978hb). ~Lungacompli-ﬁhce is reduced because of hydroatatic
thoracic‘compression and bloéd redlstribution (Dahlback et.al.,-.

1978b) .

5. Trapped Alr and Closing Lung Volume

Under experimental conditions (controlling end explratory
and tidal volume), the volume of trapped alr (Vtr) during
immersion increased 2.5 L (Dahlback et al., 1375). Dahlback et
al. (1975) concluded that decreases In Vtr were due to a rlse in
hydrostatic chest compression and Intrathoraclc blood volume
(Dahlback'et alﬂ 1975). The increase in Vtr»could'ﬁe the result
- 0of elther premature alrway closure or lung stiffening. A further
1nvestigation has demonstrated that premature alrway closure does

occur during immersioh (Bondl et al., 1976).

B. Pulmonary Gas Exchange: Ventllation, Perfusion and Diffusion
Pulmonary éas exchange_is'a coordinated relationship between
lung ventilation, lung perfusion, and pulmonary diffusion. Risch

et al. (1978a & 1978b) documented increases 1in thoraclc blood
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volume during immersion. Risch et al; (1978a & 1978b) concluded.

that the changé in thofécic blood volume resulted in an increase
in height, wldth and area of blood.perfuslqn. _simiiarbchahges
have been documented by othe: researchers (Prefaut et al.,.1978).
Changes in blood perfusidn led to a greater 1lung perfusion
homogenelty (Riséh et al., 1978a; Risch et al., 1978b}>Prefaut et
al., 1978). Rlsch et al (1978b), hypothesized that it was the
opening of apical cﬁannels that lead to the peifusion homogenelty
during immersion. = The opening of apical 1lung channels also
occurs during exercise (Risch et al., 1978a and 1978b). Rises 1n
perfusion homogenelity was accompanied by  an 1ncreése In right
atriél pressure, pulmonary arterial- pressure, pulmonary wedge
pressute and cardlac output (Risch et al., 1978a and 1978b).

Prefaut et al., - (1980) 'reported an 1inversion of blood
perfusionv in éome subjects durlné immersion. Prefaut et al.
(1980) hypothesized that an Inversion of. blood perfusion may
occur 1f there was an lncrease in pulmonary vascular resistance
at the base of theilung. It'was suggested that an ilncrease In
pulmonary vascular resistance was feaslble becauée of the
interaction of three mechanisms. Those mechanisms were:

1. A debrease in lung volumes;

2. Hypoxic vasoconstriction; and

3. Increases 1n alveolai pressure.

Changes in Pa02 and PaC02 occur during immersion (Lollgen et

al., 1976} Cohen et al., 1971). A drop in the Pa0O2 (9mm Hg), an
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increase in (A-a)DO2 differehce (16mm Hg) and'in PaC02 (2 mm Hg)
were reported during resting 1mmersion (Cohen' et al., 1971;
Lollgen et al., 1976). These changes may occur because of
alterations in ventilétion and. diffusion. More specifically,
these changes were attributed to:

1. A deciease_ in the pulmonary diffusion constant. Guyatt
et al, (1965) and Hyde et al. (1971), demcnStrated'

~decreases In carbon monoxide diffusibn capaclity dufing
immersion;

2. A s3smaller diffusion area. Lollgen et al. (1976)
hypotheéized that during immersion, diffusion area may
decrease due to a rise in intrathoracic blood volume
and hydroastatic compression of the chest. Lower lung
volumes during 1immersion substantiate this argument
{Dahlback et al.(1978a; Dahlback et al., 1978b); and

3. Changes 1n 1lung ventlilation. Cohen et al. (;971)
sdggested that changes 1n lung ventilation during
resting immersidn‘were minimal and that this factor

plays a minor role in blood gas changes.

Task Speclificity and 1its Relationship to Cardliorespiratory

Parameters
A. Oxygen Consumption
1. Task Specificity

Oxygen cbnsumption and 1ts relatlonship to exerclse
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speclificity has been studled Aintensely (Gergley et al., 1984;
Matsul et al., 1978; McArdle et al., 1972;.Secher et al., 1977;
Withers et al., 1981). Early studies compared the relationship
between treadmill and bicYcle‘oxygen consumption {McArdle et al.,
1972; Roberts et al., 1972; Withers et al., 1981). It was
concluded that: | |

1. The = physiolOgiéal- responses to exerclse are
significantly influenced by the quantity of active
musculature (Gergley et al., 1984);} |

2. The tralning -state of a muscle group has a relatively

| high degree of specificity iIn relation to oxygen
consumptlon (Gergley et al., 1984). Subjects elicit‘
higher okygen cohsumption rates on wofk modalities that
utilized trained musculature (Withers et al., 1981);

3. Muscle recruitment patterns. Trainea subjects will
’régister higher VvO2Zmax values on work modalitles that
generated famlliar recrulitment patterns (Withers et
al., 1981; McArdle et al., 1971); and /

4. Differences 1in thé type of muscle contractlions between

| the two activities may significantly affect overall
blood flow and oxygen consumption (Davles et al., 1972;
Elken et al., 1987; Gergley et al., 1984; Matsul et
al., 1978). Running is a ballistic movement with short
contraction .phases involving concentric and eccentric

motions (Gergley et al., '1984; Matsul et al., 1978),.
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cycling is a slower movement éomprised on concentric
' motions (Gergley et al;, 1984; Matsul et al., 1978). A
nuhber' of investigators  have suggested that at
equivalent workloads concentric work requlre a larget
recruitment of muscle fibres comparatively to éccentric-
work (Abbott et al.,'1952} Davies et al., 1972). As the
amount of récrulted muscle flbres ls increased, rises
in.systdlic arterlal and tlissue pressure will.occur
fesulting in lower blood flow to active musculature
(Elken et al., 1987). .= Therefore, maximal oxygen
consumption during cycling éctivity‘(concentric work)
may Dbe lower comparatively to treadmill running
- (concentric and eccentric work) because of a decrease
in muscle blood flow elicited by chaﬁges in the type of
muscle cdntraction (Gergley et al., 1984; Matsul et
al., 1978).
The central and peripheral responses to combined exercise
have been investigated (Secher et al., 1977; Secher et al., 1974;
Toner et al., 1983). VO2max (arm and leg exerclise) can vary
consliderably, relative to normal 1leg exercise (Secher et al.,
'1977; Secher et ai., ©1974; Toner et al., 1983). Secher et al.
(1977) concluded that the . fluctuations may be accounted for by
the percéntage of work‘performed by the upper body. Secher et
al. (1977), notlced that a decrease 1in VO2max (compared to leg

exerclse alone) was most pronounced when the upper body performed



more than 40% of the total exercise load (as measured by vo02).
Secher et al. (1977), Toner et al. (1983), and Clausen et al.

