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Abtract. The age-dated eff&cts on the time coune of the rapid incicase in blood flow at the 

omet of excrcise m largely unknown. In addition, whether this timt course is altercd with 

training in olderpeople is Plso UOClear. It appeas that tûis dearth of iaformation was penly due 

to the iack of non-invasive mezhodr of masmmmts thar could pment high temporal icsolution 

and could be used during the exacise. hotber diffidty that mi@ also have contniuted to this 

lack of ioformation was thai the mec- involved in blood flow kinetics mguiation in 

humans are not weli undtrstobd, It is aiso aot clear how these mechaaisms an affécted by age 

or physical training. In order to addrcss the questions about whether blood flow kinetics were 

altered by aging or physicai activity, three studies were developed. In ai l  thne studies, foi.eami 

mean blood velocity and mean arterial pafusion pressure were muwrrd on a kat-by-beat basis, 

using pulsed Doppler ultrasound and a plethysmographic hger niff, respectively. This aüowed 

calculation of forearm vascular conductance also on a bat-by-kat basis. The diameter of the 

brachial artery was m e a s d  at several points in thne aud during exercis. Since the exercise 

mean diameter was aot different h m  the resting values, it was assumed that mean blood 

velocity kinetics represented the blood flow kinetics. 

The resuits showed that foreana blood flow and vascular conductance kinetics were not 

Unpaired with age. Regarding the effixts of incrrased physicai activity on blood flow kinetics, 

the results war  more difncult to interpret. WhiIe a longitudinal study showed improved blood 

flow and vascular conductance kinetics in response to a training ptoc01, a cross-sectional study 

showed only a tendency for 20% faster kinetics @AL05), in the vezy active oider people 

compared to th& l e s  active counterpacts. Since the kinetics values p n t e d  a large variabfity 

with overlap ktween the groups. it is possible that the small sample site rnight have 
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CILAPTER 1 

INTRODUCTION 

Functional hyperaemia iefen to the physiolo@al feature of increasing b l d  flow and 

it is designed to meet the requùements of an hcreased metabolic demaod The energy required 

to produce mechanical work is provided aimost instantancously. However, blood fiow which 

includes O,delivery, takes longer to mch the optimal level for the mechanical work produceci. 

This situation can be thought as a '~oose" mechanism of contr01. Despite its efficacy, the energy 

production through anaerobic means, is limited and metabolites tend to be accumulated with 

practical consequences in te- of discodort associated with physical exertion. 

The contml mechanisms responsible for blood flow adaptation in response to augmented 

levels of physical activity have been the topic of considerable research, particularly over the past 

few years. The importance and complexity of this topic (demanding an interdisciplinary 

approach) motivated the Amencan College of Sports Medicine to promote the premier 

interdisciplinary coaference on regulation of oxidative metabolism and biood flow in skeletal 

muscle (ACSM, 1995). It is clear that, at the onset of exetcise, there are some mechanisms which 

facilitate blood flow and others which are limiting. The balance of these mechanisms contribute 

to regulation of blood flow kinetics and are examinai in the next sections. 

In addition to the mechanid effkcts of the skeletal muscle acting as a pump by "milking" 

the vessels (Shemf, 1993; Shoemaker, 1996), vasodilation appears to occur veiy fast. This 

vasodilation is pmposed to occur due to the action of neural, hormonal and metabolic factors 

(Goman, 199 1; Rowell, 1993). 



On the other hanci, deltterious chniiges arOmng with agc, can impair blood flow to 

working muscles. Studics on changes in b l d  fiow regdation wïth aging have also been a 

subject of intense scientinc debatc. Snidies have shown thaî oMer people -nt: 1) Iower 

manimal heart rate; however, the rate of change in heart rate in rtsponse to exercise seems not 

to be affecteci (Babcock et al., 1% Chiii'beck et al., 1995); 2) lower maximal limb blood flow 

(Saltin, 1986); however. b l d  flow response to submaximd exercise seems to be largely 

unaffected (Jasperse et al., 1994); 3) a moderate nazr~wing of resistance vesseis (Fokow and 

Svanborg, 1993); however. t h m  is no direct evidence of th&; 4) increased level of 

norepinephrine (Silverman and Mazzeo, 1996; Taylor et al.. 1992) and f m r  plasma 

norepinephrine Linetics (Veith et aL, 1986). These changes couid provide highcr vasoconstrict~r 

stimuli; however, age-related changes in a, raaptors density a d o r  responsiveness have not 

been shown (Sun and Narayunan, 1993); 5) increased stifbess of central and conduit -ries 

(Nichols and O'Rowke. 1990), clecreased responsiveness to vasodilator agents (Luscher and 

Vanhoute, l m ) ,  decreased production of nitric oxide (FoUcow and Svanborg, 1993). and 

decreased production of pmstacych (Tokunaga et al., 1991) would have negative eEects on 

vascular conductance; 6) n d u d  capilliuy network shown in some (Parizkova, 1970; Coggan 

et ai, 1992; Chiiibeck et al., 1995) but not ail studies could also compromise blood flow; 7) a 

decreased oxidative camty reported only in a few studies (Essen-Gustavsson and Borges 1986; 

Coggan et al., 1992) would potentially accelerate blood fiow as a resuit of prematufe 

accumulation of metabolites. Although inconclusive in many aspects. it seems that most of the 

suggested age-related changes point to a d e c h  in b l d  flow regdation. 

The large majority of studies on age-relateci changes in b l d  flow have used steady-state 



measuremtnts, and ihere is a d  for studies looking at the transitnt phases of blood flow 

adjustmmt to exercise. 

Some studits have &monmatcd age-rclatcd changes in blood fbw in zesponse to a 

training stimulus (Sinoway, 1987; Gieea a al, 1994; Maain et aï., 1990). However, studies on 

blood fiow khetics in ztsponse to training in older people are tare in the fiterahne. 

In summary, it is clear that blood flow kinetics nlated to age and physical activity 

warrants fiuther investigation. This investigation wiii knefit greatly h m  the significant 

research that bas been ongoing related to mecbiuusms of blood flow contml at the onset of 

exercise (University of Waterloo) and lcinetics in the elderly (The University of Western 

Ontario). 



Based on the brKf sumrnary nacd above, the= sœms to be compellhg rationale leadmg to 

potentiai changes in bhod flow regulation with aging and physical htaining. ln addition, there 

is a spÏfic nced for studies cxamining the nletioa between blood flow kinetics and physïcal 

fitness in olda people. Thercfm, it was propasxi that t h  shidies k initiated to focus on the 

following tbfce questious: 

. Shidy 1. Is there an agedated impairment in blood flow kinetics? 

. Saidy 2. Do physidy vey active older people present fater blood fiow kinetics thaa their less 

active pars? 

. Study 3. Does relatively short-tenn endurance training improve blood flow kinetics in older 

people? 



~ O D O L O G I C A L  CONSIDERATIONS 

Eiercke ProtocoL A b d g i p  exercisc protoc01 with a modaate wadrload was us& 

during aU the studics. This protocol is desaibed in detail in study # 1 (Chapter m). Thcrcfm. 

the results of the sbadies arc limiteci to dynamic contractions of a srnail muscle mass performing 

a moderate level of w& 

Thae w a e  several rcasons for chodmg the b @ p  exercïsc model. The most important 

of them are: 1 )  It has previously k e n  demonsaasd that han-p exercise aui be perfotmed 

without producing significant motion at the site of measurement (brachial artery close to the 

antecubital fossa); 2) It mhhhes the involvement of cenaal circulation so that peripheral 

factors can be emphasized; 3) It ailows several repetitions neassary to reduce the extensive 

variation in blood flow valws due to muscular contraction and relaxation phases. 

Memurement Techn~ues. Blood fhw has been rneasured by means of several direct and 

indirect techniques. These techniques are presented in more detail in the literature review 

(Chapter 9. The use of different techniques might be a limitation to compare results across the 

studies. 

In the studies comprishg this thesis, pulsed Doppler ultrasound was used to measure 

mean blood velocity (MBV) on a bat-by-beat basis. Although this technique pnsents a few 

limitations (see Study X 1, under methods) it was aùeady demopstrated to be accurate and 

npeatable across dinmnt days (Shoemaker, 1996). 

Aiming to calculate blood flow (mean blood velocity x cross-sectional area)Brachial 

arfay diameter was assessed using an Echo-Doppfcr system operateci in brightness-mode (B- 



Mode) to caicuiatc blood flow (mean b l d  vcloaty x C I O S S - S C ~ ~ ~ ~ ~ ~  arto). The avaage values 

of 5 measuzt~nts at dinerent times dPriag rwt and 5 duang cxercist, w a t  uscd to reprcscnt 

the mean m g  and c x d s e  b h i a l  diamc&r. h addition, these -nts wae takcn only 

during the nrst of tk five trials of the ucrcisc protoc01 . Conscqucntly, diameter measmement 

was limiteci in cornparison with an extmnely ideal sibiation wheie it wouid k assessed on a 

beat-by-kat bas& simultaneousiy with blood velocity. The &ametcf determination is descrif i  

in more detail in Study # 1 (Chapter m). 

Participmrts 

One major dïff~cuity in canying out these snidies was the recruitment of participants. 

Despite sending l e m ,  directly taiking ta groups of elderly, and posters and notes in church 

bulletins, only a small number of volunteers agreed to participate in the study. This was 

particularly acute for study # 3, which involvecl severai long-lasting vûits to the lab in addition 

to daily exercise training for 30 &YS. 

A sigaifiant M o n  of the volunteers did not meet the criteria for inclusion and could 

not participate. The reasons for exchsion were high blood pressure, medication (p-blockers; 

diuretics; anti-inflammatory dmgs, incIudhg aspiria; and occurrence of p~mature heart beats, 

probably due to ventricular arrhythmias). It was observed that prematllte heart beats interfered 

with forearm blood flow and blood pressure on a beat-byàuu basis , which could represent a 

confouading factor. However, it was judged that this wouid be an interesthg area for hiture 

investigation. and a case study was repoaed and includcd as Appendix 1 of this thesis. 

Interestingiy, a very recent study (Mayuga a al., 1996) h m  the Baltimore Longitudinal Study 





GENERAL DISCUSSION AND OVERALJI suMMARY 

Results b m  Jndy # 1 (chapbr îïï) suggestcd that that was no age-reM impairment 

in blood flow -tics at the onset of dylirmiic contractions of smail muscle mas. Based on the 

extensive literaairt pointhg to age-relatai changes &aba, 1993; Foikow and Svanborg, 1993; 

Luscher and Vanbute, 1990; Nichds and OTRoudrt, 1990) that could potentiaily impair blood 

flow, the d t s  of this study were unexpected, Possii1e explanations for the la& of di&nnce 

in blood fiow and vascular conductance kinetics betweea young and ol&r participants might be 

associateci witlx a) i n d  kinetics (rate of appearance) of norepinephrine in the older 

subjects(Veith et ai., 1986) which couid provide more adequate blood redistribution thrwgh 

vasoconstiictio~ of non-active parts of the body; however it is unlikely because the exercise 

mode1 used should have mhimïd this factor and, in addition, it has to be assumed that the 

density and responsiveness of a, receptors is unchangecl with age; b) for unknown nason, the 

lower relative workload performed by the young group might have influenced the results; c) a 

lower muscle oxidative capacity in the older subjects (Essen-Gustavsson and Borges, 1986; 

Coggan et al., 1992), might have allowed an increased rate of metabolite formation, which in 

tum could accelerate blood fiow by increased vasdation; however, most of the studies have 

shown no age-relateci impairnient in oxidative capacity (Roger and Evans, 1993; Larsson and 

Karlsson, 1978; Larsson et ai., 1978; Orlander et al., 1978; Grimby et al., 1982; Borges and 

Essen-Gustavsson, 1989) and; 4) the moderate woddoad used in the exercise protocol was not 

enough to challenge the systcm to a point where possible changes could be obsemd 

If changes in blood flow kinetics are associateci with changes in VO, kinetics, as 



d&monsaated by Hugbson (1995), then the ïack of an age-related iiilpPUment in blood flow 

kinetics in study # 1 ( c m  IIl) f in line with tbc resuits npoitcd by K i k b k h  et aL (199% Le., 

no age-relatai changes in VO, kinetics. They also uscd a srnail musclt m a s  excrcise model. 

The riesults of the two studies on fixeam blood fiow and vascuiar conductance kinetics 

related to the physical activity statu( chaptas IV and V) w a t  somewhat controversial. The 

results of study # 2 (chapter IV), failed to show any dinenaa between very active and n o d y  

active older people, while study # 3 (chapter V) demoa~tfatcd a small but significant 

improvement in blood fiow and vascular conductance kinetics. ûther studies on the subject are 

&O controversial. For example, Shoemakr et al., (1996) showed faster blood fiow kinetics in 

response to ten days of training in young people, while McCuiiy (1991) showed no effect of 

endurance training on phosphocîeatiae (PCr) rate of remvery in older people which might have 

included no change in blood fiow kinetics. 

One possible explanation for the apparent contmversial results between study # 2 

( n o d y  active vs. hockey players) and study # 3 (aaining) can be related to the naining 

p ~ c i p l e  of specificity. The very active older people haà habitualiy been ushg  the^ forearm 

muscles to bandle the stick, however, the exercise pattern, velocity of contraction and intensity 

were not as specik to the trainhg protoc01 as the training exetcise used in study # 3. 

Transfer of training e f f e  of the oxygen transport system seems to be associated with 

the specificity of the cxtrcise. In order to utüize the acrobic potentiai in an optimal way in a 

given activity, one must nain in that activity (Astrand and Rodahl, 1986). For example, a 

treadmill test is not a good predictor of performance in other types of activity (Holmer and 

Astrand, 1972; Mage1 et al., 1975). 



The more a trainhg exacise simuhts the mget performance9 the gm&r the tramfier of 

iearning and mdbation (Rutherford and Jones, 1986, cited in Sale, 1987). This effect is 

supposeci to inc1ude rcâuced activation of antagonists and then, it wiil be casier to activate the 

agonists M y  (Salt, 1987). A second aspect of specifîcity of training is to have the training 

exercises ~~ at velacitics similar to those of the target task. This speciücity may reflect 

the much different motor unit firing rate and fiMg patterns that occur in fast versus slow 

contractions and the influence that dischargt panans may have on muscle contracale properties 

(Sale, 1987). 

It is important to mention thaî very active older people show4 a tendency to present 20% 

faster blood flow and vascular conductance kinetics compared to thur les  active cornterparts 

(ps0.05). It was noted ibai the= was a large inter-individual variabiiity in the values of MBV 

kinetics and the range of the values in the two groups overlapped cach der.  Therefore, the s d  

sample size couid not be nùed out as a factor that might have compromised any significant 

ciifference in blood flow and vascula. conductance Linetics between the two groups. 

The total gaias (nst to exe& values) in forearm blood velocity and vascuiar 

conductance were not dinonnt (p>0.05) between the groups or condition in aii  three saidies. 

This means that the calculatcd kinetics were not Muenceci by diffant amplitude of changes. 

Except for heart rate in the young group (chapter III) and brachial artery diameter in ail 

three stuclies (chaptm III-V), which remaineci unchangeci @>0.05), the remaining variables 

(forearm man blood velocity, blood flow, man artenal pemision pressure and vascular 

conductana) incrcaSed significantly rest to exercise @s 0.05). 

Despite no statistical signiscance (p > 0.09, the brachial artery tended to k larger in 



older participants compard a, youngcr o i s  and it was consisant anoss the thme studies 

(chaptcrs III-V). Studies on age-relatai changes E brachial a r k q  diameter et inconclusive 

(Boutouyrie et al., 1992; Icawasaki et ai.,198T Sahr et al, 1981) but, the consistent trend acn>ss 

the three studies in this thesis pinting to a laDger brachial arteq in the elddy seems to warrant 

m e r  Ïnvestigation. 

Anothcr înteresting finding of this study, which also appears to warrant hiriber 

investigation, was a higher resting forearm blood flow in the elderly than in the young. Similm 

fmdings were aiso rrpoaed in rats (Tymii et ai., 1992) and in som studies in humans (Safar et 

al., 1981; Foley et ai., 1993), but not in al1 (Jasperse et d, 1994). Monover, the causes for a 

higher resting blood flow in the elderly, if it exists, have not yet been established. 

It was aiso demonstrated that the occurrence of premature heart beats immediaîeiy 

affecteci blood flow and blood pressure in limb muscles ( Appendix I). Thetefore, when 

assessing data on a kat-by-beat bais  in older people, care should be taken about the presence 

of these venuicuiar or even supra-ventricular arrythymias. Furîhermore, exercise-induced 

ventricular arrythymias (EIVA) are reported to k a s e  with age (Mayuga et ai., 1996). This 

subject also seem to wamint m e r  investigation. 

In summary, the three studies in this thesis demonstratecl: 

1. Blood flow kinetics and vascular conductance kinetics are not impaired with age; 

2. Increased physical activity tends to improve blood fiow and vascular conductance kinetics in 

older peopk. However, these findings should be taken with caution. Although the longitudinal 

snidy (study # 3, Chapter V) has shown improvement in forearm b l d  fiow and vascular 



conductance kiaetics thaî rrrhed statisticai significanœ @8.05), resuits h m  the cross- 

sectional study (Chapter IV) suggest ody a tendrtncy for improvement. Tbcricfort. fiirther 

investigation is necasq  to beag elucidate this question. 

Fiidly- the findings of the studies included in this thesis are iïmited to dynamic 

contractions of a small muscle mas with a modcrate worklaadc 



FUTURE DIRECTIONS 

1. Design a smdy using hi* workloads in the excmisc mode1 in orda to v e m  whetber the 

lack of age-relatecl diffaaices in blood flow and vascvlar conductance kinctics also holds when 

the physiologicai systcm operates closer to its limits- 

2. Study age-related implications on blood tlow and vascuiar kinetics in a larger muscle mass. 

One example would be to assess these variables during exexcise usïng a '"kick" egometer Wee 

extension and flexion). This kind of enperiment wouM provide some light on the role of blood 

flow kinetics on the slower v02 Iunetics found in ol&r people during cycling exercise (Babcock 

et ai., 1994; Kowalchuk et al., 1995). 

3. Develop studies to evaluate age-related effefts on the mechanisms which are thought to 

control blood fiow kinetics. For example, despite the fact that the muscle pump has been 

impiïcated in b l d  fiow kinetics, there a p p u  to be no studies which have directly addresseci 

the question in the elderly. 

4. In orda to better elucidate the d e  played by hi* leveis of physical activity in older people, 

the sample sizes need to be increased substantially (a power test wodd be helpful for this 

determination). 

5. Use an endurance training protoc01 that includes progressive workioaàs (based on a maumal 

endurance test), to identify how blood flow and vascuiar conductance respond to changes in 

training stimuius. 

6. Age-related changes in brachial artery diamter need to be clari£ied 

7. Impairment in blood flow to skeletal muscle has bcen imiplicated as a potential factor in 



"sarcopenia" with age (McCully et al., 1995). However, the d t s  in study # l(Chapter ID) 

showcd higher rrstiDg blani fîow in the elddy comparcd to young 0pngIe. 0ple.a studies, but 

not ail, have rrported the same rcsuit. Thcrefm, it is proposcd that fi~ture studies address this 

topic. 

8. Finaliy, the implications of atriaVventricular arrhythmias to exercising muscles need to be 

addressed in specinc studies. 



CILAPTERII: 

Literaûace Review 

This chapter is a brief revicw which aimai to complemcnt what was aùcady iacluded in the 

studies comprishg thÛ thesis. 

