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ABSTRACT 

It has been kaown for some time that most individuals with stroke have coexisting 
cardiac disease. What has not been adquately investigated is the cardiovascular response 
to exercise post-stroke. Knowledge of the responses to exercise after stroke is basic to 
understanding the physiologic adaptations to activity, pnscribing appropriate exercise for 
rehabilitation, and ensuring a reasoned approach to new therapies. 

The primary objective of this thesis was to investigate longitudinally the rnetabolic 
and cardiorespiratory responses to exercise over the course of pst-stroke recovery. The 
first challenge was to design a testing protocol that would permit an objective assessrnent of 
metabolic response to exercise of individuals early pst-stroke. Body weight support 
(BWS) offsets a percentage of body mass while providing balance support, permitting safe 
treadmill walking for patients with rnotor impairments. To validate a testing protocol using 
the Pneuweight Unweighting S ystemo, 15 healthy adults (55+11 yr) performed 3 gradeci 
exercise tests (GXTs): (i) standard treadmül GXT, (ii) treadmill GXT with 15% B WS , (ci) 
treadrnill GXT with 0% BWS. BWS did not affect gas exchange variables although peak 
tidal volume (Vt) was s i ~ ~ c a n t l y  lower in the 15% BWS test. Tu validate the protocol 
for patients early pst-stroke, 29 subjects (65113 yr) perfoxmed a symptom-limited 
tnmimdl GXT with 15% BWS at 2 ~ 9  &ys post-stmke. NO complications were - - 
encountered. Peak oxygen c o n s u r n p t i o i ( ~ ~ ~ ~ )  was 1*5 mVkg/min (60% of nomal 
values), indicating significantly compromised exercise capacity. This was the fmt study to 
document responses to maximal treadmill exercise early post-stroke. 

A 2-phase clinid snidy was conducted to e&ate the aerobic component of a 
stroke rehabhtion program. Ïn Phase 1, hem rate (HR) responses of 20 @tien& post- 
stroke (65+13 yr) were monitored at bi-weekly intervals during 189 therapy sessions over 
the course of rehabilitation. The percentage of total tllncltherapy session spent in activities 
that elicited HR responses in the target HR zone was low (5% in physiotherapy, 2% in 
occupational therapy). Patients were physically inactive for 42% of total 
time/physiotherapy session and 54% of timeloccupational therapy session. No signifîcant 
changes in HR responses (i.e. resting, mean, peak HR) were found over the ICweek 
monitoring period. Phase 2 involved 23 of the patients participating in the longitudinal 
study described below. HR was monitored during physiotherapy sessions at 1, 2, and 3 
months post-stroke. The results were comparable to Phase 1: 40% of timdsession was 
spent inactive and HR responses remain stable across sessions. The mean time spent in the 
Gget HR zone - detem&ed using voz data - was 12% of time/session. A simcant 
increase was found in mean energy expendinire (EE) between the 1- and fmonth sessions 
(1.89.4 to 2.6k0.6 kcaVmin). The main conclusion was that the stroke program did not 
provide adequate cardiorespiratory stress to induce a training effect. 

The main purpose of the final study was to investigate changes in exercise capacity 
and EE during level walkhg over the coune of pst-stroke ncovery. Twenty-fve patients 
(64~14 yr), with fmt ischemic stroke and miid to moderate disability, performed 15% 
BWS-facilitated treadmiii GXTs at 1,2,3, and 6-months post-stroke. Between the 1- and 
6-month GXTs, a 17% increase in volpi* ( 1 5 6  to 17k7 ml/kg/min) and a 16% decrease 
in EE while waiking at .35 dsec (3.8fl.3 to 3.2k0.2 k d m i n )  were observed. 
Sigrifkant decreases in submaximal V O ~  , HR, rate-pressure product, minute ventilation 
and Vt also occumd. Whüe irnprovements in functional measures occurred over the 
course of recovery, most of the incrta~e in ~ 0 2 -  was realizcd between the 1- and Zrnonth 
GXTs. At 6 months mean V O I ~  remained low (7 1% of normative values). These 
resul ts , together with fmdings of a low aerobic component to contemporary rehabilitation 
and the capability of patients early pst-stroke to exercise safely to maximal. symptom- 
limiteci intensity, support a rationaie fur incorporating aerobic conditioning into stroke 
rehabilitation. The ~sults  provide baselim data for future research into the effccts of an 
increased aerobic component on cardiorespiratory outcomes and functional recovery. 
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CHAPTER 1: INTRODUCTION 

Approximately 50,000 Canadiaas will have a stroke this year (1). About 95 percent of 

these individuals will survive the acute phase due to advances in emergency and acute 

stroke management over the past decade (2), and 60 percent of the sumivors will 

experience persistent neurologic impairments that resinct fwictional independence long- 

term (3). Stroke is now the leading cause of disability among adults (4). Moreover, stroke 

is an age-related phenornenon, in that 75 percent of ali strokes occur in people over 65 

years of age (5); thus its prevaience is expected to escalate with changing demographics. 

These trends have tremendous human and econornic implications and present major 

challenges for society . 
Traditionally, the extent of recovery post-stroke was viewed as king aimost 

exclusively dependent on the status of the neuromuscular system; consequentiy, 

intervention strategis focused on improving the capacity of that system, an approach that 

has met with limited success in t e m  of restoring functional independence. Recently, 

ho w ever, gro wing interest in how multiple sy s tems (neuromuscular, cardiorespiratory , 

musculoskeletal) interact with each other and with the enenment has begun to draw 

attention away from the neurornuscular system and toward pnviously unheeded d t i -  

system interactions. Although the neurologic impairrnents resulting h m  the stroke itself 

are major sources of disability, car& cctmorbidity - present in approximately 75 percent 

of patients with swke - may be a significant factor limiting recovery (6). Individuals in the 

post-recovery phase of stroke idcntify fatigue as  the area of greatest concem and the source 

of functional limitations (7-9). Further. there is mounting evidence that people with 

chronic stroke are physically deconditioned (10, 1 1). Despite the documented involvement 

of the neuromuscular and cardiovascular systems in this prevalent, debilitating condition, 

few studies have been conducted on the responses to exercise of individuals post-stroke. 



Knowledge gained from such investigations may lay the foundation for novel therapeutic 

approaches to improve function and quality of lift of survivon of swke. 

In this introductory chapter, an oveniew of basic principles of exercise metabolism is 

presented and cardiovascular and respiratory responses to exercise are reviewed. Factors 

that affect and limit the exe& capacity of heaithy individuals and people post-stroke are 

discus sed. In addition, biomechanical and metabolic mechanisms that help to explain 

variations in the energy expenditure of human locomotion are outiineà and related to 

pathological gait, particularly that of individuals post-stroke. Finally, the overd objective 

and specific purposes of this thesis are presented. 

1.1 Exercise capacity 

Exercise capacity can be defmeà as the body's lirnit in ability to nspond to the 

physiologic stresses induced by prolonged physical effort. Maximal oxygen consumption 

(VO~WC),  the highest oxygen intake an individual can anain during physicai work (12)' is 

generally considereû to be the definitive index of exercise capacity (13). Exercise requires 

increased energy metabolkm to fwl the coneaning muscle. Thus, exercise capacity is 

related to the bioenergetic processes occurring in skeletai muscle during dynamic activity. 

1.1.1 Energetics of skeletai muscle 

At rest skeletal muscle accounts for less than 20 percent of the body's total energy 

expendinire whereas during exercise most of the increased energy metabolism occurs 

within the contracting muscle (14). The force-genetating interactions of actin and myosin 

myofdaments requin energy suppiied by the hydrolysis of terminal phosphate bond@) of 

adenosine triphosphate (ATP) by myosin ATPase: 

myosin ATPIK 
ATP + ADP + Pi+  AG 



where ADP is adenosine diphosphate, Pi is inorganic phosphate and AG represents the 

change in free energy for the reaction under physiologie conditions (15). 

Three mechanisms are involved in ATP generation in the muscle - the anaerobic 

hydrolysis of phosphocreatine (PCr), the aerobic oxidation of substrates, and the 

breakdown of glycogen or glucose to lactic acid (12). At the initiation of exercise, the 

high-energy phosphate bonds of pre-existing ATP are split to support the immediate energy 

requirements of the active muscles. Rephosphorylation of ATP is provided by the apid 

hydrolysis of PCr by creatine kinase: 

cnatine kinase 
PCr + Cr + Pi + AG Pl 

where Cr represents creatine. 

While PCr hydrolysis provides immwiiate energy for ATP regeneration, the major 

energy source for ATP production during sustained exercise of moderate intensity is 

oxidative phosphorylation in the rnitochondrial electron transport chain (15). Incnased 

intramuscular concentrations of Cr, Pi, and ADP are thought to stimulate oxidative 

phosphorylation (12). The hydrogen ions (protons) (8) and their associated electrons 

liberated in the catabolic breakdown of substrates (primariiy glycogen and free fatty acids) 

are made available to the cytochrome eleztron transport chab where the elemns are 

transfemd through a series of oxidation-reduction reactions h m  sites of high potential 

energy to those of lower potential energy. The energy rrleased is used to rephosphorylate 

ATP. Oxygen (4) serves as the fmal acceptor of hydrogen in the electron transport chain, 

with cytochrome oxidase catalyzing the reaction of 4 and H', yielding water and carbon 

dioxide (CO,). The net quation for the aerobic metabolism of glucose is: 

glucose + 36ADP + 36Pi + 36H' +60, + 6C0, + 36ATP + 42w 131 

The substrate metabolized a€fects the amount of Oz requind. Carbohydrates are more 

efficient than fats in terms of 0,utiiization since they requin less O* for a given rate of ATP 

production (15). The respiratory quotient (RQ), the ratio of the CO2 production by the cells 



to the 0, upiake by the ceiis, reflects the proportion of carbohydrates and fats king utilized 

in the metabolic process. At rest, the RQ is about 0.82 that indicates that approximately 60 

percent of substrate utilization is derived from fats and the remainmg 40 percent from 

carbohydrates (16). hiring steady-state exercise the RQ can be estimated from the 

respiratory exchange ratio (RER), the ratio of CO2 output by the lungs (VCO,) to the O* 

uptake by the lungs (vo,). At moderate intensity, steady-state exercise the RER, and 

hence the RQ, is about 0.95, indicating that carbohydrates comprise about 8 4 1  of the 

substrate used (16). Thus, as the work rate increases, the fuel mixture derives 

proportionally more from carbohydrate than from lipid stores. 

As exercise intensity increases, the amount of 4 delivered to the electron transport 

chah becomes insuficient to meet the increased energy requirements. ATP production 

must be augmenteci by the anaerobic-glycolytic (Emben-Meyerhof) pathway with 

obligatory carbohydrate utifization. Glucose or glycogen is converted to pymvate, which is 

reduced to lactate, which is the final hydrogen acceptor (17). 'The net equation for the 

glycolytic metabolism of glucose is: 

glucose + 2Pi + 2ADP + 2lactate + 2ATP i41 

The amount of energy produced by anaerobic means is limite& approximately 19 times 

more energy is produced by aerobic oxidation. 

With the increase in cellular H4 load with lactate accumulation, then is pa te r  stress 

on acid-base regulation. The lactate in the blood is buffered by sodium bicarbonate 

(NaHCOJ and CO, is formed: 

lactate + NaHC03 + Na lactate + &O + CO, 153 

The CO, generated in the S u f 5 e ~ g  of lactate is in addition to the ongoing metabolic CO, 

production and, as such, imposes an additional load on the respiratory system. The onset 

of lactic acidernia, the poht at which the rate of laaate production exceeds its rate of 

removal, is marked by a sudden increase in the rate of VCO, with respect to VO, ( 15). 

The exercise intensity at which lactic aci&rnia occun is refemd to as the lactate threshold 



(18). The lactate threshold cm be used as an indicator of the energy generation 

mechanisms involved. Work rates below the threshold are moderate - involve little 

anaerobic metabolisrn and therefore wi be prolonged without the additional stress from 

metabolic acidemia. Work rates above the threshold are heavy - both aerobic and anaerobic 

mechanisms share in energy generation with the latter providing an increasing proportion of 

energy as the work rate is increased. Severe work rates lead to VOI- king attained with 

its consequent high levels of acidernic stress. 

1.1.2 Cardiovascular rcsponse to exercise 

Exercise requires the interaction of the cardiovascular, respiratory, and neurornuscular 

systems in order to nspond to the energy demands of contracthg muscle as well as to the 

increased concentrations of CO, and H+, the by-products of muscle metabolism. The 

capacity to respond is refiecied by the value of V O , ~ .  VO,- is considered to be the 

best m u r e  of the functionai limits of the 4 transport system (19). The rrlationship 

between cardiovascular function and VO,- is described by the Fick equation (19): 

vo2- = Q x max AVO, difference D l  

where Q- = maximal cardiac output and max AVOt difference = maximal systemic 

arteriovenous oxygen difference. Given that Qmax equals the product of maximal heart 

rate (HELUX) and maximal sûoke volume (SV-), VO, , can be calculated as follows: 

VO~- = HILnu x SV- x max AVO, difference [Tl 

Thus, the value of VO, m u  reflects the integrity of both 4 transport to the tissues and 4 

utilization by the tissues. 

The increase in VO, during exercise is due to the increase in both Q and AVO, 

difference. Cardiac output (Q) at VU, is increased 3-6 rimes resting levels, depending 

on subject's physical condition, with HR increasing 200-30 percent and SV by about 50 



percent (19). ûver the lower third of the work rate range both HR and SV increase 

progressively with hcreasing work rate; thendter, HR continues to increase while SV 

remains essentially constant (2O,2l). The increase in SV has been attributed to enhanced 

myocardial contractility with an increase in left ventricular füling pressure and end-diastolic 

volume (22). In response to the higher myocardiai VO, demands, coronary blood fiow 

increases three to five times the resting value (23). Increased venous rem,  seconday to 

compression of the veins by contracthg muscles and reduced intrathoracic pressure, also 

contributes to the increased SV (19). At low uitensity exercise the increase in HR is mahiy 

the result of a decrease in vagal tom but as the intensity of exercise hcreases sympathetic 

stimulation and circulahg catecholamines becorne progressively more important (15). 

Reduced baroreflex sensitivity as the intensity of exercise progresses limits its role in HR 

modulation (22). 

The increased Q is directed predominantly to the regions with heightened rnetabolic 

demands - the working muscles. The selective distribution of the increased blood flow is 

due to both local vasdation mediated by metabolites, in concert with other factors. acting 

on the vascular smooth muscle, and vasoconstriction in tissue with low metabolic demand; 

among the suggested vasodilatory agents arr decreased partial pressure of 0 (PO3 and 

elevated levels of H', CO, potassium, adenosine, and nitric oxide. Previously unused 

capillaries in the working muscles open which allows for an adequate transit time of red 

blood cells despite the high flow rates (24). Average blood flow to other vascular beds 

either remains unchanged (e.g., brain) or decreases (e.g., rend and splanchnic bed) 

through active vasoconstriction rcsulting from increased sympathetic discharge (and to 

sorne extent by the release of catecholamines from the adrenal meduua). As the intensity of 

exercise increases, the systolic blood pressure (SBP) inmases markedly while the diastolic 

blood pressure (DBP) either remains unchanged or lowers slightly, renilting in a moderate 

increase in mean arterial pressure. The reàuction in total peripheral resistance resulting 



from the vasodilation counteracts the incrcased driving pressure for flow resulting from the 

elevated mean arterial blood pressure ( 12). 

During exercise the incnase in VO, excoeds the change in Q; thus the A V 4  

difference must also increase. 4 extraction fiom the muscle capillary blood to 

mitochondria is dependent on an adequate 0,diffusion gradient (17). During a progressive 

increase in workload, arterial hemoglobin saturation and artecial 4 content remain 

relatively constant at 97 percent and 200 mVI of blood, respectively, whereas the venous O2 

content decreases substantidy due to increased O extraction in the active muscles and the 

redistribution of blood flow away from the non-exercising muscles and viscera. 

1 .1.3 Ventilatory response to exercise 

As the metabolic rate increases during exercise, the minute ventilation ( VE) increases 

proportionately to changes in V C O , ~ ~  order to remove the CO, and to regulate pH balance 

after lactic acidosis develops. The ventilatory response to a given V C O ~  is pater in older 

compared to young subjects (25). Below the lactate threshold increases in VE are due 

mainly to increased tidal volume (Vt) while above the threshold the respiratory rate (RR) 

increases without substantial change in Vt (12). At maximal workloads the 4 cost of 

breathing may be as much as 10 percent of the total VO, W, with the accessory inspiratory 

muscles (e.g., pmstemal intercostal muscles, the scalenes) and the expiratory (the 

abdominals) sharing the mechanical work of breathing with the diaphragm (26). 'The 

diaphragm maintains aerobic metabolism even at intense work rates because of its high 

vascularity and oxidative enzyme activity (27). 

In contrast to the predictability of many of the variables associatexi with the 

physiological response to exercise in hedthy individuals, VE requirements for any given 

level of exercise can Vary enormously, dependhg on the Uizgrated influence of many 



variables, e.g., ventilation/perfbsion mismatch, partial pressure of alveolar CO,, VCO, 

and VO, (17). 

At the initiation of exercise dilatation of the pulmonary vascular bed ~sults  in 

perfusion of unperfused and underpemised areas of the lungs and reduced pdmonary 

vascular resistance; hence pulmonary blood flow is increased without a significant increase 

in pulmonary artery pressure (27). 

1.2 Measurement of exercise capacity 

VO, - is a stable and highly reproducible characteristic of an individual when 

measured under standardized conditions that assure i) adequate duration and work intensity 

by at least 50 percent of total muscle mass; ii) independence from motivation or ski11 of the 

subject; and iü) standardized environmental conditions (19). Under these 

conditions. VO, tests have a high coefficient of reiiability (R = 0.95), with repeated 

measurernents varying only 2-4 percent (28). nius. meaîurement of VO, w is recognized 

as the most quantitative and reproducible method of assessing maximal aerobic capacity 

(29). The optimal dufation of a graded exercise test (GXT) is 8-17 minutes (30). 

Underestimations of VO, m~ may resuit from work rate hcrements that are either too large 

or too smail. Excessive iamments may limit the ability to respond to rapid rates of change 

in metabolic demands whenas prolonged tests may induce boredom, lack of motivation, 

excessive hyperthermia, subject discornfort, ventilatory fatigue, or altered substrate 

utilization (30). 

The exercise modality cm affect the VO, - value attained. Remlitment of at least 50 

percent of total muscle mass is much more likely to be met while wallcing than while 

c ycling, pmicularly in a deconditioned population. About 85-90 percent of the VO, 



achieved with treadmill testing cm be anained with bike ergornetry and only 70 percent can 

be achieved with either am or supine ergometry (19). 

The principal criterion «, indicate maxmial effort during VO, - testing is attainment 

of a plateau in VO, beyond which there is less than 150 d m i n  increase despite increases 

in workload (28). Since a tnie measure of VO, - is precluded when this criterion is not 

achieved a more afcurate term for the value obtained without a plaieau is peak VO, 

( ~ 0 ~ ~ ) .  Plateauing of VO, is hrquently not observed in deconditioned or elderly 

individuals (3 1) or in patients with heart disease. 

Because of the linear nlationship between VO, and HR, VO, can be estimated 

from HR measurements taken during submaximal exercise. However, while VO, IIEU is 

relatively unaffected by many stresses (e.g., dehydration, changes in body temperature, 

acute starvation), HR is markedly a€fected thus limiting the accuracy of the estimation 

(19). 

1.3 Factors affecting exercise capacity 

The three main factors that contribute to differences in exercise capacity among healthy 

individuals are, in order of ascending importance, sex, age, and level of habituai physical 

activiîy . 

2.3.1 Gender 

Absolute and relative VO, are lower in women than in men of similar age, weight, 

and level of physical fitness (32). The VO, WC of women has been reported to be 77 

percent of thai of men, aftcr adjusting for body weight and activity level (33). However, 

despite the reduced O,-canying capacity in women due to lower hemoglobin concentration, 



this gender difference is nmoved when the VO, lll~ per kg of fat-free mass is caicuiatexi 

(34, 35). Thus, the gender ciiffereuce is largely a resuit of the greater percmtage of body 

fat in women. 

1.3.2 Age 

Physical limitations associated with aging, resulting not only from intrinsic age- 

associated structural and functional changes but also from inactivity, loss of coordination 

and flexibility , and co-morbidities (e.g . , arthritis, cardiovascuiar disease), restrict the 

capacity to engage in physical work. Consequently, there is a steady, age-nlated decline in 

VO, -, averaging about one penmt per year (0.4-0.5 mVkg/min/y) between 25 and 75 

years (34, 36, 37). The rate of dechne in exercise capacity is no< nlated to sex but is 

sigdicantly affected by the increasingly sedentary Mestyles and greater percentages of 

adipose tissue associated with aging, factors which confound identification of unique age- 

dependent changes (37). A large portion of the deche in VO, IW appean to be due to 

reduced O,-transporthg capacity, secondary to decreased HR-. Structural changes in 

cardiac tissue include a de~lcase in the capilIary-fibre ratio within the myocardium and an 

increase in the ratio of coliagen to muscle resulting in myocardiai stiffhess. Decnased 

rnyocardial contractility, secondary to reduced ventricular cornpliance and depnssed p- 

adrenergic responsiveness, is reflected in nduced ejeztion fraction, a hailmark of 

cardiovascular aging (38). 

Whether there are declines with age in SV and AVO, difference remains contmveniai 

(39). Ogawa et al. (35) reported that 50 percent of the decline in Vo, - could be 

explained by smaller SV, with the remainder due to lower HRmu and reduced AVQ 

difference. Diminished oxidative capacity of the working muscles has been attributed to 

alterations in mitochondrial structure and distribution, changes in the micmirculation of 

skeletal muscle, and sarcopenia (ioss of skeletal muscle mass) secondary to reductions in 



number and size of fibers, particularly type II fibers (12, 37). Capillary density, capiuq- 

to-muscle fiber ratio, and muscle enzyme activity are not affected by aging; thus, the 

oxidative capacity of the nmainiag muscle fibcrs is maintained in the elderly (40). 

Age-related changes in ventilatory function, including decreased cornpliance of the 

lungs secondary to reduced elastic recoil of the lung and calcification and stiffening of the 

cartilagenous articulations of the ribs, Lmiit the increase in VE during exercise (40). In 

addition, reduced diffusion caprilcity across the alvlveolar-capillary membrane result in a 

decrease in arterial O2 tension of 2.1 - 4.1 mm Hg per decade (40). 

1 .3.3 Level of habituai physical activity 

The extremes in activity level - frorn bedrest to endurance training - have been 

investigated in terms of effect on VO- 9 W. 

1.3.3. i Physical inactivity 

The cardiovascular alterations that occur with physical inactivity in some ways parallel 

the changes that occur with aging, including reduced VO, llpx and Q- . Deconditioning 

explains a significant proportion of the age-related decline in VO, m. In fact, if physical 

activity and body composition remah constant over time, the expccted rate of decline in 

aerobic power is reduceà by about 50 percent (to approximately 0.25 ml/kg!min/y) (37). 

A mean decrease in VO? of 15 percent has been rcported in healthy, middle-aged 

men after 10 days of beclrest with pst-rccumbent orthostatic stress king the principal 

factor limiting exercise tolerance (41). Decrrases in VO, -, as high as 28 percent, 

demonstrated in Young, healthy subjects after three weeks of recumbency were amibutexi 

almost exclusively to decreases in SV, secondary to impaired myocardial function and 

increased venous pooling (42). However, inactivity also leads to significant peripheral 



changes with decreases in oxidative enzyme concentrations, mitochondria, and capiilary 

density resulting in a greater propensity to fatigue (15). 

1.3.3.ii Training-induced adaptations to maximal exercise 

Adaptations to the chronic physiologic stresses imposed by endurance training are 

evident during both maximal and submaximal exercise. Training prograins that involve 

dynamic exercise of adequate intensity, duration, and frequency provoke both central and 

peripherd adaptations in proportion to the degree of stress imposed on the hart  and on the 

working skeletal muscles, respectively (26). To induce central adaptations, training must 

incorporate use of large muscle mass activities in order to attain high levels of VO, and Q . 

In contrast, to induce local adaptations the training regime rnay involve smaii or large 

muscle m a s .  However, aPainment of an exercise capacity that exceeds the pretraining 

maximal cardiovascular capaçity wiU. occur only with involvement of large muscle mass. 

While central adaptations can be demonstrated during exercise with trained or nontrained 

muscles, local adaptations are evident only during exercise performed using trahed muscle 

groups, the latter reflecting specificity of training (26). 

The principal indicator of a training effect during maximal exercise is attainment of a 

higher V O ~  than was achieved in the pre-trained state. No ciifferences have been found 

in relative increases in ~ 0 ~ -  for men and women when they an trained under same 

intensity, frequency and duration (43). Further, the greatest increments in relative Y02 mu 

with training at any age or either sex occur with the lowest initial values of VO, 

although absolute VO, - increments decline with advancing age (44). Thus, individuals 

with similar relative exercise capacity demonstrate comparable exercise trainability, 

regardless of age or sex (45). 

hcreased Vo2 WC, and hence, exercise capacity, following training in middle-aged 

and older aduits is largely due to improved Q- (20). It has been well established that 



HRIW is unchanged or siightly reduced following training (26); thus the improved Q- is 

associated with pater SV=. Increased SV- results in augmented maximal flow 

capacity, reflecting the combineci effects of peripheral and centraï adaptations. The 

principal peripherd adaptation contributing to improved SV= is reduced peripheral 

vascular resistance to blood flow in trained muscles. With training there is a decnase in 

vasoconstriction in the non-wmking muscles, possibly the result of reduced activation of 

the sympathetic vasoconstrictor nerves; thus, a training-induced increase in QXMX can occur 

without a concomitant incnase in mean arterial pressure (26). Irnproved venous r e m  

rnay also contribute to i n c d  Q-. The O2 puIse, the quotient of vol and HR, at 

maximal exercise increases with aerobic conditioning. Training does not, however, affect 

the blood hemoglobin content (46) nor does it have a substantial effect on coronaq blood 

flow or flow through the other vascular beds. 

The main central adaptation contributing to improved SV- appears CO be improved 

myocardial performance secondary to enhanced intrinsic myocardid contractility (26). 

Endurance training, if prolonged and intense, cm also result in signs of volume overload - 
an increased left ventricular end-diastolic volume and mass (26). The effects of training on 

myocardial pefision and ejection fraction rrrnain unclear (47). According to Siranon et al. 

(38) the rnechanism underlying training-induceâ augmentation of SV is age-dependent - 
due primarily to increased venaicular ejection fraction in young subjects and to increased 

end-diastolic volume in oldtr subjects. 

In young subjects as much as 50 percent of the augmentation in VO- WC rnay be due 

to increases in the AVO, difference in the exercising muscle tissue (42, 48). The improved 

AVO, difference has been attributed to improvements in several components of the 

oxidative energy transfer process, particularly in type 1 fiben, aîlowing the trained muscle 

to function at a lower PO,. hcrwes are observed in the size and number of mitochondna, 

myoglobin levels, Krebs' cycle enzymes (e.g., succinate dehydrogenase), and respiratory 



chah enzymes (e.g ., cytochrome oxidase) (1 5, 1 9). Increased capiliary density faciütates 

exchange of gases, substrates, and metabolites as blood flows through the capillary (24). 

The adaptations resulting from these training effecu, including increased 0, extraction, 

greater capabiiity for aerobic energy production, and decreased lactate production in the 

conditioned muscles, contribute to enhanceci aerobic capacity for physical work and 

delayed onset of fatigue (49). 

Endurance training also protects against the decline in age-related ventilatory function 

with significant increases in maximal VE and the percentage of maximal voluntary 

ventilation used at maximal exercise (50,51). However, training appean to have relatively 

liale direct effect on the lung parenchyma, ainvays, and capillary-to-fiber ratio in the 

diaphragm (27). Dempsey and Fregosi (27) posnilated that the intermittent increases in 

metabolic rates typical of most irainhg regimes do not provide a ~ ~ c i e n t  stimulus for 

c hronic pulmonary adaptation. 

1.3.3. iii Training -induced cldaptations to submaximal exercise 

After endurance training, several variables associated with the physiological responses 

to exercise exhibit smallcr deviations h m  resting conditions ai a given submaximal 

workioad. The reduction in subrnaxirnal HR induced by training is confined, in part, to 

exercise with trained muscles (44). The mechanisms underl y ing this brady cardic response 

are not completely known. It is not fully explaineci by increased vagal activity, reduced 

sympathetic-adnnergic drive, or a training-induced reduction in resting HR (HRmi) (52). 

Another adaptation to exercise training that may contniute to reduced submaximal HR is 

the increase in total b l d  volume, resulting from expanded plasma volume (53). Although 

artenal blood pressure at a similar relative work rate is often unchanged with training, the 

rate-pressure product (RPP) at any given submaximal work load is lower (35). Since RPP 

has been show to be highly correlated with myocardiai VO,, it serves as a usefd indicator 

of cardiac eficiency (54). 



With the decrease in submaximal HR and the concomitant increase in SV, Q at a given 

submaximal workload is unchanged in healthy subjects comparai to pretraining values 

(20). At a given workload, an iacnase in submaximal AVO, difference in trained muscle 

appean to be counterbaianced by reduced blood flow to the working muscle due to a 

decreased vasodilatory effect as weli as a less pronounced decrease in blood flow to the 

non-exercising muscles resulting from depressed sympathetic reflex activity (26). The net 

result is that VO, at a given submaximal workload is either unchanged (20) or somewhat 

reduced (55) in response to training. 

The extent of decrease in HRrru depuis on the intensity of the training sessions and 

may result fiom a reduction in the intrinsic wdiac rate or from a change in the balance 

between sympathetic and parasympathetic activity in the heart toward greater dominance of 

the parasympathetic component (26). A ment study concluded that the s m d  magnitude of 

training-induced change in HRnn is of minimal physiological significance (53). 

Other indices of endurance training adaptations to subrnaxirnal exercise include an 

increase the percentage of VO,- at which the SV plateaus. The demand for increased 

anaerobic metabolism as exercise intensity increases is delayed secondary to the improved 

capacity for aerobic exercise; thus the lactate threshold is elevated and the VE at a given 

submaximal workload is reduced (52). Ratings of perceived exertion (RPE) for a particular 

workload are generally reduced. 

1.4 Factors limiting exercise capacity in healthy individu& 

The factors Limiting the capacity of healthy individuals to respond to physical work 

have not ken  identifid conclusively. It is generally agreed that the respiratory system 

does not impose limitations on VO* IW (12, 19). Most evidence suggests that the 

diaphragm does not becorne fatigued during maximal work rates (27). Similarly, the 



metabolic capacity of the muscles has not been implicated as a principal limiting factor (49). 

Involvement of only 50 percent of total muscle mass is required to anain VO, - whereas 

if the metabolic capacity of the muscle were lùniting VO, -, adding additional muscles 

would raise the maximal VO, level (19). Furthemore, training studies, such as the 

investigation by Gollnick et al. (56), have demonstrated a greater increase in the aerobic 

potential of aained muscle than in V O ~  - vaiues, a finding that speaks against the 

oxidative capacity of muscle king the major limiting factor. These observations point to 

the cardiovascular system imposing an upper limit on VO, m. Since low maximal AVO, 

difference rarely is a major limiting factor, the main cardiovascular limitation to exercise in 

healthy individuals appears to be Q m. 

1 .5 Exercise capacity following stroke 

There is a paucity of documentation of exercise capacity pst-stroke, particularly in the 

early phases of recovery. The unique constellation of neuromuscular impainnents resulting 

from cerebrovascular accidents argues against using normative data from healthy 

populations to predict the exercise capacity of individuals with stroke. The prevalence of 

cardiac disease in the stroke population reinforces the imprudence of estimating exercise 

capacity of patients with multi-system involvement using information based on studies of 

individuals without disability or with other disabilities. A major obstacle to investigation of 

patients post-stroke has ben the lack of testing protocols rhat can accommodate the o k n  

pervasive neuromuscular impairmenu, and that are safe and weli tolerated. The studies that 

have documented cardiovascuiar responses to maximal exercise wili be discussed below. 

Four studies measmd V O ~ ~ J ~  pst-stroke, and despite ciifferences in selection criteria 

and testing protocol, the results are remarkably similar. AU four studies involved samples 

of patients with chronic stroke whose mean age ranged from 52 to 58 yean and they used 



bicycle ergometry as the mode of  testin^. in^. The earliest investigation reported a 

mean voipaL of 13.4 mi/kg/min among seven femaie, one to duee years post-stroke (57). 

A decade later, Bachynski-Cole and colieagues (58) documented a mean V O , ~  of 16.1 

mVkg/rnin in eight males who were, on average, 3.8 months post-stroke. In a training 

study of patients with chronic stroke, the mean badine ~ 0 , p e . t  of the 19 experimentai 

subjects (8 males and 11 f e d e s )  was 16.7 ml/kg/rnin and that of the 23 control subjects 

with stroke (15 males and 8 fernales) was 15.1 mi/kg/rnin (59). In the most =nt study a 

mean ~0~~ of 17.7 mykglmin was documented in a group of 30 men with a mean post- 

stroke interval of 10 months (60). After adjusting for the gender-related reduction in 

V O ? ~  values of the female subjects in the above studies, the V O ~ ~ ~ J :  values reported are 

remarkably sirnilar. 

The 87 subjects in the above-mentioned snidies were in the post-recovery phase since 

most functional recovery occun within the fmt three months post-stroke (61). Whether 

improvements in exercise capacity occur during the recovery phase has not been 

investigated. It is apparent, however, that after the pend of maximal recovery and 

participation in stroke =habilitation, signiricant huictional aerobic impairment penisü with 

exercise capacities between 50 and 70 percent of the values expected for heaithy individuals 

of similar age, sex, and habitua1 activity status. VO, MI of less than 84 percent of 

normative valus  is interpreted as king pathologie (12). An exercise capacity of 15 

mVkg/min is considend the minimum level required to met the physiologicai demands 

needed for independent living (62). Further, exercise capacity has been used as predictor 

of mortality among patients with coronary anery disease (CAD) - those with VO? - levels 

of less than six metabolic quivalents (hETs) or 21 mUkg/min designated as a high 

mortality group and those with a capacity exceeding 10 METS or 35 &@in designated 

as an excellent swival group (29). However, the usefulness of this predictive capacity of 

VO, - is Mted in patients post-stroke since not ail patients have CAD, and threshold 



MET levels would need to be adjusteci for the older age and reduced activity level of the 

stroke population. 

1 .5.1 Neuromuscular impainnents 

The most cornmon manifestations of neuromuscular impairment pst-stroke are 

muscle weakness, postural instability, incoordination, abnormal muscle tone, and loss of 

range of motion (63). The extent of impairment depends on the location and size of the 

cerebrovascular lesion. Hemiparesis reduces the pool of motor units available for 

recmitrnent dunng physical work, thereby limiting exercise capacity. McComas and 

associates (64) estimated that only half of the normal number of motor units were 

functioning betweea the second and sixth month post-stroke. Dien and colleiigues (65) 

postulated bat this reduction in motor unit activation may be due to degeneration of the 

corticospinal tract with subsequent Uïuisynaptic changes in the motoneurons. Denervation 

potentids (e.g., fibrillation and positive sharp waves) have been noted in 

electromyopphic (EMG) studies of hemiparetic muscles (66) and signir~cant 

morphological changes at the neuromuscular junctions in hemiparetic muscle have ôeen 

reported (67). Degeneration of alpha motoneuron should result in muscle atrophy. 

However, evidence of atrophy of muscle in the hemiparetic extremities has been an 

inconsistent finding, possibility due to diffennces in subject selection in t e m  of 

chronicity of lesions, severity of motor impahent, and level of physical activity. While 

neither Landin et al. (68) nor Jacobsson (69) found atrophy in theû subjects with mild to 

moderate herniplegia, other investigaton have demonstrateci selective atrophy of type II 

fibers in patients with upper motor neuron lesions (65,70,71). Chokroverty and Medina 

(72) suggested that signs of denervation, rather than being a direct consequence of stroke, 

may be secondary to prolonged pressure being exened on peripheral nerves during periods 

of prolonged irnmobilization. 



Alterations in muscle metaboiism and fiber type tecruitment pattern during dynamic 

exercise have k e n  documented in patients with hemiparesis. Landin et al. (68) found 

evidence of reduced blood flow, increased lactate production and diminished oxidative 

capacity in the paretic leg muscles of eight mak patients with chronic hemiplegia 

Significant decreases in blood flow, VO,, glucose uptake, and worlùoad of the paretic leg 

relative to the non-paretic leg were observed during two-leg exercise on a cycle ergorneter. 

When comparing one-legged exercise involving either the hemiparetic or contralaterai 

extrernity, VO, , and glucose uptake by the working leg were similar bilaterally but lactate 

release was ~ i ~ c a n t i y  pa te r  and blood flow, muscle glycogen concentration, and ATP 

concentration were substantially lower in the pantic leg. The authors hypothesized that the 

reduced oxidative capacity of paretic muscles may be attributed to an increased number and 

activation of the glycolytic type II muscle fibers as weli as to alterations in the structure of 

mitochondria. Findings from an earlier study by the sarne investigators of reduced activity 

of succinate dehydrogenase in both the paretic and nonparetic leg muscles of patients with 

herniplegia were interpreted as evidence that physical inactivity secondary to the neumlogic 

disease may contribute as much to the low oxidative potential as the disease process itself 

(73). Jacobsson and coîleagues (69) observed a pater  proportion of type 11 fikrs (both 

subtypes A and B) in the tibialis anterior of 10 patients with hemiplegia in cornparison to 

healthy control groups. In addition, Young and Mayer (74) documented, in their subjects 

with long-terni hemiplegia, a unique fiber type characterized by slow twitch contraction 

times and incieared fatigability. 

1 .5.2 Cardiovascuiar CO-morbidity 

As many as 75 percent of people with cerebral infaction also have cardiac disease (6) 

and, in some cases, cardiovascular disease appears to be the major lirniting factor 

restricting a successful rehabilitation outcome (75). Moreover, long-term stroke survivors 

are at pater  risk of dying from cardiac disease than fiom any other cause, including a 



second stroke (75). The ptevaience of CAD among patients post-stroke is in the range of 

60 to 70 percent (76-78). Roth (6) reported that 46 percent of patients admitted for stroke 

rehabilitation had evidence of CAD by history of rnyocardial infarction (MI), angina, or 

coronary bypass surgery, in contrast to the value of 28 percent found by Harvey et ai. 

(79). The disparity in these figures may be explained by the observation that cardiac 

dysfunction is often undiagnosed in patients with known cerebrovascular disease (76, 80, 

81). In a study involving 200 patients with transient ischemic attacks. stroke, or carotid 

bruit but without clinical eviàence of CAD, only 14 percent of the patients had nonnal 

coronary arteries whiie 40 percent had advanced or severe CAD (with stenosis of more 

than 70 percent of the lumen diameter of one or more coronary arteries) and the remaining 

46 percent had mild to moderate CAD (with less than 70 percent stenosis) (8 1). 

A high incidence of CAD pst-stroke should not be unexpected since stroke and CAD 

share simila- predisposing factors (e.g., age, hypertension, diabetes mellitus, cigarette 

smoking. sedentary lifesty le, and hyperiipidemia) and pathogenic mechanisms (e . g . 

atherosclerosis) (6). Atherosclerosis is a generalized process and postmonem studies have 

indicaied a close association between the number and degree of stenosing lesions in the 

coronary and carotid arteries (82,83). Hachinski and Noms (84) differentiated the cardiac 

CO-morbidities associateci with stroke using three categories: (i) causal, with emboli that 

originate from left atrial thrombi, hem valves, or the ventricular wall causing a 

cerebrovascular accident; (ii) consequential, with the overactivity of the sympathetic 

nervous system accompanying stroke rcsulting in myocafdial injury or dysrhythmias; and 

(iii) coincidental, with hypertension and ischemic heart disease leading to both CAD and 

stroke. The last categwy accounts for the majority of cardiovascular CO-morbidity post- 

suoke with hypertension found in the majority, and ischemic heart disease found in two- 

thirds of patients with stroke (76, 77, 8 1). Cardioembolic phenornena cause 15 to 20 

percent of ail  strokes (84-86). Cumnt understanding of the mechanisms underlying the 

neurohumoral and electrophysiologic consequences of stroke on the heart is incomplete. It 



appears that cardiac events such as d a c  arrhythmias, arterial hypertension, and sudden 

cardiac death that have been attributed to underlying cenaal nervous system dysfunction 

result pnmarily fiom changes in sympathetic nervous system activity (87). 

The exercise capacity of individuals with CAD is typicaüy 60 to 70 percent of that of 

healthy, sedentary people, depending on the seventy of CAD (14). The reduction in 

VO? - is due prirnarily to diminished Qmax rather than a change in AVO, ciifference 

(46). In some patients with CAD the main limiting factor appean to be demased left 

ventricular contractil.ity secondary to residual ischemia, resulting in a progressive decrease 

in ejection fraction and SV with exercise. In other Yidividuals with CAD Q- may be 

limited more by reductions in HRmu as a consequence of adverse symptoms (e.g., angina) 

or chronotropic incornpetence, the inability of the hart  to incnase its rate in proportion to 

the metabolic demands of exercise (22). The mechanisrns underlying chronotropic 

incornpetence rernain unclear but impairments associated with this dysfunction uiclude 

myocardial ischernia, sinus node disease, autonomie dysfunction, and left ventricular 

dysfunction (39). A range of prevalence figwes have been nported for chronotrophic 

incornpetence among patients with CAD, fiorn 14 percent (88) to 29 percent (89). 

Only one study investigated the effect of cardiac involvement on responses to 

submaximal exercise post-stroke (78). The patients with stroke (n=50) demonstrated 

greater increases in arterial blood lactate levels and lactate-pyruvate ratio dian did the 

hedthy control subjects but the subgroup of 37 patients with stroke and hem disease 

showed significantîy greatcr deviations h m  the normative data These observations were 

interpreted to indicate increased anaerobic metabolism during exercise in patients post- 

stroke with cardix CO-morbidity. 

1 .S.  3 Respiratory dy sfunction 

Respiratory function following hemispheric suoke is usually aftected to only a modes 

extent, notwithstanding the relatively high occurrence of respiratory compücations (e.g., 



pulmonary embolism, aspiration pneumonia) (90). Respiratory dysfunction rnay be a 

direct result of the stroke (e.g., muscle weakness, impaired breathing mechanics) or may 

be secondary to cardiovascular dysfunction or Mestyle factors (e. g., physical inactivity, 

high incidence of smoking (79)). 

Both reduced and paradoXical chest waU movement as well as impaired diaphragmatic 

excursion contralateral to the stroke have been described (90,9 1). Decreased EMG activity 

of both the diaphragrn and intercostal muscles on the paretic side has been documented in 

patients early post-stroke (92). Recently, Similowski et al. (93) found, using cortical 

magnetic stimulation, that there is no bilateral motor representation of each hemidiaphragm. 

