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steady-state exeroise has ceased, changes have to occur to ensure a return back to

harmal resting physiology, Ultimately each wf the cardiovascular variables (CO, BP and

TPR) must return to normal resting levels. Recoverty ls not an immediate process, with

the following factors being crucial to this {delayed) adjustment back to normal resting

levels:

fli.

Decreased sympathetic activity, and therefore a decreased arteriolar |
venous tone which reduces venous return, could compound venous
pooling. The venous pooling would in turn lead to EDV decreases, a lower

CO and a fall in biood pressure;

A decreased skeletal muscle pump mechanism reduces venous return

“and cardiac output and therefore restits in a decreased BP;

A fall In tidal volume which reduces the thoraclco-abdominal pump has
the effect of dacreasing venous return and therefore results In a

reduction of BP;

Reduced levels of circulating catecholamines have the effect of
constrioting vessels in the lower limb which results [n the venous return
belng substantially reduced and lends to a chain of events culminating

in & reduced BP:! -
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heart, These changes are associated with catecholamine initiated
increases in cardiac output and a reduction of vasomotor tone (as a
result of sympathetic nesve madlated or metabollc vasqdilation of
arterioles) which lead to variations in distribution of blood to certain
organs, The rrgans whiéh normally experience high blood flow at' rest
tend to encounter the groatast reductions (eg the splanchnlc circulation) '

In blood flow durlng exercisw; and,

{8 Lastiy, the systematic and repetitive contraction of skeletal muscle leads
to an increased flow of venous bload from the muscle beds, Heightened
raspiratory effort and cadence also élevates venous return via the
thoracico-abdominal pump mechanism. These two pumps ensure & shift

In venous bluod from the periphery fo central components.

A third factor affecting 3V is myocardial contractllity, the property of cardlae mustie
whlch determines its ability to shorten Independent of preload and afterload. This
increased contractlllty I8 brought about by clreulating cateécholamines acting on beta
receptors. The actlvation of bata receptors stimulates metabollc changes, an influx of

calcium and the sxcitatlon and coupling of actin and myosin,

Al of the above changes facliitate the body in supplying the increased levels of oxygen

and oxidizable substrate which are required for sxercise to take place. But after
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In the peripheral circulatory system and ensures an elevated verious retum to the
heart, At the onset of dynamiic exarciae, systemlc arterl_al pressure and systamic volume
suddenly drop, with central venous pressure and volume abruptly rising. The ditatien
of vessels seen In _the muscle and ékin io accommodate nutrient supply and
thermoragulation requireme;nts Is not fully compensated by reductions Ii blood flow at
the splanchnic bed, As a result total periphsral resistance (TPR) falls, as does
diastolic blood pressure (DBP), Even though systolic blood pressure (S'B'P) is
meintalnad, or even Increzssed, the fall in DBP is enough to decreass the mean blood
| preséure. The rise in cardlac fllling pressu're which causes the EDV to Increase Is
sttributalbsle to an slevation in bicod flow Into the central circulation, accomnanied by
a reciprocal drop in the periphetal blood volume. Thig shift In blosd distribution Is &

result of the following three events:

l, A translent reduction In peripheral blood flow which follows arterlole
dilation, decreases the venous blood volume and results I a fall In |
venous transmural pressure, The ela_stlclty of the more axpansive velns,
which are then less distended, passively expel a portion of their volume
malnly from venules and smali veins toward the heart, The movement
of biood In this diraction continuas desplte a deciining pressure gradi'ent,
until the stage when the preasure gradlent is so small that flow is

raduced to zero;

1L, Sympathetle nervous system initlsited consiriction in certain portiens of

the venous system enstire increased movement of blood towards the
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83% of the elevated cardiac output. The remainder of the Increase in cardiac output

‘results from elevation of the SV,

Stroke volume expansicn results from: elevations In venous return, and therefore in
ventricular dlastollc volume; adjustments In systemic vascular impedance; z’ind
enhariced myocardlal contractllity. These changes are facilltated by, amongst other

factors, the actions of the skeletal muscle and the abdominal and respiratory pumps.

As an increase [ cardiac output Is a direct result of an elevated siroke volunte, it Is
es.sentla'l to establish the mechanlisms which lead to such' a change. One factorls the
filing volume of the left ventricls - also known as preload. Anothar ls the force or stress
which the ventricle must gensrate and sustaln in order to glect blood into the aorta

(afterload), Lastly there is myocardial contractilty.

Preload, measured by cardiac sarcomere length, Is proportlonal to the 1sft ventricular
voliime or to the force In the musocle wall before contractlon. Although it is often thought
to increase during é}cerafse. thera ara limitations In the technlguas used to measure the
\eft ventricular end diastolic voluma (LVEDV). Studies report [ncreases, decreases and
no changa at all. However there Is a direct relationshlp hetween and diastolic volume
(EDV) and the force of contraction - the Frank-Starling mechanism, Thus stroke

volume is directly related to EDV.

The Increased preload during éxerclse Is largely & result of adjustments to the sacond

factor affecting stroke volums, the change in vascular Impedance. This change Is seen
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CHAPTER ONE: LITERATURE REVIEW
1. Introduction,
1.1 Changes seen in the cardicvascular system during and after exercise,

Many reviews have discussed the changes which ooour In the cardiovascular system
during exercise (eg Astrand % MoArdle"! and Rowsll %), Thes~ reviews Indicate that
at tho onsei of exercise there 1s a great Increasa in the need for oxygen and oxidizable
substrate, and an increase in metabolism which results in the production of large
quantities of CO,. To this end both oxygen delivery and carbon dioxide removal must
incregse if appropriate levels of arteriel and tissue gasses &re to bs malntained. These -
outcbmes are mafhly échievad by an increase In vantilation and an increase in cardlac

output (CO),

The elevation In cardlac output is accomplished through a number of changes in
cardige function and In the peripheral clrculatory system. Up to an eightfold increase
in cardlac output Is achleved as a result of aceretions In stroke volume (§V) and heart |
rate (HR). One of _the first changes seen at the onset of exercige Is the augmentation
In heart rate which results from parasympathetic Inhibition and then from sympatiietic |

stimulation. In exercise in the uprlght position this augmented HR Is rasponsible for
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Abstract.

A post-exercise reduction in blood pressure (BP) may bs the primary reason that
athletes suffer from exercise-associated collapse (EAC) at the end of ulira-endurance
running ever.s, Plasma volume decreases, possibly caused by dehydration, may be

the cause of the decrease li hlood pressura. In order to determine whether there is a

corelation between plasma volume changes and the post-exercise BP drop, thisstudy

evaluated aiterations in pre- and post-race blood pressures and cha'nge's in blood and
plasma volumes, It found thai comparad to resting values, systolic, diastolic and mean
arterial blood pressures (mmHg) fell significantly from 119 + 4, mean & standard
deviatlon, 748, and B8+ 5 respectively to 106 + 14, 62 £ 12 and 77 + 10 (ps 0.05),
whereas pulse pressure failed to change, Compared to pre-racs values, plasma and
blood volume were found not to have changed significantly. During the race plasma
urea (UJ) and creatinine {C) concentrations increased significantly, whetsas body mass
and body mass index both fell significantly. Haematocrit, haemeglobin, mean cell
volume, red bloud cell number, mean cell haemoglobin concentration, the mean cell
haemoglobin, plasma sodiun, potassium, chioride and protein concentrations, the U,C
ratio and osmolality remained. constant, There were no significant correlations
between changes in plasma or bicod volume and changes in blood pressure. These
data support the idea that a post-race decrease In blood pressure does not result
primarlly from an intravascular fluid loss, It is likely therefore that athletes who collapse
at the end of ultraendurance races dug to EAC do so as a result of 'post-exercise
hypotension' seconhdary to venous pooling, and hot as a result of a reduction in plasma

yolume,
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that very large changes in biood and plasma volume are required to produce sustainied

hypotension,

The question arises therefore whether exercise-Induced changes in PV can be
pravented, If this is possible, then a post-exerciss fall in blood pressure caused by

de’hydration'can theoretically also be prevented.

Converting ® and others *® have shown that the raduced volume quickly returns to
riormal once exercise has ceased and they have suggested that this increase was due

to the movement of protein and water back into the intravascular space

Exogenous fiuid replacement 1 also critical, Apart from Wyndharm's studies, Kaminsky
and Paul's paper * an plasma volume in athletes compsting int races between 50 and
100 km, reported both haemoconcentration and hasmodilution. They concluded that
fluid intake played a major role in changes of plasrﬁa volume,' with quantity of fluid
replacemant effecting final plasma volume. The runners who drark .nore displayed

haemadilution, and the runners who drank less, hasmoconcentration.