(1976) have attributed the decrease in VOZmax tof

1. A decrease in blood flow to slow twitch (ST)
musculature;
2. "An increase in blood flow to.ufast twitch (FT)

musculature; and

3. Changes in vascular resisfance;

A number of lnvestigutions have éompared oxygen consumpfion
during upper and.iowef body'exercise (Dixon et al., 1971;Gergley
et al.,_1984; McAﬁdle et al., 1978; McArdle‘et al., 1971; sechex
et al., 1974). it has been concludedvthatvvozhax was
‘signlficantly lower during upper body exercise (Dixou et al.,
1971; Gergley et al., l984;v McArdle ét al., 1871). . This
-reductlon was due to the following:

1. A significant .decrease in. the quantity of active

musculature (Gergléy et al., 1984); and

2. Inadequate blood flow to upper body musculature

(Clausen et al., 1976; McArdle et al., 1971). The
combination of inadequaté blood flow and a smaller
atrio-ventricular (a-v) 02 difference‘leads to lower‘
vOo2max and an increase in anaerobic metabollism (Clausen

et al., 1976; Klausen et al., 1974).
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2. Immersion Exerclse
There have . been a number of studies investigating

cardiovascular changes during immersion exercise (Avellini et

él.; 1983; Dressendorfer et al., 1976; Denison et al., 1972;
Sheldahl et al., 1984; Sheldahi et al., 1986). It may be
concluded from these studles that:

1. vVo2max waz hot ccmprbmised by a water environment

(Denison et al., 1972; Dressendorfer et al. 1976;'Moore
et al., 1970; Sheldahl et al.,"1983). Simllar VO2max
‘values were obtalned during lmmersion despite a drop in
maximal heart rate (apprbximately 10 bpm) (Denison et
al., 1972; Dressendorfer et al., 1976);

2. At a giQen submaximal V02, heart rate was significantly
iess_during lmmersion (benison et al., 1972; Ssheldahl
et al., 1983). A lower heart rate is accompanied by a
rise in stroke volume (Sheldahl et al., 1983)

3. ‘The cephalad shlft in blood volume with water immersion
does not alter normal cardiovascular adaptation to
exerclse tralning (Avellini et al., 1983; sheldahl et

»’al., 1986);

4. Water temperature below the thermoneutral point (33
degrees celslus) may cause Increases 1n submaximal vo02
(McArdle et al., 1976). McArdle et al. (1976),
recorded a 9.0% 1ncréase in submaximal V02 when water

temperature was dropped from 33 to 27 deqrees celsius.
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B. Ventilation, Breathing Frequency and Tidal Volume
1. Ventilatldn

Changes 1n ventllation,.frequency and tldal volume may be

‘attributed to a number of factors. They include:

1.

Changes in the surrounding environment (Dressendorfer

et al., 1976). Hydrostatic chest compression,'thoracic
blood volume and water temperature may contribute to a.
decrease: in Qeﬁtilation. ‘A number of investigators,
however, have reported no significant changés in
ventllation at submaximal and maximal Immersion
exercise (Denlison et al., 1972; .Moore et al., 1970;
McArdle et al., 1976);

The tralning state of a speclfic muscle (Gergley et
al., 1984; w1thers‘et al., 1981). [Reductlions in
ventilation are greatest when a task uses previously
tralned muscles. Withers et al;, (1981),

consistently found that trained runners and cycllists
ventllated hlgher on the modélities that they were
unfamiliar with; and o

The involvement of upper body musculature Iin exercise.
Dixon et al. (1971) notéd’ significant decreases in
ventilation during swimmlng. The decrease in
ventilaﬁion was attributed to arm and intercostal |
activity. McArdle ét al. (1978) drew similar

concluslons. A decrease in minute ventilation has also
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'been reported during maximal arm cranking (Secher et

al., 1977; Secher et al., 1974; Toner et al., 1984).

2. Tidal Volume and:Breathing Frequency
Chahges in tidal volume and breathing' frequency have been
reportedA by a number of investigators (Denlson et al., 1972;
‘Holmer et al;,1974; Hermansen et al., 1969; McArdle et al., 1970;
McArdle et al., 1971). Theée changes havé been attributed to: |
1. The surrounding .environment (Dressendorfer et al.,
| 1976; Holmer et ai., 1974; Mcardle et_ al., 1971).
During ‘imMersion, tidal volume may decrease and
breathing frequency 1increase because of hydrostatic
chést compreésion. and an 1increase 1In intrathoracic
blood volume; and
2. The exercise modality (McArdle et al., 1971; Secher et.
al., 1977; Toner et al., 1984)., Exerclise modalitles
which require considerable recruitment of upper body
husculature may Inhibit normal respiration mechanics

(Secher et al., 1977; Toner et al., 1984).

.c. Heart Rate

1. Immersion Exercise

Heart rate at submaximal and maximal exercise remains
significantly lower duiing immersion (Krasney'et al., 1984; Moore

et al., 1970; sheldahl et al., 1983). The reduction in
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submaximal heart rate has been attributed to:

1.

The rise in intrathoracic blood volume which, as
explained earlier in the Cardlovascuiarvsection, causes
an Increase 1in preload and myocardial contractility.
This In turn Increases stroke volume (Arborelius,et

al., 1972).

2. Task Speclifliclty

Submaximal heart rate is significantly affected by a number

of task specific factors (Clausen et al., 1973; Homer et al.,

1974; McArdle et al., 1976; McArdle et al., 1977; Toner et al.,

1974).
1.

They include:

The tralnlng state of the muscle group (Ciausen et al.,

1973; withers et al., 1981). Clausen et al. (1973)
reported that submaximal heart rate dropped

significantly after training a specific muscle group;

and
The guantity and . type of musculature recruited

(Gergley et al., 1984). Submaximal heart rate was
significantly higher (at a given VO2) during arm
exercise as compared to 1leg exercise (Clausen et al.

1973; Gergley et al., 1984).

Maximal heart rate seems to be 1robust to changes 1n exerclse

modality and task specificity (Clausen et al., 1973; Toner et

al., 1984).
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CHAPTER 4
RESULTS
Tﬁenty—two male middle distance runners completed the two
testing protocols. Four sﬁbjects diad not meef the minimuh
c:iteria of 60 ml*kg*—lmin—l (treadmiil)' and were subsequently
rémovéd from the study. Two additlonal subjects were removed
bécause of poor Ilmmersion running. techniqué. The mean age,
helght and welght of- the remalning 16 subjects was_22.5 yrs *

4.2, 180.1 cms + 6.0, and 69.8 kgs + 5.5 respectively.

Helght Welght Age

(cm) - (kqg) : (yrs)

mean 180.1 - 69.8 22.5
8t. Dev. 6.0 5.5 4.2

Table 1: Descriptive data for 16 male middle distance runners.