In a study of the respiratory status of 19 patients with chronic stroke, Haas et al. (3) found 

that the mean VE while wallllng on level ground at 25 cm/se!c was almost twice that of the 

control values and the average arterial O tension was 74 mm Hg, the latter king 

suggestive of miid hypoxemia The profound fatigability experienced by these patients was 

attri bu ted. in part, to respiratory insufficiency as indicated by decreased lung volumes, 

impaired mechanical performance of the thorax, Iow pulrnonary diffbsing capacity, and 

ventilation-pefision mismatchhg (3). Hypoxemia and abnormal mechanics of ventilation 

were also documented in a study of 12 patients, aged 38 to 75, with acute cerebrai 

infarction (94). Annoni and coiieagues (95) suggested that the poor respiratory tolerance to 

effort observed post-stroke may be secondary to restricted thoracic excursion resulting 

from w eakness, hypotonicity , aqd incoordination of the tnink musculanire. This 

suggestion is supported by an earlier finding, based on a sample of 54 hemiplegic subjects, 

that the extent of expiratory dysfunction pst-stroke is related to the degree of motor 

impairment, particularly hemi-abdominal muscle weakness (96). Delayed loss of 

inspiratory capacity after stroke appears to be due to the gradua1 development of rib cage 

contracture (96). 



1 .5.4 Longitudinal changes in physical status 

Few longitudinal investigations of changes in physical statu have been conducted of 

patients with stroke. This is surprising given the amendous potential of this neurologic 

population to serve as a mode1 for studying not only changes in single systems 

(neuromuscular, cardiorespiratory, musculoskeletal) during physiologic and functional 

recovery but also the effect of multi-system interaction on recovery. The neuromuscular 

system has received the most attention in the literanirr, with greater emphasis on evolution 

of impairmentsi and abilities than on underlying physiologic mechanisms. In fact, 

functional recovery pst-stroke is often attributed solely to improved neurologic status with 

little consideration of the role that the cardiorespiratory and musculoskeletal systems may 

have in limiting or enhancing recovery. Systematic documentation of changes in the 

cardiorespiratory function, including changes in response to exercise, is lacking in the 

literanire. Thus, our curent knowledge of the post-stroke adaptability of the 

cardiorespiratory system is largely limited to findings from training studies of patients with 

chronic stroke. 

1 S.4.i Recovery of motor control and finctional rnobilio 

The relative contributions of intrinsic neuroplasticity. resolution of acute 

pathophysiologic change, and behavioral compensation to functional recovery pst-stroke 

are unknown (97). It is beconhg clear, however, that recovery of patients pst-stroke 

cannot be explained solely on the basis of improved neuromuscular function. Roth and 

colleagiies (98) detexmineci that only 2-36 percent of the variance in disability following 

stroke is explained by neurologic irnpainnent. 

The changes in motor function pst-stroke have been well documenteci, and a 

predictable, stepwise recovery pattern has been identified (99). The majority of patients 

show considerable recovery within the first few months but the exact time coune and 



extent of recovery are less ceRain. Duncan and coileagues (100) emphasized the distinction 

between recovery of impairment-level attributes (e.g ., rnotor control , muscle strength, 

muscle tone, range of motion) and disabüity-level attributes (e.g., bed mobility, transfers, 

gait, self-care). For their cohort of 95 patients. the most rapid improvement in motor 

impairment of the upper and lower extnmities o c c d  in the fnst 30 days. Consistent 

with that observation was the finding of a plateau in upper extrernity function by three 

weeks post-stroke in 80 percent of 421 patients (101). Newman (102) reported that 80 

percent of motor recovery occurred in the fmt six week post-stroke. In a study of 113 

patients with stroke, the magnitudes of change in motor control of the upper and lower 

extremities in the 16 week interval between onset of stroke and discharge from 

rehabilitation were 25 and 33 percent. respectively (103). 

Impairnient variables alone have been found to be insufficient prognostic indicaton of 

recovery (103). Attention must also be paid to functional abilities which tend to improve 

over a longer tirne span than do impairment-level attributes. Mayo et al. (104) noted 

continuing progress toward independent function (e.g., sitting, wailcing, stair clirnbing) at 

four to six months post-stroke in a group of 93 patients. Studying 976 patients with 

stroke, Wade and Langton Hewer (105) found that the incidence of total dependence in 

activities of daily living decreased h m  58 percent at one week post-stroke to nine percent 

at six months post-stroke. in the largest published study of recovery fiom stmke a plateau 

in functional recovery was observed within a post-stroke interval of 12.5 weeks in 95 

percent of 1,197 patients (106). This finding concurs with the oftenquoted conclusion by 

Skilbeck et al. (61) that "the majority of recovery occun within three months. Although 

improvement is seen thereafter, it does not reach statistid significance." Independence in 

walking, the principal goal of most stroke survivors (IO?), is achieved by 60-70 percent 

dunng that interval (108-1 10). The extent of recovery is dependent on the stanis d u h g  the 

early post-stroke period. Shiavi et al. (1 11) compared the gait patterns of 12 patients at one 

month and one year post-stroke and documented impmved speed and symmetry on post- 



testing. Those patients who initiaily waiked at very slow speed (less than .28 mlsec) 

retained abnormal EMG patterns bilateraiiy at one year pon-stroke. 

1.5.4. ii Changes in cardiovascular statu 

As already mentioned, change in cardiovascular function during the period of recovery 

post-stroke has not been investigated and thus its contribution to functional recovery is 

unknown. Nevertheless, Gresham et ai. (1 12) proposed that "much of the disability of 

stroke victims appean to be due to coexisting cardiovascular disease." The= are 

indications, mainly fiom the results of aaining studies, that improvements in 

cardiovascular adaptation to physical work are possible, at least in the post-recovery. 

chronic stages of stroke. In the fmt training study, 12 weeks of aerobic conditioning by 

seven patients with long-term stroke resulted in a 20 percent reduction in mean submaximal 

HR at a fixed work rate on a bicycle ergorneter ( 1 13). Macko and associates (1 14) 

demonstrated that the training effects of a dmonth treadmill conditioning program 

involving eight males with chronic stroke were progressive, with a mean decrease in 

submaximal HR of nine percent at three months of training and a further mean reduction of 

six percent in the remaining three months. The single patient with stroke who participated 

in a 10-week training study by Woixnan and Comd (1 15) demonstrated no change in 

submaximai HR at a fixed load. 

Four studies involved longitudinal measurements of V O , ~ *  in patients with chronic 

stroke. Potempa et al. (59) documented a mean increase of 13 percent in V02puir in 19 

patients who participated in a 10-week program of aerobic conditioning using cycle 

ergometry. Interestingly, the magninide of change in voZpe.lr is comparable to the 12.8 

percent mean gain realized by 23 males with CAD following a 12-week walk-jog program 

(1 16) and the 15 percent mean improvement recorded in a group of 20 patients with 

chronic atrial fibrillation after participation in a walking program (1 17). Two other 

intervention studies investigated changes in V O , ~  in patients with disabilities, some of 



whom were post-stroke (1 18, 1 19). Separate data for the subgroup with stroke were not 

provided in either study, thus limiting comparability. Santiago et al. (1 18) rcported that 

after 12 weeks of physical conditionhg involving five patients with stroke, the overall 

mean change in vo,prir was 27.3 percent as measured using a combined am-leg 

ergorneter. In contrat, the mean volprlr meanired with ami ergometry in 16 patients with 

CAD and coexisting long-tem stroke or amputation did not change from a baseline value 

of 1 &3 rnl/kg/rnin foiiowing six months of a home-based conditioning prograrn (1 19). A 

recent study by Fujitani and colleagues (60) reporteci a mean improvement in V O ~ W  of 19 

percent in 30 ambulatory males afier a pst-rehabilitation period of 9.4 months that 

involved 'no special supervised training'. 

Discrepancies in the effects of training post-stroke on cardiovascular parameters in the 

aforementioned studies could be due to many factors. including differences in subjects, 

mode and intensity of training, cornpliance with exercise regime, and GXT testing mode. 

Most of the studies provided evidence of improved cardiovascular fitness post-stroke. 

Whether irnprovement results from central or peripheral adaptations to exercise or both 

remains unknown. It is likely that the mechanisms underlying the improvement are simüar 

to those involved in training-induced adaptations of patients with CAD because of the high 

incidence of CAD among patients with stroke as weli as comparable improvements 

following training ammg patients with stroke and with CAD but without stroke. 

Feigueson et al. (120) demonstrated sigmficant increases in exercise capacity in 26 patients 

with CAD and exertional angina pectoris after six months of physical training. Although 

there was evidence of skeletai muscle adaptations (e.g., increased succinate dehydrogenase 

activity and muscle h ypertrophy) , central adaptations (e.g . , nduced myocardial VO, 

requirements, increased maximal coronary blood flow) were more highly comlated with 

both increased exercise capacity and reduced submaxirnal HR responses. Training-induced 

cardiovascular adaptations to exercise have also bcen documentai after Mi. A mean 



increase of 66 percent in peak madmill workload and a significant reduction in submaximal 

HR were demonstrated in 28 men who pariicipated in eight weeks of physical training 

initiated 3-1 1 weeks post MI (121). However, in the same study, a mean irnprovement of 

34 percent was found in 30 men docated to the no training condition, suggesting the 

possibility of 'spontaneous improvement' in cardiovascular huiction following MI. 

Similarly, Savin et al. (122) dacumented a 23 percent increase in mean VO- , over an 

eight week period in patients with MI who undenvent no f o d  exercise training. In a 

subsequent study involving patients early after MI, Sheldahl et al. (123) reported that 21 of 

62 patients (34 percent) attained higher HRpui; values with out-of-hospital activities, such 

as self-care and walking, than with the pndischarge GXT. That the aerobic requirements 

of many daily activities may exceed the threshold intensity for cardiorespiratory 

conditioning in debilitated patients may provide an explanation for the phenomenon of 

'spontaneous' improvement. In the previously mentioned study by Fujitani and 

colleagues, (60) sipfïcant improvements were noted in ~0~~ in community-dwelling 

patients post-stroke who were not pariicipating in supervised exercise. Bjuro and 

colleagues (57) showed that whiie patients in the chronic post-stroke pend  perfoxmed 

household tasks such as vacuuming and bed making, their VO, ievels dunng these 

activities were 75-88 percent of V O , ~ ,  almost twice that of the healthy control subjects. 

However, the VO, during domestic tasks was measured using a Douglas bag carried in a 

harness on the back of the subject, which could have affécted the vaiidity of the 

measurements for both control and experimental subjects. 

In sumrnary. the neuromuscular, cardiovascular, and to a lesser extent, respiratory 

impairments, of patients with stroke appear to conaibute to the low exercise capacity 

characteristic of this patient population. The low aerobic capacity is likely related to 

abnormaiities in both central and peripheral mechanisms involved in O transport and 

utilization, either as direct or secondary consequences of stroke. The evolution of exercise 



capacity over the course of pst-stroke ncovery has not betn investigated but fmdings 

from training studies suggest that enhanad adaptafions to exercise are possible in patients 

in the chronic post-stroke period. There is also indirect evidence of partial 'spontaneous 

recovery' of exercise capacity pst-stroke (60) . TDining studies have also demonstrated 

reductions in the energy cost of walking pst-stmke - the topic of the next section. 

1.6 Energy expenditure during locomotion 

Waiking is the principal form of huma. physical activity, and for many people is the 

on1 y depamire from a secientary life (1 24). Human locomotion is a complex phenornenon 

requinng the interaction of the neuromuscular and musculoskeletal systems to coordinate 

joint motion and muscular activity in the lower extremities, the pelvic, and the trunk in 

order to advance the body through space (125). Although there is a variety of possible 

strategies to produce locomotion, the dominant influences that shape gait icinetics and 

kinematics appear to be the minimitation of metabolic energy costs and the nduction of 

musculoskeletai stresses. In this section, biomechanicd and metabolic factors wiîî be 

discussed in relation to the energy expenditure of normal gait and that of individuals post- 

stroke. 

1 .6.1 Biomechanical factors 

The total muscular work of wallcing equals the sum of the extemai work (i.e., the 

work to acceierate and Lift the center of mass (COM) at each step) and intemal work (i.e., 

the work of accelerating and decelerathg the ümbs relative to the mnk) (126). Often the 

mechanicd power associateà with locomotion is assessed by calculating only the extemal 

work, resulting in an underestimation of the total energy requirements since signifcant 

energy expenditure may be neeàed in changing the limb position with littie effect on the 

whole-body COM position (127). For an accurate interpretation of the rnetabohc energy 



costs of wallcing, the biomechanid factors affecting both extemal and intemal work need 

to be considered. 

1.6. I .  i Extemal work 

The energy level of a body is the sum of its potential and kinetic energies. When the 

energy level is not constant, as is the case with locomotion, work must be done to produce 

the change in energy level. Energy changes involving leg segments account for about 80 

percent of the total energy costs of walking, with the remaining 20 percent due to energy 

changes in the arms, tnink and head (128). The work done by the muscles across the 

joints results in the fonvard translation of the body from one point to another. Assessing 

the extemal work of wallcing involves studying the khavior of the body's COM over the 

gait cycle. During walking the body vaults over a nlatively stiff stance limb and the COM 

reaches its peak at mid-stance and lowest level at double support. In nomial gait the 

movement of the COM in the plane of progression follows a smooth undulating or 

sinusoidd path with a totai vertical excursion of 4.6 cm in the heaithy adult male, the 

"locomotory dead space" (129). The gravitational potential energy of the COM is 

maximized at mid-stance and the kinetic energy of the COM is at its minimum value since 

the negative horizontal ground reaction force tends to decelerate the body dunng the fmt 

half of stance (130). During the second haif of stance, the gravitationai potential energy is 

mùiimized and the kinetic energy increases due to the accelerating efkt  of the positive 

horizontal ground reaction force. In other words, the fluctuations in the gravitarional 

potentiai energy versus the kinetic energy of the COM are approximately 180 degrees out- 

of-phase with each other (131). In an idealized 'inverted pendulum' mode1 of locomotion 

(with rigid struts representing the legs and a point mass representing body mass) no work 

would be done since all the kinetic energy would be converted into potential energy during 

the first half of stance and storeà until needed again as kinetic energy during the second half 

of stance. In human gait, however, the lower extremities do not behave exactly as rigid 



struts and complete recovery of mechanical energy is not achieved. Knee flexion occun 

during stance to reduce the ground reaction force and the vertical movements of the COM 

(132). Therefore, despite the fact that 60-70 percent of the medianical energy required to 

lift and accelerate the COM is conserved by this pendulum-like energy transfer mechanism, 

(133) the net result is a continuai expendinire of energy (1 30). 

Saunders (130) related the 'arc of translation' of the COM to the energy expendihire of 

waikng and identifiai 'detenninants' of normal gait that maximizc energy transfer and 

rninimize metabolic costs. Pelvic rotation about the vertical axis, lateral pelvic tilt, and 15 

degrees of knee flexion in early stance aD reduce the vertical displacement of the COM. 

Knee and ankle interactions dwing stance smooth out the arc of translation, preventing 

abrupt changes in the direction of motion that require a high energy expendinire. Lastly, 

horizontal shift of the pelvis displaces the COM laterally over the stance iimb, with the shift 

minirnized by the tibiofemoral angle. This lateral displacement of the COM also describes a 

smooth sinusoidal curve with the total excursion of about 4.4 cm (130). 

1.6.1. ii Interna1 work 

When the force generated by muscle results in either a concentric or eccentnc 

contraction, movement of the joint rcsults and work, the product of force by distance, is 

said to have been performed by the muscular activity. The work done dunng locomotion 

results not only in the foward translation of the body (extemai work) but also in the 

dissipation of sipfîcant amounu of energy in the rotations of the lower extremity 

segments while auxlerathg and decelerating the limbs relative to die aunk (intemal work). 

The two components of walking that account for most of the energy expended are the 

interna1 work of moving the legs and the extemal work involved in the forward progression 

of the body and vertical oscillations of the COM ( 127). The total change in energy during 

level walking reflects equal amounts of positive and negative intemal work, both of which 

require metabolic energy (127, 128). According to Wiams et al. (134), positive work 



results in increased segmentai energy derived h m  comntric muscle contractions, transfer 

of energy between Limb segments, and elastic storage. Negative work results in decreaxd 

segmental energy from eccentric muscle contractions and non-muscuiar sources such as 

joint range-of-motion limitations and interna1 musculoskeletal resistance ( 1 34). Muscular 

activity generates the most mechanical work whereas the contributions from elastic storage 

and from limitations in joint range are minimal in walking (as opposed to running) (126). 

A useful measm of the effm of muscle contraction in the production of segmental 

rotations during gait is the moment of force which the muscle cm exert. The moment of 

force is defined as the product of the tension in the muscle and the lever arm of the muscle, 

the perpendicular distance between the insertion of the muscle and the axis of rotation 

(1 35). During locomotion the muscles operate by exerting moments about joints, resulting 

in relatively small angular displacements. The net muscle moment about a joint reflects the 

net moment produced by ail of the muscles at the joint. During the swing phase the h b  

swings fonvard passively after the muscles initiate motion, and at certain walking speeds, 

there is almost no lower extremity muscle activity in the swing limb (136). In convast, 

siflcant net muscle moments occur during the stance phase, with the largest at the ankle 

(mainly a plantarfiexion moment). In fact, the single most important muscle group for 

power generation during the nomial gait cycle is the ankle plantarfiexors during push-off 

( 137). Olney et al. (138) calculateci that the plantarflexors accomplish about the sarne 

amount of positive work as the hip flexors and extenson together. Substantially lower net 

moments occur at the hip and knee; however, there is more coactivation of antagonistic 

muscles at the hip and knee and higher agonist forces are required to exert a given net 

muscle moment. The pattern of net muscle moment at hip and knee varies dramatical1y 

among individuals but the limb kinematics are remarkab1y similar, supporting the 

hypothesis that different motor strategies may k used to produce kkernatically normal gait 

provided that the overall objective of rninimiUng the total muscular effort is anaineci (1 39). 

This concept undencores the flexibility of h u m  gait whereby changes in muscle 



activation and net muscle moment at one joint are offset by changes at another joint. In 

spite of this flexibility, one of the dominant features of human locomotion is the 

stereotypical nature of gait which has k e n  attributed to the automaticity bestowed by 

preprogrammed centrai locomotor comrnands (140). 

The net power output at a joint, the rate of doing intemal work, cm be caicuiated from 

the product of the net muscle moment and the joint angular velocity (13 1). When the net 

muscle moment and the angular velocity are both in the same direction, there is net power 

production at the joint, whereas, when they are in opposite directions, there is net power 

absorption at the joint (13 1). However, determination of net power is problematic because 

the power generation at a joint is not necessarily limited to muscles that cross that particular 

joint because biarticdar muscles can contribute to within-segment and betwan-segment 

energy transfers that are difficult to quantify. Also, the energy costs of cocontraction of 

antagonistic muscles and of isometric contractions to support the body against gravity do 

not appear as mechanical energy cos& (141). 

1 .6.2 Metabolic factors 

The primary determinants of the VO, during dynarnic exercise are the amount of work 

done and the efficiency of the muscles (17). Muscular efficiency is defined as the ratio of 

the work accomplished to the energy expended during steady-state work (142). While the 

term muscular efficiency is accepted as a global masure of the relationship between 

mechanicd power (work rate) and physiologicai energy expendinire (submaximal V O ~ )  

(143), inconsistent calculations and interpretations of the term have led to confusion. First, 

the adjective "muscular" is somewhat misleadhg since most, but not all, of the energy 

consumed durhg locomotion can be attributed to energy consumption by muscles 

performing mechanical work. The assumption underiying the use of submaumal VO, 

values in the denominator of the muscuiar efficiency calcuiation is that ail ATP is supplied 



by oxidative respiration; however, submaumal VO, nflects the rnetabolic energy costs 

only as long as the workload remairis aerobic (134). Further, submaximal VO, is typically 

measured under steady-statc conditions but the time to achieve steady-state is dependent on 

various factors that can be difficult to assess (e.g., time to steady-state is k t l y  related to 

the work intensity (144) and invenely related to the level of cardiovascular fitness (17)). 

Donovan and Brooks (145) contend that the tenn "steady-state" is conceptually flawed 

because the homeostatic conditions reflected in the term are not met; rather, many variables 

including VO,, HR, SV, VE, tissue temperature, and substrate utiiization remain in a 

dynarnic flux during exercise. As stateù by Whipp and Wasserxnan (146) 'Vie living 

organism is never in mie equilibrium with its environment." Donovan and Brooks (145) 

prefer the tem "steady-rate" VO, to refer to the VO? meanued at a constant work rate. 

A significant source of ambiguity with the term 'bmuscular efficiency" lies in the use of 

different measures for the numerator. The measure of mechanical work selected can have a 

marked effect on the value of muscular efficiency obtained. Inherent in all measures of 

mechanical power is a substantial amount of uncertainty due to difficulties in ascertainhg 

the amount of actual work performed (134). Considerable amounts of the total work done 

rnay be ornitteci in the calculations. ûften, only the externd work performed is calculated, 

thereby excluding the interna1 work involved in moving the limbs and breathing, resulting 

in underestimations of the mie efficiency (146). Furthemore, some of the metabolic 

energy requirements are not reflected in the mwurement of mechanical work (e.g., 

isometric contraction). As weli, the inabiity to accurately account for energy savings from 

transfen between kinetic and potential energy rnay yield rnisleading information. As a 

consequence of these factors, widely divergent values for efficiency of waiking appear in 

the Iiterature. To compîicate rnatters further, different terms have evolved without 

agreement on their defintions (e.g . , "overail efficiency ", "gross efficiency' ', ''net 

efficiency", "delta efficiency", "Work efficiency", "motor efficiency", "mechanical 



efficiency ", "phy siological effïciency ") (146, 147). Less contentious is the tem "economy 

of movement" which appean to be universally accepted as the steady-state aembic demand 

(submaximal VO,) required to perfom a given task (148). Cavanagh and Kram (147) 

advocate the use of the term "cconomy" because it is both conceptually clear and practical 

for evaluating the efficiency of performing endurance activities. The O cost of  level 

walking can be expressed as VO, per kilogram of body weight per unit distance rraveled 

(mVkg.m) (149). Altematively, energy expenditure of level waiking at steady state O2 

kinetics may be expressed in units of kcaVmin using the caloric equivalent for a liter of 4 
at a measured RER, assuming nonprotein subsuate utilization (16, 150). 

Muscular efficiency is dependent on the efficiency of both phosphorylative-coupling 

and contraction-coupling processes (146). Whipp and Wassermann (146) calculated the 

efficiency of muscular work as the product of phosphorylative-coupling efficiency (60 

percent) and contraction-coupling eficiency (49 percent) to derive an overall rnuscular 

efficiency of 29 percent. The mean muscular efficiency of walking calcuiated using 

estimations of the extemal work perfomed has been reported to be 3 1.3 percent (range 

25.2-48.7 percent) (145). Using a more complicated biomechanid approach to detemine 

the internai and extemal work performed, efficiency ratios for walking of 43-67 percent 

have been calculated (151). However, these mean values for efficiency of walking are 

somewhat meaningless since the acnial efficiency is &pendent upon the speed of walking, 

as discussed below. 

1.6.3 Factors affecting energy expenditure during wallang 

Several variables have been investigated in relation to their effocts on energy 

expenditure during gait. Despite identification of many influentid factors, the interaction of 

these factors does not M y  explain intersubject ciifferences in economy of movement (148). 



1.6.3. i Speed of walking 

Research has clearly and consistently found that speed of walking has a sigmfkant 

effect on energy expendinire. A U-shaped speed-economy relationship is apparent for 

normal gait, with the minimum aerobic dernand occurring at 1.2- 1.4 dsec  (1 26, 152-154) 

and very gradual decreases in efficiency over the range of 0.5 to 2 rnfsec (127). 

Interestingly, the preferred speed of walking approximates the rnost economical speed, 

reflecting the tendency of biologid systems to sclf-optimize. At the speed where the 

aerobic demand is the lowest, the magnitudes of the fluctuations in kinetic and gravitational 

potential energy are similar, thus energy exchange is maximized and the muscular work 

rninimized ( 126, 155). Duff-Raffaele and associates ( 156) presented evidence in support 

of the hypothesis that the higher energy costs at slow speeds rnay be due to the intemal 

work of rnoving the legs relative to the mnk accounting for a greater proportion of total 

energy consumption than at the most economical speed. In addition to decreased 

biomechanid energy transfer at velocities exceeding the optimal speed, changes in the 

recruiment profile of muscle fiber types contribute to the reduction in efficiency. At low 

speeds, the Type I slow-twitch fibers tend to be selectively recniited, whereas the 

energetically inefficient Type II fast-twitch fibers are d t e d  at higher speeds. especially 

at speeds corresponding to work rates of 70-80 percent of VO, - (143). As the walking 

speed increases, a speed is eventually reached where running requires less metabolic 

energy than walking. 

Since there is a direct relationship ktween stride length and waking speed, the effect 

of stride length on the energy cost of wallung has been a topic of shidy. At a fixed walking 

speed, the aerobic demand increases curvilinearly as stride length is either shortened or 

lengthened from the preferred length (157). Minetti et ai. (129) demonstrated that the 

external work rate was more accurate than e i k  intemal or total work rate in predicting the 

preferred stride fnquency, and hence stride length, at any given speed of walking. Hreljac 

and Martin (158) hypothesized that the VO,- stride length relationship rnay be due to 



minimizing jerk and maximizing smoothness of movement while walking with the 

preferred stride length. However, they found that ody 6-8 percent of the variation in VO, 

could be explaitied by variations in jerk-cost, suggesting that optimizing smoothness of 

movement and minimizing energy cos& are no< complementary performance criteria during 

walking. In contrast, Morio et al. (159) found that walking speed accounts for almost 60 

percent of the variation in VO, . 

1.6.3.ii Age 

Waters et al. (160) demonstrateci that the VO, of walking at preferred speed did not 

signifcantly differ between adults (20-59 yean) and senior subjects (60-80 years), 

averaging 1 2.1 ml/kglmin and 1 2.0 mVkg/rnin, respectively . However, signiricant 

differences were seen in both the preferred speed of waiking (8Wmin and 74 mlmin, 

respectively) and the 0, demand expressed as a percentage of vos - (32 and 48 percent, 

respectively). Thus, older individuals not only have reduced muscular efficiency and 

higher relative energy costs of waiking but also smaller aerobic reserves, and consequently, 

decreased ability to accommodate any additional physiologic penalties such as a gait 

disorder. 

The reasons for the higher relative energy costs of walking in older individuals have 

been investigated to a limiteci extent. The more sedentary lifestyles associated with aging 

may be a factor since about five percent of the variation in energy expenditure is negatively 

related to usual physical activity level(159). To avoid confounding age-relateci differences 

in the energy expenditure of walking with those caused by morbidity and physical 

inactivity, Larish et al. (161) compared healthy, physical active seniors with a mean age of 

70.5 years to young dui ts  with a mean age of 25.6 years and found that an age-related 

difference in the economy of gait persisteci with signif~cantly higher energy costs for the 

older group at each of the common walking speeds. The investigaton suggested that the 

reduced stride length of the older subjects, possibly secondary to an age-relatecl decline in 



joint flexibility, may account, in part, for the decreased efficiency of gait. Bassey and 

colleagues (162) found that the leg muscle power of older, frail wornen was highly 

correlatecl with walking speed (r = .93), accounted for up to 86 percent of the variance in 

walking speed. This fmding of reduced power may help to explain the documented 

reduction in both vertical and horizontal ground reaction forces at fixed waking speeds of 

older adults in cornparison to young subjects (161). Altematively, the reduced ground 

reaction forces may reflect a strategy to rninimize the musculoskeletal stresses associated 

with walking. 

1.6.3. iii Gender 

No gender-related differences were found in the energy expendinire of madmill 

walking after adjusmient for differences in nsting metabolic rate, percent body fat, usual 

physical activity level, and velocity of walking in 26 healthy subjects with a mean age of 

66.4 years (159). This fmding is consistent with that of Davies and Dalsky (163) who 

reported a lack of gender-specific dccrement in economy of walking at 60 percent of 

VO? in 98 healthy subjects with a mean age of 70 years. 

1.6.3.i~ Body mass and body m a s  distribution 

The energy cost of walking is not affected by body mass (148) nor by stature (164) 

when expressed as net cost per kilogram of fat fiee mass. The significance of the 

distribution of mass is less clear, some evidence suggests that individuals with less mass 

concentrated in the ümbs and more mass concentrated closer to the body's main axes of 

rotation require less muscular effort to accelerate the limbs (148). 

1.6.3.v Joint range of motion 

The independent effect of joint range of motion on the economy of movemeat has not 

been well snidied. It has been postuîated that d e c r d  flexibility, a characteristic 

associated with aging, may nsult in altered gait pattern that is less econornical because of 



increased resistance to motion near the extxemes of the available range (148). However. 

Gleim et ai. (165) found that in 100 healthy individuals with a mean age of 33 yean 

nonpathologic decreases in musculoskeletal flexibility of trunk and lower h b  segments 

were associated with d e d  steady-state VO, for treadmi11 wallcing and jogging. 

1.6.3.vi Walking su@kce md grade 

Walking on a soft surface results in energyîonsuming deformation of the surface and 

therefore the energy expenditure is greater than walking on a hard surface at the same 

velocity (127). Cornparisons of energy costs of madmiU and over-ground walking have 

yielded conflicting results. Pearce and colleagues (153) found thai the energy cost of 

treadmill walking was about four percent less than fioor walking a -  fixed, self-selected 

walking speeds of 1-2 mlsec. The investigators hypothesized that the apadmill motor 

contributed to the mechanical work in lifting the COM. In contrast, Ralston (166) found 

that the energy contribution by the treadmi11 for walking speeds of0.8 d s e c  and 1.6 misec 

was insignificant. 

Muscular efficiencies for uphill wallcing have been reported from 25-36 percent, ( 145, 

151) but such values are somewhat meaningless since efficiency is dependent on walking 

speed and grade. Interna1 work is thought to have littie influence on the economy of grade 

walking since the stride f~quency , and hence the intemal work, remain relatively constant 

at each speed regaràless of the gradient (167). The efficiencies of both negative and 

positive extemal work at a given gradient dccnase with increasing speed (167). When the 

grade is manipulated, the main energy expendinire above 15 percent grade is due to the 

vertical lift of the body because the vertical oscillations of the COM disappear (127); thus 

almost al1 the extemal work is positive (167). Since the energy cost of positive work are 

dramatically higher than that of negative work, the efficiency of uphill walking decreases as 

grade increases. In fact, the most economical condition is waiking downhill on a 10 

percent gradient (167). The extemal work rate for walkhg at grades of 15 percent can be 



estimated with reasonable accurrtfy as the product of the body weight, walkiag speed, and 

percent gradient (145). However, Dean (127) cautioned that since grade walking is more 

complex than level walking, total energy expendihue is diffï~ult to caiculatcd accurately. 

1.6.3. vii Psychogenic factors 

The findings of the limired number of studies that have attempted to manipulate energy 

metabolisrn using hypnosis or rneditation suggest that factors of a psychogenic nature <ïm 

influence resting as well as exercise metabolism (168). Morgan (168) cited various studies 

that demonstrated simcant decreases in energy costs in ternis of VO, at flxed exercise 

intensities after meditation or hypnosis. One explanation advanced for the reductions in 

VO, is that certain psychologicd procedures might reduce an exercise-induced "emergency 

reacUon" and its associated sympathetic activity which require O2 in excess of that required 

by the acniai workload (168). 

1 .6.4 Energy expenditun dunng walking post-stroke 

In some forms of pathological gait, the final pathway of the COM is essentially the 

same as that of healthy individuals in that it is the most economical to maintain. Overt 

pathological disturbances can have surprisingly little influence on the fundamental pattern 

when loss of one function is compensated for by exaggeration of other unaffected segments 

(1 39). However, if compensation is ineffective, as is often the case with waiking post- 

stroke, several detenninants of normal gait may be lost, with consequent hi@ energy costs 

of locomotion, an inevitable cardiovascular burden, and limitations in the type and duration 

of daily activities (1 30). 

Some of the strategies used by individu& post-stroke to reduce the absolute energy 

expendinire of walking are not dissimilar to those used by healthy older people. Hash et al. 

( 169) found that the rnean VO, at preferred walking speed of 19 subjects who were, on 

average, 54 years old and six weeks post-stroke, was acnially lower than that of the control 



subjects but that the energy cost at a fued velocity (0.35 dsec) was about three times 

higher than conml values. In an earlier study involving 10 patients early post-stroke with 

a mean age of 62 years, the mean energy cost of walking at a speed of 0.45 d s e c  was 

about twice the noxmative average value (170). In comparison, Corcoran et al. (171) 

documenwi in 15 patients in the chonic post-stroke pend and with a mean age of 45 

yean energy expendinires that were 5 1-67 percent higher than control subjects walking at 

the same slow speed. These investigators noted that use of ankle-foot oithoses reduced 

energy costs between 10-13 percent. Discrepancies in the magnitude of increases in energy 

expenditure post-stmke in comparison to nomative &ta may be explained by ciifferences in 

subjects' age, severity of stroke, post-stroke time interval, use of orthoses, and walking 

speed. 

The optimal w-g speed in terms of energy expenditure for patients pst-stroke has 

k e n  reported to be 1.25 rn/sec which is in the range of that of healthy individuals (172). 

However, many patients pst-stroke are unable to walk at this speed, for reasons that 

include decreased power, instability, fear of falling, and avoidance of musculoskeletai 

stress. Furthemore, the dope of the energy-speed curve for patients with stroke is pater 

than that of control subjects; thus patients pst-stroke pay a higher price in V O ~  for a given 

increment in speed (1 7 1). 

1.6.4. i Mechanhs  underlying increased energy expenditure 

The mechanisrns underlying the elevated cost of herniparetic gait have not been fully 

investigated. Reductions in the oxidative capacity of paretic musculature could explain part 

of the muscular inefficiency. However, Francescato and associates (173) reported that 

while the energy costs of walking were higher in 20 patients post-stroke than in healthy 

subjects matched for age, weight, and wallcing speed, RER values were the same for both 

groups and were unaffected by speed of walking. The interpretation of these findings was 

diat mechanical impaiments are more Wrely than metabolic impaimients to contribute to the 



higher energy costs of hemiparetic gait. The limitations of this study in ternis of sample 

size and rnethodology do not provide a good basis for general conclusions regarding the 

relative contributions of metaboiic and mechanid mechanisnu in inflating energy costs of 

wakng post-stroke. 

The prominent role that spasticity was thought to play in elevating the energy costs of 

hemiparetic gait has been downplayed over the past few decades. In 1963. Bard (174) 

reported that metabolic cost of waiking in 15 patients pst-stroke was signiIicantly related 

to the degree of clinid spasticity, the measurernent of which was limited to a qualitative 

classifcation (i.e., mild, moderate, severe). Knutsson and Richards (175) recorded 

premature plantxfiexor EMG activity in the stance phase of gait in nine of 26 of their 

subjects with stroke and attributed lhis abnomal activity to excessive stretch activation of 

the plantarflexors. However, A& et al. (176) presented evidence suggesting that 

plantarflexor muscle spasticity does not contribute to gait dysfunction post-stroke. In their 

study. nine of 14 ambulatory subjects in the chronic pst-stroke period exhibited resting 

tonic stretch plantarfiexion nflexes but reflex activity during active contraction was not 

different from that of control subjects. This is in agreement with the findings in othcr 

studies of low plantarfiexor activity on the pantic side during the stance phase of gait (1 77, 

178). Berger et al. (178) concluded that reflex activity contributes rninimally to the 

production of plantarflexor muscle tension during hemiparetic gait. Biomechanicai 

analyses of the gait of 18 patients with a mean post-stroke interval of two months 

demonstrated that the pattern of motion of the paretic lower extremity was more strongly 

correlated with muscle weakness than with degree of spasticity or balance control(179). In 

addition, other studies have found a Iack of correlation between knee extensor muscle 

spasticity and walking speed (180, 18 1). Berger et al. (178) postulated that hypertonia 

demonstrated in hemiparetic muscles after stroke may be due to alterations in mechanical 

muscle fiber properties resulting h m  impaired supraspinal input as opposed to enhanceci 

motoneuron activity associated with spasticity. 



Olney and associates (141) conducted a comprehensive biomechanical andysis of gait 

energetics pst-stroke in order to idenufy the source of inefficiencies in the gait cycle. In 

their sample of 10 ambulatory patients (mean age of 59 yr, mean pst-stroke interval of 3.7 

yr), the mean energy conservation across the gait cycle was estimated to be 48 percent. 

The investigators postulateà that the speed of walkllig (mean velocity of 0.42 dsec) was 

too slow to generate the kinetic energies required for normal levels of energy transfer, thus 

reducing the efficiency of pendular mechanism. The instantaneous energy c w e s  of the leg 

segments, although low in magnitude, followed a normal gait pattern while the abnomal 

curves of the combined head, arms and mink segment contributed significantiy to low 

energy-conserving exchanges. Later, the same group of investigators repeated 

biomechanical analyses of gait pst-stroke to determine the effect of waiking speed on gait 

energetics (1 38). Using 30 patients subdivided into th= groups according to preferred 

speed of walking, they demonsmted that the reduced amplitude of the instantaneous energy 

curves of lower lirnb segments were particularly evident at slow wallcing speeds. 

Similady, Francescato et al. (1 73) noted a greaux disparîty in the energy costs of noxmai 

and hemiparetic gait at slow speeds. 

The findings of low kinetic energy production in the studies by Olney et al. ( 1 38, 14 1 ) 

are consistent with the results of EMG investigations of locomotion post-stroke. Peat and 

colleagues (177) documented in 20 subjects post-smke loss of the normal phasic pattern of 

muscle activity during gait with s i ~ ~ c a n t  nduction in activity of aii of the major muscle 

groups of the pantic lower extremif~. These investigaton also noted significant 

asymmetry in the stance time expresseci as a percentage of the total cycle with a mean stance 

rime of 67 percent on the more affected side and 80 percent on the less affected side. 

However, w a h g  speed of the subjects was not reported; both the extent of joint power 

and the degree of temporal symmetry in weight-bearing are directiy related to walking 

velocity post-stroke (138). Shiavi et al. (1 1 1) also noted compensatory changes in the 

EMG pattern of leg musculantre condateal to the hernipgniic lower extremity, including 



prolonged muscle activation and increased coactivation. Whik Knutsson and Richards 

( 175) found that depressed EMG activity in the herniparetic leg musculature was ~latively 

cornmon, they cautioned against genaalUaton kcause of marked variation in EMG 

patterns among patients. They identified three broad classes of abnormal patterns of 

muscle activation in the gaits of 22 patients post-stroke - underactivation, prernature 

activation of the calf muscles in stance, and coactivation of several or aü muscles during 

part of gait cycle. m e r  investigators have reported significantiy different inter-subject 

EMG patterns and highly reproducible intra-subject patterns (1 77, 1 82, 1 83). 

Monta et al. (1 û4) found that in 58 patients in the chronic pst-stroke period the stage 

of motor recovery of the paretic lower exeemity was highly correlated with the degree of 

both vertical and anterior-posterior ground reaction forces, the velocity of walking, and 

stride length and was inversely relateci to the lateral component of the ground reaction 

force. The latter result corroborates an earlier fuiding of excessive lateral displacement of 

the COM in hemiparetic gait ( 182). 

In addition to reduced power generation of the paretic extrernity musculanue, 

decreased excursion of lower exmmity joints rnay contribute to higher energy cos& of 

walking post-stroke. Jointagie disturbances on affected side include nduced knee 

flexion in stance, reduction of knee flexion range in swing, and occasional loss of 

dorsiflexion dunng the swing phase and at initial contact (140). Plantarflexion shortening 

may obstruct the energy tramfer from potentiai to kinetic energy during the second half of 

stance (14 1) and stride length may be compromiseci by the inability to simultaneously 

extend the knee.and flex the hip in terminal swing (125). Aiso, lack of reciprocal ami 

swing may in tum restrict the pelvic motion nquired for o p t i d  energy exchange. 

However, differences in energy expendinire between walking with nanual ami swing and 

with no arm swing are insignifcant in healthy individuals (127). 



1.6.4. ii Longirudinal changes in energy expenditure 

Few investigators have documented changes in the energy cost of walking over the 

course of post-stroke recovery. In a group of 10 patients with stroke a mean reduction of 

30 percent in the energy expenditure of walking at a speed of 0.45 dsec was documented 

after participation in physical rehabilitation (170), which is consistent with the 23 percent 

improvement reported by Hash (169). In the previously described training study by 

Potempa and colleagues (59), the investigators postulated that because the magnitude of 

training-mediated irnprovements in peak workioad (43 percent) and exercise time (40 

percent) were greater than rhat of VO? - (13 percent). muscular efficiency probably 

improved to a greater extmt than aerobic capacity. In the only investigation specificai1y 

designed to study the effects of training on the energy cos6 of walking post-stroke, Macko 

and associates (1 14) presented preliminary evidence of training-induced reductions in 

energy expenditure of hemiplegic gait. 

1.7 Use of body weight support to facilitate walking post-stroke 

Body weight support (B WS) systems have been developed recently to mechanically 

offset a percentage of body mass while providing extemai balance support, thereby 

permitting treadrnill walkng of patients in the early stages of neurologie recovery ( 1 85, 

186). The typical system consists of a vest similar to parachute hamess which is attacheci 

to an overhead support. Unweighting of a prescribed amount of body mass is achieved by 

vertical displacement through the supporting frame using a weight and puiley or a 

pneumatic system. Visintin and Barbeau (187) reported attainment of a more nomai gait 

pattern using tread.mil w a b g  with 40 percent BWS in seven individuais with spastic 

paresis. Recently, Hesse et al. (188) compared aadmill walking with 0. 15, and 30 

percent BWS to flwr walking in 18 patients with chronic hemiparesis and found that the 

prefemd speed of eeadmill wallcing was less than that of overground walking due to 



reduced cadence on the treadmili. In addition, greater symmetry of weight-bearing was 

recorded during treadmill waiking irrespective of the extent of BWS, and both premanirc 

plantarflexor activity and antigravity muscle aaivity decreased with inmasing BWS. 

Researchers frorn the same laboratory (189) demonstrated that aeadmill training with BWS 

was more effective than conventional physiotherapeutic techniques in improving the 

wdking velocity and gait ability of seven nonambulatory hemiparetic patients. Visintin et 

al. (190) corroborated these findings in a recent randornimi snidy of 100 individuals 

averaging 73 days pst-stroke, half of whom received six weeks of BWS-treadmiil training 

while the other half had six weeks of gait training bearing full body weight . 

1.8 Purpose of the thesis 

The extensive neuromuscular and cardiorespiratory irnpairments associated with s troke 

are likely to adversely affect both exercise capacity and muscular efficiency, with 

consequent effects on functional mobility and resistance to fatigue. However, littie 

knowledge exists regarding the response of patients pst-stroke to exercise, particularly 

during the early pst-stroke recovery period. The overall objective of this thesis was to 

investigate Iongitudinally the metabolic and cardiorespiratory responses to exercise over the 

course of post-stroke recovery. The next four chapten summarize studia conducted to 

address this objective. These chapten were Mnen as inâependent papers; thus some 

redundancy in content was unavoidable. 