In another study of prolonged exercise Ir_| the heat it was established that plasima

- volume decreased to a similar degree when different replacament drinks were

consumed %, Varying the carbohydrate content of such drinks ¢id little to prevent
Intravascular dehydration, This view |s supported by Kaminsky ahd Psul ® who

asserted that If the Ingredients of the replacen.ent drink contained sedium, this mey
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In response to the dehydration and haamoconcentration, several changes were seen
in the cardiovascular system, The greater the dehydration, the greater the decrease in
stroke volume {with a maximum reduction of 27%), This reduced volume was
accompanled by iﬁcreas_es in hear_t rate which resuited in similar forearm blood flows
for the varying lavalé of dehydration, These findings were consistent untll the time when
.plasma volume décraased below the 8.5% mark, Around this point férearm blood flows
became 20 - 22% lower than the group who.had only experiencad weight losses of
1,1% 0,1%, Changes in forsarm blood flow were seen despite no change In forearm |

vanous volunie,

The study of Montain and Coyle led them to conclude that the cardiovascular system
compensates adequatsly (le maintaing BR) until stroke volure has fallen by about 10%
and plasma volume by about 8,6%. Further reductions in stroke and plasma volume

lead to a desrease In blood préssure,

This viewpoint Is supparted by both Guytan 2 and Caroline ”, The former asserted that
reductions in blood volume of 10% resulted in “no significant effect on elther arterial
pressure or cardiaec output® | end the latter suggested that cardlovascular homeaostasls
was preserved untll BV decreases by 16 percent, In addition acute haemorrhage
amotinting to 8% blood ioss has no effect on BP provided that baroreceptor reflexes are

Intact &, The ﬂndlngé of Montaln ahd Cayle and those of Guyton and Caroline Imply



15, Litetature Review

figures portrayed a drop in body weight of 4% and a 16 - 18% decrease in plasma

volume, which was considerably more than that measured by Sawka .

In Costill's study "' the total reduction in plasma volume could be separated into
immediate end delayed changss. The initial reductior: in plasma vol'ume'(12.2%) seen
at the onset of exercise was attributed to a “transcaplifary” fluid flux into working
musculature, and the remalning décrease (3.6%) was noted fo take piace over the next

110 minutes of exercise.

Having established that plasma valume does In some casas reducs, it Is important to
evaluate the effect of this hasmoconcentration., The abllity of the cardiovasoular system
‘o adjust to decregses in plasma volume was evaluated by Montain a_nd Coyle %, Thelr
study on cyclists yielded very Interesting resuits which illuminated the cardlovascular
response to different Ievéls of dehydration, in their experiment subjects cycled at 62-
87% of maximal oxygen consumption for twa hours, while (ngesting varying quantities

of fluld, resulting In graded levels of dehydration,

In the flrst 40 minutes of the experimenit blood volume changes wers not differeni
between the various fiu'+-intake groups. After 40 minutes subjects In the moderate ard
large fiuid intalke groups (wino experienced & total weight foss of 1.1: 0.1 to 2.3 £ 0,1%)
had meintained thelr plasma volumes. Howaver the men In the no-fiuld and low-fluld
group (thesa athlates experfenced a decreasa In body welght of betwaen 8.4 & 0.1 and

4,2 0.1 kg ) displayed a decrease In plasma volume 2-3% balow resting lavels.
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Nevartheless Kolka did note that haemodilution might be present even if a subject is

dehydrated (5.4 kg bady mass loss)®,

~ On the other hand, evidencs of a decrease in plasma volume during exerclse was
noted by Fortrney and Senay . Théir study of women exercising at 40% VO, max. {in
both & hot and & cooler environment ) showed that exercise resuited in & decrease in
plasma volume - with the exarvise in the heat eficiting a 7% greater plasma volume
decrease than It did In the cold, In addition it appearsad that fomaies may exhiblt a
greater tendency to reduce thelr plasma volume than do men exarclsing In similar

conditions®,

Reductlors in plasma volume were also noticed in Myhre's study * of middie aged
marathon runriers. At six kilometres Into the race Myhre recorded a 1% decraase in
body waight end a plasma vo!ume reduction In the reglon of 8,5%. Although the
plasma volume stabliized from the siz-kilometre mark onwards, the reduction in boqy '

welght continued, with an additional fall of 3.2%.

Myhre's resulis ware supported by Sawka ® who showed that sub]ects who were
dehydrated by 4.9 % 0.4 % had simliar decreases in their plasma velumé (5.0 & 8.0%),
These findings in turn wera supported by Costill et al "' who showed that a drop in
bady welght, Induced slther by exeroise or exposure to heat, was assoclated with a
dacrease In piasma voluma, Costill st al ' further lliustrated a greater percentage

dacllne‘_n in plasme volure than the percentage decresse In tatal body waight, Thelr
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1.2.1 Theory One: Exercise-associated collapse as a result of hypovolaemia.

During both endurance (longer than an hatr but less than twe-and-a-half hours) and
ultra-endurance (longer than two-and-a-half hours) exercise the plasma volume has
been reported to either Increase 3% 4% dacrease 1120248 or not to change at

all %,

If plasma volume incroases durfng axercise It is important to justiiy the cause of this
increase, Many researchers have found a (inear relationship between the hydration
status of the athletes and thelr plasma volume. Both Sawké 57 and Kaminsky and
Pau®, demonstrated an Increase In plasma volume during exercise, In Sawka's study
the subjects ware all euhydrated, which led him to deducs that external fluid
‘replacement was influential in maintaining body welght and increasing the plasma
volume. Kaminsky and Paul ® suggested thet the plasma volume expansion is the
result of haemodilution secondary to & high fluid. intake. They showed that athietes
compsting at a heart rate of 130 beats. min™ for threa hours had en Increase i thelr

plasma volume during exeralse.

In another study of marathon runners, haemodilution was identified by the end of the
race ®, However this increase In plasma volume appoared to be artsfactusl and was
attributed to positional variation: the Initial plasma volume estimations were made In ar

upright position, whereas final readings wera téken while the subjects vere supine,
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due to a marked exercise Induced vasodilation of the vascular tree in the legs, and
secondly 1o a failure of the muscular venoprassor mechanism in the legs o continue to

work after exercige has caased.

On cessation of exercise the ideal response would be for the body to automatically
reverse the effects previously described. Slgnificant arterlolar vasoconstriction In the
legs would havé the eﬁecﬁ of maiﬁtaining venous return, In the absence of the ‘'muscle-
pump’, which wo.uld then ensure an adegusate blood pressure and tissue perfusion;
However Eichna found the pody's response was dissimllar to the ‘ideal resg. J
required. Rather the sody falled to respond as the exercise ceased resulting I'n. a
decreased venous return and collapsé. Syncope was the body's natur.al mechanism to
re-gstablish a hormal BP and a normal level of consclousness. Nogkes described this
phenormsnon, "poét@xercise (postural) hypotension" *, by suggesting thatthers v a

drop in central blood volurme which Is caused by & pooling of blood in the peripheral

valns,

In stmmary, It Is possible, therefore, to postulate that EAC develops as a result of
rapidly occurring, severe hypotension. Thls reduced blood pressure would be
secondary to elther a fall In plasma and blood volume, caused by heatnduced

dehydration, ar as a result of profound and persistent post-exercise venous pooling.
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Their findings were fascinating.

“Of 33 men subjected to acute exhausting physical work approximétely one-half
(19 or 57.6%) developed post-exertional or’_:hqstétic hypotension, with nine
(27.3%) In the syr1c§pai group and 10 {30.8%) in the abnormal group. Thus,
eyery other man devélnped post-exertlonal orthostatic hypotension and one
man in four had syncope %, |

A second Intriguing aspect of Eichné et al's study was the physical observations made

about those subjects who did collapse and about those who nearly collapsed.

*Almost Invariably present were marked fatigue, drowsiness, apprehenslvensss,
Increasing discomfort, nausea, abdomlinal cramps, lightheadedness and
dizziness, and the sensation of Impending collapse. In the more severe
instancas ... vomiting, disorientation, inabllity to move or vbey cdmmands .. and
| crumpling at the knees, at which time the men were laid flat. ... Once e;uplné.

all symptoms quickly improved or disappeared complately ©.”

At no stage i thelr study was any IV therapy administered, and there was also no
medical Interverition apart from lying the_patlents in&a sup_lne position. Although not
conclusively proven, all indlcations Were that a decrease In venous return was

responsible for the clreulatory fallure, This decrease, they postulated '¢, was probably
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dehydrated, rarely collapse, *' and clinically sarloué levels of dehydration have never
" been recorded in any large group of athletes competing in a medern ulira-sndurance

avent 5,

The argument against thel ‘hyperthermic dehydration-model’ leads to the formulation
of a second school of thought which purports that athlstes collapse as a result of
peripheral venous pooling. This pooling is thought to lead to reduced venats return,
a diminished cardiue output and a decréased systolic BP 0, Assuming. that the
hypotension is not caused by a drop in intravascular. volume 5t | the treatment for
such a condition would be to simply lle the patient In a supine position, elevate their
fest and pelvis #, thersby enhancing venous return and normalising BP. To justify this
theory Noakes tuniad to the work of, among others, Elchna, Horvath and Bean ¢ who
In 1947 postulaied that non-hypovolasmic (“post-exsrtional”) hypotension was

associated with a cessation of exerclse.

In Eichna et al's study™ BP, pulse and all other relevant signs and symptoms of 33 well
tralned men who had completed certaln exercise regimens, which included endurance
and power exercises, were monitored. Measurements were taken in both vertical and

supine posltions at épaciﬂad intervats,
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The article by Wyndham and Strydnm ® marked the start of a period In which
administrators and the medical profession began to aim at ensuring that endurance
athletes drank more. Those who failed to take heed of the warnings and Jater collapsed
from what was thought to bé dehydration andfor héatstroka. were 'resuscltated’ by
replacing what was thought to be lost fluid. The medical staff at ultra-endurance races
believed that the cardio-vascular system of collapsed athletes was effective and still
intact, Therefore the only. far_:tof that could be causing the hypotension, taking into
consideratlon the weight loss experlenced by athletes, was a decreased amount of

blood (fluld) which they belleved should be replaced intravenously.