41

The cardliorespliratory parameters measured at ventllatory

threshold are outlined in Table 2. - The multivariate P recorded
for all factors within the exercise condition was less than 0.01.
ConSequently, this -wa5151gn1f1cant at the preset P level of lgss
than .05. Unlvariate significance was demonstréted (P < .05)
between exercise condlitions. (immersion vs. treadmill) for heart
rate and oxygen consuhptlon. Heart rates (HR) durlng immersion
and land conditions were_l65.9 and 177.5 bpm. 0xygen cbnSumptibnj

(Vo2) was 51.8 and 56.8 ml*kg*—lmiﬁ—l for the 1immersion and land

protocols.
Mean ' St.Dev. P

HRvt (immersion) ' 165.9 bpm 10.1 < 0.01
HRvt (treadmill) .177.5 bpm 7.4 '
VEvt (immersion) v 83.9 1*min-1 8.5 < 0.07
VEvt (treadmill) - 88.7 1*min-1 9.4
VE/VO2vt (immersion) 1.61 0.18 < 0.07
VE/VO2vt (treadmill) 1.55 0.15
vo2vt (immersion) ' 51.8 ml*kg*-1min-1 4.5 < 0.01
Vo2vt (treadmill) v 56.8 ml¥*kg*-imin-1 3.6

Table 2: Cardlorespiratory parameters collected at
ventilatory threshold(vt) during immersion
running and treadmill running. Values are
normalized at STPD. N=16
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The cardiéresplratory parameters meaéufed 'at'méximal-effort
are outlined 1in Table 3. The multivariate P recorded for all
factors within the exerclise conditlon was less than .01.
correspondingly, the multivariate P was significaht at a preset
level of .05. Univarlate signiflicance (E.< .05) was demonstrated
for heart rate, oxygen consumption and VE/VOZ. Heart rates (ER)
during immerzlon and land condlitlionz were 182.4 and 194.1 bpm
respectively. Oxygen consumption (VdZ) was 62.6 ahd 66.3 ml*kg*-

Imin-1 for the immersion and land protocols.

Mean St.Dev. P

HRmax (immersion) 182.4 bpm 8.2 < 0.01
HRmax(treadmill) 194.1 bpm , 11.0

VEmax ( immersion) 124.1 l1*min-1 - 11.3 < 0.42
VEmax(treadmill) 122.0 1*min-1 _ ' 8.8
VE/VO2max(immersion) 2.01 0.19 < 0.01
VE/VO2max(treadmill) 1.88 0.15
voZmax(immersion) 62.6 ml*kg*-imin-1 3.9 < 0.01
VO2max(treadmill) '66.3 ml*kg¥*-1min-1 4.0

Table 3: Cardiorespiratory parameters collected at maximal .
effort(max) during immersion running and treadmill
running. Values were normalized to STPD. N=16



Ventilation and frequency of breathing measureménts were
measured for four subjects under both‘ an immersion and land
condlitions. The cardloresplratory parameteis -measured‘for‘the
four subjects were also used as part of the data in Tables Two
and Three. Methodologlical problems (1.e. the computer
Integration with the data acqulslition system) prevented the
collection of frequency .measurements £or the  remaining 12
subJjects. Tidal volume was calculated, .dlviding ventilation by
breathlng frequency. Table 4 contains these parameters as
-measured at ventllatory threshold. Table 5 contalns similar
parameters measured at maximal effort. |

Thg meén ventilation at ventilatory threshold duriﬁg
immersion and land condltions was 81.8 and 84.5 1l*min-1
respéctively. The breathing frequency at ventilatory threshold
Qas 37.9 and 37.1 br*min-1 during 1immersion and 1land running
" respectively. The calculated tidallvolumes were 2.17 litres and

2.28 litres were for  immersion and 1land running at ventilatory

threshold.
Ventilation(vt) Frequency(vt) Tidal Volume(vt)
IR Treadmill IR Treadmill IR Treadmill
(l*min-1) (br*min-~1) (1)
Mean 81.8 87.4 37.9 37.1 » 2.17 2.28
S.D. 7.4 _ 211.2 5.3 5.6 0.17 0.23

Table 4: Mean values - for four subjects at wventllatlion
threshold(vt) during immersion running(IR) and
‘treadmill running. Values were normalized to STPD.
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The mean ventlilatlion at maximal effort during immersion and
land coﬁditions wére 126.6 and 123.5 1*min-1 réspectively. The-
frequehcy of breathing at maximal effort was 54.6 and 48 .7
bi*min—l during immersion and land running respectively. The
calculated tidal volumes for 'immérsion and treadmill running at

maximal effort were 2.32 litres and 2.56 litres.

Ventiiatlon(max)‘ Frequency(max) Tidal Volume (max)
IR Treadmill IR Treadmill . IR Treadmill
(l1*min-1) (br*min-1) (1)
Mean 126.6 123.5 54.6 48.17 2.32 2.56
st.pev. 6.0 5.0 3.1 1.3 0.08 0.15

Table 5: Mean values for four subjects at maximal effort(max)
during immersion running and treadmill running. Values
were normalized to STPD. :
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An"experlmental technigue' utilizing Tc-99 2-methyloxy

isobutyl 1isonlitrile was 1hcorporated to attempt to monitor
changes in blood flow distribution dﬁrlng‘immersion and treadmill
ruhniné'af ventilation threshold. Appendices.E,‘ F, G, H, and I
contaln data referring td the reglonal uptake of isonlitrile,
Because of problems with the methodologlical procedures data could
only be collected for two subjects. In subject one there was a
lower uptake of 1sonitrile 1In the anterior thigh, posterlor
thigh, anterlor calf and pdsterior calf during Immersion running
at ventilatory threshold. 1In subject two, an lncreased uptake of
isonitrile was ‘meaéured ‘1n "the anterlior and éosterior thigh
~during immersion running. A lower uptake of isonitrlle was
measured in the posterior glutéal reglon, anterior calf and
posterior calf.. It can be postulated from the data, that uptake
(and potentially blood flow) changed from region to region
depending on the exercise condition. Because this was an
experimental procedure with a small number of subjects, direct
inferences from the 1sonitrile data to explain changes 1in

cardloresplratory parameters will not be posslible.



46

Hypothesis Verification
Hypothesis
VO2maxW = VO2maxT
VO2vtW = VO2VtT

HRmaxW < HRmaxT

. HRVtW < HRVLT

VENMaxw < VEmaxT

VEVtW < VEVET

.- VE/VO2maxW < VE/VO2maxT

VE/VO2vtW < VE/VO2vtT

Accept or Reject

Reject.
Réjéct
Accept
Accept
Reject
Reject
Reject

ReJect
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DISCUSSION

A. Oxygen Consumption:

Vozmax and vo2vt were significantly lower duringnimmeISIOn
running comparatively to treadmill running. This study appears
to be the flrst to attémpt tb measure oxygen consumption during
immersion runnlng and, therefore, comparative data from other
investigations is nbt availablé.