Techniques of Blood Flow Measutetnen& 

Blood fiow thraugh slrclttal musck can be masuted through a variety of techniques. 

This part of the review will briefly descrifi these techniques. 

Direct measmement of blood flow can be doae using intravital microscopy, 

plethysmography, doactive mictospheres, %enon washout, thennodilution, pulsed Doppler 

uitrasound, color-Doppler imaging (echo-Doppler), and magnetic resonance 

imaginghgiography (MRVMRA). Indirect measurement of blood flow can be done using the 

arm-10-ankle pressure index , 3  1-P magnetic resonance spectroscopy (MRS)-recovery rate of 

PCr, and near-infrared spe~troscopy (NIRS)-recovery rate of 4 saturation (McCuiIy et 

al., 1995). Lasa Doppler, b d  on the shifk frrquency of light scattering moving red blood celis 

is another technique (Tymil et al., 1992). 

Intravital micro~copy masures the red blood cell velocùy in small vessels including the 

capillaries. in vanous in vitro and in situ preparations and it is probably the most direct 

measurement of blood flow (McCully et al., 1995). 

Plethysmography hvolves iaflating a pressure cuff to occlude blood flow in the veins 

without impding blood flow in the arteries. Blood fbw is measured as the accumii1ation of fluid 

in the tissue, originaIly measured as a change in limb volume, but now more commonly 

measured as a change in iimb cross-sectional arca. Plethysmography is one of the earliest 



developed methods to estimate blood now, and is pemPps still the gold standard for research 

measunments. The limitation in this mthod is thaî it can oniy k used under ftsting or 

hyperaemic conditions. 

The most successfiil mcthod of qmtifymg skcletal muscle blood fiow in exercising 

animals has ban  the radiolaùellad microsphm technique. Mimspheres (usdy  15 p) are 

injected into the left atrium or left ventricle and th& distnbuton to any and all muscles and even 

parts of a muscle (e.g. red versus white fibers) can be determined to derive blood fhw (Rowell, 

1993). Unfortunately, the invasive nanire of this technique precludes its use in humans. 

The laXenon (=xe) clearance mthod (U4Xenon washout) uses this radiolabelled tracer 

to estimate blood fiow. '=Xe is normaliy injected into the muscle and the rate of its clearance is 

taken as a refiection of the rate of blood flow (Folkow et al, 1971). '33~enon washout and other 

isotope clearances are a f f d  by the direct exchange of isotopes between arterioles and veins. 

by differential solubility of labeUed substances in cliffixent structural components of the muscle, 

and finally by injection trauma, which aiters local blood flow. Further, the chances of injecting 

the indicator into a collection of fibers with a representative population of high and low intrinsic 

rates of blood flow are virtually nonexistent. The most serious criticism of isotopeclearance 

techniques is thaî the derived flows to active muscle are far tm low to account for the iecrease 

in oxygen uptake (McCuIiy and Posner, 1995). 

Probably the most successfiil invasive technique to masure skeletal muscle blwd flow 

during exercise in humans is thennodilution. Constant irihision of dye or ice-cold saline through 

a catheter designed to provide dequate mUing can be used. However, some assumptions have 

to be ma& in terms of exercise beiig restncted to a specific muscle or muscle group, and that 



these exprirmital conditions do not significanlly raise sLin blood fiow in the limb. When skin 

blood flow is hmased, the muscie artuio-venous 4 différence [(a-v)O pin.] wiU be 

underestimatcd beuiuse tht slrin extracts liale oxygen. In this situation, caiculaîcd musck VO, 

and mechanid efficiency wouid be correct, but the muscle b1ood flow wül k overestimated 

(Roweli, 1993). 

The most ncent techniques to mcasure siceletal muscle blood flow include the 

bidirectional pulsed Doppler ( also d e d  bidirectional Dopp1ct-ul~aso~11d velocimetry), the 

Echo-Doppler, Magnetic Resonance Imaging@lRI) and near-innarrd spectroscopy (NIRS). 

The combination of bidirectional pulsed Do- ultrasouad and echo-Doppler 

techniques provide non-invasive messurement of real time blood velocity and vesse1 cross- 

sectional -(Mc Cully and Posner, 1995; Roweli, 1993). Until ncently these techniques have 

been used during n s t  or post-exercise because they are sensitive to iimb movement. However, 

this limitation has been ove- when the blood velocity prohk and cross-sectional ana are 

meas& by positionhg the probe in conduit artenes close to the exercising muscle (brachial 

artery close to the antecubital fossa for forrarm exercise and commoa fernorat artery close to the 

inguinal ligament for lmee extension exercise ) and aae is taken to avoid movement at the site 

of probe positionhg (Shoemaicer et al., 1994; Tschakovsky a al., 1995; Hughson et al., 1995; 

Mchnald et al., 1995). 

The pulsed Doppler is vay  sensitive to changes in blood velocity and its vaiidity to 

measure blood vt10city has already k e n  demonstrated d d g  both rest and exercise with a 

number of other accepteci meth& of fîow masuremnt (Guldvog et ai., 1980; Levy et 1,1979; 

zaainn et ai., 1993). In regard to the bidinctionai pulsed Doppler, the following assumptions 



and limitations apply a) the main soune of mor is the angle of insonation (Gill, 1985). Usudy 

it is assumai tbst the atay runs paralid to the &in, and tha a placement of a flat probe with 

a built-in ulttasound transducer maintains the aagk in relation to the skin; b) emns due to the 

operator, imptaper alignment of the ultrasound beam with tbc prmy, and Doppler signai 

processing and muency estimation can k reduced by avaeging four repuited trials into one 

data set and by using botb auditory aud Wual feedback of the Doppler signal . Both brachial 

artery blood velocity measund by pulsed Doppler and diameter r n e a s d  by echo-DoppIer? 

during rest and exacise, have shown high qmduciiiiity agws Werent test d a .  (Shoemaker, 

1996). When measurements of diameter are not possiiie, cali'bration ktwe+n blood velocity and 

blood flow through pIethysmography (Tschakovsky et al., 1995; Van Leuven, 1992) may oEer 

a good estimation of blood flow on a bat-by-beat basis. 

The vesse1 waii can be imaged through echo-Doppler using B-mode technique. In this 

technique, the reflected echo pulse is recorded as a dot which is brighter in proportion to the 

intensity of the reflected energy, that is brightness modulation (B-mode). (Fronek, 1989). 

Aging and bloodflow 

Physical activity involves adaptative processes to meet the energy requirernent. These 

processes include the rate of adjusmient in blood flow to supply the exercising muscles. 

Structural and functional alterations ssociatcd with aging wuid potentially impair this 

adaptative process with practicd implications in day-tOLday living. Therefore, thïs part of the 

review will highlight : 1) obsemd differcnces in the adaptative response of older subjects; 2) 

potential mechanisms involved in the hyperaemia of exercise; and. 3) effets of aging on 



structurai and hctional vascuiar rtsponse with exercise. 

ûnset of exercise b oldcrpeopk 

In cyciing excrcise, the VO, kiaetics have been shown to ôe slower in the older 

compared to yomger s u b m  rcgardlcss of w h d i a  the ex& intcmity is expnssed in relative 

(Babcock et al., 1994; ICowalchuL a aL, 1995) or absolute teuns (Kowaichuk et al., 1995) up to 

80% of the ventilatory ttireshold. However, this appairs not to bc the case for moderate-intensity 

plantar flexion exacise (Chilibek et al., 1995). One possible explmation for the apparentiy 

contmversial results may k that the plantar flexion û a movement continuously pedormed 

throughout the Wlifespan while the level of anivity of muscles involved in cycbg may demase 

with age. That is, the level of activity and not the aging process itself may be the cause of slower 

VO, kinetics with age. 

The VO, kinetics have noimally been used to represent those circulatory. respiratory and 

muxular adaptations at the onset of physical effort. In this field, Hughson and other researchers 

in his laboratory at the Department of Kinesiology, University of Waterloo, have pointed towards 

the rate of increase in tissue 4 consumption king limited by the abiiity of 4 transport to the 

working muscles (Hughson and Moasey, 1982; Hughson, 1990; Hughson et al, 1995; 

Tschakovsky, 1993.). Conversely, other studies have proposed that V02 kinetics at the onset of 

exerck, appear to be limited by the rate of 4 utilization within the muscle (Barstow et ai., 

1990, Whipp, 1980). Therefott, the cmcnt s-f-the-art in the a m  points towards 4 delivery 

andlor 4 utdbtion within the musde as limiting fators to VO2 kinetics. 

If VO2 kinetics are limited by 4 transport, then the kinetics of blood fiow to the 



working musck reptcstnts a potcntial c o n t t i i  to the icinetics at the onset of excrcise- 

To date, blood fiow W & B F  kinetics) appar to be cmelated to kinetics; that is, fastn 

YO, kinetics are paraUt1Itd by f- BF kinetics- Hughson et al. (1995) obsemd slower 

brachial a ~ a y  blood fbw associaîed with slower VO, kinetics in cesponse to a step change of 

workioad in handgrip exacise when the a m  was supported above the h a r t  level compared to 

an ann position below the ka r t  level- 

Exercise hypcraemia 

The blooà flow to dynamically active tissues is under the contml of neamhumorai. 

metabolic and mechanical reguiators (Rowell, 1993; Laughün et al., 1996). This blood flow can 

be regulated centrally by alterhg Cardiac Output (HR x SV) and b l d  pressure or locally by 

incrrasing vascular conductance in the exercising muscle. It appuns that central circulation 

regulation of blood flow during moderate dynamic contractions of small muscle mass is 

negligible and, thenfore, vascdar conductance of the exercising muscle is the key variable in 

functional hyperaemia. 

Neural control involves the somatic and autonomic nervous system. The somatic nervous 

system causes nIease of acetylcholine through the motor neurons, which might initiate 

vasodilation. Acetylchohe may uwse dilation of the iuterioles of striated muscle by activating 

muscarinic recepton on endothelia1 cells(Segd and Kurjiaka, 1995). The autonomic nervous 

system includes the parasympathetic (PM) and sympathetic(SNS) nemous system which 

regulate heart rate (variations of vagal tone and NE and E nlease), contmctility of the 

myocardium (NE and E), and vascular tone (NE and E). It has aiso been proposed that an as yet 



undiscovcred vPsodilamt neurotmwnitter libapt#i in a feed forward fashion or by muscle 

contraction can also be ~sponsible for th ugCW hypcracmia (Gonrua, 199 1; Honig, 1979). 

The mttabolic contml involves substmces released imo the interstitial space during 

contractions. in addition to a demead P Q  . These aibstanas include CO2 adenoshe. lactate, 

Pi and K+ (Goanan, 1991; Rowell, 1993) which can also generate hyperosmolarity -a condition 

that can play som d e  in the initiation of exagSe hyperaemia (RowelI, 1993). The metabolites 

have a vasodüator effect that nsually pmiominates over the sympathetic vasoconstriction , in 

part by interferhg with NE nlease at sympathetic nerve endings (Segal, 1992). This metabolic 

control is affecteci by O, availability pmvided by b l d  fiow andlor the metabolic oxidative 

capacity of the muscle alls .  

The mechanid reguiators involve the myogenic response, muscle pump and substances 

released by endothelial cells in response to the shear stress (Roweii. 1993). Onginally, myogenic 

responre meant the active contraction of vascular smoath muscle elicited by an increase in 

transmural pressure. Aithough the definitive mechanisms are still unlmown. two possible 

mechanisms have been proposed: 1) activation of the stretch-sensitive Ca '+ channels in the 

plasma mmbrane and 2) the existence of a m o n  seasor (Hoistein-Rathlou and Marsh, 1994). 

The myogenic response due to a reduction in transmural pressure, through compression of the 

artenoles. is vasodilatïon (Roweil, 1993). The muscle p m p  facilitates an increase in muscle 

blood flow by temporarily increasing the perfusion ptessure gradient acmss a muscle. The 

muscle contraction drives blood from the venous system toward the hem ïmmediately upon 

muscle relaxation. the pressure in the venules is du- perhaps to zero or klow (Roweii, 

1993; Laughün ,1987) so that the @ W o n  pressure $radient aaoss the muscle capiüary bed has 



incnascd resulting in a üaasicndy madred i n ~ ~ i t g ~ e  in blood flow. R q m t d  contractions in 

combination with vasodilation can account for a large incnast in blood fiow. The compression 

of arterioles by the exercising muscles wouid ndua trammutal which may (Segal, 

1994) or may not (Tschakovsky et ai., 19%) induce myogenic vasodüation which furtber 

increases blood flow. An increase in shear mess on the vessd wall can stimulate the 

production of nitnc oxide and prostagiandins which also are thought to mediate vasodilation 

(Rowell, 1993). 

hctional  hyperaemia related to exexcise nfas to the pnxffs that inauws blood flow 

to the working muscle in nsponse to in- mtabûlic demand Its omet is within 1 to 2 

seconds h m  the beginning of exmise, and it is too fan to k explained by the flowdependent 

or metabobc dependent vasodiiation which takes several seconds. fi has k e n  proposed by Segai 

et al. (1989a; 1989b; 1992; 1994; 1995 ) that the omet of functional hyperaemia involves 

ascending vasodilation of the artmal tree and its control shifts fiom the terminal arterioles (8 

to 15 pm) w k h  control capiUary perfbsion, to the intefmediate arterioles (15 to 60 Pm; controk 

flow distri'bution) and into proximal artezioles (60 to 100 pm) and f d  amries (100 to 500 p) 

controllhg fiow magnitude. The terminal arteriole vasodilatory stimulus can be conducted to 

proximal branches in Iess than 1 sec. The hypothesis of "conducted vasodiiation" elaborated by 

Segal et al. (1992) proposes that vasodilation in tbe arteriolar network is transmitted cell-to-celi 

(endothefial-to-endothefial cells ancilor smooth-to-smwth muscle ceUs W o r  endotheliai-to- 

smooth muscle cells) in response to activity in surrounding tissues. Oae possibility is that the 

electricd signals during depolarization or polarization of one cell may travel to other cells 

thrwgh gap junctions between the ah. 



In summary, the rapid onset of fiinctional hypapemia can be eiicited eithtdor by the 

muscle pump, myogenïc ~tspollse, d œil-to-ceil mmmmhtiion (amducted vadihion), with 

flow-indwd and metaboiic dilation c o n t r i i g  thertafter (Segal, 1992; Segal,l994). 

Furthemore, putative output of intrinsic ~tturons inside the wall of small artcries may also play 

a role in the eady onset of M o n a l  hyperacmia (Gorman. 1991; Honig, 1979; Rowell, 1993). 

1t is noteworthy to mention that fiinctionai hyperaemïa control is expressed within the 

limits of vessel structural and mchanical propertits, such as distensibility of the vessel wdl, 

vessel lumen and the density of the capillary netwok 

Structural d Funciional Vmcuku Response with Aghg 

The aging process, and/or re1ated decmse in the level of physical activity, might impair 

blooà flow adaptations by alterhg the structure and conrractility of vessel waiis and mechanisms 

related to vasoactivation. 

In te- of structure, the two main aging feanires related to blood fîow are the changes 

in diameter and wali thickness of the vesseis. These changes seem to be spread throughout 

systemic arteries. The increased wail thickness is consistent with the incmse in coliagen, ground 

substance and calcium and a decline in elastin (Lakatta, 1993). 

Arterial degeneration with age appuirs to k a consequence of mpeated high pulsatile 

stresses over long periads of tune. This degeneration is not seen in experimental animnln over 

the normal age span. It is &O not seen in other large blood vessels (veins and pulmonary 

arteries). 'ïhereforc, this description appuirs to fit into the tbeory of aging d e d  Wear d Tear 

. The hypothesis ara be stated as follows: The fatiguing effccts of cyclic stress cause fracture of 



the Id-bearing elastin fibers. These ftactms lead to progressive M o n  of the vessels with 

transfer of stress h m  elastin to colkgen nàff. This proces lcads to attempts at remodeling by 

cellular elemcnts of the wall (Nichols and O'Rourke, 1990). 

Vesse1 diametu appcars to be biggcr with aging in centrai and pcriphtral capaitance 

artenes (Lakata, 1993; Nichols, 1987; Roach, 1959). It has also becn 0bse~ed that age-related 

adaptations in the d a l  me present dif5ercnt characttristics; that is, inaease in diameter 

predominates in central artenes whüe waIl thickening is prevaleat in more distal arteries 

(Learoyd and Taylor, 1966). The mechanïsms for this Merence in regional adaptation between 

ceneal and penpherai vasculature anz unknown. Following the same direction, it has also been 

suggested that thae is modaate structurai narrowing of the resistance vessels which is thought 

to lead to a reduced ngional flow capacity (Folkow and Svanborg, 1993). For example, even in 

elderly well-trained athletes, the maximal iîmb flow is - 10-15 % lower than in the yomg athletes 

(Saltin, 1986). FuRhermore, an age-reIated adaptive narrowing of systemic resistance vessels 

may additionally m e  to maîch the wual reduction in maximal cardiac performance, thueby 

maintainhg a reasonable baiance between heart and vessels in ternis of their respective maximal 

capacity (Folkow and Svanborg, 1993). The i n d  thickness of small artexy waiis, caused by 

hypertrophy W o r  hyperplasia &or redismiution of cell mass may provide smicnual 

"a~ivantage'~ f a  contractile strength of the muscle in response to vasoconsûictor agents. That is, 

the smooth muscle ceil contracthg in a thin-waild vessel ex- less force than one contmcting 

in the outer part of a thick wall (Schwartz, 1996). Thereforc, the effkct of vasoconstnctor stimuli 

on a thicker vessel is amplified when c o m p d  to a thin vessel wall. 

Functionaiiy, changes in structurai propaties of the waii vesseis lead to artcnal stiffiicss. 



Arttrial stiffiicss bas bcm infeacd bya) incieaJed elastic moduius (meaaire of straïn at a 

constant stress) e.g. fmm 10 k@m2 at age 2û ycars to 425 k @ d  at age 85 years at a stress 

of 100 mmHg in the aorta 1993); b) incsePped pulse wave velocity e-g. about 2û% 

faster h m  agc 10 ycars to age 50 years in the brachial to radial system and fernoral to anterior 

tiiial system; c) decrraJed wave amplification betwan central and pmiphtral arteries which 

le& to the prediction that brachial artery and aodc systolic and diastolic pressure shouid be 

similar at the age of 65 yeam (Nichols and O'Rourke, 1990). 

The age-related changes in elastic modulus -nt opposite results in central (elastic) 

and peripheral (muscular) arteries. That is, it increases in the central arteries and decwes in 

peripheral arteries. The suggested expIanatïon xefen io the fact that the increased thickness in 

peripheral arteries is gnater than in more central arteries and this additionai thickness is 

responsible for the reduction of the stress per single element of the vesse1 wall. (Learoyd and 

Taylor, 1966). 

Puise wave velocity increases with age throughout the systemic arterial tree. However, 

the increase in velocity is greater in central than in perïpheral artenes (Nichols and O'Rourke, 

1990). 

Pressure wave amplification is attributed principally to peripherai wave reflection at 

arteriallarteriolar junctions, and with elastic non-uniformity ktween centrai and peripheral 

arteries contributhg as weil. Relative loss of elastic non-Wormity (similar aortic and 

peripheral wave ve1ocities) and incruised wave velocity (more pronomced cenuaüy) seem to 

be the factors involved in decruised ampIification with aging (Nichols and O'Rourke, 1990). 

In addition to arttriai stiffhess. decruise in arterial dilation may also be due to an 



nrsailar mooth m1t (VSM) 001ltractiIe t o ~ s  (Lahua, 1993; Camll a al., 1991). 