This dogma found much popularity untli it was challenged by Noakes *, who argued
that dehydration and fiuid loss was not the primary reasen for collapse. The main
thrusts of his argunient are: firstly, most (> 80%) ultra-marathon runners develop EAC
after thay have stapped running *, the;efore suggesting that thera Is not a substantial
decrease in the athletes' blood volume; secondly, those athletes suffering from EAC
show no signs of circulatory shook In the supine positiqn, indicating that their
intravascular contents are intact, and thirdly, most EAC runnars have core
temperatures  (rectal temperatures) wilthin normal Iimits and are not

hyperthermic " 44,

These assertions are supported by evidence from both the Two Oceans and Comrades
ultra-marathons which indicatas that the rmajority of runners who raquire medical
assistance after collapsing are undertrained, hyperhydrated and finish in the last hour

of the race %, In contrast, the fastest runners, who are the hottest and most
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appropriate astiology there is a chance that the treatrment could be inappropriate and

unrecessary, or even harmful ¥,

In general ihere aré two major theories regarding EAC. The first theory revolves
around the concept that most collapsed athlstes experience a reduction in plasma and
blood volume which in turn reduces the quantity of circulating blood and results in a
hypotensive episode % 3%,46.51,84.86,67 Thig gondition has primarily veen blamed on
hyperthermia, exacerbated by dehydration 3%, In order to carrect this ‘dehydration’
the traditional treatment for these athletes has been to infuse Intraverious {IV) fluids,
thus repienishing their intravasoular volume and elevating their blood pressure.
Taking Into consideration that the hypotensive symptom is usually reversed after IV

therapy there is an assumption that the treatment is appropriate.

As Noakes noted ®, one of the first attempts to describe this phenomenon in detail was
that of Wyndham and Strydom ®, They demonstrated a direct relationship between
hyperthermla (elevated rectal temperatures) and inadequate water intake, Fram their
findings théy conciuded that heat-related complications durlng pfolongéd exercise
could be reduced or even avoided if fluid losses were replaced appropriately, As the
title of their paper "The danger of an inadequate water intake during marathon running”
suggests, thay recommended Increased "water Intake™ to avoid dehydration and
hyperthermia. In anather paper Wyndham ¥ ésserted that marathon runners consumed
far. too little fluid which, associated with marked Weight reductions, high sweat losses

and massive heat productioh, {ed to heatstroke and collapse,
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increased number of participants has been a greater number of casualties . Of the
athlstes who enter ultrs-endurance events, 0.16% to 4.7% \ﬁ[l collapse during or after
the race 2, |
The astiology of collapse can be di\kfded into two groups. The first group includes
those instances where a known medical condition can be cleariy'ldentiﬂéd as
being the cause of the collapse, A few examples of this may be hypothermia®,
hypoglycaemia 22 %. & hyponatraemia * , gastroenteritis 3 or  myocardial
ischaemia®, The second type of collapse is fhat which .occurs without obvious cause.
- Thess latter patients usually respond very well to eme'rgen.cy treatment énd walk out
of the medical facility a short while later. This laiter type of collapse will be termed
“exercise-associated oo!l'apsé". % Exercise-associated collapse (EAC) has been
defined as “an Inability to stand or walk unaided as a result of light-hesdedness,

faintness, dizziness, or syncope % *

One of the most basic tenats of physiology I8 that a normal blood pressure is essential
. ffone Is to sustain bodily function. Without an adequate BP the body will fail to perfuse
vital organs and peripheral tissues adequately resulting in a state of shack, If one is to
look for a coramon characteristic in most collapsed athletes, it is undoubter'ly their

inability to stand as aresult of hypotension,

For the medical profession to treat these people appropriately, it 1s imperstive {o

understand the pathophysiology of the athletes’ aliment, Without understanding the
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The continued post-exercise thermoregulation, which causes vessels in
the skin to remain dilated, results in an expandéd paripheral Ibl'ood
vessel volume.. This results in é dacreased total peripheral resistance and

causes a lower DBP and a reduced MAP;

Oxygen debt results in an increas_ed post-exercise demand for oxygen,
arid ensures that recovery |s not an Immediate process. The continued |
demand for a higher than normal oxygen requitement is supplied by

Increased blood flow to muscies which lowers the TPR; and,

Dehydration with reduced plasma and/ . volume (B), If present,

may also reduce venous return,

In summary this continued elevation of circuiatory demands lead o a staggered
reversal of changes in the circulatory system which accompany the onset of exercise
and a return to normal resting function can be delayed, During this perlod of delayed

recovery, some athietes are unable to maintain adequate blood pressures, and -

1.2 Exercise-assoclated Collapse.

Over the last two decades end‘urance sport has grown in popularity and stature to a

stage when avents can attract in excess of 10 000 athlstes, Accompanied by the
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consideration, it was declded that venous blood samples would be used exclusively,

ard that for the purposes of this study all samples would be drawn in the erect posture

In order to further neduée any chariee of error, venous blood samples were taken frorh

the subjects’ érm .ln a position simllar to the contralateral arm from where blood -
pressures were assessed, This was one to sliminate Inaccurate readings assoclated -
with positiona) varliations. An examplé of such a problem Is that if one compares biood
samples taken frcm the antecubital vein of a pendant arm to blood samples taken from
the same amm in a horizontal position, th.ere ié a change in haematoorit equiﬁalent to

a 3% decreass in biood volume!?,

In consultation with Professor 8 Mendelow and Mr D Clifford of the hasmatological
laboratory of the South African Institute of Medical Research (SAIMR), it was decided
that analysis of blood would be most accurate If results were obtalned as soon as
possible after having drawn the sample. To this end, the elght-day pre-race samplos
were analysed in the SAIMR laboratory using an automated deviee (Coulter STKS),
The ona-hour pre- and post-race sampies were aiso analysed by the SAIM'R. however
thls time a portable automated analyser (Sysmex K 4500) was utliized. These fwo
instrumants are regarded by the SAIMR as being equally aceurate. The procadure
followed therefore was that within an hour after sampling, a blbod aliquot from each
subject was analysed for Haemogiobin {Hb) content and Hasmatoorit {Het). No
cdrr'ect[on was made to the packed cell volume for sither trappéd plasrria or for

differances betwaen venous and whole packed cell volume'™ 2. A second sample was
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it was assumed that the automatic sphygmomanometer used for this study was
calibrated, and that drift was minimal, Even if these assumptlons are false, the blood
 pressure data generated remaln valid, The rationale for #4s assertion is that the main
| aim of the study was to assess changes in blood prassure ovar an sight day period,
Any errors therefore are most probably systermatic as calibration errars of & non-linear
hatura are very un'lkaly, Therefore It is assumed that relative valuess are correct averi

If the absclute values are slightly inacourate.
1.5 Blood Analysls and Sampling.

* While the subjects were standing upright verious blood samples were drawh froma
superficial veln in the left antecubitel fossa, The arm was supported at about 30° to the
horizantal In each subject. Using the Vacutalner system, blood samples were placed
in both red-top {(containing no antl-coagtilant) and purple-top tubes, the latter contalning

di-potassium ethylene-dlamine-tetra-acetic acid (EDTA ( K, )).

This bleod sampling protoco) was designed to avert the problems assoclated with
chenges in blood composition ailied to variations in posturs, Secondly it was decided
not to utilize arterial blood samples [N order to avoid any complications of withdrawing
such a sample. The extraction of arterlal biood samples is difficult, more timé-
consuming and can have serlous slde-effacts (eg. extensive extravasation). Even
though the composition of venous blood differs somewhat from that of arterlal bloud (for
axample venous blood has a higher Het énd lower dhiorida concantration) it was feli .

such differences would produce & systematic error, Taking all factors Into
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1.4 BP Measurement,

To measure BP each subjects' right arm wés- completely supported, a medium-sized
cuff was placad approximately three centimetres proximal to the antecubital fossa'ancl
the arm was elevated in such a manner as to ensure that the cuff was lsvel with the
subjects’ heart. Blood pressure was then taken using a Dinamap 8100 monitor
(Johrison and Johrison, Johannesburg, South Africa), The Dinamap provided SBP and
DBP. Using the SBP and DBP, pulse pressure and mean arterlal pressure were

caloulated,

Campbell ® asserted that auscultatory methods of measuring BP post-exercise are
inaccurate and that errors of up to 30mmkHg have been reported. To eradicate errars
during fleld and laboratory studiss (such as Incorrect cuff deﬂation. ralg, venous
congestion during repeated measuremsnt, and axternal noises which could possibly
sffact a researcher's abillty to hear Korotkoff sounds) a number of researchers have
used automatic sphygmomanomaters ', Although there Is some criticism thet these
devices lose aceuracy ®, many exercise physiclogists believe in théir merits. Cade et
al Yused a Dinamap 85d automatic bloot pressure measuring devies to measure BP
in & standing position, and a Dinamap 8100T was used hy Holtzhausen * to
measure BPs in the fleld. Further support for the use of tiiese devioes Is contalned in
the finding that 'measurements taken by a Dinaniap correlate extremely well with
interarterial catheter pressures, especially over normal BP rangés {SBP:37-109mmHg,
DBP 21 - 78mmHg) %
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To this end great care has been taken in the experimental design of this study to
~ pravent the ocourrence of posturé-related changes in plasma volumea. As mentioned
previcusly blood somposltion, blood pressures and intravascular volumss are all
affected by posture. Thus fo réduce the possibllity of this as a source of error, afl
measurements pertaining to blood pressure and hasmatological indices were taken in

" the erect position,
1.3 Subjects.