It was initially hybothesizedf fhat oxyéen consumptlon at
maximal effort and at wventilatory threshold would be eqguivalent
under an immersion and treadmill running condition. The results
of thls study are contrary to the 1nitial hypothesis. .

The lower oxygen consumptlion values recorded during IR may
be explalned by the. 1nf1uence .of a water environment ahd/or
changes in task specificity. Because the initlal purpose of thlis
study was to record baslic physiological data comparing the‘two
exercise conditions, _the scientific measurement of water
eﬁvironmental ahd task speclfic factors was not pufsued. The V02“
values measured 1in thls study did, however, allow researchers to.
develop é theoretlical modellwhereby'wéter environmental and task
specific factors may be discussed 1in relationship to oxygen
consumption. The section to follow will express this theoretical
model. At the conclusion of the model, the effecté of water

temperature on oxygen consumptlion will be discussed.
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1.. The water Environment

It could be theoretically hypothesized  that ‘the
slgnificantly 1lower oxygen consumptign values recorded dutihg
irmmersion running may be the result of a water environment
.1mpa1ring .the normal relationship between aiveolar'ventilation
and perfdsion. " Such a hypothesis can be based on research
suggezting altered r&spiratcry and perfusion parameters at rest
(Cohen et al., 1971; Risch et al., 1978a + 1978b). In response to
this hypothesis, however, investigations studying the specific
relationship between-oxygen consumptlon' and a water environment
during cycling have concluded that oxygen consumptidn was not
significantly affected even‘though fhere were changes 1n stétic
respliratory parametérs '(DresSendorfer et al., 197s¢; ﬁenison et
al., 1972; sheldahl et al., 1984). Because the Iimmersion
condition In this study was identical toTthose reported in the
cycling studies, it seems unlikely that the theoretical model
proposed‘ initially 1s responsible for the reduction in oxygen

consumption during immersion running.

2. Task Sbecificity

Hypothetically, i1f the reduction 1in oxygen consumption can
‘not Dbe attributed to the water envifonment, it should 'be
attributed to changes in task specificity. Task speclficity 1s a
function of five factors. Those factors are:

a. Total muscle mass recrultment (Gergley et al., 1984);
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b. Type of muscle mass recruited (Secher et al., 1974);
c. The famlliarity with recrultment pattern (Secher et
al., 1974),;

d. The type of muscular contractlions (Gergley et al.,
1984); and | | . .
da. The state of the nmuscular adaptation (Withers et al.,
1981).
Theoretically, any one or a combin&tion of these factors may have

contributed in 1lowering oxygen consumption during Iimmersion

running.

a) Muscle Mass Recruitment

Maximal oxygen cohsumption 1s a function of muscle mass
(Astrand, 1977; Gergley et al. 1984.; McArdle et al., 1971). As
the amount of recruited muscle mass 1s elevated,' an increase in
VoZmax will usually occur (Astrand, 1977; McArdle et al., 1971).
Correspondlingly, any decrease In oxygen consumption may be the
result of a smaller recruited muscle mass (Astrand, 1977; McArdle
et al., 1971).

It may be hypothesized that the reductioh in oxygen
consumption during immersion running may be due to a decrease iﬁ
the recruited muscle mass. It was hoped that the lsonitrile data
collected in this study would help to measure the amount of
recrulted muscle mass. Unfortunately, becausevof the small

‘number of subjects and the conflicting results, itlis not
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possible to make accurate inferences in relation to the quantity

0f recruited muscle mass.

b) Muscle Fibre Type

Muscle fibre type can affect V02 at submaximal and maximal
exerclse (Dixon et al., 1971; McArdle et al., 1971; Secher et
al., 1974). Thls was 1lllustrated by Secher et-él. (1977), who
utillzed an-exercisé protoéol“that varied the .contribution of
upper and lower body musculature to overall VO2max. Secher et
al. (1s977), cqncluded that vO2max was significantly lower wheh
an exercise protocol réquired 40% of the total power output to
be gene;ated by the upper body. It was suggested that the
‘lowexr VO2max was due to blood»shﬁnting from slow to fast twitch
fibres (Secher et al., 1977).

It may be theorized from 'the Information «cited in the
previous paragraph, that a: decrease iIn V02max during immersion
-running may be due to the shunting of blood from the 02 efficient
lower extremities to the 02 inefficlent upper éxtremities. It was
hoped that the data from subjects injected with 1son1tr11e would

clarify this factor in relation to oxygen consumption.

¢) The Familiarity with Motor Recruitment Pattern
Exercise recrulitment patterns may siénificantly affect
oxygen consumption at submaximal and maximal intensities

(Gergley et al., 1984; Dixon et al., 1971; Avellini et al.,
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1983). McArdle et al. (1978) reported that Vozﬁax in trained
swimmers was compafable between a treadmill run and a tethered
swim. It was suggested that although less muscle mass was
recruited during swimming (which shéuld promote a decrease in
vVoZ2max as previously ciﬁed), thatAlocal muSculax adaptatlion and
the familiarity with motor recrﬁitment patterns (of the swimmers)
may counteract any decrease ;esulting' in a non-significant
change. | | a

It may be theorized from the cited 1literature, thét a
decrease in VO2max and vO2vt during immersion running hay be due
to unfamlliar motor recruitménf patterns,. 4A1th§ugh‘the subiects
wefe acquainted with immersion running in this study, it may be
hypothesiZed that their degree éf famillarity waé lower

comparatively to treadmill running.

d) The Type of Muscular Contraction

As stated 1In the 1lliterature review, activities such as
cycling may elicit a lower oxygen conéumptlon (comparatively to
treédmill running) at maximal effort because of arterial
occlusion (Gergley et al., 1984; Matsul et al., 1978). Matsul et
al. (1978), suggested that arteriai occlusioh was more likely to
occur during cycling (comparatively to treadmill runniné) because
it was predominately concentric 1n nature. It may be suggested
that immersion running is simllar to cycilng In that it is

predominately concentric. Correspondingly, it may be



52

hypotheslzed that a décrease in ongen consumption . at maximal.
effort and at vehtilatory threshold during immersion running may
be due to blood flow restrictionl elicited by stroné concentric
contractibns. Concentric contractlons are more likely' to
restrict blood flow because - a greater recruitment of muscle
fibres ( 1i.e. force generation) are required for a giQen work
output comparatlively to eccentrliec contractlions (Abbott et al.,

1952; Elken et al., 1987).

e) _The State of Muscular Adaptation
: T;ained musculature may ellicit ﬁigher oxygen consumption
values ﬁhan untfained musculafure (Klausen et al., 1974; Withers
et al., 1981; Davlis et ai., 1984). ' Withers et al. (1981),
demonstrated a poslitive relatiohship between oxygen consumption
and muscular adaptation. They concluded that ‘cYclists and
runners eliclted a greater oxygen consumption value on exerclse
modalities which utilized trained musculatdre’(Withers et al.,
1981). it may be_theorized_ from the clted literature that a
- decrease in VO2max and Vv02vt during immersion running may be Qdue
to dlfferences 1In nmuscular adaptation (1l.e. lower adaptation

within immersion running musculature).