This would suggcst that tbt aged vesse1 waU either b e c o ~ ~ l t ~  hypeirractive to vasoconstrictor 

stimuli (Tascher and Vanhoute, 1990) aad/of hyporeadive to vasodilator agents &iischer and 

Vanhoute, 1990; Van Bnrmmtlen, 1981; ) . Higher levels of plasma NE at nst and in respomie 

to exercise (Silvcrm~ul and Mazzco, 19%; Laka~a,1993; Taylor el ai., 1992) can also play a role 

in increased VSM contractile tonus with aging . The mqonsiveness to vasodilator agents seems 

to decrease progressively with aging. 1t hss k e n  obsemed that relaxation in response to 

nitrovasodilators dccrrases with agc in intact arteries. However, in pnparations where the 

endothelium is removed, the zesponse to vasodilatois (papave~e and n i t r o v ~ a t o r s )  is 

unaltered with age. From these obse~atios it has been suggested that endothelium may be 

impaired to release relaxing factor (s) andlot it may produce a factor(s) which attenuates the 

effect of soluble guanylate cyclase (Lüscher and Vanhoute, 1990). The ability of the aging 

endothelium cells abïility to respond with the release of vasodüator nitric o d e  declines with age 

(Folkow and Svanborg, 1993). 

The capiiiary network is aormally expressad in te= of capillary demity (capillaries per 

mm2), capiiiary-to-fiber ratio (number of capillarieslnumber of filbers) and capiilary in contact 

with each fiber. Although the nsults on age-related changes of capillary network are 

controve~sial and inconclusive (Rogers aud Evans, 1993), some of them have show age-reIated 

declines in capillary deasity (Chiliik et al., 1995; Coggan et al,  1992). capillary-to-fiber ratio 

(ParizkovaJ970; Coggan et al., 1992) and capillary in contact with each fiber (Coggan et al., 

1992) , even in muscle that is fhquently rccnUted driring common daiiy activities. Even so, it 

is Iürely that the reduction in muscle capillazkation in the older subjects was the nsdt of lower 



levels of activity, compimd with yoiing subjecft tbat put les  of a dernand on theh muscIcs. 

Most of tb avaiiabte evideace, Pprricuiarly h m  Scandinavian saidies have c ~ ~ s t e n t i y  

show no teduaion in muscle oxidative capoeity with agïng (Jkoge~~ and Evans, 1993; ChiIi'beck 

et al., 1995). A few o t k  studies ( Essen-Gustavsson and Borges, 1986; Coggan et al., 1992) 

showed that sedentary older people present Iowa oxidative Capaaty, which was concluded h m  

lowa muscle oxidative earymaaic activities. The age-relatai decline in oxidative capacity found 

in these later studies is in agreement with the decline in 4 uptake capacity of aged muscle 

measured in vitro (Meredith et ai. ,1989). The aiymes u s d y  evaluated to detennine muscle 

oxidative capacity have ban citrate syntbse (CS). succinate dehydrogenase (SDH), and p- 

hydmxyacyI-CoA dehyclragenase (p-HAD). if age-relaad decline in oxidative eazymatic activity 

can be assumecl, then VO2 kinetics might slow d o m  end, with exercise, more vasodilator 

metabolites (ADP, Pi iA and H') could be fomied This particular factor would then contribute 

to a stmnger dgve for metabolicdependent vasodiiation in the older compared to younger people. 

In summary, blood flow to exercising muscle may be Iocally altered with aging because of 

resistance vessels aarrowing, incnase in arrexy stiffness, increased sympathetic nervous activity, 

decreased responsiveness 10 or production of vasodilator agents, i n c d  responsiveness to 

vasoconstrictor stimuli. decliae in capillary network and decline in muscle oxidative capacity. 

Except for a potential smnger drive for metabolic-dependent vasodilation. which may have some 

effect on the later part of the on-transient blood flow W c s  c w e  at the onset of exercise, aü other 

age-related vasailar adaptations appear to contribute to an impairment in blood flow kinetics. 

Therefore, the main purpose of this saidy was to test the hypotbesis that blood flow kinetics will 

be impaireci with aging in response to exercise. 



CEAPTER III 

FOREARM BLOOD FLOW KINETICS IN RESPONSE TO 

HANDGRIP DYNAMIC CONTRACTIONS IN YOUNG AND 

OLD PEOPLE. 



Abstiact The hypothWs that blood flow kinetics, at the onset of exercise, is slowcd in older 

people cornparrd to yomg people was tcsttd in 6 young (muin age 28.8t9.7 y-) and 5 old 

(mean age 72.0 t 6.4 years) mm who wen non-smokers, nonnote11~ives, without history of 

cardiovascuiar diseasc and normaily active. Diameter of the brachial artery (DM) was assessed 

by echo-Doppler whik bcat-by-bcat man Mood velocity (MBV) and mean arterial pafusion 

pressure W P )  were assessed by pulsed Doppler and a Fmapres finger cuff, rrspectively. To 

assess the kinetics of the q n s e ,  each participant's data were fitted by a twocompoaent 

exponential curve. This procedure pmvided informaton on the maa response time (MRT) 

which represented the t h e  when 63% of the nsponse was achieved The measurements were 

taken at rest and during 5 min of exercise, with the participants in the supine position. The 

exercise consisted of repeated handgrip contractions by lifting and lowering a 4.4 kg weight, 

using a 1 sed2sec work-to-rest ratio with the ami supporteci above the hem level. The DM (4.2 

mm and 4.7 mm. in the young and old group, rrspectively) was not significantly different 

between the p u p s  nor between mst and exercise. Therefore, the kinetics of blood flow were 

represented by the MBV kinetics. The young group increased MBV h m  7.9 cmlsec at rest to 

22.6 cm/sec duriag exercise while the old p u p  showed an inaease fbm 9.1 to 22.9 cdsec,  

with no significant inter-pup differences . The difference in MBV- MRT between the two 

groups (young = 23.39 + 9.12 s and old = 26.65t 8.72 s), was not statisticaliy significant. 

Forearm vascular conductaoce index (FVCI)? calculated by the quotient between MBV and MW, 

increased from 0.10 t 0.01 to 0.26 t 0.01 cm . (s . mmHgrL in the young and h m  0.12 to t 0.03 

to 0.25 + 0.07 cm. (s . mmHg)" in the older group, with no sipnincant difference between the 



t w o ~ . T ' k d i f f ~ i n F V U - m w i r r s p o i r p e t i m e s ( 2 0 . 1 1 ~ 7 3 4 ~  intheyounggrwp 

and 24.4 I 824s in in old group) was not stotistcaily sigdïcant, These data did not support 

the hypothesis that blood fiow adaptation to cxezcising mosde is siowed with aging. 



In dy-tday living, we ccmsta~tiy go &om one levd of paysid activity to an- This 

challenge must k mt as efficicntly as possiMe to the alteratious in mctaboiic suite 

within the active &letai muscles. Thus, on gohg h m  searcd n t  to normal walking, the 

cardiovascular systtm must contn'bute by rapidly supplying p a t e r  blood flow, with consequent 

increases in 4 supply and nmovai of waste products of metabohm. The muscle maices 

appropnate adaptation for the utilization of the 4 in the production of encrgy. Yet, in older 

subjects, one or more of these adaptative proassa could be inipairrd For example, at the omet 

of cycüng exercise, the V02 Lùietics have been shown to be slower in the older compareù to 

younger subjects regardless of whether the exercise intensity is expnssed in relative (Babcock 

et al., 1994; Kowalchuk et al., 1995) or absolute terms (Kowalchuk et al., 1995) up to 80% of 

the ventüatory threshold. 

The V02 kinetics have been associated with blood flow adaptation at the onset of 

exercise; that is, faster VO, kinetics is codateci with &ter blood fiow kinetics (Hughson et al., 

1995). Accordingly, a slower blood flow kinetics may slow down the VO, adaptation at the 

onset of exaise which in tiim, can lead to a greater increase in lactate production. H+ and 

decnased P Cr. Therefore, a practical implication of slower blood fiow, is that the exercise 

might result in a higher perceivecl nite of exertion. This sensation of higher rate of exenion, in 

tum, may influence one to deawe the level of spontaneaus physical activity and in Qing so, 

the fitness level would decrase. Coasequentiy, the VO, kinetics would tend to be progressively 

slower and a vicious cycle is then established. A process WEe this might conhniute to a decrwed 



physicai activity with agïr~g. 

h spite of ongohg controvcfsy in tbis arcs, the agbg pocess has fkqucntly bcen 

rrported to k assmPted with stmctud and fimctional aiterations thai may infiuence the mtc of 

adjustment of blood flow to ex&g muscles at the oiiset of exache. These alterations inc1ude 

the narrowing of rcsistanct vtsstIs (Fdkow and Svsnborg, 1993). an iaacase in the stiffness of 

arteries (Lakatta, 1993; Fokow aud Svanborg, 1993; Nichols and O'Rourke, 1990). incnased 

varmlar smooth muscle contrspctile tonus (Ucaüa, 1993). inaeased sympathetic ne!rvous actïvity 

(Silverman et al., 19%; Taylor et al., 1992), decnased rcsponsiveness to or production of 

vasodilator agents (Fokow and Svanborg, 1993; Ijüscher and Vanhoutte, 1990; Van Bnmimlen 

et al., 198 1). stnrctural "advantage" provideci by thicker vesse1 w d s  @miter force exerted by 

smooth musde cell) in nsponse to vasoconstrictor stimuli (Schwartz, 1996), deciine in one or 

more measurements of the capillary network (Cbili'beck et al., 1995; ParukovaJ970; Coggan 

et al., 1992) and decline in muscle oxidative capacity ( Essen-Gustavsson and Borges, 1986; 

Meredith et al. ,1989; Coggan et al. 1992). Taken togetha. these hdings appear to suggest that 

blood flow kinetics might be slowed at the omet of exercise in older people. Therefore, the main 

purpose of this study was to test the hypothesis that blood fiow kinetics at the omet of exercise 

is slowed with aging. 



Method 

Subjects. 

Six young (28.8 9.7 years) aad five old (age 72.0 t 6.4 ycars), healthy and normally 

active males paaicipkd in the study. They w a e  ali normotensives ( rcsting systolic and 

diastoiic pressure lowa than 140 and 90 m g ,  nspeaively). None of them qorted a medical 

history of cardiovasclat discase or was under mdication known to interfere with blood flow 

contrd as assessed through a mcdicai satening foan. Seven olda m n  volmteered to participaie 

in the study but two of thcm did not m e t  the criteria for inclusion and they were excluded The 

fïrst one pnsented high and unstable blood pssure and abnornialitits in the ECG tracing and 

the second one reveaied an abnomial variation in heart rate and a few pxemaairt kart beats. The 

data coUected from the second volunteer arr presented as interestkg fidings in Appendix 1 of 

this thesis. Infoniied consent was obtained from the participants and the study was approved by 

the Office of Human Rescarch and Animal Care of the University of Waterloo. 

Experimentol ProtocoL 

Participants were instnicted to consum no caffeine on the days they nported for the 

study, and to refxain k m  eating for at least 2 h @or to the ecxperiment. The experiments were 

perfomed at a laboratory temperature of - 20" C. Dynamic handgrip contractions were 

performed while in supine position (reched comfortably on their back). The exercising arm was 

supported on a platform that eievated it at an upward angle of 50' relative to the horizontaI and 

extended to a handgrip device (note Figure 4.2 in sndy # 2). The participant then lifted and 

lowered a weight of 4.4kg. through a vertical distancc of Sem, at a frrquency of 20 



contractioLIS/min, ushg a piUey system The LtSUltant work and power output werc 4.3U and 

1.44wrrspstiwiy. T l i e n e q i r n c y ( l s ~ 0 ~ 1 ~ 0 1 1 b y Z s p s ~ ~ t ~ w n e a c i o ~ ) d i i r i n g r h e  

exercise was m o n i t d  through eqipment which provideci nsPd and siuiitory signais. The 

participant was givm 30 min. test befae starting data co11CÇtjon A scbanetic iilustration of the 

testing protocol is prcsentcd in Figure 3.1. 

Measurements, 

Momnol Voluntary Isometric Handgnp Contraction. The maximal volmtary handgrip 

contractions (MVIC) wae assesseci through a strain-gauge load cell (Linear Variable DBerential 

Transformer - Daya~iiil mode1 3230 P) attacheci to a handgcip &vice. The participant paf@ 

three maximal voluntary contractions with a rest paid betwecn thaa Sinœ these measurements 

n o d y  presented srnail variations between the thne triais, mainly due to motivation of the 

participants and position of the fingers, the mean of them was thought to better npresent the 

participant's forwm MVIC. 

Stroke Volume Ushg I i k e  Cudbgr4pity. Stroke volume (SV)was monitored beat 

by beat with impedance cardography (304-B Minnesota Impdance Cardiograph). The e1ectncai 

signais were transmitted and nceived by 4 pair of elecirodes. Two pain were applied to the mck 

skin and the other two pain were appiied to the iaterai midiine of the chest aceordiag to standard 

placement @D Quesnay et ai., 1987). The raw impedance data were smcmthed by using a f ive  

hart beat moving-average pnnedm, after which a softwa program madrcd the rate of change 

of the impedance signal (Muzzi et al, 1985; Shoemaker et al., 1994). SV for each beat was 

calculateci according to the equation of Kubicek et ai. (1966). 



F i  3.1. Schmiatic qxcsataticm of the asting protoc01 sequenœ aRa the participauts have 

bew instnimtnted and have had 30 minutes nst in the supine position, 

Legend: 

A = Data coliection started (1 minute before the exercise onset ); B = Exercise started; 

EXERCISE = handgrip contractions for 5 minutes; O Data collection and exercise stopped; 

RECOVERY = rest for 10 minutes or longer untü b a s e h  values were remverrd . 

The sequena fkm A to A was rcpeated 5 t i w s .  The first trial was designecl for diamtcr 

measunments whiie the nmaining four trials were aiialysed for HR, MPP, SV and MBV on a 

kat-by-kat baisis. 



Hean m e .  Hcart rate was contïnuously monitmd on a bat-by-beat basis with an 

electrocardiogram thtough 3 spot eltctzodes on the skin. 

Mean A r t e ~ t  Perfunon Pressun ( m p ) :  A photopIethysmograph hger blood prê~sure cuff 

(Ohmeda 2300, F i )  was applied on the middle finger of the contralaterai haad. The hand 

was rested at the same level as the ultrasound probe on the exercising arm. 

Bluud Velocity. Measurements of MBV were taken simüarly to the mthod descri'bed by 

Tschakovsky et ai. (1995). The Doppler cquipment (modd 500 V, Multigon Industries, Mt. 

Vernon, NY) operated in pulsed wave mode was used. After determination of brachiai artery 

position by palpation (- 2cm proximal to the antecubital fossa) a 4MHZ flat probe was 

manipulateci over the brachial artery until optimal auditory and visual signais were obtained and 

then the probe was taped on the skin. The angle of insonation of the built-in transducer relative 

to the skin was 45 O. It was assumed that the brachial artery ran paralle1 to the skin surface at the 

site of probe position. The gate was set at full width (12 mm) to facilitate insonation of the total 

width of the artery with appmximate1y constant intemity. With this apparatus, it was possible 

to maintain a clear Doppler signal both at rest and during exercise. 

The Doppler uitrasound technique uses an uitrasonic beam at the mgahertz level directed 

at the blood vesse1 so as to diagonally intcrsect it. Stationary objccts nflect sound back at the 

same fkquency whik sound refiected back by moving particles (red blood ceh) is shifted in 

fkquency. This fÎequency shift (f, ; in Hz) is in the audio range and is proportional to the red 

b l d  cell velocity such that V = f, . &f;. cos@, whae V is the velocity (in &sec), f i  is the 



nansmitted fkquency (h Hz). Bis the angle of insonation of the uitrasound beam, and c is the 

velocity of swnd in tissue and/ot b l d  (157000 cm. s-')(Wells. 1977). 

The main source o f e m ~  in MBV determination is the angk of insonation (GiIl, 1985; 

Shoemaker et al., 1994). To reduce the magnitude of this enor, the body position during the 

handgrip trials was fixeci. In aiddition, a fiat probe, whch maintains the angle of the soimd 

aansducer with the skin was used. Further iimitations associatcd with Doppler masurements 

of blood velocity include randorn emn attributable to the operator, improper alignment of the 

ultrasound beam with the artery, and Doppler signal parssing and k p e n c y  estinmion. These 

sources ofemn were reduced by averaging four repeated trials into one data set (GU, 1985) 

and by using both auditory and visual f d a c k  of the Doppler signal (Shœmaker et al., 1994). 

The Doppler shift freqyency specha were ~ s e d  by a quadrature audio demodulator 

(Micco, 1989) that pvided instantaneous MBV in real time allowing collection of MBV in 

analog-to-digital uni&. The quadrahin audio demodulator aiso generawl the appropriate Doppler 

shift fkquency signals to produce a two-point caübraîion (0.5 d s  and -0.5 m/s at a O" probe 

insonation angle). Beat-by-beat MBV was calculateci by integrating the total area under the 

instantanmus MBV profile, with the marked QRS complex of the electrocazdiogram tracing 

signalling the end of one heartbeat and the kginning of the next (Shoemaker et al., 1994). 

Vesse1 Dianteter. An uitrasound irnaging (echo-Doppler) and Doppler System (mode1 SSH-14û- 

A, Toshiba Corporation, Japiia) operated in Doppler @) and brightness modulation (B) modes 

was used After determination of brachial artery position by palpation proximal to the 

antecubital fossa, a 7.5 -MHZ band-àeld probe, comprishg an amy of transmitting and receiving 



tramducers. was manipuiated ova the brachial artay und optimal auditory and visual signals 

were obtaincd. The vesse1 waü image and blood vtlocity pmfiles were video-taped for 

subsequcnt analysis. I)uriag tht analysis. îhe velocity pnla geDaPtcd by this sysiem wae only 

used to provide additionai faadback about the opimal position of the probe. 

Through the acbo-DoppIer system, the traasmitted signal is sent out in periodic pulses 

and the tim of adval of the echo is proportioaal to the @th of the echo source. The image is 

built up in real time by dispIaying each echo as a dot on the screext. The intcnsity of the echo is 

determined by the strength of the echo and its location by the time of d v a l .  The result is a two- 

dimensional image of structures dong the uitrasound kam. 

Dura Srorage. 

The electrocardiogram, finapres. Doppler and impeaaOce cardiography signais, including time, 

were recorded at a fkquency of 200 Hz on a microcornputer data acquisition system. These 

signals were coiiected continuoudy for each &min trial. The Echo-Doppler images collected 

during 1 triai for each participant were storcd on VCR tapes 

Data Analys&. 

The MBV, HR, SV, MPP data collected on a bat-by-beat basis h m  four repetitions for 

each subject were averaged at 1-s intervais to yïeld a single data set pet subject This method is 

sirnilar to that descnbed pnMously to examine breath-by-breath VO, (Phillips et al., 1995; 

Shoemaker et al., 1994) and MBV (Hughson et al.,1995; Shoemakcs et al.. 1994). 



CaDdiPc output (CO) was cal-by tbe pioduct of buia rate (HR) and molce volume 

(SV).Meanaitcnalprtssi~cwaseSfimaOdbyeddingtheMPPpIus thtdif5erenainmmHg(2 

mmHg per inch) due to the vertical distanœ bctwœn iht site of nmwmmcnt and the kart  level. 