Elght healthy males volunteerad for the study wh!_ch_ was sanctioned by The Unlversity
of the Witwatersrand's Commilttee for Research on Human Subjects (Medical) - protocol

# M 850808, Informed written consent was ettslned from eaich subject.

The sublects first met in Johannasburg af 07h00, elght days befora the race. The time
of 07h00 corresponded to the time the ultra-marathon would begin and thus reflected
early morring physiological status of the subjects. They had been instrusted to eat and -
drink over the preceding 24 hours as they would the day before the race, The}; ware
welghed ona Seca, Alpha 770 (Vogel and Halke, Hamburg, Germany) scale In socks,

running shorts and a T-shirt and their helght was measured, Tha subjects wére aliowed
fo walk aro.und frasly befors being ln#tructad to stand quletly for about five minutes.
Duflng this peiud (10 - 15 minutes in all) vascular and other volumes were expected

to equilibrate ® and the sub]ects to have become catnfortable with the surroundings.
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documented that posture also affects plasma volume and that a plasma volume
reduction of greater than 1% gan occur when a person suddenly assumes a '
motloniets erect position after having been in a supine position .8 Other studies
have shown that when a person moves from a reclining position to a standing position

there Is & shift of body water from plasma to Interstitial spaces '

Ome of these studies was conducted by Pivarnlk ® who noted a reduction In plasma
.: me when assuming & ssated pasition from supine, A further reduction was
L, Jenced when aicercisa begean. Hé conciudad that the first reduntion is a result of
*vascuier fluld” being “sequestrated In the subcutaneous spaces of the legs’ and that
axerclse leads to further decreases in plasma volume as a result of movement of
plasma out of the circulating volume into the intramuscular compartment. This view has

be.n supported by Gore ot al ® and Hagan et al %,

As a result of his experiment In runners and cyclists, Gore * concluded that the
plasma voluma reduction evident . wan runners began running was not a result of the
exercise Hself but wae rather caused by a positional changs when the subjects moved

from & seated to an erect position.

Hagen et al's ™ paper supported pravious researchers % in that he described how
plasma volume changes when humans assume an erect ppsltlon aftar being in a supine
position and vice versa. Redistribution of fluld between the various fluld compartments,
rather than loss of the fluid velume, seem therefore to be an important factor affecting

piasma volume,
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The runners wers all based in Johannesburg (altitude approximately 1800m)._and
travelled to Durban (sea-leif'el) fof the racs, They were at the coast for a maximum of
two days prior to running the Comrades marathon, Table 5 shows that several of the
measured varlables differed between Johannesburg (elght-day pra-race measurement)
and Durban (nne—hou'r pf‘a-race measurements). None of these differences were
attributed to a change In altitude as runners were at sea-level for tbo short a time fo
have acclimatised # . Therefore the changes in the varlables from Johannesburg to
Durban were considerad not to be altitude-related and any effect that aititude might

have had has bean considered to be negligible,

This study set out to evaluate If blood volume and/or blood pressure changed during
&n ultra-marattion race, If 8 slgnifiéant fall in BP occurred without a cﬁange in plasma
or blood volume then it could be conciuded that venous pooling had ocourrad. I on tha
other hand both plasma volume and BP fall significantly then it could be deriuced that
tha fall in plasma volume resultad In the reduced blood pressure, 1t is also possible that |
each theory is not mutually exclusive and that ~ath play some role in the drop of blood

pressure which ocours an the cessatlon of exercise.
1.2 Posture.

Groat care has heen taken In this study to siiminate “.1e possible sffect of postural
chienges on Intravascular fluld dynamlés. Thé studies mentioned later In this chapter
Investigate the measuramént of plasma volume during and after exercise, In addition

to the difficulties In obtaining accurate measurement of plasma volumas It is well
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CHAPTER TWO. MATERIALS, METHODS AND RESULTS.
erjals ] S5
1.1 Experimental Design.

To assess whether a changa in blood voiume is related to an aitered blood prassure,
BPs, blood and plasma volume, body rass én'd various blood variables were evaluatad
befora and after an ultra-marathan In eight subjects, The ultra-marathen was the 87km
Comrades Marathon from Durban to Pletermaritzburg, South Africa, which took place

on Monday, June 18, 1998,

Pre-race assessments were carrled out t\&ica, once elght days bafore.the race and
the second an haur prior to the race start. A post-race svaluation was conducted
immedilately after the subjects completed the event. Thus In this study each subject
acted as thelr own control, and problems which can corfound studies that compare two

groups, were eliminated, .

During the race the average ambient temperaturs was 23.6 £ 4,1 9C, Each subject
was permitted to drink and eat ad flbitum during the race, but most restrictad
thamselves to rehydrating with water and Coca Cola or a mixture of the two. After
completing the race the sublects immediatsly walked fo fha official medical tent, Once
thare, BP and body mass were measured and a third set of blood samples were

drawn.
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The maln thrust of the second theory Is that at the compietion of ultra-endurance
events, certain athletes suffer from significant venous pooling In their lower limbs

which can lead to 2 decreased blood pressure and coilapse,

In the literature review each theory has been examined, as have other aspacts which
are central to understanding the merits of each argument, As both theories have been
irivestigated it remains to be tested which of Intravascular volum__e depletion or venous
pooling & _the greater contributor toa pout-exerclse reduation in blood pressure and
ultimateiy to e‘xerqlsec-associatad collapse; The primary aim of this study is to evaluate
therefore if thers Is a correlation betwean changes in intravascular volumes and

changes in blood pressure In subjscts who have completed an ultra-distarice marathon.
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al * “to argue that the most likely mechanism for the EAC was "orthostatic

hypotension”, a mechanism which Noakes's % and Hagan's % data support.

in a later papér Holtzhausen % defined ‘post-exercise pbsturél hypotension' as "a
deoilne in systoiic blood pressure of at least 20mmHg below supine values on
assuming the Upright (erect) posture, associated with syncopal symptoms.” This
definition, and the mechanism of EAC which it Implies, is gaining recognition as an
important 6ause of EAC. Whether this mechanism ocours Indepsndently of changes

In plasma volume is however unkriown,

Although coneluding thet orthostatic hypotension was the major cause of EAG in her
subjects, Holtzhalisen et al * also found that the EAC group showed greater plasma
vqlume change than d.id her control grouﬁ. The study conductad for this short 'report
attempts t_o' clarify therefore whethar EAC Is associated with venous pooling and/or

hypovolaerriis,
1.3 Summary.

in summary, there are two primary theorles which atternpt to expiain why athletes who
are otherwise asymptomatic collapse at the and of ultra-endurance sporting events. In
the first theory It is argued that heat-induced dehydration causes a drop In plasma and

blood volume which leads fo a lowerad blood pressure and collapse.
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ahd then elevating their legs and pelvis - which has the effect of both increasing their
central and tirculating blood volumes. The central volume increases as a result of a
gravity-induced autotransfusion of blood which has pooted in the lower limbs ¢, and
the circulating volume rises from an influx of fiuid into the intravascular compartment
from the surrounding inters{ltiai spaces %, 'The latter aspect was supported in theory
by Hagan®*® who asserted that when a resting indlvidual moves from an erect to a
supine position, there is a net increase in plasma volume of about half a iitre. The
therapeutic effect of such a change in plasma volume could be enhanced if change in
posture was app!iéd to & runner whose blood volume had been poelad in the lower half

of thelr body.

One of the most significant studies which attempted to explain that EAC was a resuit
of venous pooling was carried out by Holtzhausen et al ™. She and har feliow
researchers repo_rted that the athletes' mean erect systollc BP was 10mmHg lower than
the;Ir supine meastrement five minutes after completing a race. They aiso reported that
thelr subjects’ post-race supine measurement was 10 mmHg lower than their normal
supine measurement . This drop.was not present 24 hours fater, Holtzhausen et al
concluded that the collapsed athletes, who were otherwise asymptomatic, suffered from
a hypotensive response., The athlstes also had the fallﬁwing factars in common:. 85%
of those who collapse did so at the end of the race, their collapse was asséoiéted wlth
increased effoﬁ {as It ocours more at medal cut-off times) and EAC runners exhibited

greater plasma volume changes than did the control group. This lead Holtzhausen et
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contains an adequate amount of glucose and electrolytes. Although there is much
debate regarding the physiological response to exercise, [t s fair to support Fellman

who said that «

“Changes in plasma VOIUIT‘ISI during exercise can include hasmoditution or
haemoconcentration depending on the type of exercise, intensity and ambient
conditions, In most cases, and systematlcally if exercise is performed in a hot

shvlronment, haemoconcentration Is the dominant resporise *,

1.2.2. Theory Two: EAC as a result of venous pooling of bicod.

Compared with studies conducted to evaluate the changes in plasma volume, very few
researcheats have investigatad post-exercise venous pooiing. One of the few who have
reported on the subject was Senay %, Although not referrad to directly, he altuded to
the possible mechanism for collapse at the end uf races, He detalisd how at the onset
of exercise changes in peripheral vascular resistance, the beginning of muscle pump
action and increased perfusion of muscie tissuse, result in an increased volume of bioad
in the lower limbs. At the cessation of exercise the bady's inability in *pidly reverse
these changes would result in a decrease in the ceniral blaod v. .. an acute

hypotensive episode would follow and these could lead to syncope und EAC.