3. Water Temperature
A drop in water temperature below the thermoneutral point

can increase oxygen consumption at a glven exercise intenslty.



McArdie et al. (1976), observed a 9.0% increase in submaximal V02
when water temperature was dropped f:om 33 degree to 27 degrees
‘celsius. The average water temperature during this study was
between 29 and 30 degrees. This 1s below the therhoneutral
point "and theoretically may result 1iIn a slight elevatioﬁ of
oxygen consumptlon at maximal effort and at ventlilatory
tﬁreshold. If such a mechanism did occur during this study, it
may be hypothesized that the effects of the water tempeiature

were mihimal in combarlson to the changes in task specificity

B. Ventilation, Breathing Frequency, Tidal Volume, and VE/V02.
Ventilation _
Minute ventilation ‘at haximal éffort and at the ventllatory
threshold did not signlficantly change between the two exercise
conditions. As stated earlier, this study seems to be the first
to attempt to‘measure cardiorespiratory parameters during
-immersion  running andg, therefore, comparative data is
unavallable,
The non-slignlficant changes in. VEmax and VEvt durling
immersion running suggests that neither the water environment
nor changes 1h task speclficlty significantly affected minute
ventilation. The results rebdrted in'this study are contrary to

the initlial hypothesis.
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1. Water Environment

It'wés initially hypothesized that minute ventilatioﬁ would
be lower duriﬁg immersion runnling. This hypothesis jwas based
partlally upbn the assumption that the water environment would
increase 1nt£atho£ac1c blood volume and hydrostatic chest
compresslon, resulting 1In restricted respiratory mechanics. A
humber vofl investigations have reported Inhibited respiratory
mechanics durling ;esting irmmersion (Dahlback,et al., 1975; 1978a
and 1978b). | ' |

Contrary to rezating imme:slon studles, eﬁerclse.studies have

concluded that although resting respiratory mechanics were

affected by water immerslon, minute ventilation did not
significantly change. (Dressendorfer et al.,'l976; Denison et
al., 1972; Sheldahl et al., 1976). Therefore, it may be

theorized (after the fact) that the non-significant change in
minﬁte ventilation durlng lmmerslon running (at maximal éffort
and  at ventilatory‘ threshold) 1is 1In agreement with exercise
Immersion studies (DreSSendorfer et al., 1976; Denlson et al.,

1972).

2. Task Specificity

It was .initially hypothesized that task specific factors
(1.e. utlilization of upper body musculature) during immersion
running would contribute tb a lower minute ventilation. This

hypothesis is contrary to the reported results 1In this study.
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Minute ventllation 1is a function of two . task speclific
factors. Those factors are: |
a. '~ The lIlnvolvement of"large quantities_ of upper body

musculature; and

"b. The tralning state of recruited musculature.

a) | The Involvement of Large Quantities of Upper Body
Musculature

The 1nvolvement of large = quantities of upper body
musculature durlng exerclse may signiflcantly 1lower submaximal
and maximal ventilatlon. These decreases are most notlceable in
activities including swimming ahd arm cranking- (Dixon et al.,
1971; Toner et al., 1984; Secher et al., 1977). _Toner et al.
(1984) suggasted lower ventllation during exercise was due to the
1nhibition of normal respiratory mechanlcs. It may be theorized
from the clited literature that the non-significant change in
~mlinute wventllation durlng treadmill and lmmersion running
reflects the minor 1role of upper body muscle. recruitmant

(immersion running) on this parameter.

b) The Training State of Recruited'nuscuiature
Investigators have concluded that significant changes in
minute ventilation may occur on exerclise modallties that utilize
musculature with varying degrees Qf peripheral adaptation. This

was lllustrated by withers et al. (1981) who conslstently found
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that tralned runners and cyclists ventllated higher on modalities
not speclific fo their muscular adaptation. It was theorized |
earlier iIn the discﬁssloh (1n relation t0‘oxygen consumption);
that the level of adéptation,within recruited lmmersion running
musculature wasj lower comparatively to treadmill musculature.
Taking into consideratlion this statement, it may be hypothesized
that dlscrepancles 1n muscular adaptatlion could promote a rlse‘in_
minute ventilatlon durlng lmmersion running. These lncreases are
contrary to the recorded results of this study and, therefore, it
may be hypothetically concluded within this section that either:
'1. The water environment, the recruitment of upper body
musculature (epecific to ‘immersion running) and the
training state of recruited musculature had no effect
on mlnute ventllation; ori.

2. The potentlal decrease in mlnute ventllation attributed
to the water environment and to upper body muscle
recrultment are counteracted by the potential increases
in minute ventilation due to the training state of

recrulted musculature.

Tidal Volume and Breathing Frequency

ventilatlion Is a functlon of tidal volume and breathing
frequency. ‘There was é trend towards a smaller tidal volume and
higher breathling frequency at VO2vt and VOZ2max during IR. This

1s in agreement with the initlal hypothesls that stated that
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changes in tldal volume and breathiné frequency would be due to a

‘water enviionment’and.to task speéific factors. The_éection to-
follow will‘ develop a theorefical_ model to'explain the lower
tidal volumes and highér” breathing frequencies reported during

Immersion running.

-1. The ﬁater Environment

It may be suggested that the lower tidal volumes and higher
breathihg ffequencies during immersion rﬁnning Qere due to water
Immersion. It could be hypothesized that the Increase in
1n§rathoracic blood volume and hydrostatic chest compression may
increaée é subject's effort to breathe at normal lung volumes
(Dahlback et al., 1978a and 1978b). This hypothesis is supported
by Dressendorﬁer ef al. (197¢), who reported greater breathing

frequéncies and lower tidal volumes during submaximal and maximal

immersion cycling.