Foreann va9ailat- index (FVCI) was caiculatrrl by the quotient ktwcen MBV and 

MPP* 

The MBV kinetic pazamttcrs for the response to the sep increase in wodr rate were 

d e s c n i  from a tw~l~~mponcnt  exponentiai model. alnady uscd in prcviws smdies of MBV 

(Tschakovsky, 1993; Hughson et al.. 1995). This model is the same used to descri'be VO, 

kinetics (Cochrane et al., 199% Hughson et al., 1993; Phillips, 1995). The model contaias a 

baselhe (Go) and two gain tams (G1 and G2) as weii as two tim delay ('Ml1 and TD2) and time 

constant ternis (Tl and t 2). Therefore the MBV kinetic nsponse was descn'bed as fûnction of 

the by the following equation : 

Equation I 

where u,=Of~rt<TD,.u,=Lfort~TD,~ u,=OfortcTD+ndï=lfor trTD2. 

Tbe model paraineters were determineci by least square procedure in which the best fit 

was established by minimi,ation of the residual sum of squares (Hughson et al.. 1988). 

The overall time course of the rtsponse was represented by the MRT, which was 

calcuiated ftom a weighted sum of TD and f for each cornponent. 

MRT = [GII(Gl + Gd] - (2, + TDl) + [GJ(G, + GJ] (5, + TDJ Equation 2 

39 



MRT is equivalent in tune to tht point at which the responsc passes through - 6396 of 

the difference betwœn Go and the new steady-stak value. 

Diameter @m) of the brachial piery was asscsscd by n#Pag the VCR image at 5 

dinemit points in time during the resting pcriod (one for each 10 seconds) and 5 during the 

exercise period (one for cach minute) . For each point in time tbnt ~ m c n t s  wae tdcem 

and the mean of tbcse values was used to rcprcsent the diamcter at that point in tim, and the 

mean diameter values for rest and e x e e  were calculatecl fm each participant 

Figure 3.2 and 3 3  show brachial artery image and how the diameter -nts were 

B l d  flow in th bmchiai rutay was caiculated by the equation used by Chaveau et al., 

(1985): FBF=MBV.x. d214 Eqwtion 3 

where FBF=forearm blood fbw ; ddarneter of the artery ; MBV=mean blood velocity; x = a 

constant (3.1416). 

S~ticaIAllQJysi;s 

Intra-group diffetenas between rest and exercise means of HR, SV, CO, DM, MBV, FBF, 

MPP, MAP and FVCI wae cornparcd k u g h  a paireci T-test htcr-pup differences in these 

variables (except SV and CO) and in the MBV and WCI kinetic parameters were compared 

through T-test for independent samples. The level of statistical signifîcance was estabiished at 

pr 0.05. 



Figure 3.2. Brachial actery diameter assessrnent (at rest) through ultrasouad imaging and 

Doppler system 

Note: A sample of the pulsed Doppler spectral display (top tracing on Lefi side) obtained nom 

the lumen of the brachial artery as imaged by echo Doppler (nght side). Three callipea markers 

were placed on the vesse1 waii to obtain three measurements [DIAM 1; DIAM 2 and DIAM 3 

(bottom on left side)]. The averaged diameter (AVG D) was taken as the diameter for that point 



Figure 3.3. Brachial artery image during handgrip dynamic exercise. 

Note: The pulsed Doppler spectra display (top tracing on left side) obtained fkom the lumen of 

brachial artery (right side) as imaged by echo Doppler. The pulsed Doppler spectra profile shows 

greater mean blood velocity compared to the rest values showed in the previous figure (Fig. 3.2). 



Participis' churacttriStiCs. 

The mtan values in Tabk 3.1 show tht theoldacornpaccd to tbe yormg grwp was 43.2 

years 01- 6.0 cm sborta; and 11.6 kg wealcr in handg@ M C .  Thaefon the same absolute 

workload used in the s a d y  (4.4 kg.) quirad an extra 3.6 96 M C  to be moved by the ol&r 

group. 

Table 3.1. Participants' characteristics in the young and older group- 

Y O U g  28.8 s 9.7 * 178.8 e 3.1 * 76.7 * 6.0 45.6 a 4.2 * 9.7 I 0.9 * 

older 72.0 I 6-4 172.8 2.7 79.2 5.1 34.0 * 6.7 13.3 k2.0 

Valucs are mcans 4 SD; n = 6 and 5 for young and old gmups, respcctiveiy. * means that the différences 
are statistidy significaat betwecn the two p u p s  at p r 0.05; M V I G =  voltmtaxy isomctric contraction. 

Mean B U  Velociq 

The différence in mean blood velocity at e s t  between the young and older group (789 1.21 

and 9.14 I 1.66 cmlsec, nspcaively) was not statistically signifïcant. It inc~ca~ed to 22.6 1: 2.5 

in the young and to 229 t 4.6 in the old ( 286 % incitase in the young and 250% in old). The 

difference between rest and during exercise was sipifîcant in both groups. However, there was 

no significant Merence between the groups eithex at rcst or during exucise (Figure 3.4). 



Figure 3.4. Mean blwd velocity (MBV) the response to moderate handgrip exercise in young 

and old men. Values are mans I SD; n=6 in the young goup and 5 in for older 

group tively. *the clifferences are statisticaliy sipnincant between rest and exercise 

at p a 0.05. 

The man values of blood velocity kinetic parameters Gable 3.2 and Figure 3.5) show 

that the blood velocity man response time (MBV-MRT) aiid total gains were not statistically 

different between the young and older group of participants. More preciseiy, the only kinetic 

parameter that showed statistical difference was time delay l(td1). That is, the kginaing of the 

response to exerck was somewhat siower in the o l k  gmup. Confounding factors such as the 

concentration of the participant and m o n  tim may k involvcd in the dinertnce found in tdl. 



Table 3.2. Mean kinttic pafamttets of Mean Blood VcIocity for young and old participants in 

response to a step change bandgrip dynamic extrcise. 

Young Old 

tau1 (sec) 

of the expowntisl cwve was achieved up to td2; td2 = time &lay k m  the omet of the exescise to the 
begianing of the second component of the expoacntial curvc; tau2 = timc when 63 96 of the rcsponse in the 
second component of die exponcntial m e  was achieved; gû = vaiues at mt; gl= gain obtained duriag the 
first component of the exponcntial m e  up to td2, g2 = gain obtaincd during the second component of the 
exponentiai came; MRT = tirne taken to reach 63 96 of the ovcrall rcsponsc; tg = total gain obtais~cd; mse = 
standard emr of mean of the curvc fit Qta; * = the mcan values between the two groups are statistically 
cliffereut 



- older 

O 1 2 3 4 5 6 

Time (min) 

Figure 3.5. Mean Blood velocity (MBV) response to a moderate dynamic handgrip exercise in 

young and old men. The data were fitted by a twocomponent exponential model. 



Diameter of the brachial mev 

The diameter mean values foi young (4.19 I 0.48 and 4.1* 0.32 mm) and for old 

people ( 4.66 t 0.42 and 4.72 t 0.39 mm) at rest and during exetcise, rcspectively , wae not 

different within each gmup. When the meam of the two grwps were cornparad the older 

participants showed only a tnmd (pM.07) to prcsent larger DM in the brachial artery. Figure 3.6 

illustrates the mean diameter values for both young and old gmups. 

old 

Figure 3.6. Brachial artery diameter(DM) at rest and during moderate handgrip exercise in 

young and old people. 



Blood Flow 

Siace the âiameter of the brachial artery was not differcnt during nst and exercise, the blood 

fiow values were calculatcd using the mean diarneâcr for cach participant The resting foruum 

blood flow was hi* @ ~0.05) in the old group (945 22.6 milmin) cornparrd to the young 

(64.7 t 10.6 mllmin). The blood flow inaeasd to 186.8 I 38.2 &min in the young and to 235.8 

t 49.5 mi/& in the olda subjects. The calcuiiated nct blood fiow gain fiam rest to the steady - 
state phase during exucise was 122.1 + 3 1.4 mUmin in the yomig and 141.3 t 30.3 d m i n  in 

the old. However, neither the dinerence during exercise nor the blood fiow total gain was 

statistidy significant between the two groups (Fig.3.7). 

Figure 3.7. Foream blood flow (FBF) response to moderate handgrip exercise in young 

and old men. FBF is e x p d  in mililitem of blcnxi per minute (ml . min-'). 

*signifîcant difference between rest and exercise; + signifiant ciifference 

between groups). 



Mem Atterirrl Pe- Pressute 

The xnean aacrial prfiision piessiirr was statistically di&rmt whm the rest vaiues wen 

compared to those at the iast minute of exacise. The mean M ptcmialion p~cssurc was almost 

identical in the yamg and old gmup during the rst pcriod, The old people tend to have a ûigher 

blood pressure at the end of the exercise pericd, that W. the iacnese in blood pressure tends to 

be pater in the oldcr people compared to younger (Table 3.3; Figure 3.8). However, this 

difference did not reach statisticai signincance. 

Table 33. Mean Artenai Pafusion Pressure for young and old groups during rest and exercise. 

old (n = 5) 78-4 * 10.8 88.5 * 5.8 * 13 

Values are maris t SD; n = 6 and 5 for young and old groups, respcctively. * di&rrnce is statistically significant 

compared to resting values; B W  b l d  pnsiurc mcan values during I minute rest; BPend = blood pnssure mean 

values at the end of excrcisc pcrïod (from 4th to 5th minute of exercise). 

F i ï  3.8. Mean arterial 
pemision presswle(MPP) in 
response to moderate 
handgrip exercise in young 
and old men. (Beat-by-beat 
values were averaged for 
4sec). 



Foreann Varcuht Conductance 

An index of tûc f m  vascular conductance (FVcr) was calcularcd dmdiag MBV by MPP 

on a bat-by-bcat basis. The mfing values of WU wen 0.10 t 0.01 and 0.12 t 0.03 cm (s . 

mmHg)-' in the young and old p p ,  rrspctively. huing exercise, the WU signincantly 

increased to 0.26 * 0-01 and 0.25 t 0.07 cm (s . mmHg)-' in the young and in the old 

respectively- The differences between the two groups were not stathtîcally significant @> 0.05). 

The kinetic parameters obtained through a two-component exponentiai model showed 

that the values for FVCI-mean response tirnt (FVCI-MRT), tended to be slower in older people 

(24.4 + 8-24 seconds) compared to 20.1 1 I 7.34 seconds in the young group. However, tbis 

merence did not reach statisticai sipnincance. 

Heart Rate 

The heart rate values, either during rest or at the end of the exerck period, were not statisticdy 

different between the two groups. The in- in heart rate due to the exercise was not 

statistically significant in the young group, however the 4.4 bpm inmase in the old group was 

statistically significant (@.OS). 



Tabie 3.4. Mean kart rate fof youiig and old groups during nst and the iast minute of exercise. 

old (n = 5) 64.9 I 10.6 69.3 k 12.8 * 

Values are maris I SI); a = 6 and 5 for yomg and old groups. lcspectively. d i f f~cnce  is statistically 

significant compartd to resting values; HRnst= hart ratt mcan values during 1 minute nst; HRcnd = h a r t  rate 

mean values at the end of exercise period (hm 4th to 5th minute ofexercise). 

0 old 

A young 

F i i  3.9. Heart rate(IIR) 
changes in response to 
moderate handgrip exercise 
in young and old group. 
Values were averaged for 
each 30 second period. 

O 1 2 3 4 5 6 

TlME (min) 



Cardiof Ou1put. 

Cardiac output was evaluîed in the old pq to assess the cffixt of the dyiiamic 

moderate handgrip exexcise on carâiac fhction. Strolrc volume was similis whm the mean 

resting value (69.6 I 105 ml) was compared to tk man value during exercise (70.4 1 13 ml). 

(Figure 3.10). 

Figure 3.10.. Stroke volume (SV) 
response to moderate. handgrip 
exercise in older men. Values are the 
five-heart beaî moving-average for al l  
five subjects. 

The mean cardiac output (CO) of 4.68 I 0.34 L . mimi' o b d  at rest increased 

approximately 5% during the handgxip exercise to 4-96 t 0.46 L . min-' . This in- occurred 

throughout the exercise period (Fig.3.11). 



F ~ I  3.11. Cardiac output changes in response to moderate handgrip exercise in 
older men. Values are five-hext beat moving-average for al l  five 
subjects. 



In addition to what was alrrady mentioncd in the section on methods, it seems usefid to 

iaclude the foilowing observations made during this study: 1) Regarding the measUrexnent of 

MBV, the 'loosd' skin of the old people cornpimi to young subjects appeared to impose an 

additional difficulty for this masurement Despite the care taken to prevent any movement that 

could cause motion at the site of the measurement, a few times during the exercise, the Doppler 

signai started to deteriorate due to &in movement. When this happened, the operator rectified 

the situation by applying slight pressure with one fïuger to a specinc part of the probe and the 

good quality of the Doppler signal was pmmptiy recovered. Any d transient fluctuation of 

the Doppler signal due to skin movement was mhimized by the aveliiging process over four 

trials; 2) The measurements of blood pressure might have k n  compromised over the relatively 

long period of data collection. That is, the finger cuff was kept idlateci during the total time of 

each trial (6min). C a  deflation between each of the four triais could have minimized tùis 

potential Limitation. 

Regarding the participants' characteristics (Table 3. l), the difference in MVIC 

between the two groups seems to be the most important ciifference to be discussed. The present 

study showed an age-related daciine in strength around 25% in the old compared to the young 

group. This deche is within the range reported in the literature (Larsson, 1987; Roger and 

Evans, 1993; Skelton, 1994). This sangth decline can potentially be attnbuted eithr to the loss 

of muscle mass or to some altefation of the muscle capacity to generate force (because of a 

reduced activation of motor units anaor a Ioss of contractile or mechanical pmperties of the 



muscle) or to a combination of these two mccbanisms thus mPLing ol&r muscle inainsically 

weaicer (Rogers and Evans. 1993). 

Since we used the sam absolute wodrlod in the pesent study, then the older 

participants workcd at a slightly hi+ relative workioad (3.6% higher compated to the young 

group). However, the use of sam absalute workload for young and old was judged to be 

advautagaus in tems oE 1) the workIoad m n t e d  a modemte intensity of eEort that appears 

to be normally faced during daily activities of both groups; 2) control for potentid differences 

in blood fiow that muld be due to different absolute workloads. That is, the group performing 

the lowest absolute workioad might not have to raise the blood flow as high as the other group 

because the absolute v02 required could be lower. Consequentty, this different gradient h m  

rest to exercise, between the groups could have an effect on blood fiow kinetics. 

The present study showed that, in response to moderate dynamic handgrip exercise : 

1)brachial artery MBV increased h m  rest to exercise in both groups, however there was no 

signifïcant merence between the two groups. The t h e  course of MBV increase in response to 

exercise, represented by the MW-MRT, was not different in old compared to young; 2) FVIC 

increased in both groups, however no significant differences were found at rest, during exercise 

and in the the course to reach the new FVIC levels during exercise, between the two groups; 

3) The brachial artexy diameter did not change with exercise and thue was no age-related change 

in diameter, 4) Forearm b l d  flow (FBF) at nst  was higher in older compareci to young 

participants; 5) Mean arterial pressure was not different between young and old, at rest and 

duxing exercise. However, the increase in MAP during exercise tended to be larger in old than 

in young; 6) HR h m  rest to exercise was significant higher in old but not in young 



participants; 7) CO was slightly elevated in older participants. 

Regarding the hypothcses of aUs sady, tk most impatent findhg was that blood fiow 

kinetics was not impaired with aging. Tbis nodiog does not support the hypotbcsis that the tim 

course of adaptation of blood fiow kinctics at the onset of exercise is slowed with aging. 

Cornparison of resuits between the -nt study and others is somwhat difficult for the 

following reasons: a) the present stuciy appuas to be the first one to use a direct and high 

temporal tesolution method on a kat-by-kat basis to look at changes in age-related blood fiow 

kinetics during exercise; b) Most of the studies done on age-relateci changes in blood fiow have 

been focushg on steady-state blood fiow or maximal capacity measrired either with 

plethysmography (Allwood, 1958; Martin et ai., 1990; Martin et ai., 199 1; Jaspersen et al., 1994; 

Taylor et al., 1992) and L33Xenon washout (Amay et al., 1%9) in humans or microsphere @ion 

et al., 1987; Irion et al., 1988; Haidet and Parsons, 199 1) and intravitai microscopy (Tymil et al., 

1992) in animals ; c) Sorne other studies measuring rate of P Cr (Md-uily et al., 199 1) or 4 

saturation(McCully et al., 1994) recovery after exercise only give indirect evidence regarding 

blood flow. Results of these previous studies about age-relateà changes in blood flow kinetics 

are controversial (McCully and Posner, 1995). 

Bearing in mind the above limitations for cornparison purposes, the lack of ciifference 

betweea young and old participants in FBF-MRT at the onset of exercise, seen in the present 

shidy seems to k: a) in agreement with the results reported by McCully et ai. (1995). where the 

rate of recovery in 4 saturation did not change with age after ischemia; and this was taken as 

evidence for no age-related impairment in 4 dtlivcry. The subjects for this study were healthy 

older individuals who were exercising regularly; b) different than the resuits reported also by 



McCuily et aL (1991), whea dry obsavcd age-rclated sloMng of the P Cr recovery rate which 

could suggest impaircd 4 delivery (it appears that the subjects in this shidy were not 

exercising regularly as in the forma mentioncd study); C) not in line with results npoaed by 

Tyml et al (1992), using intravital mi~oscopy in rats in which the pst-ischemic Mood velocity 

presented a slower ntum to pre-ischemic levels in the olQr blood vessels. 

Although there is extensive litetature suggesting age-reiated impaimicnt in the parameters 

that could affect blood now, the resuits of the c m n t  sbudy demonstrated that the oldcr 

participants could edjust their blood flow as fast as the young people in nsponse O handgrïp 

exetcise. The mchanisms by which this fast response occurs remain to be studied Meanwhile, 

some possible explanations are as follows: 1) If older people are impaind in their oxidative 

capacity @sen-Gustavsson and Baga, 1986; Coggan et al. 1992), then more metabolites tend 

be formed at a faster rate which might increase the drive to vasodilation; 2) The exe~ise mode1 

used in the present study involved foreann muscles. These muscles appear to be extensively 

recruited over the Mespan during daily activities. Consequently, the age-associated decline in 

physical activity which could impair blood flow adjustaient might not apply to this small muscle 

mass. In this regard, blood flow kinetics may follow the same trend seen in apparent 

controversial results between the studies on VO, kinetics (Babcock et al., 19941; Babcock et al, 

1994b; Kowalchuk, 1995; Chilibeck, 1995) and in studies on the rate of P Cr or O? saturation 

recovery (McCully et al., 199 1; McCully et al.. 1999, where age-related changes in the kinetics 

appeared to be associaied with the level of physicai activity (training) of the muscles involved 

in the exe- pmtoool; 3) The results of the present study could be influenced by the fact that 

the old gmup perfomed a slightly hi* relative workload than the young gmup; 4) The 



exercise pmtocol in this study used oniy a workioad appmximately 1096 of the MVIC and, at 

this woddod, might not have smssed the system to a point whre ciifferences could show up. 

rii tbe priesent study, the kinctics of forrann blood flow (FBF) were represented by the 

kinetics of mean blood veIocity (MW) because the diameter of the brachial a s t q  did not 

change h m  nst to exemise 3.6). Among Ih M W  kinetic parameters (TaHe 3.2 and 

Fig.3.9, oniy tdl(tim delay between the verbal si@ to start the exercise and the beginning of 

blood velocity rrsponse) was slower in the older participants. Confounding factors such as level 

of concentration of tùe participant, rraction t h e  and adjusmient to the rate of rhythmic 

contraction/relaxation ratio maice any interpretation âiflïcult. Furtûennore the magnitude of the 

above parameter appears not to have a signincant impact in mean response time (MRT). 