The fiat challenge was the design of an exercise testing protocol that would permit 

assessrnent of exercise capacity of patients pst-stroke in the fûnctional upright position. 

To date the use of the preferred testing mode - the ERadmiu - has been iirnited because of 

the motor and postural irnpairments of people with sodce. However, given the success of 

facilitating paretic gait with BWS, it seemed conceivable thaî this strategy codd be useN in 

permitting safe and efficacious testing early after stroke. Thus, one purpose of this thesis 



was to validate the use of a BWS-facilitated eeadmill exercise protocol, fmt with hedthy 

individuals (Chapter 2), and then with people less than one month pst-stroke (Chapter 3). 

Despite the fact that stroke constinites the single mosi common diagnostic category of 

patients undergoing physical rehabilitation, detaüs regarding the mode, intensity, and 

duration of rehabilitative activities are lacking in the literahire. The extent of physical 

activity, in terms of the intensity and duration of metabolic stress, can affect the extent of 

adaptation to exercise. Therefore, in order to carry out a comprehensive investigation of 

the responses to exercise, the level of physical activity of the subjects should be 

documented. Consequently, a clinical snidy was conducted, the main purpose k i n g  to 

esturiate the aerobic component of stroke rehabilitation sessions through continuous HR 

monitoring (Chapter 4). Secondary purposes were to (i) determine the daily and total 

duration of stroke rehabilitation sessions over the course of ncovery; (ii) estimate the 

aerobic component of occupational therapy and physiotherapy sessions; (iii) estimate the 

mean energy expendinire of physiotherapy sessions; (iv) determine the extent to which the 

sessions provided metabolic stress sufficient to induce a training effect; (v) idenm the 

particular therapeutic interventions that elifited adequate and excessive cardiovascular 

stress. 

The principal purpose of the final study was to investigate changes in exercise capacity 

and the energy expendihiie in level walking over the course of post-stroke ncovery 

(Chapter 5). Secondary purposes were to (i) document changes in functionai statu, 

exercise capacity, and energy cost of level aeadmiii walking over the same time period; (ü) 

determine the relationships among changes in exercise capacity, energy cost of walking, 

and functional statu. 
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CHAPTER 2: EFFECT OF BODY WEIGHT SUPPORT ON EXERCISE 
CAPACITY OF HEALTHY INDIVIDUALS 

2.1 Introduction 

Over the p s t  two decades the conceptual framework guiding neurologic 

rehabilitation has undergone changes that have had signifcant clinical implications. With 

the emergence of the systems mode1 of motor control, the histot-ical focus on the 

neuromuscular system has been replaced with an emphasis on how multiple systems 

(neuromuscular, musculoskeletal, cardiorespiratory) interact with each other and with the 

environment to affect functional outcomes (1). This broader perspective has led to the need 

for multidimensional databases, prompting adaptation of evaluative techniques traditionaily 

not considered to be in the domain of neurologic physical therapy. One such technique is 

the testing of exercise capacity . 

It is becoming clear that recovery of patients with neurologic involvement cannot be 

amibuted solely on the basis of improved neuromuscular function. Roth and colleagues (2) 

determined that oniy 2-36 percent of the variance in disability following stroke is explained 

by neurologic impairment. Indeed, Gresham et al (3) proposed that "much of the disability 

of stroke victims appears to be due to coexisting cardiovascular disease." Approximately 

75 percent of people with stroke also have cardiac disease (4) and chronic stroke survivors 

ofien have abnomaiiy low exercise capacity (5-7). There is some evidence of 

comprornised cardiorespiratory fitness in patients with other neurologic diagnoses 

including pst-polio syndrome (8), Parkinson's disease (9), Guillain-Bam Syndrome 

( 1 O), traumatic brain injury ( 1 1, 12), cerebral palsy (1 3), multiple sclerosis (14), and spinal 

cord injuries (15, 16). 

The limitai investigation of exercise testing of neurologic populations conducted to 

date has been restricted to those individuals with chronic neuromotor deficits. There is a 

need to develop procedures that will permit assessrnent of patients with recently acquired 



disability since it is typicaily this group who are actively engaged in rehabilitation. Given 

the high probability of significant motor and postural impairrnents in the acute and subacute 

stages, the challenge is to design safe and effmcious methods of testing. Maximal oxygen 

consumption (VO, -) is generaly accepted as the defintive index of exercise capacity 

(17), as well as the best measure of the functional limit of the cardiovascular system (1 8). 

While most investigators studying oxygen consumption ( VO,) of neurologie patients have 

relied on cycle and wheelchair ergometers, trcadmill walking is the testing modality of 

choice for several reasons. To facüitate rneasurement of m e  VO,- approximately 50 

percent of the total muscle mass must be recruited; this condition is much more likely to be 

met while walking than whiie cycling, particularly in a deconditioned population (18). 

Also, the upright posture is used for the majority of mobility tasks. Both measured 

V O ~  values and aerobic training are task-specific, chat is, specifc to the exercise 

modality employed (1 9) or the task king trained (1 8, 20). Thus, to ensure clinically 

relevant interpretation of patient's status, this task specifcity should be reflected in the 

testing protocol. 

Body weight support (BWS) systems have been deve!oped recently to mechanically 

offset a percentage of body mass while providing extemal balance suppon, thereby 

permitting treadmill waîking of patients in the early stages of neurologic recovery (2 1, 22). 

The typical system consists of a vest similar to parachute hamess which is anached to an 

overhead support. Unweighting of a prescribed amount of body mass is achieved by 

vertical displacement through the supporting frame using a weight and puiiey or a 

pneumatic system. Visintin and Barbeau (23) reported anainment of a more aormal gait 

pattern using Ueadmill walking with 40 percent BWS in seven individuals with spastic 

paresis. Recently, Hesse et al. (24) compared treadmill walking with 0, 15, and 30 percent 

B WS to floor walking in 18 patients with chronic hemiparesis and found greater symmetry 

of weight-bearing during madmill w&ng imspective of the extent of BWS, and 



reduction in both premanire piantarflexor activity and antigravity muscle activity with 

increasing BWS. Researchers fiom the same labontory mmmended in an eariier study 

that an upper lirnit of 30 percent of BWS should be used to facilitate trradmill walking in 

order to avoid signifîcant reductions in muscle activation (25). The EMG amplitude of the 

lower extremity muscles elicited during BWS-facilitateci locomotion has been s h o w  to k 

closely associated with peak lirnb l o d  (26). Harkcma et al. (26) suggested that optimal 

limb loading provides the appropriate level of sensory input required for lurnbosacrai spinal 

cord modulation of efferent output to facilitate the generation of stepping. Shidies of 

treadmill stepping in cats following thoracic spinal transection have also demonstratecl the 

importance of proprioceptive inputs in modulating the motor pools for locomotion (27). In 

a pilot study comparing the effects of 1 S. 30, and 50 percent B WS on the biomechanics of 

hemiparetic gait, Hassid and colieagws (28) found that 15 percent BWS optimized the 

symmetry of loading during the stance phase. This finding intimates that unweighting of 

15 percent of body mass was most effective in providing steprelated sensory feedback to 

the locomotor networks of the brainstem and spinal cord. 

To date, there have been no reports of the application of BWS to facilitate eeadmül 

testing of neurologie patients. Mangione et al. (29) applied an unweighting technique to 

reduce the ground reaction forces and associated stress during submaximal treadrnill t e s ~ g  

of 27 patients with osteoarthritis of the knee. An inverse relationship was found between 

the degrez of unweighting (0, 20, and 40 percent) and VO, at a given submaximal 

workload. This resuit is consistent with previous evidence indicating that recniitment of 

muscle mass at submaximai workloads is less with BWS than with full weight bearing (30) 

and that submaximal VO, levels are proportional to the muscle mass used in performing 

the task under investigation (3 1). 

For meaningful interpretation of the rneasurements of exercise capacity in patients 

with pathology, cornparison to normative reference values is desirable. Thus, VO, = 



values obtained using BWS-facilitated aadmill testing mut be shown to be comparable to 

those obtained under standard testing conditions. The purpose of this preliminary study 

was to investigate the feasibility of using a BWS-facilitated m a !  treadmili exercise 

testing protocol with hcalthy aduits by detemiining if the results obtained under the 

condition of 15 percent BWS are comparable to those obtained when testing under the 

standard, full weight-bearing condition. In addition, we wanted to d e t e d e  if the 

presence of the hamess support alone, without BWS, would affect test results. If deemed 

to be a valid testing modality, BWS-facilitatcd treadmill testing would then t?e used in a 

study to measure exercise capacity of neurologic patients. A level of 15 percent BWS was 

chosen since the research findings discussed above suggest that low percentages of 

unweighting enhance the gait pattern of individuals with neurologic involvement without 

signif~cantly altering the peak muscle mass recruited, and thus the peak VO, levels 

attainable. Thenfore, we anticipated that the VO? IWC values attained using 15 percent 

BWS would be sirnilar to those measured in the standard test and in the test using the 

harness support without BWS. 

2.2 Methods 

2.2.1 Subjects 

Volunteers over 40 years of age were recniited from the cornmunity by word of 

mouth. None of the subjects had a history of wdiovascular disease, muscuioskeletal 

abnmnalities or pulrnonary disease that would preclude maximai exercise. The subjects 

demonstrated various levels of physical fitness but none had pdcipated in specific 

physical training during the preceding six months. Potential subjects were asked to 

complete the ReMsed Physical Activity Readiness Questionnaire (rPAR-Q) which has been 

demonstrated to be a reliablc screening tool for exercise testing (32) (Appendix 1). High 



concurrent validity of the rPAR-Q has been demonstrated in its use with adults 60-69 years 

of age (33). A total of 17 subjects with no positive responses to the rPAR-Q questions 

were given a detailed explanation of the study and were asked to sign the informed consent 

fom which was approved by the university 's research ethics cornmittee (Appendix 2). 

Two of the subjects, a 60 year old male and a 61 year old female, were withdrawn 

from the snidy and refemd to a cardiologist because of abnormal elec~ocardiographic 

(ECG) responses during their first exercise test. Of the remaining 15 subjects, 10 had 

never smoked and five were former smokers (mean of 7 .O pack-yean, where pack-year is 

number of packdyr x years of smoking; yean since quitting 3 1+ 16 yr]. Other background 

characteristics are summarized in Table 1. The Physicd Activity Questionnaire (PAQ) was 

used as a general measure of the physical activity level of each subject (34) (Appendix 3). 

This questionnaire involves asking the subject to indicate the fiequency and duration of 

their participation over the past year in 11 foms of physical activity. A score for each 

activity is derived from the prohict of the length of tirne of participation per session (in hr), 

the number of sessions per week and the number of seasons of participation per year. A 

total activity score is the sum of the individual scores and can be categorized as: score > 18, 

very active; 2-18, active; and 0, inactive. 

Table 1 . Subject characteristics 

Subjects n Age yr Height cm Mass kg BMI PAQ 
femdes 8 55.1 t 13.6 166.0 f 6.8 70.5 + 11.2 25.6 t 4.5 29.4 17.4 

males 7 56.4 + 9.4 177.2 + 6.8 74.9 + 11.3 24.0 + 3.1 25.6 + 10.5 

Total 15 55.2 & 11.3 171.4 8.6 72.6 + 11.1 24.8 I 3.9 27.6 & 14.2 

Data are means + SD. BMI: body mas index (mass/ùeigh$); PAQ: Physicai Activity Questionnaire. 



2.2.2 Study protocol 

AU testing took place in the exercise testing laboratory. Each subject participateci in a 

farniliarization session and perfomed three maximal madmiU GXTs, with an interval of 48 

hours between tests. The sequence of the following experimental conditions was 

randomized for each subject: (i) no BWS - standard GXT; (ii) 0% B WS - GXT with 

harness support and no unweighting; (iii) 15% BWS - GXT with harness support and 15 

percent of body mass displaced. 

2.2.2.i FamiliarizationSession 

One week prior to the initial exercise test, each subject visited the laboratory to 

become farniliar with the testing equipment, the exercise protocol, and the unweighting 

procedure, and to practice breathing with the respiratory mouthpiece, headgear and noseclip 

in place. Each subject was fitted with a harness of the appropriate size. The subjects 

became cornfortable witb treadmill walking with and without BWS in less than five 

minutes, consistent with a previous report that only 1-2 minutes are required for most 

healthy individuals to habituate to treadmiii walking (35). 

2.2.2. ii GXT protocol 

The three GXTs performed by each subject wen conducted at the same time of the 

day in a temperature-controlled laboratory with temperature maintained at 22 + 2 OC and 

relative humidity of 4560 percent. Subjects were requested to avoid food and smoking for 

at l e m  two hours, refrain from drinking caffeinated beverages for at l es t  six hours and 

avoid heavy exertion or exercise for 12 hours. A progressive exercise test was perfonned 

using a calibrateci motorized seadmilla in accordance with standard American College of 

Sports Medicine (ACSM) criteria (36). The Naughton-Balke protocol (2.5 % grade 

increment/2 min at a constant velocity of 1.3 mkc) was the test protocol used for aii tests. 

Model 18-60. Quinton, 3303 Monte Villa Parkway, Bothei, W A  98021-8906 



Testing was preceded by a 3-minute wami-up at level grad+ using a velocity of 0.9 dsec 

and was foliowed by a 2-minute cool-down at level grade and a velocity of 1.0 mi~iî. 

Subjects were requested to avoid using the hancirails of the aadmill for support because 

such support can increase the total tmdndl time and recluce submaximd values of Y02 

(37). Termination of testing followed ACSM guidelines (36). Subjects were instructed to 

use the 'thumbs down' signal to indicate their desire to terminate the test. Criteria for a 

maximal effort included anaullng at least two of the following: i) increase in VO, of less 

than 100 ml in the fmd minute of exercise ( VO, plateau), ü) maximal hem rate (HRmu) 

within 10 bhin  of age-predicted HRmsx (220 - age), iii) peak respiratory exchange ratio 

(RERprt) of greater than 1.10 (38). 

Expired gas was aaalyzed using opencircuit spirometry using a SensorMedics 2900 

Metabolic Measurement Car< to &termine VO,, VCO, , minute ventilation ( VE ), RER, 

and tidal volume (Vt). Expired volumes were passed through a 3-1 mixing chamber where 

the percentages of 0, and CO, were analyzed by a mass spectrometer (accuracy + 0.02 

percent). Calibration of gases was done using standard gases (26% OJ4% NI and 16% 

044% C0@0% N2) and verified before each test. Volume calibration using a 3-liter 

synnge was also verified prior to each test. Subjects wore a nose clip and breathed room 

air through a one-way directional valve system attached to a mouthpiece. Maximal values 

for exercise parameten were averaged over the 1s t  30 seconds. 

Electrical activity of the heat  was continuously monitored using a 10-lead 

electrocardiograrn. Skin sites were abraded with fine sandpaper and alcohol to nmove 

surface epidermis and oil in order to nrinimize impedance. To ensure good contact, each 

elecwde was tapped vigorously after placenuint while monitoring the corresponding lead 

on the oscilloscope. In addition, each lead was slackened prior to application of the BWS 

' Sensonnedics, 22705 Savi Ranch Parkway, Yocôa Linda, CA 92687 



hamess to avoid undue tension on the leads during the exercise tests. HR was obtained 

fiom the RR interval on the ECG recording. H L  was determined a€ter the subject had 

rested for 10 minutes while seated in a chair placed on the treadmill belt This measunment 

was taken just prior to the exercise test with the respiratory mouthpiece, headgear and 

noseclip in place. HRmu was the average HR during the last 30 seconds of exercise. 

Maximal 4 pulse (O, pulse-) was calcuiated using the formulae O, pulse= = 

V O ~  IIUKMLX. Right brachial artery SBP and DBP were measured using a calibrated 

mercury sphygmomanometer. Resting SBP (SBP-) and reshg DBP @BP-) were 

measured subsequent to determining H b t .  Duruig exercise testing blood pressure was 

measured every 2 minutes and every minute during recovery until retuming to baseline. 

Maximal rate-pressure product (RPP-), an index of myocardial oxygen consurnption 

(39), was caiculated as the product of H L  and peak SBP (SBPpiit) divided by 100. 

In the 15% BWS and 0% BWS G X ï s  the Pneuweight Unweighting System' was 

used (Figure 1). This system provides vertical displacement of a prescribed amount of 

weight using pneumatic pressure. This particular unweighting device accommodates the 5 

cm vertical displacernent of the center of gravity that occurs in the normal gait cycle, thus 

pemiitting a normal gait pattern. The harness, weighing approximately 0.7 kg, was applied 

to the subject's chest and leg straps attached to the hamess were placed around e-ach upper 

thigh for additional support. The harness was then anached to the overhead supponing 

frarne by two clips. In the 15% BWS GXT, the unweighting dia1 was set to allow 

displacement of 15 percent of body mas. 

Exercise time, the t h e  from the initiation to termination of the exercise protocol 

excluding the warm-up and cool-dom, w as recorded. Redicted VO? IW ( VO, -(PW ) 

was calculateci in ml/kg/min using the ACSM formula for neadmill walking: VO- ? -md)= 

[(3.5 mvkghin) + (speed (mlmin) x 0.1) + (grade (fraction) x speed (mlmin) x 1.8)] (36). 

- 
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Measured VO, was exprcssed as a percentage of VO, -(prrd). Subjective exertion on 

the aeadmill was recordeci at the end of each stage of exercise and at peak exercise using 

the modified RPE on a scalc of O (nothhg ut dl') to 10 (very, very strong) (40). Subjects 

were asked to point with the index finger to the number indicative of their RPE. In 

addition, at the conclusion of each testing session, each subject was asked to identify the 

reason for termination of the test and to nspond to the open-ended question "How did you 

feel d u h g  and uifter the exercise test?" At the end of the final session the subjects were 

also asked "Please comment on the hamess support system Did you prefer to do the 

exercise test wirh or without the support?" The responses were documented verbatim. 



Figure 1. Experimental set-up. Anterior view of body weight support system with 
hamess, overhead suspension and mamnill. The electrocardiograph is to the left and the 
metaboüc measurement cart is to the nght of the madmill. 



2.2.2. iii Data analysis 

One-way analysis of variance (ANOVA) for npeated measures using the widiin- 

subject factor of experimentai condition and Bonferroni post hoc testing were applied to 

detect statisticaliy signiricant differcnces in the dependent variables across the duee 

experimental conditions. To ascertain the potentialiy confounding effect of order of the 

experimentai conditions, the ANOVAs of ai l  dependent variables were repeated using 

testing order as a between-subject factor. Ail statistical tests were perfomed with an alpha 

Ievel set at 0.05. 

2.3 Results 

The order of testing conditions did not affect the results of the exercise tests. The 

requirements for the designation of a 'maximal effort' were met with all tests, and in 27 of 

the 45 tests, all three criteria were achieved. The HRmu aiterion was achieveà by ail 

subjects while thrre subjects (two 61-yr-old males, one 71-yr-old male) were unable to 

attain a RE- pa te r  than 1 .IO and thm other subjects (one 43-yr-old female, one 46- 

yr-old male, one 56-yrsld d e )  did not attain a VO, piateau during the last minute of 

exercise. In dl tests the subjects voluntarily requested termination of the tests. For the no 

BWS und O% BWS GXTs, the reason for termination was consistent within individual 

subjects, six offering dyspnea as the main r e m  and the remaining nine claiming general 

fatigue. However, in the 15% B WS GnT, four of the latter group stopped due to dyspnea, 

yielding a total of 10 in this experimentai condition whose reason for termination was 

respiratory mculty. 

Maximal values of relative VO,, exercise time. and HRmu achieved by each of the 

15 subjects for each testing condition are illuseatcd in Figure 2. Neither VO, IIKU nor 



HRmax were affkted by the testing condition but exercise Qne was signtIicantly longer in 

the 15% B WS GXT. 

30 
I a I 

no BWS 0% BWS 15% BWS 

Exercise T m  

1 I 1 

no BWS û% BWS 15% BWS 

I I 1 

no BWS 0% BWS 15% BWS 

Erercise Test 

Figure 2. VO, max, exercise time and HRMI for each of the 15 subjects across the three 
tes ting conditions. 



Relative and absolute VO, W. V C O ~  -, HR-, 4 pulse- RPP- YE pcd, 

RRpeak, and RPEpcv were not influenced by the testing condition uble 2). However, 

V- was significantly lower in the 15% BWS condition than in the no BWS condition. 

Exercise time was significantly longer in the 15% BWS condition than in the either the no 

B WS or the 0% BWS conditions by averages of 12.4 and 13.8 percent, respectively. The 

mean percentage of preùicted ~ 0 2 -  was simcantly lower in the 15% BWS condition 

than in the other two conditions. In the standard no BWS GXT the mean (& SD) VO~- 

was 32.957.2 mykg/min for female subjects and 37.6+_5.0 rnl/kg/min for male subjects. 

Table 2. Physiologie Vaiiables at Peak Exercise Intensity across GXTs 

GXT 

Variable No BWS 0% BWS 15% BWS 

VOZ-  min 2.53+0.14 3.S24.14 - 2.495.14 

V C O ~  mu rnVk&nin 40.121.9 39.921.8 3 9 . 1 9 0  

RERpeak 1 .1*.07 1.15fl.08 1.14s.06 

HR- beatshin 177.821 2.5 175.9+12.3 - 175-1 1.7 

O2 pulse- m k t  14.33.80 14.25.80 14.2s.78 

RPPm 338.- 3.8 334.09.9 339.7212.5 

VE paie h i n  8 8 . o . O  8 9 . w . 3  85.825.4 

Vtpcak 2.57s.14 2.5 1s. 13 2.363.12t 

RRpcak breaths/min 35.e1.7 3 6 . e . 2  36.922.5 

Exercise time min 15.93.78 16.1s.78 1 8.1$.96$11 

R P E p ~  0-10 7.94.3  1 7.5s.39 7 .3s .57  
Data are means+srandard cmrs for ail 15 subjecu. V O ~  mu: maximal O2 uptake; % ~ 0 2 -  (prcd): 

rneasured VO, man elFpsscd as a prceatagc of prrd*rcd VO, maxi ~ ~ 0 , r n a x :  maximai CO, 
production; RE-: peak respiratory exchange ratio; H b :  maximal heart rate; 0, pulse-: maximal 
0, pulse; RPPmax: maximal rate-pcznirr product; V E ~ &  peak minute ventilation; Vtpeak: peak tidd 
volume; RR@: peak respiratory tate; RPE- peak M g s  of pcrceived cxcrtion. * p ~ û . 0 1 ,  t p<0.001, 
and $ p<0.0001 denoie signifiwt dinke~lcts from no BWS test; 5 pe0.01 and I pd.0001 &note 
significant ciifferences betwcen 0% BWS test and 15% BWS tests. 



For comparative purposes VO, values during h e a h j i i  testing across the testing 

conditions were normalized by expressing VO, values as percentages of the highest value 

of V O ~  - obtained during the standard no BWS test. Similarly, exercix tirne was 

normalized by expressing it as a percentage of the exercise tirne recorded during the no 

B WS test (Figure 3). 

% Total Exercise Time 

Figure 3. Mean VO, for all subjecü over exercise tirne across the three testing conditions. 
Values are nonnalized for comparative purposes by expressing V O ~  as a percentage of the 
VO, recorded in the standard no BWS test and expressing exercise thne as a percentage 
of &e total exercise time of the no BWS test. 



Ail subjects reported that the hamess was cornfortable to Wear. However, nine 

subjects prefemed testing without BWS because the harness was perceiveci to have had a 

mild restrictive effect on respiration toward the end of the test. This group included the 

four subjecrs whose nason for tenninating the exercise test changed from fatigue in the no 

BWS and 0% BWS conditions to dyspnea in the 15% BWS condition. In addition, the 

V r w  values for each of these four subjects were lowest in the 15% BWS condition, and in 

two female subjects (48.7 and 60.5 yr), VE and VO, lll~ values were also lowest in 

that condition. ?he rernaining six subjects prefemd using the harness because of the 

secuity it provided during testing, two of whom stated that the hamess also provided back 

support which they felt enhanced their performance. However, their test results did not 

refiect this obsewation. 

2.4 Additional experiments 

Four preliminary investigations were also conducted to explore aspects of the 

unweighting mechanism. Future experimmtation would be necessary before conclusions 

could be drawn regarding these points of inquiry. 

2 -4.1 Calibration of unweighting system 

The fmt of these brief experiments investigated the precision of the unweighting 

mechanism of the RieuweightB BWS System. A dead weight of 5 kg placed on the 

treadmill was attached to the overhead support and the unweighting dial was gradually 

tumed. At precisely 5 kilograms on the diai the weight lifted off the tre-1. A similar 

result was found when the expairnent was repeated ushg a 10 kilogram weight, providing 

preliminary evidence diat the calibration of the unweighting mechanism appeared to be 

precise under these somewhat crude testing conditions. 
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2.4.2 E k t  of treaàmiii gracie on extent of unweighting 

The purpose of the next experixnent was to determine if the grade of the neadmill 

affected the precision of the unweighting mechanism. Each of two healthy subjects, 

wearing a BWS hamess, stood on a digital strain gauge scale placed on the treadmill. With 

the treadmill at O percent grade, 15 percent of the subject's body mass was unweighted and 

the reading on the scale war ncorded. The percentage of body m a s  that was unweighted 

was determined using the formula: % BWS = [(total body weight - reading on scak)/total 

body weight] x 100. This procedure was repeated for madmill grades of 5 W, IO%, and 

15%. The results summarized in Table 3 suggest that increases in treadmiil elevations from 

0% to 15% do not systematidy affect the precision of unweighting of 15% of body mass. 

The error in precision of providing 15% BWS using the Pneuweighta BWS System 

appears to be in the order of t 0.9%. Thus the potential error in caiibration exceeded that 

found in the preceding study where deaà weights of much smaiier mass were used and the 

acnial point at which unweighting occuned was limited to visual observation. 

Table 3. Percentage of BWS while unweighting 15% of body mass using the PneuweightO 
B WS System and altering treadmill grade from 0% to 15% 

Treadmill grade (9) Subject 1 Subject 2 
O 14.8 14.4 
5 15.4 14.7 
10 14.7 14.2 
15 16.1 15.6 

% BWS* 1 5.25&0.64% 14.72&0.62% 
*Values are mean SD. 

2.4.3 Effect of handrail support on extent of unweighting 

The next series of experiments investigatcd the effects of handrail support on the 

precision of unweighting by the Pneuweighta BWS System. Handraii support has ben 

shown to influence the results of treadmill exercise testing by reducing the aerobic demands 



of walking (41). Although the subjects in the present study did not use handrail support, 

we anticipated that future application of the same exercise test method for patients post- 

stroke with signiricant balance problems might necessitate the use of such support. Thus, 

we were interested in investigating whether the unweighting mechanism used in the 

Pneuweighto BWS System adjusts for the additional unweighting nsulting fiom use of 

handrail support. Each of two healthy subjects (weighing 62.7 and 62.4 kg) stood on a 

digital strain gauge scale placed on the madmilf. In the k t  condition the subject was fully 

weight bearing and in the second condition 15% BWS was applied. The effect of fmgenip 

suppon (light contact of the fingertips of the second to fifth digits of the lefi hand with the 

Iefi handrail of the aeadmill) on body weight recorded on the scale was measured using 

treadrnill elevations of 056, 5 1 ,  108, and 15%. The experiments were npeated using 

'moderate' support, instnicting the subjects to "Use your lefi hand on the left handrail to 

provide moderate support." 

Percentages of BWS in the various conditions were determined by the formula used 

in the preceding set of experiments. The results are summarized in Table 4. The effect of 

fingertip support on the percentage of BWS in the full weight bearing condition varied 

greatly across the treadmil1 grades and between the two subjects. despite their sirnilar body 

mass. Fingertip suppon in this condition had minimal effect on the extent of unweighting 

of Subject 1 until 15 percent of tnadmill elevation whereas a substantial effect was 

observed at al1 grades in the case of Subject 2. With 15 percent of body mass unweighted 

by the Pneuweighta System, the effect of fingertip suppon on the extent of unweighting 

was minimal. In the fidl weight karing condition, rnoderate handrail support resuited in 

unweighting of about 15 percent in subject i and I l  percent in subject 2 whereas with 15 

percent of unweighting by the Pneuweighto System, moderate handrail suppon 

contributed an additional 5% BWS in subject 1 and 10 percent in subject 2. Subject 1 

reported difficulty attaining and maintaining 'moderate' support through the left hand while 

being unweighted 15 percent of body mass. 



Although such variable results àerived from only 2 subjects precludes a conclusive 

interpretation, it would appew that Pneuweightm BWS System does not adjust for 

additional unweighting through handrail support and that both fïngertip and moderate 

support can contribute substantiaily, and to highly variable extents, to the total percentage 

of BWS. This preliminary observation suggests that whenever feasible, either fingertip or 

moderate handrail support should be discouraged during BWS-facilitated exercise testing. 

More investigation is warranted of the influence of handrail support on the acnial venus 

desired extent of unweighting. 

Table 4. Percentage of BWS with fingertip versus moderate hancirail support while 
un weighting 0% and 1 5% of body m a s  and altering treadmill grade from 0% to 1 5% 

Finerertip hancirail support Moderate handrail support 
O S  unweighted 15% unweighted 0% unweighted 15% unweightec! 

Treadmill Grade Subj. 1 Subj. 2 Subj. 1 Subj. 2 Subj. 1 Subj. 2 Subj. 1 Subj. 2 
O 0.6 1.6 16.7 15.0 17.4 10.8 17.6 26.3 
5 0.3 3.7 17.0 15.0 13.6 9.2 17.5 25.0 
10 0.6 4.7 15.9 14.7 16.7 12.0 24.0 22.8 
15 3.0 7.3 15.2 15.2 14.2 12.0 20.2 25.6 

% BWS* 1.1 4.6 16.2 15.0 15.5 11.0 20.1 25.0 
+1.3 k2.3 k0.8 + 0.2 +1.9 k1.3 k3.2 +1.5 

*VaIues are meankSD. 

2.4.4 Effect of additional weight on VO, - 
In the fuial pilot expriment the VO, - and total exercise tim anained with 

overweighting of 15% of body mass were compared to those rezorded in the other three 

test conditions (no BWS, 0% BWS, and 15% BWS). We expected that exercise tirne 

would be reduced but VO, would not ciiffer from that anained in the other GXTs. The 

rationale was that while the submaximal workload would be increased by the additional 

weight, thereby increasing the VO, values at any given sabmaximal work rate and 



shortening the total exercise tirne, the muscle mass recnllted at maximal effort would be 

similar to that in the other conditions, hence the VO, level attained would not be altered. 

Indeed, it has been demonstrated that activation of muscles in excess of that required to 

elicit VO, (about 50 percent of total muscle mass) has no effect on the peak VO? level 

attainable (1 8). 

In this simple experimmt one subject, a 42-year-old female, repeated the exercise 

protocol of the principal study but with a dead weight quaiing 15 percent of her body mars 

attached to the waist. The results were as anticipateci - toial exercise tirne was decreased to 

83.3 percent of the no BWS test (hm 14.4 min to 12 min) while the VO, value of 42.2 

mVkg!rnin attained with an additional 15 percent of body weight was consistent with the 

value of 43.1 ml/kg/rnin attained in the no BWS test (Fig. 4). 
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Figure 4. Changes in V O , O ~  one subject (42 yr-old female) durhg 4 maximal madmill 
exercise tests: 15% BW d e d  - with no harness but 15 percent of body mass added; no 
BWS - with no hamess and no body weight support (BWS); O% BWS - with harness but 
no unweighting; 15% BWS - with hamess and unweighting of 15 percent of body mass. 



2.1 Discussion 

To accurately interprct data obtained fiom maximal exercise tests, it is important to 

ensure that the subjects have demonstrated maumal effort. While every subject in the 

present study met the quired two of three criteria for designation of VO, - in di tests, 

only nine (60 percent) achieved aU three cnteria Despite the fact that use of HRmu as an 

absolute cnterion has been discouraged due to high inter-subject variability of HRmu 

(standard deviation of + 11 beatdmin) (42), all subjects met this criterion. Also, although 

it is not uncornmon for subjects to fail to demonstrate a plateau in V O ~  (38). 12 (80 

percent) of the subjects met this criterion. That three subjecu over 60 yean of age did not 

achieve a RER@ greater than 1.10 is consistent with previously reportai reductions in 

RERm values at maximal effort in individuals over 60 years (43). As further assurance 

that the tests represented maximai effort, the VO, w vaiues documented in this study are 

comparable to the findings of previous studies. Recently, Jackson and colleagues (44) 

conducted maximal exercise aadmill tests with 160 healthy males over the age of 55 years 

(mean age 58.0+3.0 yr) and reported a mean VO,- of 33.2 + 6.0 mI/kg/min. In 

addition, the extent of variabüity in the VO, m~ measurements can be compared using the 

coefficient of variation, a dimensionless number expressing the standard deviarion as a 

proponion of the mean (45). The coefficients of variation for VO, l l ~ l  were 18.5 percent 

and 18.1 percent, respectively, in this study and in the study by Jackson et al. (44). 

As anticipated, neither the presence of the hamess support in the 0% B WS condition 

nor the harness plus unweighting in the 15% B WS condition affected the end-point values 

of the main respiratory gas exchange viables measured during exercise testing. At any 

given submaximal stage of exercise, the energy expenditure and cardiorespuatory 

responses were less in the unweighted condition, in keeping with the aforementioned fact 

that VO, is proportional to the muscle mass recruited; hence the greater exercise duration to 



elicit a maximal response. However, since the VO, IIUX level anaineci was not signincantly 

different than that of the standard test, the asswnption is that the application of 15 percent 

of BWS does not reduce the total muscle mass activated at peak effort below the threshold 

required to aaain a mie VO, a. This assumption is consistent with previous 

investigations that concluded that low percentages of unweighting do not signifcantly alter 

the peak muscle mass recmited (25,26). 

The effecu of 15% BWS observed in this study are analogous to the influence of 

handrail support on tmiddi GXT results. Measured VO, IIUX is not different with or 

without handrail support but submaximal VO, Ievels are signif~cantly reduced and total 

exercise tirne is significantly increased when h a n W  support is permitted (4 1, (46). The 

reduction in aerobic demands of walking with handrail support results in a shift of the 

exercise tirne/Vû, curve to the right (41), similm to the right shift observed in the present 

study in the 15% BWS test, as shown in Figure 2. Thus, there appears to be a common 

trend in the effects of 15% unweighting of body mass and the use of handrail support on 

the response to treaàmiii exercise testing. Indeed, the use of moderate handrail support 

used by the two subjects in the brief pilot expriment described in section 2.4.3 resulted in 

reductions in weight beaing of 15.5 and 1 1 percent, respectively. 

Application of the ACSM formula to estimate VO,, during treadrnill walking 

resulted in overestimates of the actual VO, achieved, consistent with previous 

observations that the estimated steady-state requirements of the 1st treadmill stage anained 

often overeshate the achieved VO, (17). The substantial overestimation in the 15% 

BWS test (134 percent) was anticipated since peak tMdmiU speed and elevatioa - 
parameters used in the folmula - were greatest in the unweighted condition. Clearly, the 

ACSM formula is inappropriate for the test conditions in this study. A revision to the 

ACSM formula has recently been suggested for exercise protocols with relatively small 



workload increments between stages, such as the Naughton-Balke used in the present 

study (17). Application of this nvised formula in the standard no BWS test reduced the 

overestimation of ~ 0 2 -  h m  119 to 103 percent. Interestingly, appiication of another 

formula by the same authors (17), adapted for use when handrail support is permitied 

during testing, decreaseà the overestimate of VO, - for the 15% B WS test from 134 to 

103 percent. This finding corroborates the above-statcd suggestion that the testing 

conditions imposed by I5% BWS test appear to be similar to those encountered with a 

standard maximal treadmill test allowing handrail support. 

The diffennces in V O ~  - vaiues on repeated testing under the three testing 

conditions varied, on average, by 2 percent, which is within the reported 2-4 percent of 

variability for repeated measurements of VO, among healthy individuals (3 1). 

However, although differences in VO, across the ihree testing conditions were neither 

statisticaüy or clinically signifrcant, there was a trend toward lower VO, M vaiues in the 

tests using 15% BWS, with 12 subjects (80 percent) demonstrating their Iowest VO, w 

values in the unweighted condition. This observation rnay be explained by the protracteci 

exercise M i e  in the 15% BWS condition, with Nne subjects (60 percent) exceeding the 

upper Lûnit of the "optimum duration of 8-17 minutes" for maximal trPadmill tests (47). 

Buchfuhrer et al. (47) reported a decrease, albeit not statisticaiiy significant. in VO-   ma^ 

when tests lasted more than 17 min. The investigators suggestcd that the reduction in 

VO~ITEU during prolonged tests rnay k due to elevated body temperature, increased 

dehydration, altered substrate utilization, subject discornfort or ventilatory fatigue. 

Whereas Buchfuhrer et al. (47) noted an increase in the incidence of low back pain during 

prolonged exercise testing, no subject in the present study complained of back pain and two 

subjects clairned that the harness provided back support. While reduction in Yoz 

values with unweighting does not appear to be substantiai, avoidance of very srnail 



workload increments between stages (i.e. < 0.5 METS) of a testing protocol using BWS 

may help to offset the potential for exercise time to exceed 17 minutes. 

The ventilatory parameters, v ~ ~ e l i r ,  Vtpeik, and RRpii: attained in the standard no 

BWS test are consistent with previous reports (48). The fhding of signif~cantly lower 

V w  values in the 15% BWS condition than in the no BWS and 0% BWS conditions 

suggests that restriction in chest wall excursion is due to combination of the circderentiai 

pressure exerted on the thorax by the harness vest and the upward force imposed by the 

vertical displacement of body mas. This ~duction in Vipsri: without concomitant changes 

in the V E ~  implies a compensatory increase in respiration rate. Two of the subjects who 

preferred the no BWS condition recordeci their lowest values for VO? W, Vtprlr and 

VE pni; in the 15% B WS condition and terminated that testing session because of dyspnea. 

While definitive conclusions cannot k drawn from data on two subjects, this clustering of 

findings suggests that caution may need to be exercised in the use of BWS for individuals 

with compromised respiratory function. Further investigation of the effect of unweighting 

on respiratory function is w m t e d .  

The exercise testing protocol and application of the BWS harness were well-tolerated 

by the subjects, and unweighting did not affect the end-point values of the principal 

respiratory gas exchange variables. These fmdings support m e r  snidy of the application 

of this testing method for those individuals in neurologie =habilitation whose 

neuromuscular limitations preclude standard exercise testing. However, we anticipate that 

the Naughton-Balke protocol would k too &mancihg for this population. A more 

appropriate protocol might be an individualized, low-velocity method such as that used by 

Macko and colleagues (5) for testing patients with chronic stroke. 



2.5.1 Study limitations 

The conclusions rtached in this study rnay have limited application because of the 

small sample sire. Also, the subjects were rclatively inexperienced with ûeadmill walking, 

thus the results may have k e n  affécted by leaming or habituation. However, this 

possibility is unlikely since the order of testing did not affect the results. Based on the 

findings of one of the preliminary experiments, calibration of the degree of unweighting in 

the PneuweightB BWS System may be somewhat inaccurate. If this is the case, the results 

obtained in the 15% BWS condition could be somewhat spunous. 

2 .6  Conclusions 

Unweighting of 15 percent of body mass had no effect on the end-point values of the 

principal respiratory gas exchange variables mwured during VO, treadmill testing of 

15 healthy adults over the age of 40 years. Thus, study of its application in eeadmill 

exercise testing of individuals with neurologie dysfunction is warranted. The findings in 

the present study of comparable respiratory end-points anaineci with or without use of 15% 

BWS are important to ensure validity of funire cornparisons of test results of 

neurologicailycompromûed subjects. Rcduction h V<p~r values with unweighting 

suggests that caution should be exercised when using unweighting with individuais who 

rnanifest compromised respiratory function. Further study of the effects of varying 

percentages of unweighting on respiratory gas exchange variables of individuals with and 

without pathology would extend the clinicai usefulness of chis technique. 
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2.8 Appendix 1 

Queen Elizabeth II 
Health Sciences Centre 
Halifax, B3H 3 6 2  

Revised Physical Activity Readiness Questionnaire @PAR-Q)* 

Please read the tollowing questions carefully and answer each one 
honestly. Check ( ) YES or NO. 

YES No 

O O 1. Has your doctor ever said that you have a heart condition 
and that you should only do physical activity recornmended - 
by a doctor? 

0 O 2. Do you feel pain in your chest when you do physical 
ac tiviîy ? 

O O 3. In the past month, have you had chest pain when you 
were not doing physical activity? 

0 O 4. Do you lose your balance because of dizziness or do you 
ever lose consciousness? 

O 5.  Do you have a bone or joint problem that could be made 
worse by a change in your physical activity? 

[II O 6. 1s your doctor currently prescribing drugs (for example, 
water pilis) for your blood pressure or a heart condition? 

Cl O 7. Do you know of any other reason why you should not do 
physical activity ? 

Su bject 

'Reference: Cardinal BJ, Esters L, Cardinal MK. Evaluation of the Revised Physical Activity Readiness 
Questionnaire in oldcr adults. Mcd. Sci. Sports Exm. 1996;28:468-472. 



2.9 Appendix 2 

Queen Elizabeth I I 
Health Sciences Centre 
Cardiac Prevention and Rehabilitation Research Centre 
Abbie J. Lane, 9th Flwr 
Halifax, B3H 362 

Informed Consent 

Title of Study: Effect of body weight support on exercise capacity of 
healthy individuals 

Principal Investigator: Marilyn MacKay-Lyons, MSc. (PT), Doctoral Student, 
Department of Physiology Br Biophysics, Dalhousie 
University; Tel: 9024942632 or 902-473-8622 

Associate Investigators: Lydia Makrides, PkD., Professor and Director, 
School of Physiotherapy, Dalhousie University 

Stephen Phillips, M.D., Neurologist and Director, 
Acute Stroke Service, Queen Elizabeth Health Sciences 
Centre 

Stephanie Speth, MSc., Certified Exercise Specialist, 
Cardiac Revention and Rehabilitation Research Centre 

Michael Ailen, MD., Staff Physician, 
Cardiac Prevention and Rehabilitation Research Centre 

Introduction 
We invite you to take part in a research study at the QEU Health Sciences Centre. This 
study has been approved by Dalhousie University and QEII Research Ethics Cornmittees. 
Taking part in this study is voluntary. The quality of your health care will not be affected 
by whether you participate or not. Participating in this study might not benefit you, but we 
might l e m  things that wiii benefit others. You may withdraw from the study at any tune 
without affecting your c m .  The study is described below. The description tells you about 
the risks, inconvenience, or discornfort which you rnight experience. You should make 
sure that any questions you have about the study are answered to your satisfaction. 

What is the purpose of this study? 
Treadmill exercise tests are used to find out how well the heart, lungs and leg muscles 
function while exercising. For a person who has had a stroke it is difficult to do a ueadmill 
exercise test without support. The new Rieuweight System can provide this support. The 
peson wears a safety vest, similar to a life jacket, around the chest which is attached to an 
overhead bar. This support system can also be used tu remove sorne of the body weight to 
make walking on the tnadmül wier for a person who has had a stroke. However, at 
present we do not know how this support system affects the results of the standard exercise 
test. The purpose of this study is to find out what the effect of this support system is on 
exercise tests done by healthy people. This information will k used to help us understand 
how the hamess affects the exercise tests done by people with stroke who are unabie to do 
the test without support. Please tum to page 2 



Effect of body weight support on exercise capacity of healthy 
individuals. 