2. Task Specificity
Exercise activities which involve a large proportion of
upper body musculature méy limit tidal volume (McArdle  et al.,
1971; Toner et al.; 1984,; Secher et al., 1977). Toner et al.
(1984), concluded that arm cranking at submaximal workloads
reduced tidal volume because upper body recrultment interfered
with normal respiratory mechanlics. It may be hypothesized that a

higher breathing frequency and a lower tidal volume during
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~>1mmefsion running | may be partially dﬁe to an 1ncreésed
utllization of upper body musculature. When considering this
'hypothet;cal model, it should be noted that minute ventilation
11ke tidal 'volume can bé éltered by util;zation- of upper body
musculaturé. However, as 'reportéd earlier, the non-significant
change 1in minute ventilation may suggest that the recruitment of
upper body musculature may be a mlnor factor in the determination
bf ventilation leyeis. Therefore, a similar relationship may

exist for tidal volume regulation.

VE/V02

A significant increase in the VE/V02 ratio was reported at
- .maximal effort during lmmersion running. A smalllincrease in the
VE/V02 ratlo was reported at ventllation threshold, however, this
increase was non—signiflcant. The increase 1ln VE/VOZ2 at maxiﬁal
effort was primarlly the result 6f a lower V02 at maximal effort.
This seems to be the flrst exercise Immersion study reporting the

VE/V02 ratio.

C. Heart Rate

A significantly lower heart rate at ventilation threshold
and at maximal effort occurred during immersion running. This 1is
in agreement with the initial hypothesis stating that the water
environment would 1increases Iintrathoracic blood volume. The

discussion to follow will be used to develop a theoretical model
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around which a lower immersion heart rate can be fully explained.
At the conclusion of this section, the effects of water

temperature on heart rate will be considered.

1. The Watei Environment

~

C _ ,
A number of investlgators have reported lower_submaxlmal and

maximal heért rates during exerclse lmmersion (Krasney et al.,
1984; Dressendorfer et al., 1976; Sheldahl et al., 1983). Krasney
et al._(1984) attributed the changes to a greater Intrathoracic
blood volume, which may in turn enhance prelbad and stroke
volume. It may be theorlzed Athat the reduction 1in heart rate
during immersion running at maximal efforf and at ventilatofy.'

threshold 1s due to a greater Intrathoracic blood volume.

2. Task Speciflicity

‘Theoretically, two task specific factors can affect
submaximal heart rate. Théy 1nc1uded:

a. The tralning state of the recrulted musculature; and

b. The quantity and type of musculature recrulited.

‘a) The Tralning State of the Recruited'Musculature
Heart rate at subméximai intensitlies are significantly lower
when exercise modalltlies utillize tralned musculature (Clausen et
al., 1973; w1thers et_al., 1981). This 1is best 1llustrated by

Withers et al. (1981), who concluded that heart rate at the



60

ventilafory threshold was lower.on modalitieé.which utilized

previousiy trained .musculature. ’Theoretically, if such a model
did exist during immersion running, one may expect a slight
increase in submaximal heart rate. This modél is based on the
assumptlion that thé training - state of = recruited immersion
musculatuie is lower comparatively to treadmill mﬁsculature;
such a mechaﬁism-would be contfary to results obtalned in this

study.

b) The Quanﬁity and Type of Musculature Recruited
The utilization of large quantities of upper body
musculature at submaximal wofkloads (i.e. swimming and arm
ergometer) can ellcit a higher heart rate than lower body
musculature (Clausen et al., 1973; McArdle et al., 1971). Secher 
et al. (1977), concluded that in untralned males, increases in
submaximal heart were slignificant Whén 40% or more of‘the'total_
power outbut was generated by the wupper body (comparatively to
>100% leg exercise). It may be hypothesized from the cited
literature that this factor may lncrease submaximal heart rate
(at ventilatory threshold) during immersion running. This
hypothesis 18 based upon the assumption that the gquantity of

upper body musculature recrulted during immersion running is
. large enoﬁgh to elicit the described response. Such a model is

contrary to the results recorded in this study.



It should be noted that maximal heart rate 1s robust to task

speclfic factors (Clausen et al., 1973; Toner et al.,
1984). It may be suggested, therefore, that any decrease in
maximal heart rate during . immersion running is the result of an

lnqrease'ln intrathoracic blood volume.

3. Water Temperature

Water tempe?ature below the thermqneutral point may cause
reductions in heart fate during immersion exercise (McArdle et
al., 1976¢). McArQle' et al., (1976), reported that a drop in
water temperature £rom 33 degrees to' 27 degreeé celsius was
responsible for. a signiflcant reductlion in submaximal exerclse
heart rate. The average water temperature during thils study was
between 29 and 30 degrees celsius. It may be theoretically
.hypothésized that water temperature during this study may have
contributed slightly to the reduction in heart rate at

ventilatory threshold.

D. 1Isonitrlile Data

Technetium—99.labeled isonitrile was wutilized to measure
blood flow dlstributipn during immersion and land running. This
was an experlimental techniqﬁe used on a limited number of
subjects. Because of methodological.problems (i.e. catheter

problems), only two subjects completed the full procedure.
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Conflicting results in relation to the 1sonitrile data were
obtalned. It was hoped that datalfrom this section would help to
further explain éhanges In cardloresplratory parameters (in
relation to the task speclflc factors).

Subject one demonstrated a general reduction 1in 1leg
isonitrile uptaké during immersion. This suggests that a
decrease in leg blood flow may have occurred during lmmersion
running. However, contrary to subﬁect one, leg .uptake of
isonitrile in subject two was increased above treadmill values.
Wwith the exceptlion of the anterlor and postérlor calf reglons,
biood flow to the leg during immersion running may have increased
(subject two). Although more investigation 1is needed, one May
speculate that the 41ntersubject differences in blood flow
distribution were due to 1Immersion runnlng styles, Although
conclusive information cannot be drawn from the data, it may be
suggested that 1sonitrlle could be useful in human exercise blood

flow studies in the future.
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CHAPTER 5
SUMMARY
Filve cardloresplratory parameters (at maximal effort and at

ventilatory threshold) were compared between an lmmersion and
treadmill running condition. Those cardlorespiratory parameters
were oxygen consumption,‘ minute ventilation, tidal volume,
breathing frequency and heart rate. Secondarily, an experimental
technique utilizing Tc-99 2-methyloxy 1sobutyl isonitrile was
utilized to meaSured changes in blood flow distribution. From
the data collected iﬁ this study, it may be concluded that:

1. - VvO2 at maximal effort and at ventllatory threshold was
éignificantly reduced during an., lmmersion running
condition. It was theorized- that the reduction in
oxXygen consumption - was  due to changes 1in taskv
vspécificitj; |

2. There was no significant change in minute ventilation
comparatively between and an immersion and treadmill
running protocol. ‘It was further hypotheslzed that
elther task speclfic ‘ahd,water environmental faétors
had little effect on minute wventilatlon or that any

" increases in ventllatlon were effectively countered by
factors that lowered minute ventilation.

" 3. There was a trend towards a hilgher breathlng frequency

and lowqr tidal volume during immersion running (at

maximal effort and at ventilatory threshold).i It was

further hypothesized that the changes in tidal volume
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and breathing - frequency may be due'to thé introduction
of the water environment.