The magnitude of change in MBV between the two components of the exponential mode1 

(gl and g2) were similar either inter or intra-groups. However, the kinetics of the first component 

(ml) was smaller than the time constant of the second component (tau2). At the muscle level, 

the h t  component may be thought to be due to: 1) an immediate vasdation of the arterioles 

in response to exezcise. The signai is either transmitted neufally through intrinsic nemm of the 

vasculanire wall, and/or propagateà cell-to-celI electncaily or biochemically, either in response 

to neural or mechanid stimuli andior by the myogenic rrspbnse c a d  by muscle 

contractionhelaxation; 2) the muscle pump acting by compression/decompte~~ion of the venules; 

3) a combined effect of the mechanisms iisted previously. The second component is largely 

infiuenced by flow-dependent and mtabolicdependent vasodilation which effects take a little 

longer to rake place. Slower tau2 was aïs0 reporteci by Hughson et al. (1995). for young 

participants using the same exe- protocol. In both groups the MBV-MRT (tirne to 63% of 



steaày-state values), uscd to rcprcsent the ovaall Lmaic rcsponse, was close to that reported 

in a previous study (Hughson a al., 1995). 

EVCI sigdicaatly hxeasd h m  nst to exercise steady-state in both groups, however 

it was not different betwan the two groups either during rwt or during exercise. The trend of 

slowing FVCI kinectics in the 014 can be expiaineci by the non-significant slower changes in 

MBV(Tab1e 32) and larger inaease in MPP in the older group flable 3.3 and Fig. 3.8). 

However, w h  the N C I  data werc fitted by a two-component expmentiai model, no signifiant 

difference showed up between the two pups .  Therefore, the p n t  data suggest that the rate 

of vasodilation adjutment in the resisbnce vessels, in response to handgxip exercise, is not 

impaired with aging. 

Having discussed the kinetics of adaptation at the onset of handgrip exercise which was 

the main purpose of the present study, it may be useful to discuss the steady-state values of the 

related variables measured in the present snidy. Therefore, the next part of this discussion is 

devoted to cornparhg the steady-state values found ktween young and old people with fidings 

f?om the other studies. 

The absolute MBV values at rest for both gmups and the mnd to be dightly higher in the 

old are in agreement Mth those vaiues reported by Safar et ai. (198 1). However, the values for 

the young g m p  were approximately 4096 iower when compared to those reporteci by Anderson 

and Mark (1989), ushg Doppler technique. This disaepancy may be explaimd in tenns of two 

differences between the studies a) Anderson and Mark' study involved men and women. Since 

women tend to present a smaller vesse1 diameter than men (Boutouyrie et al.. 1992). the blood 

velocity may be f m r  in women; and b) the ann was supported at midthoracic level compared 



to above h m  position in the present study and the hyQosratc might have affecteci the 

MBV values. Ii1 addition, the values f m d  in the present stpdy and those mntioned previously 

are by far gnater than those npoaod by Lament et al. (1988) for the ~t~t ing  b l d  velocity. 

The FVCIincrcascd signifïcautly h m  mst to exucïse in both groups, however the mean 

values wac not diüieritnt ktwccn the giwps eitba during rcst or d&g exetcise. These findings 

are in agreement to those th- by Jasperse et al. (1994) and tbty are also in line with those 

reported by Martin et al. (1991) who did not observe any age-rclated deciine in maximal calf 

conductance in men. 'Ibese findings suggest that the vasodilatory response û not impaired with 

age. 

The absolute mean values of brachial artery diameter found in the present study for the 

young people were close to those observed in prewious studies (Hughson et ai., 1995; S a k  et al., 

198 1); however, they were somewhat srnalier than those obse~ed in a study done by Anderson 

and Mark (1989). One possible explmation for this difference may be due to a different room 

tempera- during the expriment; that is, while the temperature was around 20" C in the 

present study, it was amund 27" C during Anderson and Mark's study. It has been show that 

temperature can influence brachial diameter (Whelan et al., 1994). The absolute mean value of 

brachial ariery diameter in the older p u p  was in between the 4.36 I 0.47 mm reported by Safar 

et al.( 198 1) and the 4.9 I 1.2 mm reported by Kawasaki et al. (1987). These inter-snidies 

ciifferences in Dm may be aff'ted by the difference in participants' age and Dm variability 

between participants. 

S o m  studies have shown that the diameter of the brachial artery changes under ce& 

stresses (Anderson and Mark, 1989). Under a variety of physiological and pharmacological 



conditions, these changes do net excced 15% and this represtnts les than a 32% incrase in 

cross-sectionai arm &ondon and Safar, 1993). In the present study, no changes wen observeci 

in diameta of the brachial ~I%SY in the young or old gmup in nsponse to handgip exercise. This 

finding is in agreement wïth those rrponcd for young people using the same protoc01 (Hughson 

et ai., 1995) and those reportecl for the femoral artery in young and older people during leg 

exercise at several intensities up to 80% of the peak power output (Hopman et aL.1995). 

Therefore, ther findings support the idea that blood fbw is incnased in peripheral conduit 

arteries, in response to moderate exercise intensity, by solely increasing blood velocity while the 

cross-sectional area remained unchanged This inaease in blood velocity may be explained by 

vasodilation in the dowiisaam anaial tree ( h m  fteder artery to p-capillary arterioles), which 

could indirectly be verified by increased vascular conductance in the exercising muscle. 

Cornparison of the brachial artery diameter between the two groups showed no 

signincance. This is in agreement with results of a previous study in which brachial artery 

diameter did not change with age (Boutouyîe et al, 1992). However, it is worth nothg that the 

present study showed a trend towards incfeasing brachial artery diameter with aging @ = 0.07). 

Such a trend was also shown in other studies (Safar et al.,1981; Kawasaki et al., 198'7). 

DBerences in the mults of the shidies may be due to the fact that aging appears to have 

different effects dong the arterial tree, and the peripheral conduit arteries could represent the 

transition point. That is, for proximai arteries such as thoracic, abdominal aorta and common 

carotid, inacaFed dilation predominates over incrrased tbickness, while in more peripheral 

ateries, increased thickness prcdominates over diiation with aging(hmyd and Taylor, 1966). 

However, this issue appears to warrant m e r  studies. 



When the forrami blood flow was calculateci (MBV . aoss-sectional arra), the absolute 

values at rat,  in both groups, w a e  within the range obsend in a m o u s  study ( S a  et 

a1.,1981), howevcr the mean blood flow (64.7 t 10.6 ml . min-') found in the young group and 

94.5d2.6 ml . min-' in the old, rirr far &et cornparrd to 123 t 20 ml. min-' obsemed by 

Andnson and Mark (1989) in young participants. Since blaod fiow was calculateci h m  MBV 

and vessel cross-sectional area, the same arguments used to explain the discrepancy in those 

variables between the two s t u k  are appropriate to explain the clifference in blood flow values. 

The finding that resting forearm blood flow was greater in old compand to young is in 

agreement with a previous saidy (Safar et al.. 1981) which also measured blood flow in the 

brachial artery and with another study (Foley et al.. 1993) that measured b l d  flow in the 

anterior and posterior hiid arteries using Magnetic Resonaoce Angiography (MRA). However, 

Jasperse et al. (1994) observed no age-related changes in brachial artery blood fiow. Once 

again, these conflicting results warrant M e r  investigation. 

The present study failed to show any significant ciifference in foreami blood flow changes 

fkom rest to exercise between young and old participants. The magnitude of changes in both 

p u p s  were close to the 13 1 mVmin gain in young participants, reported by Hughson et aL(1995) 

using the same exercise pmtocol. These hdings are also in line with the results obsewed by 

Jasperse et al. (1994) who did not find any age-related decline in submaumal and peak levels 

of FBF in response either to handgrip exercise or following blood fiow occlusion plus exercise. 

Convenely, they observed greater FBF in the old compareci to young , at the highest level (- 

60% of maximum) of sustained (8mi.n) exercise. Based on these fmdings, they concluded that 

older subjects were not limited in the regdation of active muscle blood flow during handgrip 



exercise. 

The mean arterial pemision -(MPP) increased slightly ficm n t  to exercise in 

both groups(Tab1e 3.3). The old p u p  tended to pcsent a hi- MPP in rrsponsc to the exercïse 

(Figure 3.8). however, the dinerence wu not statkticaiiy si-caot compareci to the young 

m'UP- 

The site of the b l d  pressure masuremnt was appmxïmately 2ûcm above the heatt 

level. When the MPP resting values were corrected for this height factor, then the estimated 

mean artenal pressure (MAP) during rest was approximately 95 mmHg and this is close to the 

values reported by Srdar et al. (198 1) for young and old nonnotemives. The lack of di£ference 

between the groups is noteworthy in the present snidy, in spite of the extensive literature 

p o i n ~ g  to an increaSed biood pressure with aging either at rest or during exercise (Fokow and 

Svanborg, 1993; Laltata. 1993; Saltin, 1986). However, age-related increased blood pressure has 

been mostly reported in terms of systolic blood pressure. Decrease in blood pressure in the "very 

old" is also reported (Fokow and Svanborg, 1993). Also a selection f m r  (exclusion criteria: 

systoiic and diastolic blood pressure pater  than 140 and 90 mmHg, respectively) might have 

contn'buted to similar MAP betwetn young and old groups. Such observations may explain the 

lack of any age-reiated changes in atimated MAP found in the present study in which the mean 

age in the old group was 72 years. In addition, similar MAP, fond in the present study for 

young and old participants. is in agreement with the hdings of Jasperse et al. (1994). 

The srnail inmase (5%) in cardia output in the old group (Fg* 3.1 1). appears to be due 

solely to an increase in hart rate 3.9) because the stroke volume did not change h m  rest 

to exercise(Fig.3.10). Since HR was not different h m  rest to exercise in the young group, CO 



might not have changed in this group. In addition, an iniirrrase in CO in the old, might have 

contn'buted to the Iarger iacnase seen in b10d pressure in old comparai to the young group. 

CO changes canuot be d e d  out as a contn'butta to the faearm blood flow changes; however, 

this extra smaint of blood could p elsewhat. Iiitcrprctation of the impiications of CO changes 

is very limited in this study kcause: 1)the vasoconstriction s t a t u  of the splanchnia and other 

vascuim bcds was unlmown and blood could go ekwhere; 2) the 5% change observed is less 

than the variability of masurements intrinsic to impedance cardiography (-IO%), and 3) the 

normal physiologîcal variability in carûiac output at rest is approximateiy 1 Umin (Eriksen et 

al., 1!39û), which is much greater than approximately 0.3 L . min'' change observed in this study 

in older participants. 



Most m t i y ,  our data on blood fiow irinetics bave shown that thae was not an age-nlaîed 

impainnent in the reguiaîion of blood flow kinetics at the onset of a moderate step change in 

dynaiuic handgrîp exerciseezciSe It is noteworthy to mention tbat the prrsent findings are limiteci: 1) 

to dynamic contractions of small muscle IMSS in which potentiai age-related limitations imposed 

by the central circulation do not appear to play any significant role. This may not k the case 

during large muscle dynarnic exercise in which the blood fiow kinetics may be limited by the 

kinetics of the pumping capacity of the hart; 2) to srnail musde mass that appears to be 

recnYted extemively throughout the lifespan. This may not be the case for muscles that c m  k 

largely & i  by the age-reIaied association with decreased physical activity levels and; 3) to 

a moderate level of exercise and the resdts may be dinerent when higher exercise intensities 

challenge the system close to its maximal capacity. 

Future Diiections 

1. Compare age-relatecl blood fiow Liaetics dMng m e r  intensities of handgrip dynamic 

contractions. 

2. Compare age-relatai b l d  flow kinetics during large-muscle dynamic exercise (e.g. blood 

flow in the femorai artery during exercise in the kicking ergometry). 

3. Compare the e&xts of trainhg on blood fiow kinetics in older men and women. 



FOREARM BLOOD FLOW KINETICS LN RESPüNSE TO 

HANDGRLP DYNAMIC CONTRACIIONS IN NO-LY 

ACT'IVE AND VERY ACTIVE OLDER PEOPLE. 



Introduction 

Mariio et al. (1991) rcported that highly traincd oldcr numers had higher leg vascular 

conductance and maximal calfblood flow compoind to th& SCdtntary counterparts. However, 

it is not yet clcar whether habitually active elddy ruch submaximal levels of blood fiow and 

vascular conductance in rcsponse to exacisc, faster thpn tùeir kss active counterparts is not yet 

clear. 

There is a dearth of information regardhg changes in the the course of the blood flow 

adaptation to the requirements imposed by exercise. Indirect evidence of blood flow kinetics 

based on phosphocrratine (Kr) and 4 sahiration rate of recovety revealed controversial resdts- 

In one of these studies ( measuring PCr rate of recovery) older subjects were found to have 

significautly slower rates of recovery; that is, the time taken for PCr replenishment afier exercise 

(McCuiLy et al., 1991); while the other study (measuring 4 saturation rate of recovery) found 

no signincant age-relaîed impairment (McCuiiy et al., 1994). One explanation for this 

controversy was the dinerwt level of physicai activity presented by the samples in different 

studies, in the smse that, only less habitually active older people presented a significant age- 

related impairment (McCiiily et al., 1994). Thenfore, it seems fair to interpret that higher 

physically conditioned older people can show fasta blood flow adaptation comparexi to their less 

active countexparts. 

Although these indinct b l d  flow measurements (PCr and 4 saturation rate of 

recovery) provide usefbl information, the results obtaimd through them seem to be a 



combination of blood fiow (O, delivq) and 4 U ~ O I I ,  Therefore, fhther studies, 

particularly ushg techniques that provide more direct and non-invasive measuremeats with kat- 

by-beat resolution, are needed to impaove the knowledge about the paential role played by the 

aging process and/or physical activity on blood fiow kinetics. These requirements can be fiilfilleci 

by measuremetlts of blood velocity and artenal diameter thtough ultcasound techniques during 

continuos exercise. 

In study # 1, bath young and old participants were normaily active and no clifference in 

blood flow kinetics was fowid between them. However, what is uot hown is whether 

chronidy highr levels of physical activity affect blood fiow kinetics in the elderly . Do their 

blood fïow kinetics nspond the same way as was seen in young people in response to training 

(Shoernaker et al., L9%)? Can older people demonstrate plasticity in the cardiovascuiar system 

that can lead to faster blood flow kinetics? 

The hypothesis of this study was that the blood flow kinetics at the start of exercise 

wodd be enhanceci in habinialiy active elderly compared with their Iess active counterpaits. 



Detailcd idomiation on the mthodoiogy used in this study was presentcd in the 

previous study. 

s*cts. 

Five normaliy active and five very active healthy men participateci in the study. They 

were ail normotensives ( resting systolic and diastolic pressure lower than 140 and 90 mmHg, 

respectively). None of them Fepoaed a medical history of cardiovasaiar diseas nor was anyone 

on medication known to interfere with blood flow conttol. Mormed consent was obtained fiom 

the participants and the study was approved by the Ofnœ of Human Research and Animal Care 

of the University of Waterloo. 

The s d e d  n o d y  active group of paxticipants (NA) comprised healthy older men 

who were living independently with involvement in comrnon daily activities such as walking, 

gardening and snow shovelling, but none was engageci in a reguiar physical activity program- 

The very active group(VA) comprised healthy older men, who were playing hockey regulady 

(2 -3 times a week) in addition to the physicai activities iequïred in daily living- They were tested 

at the end of the hockey season. In addition, during the "off-season", they are regularly 

swimming, playing golf, bowling or riding their bikes. Therefore, they are very active all year- 

round. 

Experimenral Protocol. 

Dynamic handgrip contractions were pedormed whüe the participants reclined 



comf"1y in the Sapme Pogtion. The cxtrcisiag arm(which was the nght one in all subjects) 

was supportcd on a plMform that devated t to an agie of 500 relatiw to the horizontal and 

extended to a handgrip &vicee The participant then liftcd and lowered a weigbt of 4.4kg. 

through a vertical distaucc of Scm, at a fkqucncy of 20 contractioLlSImin, in in pdley qstem 

figure 4.2) for five miautes. This sequence was qeaW five tims with a minimum ten minutes 

rest between trials to ensure that the subjects ~turned to baseline values. 



Figure 4.1. Illustration of the experimentai protocol. 



MPmnor Voluntrrry I s d  Hmdgrp Controcfion 0. The pariicipant performed 

three maximal voluntary handgrip contractions with a rest pmod kîween t h  The man value 

was recordeci as the participant's forearm MVIC. 

Heart Rute. Heart rate was continuously monitored on a beat-by-beat basis with an 

electrocardiogtam tnmugh 3 spot elecodes on the skin. 

Blood Veloeiiy. Measuremnts of MBV were taken amilady to that d e s c r i i  by 

Tschakovsky et al. (1995). Doppler equipment (mode1 500 V, Multigon Industries, Mt Vernon, 

NY) operathg in pulsed wave mode was used. After detemination of brachial artery position 

by palpation (- 2cm proximal to the antecubital fossa) a 4-MHZ flat probe was manipulaid over 

the brachial artery until optimal auditory and visual signals were obtained and then the probe was 

taped on the skin. The angle of insonation of the built-in transducer relative to the skin was 45 O. 

It was assumed that the brachial artery ran paraIlel to the skin surface at the site of probe 

position. The gate was set at fuli width (12 mm) to facilitate insonation of the total width of the 

artery with approximateIy constant intensity. With this apparatus, it was possible to maintain 

a clear Doppler signal both at rest and during exercise. 

Vessel Dimeter. An ulüasound irnaging (echo-Doppler) and Doppler System (mode1 

SSH-140-A, Toshiia Corporation, Japan) operated in Doppler (D) and brightness modulation 

(B) modes was used. After determination of brachial artery position by palpation proximal to 

the antecubital fossa, a 7 5  -MH2  hand-held probe, comprishg an array of ttansmitting aad 

receiving transducers, was manipulateci over the brachial artery mtil optimal auditory and visual 



signais wexc obtaincd, The vesse1 waU image and blood velocity profiles w m  video-tapcd for 

subsequent anaiysis. During tbe anaiysh, tbt veloàty profiilles generated by this system were oniy 

used to provicie additional f-k about the optimaï position of the probe. 

Mem &rial Pe@im Pressure (MPP): A photo plcthysmograph fhgcr blood pressme 

cuff (Ohmda 2300, F i )  was appW on the midàie finger of the contralaterai haad. The 

hand was rested at the same level as the uitrasound probe on the exercising  am^ 

D<rr<r Stmage. 

The eiectwanüogram, Fmapres, Doppler signals, including time, were recorded on a 

microcornputer data acquisition system, These signals were coiiected continuously for each 6- 

min trial. The Echo-Doppler images coliected during 1 trial for each participant were storexi on 

VCR tapes. 

Dota A d y s i s .  

The M W ,  HR, MPP data collected on a kat-by-beat basis h m  four =petitions for each 

subject were averaged ai 1-s internais to yieid a single data set per subject. This method is similar 

to that described previously to examine breath-by-breath VO, (F%ïUips et al., 1995; Shoemaker 

et al., 1994) and MBV (Hughson et al., 1995; Shoemaker et al., 1994). 

Mean arterial presstue was estimated by adding the MPP plus the difference in mmHg 

(2 mmHg per inch) due to the vertical distance between the site of measurernent and the heart 

level. Forearm vascular conductance index (FVCL) was caiculattd by the quotient between M W  

and MPP. 