If this idea is correct then reversal of venous pooling will cause a recovery, The

treatment for EAC proposed by Noakes® invalves lying a patient in a supine position
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have the effect of reducing hyponatraemia in hasmodiluted runners, even if it did not
reduce hasmoconoentration. They argued that quantity of the fluid ingested, and not |

the content, plays the most important role in predicting plasma volume chenges.

On the other hand Criswell’s 3tudy 2 on oral fiuid replacement showed that replacement
with & gluoosero]ymer slectrolyte drink resulted in lower plasma volume losses than
ingesting water alone, In addition, he showad that the more stable plasma volume was
not the result of differences In plasma concentration of either vasoprassin andfor

aldosterone.

Having assessed numerous different studies it appears that the research has led to
conflicting findings - with some studies Indicating that the content of a reptacement
drink has (ittle to do with ultimate plasma volume and others indicating that it plays a

very Important role.

When one evaluates performancs, .Cade et al ® have shown that runners who replace
lost fiuid with water alone, show a greater deterioration in performance when compared
to a group who ingested a glucose-glectrolyte solution. [t is also interesting te “~te that
the runners who drank water alane, were the only group who displayed plasma volume

" decreases of 10% or more.

fn all likelihood It Is probably accurate to predict that peak performance Is only

passible when an athiete replaces lost fluld with the appropriate quantity of fiuid which
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 TABLE Y :

VARIABLE

ANTHROPOMETRIC, TRAINING AND COMPETITION DETALLS,
_ SUBJECTS
1 4§ B

LII\J
o

8h
Height (om)
Aga
Waeekly training

km

MEAN.
191 | 101 | 104

42 | 38

174 | 174

170 168
29 86

48 60 43
8 | 80

171 180 !
48

ap 70 70

9
7
12

41
i)

#ofweeks | 20 | 14 | 20 | 20 | 20
spent tralning
for 1998

- Comyades

27 | 24

13 20

Total km 4180 | 880

1900 | 1600
fralned

1800 | 1830

1000 | 910 | 1398
#of ﬁravlous

Comrades

308

o | 2 | ses | b
completed
Best Comrades

637 o

613 616 | 448
time (min)

880 0

403 s

78
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2.5 Intravascular Volume Chariges,

Uslng the formuiae described by Dill and Costill * to determine changes in
Intravascular fluld volumes, it was found that the subjects’ average blood and plasma
volume falled to significantly change sither befors or during the race, as shown in

Table 7.
2.6 Changes in Plasma Volume and Blood Pressure,

Table 8 shows that overali there was no changs In plasma or blood volume, either
before or during the race. The post-tace blood pressure measurement however
changed significantly from resting levels (measur‘ad elght days prior to the race belng
run (Table 5)), When these two variables were correlated with one another (Table 9),

ne significant correlations were found.
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2.3 Biochemical Results.

Table 5 shows that the 1-hr pra-».race values recorded for sodium, chloride, urea ahd
thé Li:C ratio were 'slgnificantly different from the values recordad 8 days previcusly.
However potassium, creatinine, protein and osmolality values failed to change in the
period beforz the race. During the race, values for urea and creatinine changed
significantly compared with. the 1-hr pre-race values, IWhile sodium, potasslum,

chioride, osmolality, the U:C ratio end protein remained unchanged.
2.4 Blood Pressure Changes.

Tables 5 and 6 show that compared to elght-day pre-race measurements, the DEP,
MAP and PP evaluated Immadiately before the race, had falled to change whereas SBP
Increased significantly. Compering the post-race Imaasurements with the one-hour
pre-race values showed that durlng the race each blood pressure variable (SBP, DBR
ahd MAR), except the pulse pressure, decreased significantly, When the eight-day pre-
race BPs are compared to the post-race blood pressure values (rationale discussed in

Chapter Three}, one sees sighificant decreases In SBR, DBP and MAP.,

Mare specifically the mean of the 8-day pre-race measurement of SBP was 11¢ mmHg
and in the hour preceding the race It was 131mmHg, therefare Increasing by 12 mmig.
By comparison the DBP only Increased by 1mmHg, Compared to the one hour pre-race
vaiuas mean SBP post-race was 25mmHg lower, DBP 18mmHg lower, MAP 15mmHg

lower and PP moved from 56 to 44mmHg.
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- 2, Results,

The subjects’ anthropometric data are shown in Table 1. Haematological, blochemical
and blood pressure values for each of the elght subjects, and the mean & SD are
llsted in Tables 2, 3 and 4, Changes noted betwsen the rmean values for sach of the

three measuring sesslons and thelr statistical significance are detalled in Table 5,
2.1 Anthropemetric Results.

* Tha subjects completed the race on average in 574 minutes (range: 468 - 648 min), in
other words In about 8% hours. This finish time corresponds to an average speed of
9.2+ 0.9 km.h Before thé race the subjects' mean body mass rose signiflcantly by
an average of 1.Bkg, from 78.2 £ 7.1 kg to 80.0 £ 7.6 kg. During the race their body
rass fali significantly from pre-race values to 76,8 & 7,3 Kg, Associated with the change
In body mas.s, body mass index also changed significantly both befora and during the |
race, (Table 1)

2.2 Haematological Rasults,
Tabln & summarizes the changes in the values recorded for the six haematological

 varlables assessed (Hb, Het, MCY, RBC, MCHC and MCH) , Norie of these changed

significantly efther before or during the racs.
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In order to assess If the changes In blood and plasma volume were significant, a ane
sample nonparametric test was usad, This tests whether the parameters differ

significantly from zero. A P value of less than 0,05 was considered to be signiflcant.

Graphpad’s Instat Software, San Diego version 2.0 was usad for statistical analysls.
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been estebiished, the Het readings are used to estimate the percentage change In
plasma and call volumes. The formulas usad to evaluate the above changes are as
follows: _ |

BV, = BV, (Hbg 7Hb,..) '

GV, =BV, (Het)

PV, =BV, -CV,

Therefore: aBV, % = 100 (BV, - BV, )/ BV,
| ©AQV, % =100 (CV, - CVa )/ CVy
sPV, % =100 (PV, - PV, )/ PVy

The subscripts B and A refer to 'beforé’ and ‘after’ an svent (eg & marathon).

raspectively, and BVg (s taken to be 100 %.
1.7 Statistical Analysis.

All the resuits were calculated as the mean and stendard deviation (SDf. Statlstlcal
significance (P< 0.05) was determined for pre and post-race varlables using an ANOVA
orie way analysis . (n order to determing if the changes In biood pressures (SBP, DBP,
MAI! and PP} could be assoclated with the change In plasma volume, Peerson’s
proguct moment correlation cosefflcients wsre caltuiated, Signlﬂcancé wés accepted

at M values < 0,06,
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three vaiues. Admitting that there are some inherent ‘leakage' problems 11,20,28,50, 43,48,

858 Cade et al ® argued that calculating the change In plasma volume using protein
concentration does have some advahtages but Ilurninates certaln trends rather than

providing exact frgures .

The problems associated with ‘leakage’ may have some validlty, Most of the above
| techhiquas rely on the assumption that MCV remains constarit, Should this however

alter, It would result in inaccurate measures of change in plasma volume, van
| Beaumont * argues that an increase in plasma asmolallty of greater than 5 masmolikg
H,0 accomparled by the blood pH remaining within 0.1 pH units from resting values,
will sffect MCV and could therefore Invalidate change In plasma volume readings. MCV
swelling is usually seen when blood pH is less than 7,10, despite 20 mosmolfkg H,0
increments in plasme osmolality. Having said that, Kolk: * raported that there was no
significant change in MCV from Initial values after competing in a standard marathon,

Harrison ¥ concluded:

"In general the magnitude of change in plasma volume inducaed by thermal
stress, sxercise or & change In posture is simliar whether calculated from
changes in the haematocrit and haemaeglobin concentration or from changes in

tatal plasma protein coticentration.”

Iri this short report changes In plasma and blood voiumes were estimated using the
protocol of Dill and Costill *, This protocol utilizes the Hb content to first establish a

peroentage change In total blood volume, Orice a change In total bicod volume has.
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proportionately higher than the changes in Hot seem to indicate. To this end they
recommended that If one orﬂy uses Hcot to measure a plasma volume change, a

propartionality factor of (100/{100 - Het)) should be applied.

Possibly the most influsntial artlcle discussing change in plasma volume |3 that of Dill
and Costill ™. They contended that there is adequate evidence that a decreased
plasma volume is not a result of the loss of a proteln-free filtrate, but thal as plasma
volume dacreases so does the quantity of circuléti_ng protein. They calculate the extent
of this Intravascular loss to be 6% of total protein, for a 4% reduction in bady welght,
and th_ey proposed that relative changes in plasma volume should be calculated from
both hasmogiobin and haematocrit and not haematocrit alone. The rationale for not
using haematocrit alone is that Het Is distorted by aiterations in the volume of red bload

cells,

The procsdure described by Dill and Costill ™ has four 4 much support In the literature,

with many researchers calculating change in plasma and blood volume using their

prgtocoi 12,21, 30, 34, 9B, 30, 98, 43, 52, B3, 57.

Despits the popularity of this methad ¥, Cada et al ® argued that tivese resuits may not
be accurale, The ratlonale for such criticlsm s that in their study they saw evidence of
© gigaficant haemolyslé in approximately 57% of their subjedts. Instead of using Het and
Hb, they calculated relative changes in plasma volume using the chanue In

concentrations of albumin, globulin and total plasme protein and . » averaging the
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A refinement of these methods of measuring changes in plasma velume is the protocol
- described by van Beaumont and his co-workers % which uses venous Het {(Hct, )
alone. Before one can assume that this method is én éccurate form of measuring
plasma volume the following must be true; the volume of circulating red carpuscies
must remaln constant, the ratio between Hct, and whole body hasmatocrit must not
alter and the red blood cell size must remain constant, if any of these have

shangad, which they generally do not, the result will be Inaccurate '™,

Greenleaf et al ** assoiled that in ¢ wr to measure change in ~.astha volume one can
use slther Het alone or Het and Hb. If one is to use Het on its own, the number of red
blood calls (RBC) must remain constant as must the red cell volume (MGV), However
they pointed out that in exercise of greater than two hours duratidn. the MCV may
change, thereforé invalidating this technique as ah accurate measure of change in

© plasma volume,

However the above concerns of Greenlesf 2 appear to have besn alfayed by the
findings of a number of sfudies, Harrison 2 reported anly a 1% decrease in RBC
valume during light and moderate exercise lasting 50 minutes, Sawka ¥ found little
change In subjects who began to exaluise in an euhydrated state and Dill et &l '8

demonstrated a 2% increase In red cell volume in five hours of moderate exercise.

van Beaumont et al * also investigated the assessment of plasma valume changes. In
- thelr study they evaluatsd If changes plasma volume were miticked by proportionat

changes In Hct'readings. They found that the plasma voiume changes are
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It has therefore been argued that relative changes In plasma volume can more
acctirately be estimated from measurements of Hb, rather than Het, although Harrison,

Edwards and Leitch * have suggested that most evidence indicates thet the volume

of circulating red cslis remain constant during exercise and thermal stress. Harrison®

- therefore has argued that using Hb alone is the best method to measure & change in

plasma volume for the following reasons:

. Het alone is inaccurate, as water is lost from the red cells during

moderate exercise,

| il. Plasma proteins may be "transiocated” during exercise (ie. they may be

shifted from the extravascular space to the intravascular space).

fli. ~ The increased concentration of plasma proteln in the intravascular
compartment increases oncotic pressure which favours water retention

durlng and after exercise,

Hawever by 1981 * Harrlson's previous view 2 had obviously changed as he used
- both Hot and Hb, according to the protoco! of Dill and Costill ™, to measure relative
changes in plasma volume, Plasma volume changes can also be assessed using
anothet method proposed by Harrison 7 whareby the corresponding vajues of Hb and
the packed cell volume are measured. This method was utllized by Gors  in hls study

of plasma volume changes In runners and cyollsts.
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protein in the blood and equilibrates in the intravascular compartment, This enables
the researcher to withdraw a_sén'uple and measﬁre its concentration to calculate
plasma volume, Conoentratibn of the dye is measured using absorption
spectrophotometry. The substances gerierally injected for this purpose, are Evans

Blue and radiolodine (2% 1 and "1} albutnin.

Fellman® has suggested that proteln labelling is only reliable for steady state plasma

- volume measurement, She is supported by Harrison *® when he stated:

“The dilution technique, although suited to the discrete measurement of bload
volume, Is not generally regarded as suitable for continuous measurement of
a changing volume because test substances tend to be lost from the

Intravascular compartment.”

In order to overcome the problem of losing contents from the vascular system a number |
of other methods have been considered. All of these methods depend on
measurements of haemoglobin (Hb) and/or hasmatocrit (Het) and on the conviction
that the red blood cells do not leave the vascular compartmant. Thé first alternative is .
the method described by van Beaumont ®, which assesses changes In plasma volume
from changes in Hot, However Costill et al 1! criticized this method and assert that
many researchers fail to teke Into account the fact that an aitered Het can be in‘dicétlve
of & reduction In red céll slze, Consequently Costill ot ai believe that plasma volume

changes are underestimated when this method is utilized.
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centrifuged at 500rpm for ten minutes. Piasma was then removed and frozen in

preparation for later biochemical analysls,

Blood VD[LImBI, blasma volume and other cérdiovaSc:uIar varlables are affected by the
chemical status of body fluids. In order to monitor changes of blochermical compositions
in body fiuids, six variables were measured (plasma sodium, potassium, chioride, urea,
craatinine and osmolality], In addition.the U:C ratio was caIculéted to assess changes
"~ In kidney function. Biochemical measurements wete evaluated by the SAIMR using

a Hitachi 747 analyser, and Boshringer reagents:
1.6 Fluid Volume Changes.

Studies on changes in PV are confounded by difficulties of measurement, As plasma
volume |s central to theories of EAC it is essential that intravascular contents are
measured accurately; inaccurate and unreliable measurements would reduce the
validity of this study. Due ta the nature of plasma, it Is impossible to measure the exact
volume of bicod and plasma in a live human, Therefore one can, at'best. jook at various
techniques to estimate the volume. The problem with this approach is that plasma
valume is constantly in a state of flux, and «ny measuring techniques must consider

that plasmia contents are free to flow into and out of the intravascular compartment.,

The technigues used generaily make Use of a dilution method wharsby a specific
amount of a substance with a known concentration is injected into the vascular system,

In so-called ‘protein labslling’ protocols the volume of injected dye attaches to the
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changes In blodd pressure were assessed gomparing eight-day pre-race BP’s to post-

race raasuraments.

In attempting to explain these 6han§es in blood pressure ons has to again .avaluate the
physiological adjustments seen when a person exercisas In an ultra~endurance event,
As described in chapter one, a return to a normal resting physiology and blood
pressure is & staggered process thét begins on cessati_on of exercise, This inabllity for
the body to revert immediately back to its normal resting phy'slo[ogicai stéta is & result

of the numerous changes which oecur as exarclse begins.

Amengst these factors whigh play & role in athletes'- delayed resovery are the
decreasad muscle pump, the decreased abdomino-thorascic pump and cutaneous
vasodilation, These three factors &)l have the effect of reducing venous retum. From
Stariing's Law, the decreased venous return resulté In the reduction of stroke volume
and therefore a drop In cardlac odtput Is seen. With an attenuated cardliac output,

systolic blood pressure falls,

After an ultra-endurance rgrathorn has baenh run, thers is aIsb decrease in vasoular
tone®! on c_omplétl'on of the event, This raduced tone resuits In the digstolic blood
pressure dacreasing. If tha SBP and the DBP both drop, the MAP wili mimic these falls.
To this end the significant falls in SBP, DBP and MAP are explained In the

eferemeantionad fashilon,



52, Duspuanon and Conchamsns

assessing these BP measurements it s essential to remembar that the most significant
aspact s the data indlcating a chahge in blood pressure and not the actual values, as
read off the Dinamap. The reason for this statement is that there is a possibility of
systematic error in the “evice used, H'owever when one takes into consideration the
ranges of bload pressure's measured, the values are thought to be adcurate.® In
addition if there was & systematlc error in the devlce and the values are somewhat
Inacourate, it is .stlll belisved that assessed changes In blood pressures are not
invalidated, as relati\}e change of blood pressure variablés is the most important aspect

for thig study.

When considering the changes In blood pressures, one sees thai the SBP, DBF and
MAP all changed siéniﬁcantly. Further analysis of this Information leads to the belief
that the blood pressure measurements taken In the hour prlor to the race are slevated
above normal resting ievels. This elevation Is thought to be a result of a pra-race
catecholamine release due to anxlety and anticipation. This helghtenad blood préssure -
is not considered to be representative of the subjects’ 'nor-mal festlng blood prassuires,
bacavse at the same time of day elght days previously, systolic blood pressures where -

nearly 12mmig lower,

As a result of the above anomaly, when ane compareé post-race blood pressures to
e[gﬁt—day pre-race figures, one sees é decreass in SBP of 14mmH§ as bpposed toa
decrease of 26 mmHg batwéen vne-Hour pre-race and post-race values, In
percentage terms, the post-race SBP dropped 10.8% when compared to eight-day pre-

race values and 19% when compared to one-hour pre-tace values. Accardingly,
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Therefore when onhe assesses the above findings, one sees that both circumstantial
evidenoce and direct measurement of certaln vatlables, lead to the conclusion that the

guantity of the Intra-vasculer contents did not fall substantlally during the race,

My findings suggesting no change in intra~vaseular volume differ somewhat from that'
| of Holtzhausen et al %, who also evaluated changes in intra-vascular volume and blood
pressure seen during an ultra-distance marathon. However It Is felt that the study®® fs
somewhat flawed as the blood pressure measurements and plasma volums changes
described by Haltzhausen do not accurately reflact the hasmodynamic status of the
subjects i an eredt posttion {le, the physiologlcal state that they would be in on
completion of an ultra-merathon). In Holtzhausen's study arect blood pressure
measuremsnts were only taken after the subjeds lay in a supine position for 10 minutes
and all blood samples were taken in a seated posltion. Using this protogol, plasma
Qolume decreases of 12.8  9.1% were reported. As described previously, posturat
ghanges can alter plasma volumes, Therefors It is bellaved tha.t the reported losses
-are exaggerated and that the reduction in plasma volume was In all probability caused
when the subjects assumed an erect posttion after helng supine for 10 minutes. The
decreases reported are therafora largely a result of su'bjects‘ positional variaﬂons.
Consequently these data should not be compared to the results of my enquiry which
show thal overali the subjects exhibited no change [n plasma or blood volumae, either

before or durlng the race.

Having established that on average neither blood ror p'lasma' volumes changed

significantly, it is important to now consider the fluctuations In blood pressurs. When
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~ race Increase of sodium and chloride appear to indicate & dehydrated stats, this trend
did not continus during the race where they falled to change significantly, The fact that
slectrolyte concentration did not continue to increase during the raca. ls & furthe]-
indlcation that an intra-véécular contents decrease did not ocsur, As sweat is hypotonic,
a loss of intra-vascular contents would [n all liklihood result in an elecirolyte
concentration increase, Data showing that such an Increase {electrolyte) did not occur

is still further evidence that the plasma volume did not fall,

The reduction in uraa values ssen prior to the race Is likely to be & direct rasult of
carbohydrate loading, which reduces protein catabolism®, The significant increages
_ In levels of plasma urea and creatinine seen during the race ._are tonsistent with the
findings of Décombaz et al 1* who studied biochemical changes in a 100km run, In
keaping with thelr explanation, it Is fair to ass' ime that these changes are *compatible
with a stimulation of gluconeogenesis at the expense of the amino acld pool without

induction of muscle protsin catabolism 1

Fi inal.ly one can assess the U:C ratlo to gauge If the plasma volume ‘did Indeed
~ increase, As perfusion of the kidneys can be assessed from the U:C ratio, It is possible
to evaluate If changes In Kidney perfusion eccurred, The significant Increase of the U:C
ratio before the race and.then not during the race offers further explanation that during
the race plasma vojume did not change in any substantial quantity. If plasma volume

losses had ocourfed, kidney perfusion would surely have decreased,
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After careful planning it is felt that the measursment of these = variables was
exceptlonally acourate and reliable. In addition, the method used to assess if the
aitered variables indicated a change in plasina volume was also considered to be
accurate and valid. Using the method of DIl and Costill it can therefore be concluded
that the direct measurement of plasma volume provided evidence that plasma volume

failed to change.

Asecond Indication of a change in intravascular volume could be a fluctuation in body
mass. In this study thers was a signlﬂcant'_inc'rease in pre-race body mass and BMI
which couild tn_dicate a plasma volums increase, Howaver a more likely explanation £}
that the athletes were hyparhydrated prior to the beginning of the race, because plasma
volume was the same &lght days bafore the race Was run. The post-race reduction of
mass and BM! could have been related to changes in plasma volume and dehydration.
Howaver in this case, it Is more likely that the substantial reduction of body mass was
aresult of extravascular fluld Iosses'. which were lost as a consequence of sweat, '
- 'These findings appear to support other evidence that plasma and blood volumes fal!eﬁ

1o change.

The third method to evaluate If the plasma volume had reduced, was {0 assess
~changes in biochemical variables, If plasma volume was to have dropped,
conceantrations of blochemical varlables' would surely increass, Once agaln one finds
vary little evidence which would indicate intra—vascﬁlar dehydratlon or explain the
slgnificant drop In blood pressure experienced after the race. Prlor to the race sodium

and chioride increased slgnificantly by 2.1% and 4.8% respectively, Aithough this pre-
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CHAPTER THREE : DISCUSSION AND CONCLUSIONS.
.Di i

This s‘tudy'se't out to establish if there was a correlation between blood volume
variations and a change in blood pressure during an ultra-marathon. it was hoped that
the results would add to the debate about whether a change in bload volume or post-
exerolse venous pooling, plays a greater role in decrease of blc‘md pressure post-
exercise and ultimately in exercise-associated collapse, The data in this study strongly
suggests that it is the latter, as a significant reduction in blood prassure is found in
conjunction with no charige I blood and plasma voiume following ah ultra-erdurance
running event, This appears fo suggest that venous pooling, and not a change In
intravascular volure, Is largely responsible for the post-endurance fall in BP and

uitimetely for exerclse-associated collapse,

Evidence to supp... vie above conciusion depends on showling that blood and plasma
volume did not change whilst blood pressure declined sigrs#.antly. in this discussion
proof that plasma volume did not change will be provided by the evaluation of
measurement tschniques, body mass changes and alterations in  biochemicel

varlable_s. In addition justification will be provided for the substantial and significant fall

_ Inilood pressure,

Firstly actual measurements and calculafions were used to gasess If plasma volums

dld indeed alter, These calculations were based on measurements of both Het and Hb.



&7 hmerinls, Metlods & Repulia

TABLE 8: ONE -SAMPLE NON-PARAMETRIC TESTS

P VALUE SIGNIFICANT
APV Pre « race 0683 No
aPV Durlng race 0. 5751_ No
ABV Pre - race 0,469 No
sBV Dufing race 0,325 No
. TA:ELE 9 ; CORRELATION COEFFICIENTS 1
VARIABLES PEARSON'S P SIGNIFICANT
_ VALUE VALUE ?
2 SBP and APV 0566 | 0.4 No
ADBP and 4PV 010 0,082 No
& PP and sPV 0.528 0.478 No
aMAPand sPV | 0244 0,560 o
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TABLE 6: BLOOD PRESSURE CHANGES _

VARIABLE a-DﬁY PRE~ SIGNIFIIGANT. {-HR PRE- SIGNIFIGANT .B-DAY PRE- SIGNIFICANT
RACEVS - ' RACE VS RACE VS
1-HR PRE- 9 POST.RAGE T POST-RACE ki
RACE : —
sBp 1 Yes 26 Yes 13 «
(mmtig) 2 | “ Yes (p q.os1
DBp. 1 o L Y -2
{mmHg) B ! e Yes (p 0.05)
PP . N 2 No
A | 10 No 12 o _
MAP 15 14 Y 0.0
R 4 .No 1 Yas | | 88 (p= .)
TABLE 7 ; PERGENT CHANGE IN PLASMA AND BLOOD VOLUME
BEFORE RACE  DURING RACE
SUBJECT BLOOD | PLASMA VOLU BLOOD SMA VOLU
_ VOLUME LASMA VOL ME vc'a'LUME PLASMA _L ME
= : ==
L ] 0.8 0 9.4 28
2 0.7 0 5.8 a5
3 28 1.2 0.6 1.5
4 o 0.2 4,3 8.1
5 9,8 104 0.6 1.1
6 0.7 -0.5 34 8.7
7 "'1.3 '2|3 .'0|‘? "1|2
8 1.3 1,2 0.7 '
MEAN 0.5 0.7 21 2.3
8D 3.9 4.0 39 6.8
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TABLE 5! CHANGES

Variable Change bt/ | Change bt/ | Friedman | PValue | Significance | B-Day Pre- | 1Hr pre-
B days pre- 1-hr pre- ' race rage
riceand 1- | race and Biatlstio Vs V8
hr pre-race. | Post-raca 1Hr Pre- | Postrace ||

raoe
m}ﬁugs}s 1.8 32 40,389 | «0.0001 | Signiticant Yes Yas
BMI 08 -1 " §0.284 | «0.0001 | Significant Yes Yes
{ig,m2) . - i
Hb 0,2 0.4 0.850 0.448. Not No No
(grel) . ' . .
I-!ggz 0,002 0.003 0.384 0,704 Not Ne No
MOy .2 0.8 0828 | 0418 Not No No
{femtolitres} g _ —
RB 0.07 0.08 1.482 0,261 Not No No
oo __
M%—IG 0.4 0.4 5427 0.021 8lgnifloant Ne . No
MCH 0.7 0.2 0.773 0.480 Not No No
{pioograms) ) _
SOniY, 2.8 44 5.884 0.014 Signlficant Yes Ne
{mmol| _ _ _
POTASSIUM 0.4 0.6 3,078 0.078 Not No o

(mmoil} _

CHLORIDE 4,6 2.1 0,512 0,002 Slgnlficant Yes Mo

{mmolf} i _

UREA 2,0 1,74 B6.367 =<0.001 Slgniteant Yoy Yes

(mmol/} _ _ _

e -26.2 7.2 35785 | <0.001 | Slgnificant Yes No
CREATININE 5.6 23,1 12.645 | 0.004 Slgnificant . No Yas
{umal/l} .
PR{%}I; f).EIN w].2 834 3,176 0,073 Not Mo No
OSMOLALITY ' . -. 6
oSk -2 -2 0,308 0;79 Not Na | N

8sBp 14.8 24,9 2.845 0.048 Signifieant Yes Yes

(mmtg) ) B .

DBP 1.3 ~12,5 6,624 o.010 Slgrifleant No Yo
__{mmHg) ) . '
PP 10 -2 3.418 o.082 Not No No

{mmHg) . .

MAP 3.4 ~16.2 12,341 0.001 Stgnificant No Yes.
(kg | | N B __
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TABLE 4 POST-RACE VALUES

| VARIABLE © SUBJECTS _ MEAN | 8D

1 2 3 | 4 5 8 7 B .
"{f;‘gs)s g2 | 77.7 | 708 | e84 | 74 | 744 | 843 | 607 | ves 73
BMI 242 236 | 212 | 216 | 244 | 255 | 248 | "8 | 237 1.4
ggms) T -. 1l _
H 17 | 156 ) 47 | 164 | 165 | 147 | 1638 | 158 | 180 0.9
 (gidl) _ _ . _
l-%gt 480 | 441 | 47.3 | 482 | 449 | 406 | 441 | 458 | 454 2,6
Mcx ' ge1 | 876 | e74 t 821 | 90 | 653 | 865 | BB8 | 87 2.5
(femtolitres) ' : S
REC 538 | 504 | 6541 | 887 [ 408 | 475 | 500 | 481 | 518 | 09
1% | . N
M%-Ic 3654 | 364 [958 | 84 | 387 | 383 | 947 | 6.1 | 384 0.0
 MCH 215 | 2006 | 814 270 | 389 200 | a0 | w2 300 15
(ploograms) _ N _
SODIUM 148 | 142 | 142 | 148 | 443 { 138 | 148 { 144 | 142 3
{menol/l) : _ _ . ]
POTASEIUM | 4 | 42 [ 83 | 62 | 43 | 41 | 53 | 41 48 0.6
{mmoll) " e -
cm.o IE;E 108 [ 140 { 100 { 108 | 410 | 104 | 113 | 112 | 109 3
UREA, 48 | 64 | 52 a1 | 48| 4 | 48] s 52 0.8
{mmalfi) _ _
Uc ) 405 | 482 | 477 | 452 | %0 | 354 | 414 | B4g | 433 7.1
CREATININE | 129 | 480 | 408 | 138 | 135 | 444 | 116 | 14| 124 1
{emalfl) _
PR(OQ'HSEIN ‘a3 | 82 |7 | 4 | 7™ 78 | 73 | 78 5
OSMOLALITY | 200 | 200 | 200 | 200 | 288 | 272 | 200 [ 205 | 200 B
(mimolikg) _ _ _ _
SHP 104 | 8o | 100 | sa [ 130 [ 106 | 411 | 110 | 108 14
{mmHg) | - . . . -
DBP 7 | s8 | 5 | 40 | 80 | 88 | 47 | so 82 12
{mmHg) .
PP 28 a1 | 35 as 70 47 84 a0 44 16
_(mmHg) | |
MAP I 84 [ 78 | 76 | 80 | 83 | 73 | o8 | @2 77 10
(mmHg) _ : : .
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_ TABLE_3: 1-HOUR PRE-RACE VALUES
VARIABLE B  sUBJECTS _ MEAN | s

_ 1] 2 3 | 4 5 6 7 B

wms)s 823 |06 [s42 |711 (764 765 |ers |724 |eoo 7.8
k) | | -

- BMI 263 12468 224 [28F {262 |26 (257 {248 |247 | R ¥

e [164 {142 (474 (167 |184 |162 |152 {154 |[168 0.8

{g/dl} _ ' e

Hot 441 430 478 [460 |[468 [434 1484 (482 |446 17

MoV Ised lso4 {ern7 [eze [etz |er |e6s8 |04 |[eso 27
{femtolitres) : _

Rag |48 |48t [644 555 |50z |40 (608 |478 (508 |0z
(xtoA) s

Mete 340 1342 [958 |244 (358 |36 |347 |3s8 |as0 0.7

a4 {806 [0 |283 [227 [s05 (30 |822 (307 14

MCH
(plmgrams] _ | _ )
soDiuM {141 1142 |43 [140 144 {140 {148 [142 | 4142 1
{mmaold} . | ) ] .
POTASSIUM |38 |38 |44 |44 (7 a4 {42 (48 {ai 0.3
(mmalt) : . :

cLOFilnE 108 (112 [13 |10 [11s (a1 |48 [111 |12 2
mmotf} _ _

UREA
{mmolf)

we  lae7 {414 |s76 |47 [ [o14 |sse |40 (884 [sas

CREATININE | 89 80 98 96 g 102 |96 107 87.9 74
{umol/l) '

PROTEN 172 |78 17 |78 7 |70 |M {715 |74 3
(gl : ]
OSMOLALITY | 286 201 |201 Jose |28 120 |28 ) 284 | 280 3
{mmnla‘kg} _ _ . _
SEP 147 {438 |18 |118 |40 180 |37 |131 |48 1
{mmHg) . .

oBP 80 |70 |85 |86 |74 ls4 |s |m |75 8
{mmtg) N

PP 67 54 30 &1 a7 B5 54 59 58 12
{mmHg) :

MAR 101 {6 lo4 |at les s [0 |92 o2 7
(mmHg)
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TABLE 2: 8 DAY PRE-RACE VALUES

VARIABLE SUBJECTS | MEAN 8D

1 2 | 3 4 5 8 N
n?@sis. Bo.8 | 793 | 82 {esa | 746 | 7a7 (&5t |24 | w2 | 74
BM 248 | 242 | 218 | 227 | 246 | 265 | 240 | 248 | 24, 1.2
{ka.m*) — _ : .

Hby 163 | 148 | 187 | %7 | 18 | 154 | 46 | 152 | 157 1.1

fgdl) _ _ ' _

Pj.lzt 444 | 426 | 484 | 481 | 481 | 485 | 482 | 432 | 447 2.0
Moy B0 | 876 1013 | 788 | o24 | 88 | 881 | 511 | se2 6.2
{femtoliras) o _

RBC 4,88 X 478 | B78 | 489 | 508 | 502 | 474 5.03 C.33

(x15=m _ A87 14T b

Mg}yc 443 | 248 | 348 | 338 | 2348 | 347 | 347 | 364 KT 0.4

MCH - 307 { 304 | 249 | 272 | 361 | 208 | 200 | 321 | 314 29
{pioagrams) _ _ -

SODIUM 149 | 198 | 140 ] 140 | 139 { 188 | 141 | 188 | 438 2
{mimoifl} e - _ _
POTASSIUM | 43 | a8 | 42 | 43 | 40 | 45 | a2 (| 42 4.2 0.2
" {mmol} - _ . _

CHLWORIDE | 108 | 108 | 105 | 100 | 107 | 108 | 110 { 104 | 407 2
(mmoll} _

UR 52 | 70 | 658 | 52 | 72 | 86 | 62 | 82 | &4 1.0
(il |5 _ |

uic 516 | 706 | 527 | 62 | 690 | 605 | 648 | 67.8 | 823 10.0

CREATININE | 101 | 88 | 110 [ 100 | 103 | 100 | 88 | 121 | 1035 | 4100
{umol/l}

PROTEN | 74 | 71 | a5 | 70 | es 1w {mw!lw]| 8
OBMOLALITY { 200 | 207 | 200 | 292 | 285 | 204 | 201 | 204 | 202 4

{mimol/kg) _

8gp 120 | 116 | 118 [ 122 [ 128 | 114 | 128 [ 121 | e 4
{mmHg} .

DEP nlmmlaol{n|n e mw|e 74 | 8
{mmg) _ _ _

PR’ 6 | 30 | a | 61 | &2 | 64 | 46 | 34 | 48 7
{mmHa)

MAR gs | oo | 80 | o7 | e [ v8 | o1 | v 88 8
__(mmiHg) i -
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55, Discusalom and Conclur s

The data presented In this study therefore supports the conclusion that blocd pressure
dacreases occur desplté no change in plasma volume. Accordingly ar: unexplalned |
post-exercise decrease in blood pressure is a result of mean arterial hypotension.
Consequertiy it could be argued that EAC is a nesulf of this drop in blood pressurs,
and that EAC should rather be defined as a sudden decrease in mean arterial blood
pressure on the cessation of prolonged exercise in the upright position, associated with

syncaopal symptoms.

In my study all the athletes had a decrease in blood pressure, accompanied by no
change in blocd ard plasma volume and no correlation between plasma volume and
blood pressure. The changes in blood pressure therefore cannot be explained by the

insignificant changes seen In intravascular volume.

This data strongly supports th_e idea that the majority of athletes who coilapse at the
end of ultra~endurance races, do so not as a consequence of dehydration and/ar a
decrease in plasma volume, but rather as a result of venous pooling In the pelvis and
legs at the cessation of exercise, The pooling results in a decreased systolic, diastolic
and mean arterial blood pressure, This drop In MAY In turn leads to a decrsased
. cerebral blond flow, lightheadedness and an Inabillty to stand uprlght. Heat-Induced
dehydration or changus in plasmé volume will, however, exacerbate the ardiovascular
component of EAC, but are in all likelihood not the primery cause of EAC, as has been

previously argued.



4, Drscustion and Conclusions

In an attempt to further explain BP changes one must look at possible flustuations in
the intravascular volume. The post-race reduction in biood pressure was expected
and has been explained in the past by arguing that thls is a result of heat-induced
dehydration™®, But if one looks at the data presented in t.hia study, it can be seen that.
insignificant plasma and blood volume changes (aBV: -2.1%, aPV: -2.3 %) fall to
explain the detreased blood pressures experienced by ‘e subjects. As discussed
sarller (page number 18) changes in intravascular contents of between 1% and 2%

cannot alone be responsible for changes in SBP of between 10.8% and 19% 7%,

After having evaluated the changes in blood pressure and lack of varlation in
Intravascular volume It remains to be finally assessed if the drop of blood p..*ssure is
in sy way rei'ated to a deviation in plasma volume. As all the above calculations and
coriclusions relate to average changes, it remains to be tested if individuais exhibited
any relatlon between changes in plasma volume and changes in blood pressure. In
order to achieve thls aim, the plasma volume and blood pressure changes were
~ correlated with one another to assess if their was any relationship between the two
variables, Consequently the elght-day ta post-race differences In BP were correlated
with changes in plasma volume, These calculations ylelded no significant assoclations.

{Table 8)

These resulis are similar to those of Holtzhauzen et al  {even though her intravascular
dehydration results appe'ar to be incorractly inflated) in that she also failed to find &
significant correlation {r = 0.06; p» 0.1} betwsen plasma volume losses and a

reduction in post-race systolic blood pressure,
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