4, There was a significantly 1ower heart fate‘atvmaximal
effortv and at ventilatory thréshold during immersion
runniﬂg. It was hypothesized that the lower heart rate

at ventlilatory . threshold may be due to an increase in
‘Intrathoracic blood Qolume and partlally to the low
water vtemperature.' It was fuither hypotheslized that
the lower maximal heart rate was due solely to the

increase in intrathoracic blood volume.

wn

Thaﬁ lﬁoﬁitrile may be utillzed to measure changeﬁlin
bloﬁd‘fiéQ distribution between exercise conditions.

It was the purpose of thls study to compare the relationship-
of specific cardlorespliratory parameters during immersion and
treadmill running. It was also thé- objective of this study to.
hypothetically discuss reasons for changes in these parameters.
The hypothetical discussions may help future research in this
area. It may be recommended that future research be gulded into
six maln areas. These areés are:

1. To study the 1long term cardlovascular adaptations of
untralned subjects to lmmersion and treadmill running.

2. To study the long term peripheral adaptations of untrained
‘sublJects to immersion and treadmill running. o

3. To examine factors leading to decreased oxygen consumption

rates during lmmersion running.
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To examine the relatlionshlp betwéen blood gas parameters

during lmmersion exerclse, »

To study the correlatlon between isonitrile uptake and blood
flow rate in skeletailmuscle dufing exerclse.

To study » the methodological feaslbility of utilizing

‘Isonitrile in humans for the measurement of muscle blood

fldw,
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Flgure 1: V02 at ventllation threshold (vt)
and maximal effort during
immersion (W) and treadmill (T)
running.
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Flgure 2: Heart rate at ventilation (vt)
threshold and maximal effort
(max) during immersion (W) and
treadmill (T) running.,
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Filgure 3: ventilation at ventlilation (vt)
threshold and maximal effort
(max) during immersion (W) and
treadmill (T) running. Values
are normalized to STPD.
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Raw Data: Cardiorespiratory Parameters

Subject

Treadmill

W1 b

mean

Immersion
17 ’
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
mean

HR

(vt)

174
168
179
164
188
179
180
179
177
177
190
174
204
170

165

172

177.5

154
162
163
167
175
166

167

174
164
177
158
162
181
164
160
160

165.9

max

185
182
194
187
204 -
193
191
195
194
194
205
187
228
191
185
191
194.1

176
168
187
183
189
175
187
189
179
1394
186
177
204
175
180
180
182.4

VE(STPD)
(vt) max
94.6 107.
83.4 129.

102.2 131.
86.5 129.
95.9 126,
95.5 120.
99.7 132.
99.5 134.
79.6 128.
82.0 109.
94.5 126.
81.9 110.

"86.4 116.
67.9 113.
78.7 117.
90.5 118.
8.6 122.
93.0 121.
89.2 129.
89.7 135.
89.9 123.
94.8 137.
96.0 124.
84.2 135.
85.6 119,
81.9 112.
87.3 112.
81.9 142.
79.4 101.
64.5 125.
79.3 114.
74.7 114.
72.3 133.
83.9 124.

PN WVWbdOWOANAINOTO WH MW

(vt)

DWNARWORARWNODDWRNHROWIRRWD

L[] . . - - - - - - - L[]
SNOWE J O JWOoDWARNFWRN

max

57.
61.

63.
63.
59.
62.
60.
64.
64.
64.

57.
61.

65.
62.

W-ITWOWDIWWBWIONOWIOLN

AP AR IO DOOR WA DWW

VE/VO02
(vt) max
1.74 1.78
1.48 1.90
1.65 1.77
1.42 1.72
1.64 2.23
1.55% 1.74
1.85 2.09
1.72 2.02
1.47 1.83
1.47 1.73
1.61 2.04
1.50 1.83
1.63 1.99
1.36 1.82
1.25 1.72
1.49 1.86
1.55 1.88
2.00 2.16
1.71 2.12
l1.66 1.93
1.59 1.99
1.87 2.19
1.76 2.10
1.78 2.23
1.69 2.05
1.49 1.75
1.47 1.74
1.54 2.29
1.49 1.85
1.55 2.22
1.46 1.88
1.27 1.67
1.45 2.04
l.61 2.01



Appendix E

Subject 1: 1Isonltrile Uptake Data (T=treadmill, W=immersion)

Count/pixel (muscle) Difference
View Condition Count/pixel(Brain) ' (T-W)
ventricles T 11.6 ' 1.7
1 9.9 ' ,
Ventricles T 12.7 ' 2.1
(horseshoe) w 10.6
Deltolid Region T 5.5 2.6
W 2.9
Anterior Thigh T 7.1 1.6
(Full) W 5.5
Anterior Medial T 7.4 1.4
_ Thigh W 6.0
Anterior Lateral T 7.2 2.3
Thigh w 4.9
Posterior Gluteal T 7.2 1.1
: ' W 6.1
Posterlior Thigh T 6.3 0.9
(full) W 5.6
Posterior Medial T 7.1 1.0
Thigh w 6.1 '
Posterior Lateral T 6.1 0.9
" Thigh W 5.2
Posterior Calf T 4.7 3.3
(full) W 1.4
Posterior Medial T 4.8 3.8
calf w 1.0 .
Posterior Lateral T 5.2 3.3
Calft W 1.9
Anterlor Calf T 4.0 0.4
(full) w 3.6
Anterlor Medial T 3.8 3.1
Calf : W 0.7
Anterlior Lateral T 5.2 2.5
' ’ W 2.7
Lateral Thigh T
(full) W
Lateral Superior T
Thigh W
Lateral Inferior T
Thigh W
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Appendix F.

Subject 1: 1Isonitrile Uptake Data (T=treadmill, W=immersion)

: ’ Counts (muscle) * 100% Difference
View Condition Counts (whole body) (T-W)
Ventrlicles T. 1.2 0.4

W 0.8
Ventricles T 0.8 0.2
(horseshoe) W 0.6
Deltoid Region T 0.3 0.0
' , W 0.3
Anterior Thigh T 5.9 1.7
(Full) w 4.2
Anterlor Medial T 3.3 0.7
Thigh w 2.6
Anterlior Lateral T 1.9 0.6
Thigh W 1.3
Posterior Gluteal T 2.4 0.0
: : W 2.