The MBV kiaetic parameters for the ttsponse to thc step hxcase in work rate were 

d e s c n i  h m  a two-component exponential modc1, M y  used in prwious studies of MBV 

(Tschakovsky, 1993; Hughson et al., 1995). This modci is the sam used to dtscn'be VO, 

kinetics ( C o c h e  et al, 1992; Hughson et al. 1993; Phülips, 1995). 

Diameter (Dm) of the brachial artery was assessed by nming  the VCR image at 5 

different points in time during the cesting period (one for each ten second interval) and during 

the exercise period (one for each minute). For each point in the, tfuee measurements were taken 

and the mean of these values was used to repcesent the diameter at that point in the, and the 

mean diameter values for rest and exercise were calculated for each participant 

Statisfical Analysis 

Intra-group differences between rea and exercise means of HR, Dm, MBV, MPP, and NCI 

were compared through a paired T-test. Inter-group dinerences in these variables and in the 

MBV and FVCI kinetic parameters were compared through T-test for independent samples. The 

level of statistical sipnincance was established at ps 0.05. 



R d t s  

MaXijlUlI v o ~ r y  isometnk contraction 

The mean values in Table 4.1 show that the old veiy active (VA) had stronger forearm 

muscIes compiareà to the old normally active (NA) group. This di&nnce in MVIC mant tbat 

the same absolute workload uscd in the study (4.4 kg.) rtquircd an extra 3.3 46 MVIC to be 

moved by the participants in the NA group. 

Mean Blood Velociw 

The rsting meau blood velocity was not di£ferent between the n o d y  active and very 

active groups (9.14 * 1.66 cms-' and 8.32 I 1 .O crn.s*' , nspcctively). With exercise MBV 

increased to 22.9 & 4.6 in the NA and to 21.3 & 3.3 in the VA, the ciifference between test and 

exercise was significant within both groups (p z 0.05). However. there was no signincant 

ciifference between the groups either at rest or during exercise. 

Figure 4.2 illustrates the MBV data fitted by a twocomponent exponential model. The 

kinetic parameters obtained (nfet to previous study for details), are show on Table 4.2. Most 

importantly, the blood veIocity mean response t h e  (MBV-MRT) and totai gains were not 

statistidy dinerent between the NA and the VA groups of participants. The MBV-MRT ranged 

from 18.82 to 36.64 cm . s '' and h m  17.79 to 25.35 cm. s-' , in the NA and VA groups, 

respectively . 



Table 4.1. Participants' c-CS in ihe normally active and very active groups of older 

people. 

NA = normaily active; VA = very active; values are meam I SD; n = 5 in each group; * means 

that the differences were statisticaiiy significant between the two groups at p s 0.05; 

WC-lnaximal volmtary isometric contraction. 



Figure 4.2. Cuve-fitting pmcedures for mcan biood vtlocity data (MBV). For ülustration 

purposes only, data fkcm the 5 participants in the normaüy active grwp were averaged over a 

one second window to pmducc one singie data set (dotted line). Those data were than fiaed by 

a two-component expmential modd (continuous line). This procedure was rrpeated on each 

participant's data to obtain the Limetic pazameters. 

Time (min) 



Tabie 4.2. Merm kinetic pi~mvms of mean blood velocity for n d y  active and vety active 

older people in msponse to a step change handgrip dpamic excrcise. 

tau l(sec) 2.54 * 1.12 

tau 2(sec) 17.07*10.34 20.59 4 4.34 

MRT (sec) 

Values are meaas * SD; n =5 for each group. respectively. tdl = time delay fiom the onset of exem'se to the 
beginning of the ~csponse; tau1 is the time when 63% of the respo~l~e in the nrst compoucnt of the exponentiai 
curve was achieved up to td2; td2 = time delay h m  the onset of the exercise to the beginning of the second 
component of t cxponential curve; tau2 = t h e  when 63 96 of the rcsponse in the second componcnt of the 
exponential curve was achieved; gû = values at rca; gl= gain obtained during the first component of the 
exponential curve up to td2; g2 = gain obtained duriag the second component of the exponential curve; MRT 
= time taken to mach 63 % of the overail rcsp~lsc; tg = total gain obtained; mse = standard m r  of mean of 
the curve fit data; * = the mean values between the two groups are statistically different. 



Diameter of the therachiorl artery 

Resting brachial a- diameters for NA (4.66 t 0.42 mm) and VA (5.04 t 0.94 mm) 

were not differtnt @ M.05). Diameters dining exercise for NA (4.72 t 0.39) and VA ( 5.15 + 

1-03) were a h  not different fmm each other or their nsting cornterparts @ > 0.05). The mean 

diameter of the VA group was h f l a t d  by one participant whose brachial artery diameter was 

close to 7 mm- 

Foreann bloodflow 

Caicuiated resting blood Qows for NA (939 t 20.7 ml.mi.n-cl and VA (100.7 I 33.0) were not 

different (p > 0.5)- Foreatm blood flows during exercise for NA (238.8 46.4) and VA (264.2 & 

73.8) were not mixent h m  each other, however they were dinerent h m  their resting cornterparts 

(p s 0.5). 

Mean Artenal Pemion Pressure 

The mean arteriai perfusion pressure ciifference was staîistically signincant when the nst 

values were compared to those at the 1st  minute of exercise, in both groups cable 4.3). The VA 

participants tended to present a smaller change in blood pressure during exercise , however, this 

ciifference did not reach statistical significance. 

Foreann Vascular Conduct~ulce 

An index of the fortann vascular conductance (JWCX) was calculateci by dividing MBV 

by MPP on a bat-by-beat basis- The resting values of FVCI were 0.12 I 0.03 and 0.1 1 + 0-01 

cm (s . mmHg)-' in the NA and VA groups, respectively. During exe-, the FVCI signincautiy 

incnased to 0.25 I 0.07 and to 0.27 & 0.04 and (s . mmHg)-' in the NA and VA, respectively. 

Resting and exercise WCl man values were not different between the two gmups (pHI.05). 



The -tic parameters obtaincd through a nivo-component exponential mode1 showed 

that the values for FVamcau rcspmsc tunc WCI-MRT), wcrc not dinemt in the NA (24.4 

I 824 secoads) compad to 17.79 t 3.81 scc011ds in the VA groop . Howevcr, it secms that the 

VA group tended to have a fastet increase in FVCI compareci to the NA gmup and this is 

illustrated in Figure 4.3. 

Heart Rate 

The heart rate values (Table 4.4), either during rest or at the end of the exercise @cd, 

were oot statistidy different between the two groups. The slight in- in heart rate due to 

the exercise was statisticdy signifïcant (pcû.05) in both gmups. The participants in the VA 

group tended to prrsent lower heart rate at nst and during exercise. 



Tabk 43. Mean Anerinl Perfusion Pressure (MPP) changes in nomLally active and vety active 

oldet people in nsponse to moderate bandgrip d m c  exercise. 

NA= normaiiy active group; VA=very active group; values are muuis * SD in mmHg; n = 5 for 

each group. *= ciifference is statisticdy significant cornparrd to testbig values; Rest= blood 

pressure mean values during 1 minute res$ Exercise = b l d  pressure mean values at the end of 

exercise period (hm 4th to 5th minute of exercise). 



Figure 43. Changes in fo- vascuiar conductana index (A FWC) in response to moderate 

dynamic W g i p  exaeise in n d y  and in vay  active older people. Data were 

averaged by each 4-s 

O 1 2 3 4 5 6 

TlME (min) 



Table 4.4. Mean heazt tate (HR) for normally active (NA) and veq active (VA)groups of older 

people. 

Heart Rate 

Group Rest Exercise 

Values are meaas I SD; n = 5 for each group. + dinerence is statistically significant compareci 

to resting values; Rat= heart rate mean values d h g  1 minute rest while participants were lying 

insaumented prior to exercise; Exercise= heart rate mean values at the end of exercise period 

(fiom 4th to 5th minute of exercise). 



DiscPssion 

The -nt mdy showed that, in response to moderate dynamic handgrip exercise : 1) 

brachial artery MBV incrcascd h m  rcst to excrcise in both groups, however, the= was no 

significant ciifference between the two groups. The mean rtsponse tim of MBV iacrea~e, in 

response to exercise, was not di&nnt in normally active cornparrd to vay  active oI&r people; 

2) brachial artery diameter did not chaage with exerch; 3 ) Mean arterial pressure was not 

different between the two groups , at rest and duhg exercise; 4) FVCi inaeased in both groups, 

however,no significant differences betwcen groups were found at rest, during exercise and in 

the mean response time to rrach higher NU Ieveis during ex-, 5) HR h m  rest to exercise 

was slightly inaurred in both gmups, however, no signifiant inter-group difference was found. 

Since this study found no difference in brachial axtery diameter nOm rest to exercise, the 

blood flow kinetics are assumed to have been represented by MBV kinetics. Regarding the 

hypothesis of this study, the most important finclhg was that foreami b l d  flow and vascuiar 

conductance kinetics were not faster in very active compared to norrnally active older people. 

Thuefore, this fïnding d a s  not support the hypothesis that habitual vigorous activity speeds up 

the time course adaptation of blood fiow kinetics or vascular conductance at the omet of small 

muscle moderate exercise. However, despite the fad that cornparison of MBV-MRT and WCI 

-MRT values did not reach statistical signincance @ > 0.05) , it is wonh noting that the MBV- 

MRT and FVIC - MRT mean values in the VA group tenàed to k 20% and 30%. respectively, 

faster than the NA group. In spite of lacking statistid significance, increased G1, faster tau 1, 

TD1, TM and d e r  TG conmiutcd to the trend for a fastaMRT in the VA group. This trend 

is Uustrated in Figure 4.3. This study has also shown that there is a large variability between 



individuais in M W -  MRT values. The range of values in the gra ips  overiapped each other. 

Therefm? the rcsults of the -nt study arc potentially limited by the sizc of the sample (five 

participants in each group), wbich might k too small for cross-sectional studies. 

The above possible explanation is also reinforaxi when a statistical power calcuiation is 

done on the data The calculatcd power was 0.245 which appars to be weaic cornparrd with the 

desired power of 0.800. To increase the power to the desired level, the sample size estimation 

is 2 1 participants in each independent sample. 

Another way to look at the blood fiow kinetics nsults is by calculating the confidence 

interval (Ci) of the parameter estimation (MBV-MRT). This can be done by applying the 

equation descriid by Lamarra et al., (1987) which follows: 

n = ( ~ * ~ , l & , ~ a Y , ) ~  

where L is a constant (47.5 for a 95% CI); S, is the standard deviation of the MBV fluctuation; 

&, is the confidence internai; and A Y, is the ilifference between the M W  mean value during 

steady-state and at rest. 

The calcuiated 95% CI for MW-MRT was 3.16 seconds for one subject in the VA group 

(Figure 4.4) and 3.58 seconds for one subject in the NA group. Using these CI values for the 

MBV-MRT man vaiues in both groups, the MRT is expected to fluctuate between 24.36 and 

18.04 seconds for the VA group and between 23.07 and 30.23 seconds in the NA group. 



F w  4.4. Uean blood velaCity WV) beaî-by-kat data, h m  one vay active dder man û 

plotted for each individual trial (total of fm trials). 

. t a  1 o . -  trial 3 

- trial 2 --- trial 4 

Tirne (min) 



In an effort to explain the findiags of the present study, we have to deal with cornplex 

and, as yet iargely unclear group of mchanisms ihat control blood fiow and their potential 

changes with phyScai conditioning e.g., augmentcd release of nitmus oxîde with trainhg (Sun 

et ai., 1%) and enhrmad vasciilPr Itsponsveness to iscbemic metabolites (Green et ai., 1994) 

may have tended to act Ïn favour of faster b l d  fbw adaptation in the VA p u p .  

Ifthe habituai very aaive exercise pattern a*ed as an ongoing training stimulus for the 

old hockey players, it is reasonable to assume that they would have an elevated capillarization 

(Andersen and Henriksson, 1977). This morphological advantage might transIate into a faster 

adaptation of blood flow in the VA group at the omet of an exercise challenge. 

Tncreased rate of metabolite production due to lower oxidative capacity would tend to be 

in favour of a faster blood flow kinetics for the NA group. On the other han4 it is uniikely that 

the muscle pump could have a di&nntial role between groups because both groups performed 

the same absolute workload, at the same contraction rate, in the same posnue. 

Changes in muscle sympathetic neural activity or vascular respoasiveness to 

norepinepb with training, which wwld favour f e r  b 1 d  flow adaptation in the NA p u p ,  

remains a matter of àebate ( NG et al, 1994; Somrs, 1988; Wiegman et J. 198 1; Svedenhag et 

al. 1991). Furthemore, the mild workioad perfonned dynamicdy by a s m d  muscle mass 

(unilateral handgrip) may have prevented or minimized any exercise-induced effect on 

sympathetic tone. 

DifZerence in the relative woddoad performed by each group rnight have, for sorne 

unknown reason, been involved in the lack of ciifference in blood fiow kinetics between the 

grwps. It can be sea h m  Table I that the two groups of subjects in this study were similar in 



terms of agc, beight and weight Howcva, tk VA w a t  substantially more active than the NA 

group. While the NA did liale rime than activities of U y  living. the VA were engaged in 

d o n a l  hockey gamc~ lasting appzoximately 90 minutes at Ieast twiot pet wœk Morcover, 

in addition to total body involvement to the dema& of hockey, there was substantial foream 

activity in stick haadhg. Consequtntly, it is not suqdshg that the forremi v01untary isometnc 

contraction values of the hockey players were substanîially grtater than the less active group. 

ki the development of a protoc01 to examine whetbcr the history of habituai high level 

physical activity translates into faster blood flow kinetics at the onset of exercise, it was 

necessary to decide whetk  to use an absolute or relative exacir challenge. The decision was 

made to use an absolute i d  (4.4 kg) parily to rcference previous data using that workload, In 

addition, it was felt that older adults are fîequently con6ronted with fixed weight tasks which are 

not modifiai because of their age or level of physical fitness. This decision meant that the 

absolute workload (4.4 kg) of the VA group was relatively less dernanding tban the same 

workload for the NA group who had smaiier strength capacity. 

It has been demonstrateci that in a muscle accustomeci to daüy activities, the VO, 

kinetics (Chilibeck et al., 1996) and the rate of O, saturation (McCully et al., 199 1) was not 

reduced with aging- Their findings might establish the basis for an additional explanation for the 

lack of ciifference in MBV and FVCI obse~ed in the prrsent snidy. That is, the normal daily 

activities, invoiving the foream muscles, might have pmvideà sufticient stimuli in the n o d y  

active group and compromiscd any significaut diffct~n~t. 

In conclusion, the fîndings of the -nt study do not support the hypothesis that blood 

flow kinetics are faster in very active cornparcd to n o d y  active oldtr men. However, thm 



was a tendency for fader blood flow kinetics and facarni vascular conductance in the vay active 

group of participants and statïstïcai signifïc811ce may have beca compromiscd by the mai l  

number of subjects aad high inter-individual vatiability. Thaeforc, it is suggestcd that M e r  

investigations including largcr samplcs andlot longitudinal studies need to k CazLitd out to 

futther dari@ the ~ielationship bctwœn blood fiow kinetics and Ievel of physicai activity in older 

highly active people. It is aiso noteworrhy that the findings of the piesent study are iimited to 

dynamic contractions of a s d  muscle mass in which potentiai changes in cenaal circulation 

with training may not play any signifiant d e .  This may not be the case during large muscle 

dyaamic exercise in which the muscle blood fiow kinetics may be strongly innuenceci by the 

kinetics of the pumping capacity of the bean F i y ,  the exercise intensity in this snidy was not 

more than moderate. It is possible that a more extreme exercise challenge might reveal 

differential blood flow adaptations if, in fact, they do exist in very active older males. 



A 3û-DAY FOREARM: TRAINING PROTOCOL IMPROVES 

FOREARM BLOOD FLOW KINETICS. 



Young people bave b e t ~  shown to mcnaSe k i r  maximai work-ccIated forrpmi blood 

flow and vascuiar conductance in respopst to chmnic handgrip ûainïng in a very short period 

oftim(3Omiapaday,4dayspawedr~ndduriag4wedrs). n i i s ~ w a s s h o w n t o o c c u r  

independently of any significant effect on uninvolved vascular beds (that is, it is specific and 

unilateral to the trained limb) or VO, max. (systemic m b i c  capacity) (Sinoway et al., 1983. 

This increase in peripherai vasodilatory capacity with a relatively short period of training was 

also shown for older p p l e  xegarding calf blood flow and vascular conductance. Martin et al 

(1990, 1991) concluded that with physical conditioning of sedentary older people, changes in 

the resistance vascuiature occuired f d y  rapidly and increawd to a level equivalent to that of 

the highly train& older p p k .  

On the other hand, a müd exercise regimen ( 20 to 40 toe raise repetitions a &y for 7 

weeks) did not change the PCr rate of recovery (McCully et al., 1991). which may refkt no 

changes in blood fiow Irinetics. Marsh et al. (1993) observed no change in blood fiow at rest and 

immediately foliowing wrist flexion exercise, following an endurance training perid However, 

they obsemed a &lay of the onset of intrace11dar acidosis threshold Shoemaker (1996) obse~ed 

faster femoral artery mean blood velocity (MBV) and leg vascular conductance (WC) in young 

men foilowing 2 h endurance training for 10 days. However, training did not change the MBV 

and LVC gain, h m  rest to excrcise steady-state. No studies appared to be done rtporàag blood 

flow kinetics in response to an exercise reg- in older people usïng beat-by-beat 

measurements and this was thought to warrant furiher investigation. 



ki the prrse~t study, the hypo<besis was that the achpatïiaa to endurance training in oida 

people includes a fastet in- in blood flow kinetics at the omet of exercise. 



DttailcdinfOrmationonthtI13Cthodologyusedinthisstudyw~~tedintbcpiais 

study (Fo- blood fiow kinetics in ftsponse O handgrip dynamic contractions in young and 

old people). 

Participants 

Four men and one woman (67.8 I 2.6 ~ e a ~ ~ l d ) .  ai l  of whom were n o d y  active, 

participated in the shidy. They were all normotensive ( resting systolic and diastolic pressure 

lower than 140 and 90 mmWg, nspectively). Using a medicd screening form, none of them 

reported a medical history of cardiovascular disuise and no one was on medication known to 

interfere with blood flow conml. Informed consent was obtained h m  the participants and the 

study was approved by the Office of Humau Research and Animal Care of the University of 

Waterloo. 

Tesring Protocol (laboratory) 

Dynamic handgrip contractions were performed while the participants reclined 

comfonably in the supine position. The exercising a m  was supportecl on a platfonn that 

elevated it to an angle of 50" relative to the horizontal and extended to a handgrip device. The 

participant üfted and lowered a weight of 4.4kg. tbugh a vertical distance of 5cm, at a 

frequency of 20 contractions/rnin, using a puliey system for 5 minutes. This sequence was 

repeated five times with a minimum 10 min. mt between trials to ensure the participants 

renirned to bascline values. 



Exercise Ttauiing (at home) 

Training was conduaed M y  for 30 days in the participants' homs at a time of th& 

choice. The exe~~:ise consiswi of qcatcd handgsip contractions of the dominant limb using a 

handgrip exercisa (Power Raiwi Grip, Wci&r, Montreai, Q9ckc). The w d o a d  was set to 5.4 

kg and had to k moved ova a distance of 4.5 cm at a  te of 20 contractions pet minute . This 

protocol was repePted for 20 min daily (400 contractions). This woriüoad was similar to that 

useà by Sinoway et ai. (1987) at the beginning of theïr training protocol. In order to mimic the 

test pmtocol, the participants were asked to anively control theù movement back to the rest 

position which results in a working distance of 9cm ( 4.5 cm concentric and 45 cm ecœnoic). 

The resultant workload was then 1.W. Neither the inteasity nor duration of the exercise was 

changed during the exercise period 

Measurements. 

AU measurements were taken at &y 0, day 10 and day 30 of the training p e r i d  with 

room temperature around 20" C. The contraiateral ann was ody measured at rest. 

M M  Volurrtcrry Isometnc H d g n ' p  Contractbn o. The participant penorm6d 

three maximal voluntary handgrip contractions with a n t  paiod between them. The mean value 

was recorded as the participant's forearm MVIC. 

Hean Rate. Heart rate was continuously monitored on a beat-by-beat basis with an 

electrocardiogram dirough 3 spot electrodes on the sicin. 

Blod Velocity. Measurements of MBV were taken similarly to the method described 

by Tschakovsky et al. (1995). The Doppicr equipment (mode1 500 V, MuMgon Industries, Mt. 



Vernon, NY) operated in pilscd wave mode was used AAa detemhtion of brachial aztery 

position by paipation (- 2cm proximal to the antecubital fossa) a 4MHZ fiat probe was 

manipulated over the btachiai artcry und optimal auditmy and MJuel s i gds  w a t  obtained and 

then the prok was t a p i  on the sk ia  Tbc angle of insonation of the built-in transducer relative 

tothesLinwas45°.1twasassUllMd ~ d r b r a c h i a l ~ r a n ~ d t o s k i n d a c e a t t h e s i ~  

of probe position. The gate was set at full width (12 mm) to facilitate insonation of the total 

width of the artery with approxhately constant intemity. this apparatus, it was possible 

to maintain a clear Doppler signai both at rest and d h g  exercise. 

Vesse2 Diameter. An ultraSound imaging (echo-Doppler) and Doppler System (mode1 

SSH-140-A, Toshiba Corporation. Japan) oprated in Doppler @) and brightness modulation 

(B) modes was useci. After determination of brachial artexy position by palpation proximal to 

the antecubital fossa, a 7.5 -MHz hand-held probe, comprising an array of transmitting and 

receiving tramducers, was manipulated over the brachial artery until optimal auditory and visual 

signals were obtained The vesse1 wall image and blood velocity profiles were assessed only 

during the first trial. During the analysis, the velocity profiles generated by this systern were only 

used to provide additional f d a c k  about the optimal position of the probe. 

Mean A ? t e ~ i  Pe@aion Pressure (MPP): A photopletbysmograph fhger b h d  pressure 

cuff (Ohmeda 2300, Finapres) was applied on the middle tinger of the contralateral hand The 

hand was resteci at the same level as the ultmou11d probe on the exercising arm. 



Daa Storage. 

The electrocardiogram, fhapres, Doppier signais, including time, were recorded on a 

m i ~ ~ ~ ~ o m p u t e r  data quisition system. These signais wae  wllccted continuously for cach 6- 

min trial. The &ho-Doppler images collected driring the fht  trial for each participant were 

stored on VCR tapes. 

Data Anulysik. 

The MW, m. MPP datacoiiected on a kat-by-beat basis h m  four repetitions for each 

subject were ensemble averaged at 1s-intervais to yield a single data set per subjact This method 

is simüar to that desdbed previously to examine breath-by-breath VO, (Phillips et al., 1995; 

Shoemaker et aL, 1994)) and MBV (Hughson et ai.,1995; Shoemaker. 1994). 

Forearm vascular conductance index (WC) was caiculated by the quotient between 

MBV and MPP. 

The MBV kinetic parameters for the response to the step increase in work rate were 

described from a two-component exponential model, alreedy used in previous studies of MBV 

(Tschakovsky. 1993; Hughsou et al.. 1995). This mode1 is the same as used to describe VO, 

kinetics (Coche  et al, 1992; Hughson et al, 1993; Phillips, 1995). Che subject's data were k t  

fitted with a onecomponent exponential model. The onecomponent was chosen because it 

provided the best fit, that is, the least nsidual sum of squares. In addition, the shape of the c w e  

of this particular subject's data suggested a one-component expnential modeL Usuaiiy, the on- 

transient MBV data depicts a pattern consistent with a twocomponent exponcntial model; 

however. a one or even thne-component mode1 is the moa appropriate (Shoemaker, 1996). 



Therefoxe, with the exception of the above ppticipant, the rrmPiaing participants' data wcrc 

fitted with the two-component exponential model. figure 5.1 illustratc~ the M W  data fitted to 

a two-coniponent expontntial modei in one of the participants' data.. 

Diametet (Dm) of the brachial ar&q was asscssed ôy h a h g  the VCR image at 5 

different points in time during the resting pcriod (one for each 10 seconds) aad during the 

exercise pend (one for each minute). For each point in tirne, three measurcrnents were taken 

and the mean of these vaiues was used to rcpresent the diameter at that point in tirne, and the 

mean diameter values for nst and exercise were calculated for each participant 

Statisrical Anuiysis 

Rest and exercise mean values, in the trained am, at each &y of measurement (day O, 

&y 10 and &y 30) were compand through a paind T-test. Resî, exercise, total gain and kuietic 

mean values across the three days of measurement were compared through ANOVA repeated 

measUres. The Bonfeaoni's method was used to isolate the &y or days that differed h m  the 

others. The level of statistical significance was established at ps 0.05. 



F w  5.1. Mean blood velocity (MBV) &ta nrmi aie subjcct at tk 3@ &y of training fi- 

with a two-exponential model. 

30 1 --- bcit-by-baat rnbv 
1 -  curve-f it 

1 MRT = 19.37 

MSE = 1.57 

TlME (min) 

Legend: 

TG= total gain in centimetns per secon& MRT= mean nsponse t h e  in seconds; and MSE= 

mean squared error in centimetrcs per second. 



R d t s  

The diamcter of the brachial -, in the trairid a m ,  did not change fhn rest to 

exercise at day 0 (4.85 t 0.37 and 4.82 o 0.49 mm, rcqdvely); at &y IO (4.67 I 0.36 and 4.85 

t mm. reqwtively) and at day 30 (4.71 t 0.40 and 4.92 * 0.44 mm. rrspectively). 

Et can be noteci in Tabk 5.1 that the mean blood velocity chrriog exercise (MBVEX) and 

consequently f m  blood flow (FBFEX) wae approximately 2.5 tims larger during exercise 

steady-state compareci to the resting values. 

Ail nstïng values of muui blood velocity, mean diameter of brachial army (DM) and 

calculatexi forwmi b l d  fiow, either in the untrained or in the traïned arm. were unaffécted by 

time alone or training. Similady, the exercise steady-state values of these measurements were 

also unaffected by the exercise protoc01 in the trained ami (TaMe 5.1). 

The man blood velocity betic parameters, except MBV-MRT values which were better 

included in a separate table (Table 5.3), are showed in Table 5.4. 

The man b l d  velocity kinetics in terms of the man response time (MBV-MRT) were 

significantly enhanced (p4.05) for the trained am following 30 days of training (Table 5.3). 

The iniproved kinetics were obvious afitr 10 &ys of training but not statistidy signifiant until 

the 30m day. An illustration of the change in mao blood velocity is shown in figure 5.2. 

In response to a moderate handgrip challenge, mean arterial pressure was slightly but 

significantly increased (pcû.05) during the exercise by approximately 10-12 mmHg (Table 5.4). 

However, neither the mean artenai pemiuon pressure responses nor the total gain in mean 

arterial pemision pressure h m  rest to exercise were cbanged with exaise  training @>O.OS). 



Table 5.1. Blood velocity, brachial artery diameter and blood fiow at rest and during moderate handgrip exercise in trained and 

untrained arm in older people. 

UNTRAINED ARM TRAINED ARM 

DAY MBVR DM FBFR MBVR MBVEX TGMBV DM FBFR FBFEX TGFBF 

(cmd) (mm) (mi.minw ') ( c m ~  ') (cm&-') (cmS1) (mm) ( l n )  (ml.minml) (ml.nW) 

day O 9.1 1 4.67 98.9 8,85 23.1 * 14.2 4.84 98.4 254.6 * 156.2 

I LOS î 0.31 24.1 î 1.40 * 3.1 î 2.7 I 0.42 & 25.8 î 42.1 * 23.1 

day 10 9.22 4.49 89.1 8.65 22.9 * 14.3 4.76 92.5 244.3 * 151.9 

I 1.14 I 0.30 I 17.4 k 1.20 k 3,3 3,2 î 0,32 * 17.0 & 33.4 I 30,O 

day 30 8,80 4.52 87.5 8.39 21.9 * 13.5 4,82 91.3 239,2 * t 47.9 

I 0.88 î 0.31 î 157 î 1.20 2.3 * 2.0 I 0.41 I 14,8 t 37.3 * 29.8 

n=5 for each dry. Values aie mean î SD. Day O=measurement taken at pre-training status; day Iû=measurements takcn at the 10th day of training and; day 

30= measuraments taken ai the 30th day of training. MBVR = man blood velocity ai rest; DM= man diameter of brachial artery; P B P R = f o m  blood flow 

at nst; MBV@X= man blwd velocity during exercise steady state; TGMBV=total gain in mean blood velocity fmm nst to enercise; FBPEfX= fomarm b l d  

flow durig exercise steady - state; TGFBF= total gain in forearm blood flow from rosi to exercise. * = differences are statistically significant compand to 

resting values (p 1; 0.05). 





Table 5.3. Uean rrspcaise tulu individual values of mean blood vdocity (MBV-MRT)at day O, day 

10 and day 30 of training in older people- 

DAY O DAY 10 DAY 30 

Ail values are in seconds. P= participant; Day û=measurrment taken at pn-training status; day 

lû=measmments taken at the 10th &y of training an& day 3û= measurements taken at the 3ûth day 

of training. *=statistically signifiant at p s 0.05 compared to day 0. 



F i  52. The chan@ in mean blood vtlocity (A MBV) data k m  one of the participants at day 

O and day 30 (the data wge apzraged at each 3 seconds) to iaciudt one cornpletc 

conttaction-relaxation cycle (1 second oontraction by two seconds relaxation). 

--- 30 day 

- O day 

O 1 2 3 4 5 6 

TlME (min) 



Table 5.4. Blood pe~smc ai r#it and during modenite h.ndpria utacise btfoit and âuring training 

oldapopk. 

DAY MPPR MPPIE]i[: TGMPP 

day 30 

n=5 for each day. Values are mean + SD. Day û=measurement taken at pre-training status; day 

lo-lneasurernents taken at the 10th day of training and; day 3 6  measurements iiiLen at the 30th &y 

of training. MPPR = mean uteriaI pemision pressure at mt; MPPEX= mean artenal pemision 

pressure during exercise steady state; TGMPPttotal gain in mean arkial penuSion pressure h m  

rest to exercise. * = differences are statisticaily significant cornparrd to resting values @ s 0.05). 



The forearm vascular conductance (WC) was caiculrrtrA fiom the division of mran blood 

veiocity by mean a r k h l  pmiSicm priessurit. Rcstuig ducs  for bah the untrauied and traiued ams 

were no< dinirent duÿing the paiod of the trainhg protocoL Also, the W C  of the traiiwl arm was 

unaff'ecteci by the leagth of training (10 days or 30 days). FVC of the ûaïned a m  was significantly 

larger during exercise compared to rrstiag values on cach &y of measurcment (Table 5.5). 

Although resting and exercising W C  were not signincantly affected by training (noted 

above), the mean response time of forearm vascular conductance (MRT-WC) for the trained a m  

was significantly fastcr (~4.05) &r 30 days of training fiable 5.6) . The dinerences between day 

O and &y 10 or day 10 and &y 30 were not statistically signifiant. 

Similar to the blood pnssure response. heart rate increased slightly from rest to exercise 

(p<0.05), however, the magnitude of change was no different as a resuit of the aaiaing process 

(&y O = 65.9 * 7.1 to 71.1 t 8.42 b.p.m.; &y 1û= 66.7 + 6.8 to 72.1 * 625 25.p.m; &y 30 = 64.7 

I 9.42 and 69.4 b.p.m.). 

The maximai voluntaq isornetric contraction WC) of the ttaiaed arm was slightly 

increased between &y O (35.8 t 6.5 kg) and &y 30 (38.4 t 7.1 kg); &y 10 (36.1 I 6.6 kg) and day 

30, however it was not different between &y IO and day 30. 



exercise in iraincd and untrainai ami of older people. 

ARM: 

RESI: REST EXERCISE TOTAL GAIN 

Day O 

Day 10 

Day 30 0.1 1 k 0.02 0.10 * 0.02 0.25 4 0.02' 0.15 0.02 

- 

n=5 fot each &y. Values are mean I SD. Day û=mcasuremcnt taken at pre-training staais; day 10-aieasurements 

taken at the 10th day of training and: day 3Q mairufernena taken at the 3ûth day of training. * = dif5emces are 

statistically signifiant compared to rcsting values (p s 0.05). 



Table 5.6. Mean icsponse tùne individual values of faca~m vascuiar conductarice WC-MRT) at 

&y O, day 10 and day 30 of training in older people. 

DAY O DAY 10 DAY 30 

AU values are in seconds. k participmt; Dpy ~ m r n e n t  taken at ~-training statu~; day 

lO=measurements taken at the lûth day of training and; day 30= measurcmcnts taken at îhe 30th &y of training. 

*= statistical sigaincatlce at p s0.05 compared to &y 0. 



DISCUSSION 

The most sigoifkant mult of this study was the fasta inclwe h m  rest to exmise values 

of foruam blood vc10city kinetics anci vasnilarcondpaance in -ose to endurance training with 

a moderate worlld for a relatively short period of tirne. Sincc the brachial aztery diameter did not 

change from rest to exercise. the MBV kinetics are assumed to npresent the foream blood flow 

kinetics. These fïndings are of practicai sipnincance for older individuais who may be more prone 

to participate in Iight activities rather than in a training regimen quiring intense efforts. A practicai 

consequence is that faster blood flow kinetics can result in a mon efficient energy production 

through aerobic metabolkm and consequent lower levefs of metabolites (Pi, H', La). For example, 

faster blood fiow kinetics could result in a lower rate of perceiveci exertion for the same absolute 

submaximal level of physical activity and the individual should feel more cornfortable while 

participating in physical activities. 

Faster foream blood flow kinetics with endurance iraining found in this study seem to 

provide an additional explmation to the findings of Marsh et al. (1993) who found a delay in the 

onset of inttaceiiular acidosis and i n d  enduniace performance in response to foream 

endurance training in ol&r people. A faster blood fiow kinetics would produce a lower PÿPCr ratio 

and m*] at any submaximal exercise intensity. 

The hdings of the p m n t  study are not in agreement with those reported by McCuiiy et 

al. (1991), who reported no changes in PCr kinetics foilowiag an endurance training regimen. A 

possible expiauation for this controversy rnay be related to the fewer number of npetitions used in 



their training ztgimen ( 20 to 40 toc raise repctitions a day ) compared to 400 iepetitions pa &y in 

the present saidy. ûnc limitation in the prsent sady (rciated to the minhg pmtocol) was not having 

tested the maximai endurance capacity during the handgrip exacise. The m t a ~  value of 15% of 

maximum MVIC, uscd in the exercise protocol, may not provide a good idea of the exercise 

intensity. A rough idea of what it might have mant in tems of percentage of endurance capacity 

is the cornparison of the wodùoad used in the present study (1.6 w) with the values reported by 

Jasperse et aL(1994) for olda people, during intemittent and progressive bouts of handgrip exercise 

for 8 minutes . They showed that at the workioad of 3.1 J (2.1 w), tbe rate of perceived exertion was 

practically maximai and approxjmste,ly 30% of the sample haà alnady stoppecl the exercise due to 

muscle fatigue- 

The results of the present study are in line with those reported by Shœmaker et aL(1996) who 

observed faster femoral artery maa blood velocity (MBV) and leg vascular conductance (WC) in 

young men following short-term endurance training (10 days). However, the present study only 

showed approximately 20 46 faster MBV cornparrd to approximately 40 % in Shoemaker et al's 

study where the intensity of exercise was higher. MethodoIogicai differences between these two 

studies prohibit fiuther cornparison of the results. 

The forearm mode1 used in this stuciy appeand to have minimizcd the influence of central 

circulation and stfessed paiphed adaptations. From rest to exercise, the heart rate and MPP only 

increased appmximately 7% and 11%. respectively. The training protoc01 did not change any of the 

two mentioned parameters of central circulation. Furthermore, the simultaneous improvement in 

MBV and W C  kinetics at the onset of the exercise mans that the change in M W  kinetics was not 

paralielled by a similar increase in blood pressure. This suggests that the training protocol might 



have improved vasadüaaon downstrtam h m  the brachial artery at the onsct of excrcise. Sinoway 

et al. (1987) has akady shown that maximal folcena Mood fîow and minimal mistame can be 

improved in ztsponsc to 3Way of f- wining without change in mean artmal prrssure, 

systemic aerobic capaciîy or rminvolved vascular M. Green et al. (1994) have ais0 shown 

increaseâ forearm pcak vasodilatory capacity in rcsponse to endurance training (30-min sessions, 4 

days per week, duriag 4 week). They suggcsted tbat this inamse couid üe due to structurai 

modification of the vasculature by a mcchanism locaüzed to the vascuiar bed involved in the 

conditioning process. 

Several mechankm intrinsic to the trained a m  may be involved in faaltating f e r  blood 

flow kinetics- However, there is considerable debate about the nicchanïsms that control blood fiow 

and how they c m  be modifieci with training. Since the s a m  arm position (same hydmstatic 

pressure), absolute workload and contraction rate were used during each &y of measurement, it is 

unlikely the musck pump may have played any significant d e  in the changes obsmred. Changes 

in muscle sympathetic activity or vascuiar responsiveness to wrepinephrine with training remains 

a matter of debate (NG et al, 1994. Somrs, 1988; Wiegman et al., 1981; Svedenhag et ai. 1991). 

Furthemore, the moderate workioad performed dynamicaUy by the small muscle mass (unilateral 

handgrip) may have prevented or minimiud * .  . 
any exercix-induced effmt on sympathetic tone. 

Previous research has show that the smaller the muscle mass involved, the less Iürely that exercise 

would affect sympathetic tone (Clausen et al., 1973; McCloskey et ai.,1975). Increased 

respo~~~iveness to metabolites (Gnen et ai. ,1994) nleased h m  active skeletal muscle such as Pi, 

La and H' , is anothcr ptoposed machanism to incrtase blood flow with short-term aaioing. 

Increased release of nitrie oxidt (NO) has been observai in canine femoral arteries cxposed to 



chnic  £low (Miller and BUIIIC~~, 1992).The~tforc, that is a poss i i ty  that rrpated incrcascs in 

flow genaated by exexcise training hduœd an inaceJe in the nite of niûic oxide (NO) ftlease which 

could have led to fastet vSLSOdilation of rcsistance vessels. In LOdtnts, endmancc training as short 

as 2 weeks, appcared to have increascd the rate of aiîric oxide production leading to greater 

vasodilation (Sun et ai., 1994). Another important vasodilatm that may al- be involveci in the 

changes in blood fïow kinctics arc piostagiaudîns. KoIler and Iialey (1990) have demonstratcd flow- 

induced prostaglandin reiease h m  skeletal muscle artery but, Shoemaker (19%) has shown that 

prostaglandins probably play no hportant d e  in adaptation of blood flow at the onset of exercise. 

Lncreased farrann vasodilatory capacity obsaved with a short period of endurance training 

has b a n  suggested to be due to structural changes in the muscle vasculanire ( Sinoway et al., 1987; 

Green et al., 1994). We did not obsewe any diffkence in the brachial artery diameter with training, 

however this does not d e  out potentiai structural moàiücati011~ occunïng downstrram in the 

resistance vessels. Increased capillarization would also contnfiute to a fater MBV kinetics seen in 

the conduit artery, however , inaeased capiilarization within 30 days of endurance training has not 

been reported. 

In swnmacy, we cannot be sure which specific mechanism was responsible for the faster 

MBV observeci in the present study. However, changes in centrai circulation, muscle pump and 

sympathetic tone arr the mat  imlilrcly to have contriôuted, More iikely, local fhctional adqtations 

might have o c c d  wtiich led to fafta vasodilation of &stance vesseis downstream to the brachial 

artery- 

The slight increase in MVJC found was uaexpccted, because the exercise protocol was not 

designed to inmase muscle strength. Dinarnt motivational states of the subjects, in the sense that 



they migùt have expcoed a bigba levd of striength aRet the training pnod rnight aiso have played 

a role in the obsennd changes. Psychologicai aspects have ban shown to modify the expression of 

human stiength (McArdle et ai, 1991). Marsh a al. (1993) and Showay et al. (1987) did not find 

changes in maximal stragth afta an endurance trainjng pcriod, howmr Green et al. (1994) rqorted 

increased grip strmgth following a foreami endurance training for 4 wedc9. 

The ladr of change in exaise steady- state b l d  velocity, blood flow. b l d  pressure and 

vascula. conductance with training is in line with the results by Sinoway et al (1987). who 

found no changes in blood fîow and minimal tesistance at any submaximal workloads. 

Potemiai lin>iu?iom. The major con- about the changes in blood Bow kinetics found in 

this study is associated with the leaming process that might have occurred. The eainiag protocol 

involveci the same task as in the test protocol and it is possible that the participants have mastered 

its execution. Since the absoIute change obsemd was small(5.3 sec), the achievement of a better 

relaxation durhg each duty-cycle wouid increase the rate of blood flow at the onset of the exercise. 

Nevertheless, having chosen the dominant arm to be trained, may have prevented or minimi;ried 

changes due to the leaming process. 

A second concern is relateci to how accvately the MBV kinetics reptesents blood fiow 

kinetics at the onset of exercise. ki the pnsent study. the vesse1 diameter was not measured either 

on a beat-by-beat basis as MBV was or simuibneously with M W ,  which would npresent an 

extremely ideal condition. 

Another potential limitation refers to the fact that the duration and intensity of the exercise 

were kept constant tùroughout the training pend. This procedm may have prevented any m e r  

changes in MBV and W C  kinetics ktween days 10 and 30. 



F W y ,  the results and conciusIo11 at ôascd on a d numba of sub- and witbout a 

conml gmup during theexacïse nmsummts. Thtrtfore .ctrrtr,ments regadhg the univcdïty of 

the present obscntations must be vïewed cautïously. 'Ihe fa this liniitation was the diffïculty 

in~dingvol~11tetrswülingtorrpat~dielabatl~fantimeS wltheachlabvisitlastingbetwcttl 

3 to 4 hours, and m e t  t&e quiremenîs to participate imthe s a d y .  

In conclusion, this study documents that the rate of changes in bioad fiow and vascdar 

conductance at the onset of the exCrcise cau be improved by endurance trahihg in olda peuple. We 

suggest that the main mechaniSm (s) rcsponsib1e for these changes is penpheral and lead to famr 

vasodilation of the tesistance vcsseis downstream b m  the conduit artery. 



Blood velocity and blood pressure responses to premature heprt 

beau before, during and iftcr moderate small muscle mas 

exercise: A case study 



Introduction 

During the phase of participants' neniitment for a study designed to analyse blood flow 

responses to modemte small muscle mass exercise in oldet people. one of the volunteers showed 

elevated resting heart rate (around 100 bats-per-minute) and some premature heart beats. The 

premature kart beats appeared before (nst). duriog exercise and af'ter exercise (recovery). 

Since one of the requirrmnts to participate in the study was to be frre of cardiovascular 

disease ami, in order to be sure that the exercise ptotucol invoIved in the studp muid not p ~ s e n t  

any increased risk to the participant's health. it was decided to refer the volunteer to his family 

physician. 

The physician reporteci that the volunteer could tolerate the exercise protocol and 

participate in the shidy. However. he dso repoaed that: 1) the volunteer had a positive exercise 

test which showed ischaemic changes in leads V4 - V6; and 2) the heart rate varied due to 

underiying iymphoma Because such variation in heart rate could bave presented a confounding 

factor in the results of the study, it was decided not to indude this volunteer in the study. 

However. the blood velocity and blood pressure responses to those premature beats were judged 

to be worthy of analysis and the results could motivate future study. 

Therefore, the aim of the pnsent report is to describe the blood velocity and blood 

pressure responses to those premature hem beats in one individual. 



Method 

Parficipunt : Male. 78 years-old. 173 cm tall, 72 kg, non- smokec and normally active. 

Exercise Protocol: The participant p e r f o d  handgrip contractions while in supine 

position (reclined comfortaôly on bis ôack). The exercising a m  was supported on a platCorm and 

extended to a handgrip devia at 50" above the heart level. The participant then moved a weight 

of 4.4kg. through a distance of 5cm. at a fkequency of 20 contractiondmin. in a pulley system. 

The load to be moved comsponded to approximately 15% of the participant maximum voluntary 

contraction. 

The participant was given 30 min. rest before startiag data collection as follows: 

r a t (  1 min) Recovery Qmin) 

Measurements : 

Heart Rate: Heart rate was conthuously moaitored by an electrocardiograrn through 3 spot 

electrodes on the skin. 

Doppler Blocxi Velucïty: Brachiai artery man blood velocity (MBV) was detemiined by using 

pulsed Doppler ultrasound velocimetry. Blood velocity spectra was be obtained by a Doppler 



(mode1 500 V, Multigon industries) operating in pulsed mode. A 4 MHZ ultrasound probe was 

taped to the skin directly over the brachial artery ai the elbow. The angle of the tramhcer c ~ s t d  

relative to the skin was assumed to be 45" . and the ulüasound gaie was maintained at full width 

to facilitate insonation of the total width of the artery with approximately constant intensity. 

With this apparatus, it was possible to maintain a clear Doppler signai both at rest and during 

exercise (1). The Doppler shift frcquency spectra was pmcessed by a quadrature audio 

demoddator (2) that provided instantaneous MBV in mal time allowing coilection of MBV in 

analog-to-digital units. The quadrature audio demodulator also generated the appropriate Doppler 

shift frequency signals to produce a twepoint caîibiation. Beat-by-beat MBV was calculated by 

integrating the total area under the instantaneous MBV profde, with the marked QRS complex 

of the electrocardiogram tracing signailing the end of one heartbeat and the beginning of the next 

(S hoemaker et al., 1994). 

The main source of error in MBV determination is the angle of insonation. To reduce the 

magnitude of this emr.  the body position during the handgrip trials was fixed. In addition. a Bat 

probe, which maintains the angle of the sound tmsducer with the skin was used. Further 

limitations associated with Doppler measurements of blood velocity hclude random error 

attributable to the operator, hproper alignment of the ultrasound beam with the artery, and 

Doppler signal processing and fnquency estirnation (Giil. 1985). Random error was reduced by 

averaging four repeated trials into one data set. The latter two sources of e m r  was minimized 

by using both auditory and visual feedback of the Doppler signal. 

Blood Pressure Using Finapres Finger Cuff : Mean Artenal Perfusion Pressure (MPP) was 

coliected beat-by-kat using a Finapres finger cuff blood pressure monitor (Finapres, Ohmeda 



Inc.). The haprcs has bten shown to p v i &  values similar ta those obtained simultanmusly 

by iatra-artmhi mtasuriements Riningpcdbmmœ tests induciag -id changes in blood prtssure 

(Parati et al., 1989). The smaiI figer cuff was piaœd amund the middle hgcr  of the contra 

lateral haad, with the a m  and band rdng above the heart level (th& is, at the same level where 

the blood vtlocity was measincd ia the excrcising arm). 

Data Sturage 

The electrocardiogram, finapres and Doppler signais were stored on a microcornputer 

data acquisition system. These signals were collected continuously for each 9 min- trial 

Data Analysk 

Ali kat-by-beat data for the participant's four trials were ensemble averaged to produce 

a single data set for thaî participant. 

The bat-by-kat heart rate data for ûials 1,3 and 4 were analysed without any average 

procedure to be compand with the averaged four trials da*l 

Four srnail sets of data consisting of 10 heart beaîs which included premature beats were 

extracted h m  triais 1 3  and 4 to illustrate the blood pressure and blood velocity nsponses. 

Mean Blood Velocity was calculated frmn the area under the curve by a cornputer 

program- 

Mean Arttrial Blood fressure was estimaten by the equation MPP = 1/3 * pulse pressure 

+ diastoiic pressure. 



Avemged v&s for tk four hioLr - Hcart rate incrrared h m  95 t 1.6 bpm (mean t SD) 

dmhg rest to 103 t 3.4 bpm during exercise and deaePscd to 99 t 2.7 bpm during 3 minutes of 

recovery. The 8 46 increase in heart rate observeci Crom rest to exercise is close to the inctea~e 

found for otba participants in a previous stndy (Ooba et ai, 1995). However, the absolute heart 

rate values (95 duxing rest and 103 during exercise) are hi* than those values (67 fa mt and 

71 for exercise) found in that study. 

The mean blood velocity sipmficantly ina*ised h m  10 I 0.6 to 37 + 7.0 cmkc during 

exercise and went down to 31 t 9.0 cmlsec during recovery. The restïng value of blood velocity 

is close to 9 d s e c  found in the previous study. However, the MBV is higha during exercise than 

the value found previously (21 adsec) (Gobbi et al., 1995). 

The mean arterial phs ion  pressure (MPP) sigdicantly increased from 78 t 1 during rest 

to 94 9 duriog ex&se and deneased to 91 t 4 mmHg during ncovery The resting value is close 

to the 80 mmHg observeci in previous snidy , however the exercise value is somewhat higher than 

the 87 7 g  observeci in the same saidy (Gobbi et al.. 1995). It is worth noting that the MPP can 

be thought to be representative of the centrai mean arteriai pressure (MAP), and the ciifference in 

tenns of the latter being bigher was due a> the e f h t  of negative hydrwtatic pressure when the 

measurement point is above the heart level. 

Figure A.1 shows the plot obtained for heart rate (HR), MBV and M W  when the values 

were averaged for a i l  the four triais. 1t is interesting to observe the relatively small varïability of the 

data, except for heart rate and blood pressure during the recovery phase. It seems that when data 

are analysed in this way, it can provide a usefhl tool to conml for the high variability (due to the 

contraction relaxation process) found in MBV during exercise. 



Nm-~vçraged h a r t  m r ~  valùes for m91r l.3 d 4 - Figure A2 shows the plots of hcart 

m b e a t - b y ~ k a t v a l ~ f o u e a c h o f ~ 3  outof 4t1ïa3s compriscdintheexagSeptotoco1.Rest 

values arc shown up to 60 seconds, exercisc h m  60 to 360 scconds and rrcovery h m  360 to 

540 seconds. This figure aiables one to appnaate the extent and the location of the prcrnature 

heart beats. It cm k scen thPt such prcmature kats occur in each of the chrre phases of the 

exercise p t o c o l  (rest, ex* and numy) and nOrmaUy is rcprtsented by a sudden incnase 

followed by a decrease in heart rate cornparal to regrùar valuesues It dso can be observecl tbat the 

premah~e heart beats accu prcférentially during the recovery phase. This observation warrants 

m e r  study. Is this pst-extrcise prepondcrance associateci with an immadiate pst-exercise 

increased hyperaemia (incrcastd blood velocity ) m wnjunction with a concomitant decrease in 

b l d  pressure? (set Figure A. 1) 

Exiracted portions of data contaîning premahlre hart kats 

Figure A3 shows 10 heart katr extmcted et the very beginning of the data collection. It can be 

obsewed that the premature hem beat o c c d  on QRS complen numbered as 5 which causes 

an inaease in HR fîom 90 (QRS 4) to 122 with a simultaneous deaease in brachiai artery MBV 

fkom 14 to 3 cmlsec and in MPP h m  91 to 77 mmHg. This HR increase was immediately 

foiiowed by a decrrase h m  122 to 71 bpm (QRS 6) with a simultaneous inaease in MBV h m  

3 to lOcdseca~danincrra~inbloodpffs~hrn77 t086mmHg~ThisdecrcaseinHRwas 

then followed by a new in- (QRS 7). and a darease in both M W  and BP, after which the 

values tendeci to stabilize. 



Fignre Al. Awagad values of heait rate (HR), mean blood vtlocity (MBV) and mean arterial 

perfusion pressure (MET) for four triais far each second 

Time (sec) 



Trial 1 

Trial 3 

Trial 4 

l 

O 60 120 l8O24O3OO36O42O48O54O 

Tirne (sec) 



F i  A.3. Blood vdocity (BV) and blood prtssurc(BP) ~tsponse to hart rate @R) variation 

TlME (sec) 

Legend: QRS= the electrical waves of depolarization (Q, R and S waves); MBV=wao blood 

veiocity; MPPt man M a l  perfùsion pressun; ECG (AD)= electro cardiographie 

vaiues in analog-to-digital ULUts. 



Figure A4 also shows 10 heart kpts extmcted during exercir whm the MBV had alnady 

nached a plateau. The analysïs of the msphses &ring th* @od is somewhat m a  complex 

bcauilietbce&dPofco~~traCtionielrxaiionphasesof~ex~~~to~e&asawsedby 

the pmahiiie ôeats, especiaily fa the MBV response. Furtbermcne, it is not possible to know with 

great accuracy when the contraction and leluation started and finished. ConsZdeting that forearm 

muscle contraction brachial artery blood velocity and relaxation causes the opposite effect, 

it can be e s h a t d  that one relaxation pbase started somewhere near QRS 1 and lasted 2 seconds 

reaching a point between the QRS 4 and 5. A contraction phase then s*utcd near QRS 5 and lasmi 

1 second reaching a point near QRS 7. The following relaxation phase seems to start near QRS 7 and 

lasted almost to QRS 9 when a new contraction started. 

The first premature beaî occoned at QRS 4 and was foliowed by four other premature bats 

while the HR pmgressively increased h m  lot to 154bpm. 'Ibe a n d  was to d e c r w e  MBV ami 

MPP. It is important to keep in mind aiat brachial artery MBV wes furcher decreased by the exercise 

contraction phase between QRS 5 and 7. It is also noteworthy Qat, contrary to what could be 

expected, the anaial blood pressure iriaeased with further increase in hart rate due to the premature 

heart k a t  at QRS 5. Because QRS 5 coincides with the beginnïng of the contraction phase it is 

speculated tbat the muscle contraction may have triggend a smali increase in 'PR which in nirn 

increased axtexiai blood pressure. 

It appears that the most signifiant effca of these series of premature heact beau during 

dynamic exercise were: 1) an amplineci decxease in blood velocity dming contraction . Compare 

velocities at QRS 5 and 6 (1 2 and 4 cdsec respectively) with those at QRS 9 and 10 (26 and 10 

cm/= respectively); 2) the in- in blood velocity is les during the relaxation phase foUowing 

premahue bats (compare the meau of 34 cm(sec for QRS 7 to 9 with 51 d s e c  for QRS 1 to 4). 

Therefore, in both contraction and relaxation phases of the exetcise. blood uudciprfusion to 

exercising muscles may oc- due to premature beats. 



Figure A.4. Blood velocity (BV) and blood pessun (BP) responses to k a r t  rate (HR) variation 

during fortann exercise in tr iai 1. 

TlME (sec) 

Legend: QRS= the electrical waves of depolarization (Q, R and S waves); MBV=mean blood 

velocity; MPP= mean artenal pemision pressure; ECG (AD)= elatm cardiographie 

vaiues in anaiog-to-digital unïts. 



Figure A 3  shows taro subsequent prem~nirr bats QRS 5 and 6 causing the HR to be 

inneased h m  107 <O 143 and U3 nspectively. These pemsna heart b a t s  aAwrrd in the 

beginningofthe~;ecoveryperiodduringtrid 1.Inrcsp011~etothefirstpempriinheart~ theMBV 

decrrPsednOm41 toZ5aadtheMPPfmm95tio82 ~g.niesecwdp~ma~ueheactkaicauses 

a furtber drop in MBV h m  25 to 19 cmlsec and in MPP from 82 to 78 d g .  Again, it seems that 

when these prematme heart beats occur in sequence, the blood flow is lower compared to the other 

beats. Consistent with what happened during rest and exercise, these pmnature hean beats are 

followed by a substantial decrease in HR, and an inmase in MBV and MPP towards the stable 

values. 

Figure A.6 shows 10 heazt beats which were extracteci from the &ta collected during Iate 

recovery in îriai 4- The premature beat o c c d  at QRS 5. The heart rate increased from 100 to 158, 

the M W  decreased fkm 38 to -1 cmlsec and MPP h m  101 to 69 mmHg. Immediately a f k  , the 

HR feli to 67, the MBV inaeased to 29 and the MPP also inmead 86. Following mis bradyda ,  

the HR, MBV and MPP tended t o w e  more consistent values. It is worth noting mat, even in 

situations when the tissue requires a relatively large amount of b l d ,  as in recovery h m  exe-, 

the mean b l d  velocity can be negative for an en& beat, due to one premature bea~  



F ' i  AS. Blood velocity (BV) and blood plcsstuc (BP) ~CSPOIIS~S to k a r t  rate (HR) Vanation 

duringearlyrecovery in al. 

TlME (sec) 

Legend: QRS= the electrical waves of depdarization (Q, R and S waves); MBV=mean blood 

velocity; MPk mean artenal perfiision pressure; ECG (AD)= electm cardiographie 

values in analog-to-digital units. 



Figirrc A&. Blood velocity (BV) and blood prrsciue (BP) mponse to heart rate (EIR) variation 

dimagiatersoveryinm4. 

Legend: QRS= the elecarical waves of depolarization (Q, R and S waves); MBV=mean blood 

velocity; MPP= mean arterid pemision pressure; ECG (AD)= electm cardiographie 

values in dog-to-digïtd h t s .  



1. Preman~e hem beats appear to occur pefitially duhg the recovety phase. Tùe ~latively high 

blood flow stiU nquired during tbe zecovay phase, in conjuncDon with the suddea deamse in blood 

pressure at the end of exercise may k involved in this peponderance. 

2. When one or more pmmture kart beats occur, both the man arterid w o n  pressure and mean 

blood velocity de- and ihis represents tissue uaderperfiision by blood There may be two 

possible explanatioos: 1) that blood availability to the heart is not enough for the prematme beat to 

maintain or increase the stroke volume andlor 2) premature hart bats are not suffiCient to maiotain 

the ejection fiaction. 

3. The contraction phase of dynamic exercise during pmmature bean bats appears to exert opposite 

effects on MBV and on MPP. That is, it amplifles the demase in blood flow to exercising muscle 

and countcracrr the decrease in mean -ai blood pressure. In addition, the blood flow during the 

relaxation phase appears to be lower foliowiag a series of premature heart kats. 

4. Even during the pesence of variation in HR, MBV and MPP due to premahire k a r t  beats, such 

as in the present case, the avenging procedure for four trials of data seems to be a useful tool for 

further data analysis. However, the inclusion of a participant with such a condition can impose a 

confounding factor on a bat-  by- beat d y s i s .  
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