Who can take part in the study? 
The 15 healthy adults in this study: 

wiii live in the community within comrnuting distance of the QEII; 
will have mmpleted the Physical Activities Readiness Questionnaire (Par-Q) and 

answered 'no' to al1 questions; 
will be able to provide informed consent. 

How are participants selected? 
Healthy adults will be &ted from the community by word of mouth and asked to 
complete the revised PAR-Q. Those people with no positive answers on the PAR-Q 
questions will be given a detailed explmation of the study by the principal investigator and 
asked to sign this consent form. 

What does the study involve? 
AU testing will be done at the Cardiac Revention and Rehabilitation Research Centre 
(CPRRC) located on the hh floor of the Abbie Lane Building. You will make four visits to 
CPRRC and each visit wiil take 45- 60 minutes. 

Your fust visit to CPRRC will be a practice session and you will not do an exercise test. 
Your body weight and height will be measured. You will then k shown the room where 
the treadrnili exercise testing will be done. You wiU see the hPgdmill and the safety vest 
attached to an overhead support that may be worn during the exercise test to prevent falling. 
We wül fit you with the right vest and give you a chance to practice wallcing on the 
treadmill while wearing the v a t .  You will be shown the equipment used during the 
exercise test to measure the oxygen and carbon dioxide in the air that you breath out (e.g. 
mouthpiece, noseclip, headgear, and metabolic cart). You will be given a chance to 
practice breathing with the mouthpiece and noseclip in place. While wearing the 
mouthpiece you will be unable to speak so you wiil be instructed to use the following hand 
signals: 'thumbs up' means everything is fine, 'thumbs down' means you want to stop and 
have the mouthpiece removed. 

You will do three exercise tests, with at least 48 hours between each test. Each test will be 
done at the same tirne of the day (rhat is, if the fint test is done in the moming, the other 
two tests should also be done in the moming). Before coming for each test: 

avoid a heavy rneal on the &y of the test; 
avoid eating for about one hour before the test (but drink fluids as needed to satisfy 

thirst); 
avoid smoking for at least 2 hours; 
avoid drinking caffeinated beverage for at lest  six hours; 
avoid heavy exertion or exercise for 12 hours 
Wear lose, cornfortable clothes and footwear appropnate for walking. 

Please tuni to page 3 



Effect of body weight support on exercise cupaeity of healthy 
individuals. 

For one of the three exercise tests, the safety vest will be worn and 15% of your body 
weight will be taken up by the overhead su?port (Test W). For another test, the safety vest 
will be wom but no body weight wiil be ~moved  (Test V). The other test wili follow the 
routine method and a vest will not be wom and no body weight will be removed (Test R). 
The order of testing will be decided randomly, by having you draw one of thnc papers 
which has one of the test names (Test B, V or Rj Witten on it. This will be the fmt test. 
The next paper that you draw wiii be the srcond and the remaining one wül be the third 
test. 

To record your hem rate and the elecûical activity of your heart, an electrocardiogram 
(ECG) will be done during each exercise test. The ECG eletrodes will be attachai to your 
chest. To make sure there is a good comection between the skin and the electrodes, your 
skin wili be rubbed with alcohol and fine sandpaper before the electrodes are attached. 
Hair on the skin rnay need to be shaved. A cuff will be placed anwind your right am to 
measure your blood pressure. If the test is Test V or Test W. the safety vest will be put on. 
After the mouthpiece and noseclip have k e n  put in place, you will rest for 15 minutes. 
seated in a cushioned chair. Resting hem rate and blood pressure will be measured at the 
end of this rest. 

You will then step ont0 the treadmill and, if the safety vest is wom, it will be attached to the 
overhead support. For the next thne minutes you will walk on the treadmill at a low speed 
to complete your warm-up. The exercise test will begin at a very easy level and will 
graduaily become more mcuit. You will be asked to keep wallcing until you are limited 
by severe fatigue or discornfort. When you signal to stop, the madmill will be slowed 
down and m e d  off. You will be closely monitored during the test by an exercise 
specialist who will take your blood pressme, follow your ECG tracing and measure the air 
that you wiil be breathing through the mouthpiece. The naseclip makes sure that al1 the air 
you breathe out is measured A physician will also k present for the f ~ s t  test. If we see 
any reason to stop the test, you will be asked to stop at once and the treadmill wili be tumed 
off. Afier the testing is over you will remain seated until nsted. 

Are there any risks or discomforts? 
Exercise testing is a routine procedure done at CPRRC. However, it is possible that certain 
unfavorable changes may occur during or after the test. Should any of these happen to 
you, you may stop the exercise test. These may include abnormal blood pressure, 
dizziness, fainting, disorden of the heart bat,  leg cramps and very rarely, heart attack. 
However, in our exercise facilities, with the presence of well-trained staff, the likelihood of 
such nsks is smail. Energency equipment and experienced staff are available to deal 
promptly with any unusual situations. 

What are the possible benefits? 
By agreeing to participate in this study, you wili be contributhg valuable information. This 
information will be used to he$ answer important questions about the effects of the support 
system on the standard exercise test. Then, when we use this support for when t e s ~ g  
people with stroke, we will have a bettex idea of how the support is afkcting the results of 
the tests. In addition, you will be given the results of your own tests. which will give you 
an idea of your level of fitness. We can provide advice to you about safe levels of physicd 
activity, based on your test resdts. Also, we will let your doctor know if the tests show 
any unusual findings. Please tum to page 4 



Effect of body weight support on exercise c a p a c i ~  of healthy 
individuals. 

O ther important information 
1. Confidentiaiity: Al1 information gathered during the study wiU be kept confidential. 
The information collected h m  this shidy will k published, as well as pnsented at 
scientifc conferences but your n a m  wiU not be use. in any reports or publications. Your 
records will be kept in a l o c k d  fik cabimt. Only the staff involved in the nsearch study 
wilI see them. 

2. Costs: There will be no costs to you for king in this study . You will not be charged 
for any of the cos& of the exercise tests. If you becorne injund whiie participating in this 
study, medical treatment will be available to you. Nom of your legal rights wiii be waived. 
The investigators still have their legal and professional responsibilities. 

3. Questions or Problerns: If you have any questions about this study, please contact 
Marilyn MacKay-Lyons at the CPRRC (902-473-8622) or at Dalhousie University (902- 
494-2632). There is also voice mail at these numbcrs. 

1 have read the description of the study. 1 have been given the opportunity 
to discuss the study. My questions have been answered to my satisfaction. 
1 understand that 1 will be given a copy of this consent form for my own 
records. 1 hereby consent to take part in this study. 

Signature of Subject Date 

-----------------------------------*---.---------- ---------------.------*-o.-- 

Signature of S tudy Investigator Date 



PHYSlCAL ACTlVlTY QUESTIONNAIRE (PAQ) 
Instructions to subjects: 
'We need to get an idea of your level of physical activity. Think back over the last year. 
Together we will fiil in the chart below for each activity you did in the last year." 

Walking for 
Exercise 

Running or 
Jogging 

Gardeningl 
Yard Work 

Home 
exercise 

SEASONS YOU 
DI0 ACTlVITY? 

spring summer fail winter 

spring summer fail winter 

spring summer fail winter 

Golf 

Tennis 

Bowling/ 
curling 

Swimming 

Bicycling 

Social 
dancing 

Heavy 
Housework 

spring summer fall winter 

spring summer fa11 winter 

spring summer fall winter 

spring sumrner fall winter 

spring summer fall winter 

spring summer fail winter 

spring summer fall winter 

spring summer fail wintcr 

# OF HOW LONG SCORE 
TlMESMlK EACH TIME? 

3+ h I  min 

3+ h r  min 

3+ h r  min 

3+ h r  rnin 

3+ hr min 

3+ h r - k  

3+ h r  min 

3+ hr rnin 

3+ -tu min 

3+ hr min 

3+ -hr min 

TOTAL SCORE: 

* Reference: Jagld SB, Kricger N, Darliugton G. fast and rcctnt physicai activity and nsk of hip h u e .  
Am J Epiderniol l993;l38:lOï-Il8. 



CHAPTER 3: EXERCEE CAPACITY EARLY AFTER STROKE 

3 .1  Introduction 

While neurologic rocovery post-stroke has been extensively studied, surprisingly 

Linle knowledge exists regarding exercise capacity in the early pst-stroke period. As a 

consequence, functional recovery pst-stroke is usuaily attributed solely to improved 

neurological stahis; thus intewention strategies are focused on improving the 

neuromuscular system. In 1968 Iseri and colleagues (1) stressed rhat "prospective studies 

taking into consideration ail  the factors which might influence rehabilitation including an 

objective assessrnent of metabolic response to exercise are needed to determine the specific 

role played by abnormaiities of the cardiovascular system." 

An accurate iadication of the functional limit of the cardiovascular system would be 

of particular benefit in the early stages of recovery post-stroke when there is a weli- 

recognized 'window of opportunity' to optimUe functional recovery. In&eâ, Newman (2) 

reported that 80 percent of neurologic recovery and gains in functional abiiity occur within 

the fîrst six weeks pst-stroke. Measurement of VO* is the definitive index of 

functional exercise capacity (3). Using the madmill as the VO, test modality is 

preferable to other methods such as cycle and wheclchair ergometen for the foUowing 

reasons. To facilitate masurement of tcue V O ~  approximately 50 percent of the total 

muscle mass must be ncruited; this condition is much more likely to ôe met while walking 

than while cycling, particularly in a deconditioned population (4). Also, since rneasured 

VO, - is specific to the exercise modality employed (9, tuting should be performed in 

the most functional position. In the case of patients recovering from snoke the upright 

posture is used for the majority of mobility tasks. Thus, to ensure clinically relevant 

interpretation of results, this task specikity should be reflected in the pmtocol. 



A major methodologid uiipediwat to investigating exercise nsponses in the 

upright position has been lack of a test protocol that can accommodate the rnotor and 

postural impairments and that is weli tolerated by patients with stroke. Corcoran and 

Brengelmann (6) stated that while the tnadmiii is the tool of choice for studying the energy 

cost of ambulation post-stroke, feelings of anxiety and insecurity eiicited during treadmill 

walking preclude the use of this testing mode for patients with stroke. Most investigators 

have relied on the use of other modaiities, mainly cycle ergometen, and have reseicted 

testing to the chronic stroke population (7-15). A tecent study introduced a bridging 

activity as a mode for submaximal stress-testing of patients post-stroke (16). However, the 

authors found that this test ciid not ciifferentiare between the patients post-stroke and the 

healthy control subjects in terms of H R ~ J ;  and volpat. We found only one study that 

used a treadmill protocol. Macko and his coileagues (17) reported successful use of a low- 

velocity twdrdi  protocol to test H R w  of 30 patients who were, on average, two years 

post-stroke. ( v o , ~  was not measured.) The authon concluded mat although there is a 

need for testing in the early pst-stroke period, use of theeû protocol may not be feasible 

due to physical limitations in the subacute phase. 

Body weight support (BWS) systems have recently k e n  developed to mechanicaiiy 

offset a portion of body weight, thereby pmnining t r edxd l  ambulation of patients in the 

early stage of neurologie recovery. Such support could potentiaüy overcome the 

restrictions on exercise testing imposed by poor motor control and balance reactions 

allowing tests to be conducted with gnater safety and at a much earlier time in the post- 

stroke recovery phase than would otherwise be feasible. Recently, we validated the use of 

15 percent BWS-facilitated testing with 15 healthy individuals (Chapter 2). The use of 

BWS did not affect the end-points of the principal respiratory gas exchange variables and 

thus did not confound interpretation of the results of h2 testing. 

The main purpose of this study was to determine if a &admill exercise protocol 

using 15 percent BWS would be a safe and efficacious mthod of docurnenting exercise 



capacity early pst-stroke. By safe is m a t  that the testing procedure should not place the 

patient at a pa te r  risk of complications than that of routine exercise tests. Retrospcctive 

data from some 2,000 f d t i e s  regarding 500,000 clinid exercise tests that involved 

patients with and without known cardiovascular impairment reported a rate of MI of 3.6 per 

10,000 and a death rate of 0.5 per 10,000 (18). For the testing procedure to be considered 

efficacious, the design of the protocol should be appropriate for the subjects under study, 

permitting maximal volitional effort, nsulting in symptom-limited termination of testing, 

and yielding valid and reliable data 

To be truly efficacious, the end-point VO, values should be 'maximal'. According 

to Rowell (4). VO* IIUX is a unique, stable, and highly reproducible value of VO, of a 

given individual that cm be obtained under a variety of conditions whereas Vojm 

represents the highest value of VO, reached under a specific set of circumstances. In the 

case of deconditioned or elckriy individuals, which would include most patients with 

stroke, the rigorous critena for VO, are usually not met (19) and aaainment of V O ? ~  

is an acceptable standard of testing efficacy. If the test protocol used in this study were to 

be found to be safe and efficacious, then the data coliectcd would represent the first 

documentation of exercise capacity early pst-stroke. The same protocol would be used in 

a subsequent study to document changes in exercise capacity during recovery fiom stroke. 

3.2 Methods 

3.2.1 Pilot study 

In order to select criteria for participation in this study and to develop an appropriate 

exercise protocol we conducted a pilot study involving six patients who were characteristic 

of the type of subjects we anticipateci studying in the principal investigation. AU were 

within two months pst-stroke and ambulateci more than 15 metea with single or quad 



canes and with minimal or standby assistance of one physiotherapist. Two subjects wore 

molded ankle-foot orthoses. We used the Chedoke McMaster (CM) Stages of Recovery to 

screen potentiai subjects according to level of motor impairment of the involved lower 

extremity (20) (Appendix 1). The CM Assesment, which involves having the patient 

perform increasingly complex rnotor tasks of the a m ,  hand, leg and foot (20), has been 

extensively investigated in ternis of r e l i a b w  (2 1). Stage 1 is assigned when 

flaccid paralysis is present and Stage 7 when movement is 'normal'. Stage 3 is described 

as that stage of neurological recovery where "active voluntary movement occurs without 

facilitation, but only in the stereotyped synergistic patterns" and Stage 4 as the stage in 

which "synergy patterns and simple movements out of synergy are possible" (20). Two 

patients were at Stage 3 of CM Stage of Recovery of the Leg (CM-Leg) NO at Stage 4, and 

two at Stage 5. 

The subjects were brought to the exercise testing laboratory where they performed 

treadrnill wallcing with 15 percent BWS (see Chapter 2). The effects of treadmill speed and 

grade on the quality of the gait pattern were observed in order to determine the ability of the 

patients to manage this mode of exercise as weii as to develop an appropriate exercise 

protocol. The speed was slowly inmasxi in increments of 0.04 mkec from an initial 

speed of 0.27 dsec  to ascertain a suitable range of velocities for the exercise protocol. 

Four of six of the subjects walked at self-selected speeds of 0.35-0.4 mlsec and were 

unable to walk speeds greater than 0.5 m/soc due to difficulty advancing the affected leg 

during the swing phase. In addition, the patients with CM-Leg of Stage 3 required 

constant physicai wistance to support and advance the affectexi leg. Thus, we ascertained 

that the minimal degree of motor control required to independently advance the itffected leg 

on the treadrnill with use of 15 percent BWS was equivaht to greater than Stage 3. 

The patients were able to tolerate graduai incrernents in treadmill grade from O 

percent to 10-15 percent, at which point they cornplained of substantial discornfort in the 

calf muscles, which caused thern to knninate the walkïng trial. This discornfort was 



presumably due to stretching of the posterior tibia1 muscles during the stance phase at the 

higher treadd elevations. 

Rior to the pilot test we assumed that use of the handrails while aadmill wallcing 

with 15 percent BWS would be unnecessary due to the support provided by the 

mweighting s ystem. However, three subjects were unwilling to walk without the 

additional support. It became clear that hancirail support would be required by some 

patients in the principal study. 

Frorn this pilot work, we concluded that a standard exercise protocol wouid be too 

challenging for patients early pst-stroke and elected to use an individualized protocol. It 

was also apparent that the subjects could tolerate pa ter  increments in grade than in speed. 

Thus we selected a progressive, patient-spefific, protocol for the principal investigation 

that involved manipulating the grade in the early stages and the speed in the later stages. 

During the initial 2 minutes each subject would walk at a self-selected speed and O percent 

treadmill grade, after which there would be a 2.5 percent inmase in grade every two 

minutes until an incline of 10 percent was reached, and, thereafter, a 0.05 &sec increase in 

speed every two minutes. Due to the obsemed rapid onset of fatigue in some patients, the 

warm-up phase would be to limited to one minute. 

3.2.2 Subjects 

Consecutive patients admitted to the Acute Stroke Service of the Queen Elizabeth II 

Health Sciences Centre in Halifax were screened for eiigibility. Inclusion critena required 

diagnosis of a fust ischemic stroke; pst-stroke intewal of less than 1 month; CM-hg 

greater than Stage 3; age greater than 17 years; score in excess of 23 on the Mini Mental 

Status Examination (MMSE) (22); and ability and willingness to provide informed consent. 

Exclusion criteria were the absolute and relative contraindications for exercise testing 

outlined by the Awrican College of Sports Medicine (ACSM) (23) (Appendu 2). 

Prospective subjects who met the cnteria were given a detailed explanation of the study and 
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were asked to sign the informed consent fonn which was appmved by the Research Ethics 

Cornminees of both the University and health care facility (Appendix 3). 

The minimum criterion of CM-Leg greater ihan Stage 3 was established after the 

pilot study. The 18 year minimum age was used to restrict the sample to adults with stroke; 

patients less than 18 yean an classified as pediahic patients and an managed at the 

children's hospital. An upper lunit on age was not imposed since there are no 

contraindications regarding age in maximal exercise testing. Patients in their seventh, 

eighth and ninth decades of life who met the ACSM-stipulated exclusion criteria have been 

tested without incident (24). The criterion of a MMSE of greater than 23 was selected since 

lesser scores are interpretcd as evidence of the presence of dementia (25). 

The Oxfordshire Community Stroke Pmject (OCSP) classification was used to 

classi@ cerebral infarction hto four subtypes: total anterior circulation infarct (TACI), 

partial antenor circulation infarct (PACI), posterior circulation infarct (POCI), and lacunar 

infarct (LACI) (26). The Barthel Index (BI) was used to classa the subjects by level of 

functional dependence (27) (Appendix 4). The BI, reporteci to be more robust than the 

other scaies of activities of daily living (28), assesses 10 activities of self-care and mobility, 

yielding two subscores and one combined score, ranging frorn O to 100. The scores reflect 

the arnount of assistance requin& and hence, the extent of functional involvement. 

The Physical Activity Q~es t i o~a iR  (PAQ), recently developed by Jaglal et al. (29) 

to determine pre-morbid physical activity level, was completed by asking subjects to 

indicate the frequency and duration of participation in 11 activities during the year 

preceding their stroke (see Chapter 2). A score for each activity is denved based on the 

product of the length of tirne of participation per session, the numkr of sessions per week 

and the number of seasons (i.e. spring, summer, fall, winter) of participation. A total 

activity score is denved from the sum of the individual aftivity scores and can be 

categorized as: very active, greater than 18; active, 1- 18; and inactive, 0. 



The clinid history of each subject was recorded, noting smoking habits and co- 

rno rbidi ties such as hypertension, diabetes mellitus, and C AD. Clinicaliy significant CAD 

was based on the presence of at leaft one of the foliowing: MI by histoxy or ECG, angina 

pectoris, or coronary artery bypass graft surgery (30). 

3.2.3 Study protocol 

AU testing took place in the exercise testing laboratory. One week pnor to the 

exercise test, each subjcct visited the laboratory for a faniiliarization session sirnilar to that 

described in Chapter 2. In addition to being made familiar with the testing equipment and 

procedures, each patient was fitted with a BWS harness and waiked on the treadmill with 

15 percent BWS at a self-setecteà, cornfortable speed, in part to become familiar with 

weight-supported eeadmill walking but also to identify the initial treacMl speed for the 

actiial exercise test. 

In preparation for the exercise test, subjects were requested to maintain their regular 

medication schedule, to avoid food and smoking for at least two hours, refrain fiom 

drinking caffeinated beverages for at lean six houn and avoid heavy exertion or exercise 

for 12 hours. The methods for data collection are descrikd in detail in Chapter 2. In brief, 

the symptom-limited exercise test was performed using a caiibrated motorized treadmiii. 

Handrail support was pemiitted as needed but subjects were encourageci to rninimize the 

pressure appiied to the rail. Subjccts were instnicted to u e  maximal effort and to display 

the 'thumb down' signal when they wished to tenninate the test. Teda t ion  of testing 

followed ACSM guidelines (23). For those subjects who were smoken at the t h e  of their 

stroke, a Nellcor NPB-40 pulse oximeter with a finger probe was used to monitor arterial 

oxygen saniration during exercise testing. The probe was placed on the distal phalanx of 

the left third digit. Oxygen saturation less than 85 percent was used as the criterion to 

terminate the exercise test (3 1). 



Expired gas was analyzed using open-circuit spirometry to determine vo , , VCO, , 

VE, RER, and Vt. Peak values for excrcise parameters w e n  the averages of values 

recorded during the 1st  30 seconds of the test. The term 'peak' was deemed more 

appropriate than the t m  'maximal' to des& the highest values recorded since we 

anticipated that many subjects would not attain a true VO, - (4). 

A 10-lead electrocardiogram provided continuous monitoring of HR and cardiac 

eleceical activity and the PneuweightB Unweighting System unweighted 15 percent of 

body mas.  HRM was Qtermined after the subject had rested for 5 minutes sitting in a 

chair placed on the eeadmiU belt. This measurement was talcen just pnor to the exercise 

test with the respiratory mouthpiece, headgear and noseclip in place. H R w  was the 

average HR during the last 30 seconds of exercise and was expressed as a percentage of 

maxirnal age-predicted HR- [ H R m u - p d  = (220 - age)]. O2 pulsem in ml OJbeat was 

calculated using the formula 0, pulse@ = (1000 x V O ~ ~ ) / H R + .  Right brachial artery 

SBP and DBP were measured using a calibratcd mercury sphygmomanometer. Resting 

SBP and DBP were measured subsequent to determinhg H R w .  During exercise testhg 

blood pressure was measured every 2 minutes and every minute during recovery until 

renirning to baseline. Peak rate-pressure product (RPP*), an index of myocardial 

oxygen consumption (32). was calculated as the product of H R w  and peak SBP divided 

by 100. 

Exercise t he ,  the tim from the initiation to termination of the exercise protocol 

excluding the warrn-up and cool-dom, was recorded. Subjective exertion on the ueadmiU 

was recorded at the end of each stage of exercise and at peak exercise using the modüied 

RPE on a scale of O (nothhg at al[) to 10 (very, very h r d )  (33). Subjects were asked to 

point to the nurnber indicative of their RPE. In addition. at the conclusion of each testing 

session, each subject was askeù to idenufy the reason for termination of the test. 



As a check on the reliabiiity of the testing protocol, we conducted a test-ntest study 

by having a subsample of subjects perform two GXTs within 3-4 days at two months pst- 

stroke. Being mindful of the substantial physicai involvement and tremendous emotionai 

stress confronting many of the subjects in the early pst-stroke period, we decided to May 

reliability testing until two months after stroke. Nevertheless, most subjects ~mained 

reluctant to perform two tests in such a short time interval. Six subjects (three from the 

dependent group and three h m  the independent group) consented to participate in the 

reliability substudy . 

3.2.4 Data analysis 

Descriptive statistics (mean, standard deviation, range, fkquency ) were used to 

characterize the subjects and the variables of the exercise tests. Independent t-tests for 

unequal sizes were used for betwan-gmup cornparisons of nomally distributed 

continuous variables and the Mann-Whitney U-test for ordinal variables. Chi-square 

analysis was used to detennine the nlationship between nominal variables and the Fisher's 

exact test was applied to 2x2 contingency tables. Pearson product-moment cornlation 

coefficients were computeà to assess relationships between continuous variables. Alpha 

level was set at 0.05. 

Multiple linear regnssion was used to examine the effects of various independent 

variables on the dependent variable V O , ~  (34). Because of the documented comlation of 

age with V O ~ ~ ,  age was treated as a forcd variable. Least-square regression lines were 

calculated for VO, and HR agauist exercise time for each of the six subjects who 

participated in the reliability tests. The dopes and intercepts were compared using the 

inmlass comlation coefficient (ICQ~J,) (35). ICCo.i>s wen also dculated for ~ 0 2 ~  

and HRpni; values measured in the nliability tests. 



3.3 Results 

3.3.1 Subjects 

Although 44 patients who met the scnening criteria were initially recruited for 

participation in this study, only 29 (66 percent) perfonned the GXT, including 20 white 

maies, 2 black males and 7 white femaies. Older females were particularly reluctant to 

participate. Of the 15 subjects who did not participate, 10 (67 percent) withdrew afier the 

farniliarization session due to test anxiety, two had a progression of their neurologie stanis 

prior to the time of testing, and the remaining three did not offer a reason for their 

withdrawal from the study. Characteristics of the participants and non-participants are 

compared in Table 5. Statistically significant ciifferences were seen in age and sex. with the 

participant group being younger and consisting of more males than females (76 percent 

male) whiie the non-participant group included more females than males (33 percent male). 

Table 5. Cornparison of characteristics of non-participants and participants 

Characteristics Non-participants (n= 15) Participants (n=29) 

Age yr 7 1.311 1.4 (41-88) 64.9k13 .S* (29-83) 

Sex SM: 10F 22M:7F* 
Side of stroke 7R:8L 18R:llL 
Barthel Index 74.0+_11.2 (56-98) 76.7k12.6 (59-98) 

History of CAD 10/15 (67%) 17/29 (59%) 

P-blocker medication 8/15 (53%) 15/29 (52%) 
. - .- 

Data are means & SD or counts (perccntages). *p<O.Ol 

The participants were divided into two disability categories according to their BI. 

Ten subjects were classed as 'Independent' (BI > 90) and the remaining 19 wen classifiexi 

as 'Dependent'. It should be noted that the patients in the Independent group exhibited 

rnild disability; Skilbeck et al (36) emphasized that a BI of 100 does not necessarily imply 

normality, but only that the patient can manage without attendant care. Background 



characteristics of the participants are compared according to group in Table 6. Statisticai 

andysis revealed a si@cantly longer interval between the stroke and exercise test for the 

Dependent group. 

Table 6. Characteristics of participants grouped wording to level of disabiüty 

Characteristic Dependent Independent 
(n=l9) (n= 10) 

Age Y t  
Sex 
Weight kg 
BMI kg/m' 
Time post-stroke &YS 

Side of stroke 
OCSP classification 

TAC1 
PACI 
POCI 
LACI 

CM Stage of leg 1-7 

CM Stage of foot 1-7 

Barthel Index o-lûû 
Ambulatory aid 

no aid 
single cane 
quad cane 
walker 

History of CAD 
P-blocker medication 
Diabetes mellitus 
PAQ 
History of smoking 
Amount smoked pk- 

Data are meam 2 SD or counu (pcccwcagts). BMI: body mass index (massnicight'); OCSP classification: 
see text for details; CM: Cbedokc McMaster; CAD: coronary artery disease; PAQ: Physical Activity 
Questionnaire; amount smoked: by chose with history of smoking exprcssed as pack-ycars @k-yr) [# yr of 
smoking x average # of packages of cigarcttts/day]; *p<0.05. 

That 52 percent of the participants had a history of CAD is consistent with previous 

incidence reports of 58 percent (37), 60 percent (38), and 70 percent (1). Roth (39) 



reported that 46 percent of patients admitted for comprehensive nhabilitation had evidence 

of CAD. Fifteen subjccts were on p-blocker medications, 13 of which were &selective 

blockers (metoprolol, atenolol) and the nmainïng two king non-selective (propranolol, 

labetalol). No subject took digitalis or other mediations known to affect response to 

exercise. The incidence of diabetes among the participants (24 percent) is in keeping with a 

report that 280 out of 945 (30 percent) of patients admitted for comprehensive rehabilitation 

had preexisting diabetes (40) but is lower than the 40 percent prevalence documented in the 

Copenhagen Stroke Study (41). W e  a total of 18 participants (62 percent) had a history 

of smoking, 13 had quit pnor to the time of their stroke. This prevalence exceeds a 

previously reported prevalence of 47 percent for patients in stroke rehabilitation (40). 

3.3.2 Generai response to exercise testing 

Ali but one subject were highly motivated, the majority claiming that their 

performance during testing enhanced their outlook on recovery from the stroke. No 

complications were encountered during or following the tests. The hat-ness support was 

described as king cornfortable and reducing anxiety nlated to fear of falling. Despite the 

presence of BWS and instructions that discouraged the use of hancirail support, 18 (62 

percent) of the subjects used the hancirail during testing. The mean walking speed at 

initiation of testing was 0.39k0.12 mlsec (median, 0.35 mkc) and at the last completed 

stage was 0.54&0.30 d s e c  (median, 0.44 dsec). 

The majority of subjects (83 percent) tenninateù the exercise test of their own 

volition while, in the five rernaining cases, testing was terminateci by the investigators due 

to excessive increases in blwd pressure. In one patient, a 64-year-old male, blood 

pressure rose unexpectedly to 2681 130 mm Hg during the fourth stage of exercise. Testing 

was temiinated irnmediately and the patient was nfcrred to a cardiologist. No ECG 

abnomahies were detected and at no time during or afier the test did the patient experience 

angina or signs of poor pefision (e.g., lightheadedness, cynanosis, confusion, pallor, 



nausea). One subject had to stop due to previously undiagnosed leg claudication. Table 7 

compares the reasons for GXî termination in this study to those of a previous study 

involving 30 subjects who were of sirnilar age (man, 65 years) but with a longer post- 

stroke interval (mean of 26 months), and faster walking speed (mean, 0.71 misec) than the 

subjects in the present investigation (17). Arterial oxygen saturation was monitored during 

testing for five subjects and readings did not fall below 85 percent at any point during the 

GXTs. 

Table 7. Reasons for GXT termination in the present study of patients early post-stroke 
compared with a previous study of patients in the Iater post-stroke period (17) 

Reason for Termination Present Study (n=29) Macko Study (n=30) 
Volitionai fatigue 8 (28%) 23 (77%) 
Hemiparetic leg fatigue 3 (11%) 1 (3%) 
Nonhemiparetic Ieg fatigue 5 (17%) 1 (3%) 

Leg daudication 1 (3%) 

Cardiopulmonary signs/symptoms 12 (41%) 

dyspnea 7 (24%) 

ST-segment depression O 

SBP > 260 or DBP > 115 mm Hg 5 (1 7%) O 
Data are counts (pcrcentages). *One mbjcct had ST-segment depression accompanied by dyspnea 

3.3.3 Reliabüity of responses to GXTs 

The ICC(3.i)  for the V O , ~ ,  slopes of VO, and HR data, and intercepts of 

V O ~  and HR &ta of the six subjects involved in the test-retest reliability study were 0.94, 

0.93, 0.96, 0.88, 0.94 and 0.92, respective'y. These vaIues are consistent with those 

reported by Potempa and coileagues (14) in a reliability study involving 25 subjects in the 

chronic pst-stroke p e n d  Figure 5 shows the regession lines for VO, and HR against 

exercise time. 
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Figure 5. Average Iwt square regession lims for the test-retest reiiability smdy; (A.) 
VO, against exercise time. (B.) HR against exercise time. 

3.3.4 Attainmentof V O ~ -  

Eighteen (62 percent) of the subjects achieved one or more of the minimum criteria 

commonly used to iàentify achievement of VO,- (19, 24). Table 8 shows the 

percentages of subjects who attained the various criteria Fifteen subjects (52 percent) were 

on P-blocker medication at the time of testing. Adjusting for the HR-lowenng effect of this 

type of medication by using the formula [HRmu-pred/dj = 85% (220-age)] (42, 43) resulted 

in a 2.5-fold increase in the numbea of subjects who met the HRmu criteria. 

Table 8. Percentages of subjects achieving criteria for attainment of ~ 0 2 -  
-- 

S B P w  W R P ~  HR& H&& .awttd for ~ ~ - ~ I o c L c ~ .  

Subjects >200mrnHG ~ 1 . 0 0  >l.10 c1SbImin <10b/min 4 S b I m i n  <10b/rnin 

Dependent 4 10 O 3 1 10 3 
(21%) (53%) (16%) (5%) (53%) (16%) 

Data are counts (percentages). RERp.t: respiratory exchaiige ratio at peak excrcise intensity; h: heG 
rate at pcak exercise intcnsity, expresscd as cl5 or 4 0  W m i n  of pndicted HRrrun[22@agej; SBPpc&: 
systolic blood pressure at peak excrcise intensity. * adjusantnt in predictcd HRroPit [85% (22Gagc)J for HR- 
lowering effect of pblockcr medication. 



3.3.5 Physiologic variables at peak exercise intensity 

Physiologic measunrnents at peak exercise intensity are sumarized in Table 9. 

Relative and absolute VO,@ values were sigufcantly higher for the independent group 

compared to the dependent group but when expressed as a percentage of the normative 

value this group ciifference was not evident Peak HR attained was similar for the groups 

and represented 8Ni0  percent of predicted HRmpr. The subgroup of 14 subjects not on p- 

blocker medication afhieved 8 h 8  -nt of predicted H L  while the group on p- 
blockers aaained 74+7 percent of predicted H k ,  the difference king statistically 

signifïcant (p=.ûûû3). The ciifference in mean 4 pulse@ of the group of subjects taking 

B-blockers compared with the non- fbblocker group was not statistically sipnuicant 

( 1 0.1 k3.5 versus 9 .1S  .2 rnkat).  For the overall group mean RPP values incnased 

from 109.3+17.3 at rest to 224.h65.6 at peak exercise, with an overall mean increase in 

RPP dunng exercise of 1 12.&68.3. 



Table 9. Physiologie variables at peak excicise intensity of subjects grouped according to 
level of disability 

Variable Dependent Independent Total 
(n= 19) (-10) (n=29) 

V O , ~  mvkg'rnin 13.&3.1 17.1&7.0* 14.w. 1 (9-32) 

Yo2@ % m m t i v e  58.M15.3 63.6k17.3 60.h16.0 (37-89) 

V O z p ~  Umin 1 .02_+O.32 1.5 2@.64V 1.2fl.50 (52.7) 

Exercise time mùt 8.5_+4.1 9.2k5.7 8 JH.6 (2- 16) 

R P E w  O- IO 5.3k1.7 6.7M.P 5.9+1.5 (5-9) 

Data are means + SD. V O ~ W :  peak 0 consurnption; ~0~~ % mnuttive: % of scx and age-adjusted 

normative values; VCO~@ : pePk Co2 output; IIRpJ;: peak hem me; % IIRmu (prcdicted): 40 of (220- 
age); SBPpcak: pcak systolic blood pressure; DBPperir: peak diastolic blood pressure; RPPpeak: peak rate- 
pressure product; VE~C*: pesL minute ventilation; Vtpat: pcak tidai volume; RPEput:  peak ratings of 
perceived exertion. * pd.05; V pcO.0 1. 

Mean Vip.i values were higher for the independent goup than the dependent 

group, averaging 68 percent and 57 percent, respectively, of the age and sex-adjusted 

normative values (44). Mean ~ ~ ~ e s l r  vaiues did not differ s i ~ c a n t l y  between groups 

and were about 56% of the normative values (44). The average exercise time (8.7 min) 

was within the optimal range of 8-17 minutes for VO, - testing (45). However, in a 

previous study we found that the GXT dmtion was artificially prolonged by about 14 

percent when 15 percent BWS was used (se Chapter 2). Therefore, after adjusting for the 



effects of unweighting using a factor of 14 percent, the optimal lower limit increases to 

about nine minutes, a target which 13 (45 percent) subjects, nine in the dependent group 

and five in the independent group, failed to achieve. 

3.3.6 Prediction of ~0~~ 

In the multiple ïinear regression analysis the variables age and BI were si@cant 

in predicting relative and absolute values of V O , ~  (Table 10). The additional 

independent variables BMI, PAQ, and pack-year history of smoking were not siWcant 

factors in explainhg the ~o ,~r i r  values. Similarly, the use versus non-use of handrails 

did not signifcantly affect the peak measurements. 

Table 10. Multivarîate prediction of relative and absolute V O , ~  

variables Coefficient SE t P R2 Adjusted Multivariate 
R~ P 

-- - - 

Relative age -. 200 .O53 -3.76 .O01 .475 ,435 0.0002 
V O ~ ~ ~ ~ I C  BI A50 .O56 2.67 .O129 

Absolute age -.O22 .O04 -4.49 .O001 ,563 S30 ~0.000 1 
~0~~ BI .O16 .O05 3.18 .O038 
R2; coefficient of determination 

3.4 Discussion 

The primary purpose of this study was to determine whether a BWS-facilitated 

treadmill GXT protocol is a safe and efficacious method of measuring exercise capacity 

with patients early post-stroke. The trial involved testhg 29 subjecu with mean age of 65 

years, rnild to moderate disability, and an average post-stroke interval of 26 days. The fact 

that 34 percent of the subjects who had been recruited ultimately did not participate 

underlines the previously mported difficuity in conducting shidies of patients early post- 

stroke (46). The subjects who withdrew differed from the participants in age and sex 



distribution; thus the nsults of this smdy cannot be interpreted as king truly representative 

of those patients with stroke who meet the screening criteria 

3.4.1 Safety of GXT protocol 

When considering the safety of exercise testing post-stroke, Macko and colleagws 

(17) speculated that in the early post-stroke pend adverse cardiorespiratory responses 

such as hypotension and cardiac dysrhythmia may occur during testing. Continuous ECG 

monitoring and frequent blood pressure monitoring in our protocol reduced the possibility 

of these unwanted events. One patient had an excessive hypertensive response during 

testing but showed no signs of poor perfusion. The possibility of falling dunng treadmill 

testing due to unresolved problems with posnual control and gait has also k e n  raised (47). 

The use of the BWS system rnitigated against this mishap. Since adverse events did not 

occur during or foliowing the testing procedure, we can conclude that the protocol is safe, 

at least for the specific set of conditions under which this study was conducted. 

3.4.2 Eficacy of GXT protocol 

The issue of efficacy is more cornplex. The physical limitations of the subjects in 

this study precluded the application of a standardized protocol. Rather, a patient-specific 

protocol was used with less than one MET inmments in each 2-minute stage. The use of 

individualized protocols that depan from standard meth& have been previously vaiidated 

for testing functional exercise capacity of untrained, sedentary individuals (3, 48). 

Nthough 18 subjects used handraii support, the regression analysis revealed that the use of 

support did not have a significant effect of peak measurements. This finding concun with 

previous reports (48.49). 

The reliability stuiy conducted in conjunction with the pnsent investigation, albeit 

involving only six subjects, provides evidence that the data generated using the BWS- 

facilitated protocol an highly repducible. This result is consistent with fmdings of high 



reliability for exercise testing of healthy subjects (50) and subjects in the chronic post- 

stroke period (14). 

A truly efficacious test of exercise capacity would be one in which bona fide 

i'oz IMX values were attained. However, based on previous investigations involving 

deconditioned and elderly subjects (19), we anticipated that attainment of such a goal would 

not be redistic for the subjects under study. Indeed, only 55 percent of the subjects 

exercised for a duration generally considered sufficent to generate a mie VO, - despite 

their willingness to exen maximal effort. Moreover, when the test results were subjected to 

the more rigorous criteria for VO, - a VO, plateau, RER greater than 1.15, HRpe* 

within 10 beatslmin of HRmu-p~d) (19) - only two subjects could be interpreted as having 

ac hieved that end-point . 
When considering the efficacy of our protocol relative to other designs, it is 

instructive to compare our fmdings with other studies. However, since this is the first 

study to report on the exercise capacity of individuals in the early post-stroke period, the 

cornparison is restricted to snidies involving patients at later stages of recovery (Table 1 1 ). 

The results, in terms of mean values of V O , ~  and HRpuir as well as the extent of 

variability in these values, an surprisingly similar given the substantial differences in 

testing methods and chronicity of the subjects as weli as the potential for enormous 

heterogeneity in demographic and physical characteristics of patients post-stroke. In the 

three studies that invoived testing of exercise capacity later in pst-stroke recovery (8, 14, 

51), the mean relative V O ~ ~  values were higher than in the present study. The cycle 

ergorneter was used in all t h e  studies; and VO, - values of healthy individuals have 

been reported to be approximately 6-1 1 percent less when measured using cycle ergometry 

than when using a ûeadmill (4, 45). The confounding effect of exercise mode rnay be 

offset by the fact that the subjects in the present study were, on average, about a decade 

older than those in the other snidies. Suornimen and coiieagues (52) demonsmted that 



voZpcrk demeases at a rate of at least 0.25 mykg/min each year of life for nondisabled 

males, and a similar trend has bea shown for fernales (53). However, these trends rnay 

not apply to individuals pst-stmke; hence, a longitudinal study of changes in exercise 

capacity over the coune of recovery following stroke is warranted. 

Table 1 1. Reported cardiovascular responses to maximal exercise testing of individuals 
post-saoke* 

Mode of Subjecu Age T i c  pst- ~o~pe~lr VO,+ HRpcak 46 End- Smdy 
testing smb mUkg/rnin l/min H h  points 

ueadmill n=29 6511 4 263 days 14.Q5. 1 1 .2fi.5 123219 8&10 volitionai present 

treadmill 

cycle 
ergometer 

cycle 
ergorneter 

cycle 
ergometcr 

wheelchair 
ergometer 

cycle 
ergomctcr 

cycle 
crgomctcr 

supine 
ergomcter 

cycle 

2k2 yr 

IO mo 

11/35 wk 

long-term 

Ni3 

8 wk-15 yr 

4*3 mo 

9.5 wk 

1-3 

fatigue study 

l29+l4 8Qt 0 volitional ( I f )  
fatigue 

125521 757 fatigue (51) 

12411 24 70173 exhaustion (54) 

142223 87t exhaustion (14) 
128526 7 8 t  R>1.15 

: 2 lk24 77kI 4 exhaustion (13) 

104+,222 NR volitional (IO) 
fatigue 

l26îl5 7 621 2 exhaustion (8) 

102k18 6721 1 exhaustion (12) 

ergometer 8 F 

*Format of table is rcvistd from Potcmpa (14) pg. 340. E: cxperimcntal; C: control; fcaIculated using 
mean values provided. NR. not report& NT: not teste& 

In al1 of the snidies exarnining the cardiovascular responses to exercise post-snoke 

HRpui was measured (see Table 1 1). In the only other study using the tnadmill as the 

mode of exercise, and with a sample of similar size and age but a longer post-stroke 

in~rva i  and fewer subjects on P-blockers, the mean H R w  was about 5 percent higher 

than in the present study (17). Also, a mean increase of 133 percent in RPP was atmbuted 



to exercise as compared to 112 percent in the prrmit study, suggestive of higher pealc 

myocardial oxygen demand in the sample of patients in the chmnic post-stroke period. The 

lowest HRM (1 O&l8 kats/min) was reported in a study using a supine ergometer ( 12). 

This finding is consistent with reports of lower hemodynamic measurements during 

exercise in supine than upright due to a faii in arterial dnving pressure for blood through 

exercising muscle in the LE (55). Potempa et al. (14) reported the highest HRp* (142+23 

beatshin, equivalent to 87 percent of age-nlated HRinu) using the cycle ergometer. 

H b  values are approximately 1-2 percent lower using a cycle ergometer than those 

obtained using a neadmill (56). Thus, the H R w  values recorded in that study, together 

with attainment of mean RER values of 1.22H.03 for the same group of subjects, suggest 

that these subjects used pa te r  effort during testing, and hence probably achieved a closer 

approximation of VO, than did subjects in the other studies. However, the subjects in 

the Potempa smdy (56) were almost a decade younger and were in the pst-recovery phase 

of stroke, two factors that could positively influence the testing conditions. Longitudinal 

investigations of exercise capacity after stroke have not been conducted. 

The observation that bblocking agents, mainly of the P,-selective class, did not 

significantly alter peak exercise capacity ( V O ~ J C ,  exercise duration) is in accordance with 

oher studies of untrained sedmtary individuals (42) (43). However, in contrast to the 

findings by Cohen-Solal and others (42) of increased 4 pulsepli: to compensate for the 

decrease in HR during exercise, 4 pulse* was not statistically diffent in the present 

study . 

3.4.3 Possible mechanisms underly ing low vo ,@ 

The data provided evidence of an a b n o d y  low exercise capacity (mean of 14.4 

mVkg/min; about 60 percent of normative values) for patients in the early stages of recovery 

post-stroke. Values for VO, m~ of less thm 84 percent of normative values are interpreted 



as king pathologic (57). An exercise capacity of 15 ml/kg/mia is considered the minimum 

level required to m e t  the physiological demands needeù for independent living (58). 

Funher, exercise capacity has been used as predictor of mortality among patients with CAD 

- those with VO, levels of les than 21 mVkg/min designated as a high monality group 

and those with a capacity exceeding 35 nikgirnin designated as an excellent survival group 

(59). However, the usefulness of this pdictive capacity of VO, is limited in patients 

post-stroke since threshold VO, levels wouid need to be adjusted for the older age and 

reduced activity level of the stroke population. 

The mechanisrns underlying the observed reduction in exercise capacity cannot be 

ascertained h m  methods used in this study. Neurornuscular, cardiovascular, and 

respiratory limitations could contribute to poor adaptive nsponses to physical activity. 

What follows are brief overviews of each of these potential contributing factors. 

3.4.3.i Neuromuscular impainnents 

Hemiparesis duces the pool of motor units available for recruitment during 

phy sical work, thereby limiting exercise capacity . The extent of the effect depends on the 

location and severity of the cerebrovascular lesion. In the present study, regression 

analysis demonsaated a signifcant correlation between ~0~~ and BI, the latter reflecting 

the extent of neuromuscular involvement. McCornas and associates (60) estimated that 

only haif of the normal number of motor units were functioning between the second and 

sixth month post-stroke. Dietz and coiieagues (6 1) postulated that this reduction in motor 

unit activarion rnay be due to degeneration of the corticospinal tract with subsequent 

transynaptic changes in the motoneurons. Denervation potentials (e.g., fibrillation and 

positive sharp waves) have been noted in electmmyo&raphic (EMG) snidies cf herniparetic 

muscles (62) and significant morphological changes at the neun>muscular junctions in 

herniparetic muscle have been rcponed (63). Degeneration of alpha motoneuron should 

result in muscle atrophy but evidencc of atrophy in hemiparetic muscles has been an 



inconsistent finding. While neither Landin et al. (64) nor Jacobsson (65) found atmphy in 

their subjects with mild to moderate hemiplegia, othcr investigators have demonstrateci 

selective atrophy of type II fibers in patients with upper motor neuron lesions (6 1, 66, 

67). Chokroverty and Medina (68) suggested that signs of denervation, rather than king a 

direct consequence of stroke, may be secondary to prolonged pressure king exerted on 

penpheral nerves. 

Alterations in muscle rnetabolism and f,ber type recruitment pattern during dynamic 

exercise have been documented in patients with hemiparesis. Landin et ai. (64) found 

evidence of reduced blood flow, incnased lactate production and diminished oxidative 

capacity in the paretic leg muscles of eight male patients with chronic hemiplegia The 

authors hypothesized that the reduced oxiàative capacity of pantic muscles may be 

ataibuted to an increased number and activation of the glycolytic type II muscle fiben as 

well as to alterations in the structure of mitochondria Findings from an earlier study by the 

same investigatoa of reduced activity of succinate dehydrogenase in both the paretic and 

nonparetic leg muscles of patients with hemiplegia was interpnted as evidence that physical 

inactivity secondary to the neurologie disease may contribute as much to the low oxidative 

potential as the disease process itself (69). Jacobsson and colleagues (65) observed a 

greater proportion of type II fiben @th subtypes A and B) in the tibialis anterior of 10 

patients with hemiplegia in cornparison to healthy control groups. In addition, Young and 

Mayer (70) documented, in theù subjects with long-term hemiplegia, a unique fiber type 

characterized by slow twitch contraction times and increased fatigability. 

3.4.3. ii Cardiovoscular CO-morbidity 

The prevalence of CAD arnong patients pst-stroke is in the range of 60 to 70 

percent (1, 37, 38) and, in some cases, cardiovascrilar disease appears to be the major 

limiting factor resûicting a successfd rehabilitation outcome (7 1). In the present snidy, 59 

percent of the participants had documented CAD. Moreover, numerous reports have 



show that long-tenn stroke smivors are at greater risk of dying from cardiac disease than 

from any other cause, including a second stroke (3-5). The exercise capacity of individuals 

with CAD is typically 60 to 70 percent of that of healthy, sedentary people (72) and the 

reduction appean to be due p n d y  to diminished Q- rather than a change in AVOl 

difference (73). 

Only one study has investigated the effect of cardiac involvement on responses to 

submaximal exercise pst-stroke (1). The 50 patients with stroke demonstrated *ter 

mean increases in arterial blood lactate levels and lactate-pyruvate ratio than did the healthy 

conaol subjects but the subgroup of 37 patients with stroke and heart disease showed 

sigrufcantly greater deviations from the nonnative data. These observations were 

interpreted to indicate increased anaerobic rnetaboiism during exercise in patients post- 

stroke with cardiac CO-morbidity. 

3.4.3. iii Respirato ry dysfunction 

Respiratory function following hemispheric stroke is usually affected to only a 

modest extent, nohvithstanding the nlatively high occurrence of respiratory complications 

(e. g . , pulmonary embolism, aspiration pneumonia) (74). Thus, although the V E w  and 

Vt@ were oniy 56 percent and 62 percent, respectively, of normative values in the present 

study, it is unlikely that respiratory funciion was the phcipal factor lirniting exercise 

capacity. Respiratory dysfunction may be a direct result of the stroke (e.g., muscle 

weakness, impairecl breathing mechanics) or may be secondary to cardiovascular 

dysfunction or lifestyie factors (e.g., physical inactivity, high incidence of smoking (40)). 

Hypoxemia and abnormal mechanics of ventilation (75) as well as decreased EMG 

activity of both the diaphragrn and intercostal muscles on the paretic side (76) have been 

documented in patients with acute cerebral infarction. Reduced ana paradoxicd chest wall 

movement as well as impairrd diaphragmatc excursion contralateral to the swke have been 

descnbed (74,77). Haas et al. (78) found that the man VE of 19 patients with chronic 



hemiplegia while walking at a contmHed speed on level ground was almost twice that of the 

control values and the average arteriai 0, tension was 74 mm Hg, the latter king 

suggestive of mild hypoxemia. The profound fatigability experienced by these patients was 

attributed, in part, to respiratory insufficiency as indicated by decreased lung volumes, 

impaired mechanicd performance of the thorax, low pulmonary difising capacity, and 

ventilation-perfusion mismatching (78). 

Annoni and coiieagues (79) suggested that the poor respiratory tolerance to effort 

obsented post-stroke may be secondary to restricted thoracic excursion resulting from 

w eakness , hypotonicity , and incoordination of the muik musculature. This suggestion is 

supported by an earlier finding, based on a sample of 54 herniplegic subjects, that the 

extent of expiratory dysfunction post-stroke is reiated to the degree of motor impairment, 

particularly herni-abdominal muscle weakness (80). klayed loss of inspiratory capacity 

after suoke appean to be due to the graduai development of rib cage contracture (80). 

3.4.4 Study Limitations 

As in the previous clinical studies of physiologic responses to exercise post-stroke, 

the snidy population was srnail and repnsented a sample of convenience. Moreover, there 

were significant differences in the characteristics of those who patticipated and those who 

did not, with the latter group king older and consisting of more females than males. Thus, 

the findings of this snidy cannot be generaiizd to the general population of individuals 

post-strokr and more investigation is necessary to specificaiiy define the population who 

can safely undergo testing using the protocol under snidy. Individualized exercise 

protocols were used that were nonstandardized and patient-specific, with a shortened 

w m - u p  period of one minute to offset the rapid onset of fatigue. The use of handrail 

support and 15 percent BWS may have confounded the findings in ways that we have not 

yet identifid In addition, the fact that many subjects did not achieve the criteria commonly 

used to idente  attainment of vol mail limits the interpretation of the results. 



3.5 Conclusion 

A safe and efficacious method of assessing exercise capacity in the early pst-stroke 

period is important to infonn the need for, and design of, cardiovascular training regllnes 

for individuals involved in stroke rehabilitation. This study is the first, to Our knowledge, 

to report the response of patients early post-stroke to syrnptom-limitai treadrniil exercise. 

The test procedure achieved the objective of documenthg exercise capacity early in the 

recovery phase in a functiondy relevant posture, an objective that has yet O be achieved 

using any other protocol. Twenty-nine subjezts with a mean age of 65 yean and with rnild 

to moderate disability safely perfomed a 1 5 8  BWS-facilitateci, incremental, patient- 

specific exercise test at a mean post-stroke tirne interval of 26 days. Peak oxygen 

consumption was, on average, about 60 percent of nom-referenced values, indicating 

comprornised exercise capacity in the early pst-stroke recovery phase. Further research is 

required to elucidate the physiologic bases for this low capacity. The relative contributions 

of neurornuscular, cardiovascular and respiratory impairments remain to be clded. Also, 

there is a clinical need to document the pattern of change in physiologic responses to 

exercise over the course of recovery (i) to detennine if then is a need to haoduce aerobic 

conditioning to an already personnel and tirne-intensive program of rehabilitation, and if so, 

(ii) to identiw factors (e.g., timing, intensity, and rate of progression) that would inform 

the design of a safe and effective training protocol. These objectives are adâressed in 

Chapter 4 and 5.  



3.6 References 

1 . Iseri LT, Smith RV, Evans MJ. Cardiovascular problems and functional evaluation 
in rehabilitation of hemiplegic patients. J. Chron. Dis. l968;2 M23-434. 

2. Newman M. The process of recovery d e r  hemiplegia. Stroke 1972;3:702-710. 

3 .  Foster C, Crowe AJ, Daines E, et al. Predicting fwictional capacity during aeadmill 
testing independent of exercise protocol. Med. Sci. Sports Exerc. 1996;28:752-756. 

4. Rowell LB. Human cardiovascular adjustments to exercise and thermal stress. 
Physiol. Rev. l974;54:75- 103. 

5. Hoimér 1, band PO. Swimming training and rnaumal oxygen uptake. J. Appl. 
Physiol. 1972;33:510-513. 

6. Corcoran PJ, Brengelrnann GL. Oxygen uptake in normal and handicapped 
subjects in relation to speed of walking beside a velocity-controiled cart. Arch. Phys. Med. 
Rehabil. 1970;s 1:78-87. 

7 .  Brinkman JR, Hoskins TA. Physicd conditioning and altend self-concept in 
rehabilitated hemiplegic patients. Phys. Ther. 1979;59:859-865. 

8. Bachynski-Cole M, Cumming GR. The cardiovaxular fimess of disabled patients 
attending occupational therapy . Occup. Ther. J. Res. 198 S;5:233-242. 

9. Hjeltnes N. Capacity for physical work and training after spinal injuries and 
strokes. Scand. J. Soc. Med. 1982;29 (supplement):245-25 1. 

1 0. Monga TN, Deforge DA. Williams J, Wolfe LA. Cardiovascular responses to acute 
exercise in patients with cenbrovascuiar accidents. Arch. Phys. Med. Rehabil. 
1988;69:937-94O. 

1 1. Hoskins TA. Physiologie responses to known exercise loads in hemiparetic 
patients. Arch. Phys. Med. Rehabii. l975;56:544 (abstract). 

1 2. Moldover IR, Daum MC. Cardiac stress testing of hemiparetic patients with a spine 
bicycle ergometer: Reliminary study. Arch. Phys. Med. Rehabii. 1984;65:470-473. 

13. King ML. Gumrcini M, Lennihan L, et al. Adaptive exercise testing for patients 
with hemiparesis. J. Cardiopulm. Rehabil. 1989;9:237-242. 

14. Potempa KT Lopez M, Braun LT, Szidon P, Fogg L, Tiicknell T. Physiological 
outcornes of aerobic exercise training in hemiparetic stroke patients. Snoke l995;26: 10 1 - 
105. 

15. Bjuro T, Fugl-Meyer AR, Grimby G, Hook O, Lundgren B. Ergonornic studies of 
s tandardized domestic w ork in patients with neuromuscular handicap. Scand. J. Rehabil. 
Med. 1975;7:106-113. 

16. Tsuji T, Liu M, Tsujiuchi K, Chino N. Bridging activity as a mode of stress testing 
for persons with hemiplegia Arch. Phys. Med. Rehabil. l999;8O: 1060- 1064. 



17. Macko RF, Kaeel LI, Yataco A, et al. Low-velocity graded tmdmiii stress testing 
in hemiparetic stroke patients. Stroke 1997;28:988-992. 

18. Stuart RI, Eilestadt MH. National survey of exercise stress testing facilities. Chest 
1980;77:94-97. 

19. Howley ET. Bassett DR, Welch HG. Criteria for maximal oxygen uptake: review 
and commentary . Med. Sci. Sports Exerc. l995;27: 1292- 130 1. 

20. Gowland C, Van Hullenaar S, Torresin W, et al. Chedoke-McMaster Stroke 
Assessment: Development, Validation, and Administration Manual. Hamilton: Cheàoke- 
McMaster Hospitals and McMaster University, 1995. 

2 1. Gowland C, Stradord P, Ward M, Moreland J, Torresin W, Van Hiiuenaar S. 
Measuring physical impairment and disability with the Chedoke-McMaster Stroke 
Assessment. Stroke 1993;24:58-63. 

22. Folstein MF, Folstein SE, McHugh PR. Mini Mental State: a practical method of 
grading the cognitive state of patients for the clhician. J. Psychol. Res. 1975; 12: 189-198. 

23. Amencan Coliege of Sports Medicine. Guidelines for Exercise Testing and 
Prescription. (5 ed.) Baltimore: Williams and Wiikins, 1995. 

24. Sidney KH, Shephard RJ. Maximum and submaximum exercise tests in men and 
women in the seventh, eighth, and ninth decades of Me. J. Appl. Physiol. 1977;43:280- 
287. 

25. Tombaugh TN, McIntyre NJ. The Mini-Mental Status ExaminatioxA 
comprehensive review. J. Am. Genat. Soc. 1992;4&922-935. 

26. Bamford J, Sandercock P. Dennis M. Burn J, Warlow C. Classification and natural 
history of clinicauy identifiable subtypes of cerebraî infarction. Lancet 199 1 ;337: 1521 - 
1526. 

27. Mahoney F, Barthel D. Functional evaluation: The Barthel Index. Maryland State 
Medical Journal 1965; M:6 1-65, 

28. Jongbloed L. Rediction of function after stroke: A critical review. Stroke 
1986; 17:765-776. 

29. Jagal SB, Krieger N, Darlington G. Past and recent phy sicai activity and risk of hip 
fracture. Am. J. Epidemiol. l993; 138: 107-1 18. 

30. Roth EJ, Muellet K, Green D. Stroke rehabilitation outcome: impact of coronary 
artery disease. Stroke 1988; l9:42-47. 

3 1. Mengelkoch LJ, Martin D, Lawler J. A nview of the principles of pulse oximetry 
and accuracy of pulse oxirneter estimates during exercise. Phys. Ther. 1994;74:40-47. 

32. Kitamura K, Jorgensen CR, Gobel FL, Taylor HL, Wang Y. Hemodynamic 
correlaies of myowcüal oxygen consumption during upnght exercise. J. Appl. Physiol. 
l972;4:5 16-522. 



33. Borg GA. Psychophysical bases of perçeived exertion. Md. Sci. Sports Exerc. 
1982; 14:377-38 1. 

34. Glane SA, Sünker BK. Primer of Applied Rcgression and Andysis of Variance. 
New York: McGraw-Hill, Inc., 1990:381431. 

35. Shrout PE, Fleiss JL. Intfaclass cornlations: Uses in assessing rater reliability. 
Psychol. Bull. 1979;86:420-428. 

36. Skilbeck CE, Wade DT, Langton HR, Wood VE. Recovery afkr stroke. J. Neurol. 
Neurosurg . Psychiatry 1 983;46:5-8. 

37. Rokey R Rolak LA, Harati Y, Kutka N, Verani MS. Coronary artery disease in 
patients with cerebrovascular diseasc: a prospective study. Ann. Neurol. 1984; 1650-53. 

3 8. Di Pasquale O, Andreoii A, Carini G. Noninvasive screening for dent ischemic 
heart disease in patients with cerebral ischemia: Use of dipyridamole-thallium myowdial 
imaging. Cerebrovasc. Dis. 199 1 ; 1 :3 1-37. 

3 9. Roth E. Hem disease in patients with stroke. Part 1 : Classification and prevalence. 
Arch. Phys. Med. Rehabil. 1993;74:752-760. 

40. Harvey RL, Roth EJ, Heinemann AW, Lovell U, McGuire JR, Diaz S. Stroke 
rehabilitation: Qinical predicton of nsource utilization. Arch. Ph y S. Med. Rehabil. 
l998;79: 1349-1 355. 

4 1. Jorgensen HS, Nakayarna H, Raaschou HO, Olsen TS. Stroke in patients with 
diabetes. Stroke 1994;ZS: 1977- 1984. 

42. Cohen-Solal A, Baleynaud S, Laperche T, Sebag C, Gourgon R. Cardiopulmonary 
response during exercise of a B 1-selective B-blockcr (atenolol) and a calciumchannel 
blocker (diltiazem) in untrained subjects with hypertension. J. Cardiovas. Pharmacol. 
l993;22:33-38. 

43. Pollock ML, Lowenthal DT, Foster C, et al. Acute and chronic responses to 
exercise in patients aated with beta blocken. J. Cardiopulm. Rehabil. 199 1 ; 1 1 : 132- 144. 

44. Blackie SP, Fairbarn MS, McElvancy NG, Wikox PG, Momson NJ, Pardy PL. 
Normal values and ranges for ventilation and bnatbing pattern at maximai exercise. Chest 
l99l;lOO: 136-142, 

45. Buchfuhrer MJ, Hansen JE, Robinson TE, Sue DY, Wasserman K, Whipp BJ. 
op-g the exercise protocol for cardiopulmonary assessment. J. Appl. Phjsiol. 
1983;55: 1558-1564. 

46. Richards CL, Malouin F, Wood-Dauphine S, Williams JI, Bouchard JP, Brunet 
D. Task-specific physical therapy for optimizaton of gait recovery in amte stroke patients. 
Arch. Phys. Med. Rehabil. l993;74:6 12620. 

47. Potempa K, Baur! LT, Tinknt11 T, Popovich J. Benefits of aerobic exercise after 
stroke. Sports Med. 1996;21:337-46. 



48. Myers J, Buchanan N, Walsh D, et al. Cornparison of the ramp versus standard 
exercise protocols. J. Am. COU. Cardiol. 199 1; 17: 1334-1 342. 

49. Mccomeii TR, Foster C, Conlin NC, Thompson NN. Prediction of functional 
capacity during tmubdi testing: Effect of handrail support. J. Cardiopulm. Rehabil. 
199 1 ; 1 1 :255-260. 

50. Taylor HL, Buskirk E, Henschel A. Maximal oxygen uptake as an objective 
measure of cardiorespiratory performance. J. Appl. Phy siol. 1955 ;8 :73-80. 

5 1. Fujitani J, Ishikawa T, Akai M, Kakurai S. Influence of daily activity on changes in 
physicai fitness for people with post-stroke hemiplegia Am. J. Phys. Med. Rehabil. 
l999;78:540-544. 

52. Suornimen HE, Heikkinen T, Parkani T, Forsberg S, Kiiskinen A. Effects of 
lifelong physical m g  on functional aging in men. Scand. J. Soc. Med. 1980;14 
(Suppl.):225-240. 

53. hrand PO, Rodahl K. Textbook of Work Physiology. (2 ed.) New York: 
McGraw-Hill, 1986. 

54. Wolrnan RL, Cornd C. Aerobic training in brain-injured patients. Clin. Rehabil. 
1994;8:253-257. 

55 .  Stenberg J, Astrand P-O, Ekblom B. Royce J, Saltin B. Hemodynamic response to 
work with different muscle groups, sitting and supine. J. Appl. Physiol. 1967;22:61-70. 

56. Londeree BR, Moeschberger ML. Influence of age and other factors on maximal 
hem rate. J. Cardiopulm. Rehabil. l984;4:44-49. 

57. Wasserman K, Hansen JE, Sue DY, Casaburi R, Whipp BJ. finciples of Exercise 
Testing and Lnterpretation. (3 ed.) Philadelphia: Lippincott Wiiliarns and Wiikins, 1999. 

5 8 .  Shephard RI. Physical training in the elderly. Arch. Environ. Health 1986;5:515- 
533. 

59. Morris CK, Ueshima K, Kawaguchi T, Hideg A, Frdicher VF. The prognostic 
value of exercise capacity: A review of the literature. Am. Heart J. 1991 ; 122: 1423- 1430. 

60. McComas AJ, Sica RE, Upton AR, Aquilera N. Funaional changes in 
motoneurones of herniparetic patients. J. Neurol. Neurosurg. Psychiatry 1973;36: 183-193. 

6 1 . Dietz V, Ketelsen U, Berge W, Quintem J. Motor unit involvement in spastic 
paresis: nlationship between leg muscle activation and histochernistry. J. Neurol. Sci. 
l986;75:89-103. 

62. Goldkarnp O. Electromyography and nerve conduction studies of 1 16 patients with 
hemiplegia. Arch. Phys. Med. Rehabil. l967;48:59-63. 

63. Chokrovem S, Reyes MG, Rubho FA, Barron KD. Hemiplegia amyotrophy. 
Arch. Neurol. 1 976;33: 104-1 10. 

64. Landin S, Hagenfeldt L, Saltin B, Wahren J. Muscle metabolism during exercise in 
herniparetic patients. Clin. Sci. Mol. Med. 1977;53:257-269. 



65. Jakobsson F, Edstrom L, GNnby L. Disuse of antenor tibial muscle during 
locomotion and increased proportion of type II fibers in hemiplegia J. Neurol. Sci. 
199 1 ; 105:49-56. 

Scelsi R, Lotta S. Lommi G. Herniplegic atrophy. Acta Neuropathol. 1984;62:324- 

67. Brooke MH, Engel W K  The histographic analysis of human muscle biopsies with 
regard to fiber types. Part 2: diseases of the upper and lower neuron. Neurology 
1969; 19:378-393. 

6 8. Chokroverty S, Medina J. Electrophysiological snidy of hemiplegia Arch. Neurol. 
l978;35:360-363. 

69. Saltin B, Landin S. Work capacity, muscle strength, and SDH anivity in both legs 
of hemiparetic patients and patients with Parkinson's disease. Scand. J. Clin. Lab. Invest. 
1975;35:53 1-538. 

70. Young JL, Mayer RF. Physiological alterations of motor unit .  in hemiplegia J. 
Neurol. Sci. l98S;54:N 14 12. 

7 1. Roth E. Heaxt disease in patients with stroke. Part II: Impact and implications for 
rehabilitation. Arch. Phys. Med. Rehabil. 1994;75:94- 101. 

72. American College of Sports Medicine. ACSM's Resource Manual for Guidelines 
for Exercise Testing and Prescription. (3 ed.) Baltimore: Williams and Wilkins, 1998. 

73. Clausen JP, Klausen K. Rasmussen B, TrapJensen J. Central and pe~pheral 
circulatory changes afkr training of the anns and legs. Am. J. Physiol. 1973;225:675- 
682. 

74. Vingerhoets F, Bogousslavsky J. Respiratory dysfunction in stroke. Clin. Chest 
Med. 1994; 1 W29-737. 

75. McHahon SM, Heyman A. The mechanics of breathing and stabilization of 
ventilation in patients with unilateral cenbral infarct. Stroke 1974;5:5 18-527. 

76. De Troyer A, Zegers-DeBeyl D, Thirion M. Function of the respiratory muscles in 
acute hemiplegia Am. Rev. Respir. Dis. 198 1; l23:63 1-632. 

77. Fugl-Meyer AR, Grimby G. Respiration in tetraplegia and hemiplegia: a review . 
Int. Rehabil. Med. 1984;6: 186- 190. 

78. Haas A, Rusk HA, Pelosof H, Adam JR. Respiratory funcrion in hemiplegic 
patients. Arch. Phys. Med. Rehabil. l967;48: 174- 179. 

79. Annoni JM, Ackeman D, Kesserhy J. Respiratory function in chronic stroke. Int. 
Disabil. Studies 1990; 12:78-80. 

80. Fugl-Meyer A, Linderhoim H, Wilson AF. Restrictive ventilatory dysfunction in 
stroke: its relation to locomotor function. Scand J. Rehabil. Med. 1983;Suppl. 9: 1 18-124. 



Chedoke-McMaster Stages of Recovery: Leg (CM-Leg) 

Instructions: Start at Stage 4. Starting position is indicated. Check ( ) 
each box as appropriate and stage the patient at the highest stage in which 
the patient achieves at least 2 ticks (3 checks at Stage 3). 

Stage 1: 
O 
Stage 2: 
0 
O 
O 
Stage 3: 
O 
O 

Stage 4: 
O 
O 
O 
Stage 5: 
O 
O 
O 
Stage 6: 
O 
O 
O 
Stage 7: 
O 

II3 

Not yet at Stage 2 

Crook Iving: 
Resistance to passive hip or knee flexion 
Facilitatecl hip flexion 
Faciiitated hip extension 

Crook Ivinq 
Full hip extension 
Abduction: Adduction to neutral 
Hip flexion to 90" 

Hip flexion to 90°, then extension synergy 
Bridging hips with equal weight-bearing 
Sjr: Knee flexion beyond 100' 

Crook lva: Extension synergy, then flexion synergy 
a: Raise thigh off supporting surface 

lep with su~oort: Hip extension and knee flexion 

a: Lift f w t  off flwr 5 times in 5 seconds 
rn with rt: Trace pattern forward, side, back, r e m  

Stand on strow Iw with su~mrt: Full range intemal rotation 

Stand unsuporte& Rapid high stepping 10 times in 5 seconds 
Stand u n s e r t e d :  Trace a pattern quickly: forwatd, side, back, reverse 
S -g with s 

Stage of leg O 

Referencc: Gowland C, VanHuüeaaar S, To& W, Mordand J, Vanspal) B, Barrecca S. W d  M, 
Huij bregts M, Sîraîford P, Barclay-GoddaPd R Chedoke-McMaster S troke Assessment: Development, 
Validation, and Administration Manual, Chedolrc-McMastcr Hospitals ad McMaster University, 1995. 



3 .8  Appendix 2 

ACSM Contraindications for Exercise Testing 

Absolute Contraindications 
recent acute or complicated myocarûiai infantion 0; 
unstable angina, 
uncontrolled ventricular dysrbythmia; 
uncontrolled atrial dysrhythmia that cornpromûes cardiac function; 
third-degree A-V block; 
acute congestive hem failun; 
severe aortic stenosis; 
dissecting meurysm; 
myocarditis/pericafditis; 
thrombophlebitis or intracardiac thrombi; 
recent systernic or pulrnonary embolus; 
acute infection; 
significant emotional distress (psychosis). 

Relative Contraindications 
uncontrolied hypertension (resting diastolic blood pressure (DBP) exceeding 1 15 mm Hg 

andor resting SBP exceeding 200 mg Hg; 

moderate valvuiar disease; 
electmlyte abnonnalities (cg. hypokalemia. hypomagesacmia); 
f d  rate pacemaker; 
frequent or complex ventricdar ectopy; 
ventncular aneurysrn; 
c hronic infectious dis- (e.g. mononucleosis, hepatitis, AIDS); 
uncontrolled meiabolic diseases (e-g. insuün dependcnt diabetes mellitps, thyrotoxicosis, 

my xoedema) ; 

Reference: Amencan Cokge of Sports Mcdicinc - Guidelines for exercise t&g and prescription, 5th 
edition, 1995. 



3.9 Appendix 3 

Queen Elizabeth II 
Health Sciences Centre 
Cardiac Prevention and Rehabilitation Research Centre 
Abbie J. Lane, 9th Floor 
Halifax, B3H 3G2 

Informed Consent 

Title of Study: Exorcise capacity early af&r stroke. 

Principal Investigator : Marilyn MacKay-Lyons, M.Sc. (PT), Doctoral Studen t, 
Department of Physioiogy and Biophysics, Dalhousie 
University; tel: 494-2632 or 473-8622 

Associate Investigators: Lydia Makrides, Ph.D., Professor and Director, 
School of Physiotherapy, Dalhousie Universiv 

Stephen Phillips, MD., Neurologist and Director, 
Acute Stroke Service, Queen Elizabeth Heaith Sciences 
Centre 

Stephanie Speth, MSc., Certifïed Exercise Specialist, 
Cardiac Prevention and Rehabilitation Research Centre 

Tom Currie, M.D., Emergency Room Physiciah, QEII 
Introduction 
We invite you to take part in a research study at the QEII H d t h  Sciences Centre. Taking 
part in this study is voluntary. The quality of your heaith care wiii not k afîected by 
whether you participate or not. Participating in this study rnight not benefit you, but we 
rnight leam things that will benefit othen. You rnay withdraw ffom the study at any time 
without affecting your cm. The snidy is describeci below. The description tells you about 
the nsks, inconvenience, or discornfort which you rnight experience. You should make 
sure that any questions you have about the study are answered to your satisfaction. 

What is the purpose of this study? 
Treadmill exercise tests are used to find out how well the heart, lungs and k g  muscles 
function while exercising. At prisait the= is little information about the function of people 
with stroke dunng such tests. The purpose of this project to study how people with stroke 
respond to treadmill exercise testing and to see if the responses change over the course of 
stroke rehabilitation. Also, we want to sec if improvements in physical function (such as 
turning in bed, standing h m  sitting, walking) foUowing a stroke are nlated to changes in 
response to treadxnill exercise testing. 

Who can take part in the study? 
The patients in this study will: 

have been admitted to the Queen Eiizabeth II Health Sciences Centre (QEII); 
have had an ischemic stroke within the past month; 
have some control of movement of the affected leg; 
be able to understand simple cornman&, 
be ffee of any indication that they should not have a tnadmül exercise test as shown by 

the results of the msdicai history, electrocardio&ram, blood tests, and chest x-ray taken 
during their present hospital admission. Please turn to page 2. 



How are participants selected? 
Patients admitteci to the QEII who meet the conditions described above will be told about 
the study by Dr. S. Phillips, neurologist and Director of the Acute Stroke Service. The 
names of people who agree to participate wilI be given to Marilyn MacKay-Lyons, a 
physiotherapist and the principal investigator of the study. She wiil visit each person to 
review detaiis of the study, answer questions. and obtain a sigmd copy of this form. 

What does the study involve? 
AU testing will be done at the Cardiac Prevention and Rehabilitation Research Centre 
(CPRRC) located on the 9th f h r  of the Abbie Lane Building of the QEIL While you are a 
patient of the QEII Infimary, you will be brought to the CPRRC by wheelchair. After 
discharge from the lnfinnary, transportation to CPRRC will be arranged for you. 

Before the first visit to the CPRRC, one of the researchea will visit you in your hospital 
room for about 30 minutes to explain the study. Your &cai records will also k 
reviewed at this time and throughout your rehabitation to record information about your 
physical function that has been rcported by your physiotherapist at the QEII. 

You will visit the CPRRC five times. Each visit will take about one hour. 
Visit #1: practice session to see the lab and 4 out the aeadmill 
Visit #2: exercise test about one month aftcr your stroke 
Visit #3: exercise test about two months af'ter your stmke 
Visit #4: exercise test about three months after your stroke 
Visit #5: exercise test about six months after your stroke 

Practice Session: Your fxst visit to CPRRC will be a practice session and you will not 
do an exercise test. Your body weight and height will be measured. Also, the strength of 
your grip will be meauued by having you grip a hand-held gripping device three timts 
with either hand. 

You will then be shown the m m  where the treadmil exercise testing wiU be done. You 
will see the treadmill and a safety vest that is attached to an overhead support. This vest, 
similar to a Me jacket, will k worn during each exercise test to prevent falling. This 
support can also take up some of your body weight to make it easier to walk on the 
treadmill. We will fit you with the right vest and give you a chance to practice walking on 
the neadmil1 while wearing the safety vest You can hold the handrails lightly for support. 
A arm sling can be wom if support for your weak arm is required. Also, you will be 
shown the equipment used during the exercise test to analyze the air that you breath out 
(e.g. mouthpiece, noseclip, headgear, and mctabolic cart). You will be given a chance to 
practice breatbg with the mouthpiece and noseclip in place. While wearing the 
mouthpiece you will be unable to speak so you will be instnicted to use the following hand 
signals: 'thurnbs up' means everything is fine, 'thumbs dom' means you want to stop and 
have the mouthpiece removed. 

Please turn to page 3. 



Exercise Tests: Within one week you will retum to the testing room to do a eeadmill 
exercise test. Before coming for the test you will be asked to: 
have a light meal; 
avoid smoking for at least 2 houn; 
avoid drinking caffeinated beverage for at least 6 hours; 
avoid heavy exertion or exercise for 12 houn; 
Wear lose, cornfortable clothes and footwear appropriate for walking; 
bring your walking aid and ami support sling, if you use these aids. 

To record your hart rate and the electricai activity of your heart, an eleztrocardiogram 
(ECG) will be done during each exercise test. The ECG elecwdes will be attached to your 
chest. To make sure there is a good comection between the skin and the electrodes, your 
skin wiii be rubbed with aicohol and fine sandpaper befon the electrodes an attacheci. 
Hair on the skin may need to be shaved. A cuff wili be placed around your right ami to 
measure your blood pressure. The safcty vest will be put on. A€ter the mouthpiece and 
noseclip have been put in place, you wu rest for 15 minutes, seated in a cushioned chair. 
Resting hem rate and blood pressure will be measured at the end of this rest. 

You will then step ont0 the treadmül and the safety vest will be ana~hed to the overhead 
support. During each test 15% of your body weight will be removed to make waiking 
easier. 

For the next minute you will walk on the tnadmiU at the Iow speed to complete your 
warm-up. The exercise test will begin at a very easy level and will graduaily becorne more 
difficult. You will be asked to keep walking until you are limited by severe fatigue or 
discornfort. When you signal to stop, the oeadmiU wiii be slowed down and then turneci 
off. You will be closely monitored during the test by a physician and an exercise specialist 
who will take your blood pressure, follow your ECG tracing and measure the air that you 
will be breathing through the mouthpiecc The noseclip makes sure that al1 the air you 
breathe out is measured. if we see any reason to stop the test, you will be asked to stop at 
once and the treadrniîl wiil be ninied off. Afrer the testing is over you will rrrnain seated 
until rested. 

The same method will be used for each exercise test. 

Are there any risks or discomforts? 
Exercise testing is a routine procedure done at CPRRC. However, it is possible that 
cenain unfavorable changes rnay occur during or after the test. Should any of these 
happen to you, you may stop the exercise test. These may include abnomal blood 
pressure, diuiness, fainting, disorders of the heart kat,  leg cramps and very rarely, hem 
attack. However, in Our exercise facilities, with the prcsence of weli-trained staff, the 
likelihood of such risks is small. The safety hamess provides added safety by preventing 
falls. Emergency equipment and experienced staff are available to deal promptly with any 
unusual situations. 

What are the possible benefits? 
By participating in this snidy, you will be contribu~g valuable information. This 
information will be used to help answer important questions about the functioning of the 
heart, lungs and leg muscles aftet a stmke. By fincihg out more about the cardiovascular 
function, we can then corne up with bemr ways of improving this fùnction during 
rehabilitation. You will be made aware of your own results of each exercise test and the 
overall results of the study a f k  the study has k e n  completed. Also, we wilI let your 
doctor know if the tests show any musual fmidings. Please tarn to page 4 .  



Other important information 

1. Confidentiality : Ail information gathered during the saidy wiii be kept confidential. 
The infonnaiion collected from this study will be published and presented ai scientific 
conferences but your name will not be used. Your records wül be kept in a locked N e  
cabinet. Only the staff involveci in the research study will see them. 

2. Costs: There will be no costs to you for being in this study. You will not be charged 
for any of the cos& of the exercise tests. If you becorne injund while participating in this 
study, medical treatmtnt will be available to you. None of your legal rights will be waived. 
The investigators stil l  have their legd and professional nsponsibilities. Funds wili be 
made available for transportation to the exercise testing lab. 

3. Questions or Problems: If you have any questions about this study, please contact 
Marilyn MacKay-Lyons at the CPRRC (902473-8622) or at Dalhousie University (902- 
494-2632). There is voice mail at these numbers. 

I have read the description of the study. I have been given the opportunity to discuss 
the study. My questions have been answered to my satisfaction. I understand that I 
will be given a copy of this consent form for my own records. I hereby consent to take 
pan in this study. 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - 

Signature of Subject Date 

-mu------------ 

Date 



3.10 Appendix 4 

Barthel lndex 
Guidelines: 

Index should be used as record of what a patient d m  not what he is capable of doing. 
Main a h  is to establish degree of independence h m  any help (physical or verbal). 
The need for supervision means that the patient is IlQI independent. 
Patient's performance should be estabLished using best evidence (e.g. asking patiient, 
family, nurses). However, direct testing is not required. 
Usually performance over the preceding 24-48 hr is important, but longer periods may be 
relevant. 

"Can do by 

Self- Care lndex 
1. Drinking from a cup 
2. Eating 
'Eats normal uncut-up food, cooked 8 served by others. 
" food cut up but feeds seif 

3. Dressing upper body 
'Selects & puts on al1 clothes (may be adapted) 
" needs help with buttons, zippen etc. 

4. Dressing lower body 

5. Putting on a brace or artificial limb 
6. Grooming' 
'doing teetMiair, fitting false teeth, shaving, washing face 

7. Washing or bathing 
8. Controlling utination 
'includes independent with catheter 

9. Controlling bowels 

Mo bility lndex 
10. Getting in & out of chair* 
'from bed to chair 8 back 

1 1. Getting on & off toilet* 
'includes undresçing, cleaning, dressing; 
" can wipe seif and do some of above 

12. Getting in & out of tub or showet 
gets in 8 out unsupe~bed & w a s h  seif 

13. Walking 50 yards on the level 

14. Walking upldownl flight of stairs 
rnust carry walking aid 

15. if not walking: propelling or 
p u i n g  wlc 

"Can do 
with Help" 

O 
0'' 

3" 

4 

2 
O 

O 
5 

(-) 

5 
(-1 

7 

3" 

O 

10 

5 

O 

Reftrcnce: Mahoncy FI, Barthci DW. Functiorsai evaluation: The Barthcl Index. Maryland Statc Medical Journal 
1965; I4:6 1-65. 



CIiGPTER 4: ESTIMATION OF THE AEROBIC COMPONENT OF 
CONTEMPORARY STROKE REHABILITATION 

4 .1  Introduction 

This year the direct and indirect cos& associated with stroke care in Canada will be in 

the order of $2.7 billion (1). The majority of patients with disability post-stroke undergo 

comprehensive physical rehabiilitation which, king both tirne and personnel intensive, 

contributes significantly to the overall economic and human burden. Despite the 

indisputable impact on society, surprisingly M e  specific information exists regarding the 

nature of stroke rehabilitation senices. As stated by GIadman and colleagues (2), "we do 

not know what it is in the 'black box' of a stroke unit that is effective because the trials [of 

stroke rehabilitation] did not systematicdy mesure the interventions." This lack of 

documentation has aliowed new theraputic strategies to be introduced without clear 

delineation of their indications, conaa-indications, and effectiveness - a situation th* rnay 

well be contributing to an unjustifiable exalation in seMces and costs. One intervention 

that is beginning to be incorporated into stroke rehabilitation programs is aerobic fitncss 

training (3). 

It has been known for some time that most individuals with stroke have coexisting 

cardiac disease (4-8), a fmding which is not unexpected since stroke and C A .  share sinilar 

pathogenic mechanisrns (9). However, what has not been adequately investigated - either 

under controlled laboratory conditions or during physical rehabilitation sessions - is the 

cardiovascuiar response to exercise post-stroke. Knowledge of the responses to exercise 

after stroke is basic to understanding the physiologie adaptation to activity, to prescribing 

appropriate exercise for rehabilitation, and to ensuring a reasowd approach to 

implementing new therapies. 

Substantid evidence suggests that functional outcome pst-stroke is advenely affected 

by coexisting cardiac disease (10-1 3). Gresham et al. (13) proposed that "much of the 



disability of stroke victims appears to be due to cœxisting cardiovascular disease." 

Furthemore, most patients with stroke have abnomally low exercise capacity ( 14- 1 6). 

With the widespread acceptana of the effectiveness of d a c  rehabilitation in improving 

the cardiorespiratory fitness of people with cardiac disease (17, 18), attention to the role of 

aerobic conditioning pst-stroke is warranted. Rehabilitation specialists rnust be aware of 

the demands that various intementions place on the cardiovascular system in order to 

induce adequate metabolic stress to enhance exercise capacity. Hjeltes (19) speculated that 

the low physical endurance of patients in the chronic pst-stroke period is a consequence of 

the relatively static nature of the typical stroke rehabiiitation program 

Knowledge of the intensity of rehabilitation sessions is aiso neeàed to rninimlle 

cardiac complications. Therapists often prescribe exercises for patients pst-stroke without 

Full knowledge of their patients' cardiac statu and without monitoring HR and blood 

pressure (3, 16). In a study of 106 patients pst-stroke, Roth and colleagues (20) noted 

that over 50 percent of the subjects demonstrateci abnormalities of HR. blood pressure, and 

ECG pattern during physical therapy sessions. Iellamo et al. (21) investigated the HR and 

BP responses to exercises employed in physical therapy and found that "even submaximal 

endurance-type exercise yields an elevated functional stress on the cardiovascular system 

which could precipitate hazardous events in subjects with umognized cardiac diseases." 

The overall aîm of current stmke rehabilitation techniques is to recover neuromuscular 

hnction (22). Although conventional chical protocols do not specifically address 

cardiorespiratory hnction, the possibility exists mat an aerobic training effect may occur 

insidiously over the course of rehabilitation. Patients with low basai levels of exercise 

capacity, a category that applies to most patients in stroke rehabilitation, experience the 

most benefit in tem of cardiovascular conditioning, even at relatively modest levels of 

physical exercise (23). However, the Uiformation necessary to a s d n  the aerobic 

component of post-stroke thcrapeutic sessions (e.g., mode, intensity, frequency, and 

duration) has not been documented. What has been published in the stroke rehabilitation 





recovery through purposeful activity (34) and patients pst-stroke ofkn have sigmficant 

disability in activities of daily living, such as household tasks and leisure punuits (35). 

Secondly, cardiorespiratory limitations contribute to this disabitity. Bjuro et al. (36) found 

that vo , requirements of penorming household tasks (e. g . , bed making, vacuuming, 

cleaning bathroom) were considerably higher arnong women with chronic hemiplegia 

cornpared with healthy women (75-88 percent versus 42-45 percent of VO- ., - ,  

respectively). Finally, training is task-specific, that is, the benefits are specific to the task 

being learned (37, 38). Therefore to enhance task performance of patients post-stroke, 

these skills must be trained. 

Further study is necessary before determinhg whether specific cardiac rehabiiitation 

smtegies wouid be redundant or beneficial additions to contemporary stroke rehabilitation. 

The overall purpose of this two-phase study was io estimate the aerobic cornponent of an 

existing stroke rehabilitation program by docwnenting the HR responses of individuals 

pst-stroke during stanciard physical and occupational therapy sessions over the course of 

the rehabilitation. 

4.2 Study design 

This descriptive, longitudinal study was conducted in two phases, the detaiis of which 

are described in separate sections below. In summary, Phase 1 involved monitoring the 

HR and activîties of patients with stroke during physiotherapy and occupational therapy 

sessions at bi-weekly intervals over the course of rehabilitation. Phase 2 involved 

monitoring the HR of patients during physiotherapy sessions at 1,2,3, and 6 months post- 

stroke and estimatllig the rnean energy expenditure (EE-) during these sessions by 

r e l a ~ g  the HR responses to each individuai subject's HR-VO, curve established in the 

laboratory . 



4.3 Phase 1 Methods 

4.3.1 Purpose 

The purposes of Phase 1 were th- fo ld :  

i) To estimate the extent to which patients were within their H R w g e t  zone during 

physiotherapy and occupational therapy sessions. 

ii) To determine if the extent of exceeding the H R W c t  zone changed over the course of 

stroke rehabiiitation. 

iii) To identiS those activities in which the patient participated during physiotherapy and 

occupational therapy that resulted in HR responses within and above the HRtarget zone . 

4.3.2 Subjects 

Subjects included patients with the diagnosis of a fmt ischemic stroke who were 

designated by the acute stroke team as having 'rehabilitation potential' using the criteria of 

(i) mild to moderate deficits, (ii) motivated to participate in rehabilitation, (iii) ability to 

leam and participate in the rehabilitation program; (iv) good psychosocial support (39). 

Patients with pacemakers were excluded and those patients who ultimately failed to 

complete at least 14 weeks of rehabilitation were withdrawn from the study. Informed 

consent, approved by the Queen Elizabeth II Health Sciences Center Research Review 

Board, was obtained fiom al1 patients prior to their inclusion in the study (Appendix 1). 

Recruitrnent was consecutive und 20 patients who met al1 of the critena had ken enroiied. 

4.3.3 Monitoring protocol 

Heart rate was recorded continuously during reguiar physical and occupational therapy 

sessions on a consistent day at bi-weekly intemals from initiation of physiotherapy and 

occupational therapy in the acute sening to discharge from out-patient rehabilitation. The 

BI was calculated at the time of the fkst monitoring session to reflect the level of functional 



dependence (40). The Polar Vantage XL Heart Rate Monitor' was used to record and store 

the HR data which were downioaded for further analysis using the Polar Cornputer 

Interface. nie monitoring device consisted of a sensor/ttansmitter placed securely around 

the chest and a receiver/monitor wom around the wrist. In cases of hadequate contact 

between Ihe chest waU and the sensor, conductive gel was applied. Just prior to the 

therapy session, baseline HRrrn was obtained af ta  a 5-minute period of quiet sining, 

whenever feasible. Periodicaiiy throughout the recording session the position of die 

sensor/transmitter was checked to ensure proper functioning. Recording near strong 

electromagnetic sources, such as electrotherapy equipment, was avoided since interference 

from such sources can yield inaccurate HR data. 

Coincidental with HR monitoring, a nained observer, either a physiotherapist or a 

student of physiotherapy, recorded the activities in which the patient engaged in t e m  of 

duration, patient position, extnmity involvement, equipment used, and overt signs and 

symptoms of exertion. A list of 48 possible activities was field tested with five different 

patients. The revised list included 60 activities categorized according to position of the 

patient (i.e., lying, sitting, standing) (Appendix 2). During the therapy sessions the 

observer used a hand-held stop watch synchronized with the HR monitor to record the 

duration and HR response of each activity. In cases where the patient and therapist were 

engaged in a discussion or conversation, the nature of the exchange was noted. Sirnilarly, 

the observer recorded signs of possible physicd exertion (e.g., sweating, pallor, dyspnea, 

dizziness, chest pain) and of overt emotional khavior (e.g., crying, laughing, shouting). 

While the observer tried to rem& as unobtmsive as possible throughout the session, both 

the patient and therapist were aware of the observer's presence, and the intent of the 

research was disclosed. 

Polar USA, inc., 470 West Avenue, Stamford, CT 06902 



4.3.4 Data analysis 

Although data were collecteci over the complete course of rehabilitation for each 

patient, staris tical analysis was iimited to the data relatai to the first 14 weeks pst-stroke; 

subsequent to that period the data were unbalanced due to varying thes of discharge from 

rehabilitation. Descriptive statistics including means, standard deviations, and ranges were 

calcuiated for al1 dependent variables. Variables included total duration of each session, 

amount in tirne per session spent actively participating in therapeutic interventions in lying, 

sitting, and standing, and amount of tirne spent 'inactive' from a cardiorespiratory 

perspective. The latter category included resting. listening, or ralking in a static position, 

and receiving passive therapeutic treatments such as manual stretches and passive ranging. 

Recorded HR was averagcd over 15 seconds intervals for purposes of data reduction. 

Variables associated with HR monitoring included H h ,  L, H R p d ,  and percentage 

of age-predicted maximal HR (HRmu-pcd) anaineci using the formula H R I K M X - ~ ~ ~ ~  = 220-age 

(33). For those patients taking beta-blocking medication, the formula was adjusted 

[ ~ ~ ~ - p ~ d / a d j  = 85% (220-age)] to accommodate the m-lowering effm of this type of 

medication (41, 42). The murcet zone was detemiined using the most cornmon clinical 

method - the Karvonen formula - adapted for the very unfit: HR-t zone = [40 - 85% 

(HRmu-pndlldj - -)] + HRm (33). T h e  per session and percentage of total 

timdsession in which HR was within the HRiusa zone for intervals of at least 30 

consecutive seconds were calculated and activities that elicited a HR response within zone 

were identifed. In addition, the percent incrcase fiom HR- over the course of each 

session was calculated using the formula [IO0 x O I R p e a i r - H b d H b ]  (20). 

Inferential statistics were applied to analyze the activity distribution in occupational 

therapy and physiotherapy and to detennine the extent to which the HR-t was attained 

during physiotherapy and occupational therapy sessions over the coune of rehabilitation. 

One-way repeated measuns ANOVAs were used with one within-subject factor (tirne post- 

stroke). Bonferroni post hoc testing was applied to &tect staîistically signifcant 



differences in the dependcnt variables across the four tests. The software program 

BMDP-N - Unbalanced Repeated Measuns Models with Stntctured Covariance Matrices 

was selected for the ANOVAs since this program was designed specifically for s d  data 

sets with lirnited missing data (43) . Independent t-tests for unequal sizes and Chi-square 

analysis were used for comparing demographic and ciinical characteristics of subjects with 

and without CAD. Paired t-tests were applied to compare the duration of physiotherapy 

and occupational therapy sessions and Peanon product-moment comlation coefficients (r) 

were computed to assess relationships betwcen HR and activity data. Al1 statistid tests 

were perfonned with an alpha level set at 0.05. 

4 - 4  Phase 1 results 

4.4.1 Subjects 

Over the course of the study five participants were withdrawn from the study due to 

discharge from rehabilitation at l e s  than 14 weeks pst-stroke. Characteristics of the final 

20 subjects are surnmarized in Table 12. The fuiding that 30 percent of the subjects had 

preexisting diabetes is in agreement with the incidence of 30 percent reported in a study of 

945 patients involved in comprehensive rehabilitation (44). The incidence of CAD, based 

on the presence of at least one of the following: MI by history or ECG, angina pectons, or 

coronary artery bypass graft surgery (IO), is consistent with previously nported figures of 

60 percent (6) and 70 percent (4). Subjects with CAD were sigiificandy older than those 

without CAD (70.Q7.9 years versus 53.321 3.8 years, respectively; pd.004). Aiso, 

acute length of stay (LOS) was signifcantly longer for those patients with CAD compared 

to those without CAD (25.3k11.6 days versus 1 7 . ~ 9 . 3  days; p= 0.03). One participant, 

a 73-year-old male without pnor history of CAD, died of a myocardial infarct just prior to 

discharge from outpatient therapy at 17 weeks pst-stroke. 



Table 12. Demographic and clinical characteristics of subjects (~1520) 

age years 
sex 
side of stroke 
Initial Barthel Index O-lûû 36.e16.9 (7-64) 

hypertension 14/20 (70%) 

13/20 (65%) 
eblocking medication 12/20 (60%) 
diabetes 6/20 (30%) 

history of smoking 10/20 (50%) 

acute LOS days 28 ,&10.3 (12-46) 

inpatient and outpatient rehabilitation week 10.9k1.7 (7.8-14.6) 
duration of physiotherapy minutes/dizy 54.8g.2 (39-70) 
duration of occupational therapy minutes//Lcrv 40.8+7 .Oo (30-49) 

Data are means SD (ranges) or counts (perccntages). CAD: coronary artery discase; bblocker: kia 
blocking; LOS: length of sray. 'Cornparison of duration of occupational therapy and physiotherapy 
(P<O.Ol). 

4.4.2 Activity analysis 

A total of 189 sessions (109 physiotherapy and 80 occupational therapy sessions) 

were monitored. Some sessions could not be monitond due to cancellations, holidays, 

and scheduling conflicts between the observes and therapists. The therapists in the stroke 

program included 10 physiotherapists with 13.4k5.7 yean of clinicai expenence 

( 10.0H.9 yean of neurophysiotherapy practice) and six occupational therapists with 

8.3k3.8 years of practice (6.7k2.7 years in neurotherapeutics). The general approach to 

stroke rehabilitation involvecl a combination of contemporary task-oriented therapeutic 

strategies and traâitional neuromuscular facilitaiive techniques (22). 

Physiotherapy sessions were significantly longer than occupationai therapy sessions 

(pc0.01). The ANOVA results indicaiecl that aeither the duration of physiotherapy nor 

occupational therapy sessions changed significantly over the course of study. The 

percentages of total therapy tirne spent inactive, and active in lying, sining, and standing 

positions are illustrated in Figure 6. Significantly more time was spent in lying (p=û.0002) 



and standing (p4I.000 1) during physiotherapy than durhg occupational therapy, and more 

time was spent inactive (p4.0003) and sitting (pc0.006) during occupational therapy than 

during physiotherapy. In physiotherapy, the majority of the 'inactive' period was spent in 

sitting or standing and involved therapists instructing the patient on new motor skills, 

resting between activities, waitmg for the physiotherapist, or for equipment to become 

avdable, and performing passive interventions, particularly passive ranging and joint 

rnobilization. In occupational therapy considerable 'inactive' time w as spent in sitting 

while waiting for the occupational therapist and while discussing issues with the 

occupational therapist relatai to discharge planning, equipment needs, and home 

management. Although the ANOVA results indicated signScant differences over iime in 

the percentage of tirne spent active in standing during physiotherapy (p=0.005) and in the 

percentage of time spent active in sitting during occupational therapy (p=0.004), post hoc 

testing using the Bonferroni correction for multiple cornparisons did not reveal signifcant 

differences. These findings suggest that the snidy lacked adequate power to identify the 

source of the differences in the ANOVA findings. 
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Figure 6. The pie chaxts illusnate the overall mean percentages of tirne per session spent 
inactive and active in lying, sitting and standing positions across the course of rehabilitation 
and the column graphs illustrate the mean percentages at biweekiy intervais. 

4.4.3 Heart rate nsponses 

Overall mean values of HRincui, HRpe;rir, and time within the HRmg=t zone were found 

to be significantly higher during physiotherapy compad with occupationai therapy 

sessions, indicating that the intensity of physiotherapy was pater than that of occupationai 

therapy (Table 13). No siwcant ciifferences were fond in any of these variables 

between patients with and without CAD. (3n average, HR responses were below the 

%t zone for approximately 95 percent of the total tirne spent in physiotherapy sessims 

and 98 percent in occupational therapy sessions. However, there was substanual 

vanability in the data, with the medium percentages king higher (99 percent and 100 

percent, respectively). Further, the mean pend over which HR responses within the 

HRiarpet zone was sustained without interruption was only 0.8w.23 minutes. AU but two 



patients (a 72-yearold femaie and a 78 year-01d femaie) exceeded the lower limit of the 

HR-ct zone at some point during physiotherapy while five fded to reach their HR-t  

zone during any of their occupational therapy sessions. 

Table 13. Heart rate responses during physiotherapy and occupational therapy 

Physiotherapy Occupationai Therapy 
mean+.SD median range 

H b t  beath in  72.21;Il.l 68.8 52-106 

HRmcaa beats/min 82.1k17.4 78.4 56-125 

HRmcan WiRmar-prcd 59.h9.8 58.2 40-85 

change in Wsession 96 4223 1 38 10-56 

time in =et zone min 2.8321.01 0.4 0-19 

tirne in m t a r g a  zone % of session 4.8~2.1 0.7 0-29 

meanGD median range 

70.2k11.3 68.3 54-94 

7 9 1 2  70.2 59-108 

HRrtst: resting hart rate; HRmtan: mcan hart  rate; HRpeak: pcak hean rate; HRtarget: target hem rate; 
change in Wsession: [(HRp.ir-HRmt)MRnst x 1001. ' p < ~ . ~ ~ ;  'p<O.Ol. 

To compare HR responses ammg the subjects over the course of rehabilitation, HR 

values were normalized by expressing them as percentages of the HRmu-pcd. The ANOVA 

results did not nveal any significant ciifferences over the coune of physiotherapy or 

occupational therapy in nomalized mean values of H R w ,  HRmerii, HRmt, and HR while 

inactive and during activities in standing, sitting, and lying. These findings were in 

contrast to our expectations of a progressive increase in the intensity of the sessions over 

the course of rehabilitation. Figure 7 displays the HR cuives for these variables. The 

relatively stable values for mean HRrrst over the course of rehabilitation aileviated our 

concems regarding accuracy of these measurements obtained in the often noisy 

phy siotherapy and occupationai therapy departments. As well. these values were 

comparable to the mean H h  of 19 patients pst-stroke, with an average age of 66 years, 

measured after 15 minutes of recumbency in a quiet room (45). As anticipateci, HR 

responses were highest during activities in standing and lowest during activities in lying 



and while inactive. The overall H L  and H R w  responses were consistentiy higher 

during physiotherapy sessions but there were no statisticaily significant trends of 

increasing HR responses over the course of rehabilitation. 

Physiotherapy Occupational Therapy 

I I I I 1 1 I I 1 I 1 1 I 1 

2 4 6 0 10 12 14 2 4 6 0 10 12 14 

time poststroke (wk) time poststroke (wk) 

Figure 7. Average resting HR (HRM), man HR (Hk), and peak HR (HRplil) 
expressed as a perceatage of maximal HR (HRma grrd = age - %t) during the biweekly 
physiotherapy and occupational therapy sessions. The lower limit of the target hem rate 
zone (THR~~wtfümit) was calculated using the Karvonen formula See text for details. 



Percentage of t h e  within HRwr zone was positively cornlateci with tirne spent in 

standing activities (p.704; p= 0.0001) and negatively correlated with time spent in s i h g  

(r=-0.504; p=0.01). AdVities that induced HR responses within the HRt-t zone are 

listed in Table 14. At no time did the HR response of any patient surpass the upper iimit of 

the HRürger zone. Overt signs of physical exertion were not observed during any of the 

occupational therapy sessions and only mftequentiy during physiotherapy sessions. Only 

two patients in physiotherapy and none in occupational therapy had their blood pressure 

monitored during the therapy sessions. 

Table 14. Activities in physiotherapy and occupational therapy that elicited HR responses 
within the HRiarpet zone 

Physiotherapy Occupational Therapy 
treadmill w alking walking with cane 
walking unaided 
walking with waiker/wheeled walker 
walking witi cane 
stair climbing/stepping 
resting in standing after waiking 
resting in sitting after waiking 
Kinetron exercises 
balancing exercises in standing 
upper exbemity exercises in standing 
resisted lower extremity exercises in stanàing 
w heelchair -to-chair/bed transfer 
sit-to-stand transfers 
stand-to-floor transfers 
resisted upper extmnity exercises in sittîng 
arm ergometry in sitting 

steppiG 
resting in sitting after walking 
ADLs in standing - making a bed 
sit-to-stand transfers 
w heelc hair-to-c hair transfers 
w heelc hair-to-bath transfers 
propeliing wheelchair 
ADLs in sitting - dressing 
balancing exercises in sitting 

balancing exercises in sining 



4.5 Phase 2 Metbods 

4.5.1 Purpose 

The purposes of Phase 2 included: 

i) To detennine if the trends in HR responses and activity analyses during physiotherapy 

observed in Phase 2 are consistent with those seen in Phase 1. 

ii) To compare estimates of the aerobic component of physiotherapy sessions derived 

using data from the GXTs to estimates caiculated using age-related normative data 

iii) To estimate the EE- of patients pst-stroke while participating in physiotherapy 

sessions. 

4.5.2 Subjects 

The cohort of subjects who participatecl in the longitudinal study of exercise capacity 

after stroke (see Chapter 3) were recruited for participation in ihis study; hence the 

inclusion and exclusion criteria were the same as those outlined in Chapter 3. Ultimateiy, 

27 of the 29 subjects consented to involvement in this study. 

4.5.3 Monitoring protocol 

Since there was little evidence in Phase 1 of an aerobic component to the occupational 

therapy sessions, HR monitoring in Phase 2 was limited to physiotherapy sessions. The 

monitoring protocol was the same as that used in Phase 1 but monitonng was limiteci to  

once at one, WO, t h e  and six-months post-stroke to coincide with the scheduling of 

seriai GXTs. Monitoring was done within two days prior to or after the GXT. In addition 

to the data collected in Phase 1, observers noted if the patients were k ing  trwed 

specifically for shoulder pain since this complication has bcen shown to be related to the 

amount of therapy provideci (46). Only those subjects who continued to participate in 

physiotherapy were monitored; thus the number king monitored decreased over tim as 

patients were discharged 



4.5.4 Data Analysis 

In addition to the analyses used in Phase 1, independent t-tests for unequal sizes were 

applied to compare continuous variables characterizing the Phase 1 and 2 samples and the 

Mann-Whitney U-test was u s d  for ordinal variables. Chi-square analysis was used to 

determine the relationship between nominal variables and the Fisher's exact test was 

applied to 2x2 contingency tables. Alpha level was set at 0.05. 

Four funnulae were used to calculate the lower and upper iimits of the HRmget zone. 

two of which are applied fnquently in cardiac rehabilitation programs (HRt~get(~uv), 

HRurgct-pnd) while the other two require data obtahed from GXTs (Table 15). We chose 

to use very conservative forxnuiae to calculate the lower lirnit of HR-t since it is weli 

estabiished that relatively modest levels of physical exercise can induce a training effect of 

people with low basal levels of exercise capacity (47, 48). The percentage of HRiucrve 

used was 40 percent in the HRtusn(w) formula and 50 percent in the HRtargec~~arv/~~ 

formula to offset the difference between HRIIUU-~R~ and HRp&coxr, (see Chapter 3). 

Designating the HRWct(cxn as the criterion measure, the lower limit of HRwgetc~xn 

calculated using each of the other three formulae was compared to that derived using 

HRurpetccx-n by ANOVA with post hoc, two-tailed t-test cornparisons with Bonferroni 

correction. We also compared the HRWe values obtained using the HRote~c~xr, formula 

to the values obtained using the other three formulae by calculating the 1CCo.i)~ and by 

deriving the root mean squared (RMS) error of the using the formula W S  error = 

square root of the sum of squared differences between the two HRwgct values divided by 

the number in the sample] (49). 

Table 15. Formulae for calculating lower and upper limits of target heart rate zone 



A gross estimate of EE- during physiotherapy was calculatecl using the method of 

McArdle et al. (50). The HR responscs of an individual subject obtained during each 

physiotherapy session were applied to that subject's HR- VO, curve estabiished from the 

corresponding GXT data. The calorie equivaients were detemined from the VO, and the 

RER corresponding to the HR responses (5 1,52). Since basal EE of females is lower than 

mdes (53), group mean values were calcuiated sepafately for male and female subjects. 

Further, since ody five fernales participated in the study, their data were not subjected to 

statistical analysis. 

4.6 Phase 2 results 

4.6.1 Subjects 

Of the 27 subjects who a p e d  to participate, four were discharged from rehabilitation 

prior to their 1-month GXT, leaving the final sample size of 23. Characteristics of the 

subjects are s e  in Table 16. The statistically signifcant difference found in sex 

distribution between Phase 1 and Phase 2 subject populations is readily explaineci by 

differences in ease of subject recruitrnent for the two studies. Female candidates were 

willing to have their HR monitored during therapy but were reluctant to perform GXTs, the 

latter being a necessary criterion for participation in the Phase 2 sîudy. Five patients (21 

percent) in Phase 2 experienced shoulder pain during the monitoring period, an incidence 

sirnilar to that of 23 in 98 patients (25 percent) reported by Wade et al (28). Subjects with 

CAD were ~ i ~ c a n t l y  older (69.4k13.2 yr versus 60.19.4 yr; pc0.05) than subjects 

without CAD but were comparable in terms of severity of suoke. Acute LOS was 

significantly shorter for Wase 2 subjects, possibly because of a trend of Iess severe strokes 

among Phase 2 subjects as weU as the introduction of a hospiral administration mandate to 

reduce LOS. Consistent with Phase 1 results, acute LOS of subjects with CAD was 

~ i ~ c a n t l y  longer than for those without CAD (2 1 . i l  1.5 days versus 15 days; 



p= 0.05). The mean duration of physiotherapy sessions in Phase 2 was comparable to that 

of Phase 1. However, in the subgroup of patients expenencing shoulder pain. the mean 

treatment tirne was higher (65.h8.3 tnidday). Since only five patients were pdcipating 

in physiotherapy sessions at six months pst-stroke, the data collecteù during these 

sessions were not included in the statistical analyses. Thne of these five patients were 

among the subgroup who had shoulder pain, corroborating previous reports of a positive 

correlation of the presence of shoulder pain and extent of physiotherapy post-stroke (46). 

Table 16. Demographic and ciinical characteristics of subjects (n=23) 

side of stroke 
initial Barthel Index û-1û0 

hypertension 
CAD 

P-blocking medication 
diabetes 
history of smoking 
acute LOS &YS 

inpatient rehabilitation LOS doyr 
outpatient rehabiiitation we& 

duration of physiotherapy middzy 

Data arc means + SD (ranges) or counts (perccntages). 0: coronary artery discase; ~blockec beta 
blocking; LOS: length of stay. Cornparison of Phase 1 and Phase 2 subjects: *p<0.05; tp<O.Ol. 

4.6.2 Activity analysis 

Sixty-five sessions were monitored. The mean percentages of rime spent 'inactive' 

and active in lying, siüing and standing are shown in Figure 8. The ANOVA analysis 

revealed a statistically significant reduction in the proportion of time spent active in sitting 

between one and thne montbs pst-stmke (p=0.0 1). In comparing those subjects with 

CAD to those without CAD, the former spent longer in iying (7.3H.2 min versus 3.e2.1 



min; p=O.û4) and a shorter pend in standing (14.8k5.0 min venus 19.1k5.5 mm, 
p4.03). As well, for the subgroup with shoulder pain the mean percentage of t h e  spent 

inactive increased to 64 percent and the time spent active in standing decreased to 14 

percent for those sessions during which the pain was aeated. The reduction in açtivity of 

this subgroup contributed to the higher mean proportion of time spent inactive during the 3 

and 6-month sessions. 

Overall 
3 4 %  

Figure 8. The mean overail percentage of time per physiotherapy session spent inactive, 
and active in lying, sitting and standing positions as well as the percentages for the 
different monitoring periods. 

4.6.3 Heart rate responses 

Hem rate recordings of two of the 65 sessions monitored wen discarded from 

analysis because of inaccurate data, possibly due to interference from elect~omagnetic 

sources or fiom inackquate contact between the chest wali and the sensor of the HR 

monitoring device. The HR responses recordcd during physiotherapy sessions at 1,2, and 

3 months post-stroke (Table 17) were similar to those of Phase 1 (see Table 13). The 



ANOVAs c o m p a ~ g  HR parameters at 1,2, and 3 months pst-stmke did not reveal 

statis tically ~ i ~ c a n t  differences. 

In comparing HR nsponses of those with and without CAD, the only statistically 

significant difference was in mean HRmun across the rnonitored sessions (76.h11.3 

beatshin and 86.Q15.2 beatslmin, respectively ; pa.03). However, this finding may be 

attributed to the age difference between these groups since HRmmi values were comparable 

when expressed as a percentage of HL-@. 

Table 17. Heart rate nsponses during physiotherapy sessions at 1,2, and 3-months post- 
srroicc 

-- - - .- - - 

Measuremen t l -month 2-months 3-months ûverall 
(n=23) (n=19) (n=16) 

Length of session mut 49.3210.6 52.&12.0 54.2~7.8 53.8k7.6 

change in HRlsession % 43.2k19.4 37.2k20.1 38.h20.4 39.8k20.9 

Data are rneans 2 SD. HRnst: resting hem rate; H h :  mcan hart rate; H R w :  peak hem rate; 
HRtarger: target h m  rate; change in HWsessioa: [(HRpcrk-HRrat)/HRrrrt x 1001. 'P<o.o~; 'PcO.OI.  

Since significant differences were not seen in HR rrsponses during sessions 

monitored at 1.2, and Zmonths post-stroke, the HR data were pooled to compare the four 

foxmulae used to calculate the lower limit of the HRya. The 1cQ1.s)~ of the relationships 

H R G U ~ C C - ~ E ~  were 326, .917, and 391, respectively. The HR-et values calculateci using 

the cnterion measun, HRwget(cim, were signifîcantly different fiom the values calculated 

using the other three fomiulae (Figure 9). The RMS error of the HRtvgn calcdated using 

and 15.3, respectively. Relative to the criterion measure, the HRGu~c~(K~~/GxT) and the 



H R u r s ~ c ~ )  formulae overestimareA the H h  by an average of 10 and 12 beats/min, 

respectively , and the H l h g ~ ~ p c d  formula underestimateci the HI€-t by 3.4 beaulmin, on 

average. 

Figure 9. Lower lirnit of HR- estirnated using the H R ~ u ~ ~ ( K ~ ~ I G x T ) .  HRurpn(~uv), and 
HRurga-prcd fomulae cornpared with that derived using the criterion measure of 
HRt~g~ic~m.  Error bars are positive values of standard error. 

Table 18 shows the mean estimated time and relative time (expresseci as a percentage 

of the total session) spent within the HR- zone across sessions, calculated using the 

four -et formulae. Because of the extent of inter-subject variability, both means and 

medians are presented. The ANOVA results revealed a significant increase in the time 

spent within the HRtygct(om zone (p=0.017) with post hoc testing indicating that the 

difference was between the 1-month and 3-month sessions (4.57k3.27 minutes versus 

8.84k6.19 minutes, p-0.0 13). No statistically significant ciifferences were found in the 

amount of time spent within the HR- zone between subjects with and without CAD. 

The activities that induced a HR response within the HR-t zone, regardless of which 

formula was applied, were similar to those reported in Phase 1 (see Table 14). 



Table 18. Ovedl mean t h e  spent in the HR-t zone per session estimated using four 
HRtargct formulae 

Time in zone per session mùt % of session in H b t  zone 
formula ~~#i l l l f  SD mtdian range meanfSD median range 

HRtargct(~n) 7.3k5.8 2.3 0-18 13.5k12.6 2.4 0-26 

To underline the variability of intensity of physiotherapy sessions and the 

corresponding HR responses, the HR recordings of two patients are illustrated in Figure 

10. The HR responses of a 67 year-old male at thRe months pst-stroke (Figure 10A) 

were arnong the highest of aii subjects despite the fact that the patient was inactive for 56 

percent of the session. He exceeàed the lower limit of his HRw=tccm, H R C U ~ = C ~ K M G ~ ~ ,  

HRtuget(~w), and H R ~ ~ t - ~ m d  zones for 10 minutes (22 percent), four minutes (nine 

percent), 2.5 minutes (six percent), and 14.5 minutes (31 percent of total session), 

respectively. At no time were symptoms of exertion observed during activities that elicited 

HR responses within the HRwet zone (e.g., weight-resisted leg exercises in lying, 

waiking, and stair climbing). In contrast, a 76-year-old fernale at three months pst-stroke 

was inactive for 32 percent of her physiotherapy session and exceedeâ the lower limit of 

her HRoorsa<ûxr), HRupct(mn;m, b ( m q  and - t -pd zones for one minute (two 

percent), O minutes, O minutes, and 3.5 minutes (seven percent), respectively (Figure 

10B). Her HR responses were sustained continuously within the H R t ~ ~ ~ t - p d  zone for 

0.75 minutes while waiking with a single cane and for 2.5 minutes while performing 

reciprocal Ieg movements on the KinetronO. 
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Figure 10. Heart rate responses during physiotherapy of a 65-year-old male (A.) and a 76- 
year-old female (B.) at 3 months post-stroke. In each graph the lower limits of the four 
HRwget zones are indicaied and the activities in which the patient was engaged are noted 
above the x-axes. R refers to resting or inactive and st means activities in standing. 



4.6.4 Mean energy expenditure 

Estimated EE- of male and female patients for physiotherapy sessions at 1,2, and 3- 

month post-stroke are presented in Table 19. The EE- values during the 1,2, and 3- 

month sessions were 18 percent, 27 percent, and 32 percent, respectively, lower in the 

female subgroup. Statistically significant increases were found for the subgroup of males 

in rnean VO, and EE- between the 1-month and 3-month pst-stroke sessions. 

Nevertheless, using the Five-level Classification of Physical Activity Based on Exercise 

Intensity (54), the mean level of activity for both male and fernale subjects would be 

classified as iight over the course of rehabilitation. In the 1-month post-stroke GXT, the 

lower limit of the HRursa(cm was achieved by the majority of patients by the end of the 

warm-up, which involved level walking at the individual's preferred waiking speed. 

During the GXTs at two and three months pst-stroke this target was reached by the 

second stage, which involved waiking at an incline of 2.5 percent at the individual's 

preferred walking speed. For the majority of subjects their RPE on the Borg scalei-IO 

correspondhg to their lower limit of HRtyFa(~xr> was 3 ('moderate'). 

Table 19. Heart rate and estimated energy expendiain for male and ferde patients during 
physiotherapy sessions 

HRmcan beatdmin 

VO? at H L  Umin 

RER at W ~ C U  , 

EEmcan kcaUmin 

Male subjects Fernale Subjects 
I -month 2-months 3-months 1 -month 2-months 3-months 
(n=l8) (n=16) (n=l4) (n=5) (n=3) (n=2) 

Data are means + SD. H h :  mean heart rate; VO? : oxygen consumption; RER: respiratory exchange 
ratio; EEmean; mean energy expenditure. Significant diamce between Lmonth and 3-month vaiues: 
' p < ~ . ~  1 ; 'p<O.QO 1. 



4.7 Discussion 

4.7.1 Methodological issues 

The main challenge in masuring the aembic component of a stroke rehabilitation 

program is to determine the relative metablic demand without interfering with the activities 

being performed. Intensity and duration are the most important parameters for determining 

the extent of rnetabolic stress (47). Often HR data is reiied upon as the principal indicator 

of exercise intensity (as in Phases 1 and 2 of the present study) and energy expendinirr (as 

in Phase 2) because of the approximately linear relationships among HR, exercise 

intensity, and VO, (31, 32). Before discussing the findings of the present study, the 

benefits and shortcomings of this applied methodology must be considered. 

4.7.1. i Detennining exercise intensity 

It is clear from the literature that estimation of exercise intensity is dependent on the 

formula used to determine the HRtsrpl zone. The Kamonen formula, the most widely 

applied clinical method of H k  determination, uses HRcn and age-related H R ~ z u - ~ R ~  as 

reference points to calculate an individual's HRaerve. Davis and Convertino (55) found 

that large ciifferences in HRnt values did not sigmfkantly affect the value of the HRtuget 

generated with the Karvonen formula. However, Londeree et al. (56) reported that only 

73 percent of the variability in H R n u - p n d  was accounted for by age and that the 95 percent 

confidence interval of individual H R t ~ - ~ r r d  is 45 beatdmin. Various physiologie and 

pathologic factors influence HRmu (57), thereby affecthg the accuracy of HRwa 

determination. Although we adjusted for the use of bblocking agents in calculating 

HRmax-pnd, the adjustment does not nflect the inter-subject and dose-related variability in 

responses to these agents (41, 42). Further, chnotrophic incornpetence, the inability of 

the heart to inmase its rate in proportion to the metabolic demands of exercise (58), is 

relatively comrnon in individuals with CAD, with pnvalence figures ranging fiom 14 



percent (59) to 29 percent (60). ûver 50 percent of the subjects in Our study had 

documented CAD. 

In addition to reliace on HRmax-pnd, another limitation with the Karvonen formula is 

the underlying assumption that work intensity among individuals is sirnilar if the relative 

percentage of HRrrsave is the sarne. determination based solely on HR data fails to 

account for the considerable inter-subject variability in HR response to exercise; hence a 

given HRrnipet may nflect a range of metabolic intensities (49.61-63). Goldberg et al. (63) 

found overestimation af HFt-t using 77 percent of HRRSCRC in the Karvonen formula 

among people of low fitness and concluded bat this foxmula may be excessive for unfit 

individuals. To offset this concem we used a very conservative percentage of H L m  (40 

percent) but found the formula H R t u p c t ( ~ )  not only overestirnated HRtarget but also 

deviated most from the criterion mesure, H R l u n c < ( ~ ~ .  The latter finding is in keeping 

with a previous study comparing HR- fomulae (49). 

In Our study 'artifact' was introduced when using the formula for subjects 

with abnormally high H h .  In such cases we occasionally found that the lower lunit of 

HRtafget was exceeded during periods of inactivity (e.g., with the subject calmly sitting in a 

wheelchair awaiting the physiotherapist). These observations corroborate previous reports 

of signifcant overestimates of exercise intensity (and underestimates of H R w e t )  when the 

HRwct(prcâ) formula is applied (55,64). 

The above-rnentioned considerations taise doubts regarding the validity of estimating 

the aerobic component of a program using HR data, particularly in a population with a 

wide age range and with a high incidence of cardiac disease. The application of GXT daia 

in Phase 2 helped to deviate this concem. Caiculating HR-t by using the HR recorded 

at a specified percentage of the V O , ~ C ~ L  (40 percent in the percent study) is a more 

definitive, individualized apptoach. Despite the accepted notion that 40 percent of 

VO, max corresponds to approximate'y 50 percent of HRmu (33), the mean lower limits of 

H R t a r g c r ( ~ ~ ~  and HRurgct-pi~d were simila (63 percent, 60 percent of HRman/adj, 



respectively). This fmding is in agreement with the observations by Swain et al (65) that 

40 percent of h, max comsponded to 63 percent of HR-. The ICC between HRiyet 

values calculated using the H R ~ c ~ ( G x T )  and HR-ttPrrd fonndae was high and the RMS 

was the lowest of all comparisons. Thus, for at leau those subjects in the population under 

smdy without abnormally high HRnrt, the HRW-~IWI formula used in this study may serve 

as a more reasonable, albeit mon conservative, proxy for HRwgct detemination than the 

commonly used HRUQU(KNV) formula 

RPE has been shown to reflect exercise intensity (66) and is highly comlated with 

several physiologic mesures including HRT VO,, RR, and lactate levels (67). The fact 

that most subjects in Phase 2 reported a rating of 3 at the point of attaining the lower limit 

of their H R q t t c ~ m  lends support to the use of RPE for determination of an appropriate 

training intensity since 3 (or 'moderate') is considered to be the threshold for a 

cardiorespiratory training in unfit individuals (68,69). 

4.7.1 .ii Detennining duration of aerobic component 

Duration of the aerobic component is determined by simply measuing the rime in 

which HR is within the HRt~gct zone. However, what remains unclear is the minimum 

time interval over which HR must be sustained within the zone to impose a metabolic stress 

on the cardiovascular system. In the present study we selccted a minimum interval of 30 

seconds. Using electncally-stimulated dog gracilis muscle as a model, Connett et al. (70) 

demonstrated an exponential rise in VO, during the rest-work transition, with a half-tirne 

of about 15 seconds. They also repoxted that prior to achieving a steady-state VO? plateau 

at about 60 seconds, the energy needed for tension development was provided by a bunt 

of glycolysis during the fmt 5 seconds of work followed by continuous PCr hydrolysis. 

Thus, ail three mechanisrns of ATP generation are stimulated almost immediately when 

muscle contraction begins, with the contribution of oxidative phosphorylation to the energy 

balance increasing and that of PCr hydrolysis declinhg as a stcady-state condition is 



approached. Medb0 and Tabata (7 1) stated that "anaerobic processes may not provide ATP 

much faster than aerobic processes even during short bursts of exercise like 30 seconds of 

bicycling." Walloe and Wesche (72) demonstrated a substantial increase in the velocity of 

blood fiow in human quadriceps muscle after the fmt 2-second contraction of that muscle 

during hythmic exercise sustained for 1-6 minutes. The tirne to reach steady-state is 

usuaily between 1-3 minutes and is invenely related to the exercise intensity (73) and 

directly related to the fitness of the individual (74). 

4.7.1. iii Estimating mean energy expenditure 

Energy expenditure during physical activity is obviously dependent on the intensity 

and duration of the activity, factors which have been discussed above. In situations where 

direct measurement of VO, is impractical, energy expenditure can be estimated by relating 

telemetered HR during the activity to the subject's HR-VO* curve established during a 

GXT (50) - the methodology used in Phase 2. A major concem regadhg this technique is 

that the conditions in which the field and laboratory data are collected are not analogous; in 

the laboratory extraneous factors are controlled and the activity is usually of a continuous, 

incremental, dynamic nature (e.g., rnadmill walking) involving large muscle groups 

whereas in the field the activity is often an intermittent, statiddynarnic (or 

isometric/isotonic) nature involving a mixture of small and large muscle groups, and 

facton that affect the dependent variables are not well controlled. Maas and colieagues 

(75) studied the accuracy of using the HR-VO? relation established in eeadmill running to 

predict energy expenditure involved in static weight-holding and statiddynarnic weight- 

carrying while treadmill running in eight healthy young aduits. The researchers found that 

VO, predictions from measufed HR were relatively accurate for the statiddynarnic task but 

were generaily overestvnared for the static task. 

In addition to the nature of the task (static versus dyaamic) and the t h e  course 

(transient versus steady-staîe), the type of exercise (am venus leg}, body position during 



exercise (supine, sitting) and level of training (untrained versus trained) can affect the 

VO,- HR relation. Bernard et al. (76) found that the slope of the VO,-KR cuve was 

higher in the fint minute of low-intensity dynamic exercise than during steady-state 

exercise; thus, a measured HR in the rest-work transition yielded an inflated vo estimate. 

The underlying physiologie mechanism was not investigated but a sudden sympathetic 

resetting of the arterial barorefîex at the onset of exercise was hypathesized. Also, Vokac 

et al. (77) noted that during the rest-work transition, the HR response during arm exercise 

was less than that during leg exercise of comparable intensity, and that HR during ami 

work was no different in sitting than in standing. In contrast, Stenberg and colleagues (78) 

observed p a t e r  HR responses at a given V O ~  during steady-state a m  exercise compared 

to leg exercise, as weil as during arm or leg exercise in sining compared to supine. These 

researchee aiso noted that the effect of HR differences between steady-state a m  and leg 

exercises on the VO,-HR relationship was somewhat offset by higher VO, dunng ami 

exercise at any given submawial workload. Lastly, the same HR during subrnaximal 

exercise after training represents a higher relative exercise intensity and energy expenditure 

(74). Despite these limitations in preùicting VO, from HR data, h a n d  and Rodalh (79) 

argued against the need for simulating the acnial activity in detennining the HR-VO, 

relation for predictive purposes, stating that "the use of the ncorded HR as a basis for the 

estimation of workload may be acceptable even in many work situations involving ami 

work or the use of small muscle groups." 

4.7.2 Exercise intensity and energy expendinire in therapy sessions 

Although the HR responses (HRcn, HR-, HRprk, % HRIIMX-~R~) during therapy 

sessions in Phase 1 and 2 were unchangeci over the course of rehabilitation, the mean time 

spent within the Hl%- zone in physiotherapy (as calculateci for Phase 2 data using the 

cnterion measure - the ~ ( G X T )  formula) and the comsponding mean EE- increased 



significantly between the fint and third month post-stroke. These seerningly inconsistent 

results underline the limitations of using HR data alone to detennine exercise intensity and 

support the rationale for using formal GXTs to establish appropriate HRwet levels for 

stroke rehabilitation. Nevertheless, our main conclusion from the Phase 1 and 2 results 

was that the exercise intensity was inadequate from the perspective of cardiorespiratory 

training. We used the most conservative threshold levels for aerobic conditionhg and 

observed little evidence of physical exertion when these levels were exceeded. The Phase 

2 subjects demonstrateci during the GXTs that they could safely exercise at higher 

intensities than they did during therapy sessions and threshold %IRrargct values were reached 

very early in testing. Furthemore, a disproportionate amount of time was spent king 

'inactive' in terms of cardiorespiratory stress. The mean time spent within the HRugct 

zone dunng therapy sessions. irrespective of the HI&- formulae used was well below 

the minimum duration of 20 minutes recommended to improve exercise capacity (1 8, 3 3). 

High energy cost components were too intermittent to have significant effects on 

cardiovascular function; thus the EE- relative to the total session t h e  was iow. 

Our results did not support the concem raised by Bachynski-Cole and Cumming (16) 

that occupational therapy sessions for patients pst-stroke may involve periods of intense, 

isometric work that induce undue cardiac stress. The findings also contradict those of the 

only published investigation on the intensity of physiotherapy for patients post-stroke (20). 

Roth and colîeagues (20) interpreted a mean change in HR of 36 percent during 

physiotherapy as sufficient to ciexive a training effect yet the authors failed to determine a 

H l h p t  zone and to measure the duration over which the HR was elevated. In the present 

study, the overail ranges of HR responses during both physiotherapy and occupational 

therapy sessions were of a magnitude equal to or pater than that reportai by Roth et al. 

(20) but HR values within or approaching the -t zone were transient and did not 

reflect metabolic stresses sufficent to enhance cardiorespiratory fitness. The activities that 

elicited the greatest HR responses were consistent with those identifleci in the Roth study 



(20), and included mainiy standing activities and transitional movements (e.g. sitting to 

standing, standing to sitting on the flwr). 

Roth and colleagues (20) hypoihesized that participation in exercise programs may be 

lirnited for patients post-stroke with CAD because of theu compromised coronary 

circulation and decnased cardiac reserves. Moldover (80) expressed concem that the 

exercise intensity of rehabiiitation activities for patients pst-stroke with CAD may be 

unnecessarily limited by excessive cardiac precautions. In Our study, no differences were 

identifid in HR responses or intensity of therapy sessions between subjects with and 

without CAD. There was some indication, based on the limited population of fernales in 

Phase 2, that the intensity of physiotherapy may have been lower for the female patients. 

The mean EE- during physiotherapy was 18 percent lower for the small subgroup of 

female patients than for the male subgroup, about 11 percent of which could be attributed 

to gender-related differences in basal EE (53). In addition, those patients experiencing 

shoulder pain spent 50 percent less tirne in standing activities per physiotherapy session 

and 150 percent more time inactive than did the subjects without that complication. 

The reasons for not systematically addressing cardiorespiratory status in stroke 

rehabilitation are no doubt multifaceted. Since lack of motor and posnual control is often 

the most obvious limiting factor in t e m  of functional recovery, a preoccupation with 

improving neuromuscular function is undentandable. The observation that experienced 

therapists in this study and in previous studies (3, 16) did not monitor HR and BP of 

patients post-stro ke, even in patients with well-documented cardiac disease, suggests a 

disregard for cardiorespiratory functioning. Lamb and Frost (81) assen that "exercise 

physiology and prescription seem poorly undentood [by physiotherapists] and they are 

undervalueci as ciinicai skills", a sentiment shared by Paley (82). The risk of fails, 

aggravation of sparticity, and detrimental cardiac rrsponses to the dynamic activities and 

overload necessary to achieve a training effect may have been deterrents to higher exercise 

intensities. Lack of tirne for conditioning may also have ben  an issue, although the 



average time spent in physiotherapy and occupational therapy per day in the present study 

was over twice the values reported in a meta-andysis by Kwakkel et al. (83). 

4.7.3 Study limitations 

The most important limitation of this study, that of using HR to estimate exercise 

intensity, has been discussed at length in Section 4.7.1. The sarnple of subjects studied, 

while manifesthg characteristics typical of patients participating in stroke rehabilitation, 

was small and female patients were under-represented in Phase 2. Also. data colieztion 

was restricted to physiotherapy and occupational therapy sessions since numerous 

behavioral mapping studies have indicated that the activity level of patients post-stroke 

while not engaged in therapy is inordinately low (24-28). Finally, although the stroke 

rehabilitation program under study appeared to be representative of the contempofary 

programs. there may have been nuances unbeknownst to us and specific to this program 

that affected the results. 

4.8 Conchsions 

Despite the fact that stroke and CAD share comrnon risk factors and 

pathophysiologic processes, the approach to physical rehabiiitation of these conditions is 

drarnatically different. Key components of cardiac rehabilitation are rraaining the 

cardiorespiratory system through aerobic exercise - the intensity of which is prescribed 

using a HRtarget zone - and ongoing monitoring of HR, blood pressure, and perceived 

exertion. The main finding of this longitudinal, two-phase study is that stroke 

rehabilitation, as currently delivered, does not provide significant cardiorespiratory stress. 

We determineci that the estirnateci aerobic component of physiotherapy over the course of 

rehabilitation was low, and that of occupational therapy was negligible, for patients post- 

stroke with and without CAD. As weii, cardiorespiratoxy nspoases were not monitored 

by the therapists supervising the therapy sessions. The need for and benefit of aerobic 



conditioning appear to be largely overlooked, and as a conseqwnce, potentially rnodifxable 

cardiovascular limitations are not addressed using the cumnt therapeutic stntegies. Since 

it is becoming increasingly apparent that the majority of patients pst-stroke have limited 

exercise capacity, these observations have simcant implications in terms of ciinical 

practice. Our findings support a rationaie for incorporating the goals and principles of 

cardiac re habilitation into stroke rehabilitation programs. Further research on the efficac y 

of increasing the aerobic component of these programs in enhancing functional outcomes is 

w arranted. 
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Queen Elizabeth II 
Health Sciences Centre 
Cardiac Prevention and Rehabiütation Research Centre 
Abbie J. Lane, 9th Floor 
Halifax, B3H 362 

Informed Consent 

Title of Study: Estimation of the aerobic component of contenrporary stroke 
rehab ilitation. 

Principal Investigator: Marilyn MacKay-Lyons, M.Sc. (PT), Doctoral Student, 
Department of Physiology and Biophysics, Dahousie 
University; tel: 494-2632 or 473-8622 

Associate Investigators: Lydia Makrides, Ph.& Professor and Director, 
School of Phy siotherapy , Dalhousie University 

Introduction 
We invite you to take part in a research study at the QEIX Health Sciences Centre. Taking 
part in this study is voluntary. The quality of your health care will not be affected by 
whether you participate or not. Participahg in this study might not benefit you, but we 
might leam things that will benefit othen. You may withdraw from the study at any time 
without affecting your care. The study is described below. The description tells you about 
the risks, inconvenience, or discornfort which you might experience. You should make 
sure that any questions you have about the study are answered to your satisfaction. 

What is the purpose of this study? 
The purpose of this study is to detemine how activities perfonned during physicd and 
occupational therapy sessions over the course of the stroke rehabilitation affect the hem 
rate. We want to find out if these sessions are too challenging, chdenging enough, or not 
challenging enough on the heart to provide an exercise training eff6ct. 

Who c m  take part in the study? 
The 20 patients with stroke participating in this study will: 

have ken admincd to the Queen Eiizabeth II Heaith Sciences Centre (QEIQ; 
have had an ischemic stroke within the p s t  month; 
be involved in physical and occupational therapy; 
not have a pacemaker, 
provide inforrned consent. 

How are participants selected? 
Patients admitteci to the QEII who meet the conditions described above wiU be told about 
the study by Dr. S. Phillips, neurologist and Director of the Acute Stroke Service. The 
names of people who agree to participate will be given to Marilyn MacKay-Lyons, a 
physiotherapist and the principal investigator of the study. She or one of her 
physiotherapy students will visit each person to review details of the study, answer 
questions, and obtain a signed copy of ihis fonn. 

Please turn to page 2. 



What does the study involve? 
If you choose to participate in this study, your physical and occupational therapy sessions 
will not be changeâ in any way. Evexy two weeks a physiotherapist or physiotherapy 
student involved in the study will monitor your hem rate during your usud physiotherapy 
and occupational therapy sessions at the Halifax Infimiary or the Nova Scotia 
Rehabilitation Centre. In orùer to monitor your hart rate you wül be required to Wear a 
heart rate monitor that is fasteneci securely around your chest and a heart rate recorder 
(similar to a watch) that is wom on your wrist. These devices will keep a mord of your 
heart rate during the therapy sessions. The person monitoring the session will also record 
on paper the types of aaivities in which you participate during therapy. 

Are there any risks or discomforts? 
The hem rate monitor around your chest should be 'snug' but should not cause any 
irritation. If the monitor feels uncomfortab1e, the penon monitoring the session will adjust 
the length. 

What are the possible benefits? 
B y pdcipating in this study, you will be contributing valuable information. By studying 
what happens to heart rate during stroke rehabilitation, we hope to assist therapists in 
designing safe and effective exercises and activities for patients with stroke. 

Other important information 

1 .  Confidentiality: AU information gathered during the study will be kept confidentid. 
The information collected from this study will be published and presented at scientific 
conferences but your name wili no< be used. Your records wiii be kept in a locked fiie 
cabinet. Oniy the staîf involved in the research study wili see them. 

2. Costs: There will be no costs to you for king in this study. 

3. Questions or Problems: If you have any questions about this study, please contact 
Marilyn MacKay -Lyons (0-902-473-8622) or at Dalhousie University (0-902-494-263 2). 
There is voice mail at these numbcrs. 

I have read the description of the shcdy. I have been given the opportwii~ to discuss 
the study. My  questions have been annvered to my satisfaction. I understand that 2 
will be given a copy of this consent fonn for my own records. I hereby consent to take 
part in this study. 



HEART RATE MONITORING STUDY 
DATA SUMMARY FORM 

SESSION DATA 
Subject's name: Code #: 

Date of session: Time of session: 
Session #: Weeks since stroke: 
Session ( and #): PT -0T Name of thetapist: 
Therapy location: NH-NSRC-Room-Gym Other-Specify - 
Frequency: daily other-Specify home ex program: nomes 
Description ( ):ln-pt Out-pt Assessrnent Treatment Both: 
Known Cardiac Disease: no yes Berg Score: 156 
Timed Up & Go: amb aid 1" sec 2"4 sec Mean sec 
Additional Comment8 re MobilitylProgmss: 

-- -- 

HEART RATE DATA 
Age: Est HRmu (= 220 - age): HR resenre (= HR, - HR,,J: 
Target HR Zone (= [4OgS% HR rerwe]  + H R A  t o  
H R-altering medication:no yer Type: Dose: 
Effect on HR: Altered Target HR Zone: 
Length of Session: mbi Mean HR for session: 

bpm %Est HRmax achieved: bpm Max HR achieved: Resting HR: 3c 

Under HR zone: mh % 

Within HR zone: mbi % 

Over HR zone: mh % 

Additional Comments/Obsewations: 
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CHAPTER 5: CHANGES IN EXERCISE CAPACITY DURING 
RECOVERY FROM STROICE 

5 . 1  Introduction 

There is evidence in the iiterature of abnonnally Iow exercise capacity in patients in 

the chronic post-swke period (1,2). We recently corroborated this fincihg in a group of 

29 patients early pst-stroke (see Chapter 3). What has not been reported, however, is the 

extent of change in aerobic caplbcity over the course of recovery post-stroke. As a result, 

the contribution of changes in the cardiorespiratory system to overall functional recovery is 

unknown. nie notion of cardiovascular adaptations to exercise as important detednants 

of stroke outcornes has not be adequately addrcssed. Gresham et al. (3) suggested, 

without supporting evidence, that "much of the disabiüty of stroke victims appears to be 

due to coexisting cardiovascular disease." 

Documenting longihidinai changes in exercise capacity and comsponding changes 

in functional status would be of value in explonng the interaction between the 

cardiorespiratory and neuromuscular systerns in the recovery process. Also, baseline data 

on the effects of contemporary stroke rehabilitation on cardiorespiratory fitness would be 

usehl in determinhg the need for aerobic conditioning in the early stages post-stroke, the 

period during which physical nhabilitation takes place and potential for functional recovery 

is maximized. 

There are indications, mainly from the nsults of training snidies, that 

improvements in cardiovascular adaptation are possible, at least in the post-recovery stages 

of stroke (l,4-7). In two studies that measured V O , ~  before and after a training period 

involving patients with chronic hemiplegia, man improvements in V O , ~  of 19 percent 

(8) and 13 percent (1) wen reported. Other training studies have relied on submaximal 

parameten as indices of a training effect. In 1979 Brinban et al. (4) documented an 

average reduction of 20 percent in submaxllnal HR at a fmed work rate &r 12 weeks of 



aerobic conditioning by patients with long-term stroke. More rexentiy, Macko and 

associates (5) demonstrated a mean decrease in submaximal HR of 15 percent with a 6- 

month eeadmill conditioning program for patients in the chronic pst-stroke period. The 

single patient with stroke who participaced in a 10-week training study by Wolrnan and 

Comall(6) demonstrated no change in submaximal HR at a fmed load. 

In a clinical investigation related to the present study, we concluded that the aerobic 

component of an existing stroke =habilitation program was inlriequate to elicit signuicant 

improvements in cardiorespiratory status (see Chapter 4). Based on this finding, it is 

unlikely that c1Uiically sigdicant improvements in cardiovascular adaptation occur with 

current therapeutic interventions. However, the possibility exists that we overestimated the 

exercise intensity needed to improve exercise capacity during the post-stroke recovery 

period. Altematively, a 'spontaneous' increase in exercise capacity may occur after stroke, 

such as that reponed in deconditioned patients soon after MI (9). Thus, longitudinal 

measurements of exercise capacity are quired to ascertain the extent of change in exercise 

capacity . 
In addition to exercise capacity, another potentially modif~able factor that can 

adversely affect stroke outcome is the energy expendinire of physical activity. The energy 

expended in waking pst-stroke has been a topic of excessive study (5, 10-15), in part 

because improved walking ability is the principal goal of most stroke survivors (16) and 

also because, for many individuals, walking repnsents the only departwe fiom a sedentary 

life (1 7). After stroke, several detenninants of normal gait may be adversely affected, with 

consequent high energy cosu of iocomotion, an inevitable cardiovascular burden, and 

limitations in the type and duration of daily activities (18). The extent of change in energy 

expendinire during w a b g  over the course of recovery pst-stroke has not been 

adequately addressed. However, it is reasonable to assume, given the substantial and 

progressive neuromuscular recovery observeci in this perïod, that muscular eficienc y, and 

hence the energy cost of walking, would likcwise improve. 



In the present study we investigated changes in exercise capacity and relakd 

variables of individuals at 1-,2,3-, and dmonths post-stroke and the nlationship of these 

changes to improvements in functionai stahis. In addition, we also studied longitudinal 

changes in the energy expenditure during level walking at a fixed speed across GXTs. The 

principal research hypotheses were that (i) changes in exercise capacity over the dmonth 

post-stroke period would not be ~ i ~ c a n t ,  (ü) changes in motor recovery and functional 

status would be significant and comlate poorly with change in exercise capacity, and (iii) 

changes in energy expenditure during walking would be significant. 

5.2 Methods 

5.2.1 Subjects 

Data for this study were coilected as an extension of an observational cohort study 

onginally designed to investigate the exercise capacity of patients early post-stroke (see 

Chapter 3). The subjects who had undergone exercise testîng at one month post-stroke 

were asked to r e m  for retesting at two, t h e ,  and six months post-stroke. Testing at set 

post-stroke intervals rather than at specific events such as admission and discharge is in 

keeping with the recommendations of Jongbloed (19). A six-month pend was chosen 

because most recovery pst-stroke has occumd by this time (20). The subjects 

participated in the usud coune of =habilitation, as prescribed by stroke team memben not 

affiliated with the study. No attempt was made to influence the extent or content of stroke 

rehabilitation or to restrict or alter the daily activities of the subjects. The subjects were 

grouped as Dependent or Independent according to their Barthel Index at the cne-month 

GXT (see Chapter 3).  



5.2.2 Testing protocol 

The testing protocol used in the initial tests was npeated in the subsequent tests 

with the same initial speed, progression of speed and grade, and use of 15% body weight 

support (see Chapters 2 and 3 for details). Also, the tests were physician-monitond and 

conducted at consistent times of the &y. Those subjects who used handrail support during 

the 1-month GXT were instmcted to use the same support for the remaining three tests, 

and at no tirne was the gait pattern manuaily facilitated by the investigaton. At the thne of 

each GXT, the subjects were asked to report changes in their daily activities since their 

previous test. Within two days of each GXT, the impairment and disability statu was 

evaluated using the following outcome measures: 

Chedoke McMaster Stages of Recovery of the Leg (CM-Leg) and Foot (CM-Foot) (2 1): 

as described in Chapter 3. 

grip strength (grip): A Jamar hand dynamometer was used to measure grip stnngth of 

the less affected and more af6ected hand with the subject seated and the shoulder in neuaal 

position, elbow flexed to 90'. wrist extended to 30°, and in 15' of ulnar deviation. Each 

subject was instructed to hold the dynamometer and to foUow the instructions: "squeeze 

harder, harder, and relax" (22). The mean of two consecutive measmments was used in 

data analysis. 

Berg Balance Test (Berg) (23): Each subject performed 14 balance tasks, graded on a 5- 

point criterion-referenced scaie. This test has k e n  shown to have high inter- and in- 

rater reliability and validity (24). 

walking speed (speed): Each subject walked 10 meters independently at self-selected 

speed over level ground supported by any ambulatory aids and orihotic devices used in 

everyhy ambulation. Gait speed over 10 meten has been found to be valid and diable 

measure to use with patients early pst-stroke (25). 

Tirned Up and Go Test (TUG) (26): Each subject stood up independently from an 

armchair, walked 3 meters, turned, retumed to the chair and sat down. This test of 



mobiiity and postural adjusm~nts has been found to have high test-retest reliability, with 

an interclass correlation coefficient (ICC) of 0.99, and high inter-tester reliability (ICC = 

0.99) (27). 

Chedoke-McMaster Disability Inventory (CMDI) (28): The subject performed 14 mobility 

and locomotion tasks, each scoreù on a 7-point criterion-referenced scale. 

5.2.3 Data Analysis 

Descriptive statistics including means, standard deviations and ranges were 

calculated for all dependent variables measured during the GXTs (i.e., resting, 

submaximal, and peak values for relative and absolute VO,, HR, SBP, DBP, RPP, O? 

pulse, VE, Vt, RR, as weil as pak woriùoad and exercise tirne) and the functional 

measures (i.e., CM-leg, CM-foot, grip, Berg, speed, TUG, and CMDI). 

To estimate the energy expenditure during level walking on the tnadmill (EL*) 

VO, and RER were averaged over the last 30 seconds of the fmt stage of each GXT. 

EEw* was then hteRnined using the calonc equivalent for a liter of O, at the measured 

RER (29,30). To permit comparisons with normative data the VO, values were adjusted 

to compensate for the use of 15% BWS. By the end of the first stage, the subjects had 

been walking on the level at a constant speed for thrre minutes (Le., I-minute warm-up 

and 2-minute); thus steady-state respiration could be reasonably assured (31) (32). 

However. the energy costs involved in subsequent 2-minute stages of the GXTs could not 

be determined with confidence since steady-state conditions were not met. 

Inferential statistics were applied to &termine the extent of change across testing 

intervals in the functional variables and in the GXT variables measured at peak exercise 

intensity as well as submaximal values averaged over the last 30 seconds of each of the 

first six stages of the GXT. One-way rrpeated measuns analyses of covariance 

(ANCOVAs) were used with one withiri-subject factor (GXT) and one non-tirne-vary ing 



covariate (age). Bonfernoni post hoc testing was applied to detect statisticaily sigmfïcant 

differences in the dependent variables across the four tests. 

The analyses were repated using two-way ANCOVAs with one within-subject 

factor (test). one non-time varying covariate (age) and one of two grouping factors 

(Dependent or Independent group or presence or absence of CAD). The software 

program, BMDP-SV - Unbalanced Repeated Mesures Models with Smictured Covariance 

Matrices (33) was selected for the ANCOVAs since this program was designed specifically 

for small data sets with limited missing data. The program offers a choice of models for 

the covariance structure - (i) compound symmetry, with two covariance parameters and 

where the responses have a common variance and covariance; (ii) tint-order 

autoregressive, with two covariance parameten and where the covariance matrix is banded 

such that adjacent responses are more closely related than distant responses; and (iii) 

unstructureci, where the covariance matrix is fully parameterizcd with unique variances and 

covariances in the matrix. For the majonty of the ANCOVAs in the present study, 

compound symmetry was the mode1 of choice since it was associated with the largest 

Akaike's Information Criterion. 

For those variables in which statistidy sipdîcant differences between tests were 

identified by the ANCOVAs, percentage change (9% A )  scores were calculated 1% A scon 

= (Variablet- B -VariableocarJVhabl-) * 1001 in order to adjust for the effect of the 

initial value on the extent of change. To examine the nlationship ktween changes in 

Vo2w and functionai measures, multiple Linear regression was appiied with %A vo2pri: 

as the dependent variable and % A scores in functional measures, age, BMI, and responses 

to the Physical Activity Qwstiomaire (PAQ) as independent variables. Lest squares 

regression lines were calculateci for VO? and HR against exercise t h e  for each of the four 

GXTs. Pearson product-moment correlation coefficients were computed to assess 



relationships between continuous variables. Ail statistical tests, except the Bonferroni posr 

hoc testing, were performed with an alpha level set at 0.05. 

5.3 Results 

5.3.1. Subjects 

Twenty-seven (93 percent) of the 29 subjects who had performed the initial exercise 

test at about 1-month pst-stroke participa& in this longinidinal study. The two subjects 

who did not participate had moderate disability - a 64-year-old male who had an excessive 

hypertensive response during the initial test and an 83 year-old-female who declined 

because of the anxiety she experienced during the first test. Data of two subjects were 

eliminated from the analysis - one 49-year-old male with miid disability who relocated 10 

weeks post-stroke and a 72-year-old fernale with moderate disability who quit after the 

second test. Background characteristics of the 25 participants grouped according to level of 

disability at the tirne of die fmt exercise test are summarized in Table 20. There were no 

statisticdly signlficant differences between this subsample and the larger sarnple of 29 

subjects who had performed the initial exercise test (see Table 6, Chapter 3). Statisticdly 

significant differences were found between the Dependent and Independent groups in the 

BI on admission to the acute stroke unit and on length of stay (LOS) at both the acute 

stroke unit and rehabilitation centre. The discharge destination h m  in-patient rehabilitation 

of di subjects was home with spouse or other relatives. Of the seven subjects who had 

been employed at the time of their stroke, five had returned to work by the 6-month GXT. 



Table 20. Characteristics of patticipants grouped according to level of disability at 1-month 
post-stroke 

age ut 
sex 
weight kg 
BMI kgh '  
side of stroke 
OCSP classification 

TACI 
PACI 
POCI 
LACI 

admission BI O-lûû 
acute LOS d a y ~  
IP rehab LOS days 
OP rehab weeks 

ambulatory aid 
no aid 
single cane 
quad cane 
w alker 

history of CAD 
P-blocker mdcation 
diabetes meilinis 
PAQ 
history of smoking 
arnount smoked pk-yr 

- - 

Characteristic Dependent Independent Total 
(- 16) (n=9) (-23 

64.9~14.4 62.7k12.7 64.1213.6 (29-82) 

Data are means + SD (ranges) or counts @ercentagcs). BMI: body mass index (mass/height2); OCSP 
classification: see Chaptcr 3 for details; admission BI: Barthel Indtx on admission to acute hospital; LOS: 
length of stay; iP rchab: in-patient rchabilitation; OP rchab: out-patient rehabilitation; CAD: coronary 
artery disease; PAQ: Physicd Activity Questionnaire; amount smokcd: by those with history of smoking 
expressed as pack-years (pk-y) [t y of smoking x average # of packages of cigarcttes/day]. * Between-group 
difference, Pg0.0 1. 

5.3.2 General response to exercise testing 

The testing procedure was tolerated weii by al l  subjects and there were no 

complications during or following the GXTs. Several subjects stated that they looked 

forward to the GXTs because they felt empowered by their performance. Based on visual 

inspection and feedback fiom subjects, the gait pattern of most patients appeared to 



improve in terms of symmetry and coordination when aadmill walking as opposed to 

overground waîking, particularly with slight treadmill elevations (usually between 2.5-7.5 

percent). The testing schedule was adhered to in that the 1-month GXT took place 2h6 

days post-stroke, the 2-month GXT at 58+6 days post-stroke, the 3-month GXT at 9&8 

days post-stroke, and the 6-month GXT at 184+_18 days post-stroke. A total of five 

GXTs were missed, four due to inclexnent weather and sickness and the fifth because the 

subject (a 72-tearold male) had a second stroke at 5 months after his initial insult. 

In 89 of the 95 (94 percent) GXTs performed the subjects teminated testing of their 

own volition whereas, in five of the six remaining GXTs, testing was terminated by the 

investigators due to excessive increases in biood pressure fiable 21). On one occasion 

testing was stopped due to painless S-T segment depression, which would be categorized 

as a nonischemic response by DeBusk et al. (9). Only five subjects had a consistent reason 

for termination across al1 tests; this subgroup included one male with previously 

undiagnosed intermittent claudication, one male - a long-term smoker - with dyspnea, two 

males with volitional fatigue, and one female witb fatigue localized to the hemipmtic leg. 

The number of subjects who stopped exercise due to cardiopulmonary signs and symptorns 

decreased and the number who stopped due to volitional fatigue increased across tests. 

Table 2 1. Reasons for termination of exercise tests at 1,2,3, and dmonths post-stroke 

Reason for Test Tennination 1 -month 2-month 3-month 6-month 
(a=U) (-24) (~24) (n=22) 

volitional fatigue 5 (2m) 7 (29%) 9 (38%) 11 (50%) 

Hemiparetic leg fatigue 4 (16%) 4 (17%) 3 (13%) 1 (35%) 

 on-haniparetic' leg fatigue 5 (2m) 6 (25%) 7 (29%) 6 (27%) 

Back pain O 1 (456 O 1 (4.5%) 

Leg claudication 1 (4%) 1 (4%) 1 (4%) 1 (4.5%) 

Cardiorespiratory signs/symptoms 10 (40%) 5 (21%) 4 (17%) 2 (9%) 
dyspnta 7 m=J) 5 1 1 0 ~  2 (50%) 1 (s04b) 
ST-segment depression O O 1 (25%) O 
SBP>260orDBP> 115mmHg 3 ( 3 m  O 1  (25%) 1  (Sm1 

Data ate counts (percentages). 



5.3.3 Comparability of GXTs 

The effort exerted by the subjects during each of the four GXTs was compared by 

examining several variables at peak exercise intensity. The data presented in Tabie 22 

show that the percentage of subjects anauiing VO, w criteria was relatively consistent 

over the four GXTs. In addition, there were no statisticaily signif~cant differences in mean 

values of HRpai<, percentage of HRIILU-~E~. RE-, and RPEw across the GXTs (Table 

23). 

Table 22. Attainment of VO, m~ during exercise tests at 1,2,3, and 6-months post-stroke 
using cornmonly employed criteria 

nKpe* 
adiusted for bblocker 

GXT >200Torr >1.00 >l.IO c l 5 b h i n  c10Wrnin c15btmin <10b/min 

16 (64%) 8 (325%) 14 (56%) 0 5 (20%) 2 (8%) 12 (48%) 5 (2040) 
(n=25) 

15(63%) 7(29%) 14(61%) 3(L3%) 8(33%) 8(33%) 12(50%) 908%) 
(n=24) 

3-month 17 (71%) 6 (25%) 14 (58%) 2 (8%) 6 (25%) 6 (25%) 10 (42%) 9 (38%) 
(n=24) 

14 (64%) 4 (1 8%) 12 (55%) 4 (1 8%) 8 (36%) 7 (32%) 9 (4 1%) 10 (45%) 
h=22) 

Data are counts (percentagts). SBPpk: systolic biood pressure at peak cxcrcise intensity; REFtpak: 
respiratory exchange ratio at peak cxcrcise intensity; HRpric: h m  rate at peak excrcisc intensity, expresscd 
as cl5  or c l 0  beats/min of predicted HRrrwf22û-age]; adjusted for ~blockr:  adjusment in predicted 
HRmax [85 % (220-age)] duc to HR-lowcnng effcct of bblockcr medication. 

Table 23. GXT variables at peak exercise intensity at 1,2,3, and 6-months post-stmke 

Variable 1 -month 2-month 3-month 6-month 

RPE- O- I O 6.1~1.2 6.2k1.3 6.a1.4 6 . e 1 . 2  
(5-9) (5-9) (49) (5-9) 

Data are means 2 SD (range). HRmu: peak heart rate; % HRnrPx-pad: % of 1220-age); 5% HRmax-prcdladj: 

adjusted for f%bIockc~ RER@: pcak respiratory exchange ratio; RPEpcik: pcak rating of pcri~civcd 
exertion. 



5.3.4 Peak oxygen consumption and nlated variables across GXTs 

Peak values of relative VO, auaineci by each subject in the Dependent and 

Independent groups are illustraml in Figure 11. The difference in V O ~ &  between 

groups in the 1 -month GXT was statistically significant ( 1 3 Ak3.2 mI/lc@min venus 1 7.3 

ml/kg/min, respectively, p<0.05). Two line graphs in the Dependent group aie 

highlighted. The thick solid line (-1 represents the data of a 66-year-old male who, 

after discharge from rehabilitation at 17 weeks post-stroke, j o M  a fitness club and 

participated in treadmill walking 4 àmes per week. The diick broken line (- = = ) 
represents the data of a 76-year-old male who experienced depression afkr discharge from 

rehabilitation at 10 weeks. Soon after his 3-month GXT his wife bought him a treadrrdl 

which he used daily. Bot. subjects were continuing to treadmill w a k  ai the time of the 6- 

month GXT. 

Dependent Group 

35 i 

Independent Group 
r35 

Figure 11. Peak oxygen consumption ( v o , ~ ~ P ~ )  across the GXTs for each subject in the 
dependent and independent group. See text for details regarding the highlighted solid and 
broken lines that represent data of subjects in the Dependent Group. 



As shown in Table 24, the i n c ~ w s  in relative and absolute V O , ~  between the 1- 

month and the 6-month GXTs (16.9 and 18 percent, nspectively) were found to be 

statistically significant on post hoc testing. A mean gain of 10.8 percent in relative 

V O , ~ ~ L  was observed between the 1- and 2-month (representing 65 percent of the total 

change in V O , ~  over the course of the study) but this gain did not reach statistical 

significance. Age was a significant covariate. One grouping factor, presence or absence of 

CAD, was not statistically significant, the other grouping factor. Dependent versus 

Independent group, was significant (mean difference in V O , ~  was 2.28 mi/kg/rnin for 

the Dependent group and 1.9 1 rni/kg/rnin for the Independent group, @.04). Statisticaily 

signuicant differences were also found in exercise time and workloadpai; between the 1- 

month GXT and each of the other GXTs. In addition, simcant differences were found 

in exercise tirne and workloadpuir between tbe 2-month and 3-month GXTs and between 

the 2-month and 6-month GXTs. Mean differences in Oz pulsew, SBPm, DBPw,  and 

RPPpeait across GXTs were not statistically simcant. A statisticaiiy sigdicant increase 

in mean body weight was observed between the 2-month and dmonth GXTs. Seventeen 

of the 22 (77 percent) tested at six months pst-stroke gained weight since the fiat GXT 

with an average gain of 2.2 kg. The source of the gain (i.e., fat, muscle, water) could not 

be determineci from the data However, ai the &month testing session the majority of 

subjects clairneci to be inactive and confessexi to excessive eating to curb boredom; ihus the 

increased weight may have been in the form of fat 



Table 24. Variables measund at rest and at peak GXT intensity at 1,2,3, and 6-months 
post-stroke 

-- -- -- 

variable 1 -month 2-month 3-month 6-month Overall p 

weight 
kg 

BMI 
kg/m2 

H h s t  
b eardmin 

vol@ 
mVkgmin 

h p a i r  
% nonnarive 

Exercise time 
min 

(467;30-1610) 

Data are means + SD (range) or (median; range). NS: non-significant; ~0,p.t: pcak Oz consumption; 
~ 0 , p e a k  Q nonnative: 5% of scx. agc, hcight and weight-nlatcd normative values; v  COS^: peak CO, 
production; SBPpeair: peak systolic blood pressure; DBPpeak: pcak diastolic blood pressure; RPPpeak: peak 
rate-pressure product. * 2- vs 6-mo GXTs, p<.O.Ol; t 1- vs 6-mo GXTs, p<0.01; $ 1- vs 2-mo GXTs, 
~0.01; 5 1- vs 2-rno GXTs, pc0.001; II  1- vs 3-mo GXTs, pc0.001; ¶ 2- vs 3-mo GXTs, p<0.01; # I- 
vs 6-mo GXTs, pe.O.001. 



5.3.5 Submaximal oxygen consumption and nlated variables across GXTs 

Submanimal values of GXT variables were averaged over the last 30 seconds of 

each stage of the GXTs to identjIy sïgnifcant differences in the values across tests and to 

determine at what stages these differences occurred. No significant differences in 

submaximal values for Ozpuire, SPB, and DBP were found at any stage. Stab'stidy 

significant differences were noted in submaWnal VO,, HR and RPP, the overall trend 

k i n g  a gradua1 reduction in submaximal values at each stage across tests (Figure 12). 

Submaximal VO, values at stages two and three Mered between the 1- and émonth tests. 

Submaximal HR values were significantly lower at several stages between the 1-and 3- 

rnonth GXTs as well as between the 1- and 6-month GXTs. These differences could not 

be attributed to changes in medication since such changes were minimal. DifYerences in 

submaximal RPP were signif~cant at stages 3-5 between the 1- and 6 months tests and 

between the 1- and 3-month tests as well as at stages 4 and 5 between the 2- and 6-month 

tests. 



Stage t Stage 2 St8go 3 Stage 4 Stage 6 

Stagm 1 Staga 4 Stigm 5 Stage 6 

Stage t Strga 2 Staga 3 Stigo 4 Stage 5 Stage 6 

Figure 12. Cornparison of physioiogic variables at the end of the fmt 6 stages of the four 
GXTs * 1 vs 6-mo GXTs, pe0.01; 7 1 vs 3-mo GnTs, ~0.01; 8 2 vs 6-mo GXTs, 
pc0.00 1. 



The regression h e s  for VO, and HR against exercise timt for each of the four 

GXTs illustratecl in Figures 13 and 14 show the shift to the right with each subsequent 

GXT, with the exception of HR at the 6-month test. 

I -------- 2-mo: 7.5 2+ .a? (oo~rcirr the) I 

1 6mo: 6.74 + .61 (ammise the) 

Ermrcirm Tiiii. (min) 

Figure 1 3. Least squares regression lines 
and equations for VO* against exercise 
time for the four GXTs. 

-----. l-mo: 90.1 + 29 (axercise time) 

-------- 2-mo: 63.4 + 28 (exerch tim) 

- - - -  M o :  81.6 + 2 4  (amcise rime) 

- 6-ma: Bt.0+25 (exercisetime) 

Exmtcisa Timo (min) 

Figure 14. h a s t  squares regression lines 
and equations for HR against exercise 
time for the four GXTs. 

5.3.6 Peak respiratory variables across GXTs 

No statisticaiiy signifiant differcnces were found in resting and peak values of the 

respiratory variables VE, Vt, and RR across the GXTs (Table 26). The values for Y- 

and VW were somewhat higher, and R h  slightly lower, than those reported in a study 

of 19 patients with chronic hemiplegia (34) (10.1 Umin, 0.55 1, and 18.5 breadiimin 



versus 8.2 Ymin, 0.44 1, and 18.9 breathdmin, respeaively). ûverall mean V E ~  and 

V w  values across tests were approximately 61 percent and 67 percent of the age and sex- 

adjusted normative values (35). 

Table 25. Respiratory variables at rest and peak exercise intensity at the 1,2,3, and 6-month 
GXTs 

Variable 1 -month 2-month 3-mon th 6-month 

V E  h i n  9.8k2.5 10.&2.3 10.3k3.1 10.2k2.6 
(4-15) 6 15) (6-1 8) (5- 16) 

VE peak Vmin 
44.1k16.7 48.3- 1.6 46&2 1.3 48.9523.6 

(22-87) (2 1-96) (24-96) (22-96) 
Vutst r 0.5a,0.2 0.53@.08 O S W .  13 0.55kO. 14 

(0.3- 1.6) (0.4-0.8) (0.3-0.8) (0.3-0.8) 

vtpeaic 1 1 S2.kO.5 1 1 S4M.55 1 S9fl .63 1.64+_0.53 
(0.7-3.0) (0.7-3.1) (0.6- 3 .O) (0.9-2.8) 

RRresr b réathAmin 18.2,+4.4 19.3H.5 19.313.5 18.9k3.8 
(10.28) (1 2-29) 03-35) (12-25) 

RRpeak breathdmin 28.e5.1 30.9k6.3 2 9 . h 6 . 6  2 9 . 1 ~ 7 . 2  
(20.39) (2 1-46) ( 1 7-42) ( 1 9-47) 

- .  

Data are means 2 SD (range). VE m: iesting minute ventilation; v E-: p& minute ventilation: 
Vtrest: resting tidal volume; Vtpeak: pcak tidal volume; RRmt: resting respiration rate; RRpeak: peak 
respiration rate. 

5.3.7 Submaximal respiratory variables across GXTs 

The submaxirnal values for respiratory variables wen averaged over the last 30 

seconds of each stage of the GXTs in order to identiQ signifrcant differences in the values 

across tests and to deterrnine at what stages these differences occumd. Statisticaliy 

significant differences were found in VE values at most stages between the 1- and 3-month 

GXTs and between the 1- and 6-month GXTs (Fig. 15). Differences in Vt values were 

significant at the sixth stage of exercise between the 1-month and ail subsequent GXTs, as 

well as at the second stage between the 1- and 3-month GXT. The only statistically 

significant clifference in RR was found in the 1-month versus 3-month value at the fifth 

stage. 



Stig. 1 SU- 2 Stage 3 St8ga 4 Stiga 5 Strga 6 

Figure 15. Respiratory variables at the end of the stages 1-6 of the four GXTs; * 1- vs 2- 
month GXTs, pcû.01; t 1- vs 3-month GXTs, pcû.01; $ 1- vs dmonth GXTs, pc0.001; 
5 3- vs &month GXTs, peO.001. 



5.3.8 Estimated energy expenditure duhg level walking across GXTs 

Since speed of walking has a significant efféct on energy expenditure (14, 36-38), 

the subjects were groupai accordhg to the waiking speed during GnT stage 1 ; six males 

were in the Faster Speed group (walking speed of .65 m/sec), the remaining 14 males and 

the five females in the Slower Speed group (waiking speed of .35 rnfsec) (Table 26). 

Although basal energy expenditure of femaies is lower than males (39), we found no 

statistically simcant differences in E E w ~  ktween males and females, consistent with a 

previous study (40). ANOVA results using pooled data for the male and female subjects in 

the Slower Speed group nvealed ~ i ~ c a n t  ciexmases in mean VO, and mean EEw* 

(p=û.ûû9), with post-hoc testing showing that significant differences occurred between the 

1-month and 6-month EEw*. The associateci trend in reduced RER values was not 

statistically significant The small number of subjects in the Faster Speed group precluded 

sirnilar analysis. 

Table 26. Energy expendinire during level walking at end of stage 1 of 1,2,3, and Ginonth 
GXTs 

SIower speed .35~.4 d e c  (n=19) Faster speed .65&.2 &sec (n-6) 

Variable 1-mo 2-mo 3-mo 6 m o  1-mo 2-mo 3-mo 6-mo 

EEw& kcaUmin 3 . 8 s . 3  3 . 6 3 . 3  3.5503 3.2s.02 3.1+0.4 - 2.9s.3 2.QO.2 2.w.2 
Yo2 umin .76+.13 - .74+.11 - .71.08.66&* .63+.07 - 3 0 . 0 5  .5&.05 325.05 
RER .91+.07 - ,892.07 .87+.06 .8%06 .88+.06 - .87+.10 .85+.09 .83+.08 

- - 

Data are means SD, mo: month; EEwdk: cnergy expnditurc during walang; VO, : oxygcn 
consumption (adjustcd for 15% BWS); RER: respiratory cxchange ratio. '1- vs 6 m o  GXTs, p<.0.01. 

While a clear trend of duced E E w  was apparent across GXTs, the EEw.ur of the 

subjects remained ~ i ~ c a n t l y  above the ranges reported for healthy individuals walking at 

comparable speeds (41) (Figure 16). Across the 1-, 2-,3-, and 6-month GXTs, the EEwalk 

values of the Slower Speed subjects were, on average, about 253, 247, 240, and 220 

percent, respectively, of the comsponding mean EEM of healthy individuals, while the 



E E w ~  values of the Faster Speed subjects w m  about 258, 241, 233, and 208 p a ~ e n t  of 

the corresponding mean EEïs of healthy individuais. 

1-mo GXT 2-mo GXT 3-nia GXT 6-mo GXT 

2.1 - 
1.8 - 

Figure 16. Energy expnditm during level walking for subgroups of Slower Speed 
(n=19) and Faster Speed (n=6) across GXTs with normative ranges provided for 
cornparison. Enor ban indicate 1 SD. 

mlll8l tarige for SkWW speed 

L 
1.5 - 



5.3.9 Impairment and disability statu at 12,3, and 6 months post-stroke 

AU impairment and disability measures with the exception of grip strength of the 

more affected hand - expressed either in absolute units or as a percentage of the grip of the 

less involved hand - showed statistically significant improvement across tests (Figure 17). 

While there was a trend of improving absolute and relative grip strength over time, the 

extent of inter-subject variability precluded the potential for statistical signifcance. 

Walking Speed 

Berg Balance 

Tirnad Op and Go Glfp Strength Grip Strength 

CMM CM Stage of Leg CM Stage of Foot 

Figure 17. Impainnent and disability masures across the four GXTs. Value labels are at 
base of columns. Error bars indicate 1 SD. * 1- vs srnonth GXTs, pe0.001; t 2- vs 6- 
month GXTs. P<o.ûûl; $ 3- vs dmonth GXTs, p4.001; 5 1- vs 2-month GXTs, 
pcO.001; I I  1- vs 3-month GXTs, p,O.ûûl; 1 2- vs 3-month GXTs, g~0.001. 



5.3.10 Relationships among initial and percent change in V O ~ ~  and function variables 

Correlation analysis of relative voZpui and functional measuxes at the 1-month 

GXT revealed significant relationships Fable 27). Relative V O , ~  was s i ~ ~ c a n t l y  

correlated with w&ng speed, Berg, CMDI, and CM-leg, and also witb PAQ (r = -430; p 

= 0.003). PAQ was not ~ i g ~ c a n t l y  correlated with any of the function variables but 

most of the function variables were moderately to highiy correlated with each other. 

Table 27. Correlation anaiysis of voZPat and function variables at 1-month GXT 

Speed TUG Berg WI CM-leg CM-ft Grip 
VOp*  .453* -.180 .332* .514* .433* .f81 ,278 
Speed 1 -.613t ,4777 .683t .do07 S627  .637t 
TUG 1 -657f -.658f -.470' -.530$ -.590t 
Berg 1 .802f 25867 .343* .306* 
CMDI 1 .7237 .495$ .431* 
CM-Ieg I .709t .479$ 
CM-fi 1 -67 1 t 

-- -- - - - -- . - -- 

V O p a k :  peak oxygen coasumption (mi/kg/min); PAQ: Physical Activity Questionnaire; TUG: T i  
Up and Go; CMDI: Chedokc-McMaster Disability Invcntory; CM-kg: Chedoke-McMaster Stage of 
Recovery of the leg; CM-ft: Chedoke-McMastcr Stage of Rccovery of the foot. * pg.O.01; t p<0.0001; 
$ p<.O.OO 1. 

Percent change in V O , ~  was highly comlated with both I A speed (Tabfe 28) 

and was also correlated with PAQ (r = .436; p = .04) but not with any of the % A scores of 

the function variables. Signifïcant relationships wen found between % A CMDI and % A 

CM-ft, Berg, speed and TUG. The % A Berg and % A CM-leg, % A Berg and 4b A 

TUG, and % A grip and % A CM-foot were also significantly comlated. 



Table 28. Correlation analysis of %J A V O , ~  and 9% A in function variables 

% ASpeedSb ATUG % ABerg % ACMDI % ACM-leg % A M - f t  % AGrip 
% A  Yo2peak .758* -.180 .140 .O67 .O49 ,152 .O54 

Q A Speed 1 -.197 .196 .337f .O30 .O60 .O14 
%ATUG 1 -.430$ -.422$ -.O80 -. 154 -. 136 
Q A Berg 1 .244f .252t .O 12 .O86 
%ACMDI 1 ,154 .26Sf .158 
% A CM-leg 1 .509* .O77 

8 A : percent change; ~ 0 ~ ~ a l r :  pcak oxygen consumption (mVlrg/min); TüG: Timed Up and Go; CMDI: 
Chedoke-McMaster Disability Lnventory; CM-kg: Chedoke-McMaster Stage of Recovcry of the leg; CM- 
ft: Chedoke-McMaster Stage of Recovcry of the foot, * p<.0.001; i p<O.OS; $ pe.0.01. 

In the multiple ngression. walking speed was the only independent variable 

identified that significantly predicted 96 A h2@ between the 1- and 6-rnonth GXT, 

explaining 53 percent of the variabüity in % A ~0~~ across tests (Table 29). Plots of 

residuais suggested that the assumptions of linearity and nomality were not violated. 

PAQ was not found to be significant predictor of % A  V O , ~  on multivariate analysis. 

Table 29. Multivariate preàiction of percent change in peak oxygen consumption 

Signifiwit Regression t-value It2 R' p-value 
variables coefficient adiusted 

% Aspeed ,725 4.47 1 .55S .528 ,0004 
8 A : percentage change. 



5.4 Discussion 

5.4.1 Comparability of serial GXTs 

For meaningfbi interpretation of the results of serial symptom-limited GXTs, it is 

critical to ensure comparable testing conditions. We used a consistent testing protocol 

across GXTs, despite the inevitability of improved physical function during recovery fkom 

stroke resulting in increasingly longer GXTs. Whereas only half of the 1-month GXTs 

were within the BWS-adjusted optimal range of 9-19.5 minutes (see Chapter 2), 68 percent 

of the 6-month tests were within and 22 percent excccded this range. Values for VO, IIUX 

attained in GXTs exceeding the optimal duration may underestirnate actual VO, values, 

possibly because of elevated body temperature, increased dehydration, subject discornfort 

or ventilatory fatigue (42). Nevertheless, consistency in anainment of VO, - criteria (see 

Table 22) and in values of percentage of HRmu-p~d, RER@, and RPEw across 

the GXTs (see Table 23) indicates h a .  the GXTs were comparable in terms of level of 

exertion. 

5.4.2 Changes in exercise capacity 

The principal finding of this study was a significant change in voZput fkom a mean 

of 14.8k5.3 ml/kghin at one month pst-stroke to 1 î.3+7.O ml/kg/rnin at six months. Of 

the overall 16.9 percent change, 10.8 percent was nalUed between the 1- and 2-month 

GXTs. Although not found to be statisticaliy significant, this magnitude of change is 

clinicdy significant. Arnong the healthy population the accepted variability in VO? on 

repeat testing is 2-4 percent (43). These fmdings of statisticdy and cllliically signifiant 

changes did not support our first hypothesis. We had anticipated that gains in exercise 

capacity would be slight, an expectation that was initidy based on chicai observations of 

contemporary stroke rehabilitation practices and later reinforced by finding a low aerobic 



component to the rehabilitation program in which the present patient group participated (see 

Chapter 4). 

There have k e n  no other studies, to our howledge. that have investigated 

longitudinal changes in exercise capacity over the course of swke rehabilitation; hence, Our 

ability to relate the fmdings of the present study to previous work is limited. Bachynski- 

Cole and colleagues (2) docurnented in eight males who were, on average, 52 yean of age 

and 3.8 months post-stroke, a mean V O , ~  of 16.1 rnl/kg/min, which is consistent with 

the mean voZpuk of 16.7~6.4 ml/kg/min at the 3-month GXT in the present study. By 

way of cornparison, a recent study reported a mean h, - of 33.2 mgmin in a group 

of 160 healthy males over the age of 55 yean (44). 

Four previous studies involved longitudinal measurements of vozpil; in patients in 

the chronic post-stroke pend (Table 30). In the most recent study, Fujitani and colleagues 

(8) reported a mean improvement in V O , ~  of 19 percent in 30 ambulatory males with 

chronic hemiplegia after a pst-rehabilitation perid of 9.4 months that involved 'no special 

supervised training'. The mean increase in voZplli of 13 percent reported in the study by 

Potempa et al. (1) is comparable to the 12.8 percent mean gain made by 23 males with 

CAD following a 12-week walk-jog program (45). Similady, a 15 percent mean 

improvement was recordeâ in a group of 20 patients with chronic atrial fibrillation after 

participation in a walking prognim (46). Two other intervention studies investigating 

changes in ~0,peak in patients with disability did not provide separate data for those 

patients with stroke, thus limiting comparability (7, 47). Santiago et al. (7) reported an 

overall mean change in V O , ~  was 27 percent. Fletcher and coUeagues (47) found no 

change in mean V O ~ P J ~  of 16 patients with CAD and coexisting long-term stroke or 

amputation following six months of a home-based conditionhg program. Discrepancies in 

the effects of naining on voIPiL in these studies couid be amibuted to ciifferences in 



subjects (e.g., age, severity of stroke, chronicity), mode and intensity of training, 

cornpliance with the exercise regime, and GXT testing mode and protocol. For example, 

the substantially lower values of V O , ~  reported in the study by Fietcher et al. (47) could 

be explained by the mode of testing - V O ~  WC values anained with am ergornetiy have 

been demonstrated to be about 70 percent of the values achieved with treadmill testing (48). 

In contrat, the high values of V O ~ ~ ~ ~ L  npRed by Santiago et al. (7) rnay k due to their 

use of an unconventional, discontinuous testing protocol that is likely to yield high V O , ~  

values. 

Table 30. Documented fmdings of longitudinal changes in peak oxygen consumption of 
individuals post-stroke 

- -  - -  - -  

Variable Present Fujitani Poternpa Santiago Fletcher 
study et al. (8) et al. (1)  et al. (7) et al. (47) 

Subjects 

Age Yr 

Time 
pos t-SEO ke 

Training 
mode 

GXT 
mode 

Re-post 
test interva1 

Re-test 
v o p k  

Post-test 

Y0,pcri; 

A V O ~ ~  

25 stroke 
22M:7F 

645 14 

2 b 9  
&YS 

conventional 
rehabilitation 

treadmill 

5 
rnonths 

14.8k5.3 

17.724.2 

+17% 

30 stroke 
30M 

54 

mean of 
10 months 

home 
exercise 

cycle 
ergorneter 

9.4 
rnonths 

17.7k4.2 

2 1 . 1 ~ 4 . 7  

+19% 

42 stroke 
8M: 1 1 F(E) 
lSM:8F(C) 

5&12 

chronic 

cycle 
ergorneter 

cyck 
ergorneter 

10 
wœks 

16.6&4(E) 
1 S. 1f4.8(c) 

l8.8&.8(E) 
l5.2&4.3(C) 

+13%(E) 
+ W C )  

2 1 - 9 with stroke 35 M with CAD +/- 
2M:6F(E) strokc/amputation 
5M:8F(C) 1 6(E): 19(C) 

not chronic 
reportcd 

aerobic am 
cxercise ergorneter 

a d e g  atm 
ergometet ergorneter 

12 6 
wœks rnonths 

Data are means k SD. M: male; E fcmalc; E: cxperimcntal; C: control. *Combined data; separace data for 
subgroup with smkc were not provideci. 



In the present study. the extent of change in relative V O , ~ *  vaiues from the 1- 

month to the dmonth test may have been confounded by two factors - aging and body 

weight. Since aging reduces VO, at an annual rate of as Ieast .25 mVkg/rnin, (49) (50) 

(44) the five-month interval between GXTs would have a subtle negative effect. More 

importantly, if the significant weight gain noted at the Grnonth GXT were in the f o m  of 

fat (which is likely), this gain would rrsult in an underestirnate of the underlying 

improvement in exercise capaciv as reflected in V O , ~  changes standardized to weight. 

Adjusting for these potential factors, the mean percent improvement would increase from 

17 percent to approximately 21 percent. Subjects who had greater disability - as 

detemiined by BI - had lower V O , ~  values but larger improvements in V O - ~ .  This 

finding is consistent with an earlier observation of those individuals with CAD w h ~  had 

low basai levels of exercise capacity experienced the greatest gains in cardiovascular 

conditioning (5 1). 

The subjects in our study demonstrateà improved aerobic capacity despite the 

finding that the intensity of their stroke rehabiiitation program was estimated to be low (see 

Chapter 4). It is possible thai we overestimated the minimal intensity nquired for this 

population to achieve cardiorespiratory conditioning effects. Whether the improvements in 

exercise capacity resulted from annal or peripherai adaptations to exercise or both cannot 

be ascertaineci with the methods used in Our study. It is iikely that some of the mechanisms 

underlying the improvements are sirnîlar to those involveci in training-induced adaptations 

of patients with CAD. This assertion is made because of the high incidence of CAD 

among patients with stroke (60-70 percent) as well as the comparable magnitude of 

improvement folîowing training among patients post-stroke with or without CAD (as seen 

in the present study) or among patients with CAD and with or without stroke (45). 

Fergueson et ai. (52) demonstrated si@cant increases in exercise capacity in 26 patients 

with CAD and exertional angina pectoris afkr six months of physical training, with 



corresponding evidence of both skeletal muscle adaptations (e.g., increased succinate 

dehy drogenase activity and muscle h ypertrophy) and central adaptations (e .g . , reduced 

my ocardial VO, requirements, increased maximal coronary blood flow ). 

The possibility that the subjects underwent 'spontaneous' improvement in exercise 

capacity over the course of the study also wanants consideration. Savin et al (53) 

documented a 23 percent increase in mean VO, WC over an eight week period in patients 

with MI who underwent no formal exercise training. In the previously mentioned study by 

Fujitani and colleagues (8), significant improvements were noted in V O ~ ~  in community- 

dwelling patients post-stroke who wen not participating in supervised exercise. Bjuro and 

colleagues (54) showed that while patients with chronic hemiplegia perfonned household 

tasks such as vacuuming and bed making, their VO, levels during these activities were 75- 

88 percent of ~ 0 , ~ e a k ,  almost twice that of the healthy conûol subjects. It appears that the 

aerobic requirements of many daily activities may exceed the threshold intensity for 

cardiorespiratory conditioning among individu& with disability, which may explain the 

phenornenon of 'spontaneous' improvement. In the present study the mean duration of 

rehabilitation was 14 weeks, leaving an average of 10 weeks of unsupervised activity pnor 

to the dinonth GXT. We did not systematically monitor the daily activities of the subjects 

after discharge from rehabilitation but did record sigaificant changes in physical acllvity 

related by the subjects at the time of the GXTs. Apart from the five who renimed to work, 

most subjects appeared to adopt a relatively inactive lifestyle at home but there were two 

notable exceptions. hamatic improvements were seen in Qozpe.lr (42 percent and 46 

percent) of the two patients who began ecadmill waiking after discharge (see Figure 11). 

This anecdotal evidence suggests that the potential to improve exercise capacity is not be 

fully realized using cumnt rehabilitation strategies. 

From the resdts of the present and prewious longitudinal studies, it is apparent that 

signifcant aerobic impainnent petsists even whea improvements in V O , ~  are found over 



the period of investigation. Patients in the chronic pst-stroke pend are lefi with exercise 

capacities between 55-75 percent of the value expected for healthy individuals of simila. 

age, sex, and habitua1 activity status. VO, ~ i u  values of less than 84 percent of normative 

values are interpreted as king pathologic (55). The minimum exercise capacity of 15 

ml/kg/rnin considered essential to rneet the physiologicai demands of independent living 

(56) was met by the rnajority of subjects at the 2-month GXT in the present study. 

However, the mean V O , ~  at 6 months pst-stroke (17.3 mVkg/min) was of a magnitude 

that would designate the majority of subjects, at least those subjects with CO-existing CAD, 

to be within the "high mortaiity group" (57). It is not surprising that in a study assessing 

quality of life of 224 subjects ai six months post-stroke, poor energy level outranked 

decreased mobility , pain, emo tional reac tions, sleep disturbances, and social isolation as 

the area of greatest concem (58). This result was consistent with the findings of other 

qualitative studies (59) (60). 

5.4.3 Changes in other indices of cardiovascular adaptation 

The signifiant decreases in submaximal HR at severai stages of the GXTs suggest 

a cardiovascular conditionhg response. Similar findings have been documented in training 

studies involving patients in the chronic pst-stroke period (1, 5). Reduction in 

submaximal HR induced by training is confined, in part, to exercise with trained muscles 

(61). The mechanisms underlying th is  bradycardie response canot be identified from the 

ci- cokcted but rnay include increased vagal activity, reduced sympathetic-adremergic 

drive, or a training-induccd reduction in resting HR (HRnst) (62) or, possibly, increased 

total blood volume (63). 

Another indicaior of cardiovascular adaptation was the reduction in submaximal 

RPP. Submaximal SBP values remallied stable at each stage across GXTs; thus, the 

statistically signifcant demases in nibmaximal RPP could be amibuted more to reduction 

in submaximal HR values than to changes in SBP. Since RPP has been shown to be 



highly correlateà with measured myocardial ~0,(r=0.88) (64), it is a useM indicator of 

cardiac eficiency. Potempa a al (1) documenteci reduced submaximal SBP and RPP 

values foliowing 10 weeks of conditioning. Franklin (45) demonstrated that even low to 

moderate exercise training intcnsities can reduce subrnaximal RPP of patients with CAD. 

That H h  did not change significantly over the coum of the present study is not 

necessarily an indication of a lack of conditioning. In a m t  study on the effects of 20 

weeks of endurance training in 47 healthy subjects, VO, improved about 16 percent 

while HRm decreased about 4.5 percent, suggesting to the authors that training had a 

minimal effect on either, or both, intrinsic HR and autonornic control of H b t  (63). In 

most of the training studies reviewed that involved patients with stroke, significant 

reductions in HRM were not found (1, 4, 6). In conuast, Fietcher et al (47) reponed a 

change in HRm from 69+15 at badine to 65+12 after a 6-month conditioning program. 

A lack of change in H b  provides support for peripheral adaptations to exercise, which, 

in the case of the patients in the present study, is logical given the extent of neuromuscular 

recovery over the period of the study. In addition, inferences may be drawn by exarnining 

0 2 P ~  data. Quantitatively, is the product of SV and AVO,différence, and therefore 

reflects the amount of O, extmcted by the tissues fiom the blwd ejected by each hem beat 

(55). Since improved peak 02pri>c and O z p a  values at given submaximal workloads are 

indicators of cardiovascular adapatations to exercise (65), the lack of change in these values 

over the course of the study despite significant longitudinal reductions in submaximal VO? 

and HR values at corresponding workioads, argues in favor of peripheral mechanisrns 

(e.g., improved muscular efficiency, as discussed in Section 5.4.7). 

Mean values of SBP-t, DBPrrst, SBPpe?k and DBPm remaineci stable over the 

pend of the study. Medication changes over the same period were inconsequential. That 

exercise training as a sole intervention has no demonstrable effects in lowering blood 



pressure levels (66) was supponed by the f111dings of the only one other longitudinal post- 

stroke study that documented peak blood pressure variables (47); 

5.4.4 Changes in respiratory variables 

Resting and peak values of VE, Vt, and RR remained nlatively stable over the 

course of the study (set Table 25). However, the pattern of change across the GXTs in 

reasons for exercise termination suggests that cardiorespiratory intolerance and herniparetic 

leg fatigue were important factors limiting exercise capacity in the early pst-stroke period 

and that generallled fatigue became a more dominant factor as the post-stroke interval 

increased (see Table 21). Supportive evidence of a trend of decreasing respiratory stress 

was provided by changes in submaximal respiratory variables across GXTs. Signifxcant 

decreases in submaximal VE were observed in the six stages analyzed, and were related 

more to reductions in submaximai Vt than to changes in submax.imal RR values, 

particularly at the sixth stage (see Figure 15). 

The mean V E ~  and Vtpai; values at the dmonth GXT remained abnormaily low 

compared with age and sex-adjusted normative values (35). About 65 percent of the 

subjects had a history of smoking, and within this subgroup, each subject had, on average, 

a 38.4 pack-year smoking record. Also, the low V t w  vaiues codd be attributcd in part, 

to an iatrogenic effect. In a previous study we reporteci that the use of 15% BWS in the 

GXT protocol resulted in a small, but stafistidy significant, decrease in Vtp~r in healthy 

subjects (see Chapter 2). h a study of the respiratory status of 19 patients with chronic 

hemiplegia, Haas et ai (34) found that the mean VE while walking on level ground at .25 

dsec was 1.9 times higher than in age- and sex-matched control subjects. These 

investigators suggested that the fatigability experienced by these patients may be partially 

attribut4 to respiratory insufficiency as indicated by decreased lung volumes, Kpaired 

mechanical performance of the thorax, and low pulmonary diffbsing capacity. Annoni and 



coileagues (67) suggested that the poor respiratory tolerance to effort pst-stroke may be 

secondary to restricted thoracic excursion ~sulting from weakness, hypotonicity, and 

incoordination of the trunk musculature. This suggestion is supported by an earlier 

finding, based on a sample of 55 hemiplegic subjects, that the extent of ventiiatory 

dysfûnction pst-stroke is relateci to the degree of motor impairment (68). Reduced 

pulmonary function was also documenteci in a snidy of 12 patients, aged 38 to 75, with a 

mean post-suoke internai of 11 days (69). and in a study of patients with chronic 

hemiplegia (70). 

5.4.5 Changes in neuromuscular stahis and function 

We encountered diffcu1t-y relating our findings of change in functional status post- 

stroke to those of previous studies, in part, because most studies measured function at 

specific events such as admission and discharge, rather than at set post-stroke intervals 

(19). In addition, the heterogeneity of subjects and die variety of rneasures used to 

document functional stahis pst-stroke confound direct comparisons. Thus, the discussion 

is lirnited to comparing trends in the data The trend of progressive and significant 

improvements in most of the impairment and disability measures over a 6-month post- 

stroke intervai (see Figure 17) contradicts the findings of a plateau in fûnctional recovery 

within 12.5 weeks pst-stroke in 95 percent of 1,197 patients (7 1). In that study the BI 

was used as the main masure of function, and while this measure is a useful indicator of 

global function, it lacks sensitivity to change spefifically in the dornain of physical 

mobility. Duncan and colleagues (72) emphaswd the distinction between rate of recovery 

of impairment-level amibutes (e.g., motor control, muscle strength, muscle tom, range of 

motion) and rate of recovery of disability-level aüributes (e.g., bed mobility, transfers, 

gait, self-cm). 

Our observation of a nduction in hemiparetic leg fatigue as a factor limiting 

exercise capacity across GXTs was not unexpected in view of the fact that motor function 



of the lower extremity recovers most rapidly in the first three months pst-stroke (20, 73). 

The progressive decrease in motor impainnent of the paretic leg and foot noted over the 

coune of the study (see Figure 17) concurs with previous reports of stepwise ncovery in 

motor function (74). Magnitudes of change in the CM-leg and CM-fwt, 23 percent and 29 

percent, respectively, were similar to the 25 percent and 33 percent, respectively, increases 

reported in another Canadian study involving 113 patients over a rnean post-stroke interval 

of 16.6 weeks (75). Our finding of no significant change in grip strength, a vaiid measure 

of upper extremity impairment (76), between one and six months post-stroke, provides 

indirect support for the plateau in upper extremity function observed by three weeks post- 

stroke (77). Sirnilarly, Duncan and coileagues (72) found that in a cohon of 95 patients 

post-stroke, the most rapid improvemt in motor impairment of the upper and lower 

extremities occurred in the first 30 days. 

Since impairment variables have been found to be poor comlates of the extent of 

recovery (79, attention should be paid to disability-level attributes. The high correlation 

coefficients found between overground walking speed and other functional measures at the 

1-month assessrnent (see Table 27) reinforce the previously reported strong relationship 

between speed and functional status (78). At the time of the fiat GXT the preferred speed 

of overground w&g and 15% BWS-treadrnili walking were sirnilar (mean, .42 mlsec), 

contrary to a previous study reporting that speeds when treadrd walking with 15 percent 

BWS were an average of 18 percent lower than when walking overground (79). We found 

signifcant improvements in overground walking sped (mean increase of 159 percent) 

over the course of Our snidy. Walking speed doubled between the 1- and fmonth 

assessments, in contrast to a mean increase of 71 percent reponed by Goldie and et al. (80) 

after two months of stroke rehabilitation. The increase in speed of overground walking 

from a rnean of .42 &sec at one month post-stroke to a rnean of 1 .O9 dsec at six months 

to reflects a functional change from most limited commmity ambutation to community 

ambulation (8 1). Yet, the mean speed of our sarnple at six months was only about 75 



percent of that of a healthy individud in the same age range (82, 83). Shiavi et al. (84) 

compared the gait patterns of patients at one moath and one year pst-stroke and 

documented improved speed and symmetry on pst-testing. Those patients who initially 

walked at very slow speed (less than .28 &sec) retained abnormal EMG patterns bilaterally 

at one year post-stroke. Findings of a high correlation between w&ng speed and CM-leg 

and between w a h g  speed and CM-Foot at one-month post-stroke in Our study (see Table 

27) are in keeping with the results reported by Monta et al. (85) for patients in the chronic 

post-stroke period. 

The steady improvement in functional mobiiïty over the course of Our study, as 

evidenced by significant changes in the CMDI, is in keeping with a previous observation of 

continuing progress toward independent function (e.g., sining, wallcing, stair climbing) at 

four to six months post-stroke (86). While we documented a 28 percent change in Berg 

score between one and six months post-stroke, Juneja et al (87) reported a 86 percent 

increase within the fmt month, a discrepancy intimating that substantial improvement 

occurs in balance control in the acute phase of rezovery. 

5.4.6 Relationship berneen changes in exercise capacity and changes in functional status 

Prior to the study we had anticipateci significant improvements in functional 

measures without concomitant gains in aerobic capacity. The research hypothesis of a lack 

of correlation between gains in aerobic capacity and functional measures was not supported 

by the data although gains in most functional measures were of pater magnitude than that 

of exercise capacity over the course of rehabilitation. Significant comlations were found 

between baseline votpok and functional measures (Le., speed, Berg, CMDI, CM-leg) at 

the 1-month GXT (see Table 27) whereas simiiar comlations for 9% A scores, reflecting 

change over time relative to baseiine values, were genedy low (Table 28); hence the 

relationship between Unprovcments in function and in exercise capacity was weak. 



Percent change in walking speed was the one functional parameter that was strongly 

colrelated with % A ~ ~ ~ ~ e r l r  (see Table 28) and that aiso explaineci a ~ i g ~ c a n t  amount of 

the variability in the % A  V O , ~  between the 1- and &month GXTs (see Table 29). 

Considering that VOI- values and training-induced changes in ~ 0 2 -  are task-specific, 

that is, specific to the exercise modality employed (88), or the task king trained (89, go), 

finding a strong relationship between changes in these parameten was not surprising. We 

observed that walking was the most cornmon activity performed in the upright position 

during stroke rehabilitaiion (see Chapter 4). Age was not a significant predictor of 8 A 

volPak, in keeping with the finding that exercise trainability of older patients with WU) is 

comparable to that of younger patients (66). Fujitani and colieagues (8) suggested that the 

variability in improvements in aerobic capacity amoag their subjects rnay have been due to 

differences in prior hûtory of physical activity. Although PAQ was a significant bicorrelate 

of 8 A V O ~ I C  in the present study, it was not found to be a significant predictor of % A  

V O ~ ~ P L  on multivariate analysis. Also, PAQ values were not significantly comlated with 

any of the baseline and Sb A values of the function variables, contradicting a preliminary 

report of a high correlation ktween pre-stroke physical function and pst-stroke functional 

outcornes (9 1). 

5 $4.7 Changes in energy expendinire during walking 

The hi@ EEw* values documentai in this study, in excess of twice age- and 

speed-related nonnative values (sec Table 27) are consistent with the litcrature. In a snidy 

of patients who were six weeks post-stroke, Hash et al. (12) found that the mean EEM at 

a fxed velocity (.35 m/sec) was about three tirnes higher than control values. Dasco et al. 

(15) detennined that the mean EEan~r early pst-stroke at a speed of 0.45 d s e c  was about 

twice nomative values whereas Corcoran et al. (15) documenteâ that the EE\nÿ: of younger 



patients with chronic hemiplegia was 51-67 percent higher than control subjects walking at 

the same slow speed. 

Discrepancies in the EEsnu; pst-stroke relative to normative data may be explained 

by differences in subjecis' age (92), severity of stroke, pst-stroks tirne interval, emotional 

statu (93), use of orthoses (IS), walking surface, method of EEuniir determination, and 

walking speed. The lower EEw* values for the Faster Speed subjects than the Slower 

Speed subjects in Our study can be explained by the profound effect of walking speed on 

E E w ~ .  Potential-kinetic energy exchange is maxi- and the muscular work is 

rninimized at speeds of 1.2-1.4 mlsec (14, 36.38). The slope of the U-shaped energy- 

speed curve is greater for patients with stroke than for control subjects; consequently, 

patients post-stroke pay a higher price in VO, for a given increment in speed (15). The 

reported optimal walking speed (1.25 dsec)  for patients post-stroke in ternis of energy 

expenditure (94) was ody attained by thne patients in our study by six months post- 

stroke. 

The extent to which the protocol used to estimate E E w ~  in the present study 

influenced the E E w  results is difficult to ascertain. Pearce and colleagues (36) found that 

the energy cost of treadmill waiking was about four percent less than floor waiking at fixed 

speeds. The use of self-selected speeds, as used in our protocol, has been reported to k 

most efficient in terms of energy expenditure (95). Our qualitative observation that the gait 

pattern of most patients appearrd more symmetrid and coordinmd while walking on the 

eeadmill with 15% BWS than while walking overground is supponed by studies 

investigating the kinematic and kinetic e f f ~  of eeadmill walking with BWS (79, 96, 97). 

Our subjects claimed to feel secure walking with BWS, thextby offsetting the concem 

expressed by Corconui and Brengelrnan (14) that fear of t n d d i  walking post-stroke 

might increase energy costs. Thus, the use of BWS-facilitated walking may have reduced 

EEwrui in our study. Our use of a 150-second transition interval to reach steady-state 

conditions in this population is another potentidy confounding factor. The t h e  to reach 



steady-state is inversely related to exercise intensity (3 1) (which was low in the fust stage 

of our GXT protocol) and dircctly nlated to the level of fimess (32) (which was poor for 

the majority of our subjects). 

The mechanisms underlying the elevateû EEw* of patients pst-stroke relative to 

healthy individuals walking at the same speed require more investigation. Reductions in 

the oxidative capacity of paretic musculature could explain part of the muscular 

inefficiency. However, Francescato and associates (98) found that although the E E u  of 

patients with chronic hemiplegia was higher than that of healthy subjects, the RER values 

were the same for both groups and were unaffected by speed of walking. The 

interpretation of these fuidngs was that mechanical impainnents are more UeIy than 

metabolic impairments to contribute to the higher energy cos6 of hemiparetic gait. 

Sirnilarly, in the present study changes in EEwri~ across GXTs were not accompanied by 

significant changes in RER values. Significant ductions have been noted in anivity of the 

major muscle groups of the paretic lower extremity during walking, resulting in inefficient 

biomechanics (99) (lûû), including compensatory changes in muscle activity of the 

contralateral limb (e.g., prolonged muscle activation and increased coactivation) (84). In 

addition. decreased excursion of lower examity joints (e.g., secondary to plantarflexor 

contracture) may contribute to higher energy cos& of walking post-stroke. 

The signûicant change found over the course of the study in EEwak at a speed of 

.35 d s e c  supports our third hypothesis. The mean reduction of 16 percent (see Figure 16) 

was lower than previous reports of a 23 percent decrease in EEw at a speed of 0.35 misec 

(12) and a 30 percent decnese in EEwu; at a speed of 0.45 m/wc (13) by the end of 

rehabilitation. The magnitude of these changes appears to be clinically significant; Sykes a 

al. (10 1) reported a normal biological variability in E E d  of 5.8 percent among able- 

bodied subjects. In the oniy investigation specifically designed to study the effects of 

training on EEus post-stroke, Macko and associates (5) presented preIiminary evidence of 

training-induced reductions in EEnik in the order of 21 percent over a 6-month period. 



These researchen detemiined EEw* after six minutes of w a h g  at a constant speed of .44 

&sec, thus ensuring steady-state conditions. Despite using a three-minute interval in our 

study, the baseline EEw.ur values and the overall magnitude of changes in EEws values 

from the 1- to Grnonth G X  are consistent with the data presented by Macko et al. (5). 

In their post-stroke training study, Potempa and colleagues (1) hypothesized that 

muscular eficiency probably improved to a greater extent than aerobic capacity because the 

magnitude of irnprovements in workloadp~ (43 percent) and exercise time (40 percent) 

exceeded that of VO, IXIXC (13 percent). Indeed, the increased workloadpsir (70 percent) and 

exercise time (3 1 percent) across GXTs in the present study cannot be viewed as definitive 

indicators of enhanced aerobic capacity since improvements in these parameters cm occur 

without a concomitant increase in VO, - (102). Irnproved muscular efficiency was 

suggested in the present study by the significant reductions in submaximal VO, values at 

the second and third stages between the 1-month and dinonth GXTs (see Figure 12). 

Sirnilarly, Macko et al. (5) reported training-induced reductions in steady-state VO? Ievels 

at submaximal workloads. Oxygen consumption at a given submaximal workioad is not 

~ i g ~ c a n t l y  altered by aerobic training in healthy subjects (103). However, in subjects 

with paretic limbs, improved rnotor function should enhance muscular efficiency, resulting 

in reduced energy expenditure at a given workload. 

5.4.8 Study Limitations 

The modest sample size, although reasonable for a clinid study, limits the ability 

to generalize the f111dings to other clinical sites. As well, the testing pmtocol used across 

the GXTs was designeci to accommodate patients with signifiant disabiiity at the time of 

the initial test. Over the course of the study, the physical status of the patients improved 

progressively, resulting in the incnascd duration of the serial tests and changes in the 

reasons for test texmination. The infîuence of these avoidable changes in testing conditions 



on the results is difficuit to determine. The 

comparable in terms of the effort exerted by 

findings suggest that the send GXTs were 

the subjects. However, the fact dia during 

repeat testing subjects waked at a speed progressively more removed from k i r  prefemd 

speed could have affected the EEM results. As well, three minutes of walking at a 

constant speed does not guarantee attainment of mie steady-state conditions. a criterion for 

accurate energy expendinin caicuiations. 

5.5 Conclusions 

This was the fint snidy to document the cardiovascular and metabolic nsponses to 

GXTs over the fmt six months following stroke. A cohort of 20 males and five fernales. 

64214 years of age. with first ischernic stroke perfomed symptom-limited, 1 5 1  BWS- 

facilitated treadmiil tests at 1, 2,3, and dmonths post-stroke. A mean inmase of 17 

percent in mean V O * ~ ,  together with decreased submaximai HR and RPP and improved 

respiratory tolerance to effort, was found between the 1- and dmonth tests. Over the same 

period, a significant decrease (16 percent) was noted in energy expenditure during constant 

speed waiking at subrnaximal intensity. Concomitant changes were noted in several 

functiond mesures, the percent change in walking speed k i n g  predictive of the percent 

change in ~0,pai;. These Fmdings provide baseline &ta for future intervention studies 

investigating the effects of cardiac nhabilitation strategies on stroke outcomes. 

While progressive improvements in functiond measuns occurred over the course 

of the study, 65 percent of the 17 percent hcrcase mean voZprk was nalUed between the 

1- and 2-month GXTs. Monover, at the end of the rehabilitation period low values for 

mean V O , ~  (7 1% of nom-referenccd value), (60% of nomative values), and 

Vtpeai (658 of normative values) penisted. These results, together with related findings of 

a low aerobic component to existing stroke ~habstation and the ability of patients eariy 



pos t-stroke to exercise safel y to maximal, symptom-limited intensity , suggest that aerobic 

conditionhg might extend die period of improvement in exercise capacity and enhance the 

final cardiorespiratory outcornes. By applying the principles of cardiac nhabilitation eariy 

post-stroke, the magnitude of improvement in exercise capacity may approach that of the 

improvement in fmctional status. Given the incidence of rnortali~ fkom cardiac 

complications and the high fatigabiiiity in this population, this objective should be an 

important pnority. 
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CHAPTER 6: SUMMARY AND FUTURE DIRECTIONS 

6 . 1  Summary 

It has been known for sorne tirne that most individuais with stroke have coexisting 

cardiac disease (4-8), a finding which is not unexpected since stroke and CAD share similar 

pathogenic mechanisms (9). However, what has not been adequately investigated, either 

under controlled laboratory conditions or during physical rehabilitation sessions, is the 

cardiovascular response to exercise post-stroke. Knowledge of the responses to exercise 

after stroke is basic to understanding the physiologic adaptation to activity. to prescribing 

appropriate exercise for rehabilitation, and to ensuring a reasoned approach to 

implementing new therapies. 

The extensive neuromuscular and cardiorespiatory impahents associated with 

stroke are likely to adversely affect both exercise capacity (Le., the lirnit in ability to 

respond to physiologic stresses induced by prolonged physical effort) and rnuscular 

efficiency, with consequent eflects on functional mobility and resistance to fatigue. 

Individuais with chronic stroke identiQ fatigue as the area of greatest concem and a 

principal source of functionai limitations (7-9). Nevertheless, functional recovery post- 

stroke is usually attnbuted solely to improved neurological stahis; thus intervention 

strategies are focused on improving the neuromuscular system. 

The primary objective of this thesis was to investigate longitudinally the metabolic 

and cardiorespiratory responses to exercise over the coune of post-stroke recovery. The 

first chailenge was to design a testing protocol that would permit an objective assessrnent of 

metabolic responsz to exercise of individuals early post-stroke. BWS systems have ben 

developed to mechanidy offset a prescribed percentage of body mass while providing 

balance support, thereby facilitahg safe madmil walking for patients with motor and 

postural impairments. A 15% BWS-facilitated madmill protocol was initially validated 

with healthy adults. using V O , ~ ,  the definitive index of exercise capacity, as the 



principal dependent variable. Seven males and eight femaies (55+11 yr of age) performed 

3 treadmill tests with random assignment of testing condition: 1) no BWS - standard test, ii) 

0% B WS - harness in place but no unweighting, and iii) 15% B WS - unweighting of 15% 

of body mass. The use of 15% BWS did not affect the end-expiratory gas exchange 

variables although Vtp~:  W ~ S  significantly Iower in the 15% BWS test. 

To vaiidate the protocol for patients early pst-stroke, 29 subjects (65+13 yr of age) 

with rnild to moderate disability, perfonned a symptom-limited treadmül GXT with 15% 

BWS at 2619 days post-stroke. No complications were encountered during or foUowing 

testing. V O , ~  was 14+5 mllkglmin (approximately 60 percent of nom-referenced 

values), indicating significantly compromised exercise capacity in the early post-stroke 

recovery phase. This was the f i t  study, to Our knowledge. to document responses to 

maximal treadrnill exercise in this population. 

The intensity and duration of physical activity can affect the extent of adaptation to 

exercise. Therefore, as part of a comprehensive investigation of changes in exercise 

capacity after stroke, a two-phase clinicai snidy was conducted to estimate the aerobic 

cornponent of an existing stroke nhabiiitation program. In Phase 1, HR responses of 20 

patients pst-stroke (65k13 yr of age) were continuously monitored at bi-weekly intervals 

during a total of 109 physiotherapy and 80 occupational therapy sessions held over the 

course of rehabilitation. The HR-t zone was calculated using the Karvonen formula. 

Only five percent of the total time per physiotherapy session (mean, 2.8 min; median, 0.4 

min) , was spent within the HR- zone while 23+8 minutes (421) was spent 'inactive' 

(e.g., resting, talking). Similariy, two percent of the total time per occupational therapy 

session (mean, 0.7 min; median, O min) was spent within the HRwg=t zone and 2225 

minutes (54%) was spent inactive. The activities that elicited HR responses wiihin the 

h t  zone were rnainly gross motor activities in standing (e.g., waking, stair climbing). 

No significant changes in HR responses (i.e., H L M ,  HRmm, HRm)  were found over 

the 14-week monitoring period. 



below 

Twenty-three of the cohort of patients involved in the longitudinal study described 

participated in Phase 2. HR monitoring was performed during physiotherapy 

sessions at one, two, and three months post-stroke to coincide with the GXTs. GXT data 

were used to more definitively determine the zone and to estimate the EE- of the 

physiotherapy sessions. The results were comparable to Phase I in t e m  of duration of 

physiotherapy ( S e 7  min/&y), stable HR responses on repeat monitoring, time spent 

inactive ( 2 2 9  min; 40%). and activities eiiciting responses within the H R w t  zone. 

However, the time spent within HRurla zone, deterrnined using VO?+ data, was higher 

than in Phase 1 - 12 percent of the session (mean, 7.3 min; median, 2.3 min). Statisticaily 

significant increases were found in EE- between the 1-month and 3-months post-stroke 

sessions ( 1 .8kO.4 versus 2.69.6 kcaVmin, respectively). The main conclusion of this 

clinid study was that stroke rehabilitation, as cumntiy delivered, does not provide 

sufficient cardiorespiratory stress to elicit a training effect. 

The extent of change in aerobic capacity over the course of recovery pst-stroke has 

not been documented. The main purpose of the h a 1  study was to investigate changes in 

exercise capacity and related GXT variables as weH as E E w  over the course of post-stroke 

recovery. A cohon of 20 males and five fernales (64k14 yr of age) with first ischemic 

stroke performed symptom-limited, 15% BWS-facilitated treadrnill tests at 1, 2,3. and 6- 

months post-stroke. Between the 1- and 6-month GXTs. a 17 percent incnase in mean 

V O * ~  (from 15k5 to 17k7 ml/kghin) was found and mean EEw* at .35 d s e c  

decreased 16 percent (from 3.8fl.3 to 3.2fl.2 kcal/min). Significant decreases in 

submaximal VO,, HR. RPP, VE, and Vt occurred over the same time period. Gains in 

most functional measures were of grsuer magnitude than that of exercise capacity and the 

relationships between improvements in most functiond measuns and in exercise capacity 

were weak. Percent change in walking speed explained a significant amount of the 

variability in the % A voZPrt between the 1- and 6-month GXTs. 



While progressive improvements in functional mesures occurred over the course 

of the study, 65 percent of the 17 percent incnase in mean ~0,p.t was nalUed between 

the 1- and 2-month GXTs. Moreover, at the end of the rehabilitation period low values for 

mean volW (71% of nom-refemced value), VE* (60% of normative values), and 

Vtpcrk (65% of normative values) persisted. These results, together with related findings of 

a low aerobic component to existing stroke rehabilitation and the ability of patients early 

post-stroke to exercise safely to maximal, symptom-limited intensity, suggest that aerobic 

conditioning rnight extend the p e r d  of improvement in exercise capacity and enhance the 

final cardiorespiratory outcornes. By applying the principles of cardiac rehabilitation early 

post-stroke, the magnitude of improvement in exercise capacity may approach that of the 

improvement in functional status. Given the incidence of monality from cardiac 

complications and the high fatigabiiity in this population, this objective should be an 

important priority. 

6.2 Future directions 

Research in health sciences has begun to remove the artificial boundaries that have 

tended to compartmentak human form and function into neuromuscular, 

cardiorespiratory, and rnusculoskeletal systems. In the neurosciences, the historical focus 

on the neuromuscular system is king replacvd with emphasis on how systems interact 

with each other and with the environment to affect functional outcornes. This broader, 

more holistic pérspective holds promise of enhanced fûnction and quality of life for patients 

w ith neurologic involvement. 

As evidence of the paradigm shift, attention is now king paid to the previously 

unheeded possibility that cardiovdar adaptation to exercise may be an important 

determinant of outcome foliowing neurologic insult . The B WS-facilitated treadmill 

exercise protocol developed as part of this thesis could be helphil in future investigations of 



exercise capacity in a host of neurologic conditions (e.g. stroke, pst-polio syndrome, 

Parkinson's disease, Guillain-Barre Syndrome, üaumatic brain injury, cerebral palsy, 

multiple sclerosis, and spinal cord injuries). Further development of the BWS-faciiitated 

protocol, however, is a prerequisite to its clinid application. The effects of various 

percentages of unweighting on respiratory gas exchange variables of inàividuals with and 

without pathology would extend the cl inid usefulness of this technique. More 

investigation is necessary to specificaliy define the population who can safely undergo 

testing using this protocol. Another issue that aeeds to be addressed is the effect of 

harness support on respiratory function, particdarly of individuals with compromised 

function, given evidence of reduced Vt in our preliminary testing with health adults. The 

interaction of hancirail support and BWS on exercise capacity and the effca of BWS on 

energy expenditu~ during gait also necd to be explored. 

We documented low exercise capacities early post-stroke, and although a sigmfïcant 

improvement was observed over the interval of the study, abnormally low capacities 

peaisted. Much remains to be cladid regardhg the physiologic mechanisms responsible 

for the poor cardiovascular adaptations to exercise post-stroke, particuiarly in relation to 

idenming factors that limit these adaptations. 

The findings in this thesis have signifscant implications in terms of clinical practice 

in that the results are interpreted to k supportive of implementing m b i c  conditioning 

strategies for patients undergoing stroke rehabilitation. However, caution should be 

exercised to avoid introducing therapeutic saategies prematurely or without rigorous long- 

term evaluation. Ciear delineaxion of the indications, contra-indications, and eficacy is 

cntical to assure safe and effective application of these interventions in the clinical setting. 

The design of training protocols for patients with neurologic conditions can be- 

informed by the weil-developed knowledge base in the area of cardiac rehabilitation. 

Important components of comprehensive programs include prescription of dynamic 

exercise at appropriate intensities, on-going monitoring of HFt, blood pressure, and RPE, 



resistance training, flexibility exercises, adequate hydratioa, nutntionai education, and 

counseling behavior modif~cation. 

One exciting research possibility is a controiled investigation of the effdveness of 

using BWS-treadmill waiking as an intervention to enhance exercise capacity, functionai 

mo bili ty , and energy costs of waiking early pst-stroke. Three-diaensionai motion 

analysis of the changes in the kinernatic parameters of gait and electromyographic analysis 

of changes in muscle activation patterns over the pend of the tnal wouîd help elucidate the 

physiologic bases for the high energy expendinue of walking. 

Most of the above-mentioned considerations are not aspects of contemporary 

neurologie rehabilitation practices. In the future we can expect substantial change in 

rehabilitation approaches to reduce disability and improve quality of Me for stroke 

survivors. Investigations such as those included in this thesis will lay the foundation for 

such change. 