Posterior Thigh T 5.4 0.7
(full) W 3.7

Posterior Medial T 2.6 0.4

Thigh w 2.2
Posterior Lateral T 2.0 0.7

Thigh W 1.3
Posterior Calf T 2.7 1.9

(full) W 0.8
Posterior Medial T 1.3 1.0

Calf¢ W 0.3
Posterior Lateral T 1.3 0.8

Ccalf ' W 0.5
Anterlior Calf T 2.3 1.6

(full) W 0.7
Anterior Medial T 1.2 1.0

Calf w 0.2 ‘
Anterlor Lateral T 0.9 0.4
W 0.5
Lateral Thigh T

(full) W
Lateral Superior T

Thigh W
Lateral Inferior T

Thigh W
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Appendix G
Subject 2: Isonitrile Uptake Data (T=treadmill, W=immersion)

Counts/pixel (muscle) Difference

. View Condition Counts/pixel(brain) ‘ (T-W)
ventricles T 15.3 0.5
W 14.8
Ventricles T 17.0 1.2
(horseshoe) W 15.8
Deltoid Reglion T 6.0 1.4
1} 4.8
Anterior Thigh 2T 8.0 -0.2
(Full) . W 8.2
Anterior Medial T 7.9 -0.7
Thigh- w 8.6
Anterlior Lateral T 8.6 -0.1
Thigh 1% 8.7
Posterior Gluteal T 9.1 3.5
W 6.6
Posterior Thigh T 7.9 -1.8
(full) - W 8.7
Posterior Medial T 8.4 -0.3
Thigh w 8.7
Posterior Lateral T 7.9 -0.1
Thigh W 8.0
Posterlor Calf T 6.3 3.9
(full) - W 2.4
Posterior Medlal T
~Calf W 2.3
Posterior Lateral T
Calf W 2.8
Anterlor Calf T 5.1 2.7
(full) w 2.4
Anterior Medlal T 5.1 1.0
calf . w 4.1
Anterior Lateral T 5.7 1.2
W 4.5
Lateral Thigh T 7.6 -1.7
(full) W 9.3
Lateral Superior T 8.2 -1.9
Thigh W 10.1
Lateral Inferior T 7.8 -1.1
Thigh W 9.9 _
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Appendix H

Subject 2: Isonitrile Uptake Data (T=£readm111, W=immersion)

Counts (muscle) * 100% Difference
View Condition Counts (whole body) (T-W)
Ventricles T 1.2 0.2
. : W 1.0
Ventricles T 0.9 0.2
{horseshoe) W 0.7
Deltold Reglon T 0.3 0.0
: w .3
Anterior Thigh T 4.5 -1.2
(Full) W 5.7 '
Anterior Medlal T . 2.5 -1.0
Thigh W 3.5
Anterior Lateral T 1.6 0.0
Thigh W 1.6
Posterlor Gluteal T 2.3 0.6
W 1.6
Posterior Thlgh T 3.3 -1.5
(full) W 4.8
Posterior Medial T 1.7 -1.1
Thigh W 2.8
Posterior Lateral T 1.1 -0.6
Thigh w 1.7
Posterior Calf T 1.9 0.9
- (full) W 1.0
Posterior Medial T
Calf 1
Posterior Lateral T
Calf W
Anterior Calf T 1.8 0.7
(full) W 1.1
Anterlor Medial T 0.8 0.3
Calf w 0.5
Anterlior Lateral T 0.7 0.1
W 0.6
Lateral Thigh T 4.6 -3.0
(full) W 7.6
Lateral Superior T 1.9 -0.7
Thigh W 2.6
Lateral Inferior T 1.6 -0.9
Thigh W 2.5
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Isonitrile Data for Central Braln Area

Subject

1
1
2
2

Condition

Treadmill
Immersion

- Treadmill

Immersion

View

Brain
Brain

Brain
Braln

Counts/pixel
9.1

8.0
6.7
5.4
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Appendix J
Whole Body Photon Calculation

This is an example calculation of whole body photon count.
The whole body photon count represents the number of photons
released during the»speclfied camera plcture time.

95348 photon counts in syringe
193551 photon counts In total (includes syringe and
all other material

in contact  with

isonitrile)
. (The counts are collected by the Seiman's Gamma
Camera. Thls represents the residual counts and

must be subtracted from the original dose.)

15.2 MBg dose 1ln syringe after injectlon
(This 1s read through a dosemeter)

Therefore: 15.2 MBgq = 95348 counts
X 98203 counts (tota1-~syr1nge)

x = 15.8 MBq (dose In the contact materials)

1deal 769.7 MBgq In ayringe (preinjection)
Dose: - 19.1 MBq in syringe (post injection) ,
( 15.2 divided by .794 (decay factor))
- 19.9 MBg in contact materials (post injection)
( 15.8 divided divided .794 (decay factor))
= 730.7 MBqQ injected into subject at time zero

Dose at

time of _

data 730.7 MBg * .865 (decay factor) = 632.1 MBq
collection: '

whole Body 95348 = 632.1

Photon Count: X 15.2

X = 3965096 photons counts (This number represents
the number of photons released during a speclfic
time interval (signature I.D. = 500 counts)).
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You will go directly to the Dept. of Nuclear Medicine
where you shall wunderqgo 3canning procedures. The
scannling procedures will take approximately one hour.

The exerclse testing procedures will take approximately
20 minutes. Twenty minutes will be required for arm
catheterization. One hour will be required for tissue
imaging at the Dept. of Nuclear Medicine (University of
British Columbia Hospital). The total time required by
you to perform the full testling protocol will be a.
minimum of 1.5 hours to a maximum of two hours.

At any time before or during the testing you may
withdraw from = this study within Jepordizing your
standing withln the universlity structure. Every effort
will be made to ensure that you do not experlence any
unnecessary dliscomfort. If you wish to ask any
questions of the researcher and of thls study feel free
to do so.

In signing this consent form you will have stated that
you have read and understood the description of the
test and the potential complications. = You enter this
test willingly and may withdraw at any time., I have
read the above comments and understand the explanation,
and I wish to proceed with the tests.

Date:

Subject (signature):

Witness:




Consent:

You will go directly to the Dept. of Nuclear Medicine
where you shall undergo scanning procedures. The
scanning procedures will take approximately one hour.

The exercise testing procedures will take approximately
20 minutes. Twenty minutes will be required for arm
catheterization. One hour will be required for tissue
imaging at the Dept. of Nuclear Medicine (University of
British Columbla Hospital). The total time required by
you to perform the full  testing protocol. will be a
minimum of 1.5 hours to a maximum of two hours.

At any time before or during the testing you may
withdraw from this study wlthln Jepordizing vyour
standing within the university structure. Every effort
will be made to ensure that you do not experience any
unnecessary dlscomfort. If you wish to ask any
questions of the researcher and of thls study feel free
to do so.

In signing this consent form you wlll have stated that
you have read and understood the description of the
test and the potential complications. You enter this
teat willingly and may withdraw at any time. I have
read the above comments and understand the explanation,
and I wish to proceed with the tests.

Date:

Subject (signature):

Witness:



