NOTE TO USERS

This reproduction is the best copy available.






uOttawa

L'Université canadienne
Canada’s university



P

FACULTE DES ETUDES SUPERIEURES it FACULTY OF GRADUATE AND
ET POSTOCTORALES uOttawa POSDOCTORAL STUDIES

L’Untiversité canadienne
Canada’s university

. Joanie Larose
AUTEUR DE LA THESE / AUTHOR OF THESIS

M.Sc. (Human Kinetics)
GRADE / DEGREE

Department of Health Science
FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

The Effect of Exercise Training on Physical Fitness in Type 2 Diabetes Mellitus

TITRE DE LA THESE / TITLE OF THESIS

Glen Kenny
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

Pascal Imbeault Denis Prud’homme

Gary W. Slater

Le Doyen de la Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies




The Effect of Exercise Training on Physical Fitness in. Type 2 Diabetes
' Mellitus

Joanie Larose (B.Sc.)

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
In Partial fulfillment of the requirements
For the M.Sc. degree in Human Kinetics

Thesis supervisor: Dr. Glen P. Kenny

School of Human Kinetics
Faculty of Health Sciences
University of Ottawa

Joanie Larose, Ottawa, Canada, 2009



Library and Archives
Canada

Bibliothéque et
* Archives Canada
Published Heritage Direction du
Branch Patrimoine de I'édition

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-61183-8
Our file Notre référence
ISBN: 978-0-494-61183-8
NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author’'s permission.

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

L'auteur conserve la propriété du droit d’auteur
et des droits moraux qui protége cette thése. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a la loi canadienne sur la
protection de la vie privée, quelques
formulaires secondaires ont été enlevés de
cette thése.

Bien que ces formulaires aient inclus dans
la pagination, il M’y aura aucun contenu
manquant.



ACKNOWLEDGEMENT

1 would like to thank my thesis supervisor Glen Kenny for his support and guidance over
 the past two years and for taking me on as a student. I have learnt a lot from you and you
were always there when I needed help. I would also like to give speéial recognition to the
entire DARE team for all the work they put into this study. Although I did notv get the chance
to work with you directly, I am grateful for all your time and efforts directed towards this
study. Special thanks .to Pehny Phillips for providing me informétion regarding the DARE
trial whenever I needed it and for taking the time to find documents when they were not
readily available. Thank you to Ron Sigal for his support and guidance during this entire
process. I did not get the chance‘ to interact with him often but I am grateful for his input and
aid in the development of thiS thesis. Many thanks to Farah Khanciwala for her statistical
'e'xpertise and for providing me with‘ amazing outputs. In ‘addition, T would like to thank Farah
for taking the time to review my interpretations of the results and for talking With.r_ne when I

had difficulties making sense of some of the results. Thank you to my colleagues; Rachel,
Candice, -Angela, Dan, Lucie, jill, Jane and Bruno, for encoﬁraging me énd for offering me
guidance-whenever I needed it. I would like to thank my family and fri;ends for all their
support and for putting up with me over the last two years. It is amazing to me how much
you can accomplish when you have the love aﬁd support of those surrounding you. Thank
you mom and dad for encouraging me and for reminding me to take things one step at a time.
Simon and Tania, thanks for your support evén though I did not get a chance to see yoﬁu guys
very often. Sylvia, special thanks for supporting my ambitions and for being there every step
of the way. Thank you to my' friends and co-workers as well for your support and well

wishes. Finally yet importantly, I would like to thank my committee members, Denis



Prud’Homme and Pascal Imbeault for their time and constructive criticism during this

process.



TABLE OF CONTENTS

ACKNOW LEGEMEN T S .. e e et 2
- LIST OF FIGURES AND TABLES........ Y e 6
ABSTRACT .o e 7
L INTRODUCTION ..ottt e e e e 8
1.1 EXERCISE IN TYPE 2 DIABETES MELLITUS. ... e 9
L2 PURPOSE. ... e e e e e 13
L3 OBIE T VS . .. e e e e e et et e e 13
LA Y POTHESES. .. o et et e et et e e et et e e 13
LSRELEVANCE ..ottt e ittt et caans s e 14
1.6 LIMITATIONS AND DELIMITATIONS.......oviiiiiiiieienennn. e e e s 15
1.7 DEFINITIONS . . e e .15
2. LITERATUREREVIEW.........coiiiii, e P 18
2.1 PATHOGENESIS OF TYPE 2 DIABETES MELLITUS.........ccoiiiiiiiii e 18
2.1.1 Glucose homeostasis.................... e et ettt e e e e eaaaeans 18
2.1.2 Insulin action.................... O O 18
2.1.3 Type 2 Diabetes Mellitus. ... .e.eutiiieti it et ee e e e .19
2.1.4 Insulin resiStance. .. .. ..covuveeuieiiiiie et e crinaeeneenns AP e L...19
2.1.5Betacell dysfunction.........iieniiiuii i i 21
2.2 PHYSIOLOGICAL ADAPTATION TO EXERCISE TRAINING. .....oitiiiiiniie e .22
2.2.1 Insulin sensitivity and glucose uptake during exercise......... e e 22
2.2.2 Physiological adaptations to aerobic exercise training .................. [P 23
2.2.3 Physiological adaptations to resistance training ............cov.euereneeineritveiiaieeeneieanniaes 27
2.3 EXERCISE CAPACITY AND TOLERANCE IN TYPE 2 DIABETES MELLITUS............. e 30
2.3.1 Age related decline in cardiorespiratory fitess...........cccciiivniiiiiiiiin i, 30
2.3.2 Decline in cardiorespiratory fitness associated with Type 2 Diabetes Mellitus................. 32
2.3.3 Age related decline in muscular strength...............coooiiiiiii i 35
2.3.4 Decline in muscular strength associated with Type 2 Diabetes Mellitus........................ 36
24 HEMOGLOBIN ALC.....otitiiiiiiiit ittt e ettt e 37
2.4.1 Glycosylation of hemoglobin...........coeuiriiiniiii e e 37
2.4.2 AlCreflects long term glucose control.........ooovviiiiiiiiiiiiiiiiiei e reeenes voi38
2.4.3 Microvascular and macrovascular complications...................ooooiveeen, TR 38
2.5 EFFECTS OF EXERCISE TRAINING ON HEMOGLOBIN A1C AND FITNESS IN TYPE 2
DIABETES MELLITUS....................... e e e 40
2.5.1 Aerobic exercise training............. TN 40
2.5.2 Resistance eXerciSe trailing. . ... ....vuvtiuiineit et e e ettt e e 43
2.5.3 Combined aerobic and resistance exercise training.......... e e 46
REFEREN CES . ..ottt et e e e e et e e e et e et s e e e e st re e aa e e 49
TN 2 (53 ] N 56
AB ST R A CT . ittt e e e 57
INTRODUGCTION. ... ottt et et e et e et et e e e e e e e bt e ve e e e n e e e aaaes 58
METHODS . ... ittt e e e e et e P PP 60
EXErcise INtervention. . [u. . et ettt et et et et et e e e e e 61
OUtcOmES AN MeEaSUICITIENES. .. ... ur e is e et trteeataen st eaeaserenreteaaneesiteneneanirteneanes 63
SEALISTICAl ANALYSIS. ...\t ve et eenene et et et e e e 64
L SR 0 5 SOOI OS PP U 65
GENEral EXETCISE OULCOMIES. ..\ uvueneeennanent it i ettt ettt setenaaatsoeaaaree e s taeaaasns et aeans 66



DISCUSSION....... PP e e 68

RE T E R EIN CE S . .ottt e e e e e e et it e e 74

A B L E S . e e e e e e e 78

)2 (G T 8 = T DU 81

L Ny o (1 5 2 N 85

AB STRACT.‘ .............................................................................................................. 86

IN R O DU C T TN ..ottt e et e e e e e e e et ettt ettt e e ettt ettt e e aaae e eaeans 87

ME T HO O D S . .. e i, 89

EXEICISE INtEIVEITION. ... .o it i e e e e e e e 90

Y = 0 TS 10153 1| U 91

, Statistical Analysis.............. SUUR B PP ST 91

RESULTS......... e, e ST R R UUTPOTRPPRORPN 92

DISCUSSION......... PO 93

REFERENCES . .. i e e e e e e 102

TABLES. ... OO e e 106

FIGURES. ..o e eteeeeetttereteeretaieieeseeeetteatttiiaeaaeeetartnra it ataeeetarerrasnrnrnas 110

GENERAL CONCLUSION................. e 113

AP P EN DI X A . N 114
{



LIST OF TABLES
Article 1:
Table 1. Participant’s baseline chafacteristics
Table 2. Changes in maximal cardiorespiratory performance

Figure 1. Change in peak oxygen consumption (VOzpeak mLOz/kg/mm) from baseline to 6
months .

Figure 2. Change in oxygen consumption (VO, mLO,/kg/min) at the ventllatory threshold
from baseline to 6

Figure 3. Changes in muscular strength (Ibs) from baseline to 6 months

Figure 4. Changes in peak oxygen consumption (VO;peax mLO,/kg/min) between younger
participants (39-54 years) and older participants (55-70 years) from baseline to 6 months

Article 2:
Table 1. Participant’s baseline characteristics
Table 2-a. Upper body workload increments (1bs) at monthly intervals over 6 months
Table 2-b. Lower body workload increments (lbs) at monthly intervals over 6 months
Figure 1. Upper body workload increments (%) at monthly intervals in A+R and R
Figure 2. Lower body workload increments (%) at monthly intervals in A+R and R

Figure 3. Upper body workload increments (%), panel A, and lower body workload
increments (%), panel B, between months over 6 months with A+R and R

Appehdix A:
Table 1. Aerobic exercise program — exercise intervention and effects on A1C and fitness

Table 2. Resistance exercise program - exercise intervention and effects on A1C and
fitness

Table 3. Combined aerobic and resistance program exercise intervention and effects on A1C
and fitness are presented



ABSTRACT
We cofnpared the effects of different exercise modes on cardiorespiratory fitness and muscular
strength as well as the rate of strength development in individuals with T2DM. 251 participants -

in the DARE trial were randomly allocated to aerobic training (A), resistance training (R),

combined training (A+R) or controls. VOjpea, workload and treadmill time were determined
following maximal exercise testing at 0 and 6 months. Muscular strength was measured as the 8

RM on the leg press, bench press and seated row. The rate of strength development was

measured as monthly Workload increments .(month 1-6) on 11 strength exercises. \./'Ozpcak
improved by 173 and 1.93 mLOy/kg/min with A and A+R rcsbectively compéfed to C (p<0.05).
Strength improvements were significant following A+R and R on the leg presé (-A+R:48%, '
R:65%) bench press (A+R:38%, R:57%) and seat_ed row (A+R:33%, R:41%)(p<0.05). There was
a clear‘trend towards lslowing in strength development in R and A+R over time.\ In brief, A+R
leads to similar fitness improvements comparéd to A aﬁd R alone. Although strength
development had a tendency to level off ovef time, it is important to consider that reductions in

hemoglobin A1C occurred up to 6 months with R and were even greater with A+R.



INTRODUCTION
Irﬁportént life style changes over the years, notably excessive food consumption and a
decrease in physical activity (Kahn, Prigeon et al. 2001), are contfibﬁting féctors to the
detériorating health of the adult population in North América. A‘ major consequence of
overeéting and physical inactivity is the increasing rate of obesity and the associated co-
morbidities which include Type 2 Diabetes Mellitug (T2DM) (Erhman, Gordon et al. 2003).’
Obesity and .insul.in resistance, aiong with a genetic predisposition significantly increase the
risk . of developing T2DM. In fact, 80 to 90 % of individuals suffering from T2DM are obese
(Canadian Diabetes Association, 2005-2007). |
‘Type 2 Diabetes Mellitus is a progressive disease characterized by defecfs in both
insulin secretion and insulin action (DeFronzo 1999). This disease is a growing international
health concefn. It is estimated that close to two million Canadians and 177 million individuals
wdrldWid_'é are suffering froni T2DM (Canadian Diabetes Association,2005-2007). This number
is expected to reach 3 million in Canada and 300 million worldwide by 2025 (Canadian
Diabetes Association,2005-2007), World Health Organization, (WHO, 2003). In addition, the
c"omplications‘ requiring medical interventions associated with this disease, inclﬁd_ing heart
disease, strokes, k_idney disease, neuropathy, nerve damage, 'de'pression as well as foot, skin and
eye c‘omplicatio_ns, are taking a toll on the Canadian Health Care System (Gregg, Beckles et al.
2000; Gzde, Vedel et al. 2003)5 A striking $13.2 Abillion_ dollars are spent each ;Iear for
treatments related to T2DM. This amount is expected to reach $15.6 billion by 2010 and $i9.2
billion by 2020 (2005-2007).
| Aging of the population is contributing to tile prevalence of T2DM (Cowie, Rust et al.

2006). In Canada, for example, approximately 87% of diagnosed cases of diabetes are in



individuals between the ages of 45 and 75 (Statistics Canada, 2007). Moreover, the 2002 U.S
National Health and Nutrition Examinaﬁon Survey reported mofe diagnosed cases of diabetes
amongst individuals betWeen the ages of 60 and 64 (15.1%) as well as those 65 years or older
(15.8%) compared to any other age group (Cowie, Rust et al. 2006). Aging is associated with
reduced .cardiorespiratory fitness and muscle strength which can lead to functional disélbility
(Dunstan, Daly et al. 2002). Functional disability is defined by the inability to perform tasks of
mobility including walking, climbing stairs and tasks of daily liying such as housework,
cooking meals and shopping (Stewart 2002). Studies amongst older adults with diabetes found
that individuals .suffering’ from T2DM experience difficulty accomplishing simple daily
physical tasks (Gregg, Beckles et al. 2000; Gregg, Mengione et al. 2002). For example, Gregg
et al. (Gregg, Beckles et al. 2000>) reported that older women with diabetes are twice as likely te
| experience difficulty performing physicaI and household work when compared to healthy
counterparts. As a consequence of the aging North American population, the incidence of

T2DM will continue to rise unless lifestyle chahges occur.

1.1 Exercise in Type 2 Diabetes Mellitus

The importance of exercise training in the treatment of djabetes has been demonstrated
previously. Notably, in a meta-analysis of the effects of exercise on glycemic control and body
mass in Type 2 diabetes mellitus,_ Boulé et al. (Boulé, Haddad et al. 2001) reported that
hemoglebin Aic (A1C) value was significantly reduced by 0.66% in the exercise groups
compared to the control groups. A follew-up meta-analysis by the same researchers found a
mean increase of 9.5% in maximal oxygen consumption (VOamax) following moderate-intensity

aerobic training compared to 1% decrease in sedentary controls (Boulé, Kenny et al. 2003).



Larger increases in aerobic capacity were found in individuals who iengaged in higher intensity
endurance training. One study, for example, reported a mean 41%.increase in poak oxygen
| consumption (VOjpea) following continuous training at 75% VOjpeac with one. session of
-intermittent training at 85% VOgpea (Mourier, Gautier et al. 1997). Maximal oxygen
consumption and Al1C levels have both boen identified as modiﬁable risk factors for the
development of diabetes Complications, morbidity and mortality (Boulé, Kenny et al. 2003). :
| .Reoent evidence as well supports that resistance exercise training (RT)’ can produce
significant health benefits in individuals with diabetes. A recent meta-analysis, for example,
provides evidence that resistance training can be safe for patients with chronic }ieart failure and
may be a beneficial form of rehabilitation (Braith and Beck 2008). Thus, this type of training
can be onjoyable all the while producing significant health benefits. Research amongst
.indiyiduals with diabetes has reoorted signiﬁcant improvements in body composition
(Eriksson, Taimela et al. 1997; Castaneda, Layne et al. 2002; Dunstan, Daly et al. 2002; Baldi
‘and Snowling 2003; Fenicchia, Kanaley et al. 2004; Cauza, Hanusch-Enserer et al. 2005;
Ibanez, Izquierdo et al. 2005), lipid profile (Honkola, Forsén et al. 1997; Castaneda, Layne et
al. 2002; Cauza, Hanusch—Enserér et al. 2005) blood pressure (Castaneda, Layne et al. 2002;
Dunstan, Daly et al. 2002; Cauza, Hanusoh-Enserer‘ et al. 2005), glycemic control (Castaneda,
_Layno et al. 2002; Dunstan, Daly et al. 2002; Baldi and Snowling 2003; Cauza, Hanusch-
Enserer et al. 2005; Ibanez, Izquierdo et al. 2005), and strength (Honkola, Forsén et al. 1997;
Dunstan, Puddey et al. 1998; Castaneda, Layne et al. 2002; Dunstan, Daly et al. 2002; Baldi
and Snowling 2003; Cauza, Hanusch-Enserer et al. 2005; Ibanez, Izquierdo et al. 2005)
following moderate intensity resistance training. High intensity training was also found to be

suitable for older individuals with T2DM. Castenada et al. (Castaneda, Layne et al. 2002)
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| showed for the first time that high intensity resistance training improt/ed strength and
significantly reduced AIC in a high risk population of Latino older adnlts with noOr glycemicli
control. Furthermiore, Dunstan et al. (Dunstan, baly et al. 2002) repor_ted that supervised high
intensity training Was safe a'nd‘well tolerated ‘by older individuals with T2DM. While these
studies show promising effects of exercise in the management of T2DM, the small sample sizes
used limit the generalizability of the results. | |
There is growing evidence that the effect of combined aerobic and resistance
training generate greater results in terms of glycemic control than either aerobic or resistance
exercise training alone. In the Diabetes Aerobic and Resistance Exercrse (DARE) trial (Sigal,
Kenny et al. 2007), for example, 251 previously sedentary type 2 diabetic individuals were
examined .after random allocation to one of four study groups; aerobic exercise training,
resistance exercise training, cornbined aerobic and resistance exercise training or a non-exercise
control group. Inrprovements in glycemic control were found in all exercise groups, and the
improvements in the combined aerobic and resistance exercise group were bsigniﬁcantly greater
 than with either aerobic training or resistance training alone. Specifically, it was shown that
A1C value was reduced by 0.9% in the combined group which was higher than both the aerobic
(0.43%) and resistance training groups (0.3%) respectively. In the Italian Diabetes and
Exercise Study (Balducci, Zanuso et al. 2008), it was found that combined aerobic and
resistance training delivered better results in terms glycemic control, lipids, body composition,
blood pressure and estimated cardiovascular - risk than the study group recei.ving exercise
counseling only. These studies provide compelling evidence for incremental benefits of using

both training modalities for people with type 2 diabetes.
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The DARE stﬁdy reinforced the importance of both aerobic and resistance training, ih
particular when resistance'training is combined with aerobic training, to- improve A1C. It
remains unclear however, if the improvements in AIC are associated with improvements in
physical fitness as defined by improvements in eardiorespiratory fitness and/or strength. There
is evidence to suggest that a relationship exists between’ improvements in A1C and changes in .
body composition or physical fitness. Bo.ule' et al. (Boulé, Haddad et 51.’ 2001) suggested in
their meta-analysis that the differences in post-intervention A1C were not affected by weight
loss or exercise intensity (METS) and volume (METS/hour). In a follow up meta-analysis of
the effects of sﬁuctured exercise training on cardiorespiratory fitness in T2DM, a significant
- correlation was reported between post-intervention standardized mean difference in VO2max and
post-intervention Weighted mean difference in. A1C (r = -0.72, P = 0.04) (Boulé, Kenny et al.
2003). Studies involving resistance exercise training have also hinted to an association between
changes in A1C and body eomposition.b For instance, Eriksson et al. (Eriksson, Taimela et al.
1997) indicated a strong inverse eerrelation (r = -0.73) between A1C and ml-ls'cle Cross-
sectional areas after 3 moaths of circuit‘weight training. Castenada et al. (Castaneda, Layne et
al. 2002) reported strong inverse relationships between changes in A1C and lean body mass (r
= -0.35, p=0.03) after high intensity weight training in older adults with diabetes. Aerobic and
resistance training improve glucose control by decreasing hepatic and muscle insulin resistance
thus increasing glucose disposal and storage in skeletal mascles through several mechanisms
which have been reviewed‘ elsewhere (Ivy, Zderic et al. 1999; Boulé, Kenny et al. 2003; Eves
and Plotnikoff 2006). The extent of the relationship between improvements in 10ng ‘term
glucose‘ control and how it relates to ‘physical fitness achieved through exercise training,

however, remains unclear. In the present study, we investigate the effects of aerobic exercise

12



training, resistance exercise training and their combination on pre-specified secondary
outcomes related to physical fitness (i.e., cardiorespiratory fitness and muscle strength) in the

DARE trial and how changes in A1C relate to physical fitness.

1.2 Purpose

The primary aim of this study is to investigate the effects of aerobic exercise training,
resistance exercise training and their combination on cardiorespiratory fitness and strength in

the participants from the DARE study prior to and following 6 months of exercise training.

1.3 Objective
The main objective of the DARE study was to determine changes in A1C following three
exercise training modalities in patients with T2DM. In the presént study we examine the effects
of aerobic exercise training (AT), resistance exercise training (RT) and corhbined exercise
training (AR) versus é sedentary controls (C) on cardiorespiratory fitness and strength. We will
also assess whether the response to training differs between older and younger participants. As
a secondary objective, we are interested in determining if the changes in physical fitness are
associated with changes in A1C and if this association (if any) differs in participants with lower

or higher baseline A1C.

1.4 Hypotheses
1. Changes in cardiorespiratory fitness will be greater in AT and AR compared to the resistance
and control groups. Improvements in cardiorespiratory fitness will be similar between aerobic

exercise training and combined exercise training. Changes in strength will be greater following

13



resistance exercise traininé and combined exercise training. Improvements in strength will also
be similar between RT and AR.

2. Changes in strength and cardiorespiratory fitness will be similar in younger and older
individuals.

3. Changes in A1C will be associated to some Jextent> with physical fitness this relationship will

be stronger in partiéipants with higher baseline A1C compared to those with lower baseline

AlC.

1.5 Relevance

Low physical fitness in T2DM has been associated withv a higher risk of functional
disability, cardiovascular disease as well as cardiac and all-cause mortality compéred to
individuals with higher levels of fitness. In addition, elevated A1C has been associated with a
higher risk of cardiovascular and microvascular disease.v The DARE clinical trial demonstrated -
that éerobicvexercise training, resistance exercise training and combined aerobic‘ and resistance
exercise training are as effective as oral hypoglycemic agents in reducing A1C (Sigal, Kenny et
al. 2007). From a practical perspective, some individuals may find the commitment and the work
associated with exercise training a deterrént, and may be more likely to opt fqr a simpler and
equally effective option to lower blood glucose levels with the usé of oral hypoglycemic agents.
However, increasing the level of regular physical activity and/or exercise training is the only
proven way to increasé cardiOrespiratory fitness and strgngth. Boulé et al. (Boulé, Kenny et al.
2003)suggested that a relationship exists between changes in cardiorespiratory fitness and A1C
and Castaneda et él. (Castaneda, Layne et al. 2002)indicated that changes in-lean body mass were

linked to changes in A1C. Determining a relationship between fitness and A1C may offer a

14



better indication as to the effectiveness of current exercise guidelineé in the management of
T2DM. Additionally, to da_te it is uncleaf how different exercise modalities. influence the
a$sociation between A1C and physical fitness. The association between changes in A1C and
fitness, and whether this association differs With aerobic and resistance exercise t'raining alone or
in combination warrants -further investigation. Thié information could be used to develop more
precise exercise guidelines which would 4e1icit optimal gains in glycemic control and fitness since
both are independently associated with a lower risk of morbidity and mortality from diabetes

complications.

1.6 Limitations and Delimitations

Since patients receiving insulin or with advanced diabetes complications were excluded from this
study, our results cannot be generélized to suéh individuals. Also, this study was not performed
on an intention to treat basis and our results are representative of individuals who are willing to
engage in regular exercise training thus cannot be géneralized to individuals who do not wish to
take on vah active lifeStyle. Finally, since our study is limited to individuals between the ages of

39 and 70, we do not know the exercise response of elderly individuals with T2DM.

1.7 Definitions

Hemoglobin A1C (A1C): The proportion of hemoglobin that is glycated which noﬁnally
accounts for approximately 5% of total hemoglobin in non-diabetic individuals. A1C reflects the
‘average concentration of glucose in the blood durihg the previous 2-3/months and is directly
proportional to the concentration lof glucose in'Athe blood over the full life span of the red blood

cells. Diabetes is considered to be well controlled when A1C is <7%.

15



Physical activity: The expenditure of energy above that of resting by contraction of skeletal

muscle to produce bodily movement. | |
Exercise: A type of physical activity that inyolves planned, structured and repetitjve bodily
movement performed for the purpose of improving or maintaining thSical fitness. ‘The terms
“physical activity"’ and “exercise” will be used interchangeably in this chapter.
Cardiorespiratory fitness/cardiorespiratory endurance/aerobic fitness: Refers fo the
circulatory and respiratory systems’ ability to supply oxygen during sustained physical activity.
Maximal Aerobic Capacity: Maximal amount of physiologic work that én individual can do
as hieaéured by oxygen consufnption. |
Aerobic exercise: Exercise thatvuses primarily aerobic energy-producing systems and involves
the repeated and continuous movemént of the same large muscle groups for extended periods of
time (at least 10 minutes at a time). If performed with sufficient intensity and frequency this
type of exercise inCreasés cardiorespiratory fitness. Aerobic activities include walking, cycling,
jogging, swimming etc.
Intensity of aerobic exercise: Generally described in relation to an individual’s maximal

aerobic capacity (VO2max), as measured using indirect calorimetry during a graded maximal

exercise test. An activity level corresponding to 40 to 60% of VOymax is generally considered
to be “moderate” in intensity, while “vigorous” aerobic activities consist of those performed at
greater than 60% of V09 ax-

Muscular fitness: Includes the force a muscle can exert (strength) and the ability of the muscle
to perform continuously without fatigue (endurance).

Resistance exercise: Also known as strength training or weight training. Resistance exercise

involves .the use of muscular strength to work against a resistive load or move a weight.

16



Examples include lifting free weight‘s, or using Weigﬁt machines. Regular resistance exercise at
sufficient (modefate to high) intensity increases muscular fitness.

Intensity of resistance exeréise: The intensity of resistance éxercise is ofteri considered
“moderate” if the resistance provided is between 50 and 74% of the maximum that can be lifted.
a singlé time (1 repetition maximﬁm (RM)). High vintensity resistance exercise involves
resistance > 75% of IRM.

Repetition: The number of times a resistance éxercise is vrepeated dufing Ieach set.

Set: A grouping of repetitions of a specific resistance exercise.

Strength:' rﬁaximal force that can be applied by muscles during a Single maxifnal contraction.

8 RM Maximum amount of weight that can be lifted 8 times.

Ventilatory threshold: Oxygen uptake immediately below the exercise intensity at which

pulmonary ventilation increases disproportionably relative to VO,.

17



2. LITERATURE REVIEW

2.1 Pathogenesis of Type 2 Diabetes Mellitus
2.1.1 Glucose Homeostasis |
Glucose homeostasis occurs when glucose appearance in the bloodstream is

counterbalanced by glucose uptake or utilization and is regulated by three main processes;
insulin secretion, glucose uptake by tissues and hepatic glucose pfodu(;tion (HGP) (Porte 2001).
No\rmal glucose regulation is defined by the Ameripan Diabetes Association as a fasting plasma
glucose level below 5.6 mmol/L and a 2 hour post-load plasma glucpse level below 7.8 mmol/L
(Rydéng, Standlc et al. 2007). Glucose homeostasis is tightly regulated in the fasting state and in
the postprandial state. During fasting, glucose production and appearance in the circulation is
assured by the liver. The liver will take up glucose when there is a sufficient amount in the blood
and synthesize glucose when blood glucose levels fall (Gribble 2005). Glucose uptake at rest or
in the fasting state is primarily done through insulin-independent mechanisms in tissues that
require glucose as their main ‘or only source of energy. The central nervous system and the brain
are important glucose consumers and therefore play a key role in blood glucose clearance at rest
(Porte 2001). Postpraridial pathways responsiblé for glucose.disposal rely on the action of
insulin. |
2.1.2 Insulin Action

Insulin is a hormone produced by the beta cells of the pancreas which responds to
increased plasma glucose. Insulin secretion initiates glucose uptake by insulin sensitive tissues
such as skeletal muscles, the liver and adipose tissue. Normal insulin secretion occurs in a
biphasic pattern. The first phase secretion occurs eariy in the absorption process and is

characterized as being sharp and rapid, reaching a peak within 3-5 minutes and lasting
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approximately ten minutes (Porte 2001). The main effect of this first phase insulin secretion is to
iﬁhibit hepatic glucose prdduction (HPG) and promote 'glucose uptake as well as glyﬁogen
synthesis within the liver. The second phase insulin secretion occurs in the absorptive state. It is
more gradual and will last as long as blood glucose levels are elevated (Porte 2001). The most
important site of insulih-media’éed glucose disposal is in ékeletal muscles thrbugh the main action
of insuliﬁ sensitive glucose transport protein, GLUT-4 (Porte 2001:). Glucose is then utilized by
-skeletal muscles as an energy source or is stored in the form of glycogen. Skeletal muscle
glucose uptake is key to preventing hyperglycenﬁa after a meal. Insulin also has a profound
effect on adipose tissue. The presence of insulin in the circulatior} inhibits free fatty acid
metabolism and release from adipocytes (lypolysis),.which facilitates glu¢ose uptake by the
muscles (Porté 2001). These mechanisms are essential in the regulation of blood glucose and
‘impairments of both insulin secretion as well as insulin sensitivity are key components in the

pathogenesis of T2DM.

2.1.3 Type 2"Dz;abetes Mellitus

Type> 2 Diabetes Mellitus is a progressive metabolic disorder that develops from
impairments of both insulin secretion and insulin action (Leahy .2005). These defects
compromise glucose homeostasis, often resulting in chronic hyperglycemia. Hyperglycemia can
lead to more severe disorders if not well managed. The pathogenesis behind T2DM involves

" insulin resistance, excess hepatic glucose production and beta cell dysfunction (Cowie, Rust et

al. 2006).

2.14 Insulin resistance

19



Insulin resistance is characterized by dysfunctions in the mechanisms of glucose transport
and glyqogen synthesis pathways (Leahy 2005). Consequently, glucose uptake in insulin
seﬁsitive tissues is impaired as well as its utilization for energy 'purpdses, even when a sufficient
amdunt of insulin is produced (Cowie, Rust et al. 2006). vIn‘sulin resistance is predominant in the
liver and in peripheral tissues. As noted previously, the liyer is an important organ in the -
maintenance of glucose homeostasjs. In. healthy in'div.i‘duals,‘ insulin suppresses HGP and
stimulates hepatic glucose uptake. In individuals with diabetes, HGP is not inhibited since
insulin resistance disables the binding of this hormone to its receptérs on the plasma membrane.

\As a result, unrestrained glucose productién from the liver and the arrival of exogenous glucose
in the circulation cgusé a pronounced elevation of glycemia.

Skeletal muscles are an important site of glucose disposal when glucose and insulin
levels are elevated. Glucose transport'into skeletal muscles occurs through facilitated diffusion.
This prbcess begihs with the delivery of glucose frofn the blood to the interstitial spéce,
transmembrane transport from the interstitial space to the inside of the muscle cell through
transport proteins, and intracellular storage or use of glucose for energy production (Richter,
Derave et al. 2001). The main insulin-dependant glucose transport protein isoform found in
human skeletal muscles is GLUT-4. GLUT-4 is found mostly within small tubulo-vascular
organelles in the cytoplasm of muscle cells (Richter, Derave et al. 2001). In healthy indi\}iduals,
insulin binds to the receptor alpha-subunit locat¢d on the cell surface which initiates a caséade of
events leading to the translocation of GLUT-4 to the cell membrane (Goédyear 1998; Brooks,
Fahey et al. 2000). A defect in the intracellular signaling pathway leading to the translocation of

GLUT-4 is thought to be responsible for the decline in insulin-mediated glucose uptake within
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skeletal muscles of individuals .with.diabetes (Goodyear 1998). Péripheral insulin resistance
reduces glucose disIv).osal in skeletal muscles by approximately 55 % (Porte 2001)

Adipose tissues also use GLUT-4 transport proteins and ‘a‘re therefore sensible to the
effect of insulin. In healthy individuals, the presence of insulin stimulates glucose uptake in
- adipose tissues where it is stored as triglycerides (Davis, Frank et al. 1979). Insulin also acts to
_inhibit free fatt.y“ acid release from adipose tissue in order to facilitate glucose disposal (Porte
2001). In T2DM, this mechanism is altered and lypolysis is not inhibited in the presence of
insulin causing a decrease in glucose uptake and glycogen synthesis in skeletal muscles (Porte
2001)..Insulin resistance in these three organs considerably increase blood glucose levels and is
believed to be affected by genetics and environmental factors (Leahy 2005). In insulin resistant
individuals who do not develop T2DM, an enhanc;d insulin secretion (hyperinsulinemia) from
pancreatic beta cells alleviates the increase in plasma glucose. It is only when beta ‘cells are no
longer able to sustain a sufficient insulin secretion to counteract the exaggerated p'res'ence of

glucose in the bloodstream do indi{ziduals progress to full blown T2DM (Leahy 2005).

2.1.5 Beta cell dysfunction

Beta cell dysfunction occuré in a biphasic pattern (Leahy 2005). In the earliest stages of
the disease, beta cell dysfunction is observed through a reduced first phase insulin secretion
reéulting in elevated 2-hour plasma glucose and plasma insulin concentrations (Porte 2001;
Leahy 2005). This hyper secretion of insulin serves to bring glucose levels back within near
normal values (Leahy 200>5; P‘rentki_ and Nolan 2006). As hyperglycemia worsens, progressive

beta cell deterioration occurs, leading to a lowered beta cell mass (Leahy 2005). Butler et al.
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(Butler, Janson et al. 2003) demonstratéd that beta cell mass can be lowered as much as 40 to 60
% in individuals with diabetes when compared to weight-matched controls.

The pathogenic factors that lead to T2DM, such as obesity and physical inaétivity, ‘
increase the risk of dre}velopi‘ng cardiovascular disease and other complications. An intégral part
of the treatment for this disease should involve well-structured exercise programs consisting of

aerobic and resistance exercises, which improve both insulin sensitivity and glucose tolerance.

2.3 Physiological adaptations to exercise training
2.3.1 Insulin sensitivity and glucose uptake vduring exercise

Exercise training increases whole-body glucose utilization through a variety of factors.
The mechanisms of enhanced insulin sensitivity in athlétes versus éedentary individuals have
been credited to greater muscle blood flow and cap‘illarization as well as a greater amount of
GLUT-4 protein/which together increase glucose delivefy and uptake in muscle cells. At_hlétes
also éxhibit-enhanced activity of metabolic enzyme, notably muscle glycogen synthase activity,
which improve glycogen synthesis aﬁd storage in skeletal muscles compared to sedentary
counterparts (Ebeling, Bourey et al.v 1993; Ivy, Zderic et al. 1999). Moreover, Ivy et a1.>(Ivy,
Zderic et al. 1999) have attributed changes in body composition, muscle morphology and
enﬁanced‘contfol over hepatic glucose production as the mechanisms responsible for increased
insulin sensitivity and glucose uptake following exercise training. Specifically, a reduction in’
visceral adipose tissue, an increase in muscle mass, a greater conversion of fast twitch glycolytic
IIb fibers to fast twitch oxidative IIa fibers as well as improved activity of enzymes responsible
for phosphorylation, storége and oxidati;)n of glucose are important adapfations' to exercise

training that are beneficial in the treatment of T2DM (Ivy, Zderic et al. 1999).
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individuals who suffer from T2DM display insulin resistance and a reduction in
insuliﬁ—mediated glucose translocation in skeletal muscles although muscle GLUT-4 protein and
mRNA concentrations remain unaffected (Dela, Plbug et al. 1994). Exercise training stimulates
GLUT-4 translocation through contraction-dependent mechanisms which increase whol}e body
glucose utilization even in insulin resistant individuals (Goodyear 1998, Brooks, Fahey et al.
2000). Additionally, Dela et al. (Dela, Ploug et al. 1994) found simil‘ar_improvements in GLUT-4
protein content in 7 men with T2DM compared to healthy oldér men following 30 minufes per
day of one-legged érgometer,bi_cycle training, six days a week for nine weeks. This researcher
also reported in a different: study‘ that the increase in muscle GLUT-4 concentration, which
increased by 26+11% in 7 healthy young men bfollowing aerobic training, ié an important

adaptation for training induced increases in insulin action (Dela, 'Handberg et al. 1993).

2.2.2 Physiological adaptations to aerobic exercise fraining

Cardiorespiratory fitness refers to the ability of the body to sustain prolonged exercise.
The fnost ;ecognizéd measuré of cafdiorespiratory fitness is maximal oxygen consumption
(VOsmax). Maximal oxygen consumption is deﬁned as the Vmaximum rate of oiygen transport and
utilization as verified by the ileveling off of oxygen consumption with increasing work rate
(Franklin 2007). However, most sedentary adults reach a level of Volitioﬁal fatigue which if often
below the attainment of their true VOynax. As a result, the,_preferr.ed terminolbgy for the highest
oxygen consumption attained is VO; pe (Franklin 2007); Systemic adaptations of thé;
cardiovascular, pulmonary and metabolic systems to aerobic training, resulting in more efficient
oxygen delivery and consumption throughout the body, are often reflected in an increase .of

V02peak-
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Cardiovascular system

The cardiovascular system is composed of blood, tlie heart as well as blood vessels
througn. which blood is pumped to the. body. With aerobic training, structural and functional
improlvements occur allowing the cardioyascular system to more efﬁciently deliverioxygen to
working muscles. The adaptations to training benefit both- maximal andv submaximal exercise
performance. |

rBlood is composed largely of red blood cells (45%) and plasma (~ 55%) (i{obergs and
Keteyian 2003). Red blood cells are mainly responsible for the transport of oxygen and carbon
dioxide within the circulation while plasma functions include the circulation of cellular
corni)onents (sncli as red blood cells); metabolites, nutrients, waste products and hormones as
~ well as the maintenance of blood pressure, water exchange and water transport to name a few.
Blood volume is thought to increase with endurance training which may lead to a higher
maximal exercise capacity. For example, Warburton et al. (Waburton, Haykowsky et al. 2004)
shoizved that blood volume increasad by 10% and 12% following 12 weeks ofbinterval -and
continuous aerobic fraining respectively in adult men. .This group also indicated that the increase
in blnod volume following endurance training accounts for apprc)xirnately 56% of the increase in
VOamax across a’vaide range of fitness levels. The increase in blood volume is partially attributed
to a rise in plasma volume. Increased hormone and plasma protein levels including antidiuretic
hormonev(ADH), aldosterone and albumin, are prominent in the first coupie of weeks of exercise
and are responsible for the increase-in plasma volume (Wilmore, Costill et al. 2004). In addition,
the increase‘in red blood cells also increases blood volume and facilitates oxygen delivery to
working muscles. Another important adaptation to aerobic training is the increase in the number

and size of the capillaries surrounding muscle fibers (Wilmore, Costill et al. 2004). This change
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usually occurswithih a few weeks of fraining. Training also increases systolic blood pressure
during éxercise at maximal intensity whiéh helps drive the blood more rapidly throbugh ‘blood'
vessels (Wilmore, Costill et al. 2004), which accompanied with a fnore efficient blood
distribution during exercise, results in more oxygen rich blood being directed towards active
muscles.

Eﬁd-diastolic volume refers to the volume of blood contained in the left ventricle
following diéstole (Stewart 2002). With training, the increase in blood volume renders fnore
blood for thé filling of the left venfricle during diastole allowing more blood to be pumped out
during systole. This is kﬁOWn as the Frank-starling .mechanism (Waburton, Haykowsky et al.
2004). Monitoring heart rate during an exercise program provides a good indication,iof the
amount of work accomplished by the heart in order to nﬁeet‘the deménds of working muscles
(Wilmore, .Costill et al. 2004). Maximal heart rate (HRpax) usuélly remains stable following
traiﬁing but for previously un;trained individuals, HR i may decrease. A slower heart rate alloWs
greater filling of the left ventricle and consequently more blood is ejected at a lower energy cost
with each cqntraction (Wilmore, Costill et al. 2004). This efficiency permits an optimal cardiac
output to meet oxygen requirements in order to sustain longer bouts of exercise.
" Pulmonary adaptatio’ns

‘Endurance training also leads to an increase in pulmonary ventilation during exertive
éxercise in order to bring in sufﬁcient amounts of oxygen. This change is due to an increase in
tidal volume (the amount of air inspired and expired duririg a breathing cycle) as well as an
increase in respiratory rate (Wilmore, Costill et al. 2004). Because of the increase in pulmonary

ventilation and the increase in pulmonary blood flow, the diffusion of oxygen and carbon dioxide
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between the lungs and the blood (pulmonary diffusion) is also increased during m_aXimal
exercise. This allows for a greater amount of oxygen to enter the blood circulation and
essentially be delivered to active muscles (Wilmore, Costill et al. 2004). With a greater
proportion of blood being delivered to working muscle, active tissues become adept at extracting.

oxygen molecules from the circulation and use them in oxidative metabolism.

Metabolic adaptations

Metabolic adaptations to endurance training within muscle tissﬁes include changes in
muséle ﬁbérs, mitochondria density as well as oxidative enzymes. The predominant muscle
fibers involved in aerobic type exercises are the slow twitch ﬁberé. These fibers inc_'rease in cross
sectional area and in number after aerobic training (Clausen 1976; Davis, Frank et al. 1979).
‘Slow twitch fibers are enriched witil myoglobin that shuttle oxygen molecules from the cell
membrane to mitochondria. The increase in myoglobin content during gndurancé tfaining can be
as substantial as 75 to 80% of initial levels (Wilmore, Costill et al. 2004). Coinciding with the
increase in slow twitch fibers énd myoglobin content is the increase in size, number and
efficiency of mitochondria (Kiessling, Piehl et al. 1971; Davié, Frank et al. 1979). Toledo et al.
(Toledo, Menshikova et al. 2007) assessed whether daily moderate-intensity exeréise combined
with moderate weight loss would increase skeletal muscle mitochondrial content in individuals
with T2DM. They found that skeletal muscle mitochondrial density increased significantly (67 +
17%) following 20 weeks of aerobic training and dieting. The increase in mitochondrial
efficiency ameliorates the activity of oxidative enzymes that accelerate the breakdown of

substrates to produce ATP (Hollozy 1973; Davis, Frank et al. 1979).
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Physiological adaptations of the cardiovascular, pulmonary and metabolic systems to aerobic

training allow an increase in work performance and the ability to sustain longer bouts of exercise

over time.

2.2.3 Physiological adaptations to resistance training

Muscle strength is defined as the force generation capacity of an individual. Resistance
training: increases muscular strgngth. through a cascade of physiological alterations. Tﬁe
mechanisms that underlie training-indﬁced increases iﬁ muscle strength are thought to occur
through two main pathways; neural adaptations and muscle hypertrophy. In addition, muscle
hyperplasia and endocrinal adapfations'also lead to increases in muscular strength, albeitito a
»lessier extent _‘than the aforementioned pathways (Frbntera, Meredith et al. 1988; Charette,

. McEvoy et al. 1991; Staron, Karapondo et al. 1994; Robergs and Keteyian 2003).

Neural adaptations

Early ifnprovements in strength during resistance training are gttributed_to neuromuscular
adaptations ;'ather than to muscle hypertrophy: It »has been‘ suggested that unconditioned
individuals are unable to vrecruit a large number of motor units ‘and theif recruitmenf is
asynchronous (Cerny aﬁd Burtbn ‘2001). Within the first few weeks of resistance training,
adjustmehts in the nervous system allow the individual fo learn to recruit all motor units.
Increases in neural acti?ation and muscle excitability also occur dﬁring strength training (Staron,
Karapondo et al. 1994). These néural altefations not only providé greater motor unit recruitment,
but it allows motor units to be stimulated in a more synchronous manner (Robergs and Keteyian

2003). Neuromuscular adaptations to training peak after three to four weeks of training at which
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time the increase in muscle fiber size becomes the major contributor to strength gain (Cerny and

Burton 2001).

Muscle Hype;rtrop_hy
Concomitant to changes in the ﬁeuromusc‘ular system during the early stages of resistance
| training, thefe is also an increase in the expression of contractile proteins (Staron, Karapondob et
al. 1994). The increase in contractileiproteins c¢ntributes to muscle hypertrophy, which refers to-
the increase in muscle cross-sectional area of the méjor muscle fibers types: .Type I (slow
twitch), Type Ila (fast twitch oxidative/glycolic) and Type IIb (fast twitch glycolic) (Staron,
Karapondo ef al. 1994; Robergs and Keteyian 20'03). Staron et al. (Staron and Johnson 1993)
observed significant hypertrophy of all three muscle fibers types (Type 1; 15%, Type [Ta; 45%, .
Type 1Ib; 57%) in the vastus lateraiis muscle of females after 20 weeks of heavy resistance
training. In a previous study conducted by this team, increases in muscle fiber sizes (Type I;
15 .6%; Type IIaé 17.3%) were reported after six weeks of resistance training (Staron, Leonardi et
al: 1991). Staron et al. (Staron, Karapondo et al. 1994) later conducted a progressive resisfance
training program for lower extremities to evaluate the time course of skeletal muscle adaptation
" in males and females. A gradual increase in muscle czoss-sectional area of all three fiber types
was observed in both sexes after six to eight weeks of training. Moreover, Frontera et al.
(Frontera, Meredith et al. 1988) trained 12 sedentary older males aged 60-72 and reported
- significant hypertrophy of béth- Type I and Type I.‘I fibers. Similarly, Charette et al. (Charette,
McEvoy et al. 1991) iﬁvestigated muscle fiber hypertrophy in 27 healthy older feméles aged 64- |
86 during 12 weeks of resistance training. Their results demonétrated a 20% increase in muscle

cross-sectional area of Type Il muscles fibers. These two studies provide strong evidence that
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progressive weight-training programs can lead to muscle fiber hypertrophy and significant
stfength gains in older persons. In fact, the increase in muscle strength réported in the group of
older females following training ranged between 28-115% of baseline values. In addition to
increases in cross-sectional areas of both slow»and fast twitch fibers, fast twitch fiber-type
conversions have been observed following resistance training.  In the studies by Staron et al.
(Staron, Leonardi et al. 1991; Staron and Johnson 1993; Staron, Karapondo et al. 1994)
significant decreases in the percentage of Type 1Ib .ﬁbers with a concomitant trend towards an |
increase in the percentage of Type Ila fibers were reported. In one study, they reported a
signiﬁcant decrease in the percentage of Typé IIb fibers in males and females after as little as

two weeks of training (Staron, Karapondo et al. 1994).

Hyperplasia and endocrinal adjustments
Animal vstudies have shown that overloading skeletal mﬁscles leads to fiber splitting
and/or the ‘geﬁeratibn of new fibers (hypferplasia) (Sola, Christensen et al. 1973; Alway 1994).
Subsequent to these results, the ‘foc1vls turned to whether hyperplasia oécurred in human muscles
following strenéth training. MécDougall et-al. (MacDougall, Sale et al. 1984) investigated
possible muscle fiber hyperplasia in the biceps of 12 male body builders in comparisoﬁ with 13
age-matched control subjects with no pfevious history of resistance traihing. They found that
despite large differeﬁces in muscle‘size between the two groﬁps, the group of body builders had
| the same nﬁmber of muscle fibers as the untrained\group and concluded that muscle enlargement
is mainly the result of muscle fiber hypertrophy and not hyperplasia.
Hormonal expfession may also play a role in strength adaptations by stimulating

muscle growth especially in males. Despite the fact that females have less lean body mass, a
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smaller cross sectional area for all major muscle fibers, and a g,réater percentage of body fat than
males, the only reported difference in the adaptive response to resistance training is in specific
hormone levels involved in muscle protein synthesis. Staron et al. (Staron, Karapondo et al.
1994) reported greater resting levels of serum testosterone concentrations and lower serﬁm
cortisol levels in males after 7-9 weeks of resistance training whereas no such observations were
made in the group of females. The increases in streng’gh and muscle endurance following
neﬁro.muscular adaptations fo resistance training improve functional capacity and prevent the

development of sarcopenia and osteoporosis common with aging.

2.3 Exercise capacity and to_lerance in Type 2 Diabetes Mellitus
2.3.1 Age related decline in cardiorespirtory fitness.
Maximal Oxygen uptake

The prevalence of T2DM increases with age and aging is associated with progressive
decrements iﬁ various components of physical work capacity, notably declines in
cardiorespiratory ﬁtness and muscle strength (Castaneda, Layne et al. 2002). The cardiovascular
* system is an important component limiting physical work in older individuals. Deterioration in
cardiovascular functioning is observed by a deciine in maximal oxygen consumption. Maximal
oxygen consumption declines roughly 30-35°/; between the ages of 20 and 65 (McArdlg, Katch
et al. 1994; Brooks, Fahey ef al. 2000). The decline in cardiorespiratory fitness is influenced by
age-related decrements in central vand peripheral functions related to oxygen transport and
utilization (,McArdle, Katch et al. 1994). These include reductions in HRax, stroke volume,
arterivenous oxygen difference, power output capacity,; muscle mass as well as an increase in fat

free mass (McArdle, Katé_h et al. 1994; Brooks, Fahey et al. 2000; Robergs and Keteyian 2003).
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Cardiac outpﬁt

The décline maximal oxygen‘uptal'ce With aging is strongly associated with a decrease in
“maximal cardiac output. Maximal cardiac output is reported to be feduced 20-30% by the age of
65 (Fagard, Thijs et al. 1993). This reduction in cardiac output is mediated by declines in
maximal heart rate and stroke volume. Shepherd et al. (Shepherd 1997) noted that age-related
decreménts in> HRm.,x are mediated by a reduction inv_ both ventricular compliance and
catecholamine secretion along .With a decrease in the flumber or sensitivity of myocardial
adrénergic receptors. In addition, deconditioning, loss‘ of muscle mass and the presence of
chronic diseases are said to be partially responsible for the decline inbmaxifnal heart rate with
aging (Brooks, Fahey et al. 2000; Astrand 2003). Strdke volume is mainly affected by a slower
relaxation of ventricﬁlar walls, poor peripheral venous tone, varicose veins, and a decrease in
plasma yolume, red blood cells and total blood volume (Brooks, Fahey et al. 2000). Asa result;
blood ﬂpw to working muscles during exercise is reduced. Moreover, the narrowing and the loss
- of elasticity of major blood vessels supplyihg blood‘to skeletal muscles, heart and other organs

 affect blood flow (McArdle, Katch et al. 1994).
A decrease in arteriovenous oxygen difference with aging also- contributes to the
progressive decline in cardiorespiratory fitness. This decline is mainly due to decreases in ﬁbér
to capillary ratio, total hemogldbin, muscle mitoch.ondrial density, oxidaﬁve enzymes and a
reduction in respiratory capacity of skeletal muscles (B-rooks, ‘F ahey et al. 2000). The
redistribution of a portion of cardiéc outbut to tissues with a limited oxygen extraction capacity

(i.e. skin) also affects arteriovenous oxygen difference with aging (Brooks, Fahey et al. 2000;

Robergs and Keteyian 2003) .
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Structural changeé with increasing age occur within the pulmonary system. These
changes includé reductions in pulmonary blood volume, surface area, static elastic recoil of the
lungs, compliange of chest walls and respiratory muscle strength whereas the size of the alveoli
inbreases with age (Brooks, Fahey et al. 2000; Robergs and Keteyian 2003). The ability of the
lungs to meef ventilatory requirements during ‘maximal exerc_iée progressivel}; deferiorates
between 30 and 60 years of age (Brooks, Fahey et al. 2000). These structural changés lead to
declines in maximal ventilation, expiratory flow rate, forced expiratory volﬁme in 1 second, tidal
volume and vital capacity aswell as a progressive increase in bréathing frequency and residual -

\ volume (Erhman, Gordon et al. 2003; Robergs and Keteyian 2003). Maximal breathing capacity
is reported to decrease 30% by age 60 and approximately 40% by 80 years of age (Robergs and
Keteyian 2003). Vital capacity decrea-lses 14% and residual lung Vollur.ne is said to increase by

33% on average between the ages of 20 and 60 in males whereas total lung capacity remains

relatively unchanged with aging (Brooks, Fahey et al. 2000).

2.3.2 Decline in cardiorés;;z'fatory fitness associated with T Ype 2 Diabetes Mellitus

Exercise capacity has been shown to‘ be reduéed in p;ople with T2DM compared to
age, body mass and activity matched controlé even in the absence of diabetic complications
_(Regehsteiner, Bauer et al. 1995; Kunitomi, Takahashib et al. 2000; Boulé, Haddad et al. 2001).
A meta-analysis of the effects of structured exercise training on changes in cardiorespiratory
fitness in people with T2DM reporfed a mean baseline VOjn.x of 22.4 ml/kg/min in 21.2
individuals with a mean age of \55.7 years (Boulé, Kenny et al.‘ 2003). The American Heart
Association indiéates that healthy males and females between the ages of 50 to 59 should have a

VOymax of approximately 36 ml/kg/min and 29 ml/kg/min respectively. Aside from advancing
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" age, previous studies have reported that several other factors are résponsible for the deterioration
of aerobic capacity in individﬁals with T2DM (McMillan 1979; Regensteiner, Bauer et al. 1995;
Valberg and Macleay 1997). These include: underlying complications related to diabetes, a
‘. longer duration of }diabetes, increased Al1C, a prior history of cardiovascular disease,
hypertension, the use of medications as well as ethnicity. Regensteiner et al. (Regensteiner,
. Bauer et al. 1995) observed that exercise time to exhaustion in people withT2DM‘is 24% lower
than non-diabetic individuals. Théy also reported that VOyma 1s reduced by 21% and that oxygen
consumption at anaerobic threshold is lower in this group than non-diabetic counterparts. In
| addition, Kunitomi et al. (Kunitomi, Takahashib et al. 2000) undertook a controlled. trial on
’exercise prescfiption by ventilatory threshold for Japa.nése' individuals with T2DM. The primary
finding of this study was that the individuals with diabetes reached ventilatory' threshold at lower
work ratés than the healthy contrql group (T2DM; 62+/-14 wattsl (W), Control: 74+/-13 W).
Impairments in left ventricular diastolic dysfunction, oxygen uptake kinetic requnse; endothelial
vasodilator function and muscle oxidative enzyme capacity along with arterial stiffnesé and
| inflammation are believed to contribute to exercise intolerance in individuals with diabetes
(Stewart 2002; 2003; Ribisl, Lang et al. 2007).

Oxygen uptake kinetic responSe refers to the rise in the consumption of oxygen (VO,) to
a steady-state during- submaximal exercise (Regénsteinér, Bauer et al. 1998). It is the rate at
which the cardiovascular system is able to deliver oxygen to working muscles and the rate at
which oxygen is consumed by the muscles duriﬁg éxercise. The VO, kinetic response occurs in
three phases (Regensteiner, Bauer et al. 1998). At the start of exercise (phase 1), the increase in‘
blood flow causes a sharp increase in the volume of oxygén. In Phase 2, VO, increases linearly

with the increase in workload until a steady-state is attained. Phase 3 occurs when steady-state

33



oxygen consumption is achieved below the lactate threshold. A study amongst fémalés with
diabetes assessed oxygen uptake kineﬁc response and found that compared to obesé and lean
non-diabetic females, the group with diabetes had a lower submaximal VO, kinetic response
(Regensteiner, Bauer et al. 1998). The amount of time required for the oxygen consumption to
meet workload demands was prolonged in the group of females with diabetes but not in their
obese counterparts.

The reduced cardiac output often seen in individuals with diabetes is partially attributed
to age-related changes in cardiovascular functioning mentioned previéu_sly and to myocardial
dysfunétions known as diabetic cardiomyopathy. This diseése is thought to impair left
ventricular function and affect oxygen diffusion and consumption by active muscles during
exercise (Regensteiner, Groyes et al. 2002). Left ventricular diastolic dysfunction may be
resporisible for the ‘reduced left ventricular filling during diastole in T2DM (Stewart 2002).
Although further research is required to fully understand the meéhanisms behind left ventricular
dysfunction in diabetes, feasible causes of these disturbances are related to potential myocardial
ischemia (Stewart 2002). Myocardial ischemia is caused by the inability to maintain an adequate
blood flow to the myocardium during exgrcise.-ThiS is commonly observed in patients with

coronary heart disease (Fletcher, Balady et al. 2001).

Endothelial vasodilator function

The impairment df endothelial vasodilator function is associated to insulin resistance
and contribufes to a lower e);ercise capacity in T2DM (Reusch, Regensteiner et al. 2003;
Regensteiner, Bauer et al. 2005). Sustained hyperinsulinemia is said to alter the activity of

insulin-induced nitric oxide synthase (NOS) (Maioranaa, O'Driscolla et al. 2002). Nitric oxide
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synthase ié responsible for synthesizing nitric oxide (NO). which is known as an endothelial
derived relaxing factor (Erhman, Gordon et al. 2003')). Nitric oxide is responsible for smooth
muscle relaxation (vasodilation) during exercise in order to increase blood flow (Porte 2001,
Erhman, Go‘rdon et al. 2003). Endothelial dysfunction in the coronary circulation could play a

role in myocardial ischemia during exercise mentioned earlier (Stewart 2002).

- Muscle fibers

Individuals with diabetes are répérted to have a greater fast twitch (typellb) to slow
twitch (type I) muscle fiber ratio (Flétcher, Balady et al. 2001). Slow twitch muscle fibers are
suited for endurance training. They have a greater resistance to fatigue dqe to - their high
mitochondria density énd therefore provide a better aeroBic and oxidative capacity. Fast twitch
(type IIb) fibers on the other hand have a high glycolytic and Vefy low oxidativé capacityb
(Fletcher, Balady et al. 2001). For this reason, a greater Typellb/Typel ratio often observed in
persons with diabetes could affect oxygen extraction and therefore reduce the capacity to sustain

a prolonged period of exercise.
2. 33 Age related decline in muscular strength

In addition to age related alterations in cardiorespiratory fitness, bone density and
skeletal muscle strength are also reduced with aging. These two components are strong
predictors of disability especially in individuals with low exercise capacity since strong bones.
Aging is associated with a degenerative loss of skeletal muscle mass and strength, also known as
sarcopenia. It has been suggested that after the age of 30, muscle cross sectional area and muscle

density both decrease (Evans 1997). Evans (Evans 1997) reported that muscle strength decreases
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by approximately 15 % per decade between the ages _‘of 60 and 70 and by 30% subsequently in
healthy individuals. Factors that influence the lbss of muscle mass include physical ihactivity as
well as a decrease in the use the neurém_uscular system (McArdle, Katch et al. 1994; Robergs
and Keteyian 2003). Strength reduction with aging is associated with declines in muscle proteins,
muscle respiratéry capacity along with an increase in connective tissue and fat mass (McArdle,
Katch et al. 1994, Evaﬁs 1997; Robergs and Keteyian 2003). Moreover, the loss or atrophy of
muscle fibers, which is more marked in fast twitch (Type II) fibers, contrivbutes to the decline in
skeletal muscle strength | (Brooks, Fahey et al. 2000)  The mechanisms involved in muscle
contraction are also affected by aging. Aging muscles become less excitable thus a greater
stimulus is required for contraction and a longer period of time is needed for muscles to respond

to that stimulus (Brooks, Fahey et al. 2000).

2.3.4 Decline in muscle strength associated wi?h Type 2 Diabetes _Meliitus

The loss in muscle strength is even more pronounced amongst aging pérsons. with
diabetes. Following a 10 year prospective cohort study of older females with diabetes, it was
observed that femaleé with diabetes are twice more likely than non diabetic females to be unable
to perform physical or household tasks (Gregg, Mangione et al. 2002). The average yearly
incidence of disability, defined as the inability to walk, climb 10 steps, do housework, shop or
cook méals, -was 9.8% for females with T2DM and only 4.7%‘for females without diabetes
(Grégg; Mangione et al. 2002). Furthermore, in a study of 1391 males and femalés between the
ages of 60 and 70 with and without diabetes, diabetes was associated with a lower gripping
strength (41.8 kg) than individuals with impaired glﬁcose tolerance (44.1 kg) (Sayer, Dennison et

al. 2005). The numerous vascular and neural complications associated with this disease increase
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the risk of physical disability by 2 to 3 times (.Gregg, Mangione et al. 2002). In addition, a
reduction in lean body mass I;as ifnportant repercussions on blood glucose disposal capacity,
resting metabolic rate, bone density, insulin sensitivi‘;y as well as 'aerObjc capacity (E‘vans 1997).

| Even with a proven decrease in exercise tolerance amongst individuals with T2DM,
there is no-reason to suspect that cardiorespiratory fitness and muscular strength can not be

improved with exercise training (Boulé, Kenny et al. 2003).

" 2.4 Hemoglobin A1C
2.4.1 Glycosylation of hemoglobfn

Hemoglobin is a protein found in red blood cells which is respbnsible for oxygen
transport. Hemoglobin is a tetramer of two pairs of polypeptide chainé (o and 8 chains) aitached
to a heme group. Total Hemoglobin in most adults is made up of hemoglobin A (~97%),
. hemoglobin A, I(~ 1.5-3.5%) as well as fetal hemoglobin ({2%). The components of hemoglobin
A (also referred to as minor hemogl‘obins) include Aj, Ag, Aia, Aip and Aj, Hemoglobin Aj,
(A1C) is formed by non-enzymatic glycation of the N-terminal valine of 8 chains. In essence,
AlC ié structurally identical to hemoglobin A except that a glucose molecule is linked to the N-
terminal valine of B chains. The glycosylation of hemoglobin occurs in .two steps. Initially,
glucose reacts with the N-terminal valine to form an aldamine linkage also knows as a Schiff
base. Thereafter, fhe aldamine linkage undergoes an Amadori rearrangement to form a stable. and
' nearly irreversible ketoamine linkage (McDonald and Davis 1979). The rate of formation of A1C
depends on blood glucose concentration. During hyperglycemia for example, the highly
permeable erythrpcyte cell rﬁembrane exposes hemoglbbin to the excess intracellular glucose

(Gallagher, Le Roith et al. 2009). In the majority of healthy adults, A1C constitutes
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approximately 5% of total hemoglobin while this percentage can reach up to 15% in individuals

with diabetes (Bunn, Gabbay et al. 1978; Smith, Koenig et al. 1982).

2.4.2 AIC reflects long term glucose control

The association between elevated levels of A1C and diabetes was discovered in the
1960s, first by Huisman and Dozy (Huisman and Dozy 1962) and than by Rajhar (Rajbar 1968)
who confirmed that an abnormall hemoglobin component was present in the blood of every
diabetic patient he examined: Since the late 1970s, the concept that A1C reflects long term-
| glucose control has been assessed by correlating various indicators of glucose control with A1C
measurements (McDonald and Davis 1979). Koenig et al. (Koenig, Peterson et al. 1976), for
example, hospitalized five ‘patients with poor diabetic control as measured by urinary glucose
excretion as well as fasting» and postprandial blood glucose samples. Improvements in glucose
control were noted after 1 to 2 months of diet, exercise and insulin administration while a
reduction in A1C was observed ~4 weeks after bettef blood glucoseicontrol was achieved (84).
In a study to track the changes in A1C over a period of 4 to 6 years, Meigs et al. (Meigs, Nathanb
et al. 1996) took two A1C ﬁeasurements in 639 ndn—diabetic elderly individuals between 1986
and 1993. They concluded that A1C was a relatively stable index of glycemia in nondiabetic
individuals over a number of years thus confirming its use as an informative epidemiological

measure.
2.4.3 Microvascular and macrovascular complications

Type 2 Diabetes Mellitus increases the risk of developing microvascular and

macrovascular complications. Microvascular diseases affect the small blood vessels in the retina
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of the eyes (retinopathy) as well as the kidneys (nephropathy). D;abetic retinopathy is the leadibng
cause of aduit-'onset blindness while nephropathyA can lead to end-stage renal failure in affeeted
individuals (DeFronzo 1999). Macrovascular disease targets larger blood vessels such as those
going to the heart, brain and lower limbs. The risk of cardiovascular morbidity in patients with
T2DM is increased by two to four times while the risk of death‘fr‘orn .a stroke or a myocardial
infarction is two to six times higher when compared to their non-diabetic cOunterpafts (Hu,
Stampfer et al. 2001; Maioranaa, O'Driscolla et al. 2002; Gade, Vedel et al. 2003). The extent to
which A1C ceuld be used to predict long term diabetic eomplications has been of interest for
many years. The glycosylation of proteins can severely alter their function. For exafnple, the
glycosylation of hemoglobin occurs. at the N-terminal valine residue which is also the binding
site of diphosphoglycerate (2,3-DPG) (Bunn, Gabnay et al. 1978; Kennedy and Baynes 1984).
Diphosphoglycerate is a pnysiological regulator of hemoglobin function, no.tably hemoglobin’s

affinity for oxygen. A1C has a reduced reacti'vity with 2,3-diphosphoglycerate thus increasing
oxygen afﬁnity and decreasing its release to nearby tissues (Bunn, Gabbay et al. 1978;
McDonald‘and Davis 1979). It is also thought that glucose can react with other proteins resulting
in impaired protein and tissue function (McDonald and Davis 1979; Selvin, Marinopoulos et al.
2004). In a paper reporting on the relevance of hemoglobin glycosylaﬁon to diabetes mellitus,
F‘Bunn et al. (Bunn, Gabbay et al. 1978) highligh‘ted the fact that the organs and‘ tissues mosf
affected by- diabetic complications such as lens, nerves, kidney, retina, blood vessels, etc, are
independent to the‘ action of insulin and therefore are exposed to high levels of glucose
con_centratiens during episodes of hyperglycemia. Ne{/eftheless, earlier studies regarding the
applicanility of A1C as a predictor of long-term complications of diabetes were mostly negative.

Trivelli et al. (Trivelli, Ranney et al. 1971) for examp‘le conducted the first large scale study
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amongét 100 diabetic patients and reported no relationship between A1C levels and dﬁrat_ion of
diabetes,-n‘led.ication or diabetic therapy, renall disease, peripheral vascular disease, retinopathy,
neuropathy as well cardiovascular disease. Furthermore, Koenig et al. (Koenig, Peterson et al.
1976), as Well as Malone (Malone 1978), attempted to correlate A1C with microvascﬁlar disease
but were unsuccessful. In the latter study, no correlation was found between A1C and indicétors
of diabetic nﬁcroangiopathy and in the former stlidy, there was no correlation between A1C and
eafls,/ mafkers of vascular dafnagel; Long term co:mplica.tions of. diébetes are gradual and may take
many years to "'de.velop which may explain the lack of corrélation with a single A1C
measurement. On the other hand, A1C has been reported to correlate with establiéhed factors of
atherosclerosis which can lead to macrovascular disease. These include plasma choleéterol aﬁd‘
triglyceride levels (McDonald and Davis 1979). In a study amongst 558 non-diabetic adults
between the ages of 40 and 79, it was reported that A1C was significantly correlated with total
plasma cholesteroi, low density Hpoproteins, very low density lipoproteins, and total plasma
triglycerides even after adjusting for age and obesity (Barret-Connor, Criqui et al. 1987). More
recently, an association betwéen A1C with micro and macrovascuiar disease was established in B
the participants from the UK prospective diabetes study (Stratton, Adler et al. 2000).
Specifically, it was estimated that each 1% ‘reduction in A1C was vassociated with a 37%
reduction in the risk of developing microvasculaf complications and a 21% decrease in the risk

- of death related to diabetes.

2.5 Effects of exercise training on A1C and fitness in Type 2 Diabetes Mellitus

2.5.1 Aerobic exercise training

40



We_merrtioned earlier that T2DM increases the risk of CVD and that improvements in
'AIC following exercise training is associated with a substantial reduetion of cardiovascular risk
factors. Similarly, improvements in aerobic capacity reduce the risk of cardiovascular disease
and overall mortality. For example, it hasv been reported that irrcreasing the exercise time by one
minute on a Balke protocol stress test (which is equivalent to an increase in oxygen consumption
of 1.44 ml/kg/min), reduces the risk of overall mortality in people with dia.beres by 7.9% (Blair, -
Kohl III et al. 1995; Brandenburg, Reusch et al. 1999). Previous studres have reported signiﬂcanf
improvements in cardiorespiratory performance and A1C following aerobic exercise training in
people with type 2 diabetes. For example, Schneider et al. (Schneider, Amorosa et al. 1984)
reported on 20 individuals with T2DM and 11 control subjects during 6 weeks of supervised
aerobic training. A1C was reduced from 12.2 to 10.7% and VOjmax increased by 8.4% (26.2+1.1
to 28.44/-1.0 ml/kg/min). Walker et al. (Walker, Piers et al. 1999) tested the efﬁcacy of a 12
week self reported walking program amongst normoglycemic and diabetic women: Following
the study, AIC in the group of diabetic women decreased to.a larger e>{tent than their non
diabetic counterparts (7.78+1.37 to 7.19+1.59 vs. 5.58+0.31 to 5.38+0.24). Also, women with
T2DM demonstrated an improvement in cardiorespiratory fitness by lowering therr walk time on
a 1.6 km walking test from 9.29 to 8.24 minutes. A more recent study conducted by Toledo et al.
(Toledo, Menshikova et al. 2007) used both weight loss and aerobic exercise to assess muscle
mitochondrial capacity irr subjects with T2DM over a period of four months. On most days of the
week, 10 participants walked on a treadmiﬂ at 60-70% of HRyax for 30-40 minutes. One session
per week was supervised throughoot the 20 week intervention. This group reported a .17.7%

improvement in A1C (7.9+0.5 to 6.5+0.3) along with 12% increase in VOapay (43.5+1.6 to
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48.6+1.6 ml/kg/min). Mitochondrial density and. size was also significantly increased following
aerobic training.

Initial improvements of aerobic capacity appear to be more pronounced in individuals
with low fitness regardless of obesity level. This was demonstrated in a study ‘that.compared
women with T2DM to lean and overweight non-diabetic women in a three month exercise
intervention (Brandenburg, Reusch et al. 1999). The three groups took part in exercise sessions
thrice weekly using a treadmill, a cycle 'ergémeter or a rowiﬁg machine. They exercised at 70-
85% of HRpx for a period of 50 minutes. The women in the diabetic group had the lowest initial
VOglnaX of the three groups (17.744.0 vs. 21.842.9 in the overweight group and 25.1+4.7
ml/kg/min in the lean group). Following the three month intervention, the women with ty_be 2
diabetes increased their VOjpax by 28% (17.7£4.0 to 22.4+5.5 ml/kg/min) compared to the
‘overweight group (8%) and the lean group (no change). Changes in A1C from baseline were not
reported.

Subsequent to the initial improvements ofvaerobic capacity, further changes may be
dependent on the intensity of each e#ercise. For example, Mourier et al. (Mourier, Gautier et al.
1997) conducted a high intensity aerobig training program which resulted ~in' substantial
improvements of both aerobic fitness and glycemic control after 8 weeks. Fbllowing a short pre-
~ training period of 2 weeks, the participants assigned to the tr’aining group engaged in two
sesvsi.onsv per week of continu_o‘us aerobic training for 45 minutes at 75% of VOypeak . On a separate
day, the participants performed intermittent training consisting of five exercises aty 85% of
VOqpeax alternating with 3 minutes at 50% of VO;pear. A1C value was reduced from 8.5 to 6.2%
while VOpes and maximum workload increased by 41% (23.0+1.2 to 32.4+1.3 ml/kg/min) and

37% (161+6 to 220+13 W) respectively. Increasing training intensity for individuals with
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) diabetes who are already ective may therefore provide additional benefits in cardiorespiratory
fitness end glycemic control (Sigal, Kenny et al. 2004). The appropriate intensity le\/el for
individuals wiﬂl diabetes who are at a greater risk of cardiovascular events has been subject O,f
debate of theyears. Nevertheless, high intensity e'xerc.ise may have added };eneiits for individuals
with T2DM, notably by promoting postexercise glucose uptake for the resynthesis of glycqgen
stores following greater muscle glycogen depletion (Fenicchia, Kanaley et al. 2004). For a more
detailed description of aerobic exercise studies and outcomes for A1C and ﬁtnes.s refer to Table

1 in Appendix A.

2.5.2 Resistance exercise training

- Increasing muscular strength and lean body mass are neeeesary to prevent and/or delay
the development of sarcepenia, osteoporosis and to improve.functional capacity amongst older
individu‘als with diabetes (Eves and 7’ Plotnikoff 2006).Recent recommendations for the
management of T2DM strongly suggest the integration of resistance training exercises in a well-
- rounded training program. Early studies have showed promising effects of resistance training on
glycemic control and strength. For example, Eriksson et al. (Erikssoh, Taimela et al. 1997)
conducted the first study examining the effects of circuit resistance training on A1C in eight
individuals with T2DM. After 3 months of progressive resistance training, A1C was reduced
significantly (8.8% to 8.2%) and muscle endurance inereased by 32%. The increase in lean body
mass had a strong inverse correlation (r = -0.73) with the reduction in A1C. Honkola et al.
(Honkola, Forsén et al. 19975, reported tﬁat 5 months of pregressive circuit training twice a week
signiﬁcantly increased the number of repetitions that could be performed of various resistance »

exercises but was not sufficient to detect changes in A1C_Conversely, a 0.4% rise in A1C was

43



observed in the control group compared to the exercise group. Dﬁnstan ‘et al. (Dunstan, Puddey et
al. 1998) studied 21 people with T2DM in. the first randomized controlleci trial looking at the
effects of progressive ‘moderate—inténsity circuit resistance training on glycemic control for a

length of 8 weeks. Data from eleven participants randomized to a circuit Weight'training group
and teﬁ subjects randomized to a control group were analyzed. In the training group, participants
. alternated between cycling and weight lifting stations for 60 minutes. There was no significant
changé{ in A1C (8.2 £ 0.5 to 8.0 £ 0.5) although significant improvements in strength (ranging
from i5 to 43%) were reported. Sincé the completion of larger randomized control_led» trial
looking at the f:ffecfs of high intensity resistance training in older individuals, notably the studies
from Castenada (Castaneda, Layne e’; al. 2002)and Dunstan (Dunstan, Daly et al. 2002),
resistance training in nolw conSidered to be safe and effective “for individuals with severe low
exercise capacity who may not be able to adhere to habitual aerobic exércise training. Dunstan
et al. (Dunstan, Daly et al. 2002) conducted a six monfh high intensity resistance training and
weight loss program (RT + WL) amongst 36 older individuals with diébetes. The program
involved 45 minutes of high inﬁensity resistanée training with‘a progression from 60% of 1-
| repetition maximum (1RM) to 75-85% lRM The workload increased when 3 sets of 10
repetitions could be performed while mainfaining proper weight lifting technique. A1C was
reduced by 1.2 £ 0.9% in the FRT + WL group w'hilekno significant change was found in the
weight loss only group (0.4 + 0.8%). Significant increases in upper (41.7%)vand lower body
(28%) strength in the training group were also reported. Corﬁplementary to these findings,
Casteneda et al. (Castaneda, Layne et al. 2002) also demonstrated significant improyements in
AlIC (8.7ﬂ: 0.3 to 7.6+£0.2) an(i strengfh (33% whole body strength gain) following 16 weeks of

high intensity resistance training in older individuals with T2DM (66 + 2 years). The increase of
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1.2 kg of lean tissue mass observed in the resistance group was signiﬁcaptly correlated with the
improvement in A1C (r = -0.35). Baldi et al. (Baldi and Sﬁowling 2003) more recently
demonstrated that 10 weeks of more moderate-intensity resistance training could also evoke
imbrdvements in muscular strength (25 to 52%) and significant reductions in AIC (89+0.8 to
8.4 + 0.6%). Consistent with the latter study, the reduction in A1C was inversely correlated with
the 3.5% increase in fat free mass in the resistance training group (r = -0.63). Ibanez et al.
(Ibanez, Izquierdo et al. 2005) also reported ’;he beneficial effects of resistance training on
maximal upper body strength and lower body strength (18.2% and 17.1% increase respectively).
The small sample sizé (n=9), uncontrolled study design and relatively normal glycemic control at
baseline may explain why no improilements in hemoglobin A (6.2 £ 0.9 to 6.2 = 0.9) were
detected after 16 weeks of low fepetitio'n; heavy load resistance training amongst older

individuals with diabetes.

| Changes in A1C have previously been compared between aerobic exercise training and
resistance exercise training. Cauza et al. (Cauza, Hanusch-Enserer et al. 2005), for example,
compared the relative benefits or aerobic and resisténce training on glycemic control after 4
months of training. Study participants performed either aerobic or resistance exercise training
‘thrice weekly. The aerobic group exercised at 60% of VO,max while the strength training group
increased their work intensity to keep the maximum number of repetiﬁons performed between 10
and 15. Changes in physical performance were reported in both groups, notabl}% an increase in
VOzpeaf( in the aerobic group and strength gains in the resist;ance group. However, only the
strength training group improved A1C (8.3 + 1.7- to 7.1 £ 0.2) whereas no significant changes
were observed in the aerobic training group (7.7 £ 0.3 to 7.4 £ 0.3). The higher initial A1C level

in the resistance training group may explain why significant reductions were found in this group
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but not in the aerobic training group. In fact, the DARE study demonstfated tﬁét exercise induced
improvemeﬁts in glycemic control were greater among participants with higher baseline A1C. It
was also reported that in participants with lower baseline AIC, only combined aerobic and
resistance training improved these values. Those with good glycémic control should therefore
perform both type‘s of training to further improve glycemic control through lifestyle measures
(Sigal, Kenny et al. 2007). For a more detailed description of resistance exercise studies and

outcomes for A1C and fitness refer to Table 2 in Appendix‘ A.

2.5.3 Combined aerobic and resistance exercise training

While both aerobic and ‘resistance training improve glyceinic control and insulin
sensitivity, aerobic tfaining is aimed at improving cardi'orespiratory. fitness whereas resistance
trainivng-targets muscle mass and strength. Combining aerobic and resistance training may
therefore offer additional benefits in the management of T2DM through different mechanisms of
action. Several studies bri‘or to the DARE trial have examined the effects of combined aerobic
and resistance exercises in individuals with T2DM (Tessier, Ménarda et al. 2000; Maioranaa,
O'D>risc011a et al. 2002; Cuff, Meneiliy eti al. 2003; Loimaala, Huikuri et al. 2003; Balducci,
Leonetti et al. 2004; McGavock, Méndic‘ et al. 2004; Tokmakidis, Zois et al. 2004). Tessier et al.
b(Teésier, Ménarda et al. 2000) conducted a randorﬁized controlledv study including rapid walking
and sfrehgth trainihg thrice weekly in 39 (‘1 9=experimental group, 20=controls) individuals with
T2DM over a 16-week period. No changes in A1C wére observed (7.5 =+ 1.2 to 7.6 £ 1.2)‘
although treadmill time to exhaustion increased by 11% (423 + 207 s to 471 + 230 seconds).
Similarly, MéGavok et al. (McGayock, Mandic et al. 2004) randomized 17 individuals with

diabetes to a combined cycle ergometry and resistance training program of moderate intensity
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and 7 people to a control group for a period al0 weeks. Maximal oxygen consumption improved ‘
by 15% though no changes in A1C (6.6 £ 0.9 to 6.4 + 0.6) were observed following the exercise
program. Cuff et al. (Cuff, Meneilly et al. 2003) carried out a 16 week study with 28 post
menopausal females with diabetes randomized to one bf three group; aerobic training only (AT
only), ae‘roBic and resistance fraining (AT+RT)> and a control group. Aerobic exercises were
performed on a treadmill, ‘bicycle, stepper, elliptical or rowing machine ;it an intensity
corresﬁonding to 60-75% of heart rate reserve (HR,CSCWC) while the résistancé phase included
light weights with a progression to heavier loads. The study revealed no changes in A1C in any -
of the groups following the training period (AT+RT: -0.1 £ 0.22%, AT only: -0.1 + 0.11%). Both
exefcise groups significantly improved VOjpeax (ATHRT; 10.2%, AT only; 13.1%) wher_eas‘
muscular stfength increased only in AT+RT (uppér body load; 49%, lower body load; 42%).
Tokmakidis et al. (Tokmakidis, Zois et al. 2004)'trained 9 post ‘menopaubsal women slightly
younger (55 + 6.7 vs. 60.9 + 2.3) than the women in the study by Cuff for the same length of
time (16 weeks). Unlike the previous study, Tokmakidis found a significant reduction in A1C
(7.7 + 1.7t0 69 1) following training. Also _reported were increases in exercise time to
exhaustion (8.2 + 1.2 min to 9.1 + 0.9) as well was upper (1'50.5 +21.4 kg to 197.8 + 15.8 kg)
aﬁd iower body strength (48.3 + 10.6 kg to 67.5 £ 11.1 kg). The exercise intensity for aerobic
training (70-80% HR.x) and resistance training‘ (60% 1RM) were greater in this study than the
intensity uséd by Cuff. This enforces that a strong doée—response relationship may exist between
exercise intensity and A1C. Other recent studies have found concomitant improvements. of
glycemic control and phyéical performance following combined training (Maioranaa, O'Driscolla
et al. 2002; Loimaala, Huikuri et al.. 2003). Loimaala et al. (Loimaala, Huikuri )et al. 2003)

conducted a year long study combining jogging/walking and resistance training twice a week and
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repérted a signi‘ﬁcant‘decrease in A1C in the exercise group (8.2 + 2.1 to 7.6 + 1.4). In addition,
the participants in the training group improved their VOspax by approximately 6% (31.9 + 5.1 to
: }33.8 + 5.5 ml/kg/min) and substantial gains in muscle strength were also observed. Maiorana et
al. (Maioranaa, Q'Driscolla et al. 2002) gsed a fandomized cross-over design to evaluate a circuit
training program which alternated cycle ergometry, resiétance training and treadmill walking at
progressive workloads amongst 16 individuals with T2DM. After eight weeks, A1C was reduced
significantly (8.5 + 0.4 to 7.9 + 0.3) andl aerd_ﬁic capacity, exercise time to exhaustion and
mﬁscular strengthvalso improved by 13.2%. For va more detailed description _of combined aerobic
- and resistance exercise studies and outcomes for A1C and fitness refer to Table 3 in Appendix A.

The DARE study trial most recently demonstrated that aerobic and resistance exercise
training ‘improved glycé_r’nic control, and that their combination was superior to either type of
exercisé training alone in previously iﬁactive individuals. with T2DM. It remains unclear
however, if the improvements in A1C are linked to changes in pﬁysical fitness as defined by
improveme;lts in aerobic fitness or mﬁscular strength. For this reason, the present study
investigates the effects of aerobic exercise training, resist_anbe exercise training and their
combination on cardiorespiratory fitness and muscle strength and how improvements in A1C are

associated with changes in physical fitness in the DARE trial.
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ABSTRACT

Few studies have compared chahges in cardiorespiratory fitness b’etweeri aerobic training only or
in combiﬁation with resistance training. Additionally, nq'study to date has compared sfrength
gains between resistance training and combined exercise training in type 2 diabetes mellitus
(TZDM).‘ Purpose: We evaluatéd the effects of aerobic exercise training (A), resistance exercise
training (R), combiﬁed aerobic and resistance.training (A+R) and a sedentary coﬁtrol group (C)
on cardiorespiratory fitness and muscular strength in individuals with T2DM. Methbds: 251

participants in the Diabetes Aerobic and Resistance Exercise (DARE) trial were réndomly

>allocated to A, R, A+R or C. Peak oxygen consumption (VO;pear), workload and treadmill time
were dgtermined following maximal exercise testing at 0 and 6 months. Muscular strength was

measured as the 8 RM on the leg press, bench press and seated row. Responses were compared

Betwe’en younger (39-54) and older (55-70) adults and between sexes. Results: \.702,,6;,1(
improved by 1.73 and 1.93 mLO,/kg/min with A and A+R respectively compared to C (p<0.05).
Strength improvements were significant following A+R. and R on the leg press (A+R:48%,
R:65%) bench presé (A+R:38%, R:57%) and seated row (A+R:33%, R:41%)(p<0.05). There was

no main effect of age or sex on training performance outcomes. There was however a tendency

for older participants to increase VOjpeac more with A+R (+1.5 mLOz/kg/min) than with A only
' (+0.7 mLOy/kg/min). Conclusion: Combined training did not provide additional benefits nor did
it mitigate improvements in fitness in younger subjects compared to aerobic and resistance

training alone. In older subjects, there was a trend to greater aerobic fitness gains with A+R

versus A alone.

Key words: Aerobic exercise, resistance exercise, cardiorespiratory fitness, strength,
randomized controlled trial.
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~ INTRODUCTION

Previous studies have found that exercise training induces improvements in physical

fitness among individuals with type 2 diabetes mellitus (T2DM), as demonstrated by increments
in maximal oxygen consumption (VOamax) and muscular strength. For example, Boulé et al. (4)
reported in a meta-analysis a mean increase of 9.5% in VOjmax following moderate-intensity

aerobic training (<70% VOimax) compared to 1% decrease in sedentary controls. Larger

increases in aerobic capacity were found in individuals who engaged in higher intensity

endurance training (>75% \‘/Ozm?x) 3). Recenf evidence also suggests thatv resistance exercise
training safely and effectively improves muscular strength and metabolic control in vulnerable
populations.(S, 6, 10). Castaneda et al. (6) and Dunstan et al. (10) studied the effects of high
intensity resistaﬁce training in older adults (= 55 years) with T2DM. The former study reported a
33% increase in whole body strength (6) whereas the latter study found a 42% increase in upper
body workload and 28% increase in lower bédyWorhoad folldwing 6 months of training (10).
Although these studies show promising effects of exercise 1n improving physical fitness among

individuals with T2DM, the small samplé éizes used limit the generalizability of the results.

There is also growing evidence that the effect of combined aerobic and resistance training
may be more beneficial iﬁ the management of T2DM. Recently, we reported that héinoglobin
A1C (A1C) values decreas_ed significantly with aerobic exercise training compared with a non
exercising control group (.-4 0.51 %; P=0.007) and with resistance exercise training compared

with the control group (- 0.38 % ; P=0.038). With combined exercise training, A1C values
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decreased by an additiorial -0.46 % and -0.59% compare(i with the aerobic exercise training
(P=0.014) and iesistance exercise training (P=0.001) respectively (24). Interestinély, however,
only one study has compared the effects of combined exeicise training with those of aerobic
exercise —training alQne (9) in terms of improvements in cardiorespiratory fitness in T2DM.
Further, no study to date has compared increments in muscular strength with combined exercise
training to those derived from resistance exeicise training alone ‘in individuals with T2DM.
Among young healthy adults, combined exercise training proved as beneficial as' aerobic
exercise training alone to improve cardiorespiratory fitness but seemed to have a detrimental
effect on strength development (8, 15). In one study, however, participants exercised 5 days per
| week and thus residual fatigue may have impacted the development of strength (15). Conversely,
Wood et al. (29) reported that 3 days per week of concurrent aerobic and resistance exercise
“training iii healthy older adults (> 60 years) led to similar improvements in strength as resistaiice

exercise training alone.

»iThe prevalence ef T2DM typically increases with age e.nd aging is usually -associated
with progressive decrements in various components of physical work capacity, notably declines
in eardiorespiratory fitness and muscle strength (6). Moreover, exercise capacity has been
shown to be reduced in people with T2DM compared to age, body mass and activity matched
controls ever in the absence of diabetic complications (4, 19, 21). Low cardiorespiratory fitness
and decrements in bone density and skeletal muscle strength are strong predictors of d.isability
among‘ older individuals (12). As previously mentioned, a combined exercise progiem appears to
generate greater reductions in A1C value than either aerobic or resistance training alone. It

remains unclear, nonetheless, whether combined exercise training would provide similar gains in
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both cardiorespiratory fitness and strength compared to either mode of training ‘alone in
‘individuals with T2DM. On the one hand, increésed fatigue might have a negative impact on
workout intensity compared to doing just one kind of exercise.’ Conversely, older individuals
often have sarcopenia, and strength training might be helpful in pefmitting them to maximize

their aerobic workouts.

In the present study we report the effects of aerobic exercise training, resistance exercise
training and the combination of aerobic and resistance exercise training on cardio;espiratory
fitness and muscular strength in the Diabetes. Aerobic and Resistance Exercise (DARE) tfial (24).
-An additional .purpose of this investigation was to examine if' fitness exercise respbnses in the
iraining groups were affected by age and sex. We also exami>ned the relationship between
changes in hemoglobin Aj. (A1C) and changes in fitness outcomes. We _hypothesized that
changes in cardiorespiratory fitness and strength would be similar in the aerobic exercise training
and resistaﬁce training exercise groups respectively compared to the combined aerobic .and
resistance training group. We also hypothesized that younger and older adults as well as men and
women would respond similarly to -exefcise\training and that a relationship would exist between

changes in physical fitness and A1C.

METHODS

The DARE trial was a 26-week, single-center, randomized controlled trial with parallel
group design that examined the effects of aerobic and resistance exercise training as well as their

combination on glycemic control in type 2 diabetes mellitus (24). This study was approved by
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the Ottawa Hospital Research Ethics Board and :written informed consent from all participants

was obtained.

Previously sedentary individuals between the ages of 39 and 70 years with type 2 diabetes
mellitus wéfe recruited through advertising, physicians and word of Iﬁouth. Inclusion criteria for
the DARE trial included type 2 diabetes for at least 6 months and baseline herﬂoglobin AlC
between 6.6% and 9.9% (normal = 4%—6%); Exclusion criteria are described elsewhere (24). The

participants’ baseline characteristics are presented in Table 1.

-

Run-in Phase. Participants exercised at community-based facilities, supervised by personal

trainers. Prior to randomization, subjects entered a 4-week run-in period to assess compliance.

Subjects performed 15-20 minutes of aerobic exercise at moderate intensity (60% VOjpeak) and
1-2 sets of 8 resistance exercises with supervision. Only subjects attending > 10 of the scheduled
12 run-in sessions were eligible for randomization.. Randomization was stratified by age (39 to

54 years and 55 to 70 years) and sex.

Exercise Intervention

Aerobic Exercise Training (A). A detailed description of the exercise training programs is
availéble onvlinev (http://www.annals.org/cgi/content/full/147/6/357). Thé aerobic exercise
training component consisted of participants exercising 3 times per week on trcédmills and/or
bicycle ergometers. Heart rate monitors (Polar Electro Oy, Kempele, Firﬂand) were used to

adjust workload to achieve target heart rates. Target heart rates were based on maximal heart rate’
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achieved during stress testing. Subjects progressed from 15-20 minutes per session at 60% of

maximum heart rate, to 45 minutes per session at 75% of maximum heart rate.

Resistance Exgrcise Training R). Subjécts exercised three times per week, and training
progressed gradually in length and intensity. The resistance exercise training group pefformed
seven different exercises on weight machines each session, progressing to 2-3 sets of each
exercise at the maximum weight that could be lifted 7-9 times. Participants alternated between
two groups Qf 7 exercises targeting all major muscl¢ groups. These were as folloWs: Group A:
seated row, biceps curl, bench press, leg press, shoulder press and leg extension; and, Group B:

lateral pulldown, triceps pushdown, chest press, leg press, upright row and leg curls.

Combined Exercise Training (A+R). The participants in the combined training group
performed the full aerobic training program plus the full resistance training program to assure an

adequate dose of each type of exercise.

Control Group (C). Subsequent to the run-in phase, participants assigned to the control group
were asked to revert to their level of activity at baseline and to maintain this level for the

remainder of the study.

Direct supervision by trainers occurred with equal frequency in all exercising groups.
Individual exercise supervision was provided weekly for the first 4 weeks after randomization
“and biweekly thereafter. Attendance was verified through direct observation, exercise logs, and

electronic scanning of membership cards.
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QOutcomes and measurements

Dependent variables included VOjpear, maximal workload, treadmill time, maximal heart

rate (HRmax), as well as oxygen consumption (VO,), workload and heart rate (HR) at the
ventilatbry threshold and results from 8 repetition maximum (8-RM) testing on the seated row,

bench press and leg press. Independent variables include effects for time, group, age and sex.

iMaximal cardiorespiratory fitness ( \.702peak.)_ was determined during a maximal treadmill
exercise stress test at the University of Ottawa Heart Institute. The test followed a vramp treadmill
protocol with continuous time and 12-lead electrocardiogram monitoring (v.4.03, GE Marquette
Medical Systems Inc.) as well as breath-by-breath analysis of oxygen consumption and carBon

dioxide production (MedGraphics CPX-D Metabolic Cart, St. Paul, MN). Since older adults

often do not reach a' plateau in oxygen ;:onsumption, \.702peak was measured as the highest minute
rate of oxygen consumption achieved during the last 30 seconds of the test to volational fatigue.
Each participant performed fhe same ramp protoédl during baseline and post intervention testing.
We also obtained maximél workload (watts), HRmax (bpm; beats per minute) and exercise test‘

duration (minute) from stress testing.

Ventilatory threshold was determined from maximal exercise stress tests using 2 criteria:
1) the point where ventilation (Vi) increases disproportionately relative to VO, (28) and; 2);fhe
- point of dislinear rise in carbon dioxide production (VCO,) relative to VO, (V-slope method)

(2). Both criteria were met for most subjects but in a few cases, the rise in Ve relative to VO,
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was easier to recognize and was used to determine the ventilatory th;eshold. These techniques
have been showh to be sensitive and non-invasive measures for evaluating. cardiorespiratory
‘performance (21, 22, 28). Oxygen consumption, workload and heart rate were .measured at the
Venﬁlatory threshold. One evaluétor determined the ventilatory threshold for all participants at 0
and 6 months. The same evaluator repeated the aésessment of all ventilatory thresholds no less
than two weeks after the last Ventilatory threshold had been determined to assure consistency in

the results and because a second evaluator was not available for this study (20).

Muscular strength was determined for the leg press, bench press and Seéted oW on a
multi-station gym (Body Solid EXM-20008S). Strength was measured as the maximum weight
that could be lifted eight times foilowing an 8 repetition maximum (8-RM) protocol at baseline
and 6 months. Proper lifting and breathing techniques were demonstrated by an exerci'sev

-specialist prior to each exercise.

Hemoglobin A ;¢ value was measured between baseline and 6 months using turbidimetric

immunoinhibition.

- Statistical analysis. We used linear mixed effects models for repeated measures with an

unstructured covariance matrix to model dependant variables by study groups over time.
Dependant variables included measures for cardiorespiratory fitness (VOazpeac mL/Orkg/min,
VO2peax mLO2/kg LBM/min, HRpmay, workload and treadmill time), submaximal aerobic fitness

indices (\.702 mlO,/kg/min, \./02 mLO,/kg LBM/min, heart rate and workload at the ventilatory

threshold) and strength (8-RM for leg press, bench press and seated row). To test Whether
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changes in ﬁtness outcomes differed according to age, we reran the model with an additional
term for age (dichotomized into younger (39—54 yrs) and older (55-70 yrs) participants). We also
re-ran the model to test for signiﬁeant differences between sexes. Within the mixed models, we
estimated 95% confidence interval (CI) and P values for six inter-group comparisons (A+R vs.
' A, A+R vs. R, A+tR vs. C,R vs. C, A vs. C and A vs. R). Unadjusted 95% CI are presented in the
tables and-figures. The level of significance was ‘set at an overall alpha level. of 0.0S; however,-
we used Bonferroni adjustments to account for multiple comparisons. Thus, P values for inter-
group comparisons were considered significant when P was <0.0083 (0.05 divided by six
possible comparisons for each variable) and <0.0125 for within group comparisons (O..OS divided
by four possible within group changes). Multiple regressions analyses were performed using
linear mixed models. Measures of maximal and submaximal aerobic capacity as well as strength
were entered as independent variableé with A1C as the dependent variable and sex, age,
ethnicity, duration ‘of di'abetes and oral hypoglycemic medication as covariates. We used SAS

version 9.1 for all analyses.

RESULTS

Following the run-in phase, 60, 64, 64 and 63 participants were randomly allocated to
aerobic exercise training, resistance exercise training, combined exercise training and a control -
group respectively. Following the run-in phase, 12 participants in aerobic training, 7 in resistance
training, 8 in combined training and 3. in the controi group‘ dropped out of the study while several
others did not have complete sets of data. As such, 48 participants from the aerobic exercise
training group, 54 participants from resistance exercise training group, 54 participants from

combined exercise training group and 60 participants from controls were’ included in the

65



analyses. Reasons for not completing the study included medical conditions, loss of interest and
other personal or time commitments that interfered with the ability to participate or continue with

the study.

General exercise outcomes

Cardiorespiratory fitness. \.702peak relative to body mass (mLOy/kg/min) were significantly
improved at 6 months with aerobic training and combined traihing (P<0.00v1) and the changes
were significant compared to the resis.tance training group (AT, P=0.007; A+R, P=0.001) and
control group (P<0.001) (Figure 1). No differences were observed between the aerobic training

and combined training gréups (P = 0.638) as well as between the resistance training and control

groups (P=0.243) for changes in \.7Ozpeak_ The same results were Qbserved when \.702p63k were
adjusted for lean body mass (data not shown). Maximal workload and-tfeadmilll times were -
signiﬁcant_ly increased at 6 months with aerobic training and combined exercise- training
\(P<0.001) (Table 2). Improvements in workload were also significant relative to the control
group (P<0.001) following aerobic training and combined training as well as compared to the
resistance training group following aerobic training only (P=0.006) . Treadmill time improved
signiﬁcantly in the aerobic training and combined training groups compared to resistance
exercise training (P=0.001) and controls (P<0.001). Maximal heart rate decreased significantly
lovér time bnly in the aerobic exercise training group (161.42 + 2.04.t0 157.57 + 2.26 beats/min,
J P=0.007). No significant difference was observed for changes in maximal heart rate among the

exercise training groups. The effect of training group did not vary according to age or sex for

changes in \.702peak @ge, P=0.300; sex, P=0.859), workload (age, P=0.200; sex, P=O.924)' and

treadmill time (age, P=0.445; sex, P=0.939).
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Submaximal Exercise Response. \./02 relative to body mass (mLOz/kg/miin) at ventilatory
threshold improved at 6 months with aerobic training and combined training (P<0.001) as well as

compared to the control group (P<0.001) (Figure 2). After adjusting for multiples cornparisons,

improvements in VO, at ventilatory threshold were not significantly greater with aerobic training
and combined training than with resistance training (A, P=0.021; A+R, P=0.013). No differences

were observed between the aerobic training and combined training groups (P = 0.928) as well as

between the resistance training and control groups (P=0.138) for changes in \./Oz at ventilatory
threshold. Workload at the ventilatory threshold significantly increased after 6 months for all
train.ing groups (P\<0.00 1). Relative to the control group, workload increased more in the aerobic
and combined training groups (A, P<0.001; A+R, P=0.002) and alsn in the aerobic tfaining
group Compared to the resistance training group (P=0.008). The effect of training group on

changes in submaximal aerobic responses did not differ according to age or sex.

Musnular strength. Leg press, bench press and seated row performange increeised signiﬁcanﬂy
in all exercise 'groups (P<0.001) (Figure 3). A signiﬁcant within group change over time was also
found in the control group for the leg press (P=0.002). In comparison to the control group,
changes in leg press, bench press and seated row performances were greater in the resistance and
combined exercise training groups (P<0.001). Relative to the aerobic training group, greater
strength development were found with iesistance training on the bench press (P=O‘.005) and with
both resistance traiining and combined training-on the seated row (R, P=0.001; A+R, P=0.005).

Strength improvements in the resistance training group were not significantly different from
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those obtained with combined training in any of the strength exercises. The effects of training

group did not vary according to age or sex for changes.

Multiple regression analysis. Results from multiple regressions analysis show th'at after
adjusting for exercise 'group, sex, ethnicity, age, duration of diabetes and oral hypoglycemic
ﬁledication, improvérﬁents in physicall fitness were not 'signiﬁcantly associated with
improvements in A1C; VOspeq in mlOy/kg/min (P = 0.064), maximal workload (P = 0.106),

treadmill time (P = 0.125), VO, in mlO,/kg/min at ventilatory threshold (P = 0.523), workload at |
ventilatory threshold (P = 0.163), leg press (P = 0.254), bench press (P = 0.306) and seated row

(P=0363).

DISCUSSION

We compared the effects of acrobic exercise training, resistance exercise training and thé |
combination of aerobic and resistance exercise training to a non-exercising control group on
cardiorespiratory fitness and muscular strength in previously sedentary individuals with T2DM.

Following 6 months of exercise training, the aerobic and combined exercise training groups

significantly increased \.lozpeak, maximal workload, treadmill time as well as {702 and workload
at the ventilatory‘threshold compared té the control group. Additivonally, relative to the control
group, muscular strength as measured on the seated row, bench press and leg preés significantly
;increased in the resistance and combined exercise training groups. Strength performance was
also signiﬁcantly improved in the aerobic exercise training group, although the improvements
were not significantly greater than the control group after adjusting for multiple comparisons.

Our hypothesis that improvements in cardiorespiratory fitness and strength in the combined
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group would be similar to those derived from aerobic exercise training alone and resistance

exercise training alone respectively was supported.

Previous studies have reported improvement in cardiorespiratory fitness as measured by
VOsypeak, treadmlll time and workload. Notably, Cauza et al. (7) showed that 4 months of

endurance training 3 times per week at 60% of \.702peak significantly improved \./Ozpeak by 1.49
mLOy/kg/min, which Was paralleled by an increase in maximal workload (+12 watts) in 17

individuals with T2DM. Kadogloua et al. (18) reported that 4 days per week of aeroblc training

for 6 months between 50-75% of. \./Ozpeak improvedv \./Ozpeak by 3.66 mLO,/kg/min anhd treadmill
test duration by 0.79 minutes in 30 individuals with diabetes assigned to the exercise group. The

responses were similar to those observed in the present study. We show that the aerobic exercise

training group increased VOspeak by 1.72 mLO,/kg/min which was paralleled by increments in ‘
workload (+23.6 watts) and treadmill time (+1.19 minute) in comparison to the control group.
The results from our study also support that improvements in cardiorespiratory fitness following

combined aerobic and resistance exercise training are similar to those derived from aerobic

training alone. Specifically, VOpcak increased by 1.93 mLO,/kg/min, maximal workload by 19.8
watts and treadmill time by 1.14 minute in the combined exercise group versus the control group.

To our knowledge, Cuff et al. (9) published the only other study reporting similar improvements

in VOypcak between aerobic training alone (13.1%) and combined aerobic and resistance training

(10.2%) in T2DM.
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In parallel to the improvements in maximal aerobic performance, submaximal exercise
performance was also significantly improved following exercise training. Oxygen consumption
at the ventilatory threshold was increased by 1.33 mLOz/kg/miri with aerobic training and 1.36

mLO,/kg/min following combined exercise training compared to controls. This is in contrast to a

study by Vanninen et al. (27) v'vher‘e VO, at the ventilatory threshold remained unchanged in

men and women who were encouraged to increase their level of physical activity over 12

months: Ventilatory threshold as a percentage of \./Olzpeak, 'hoWever, remained unchanged
between 0 and 6 months following aerobic training (50.8 £ 5.7% vs. 51 £ 5.1%) and combined
training (50.1 £ 5.5% ws. 51.2 +.5.1%). However, workload at the ventilatory threshold
- significantly increased by 14.8 watts with aerobic training and 9.9 watts with cqmbined training
relative to controls which to our knowledge, has also not been previously reported in individuals

with T2DM.

A number of small studies previously found significant changes in strength following
resistance exercise training in individuals with T2DM. Dunstan et al. (10) for examplé, reported
a 42% and 28% increase in upper and lower body strength after 6 months of progressive
resistance training whereas Castaneda et al. (6) reported a 33% improvement vin whole body
strength following 16 weeks of high intensity resistance training. In the present study, strength
performance on the seated row, bench press and leg press increased ‘by 41%, 57% and 65%
respectively in the resistance exercise training group suggesting that the training stimulus
provided in the exercise program was sufficient to elicit improvements -in strength in older
individuals with T2DM. Strength gains with cbmbined training were comparable to those

obtained from resistance training alone, notably seated row, bench press and leg press
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vperformance. improved by 33%, 38% and 48% respectively. This is in contrast to pfevious
studies among younger healthy individuals where strength development was attenuated with a
éombined training program versus resistance training alone (15). To date, no other study has
corvnpared‘strength gains following combined exercise training to thos'e obtained with resistance
exercise training alone in individuals with aiabetes. In concert with the results repoirted by Woovd
et al. (29) among older healthy individuals, the present study suggésts that a combined exercise
program does not ‘alter strength development in adults with T2DM and that strength
improvements are similar between resistance exercise training alone and combined aerobic aﬁd
resistance training.’ Signiﬁcaﬁt strength gains of 21%, 25% and 42% on the seéted row, bench
press and leg press respectively were also observed following aerobic exercise training and small
strength improvements ih the leg press were seen in the control group. The improvement in
strength at 6 months in the control group could result frbm participants becoming familiar with
lifting techniques and equipment and/or as a residﬁal effect from the run-in phase where all
participants performed both aerobic and resistance exefcise training for a period of 4 wéeks. In
sﬁpport of this, Staron et al. (25) previously trained 24 young women twice per week for a period
of 20 weeks after which they underwent a detraining phase of 30-32 weeks. These women
performed 1-RM tests oh the leg press, leg extension and squat following the period of
detraining. Although liRM values had decreased from the previous training period, all detraining
values remained significantly greater than pretraining values suggesting that some adaptations to

strength training may be retained for long periods after the cessation of training.

Cardiorespiratory fitness tends to decline with age which can lead to difficulties in

performing daily physical or employment related tasks (13, 14). Regular physical activity. is
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important to delay or at;[énuate age-related decfements in cardiorespiratory ﬁtness.’ Ih the present
study, although no statistically significant effect of age on fitness change was found between the
training groups, younger participants improved cardiorespiratory fitness to the same extent with’
aerobic exercise training alone (+1.91 'mLOz/kg/mi'n) and in combiﬁatioh with resistance training
(+1.71 mLO,/kg/min), but older participants tended to increase cardiotespiratory fitness more
with combined training (+1.5 mLOz/kg/min) tilan with only aerobic training (+0.7 mLO,/kg/min)
(Figure 4). The older participants are likely to have had greater degree of sarcopenia, and the
increased muscular fitness from resistance training may hévé helped them to maximize the
benefits of aerobic training. Our results are consistent with the recommendations from the
American College of Sports Medicine position stand on exercise and physical activity for older
adults as well as the 2008 Physical Acﬁvity Guidelines Advisory Committee Report (23, 26)
which suggest that older adults (>65 years) could gain substantial health benefits from

performing regular resistance training in addition to aerobic training.

Regular resistance exercise can prevent and/or delay the development of sarcopenia,
osteoporosis and improve functional capacity in tasks of daily living amongst older individuals
with diabetes. Several studies in recent years‘ have demonstrated that resistance exercise
trairﬁng induces substantial gains in muscular strength among middlev aged and olaer
individuals (>55 years of age) with T2DM (1, 6, 11, 16, 17). Correspondingly, younger (39-54
yrs) and older (55-70 yrs) participants randoﬁized to resistance training iﬁ our study displayed
significant improvements in strength. on the seated row, bench press aﬁd leg press. The results

from our study also show that similar strength gains occurred in younger and older subjects
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assigned to combined aerobic and resistance training on all strength exercises which has not

been reported previously.

In summary, we showed signiﬁcant'improvements' in cardiorespiratory fitness and
'st‘rength following a 6-month exercise training progfam in individuals with T2DM. The
combined exercise program did not seem to provide additional benefits nor did it mitigate
changes in physical in fitness in younger participants than aerdbic or resistance training alone. In
older subjects, there was a trend to greater aerobic fitness gains with combined training Versus
aerobic trai;ling alone. These findings provide additional evidence of the value of combined

aerobic and resistance exercise training especially for older people with type 2 diabetes.
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Table 1. Participants’ baseline characteristics.

Combined Aerobic Resistance Control
(n=064) (n=60) (n=064) (n=63)

Men/women, n/n 40/24 . 39/21 40/24 41/22

Age,y 53.5(7.3) '53.9 (6.6) 54.7 (1.5) 54.8(7.2)

Non-Hispanic white race/other race, nwn 55/9 59/1 | 55/9 61/2

Duration of diabetes, y | 5.2 (4.8) 5.1(3.5) 6.1 4.7) 5.0 (4.5)

Hemoglobin Ap level % 7.67 (0.91) 7.68 (0.85) 7.71 (0.86) 7.66 (0.89)

Body weight 101.9 (30.4) 103.5 (31.0) 99.1 (30.4) 101.3 (28.6)
- BMI 35.0(9.6) 35.6 (10.1) 34.1 (9.6) 35.0(9.5)

Values are mean + SD.
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Table 2. Mean (£SD) changes in maximal cardiorespiratory performance.

Variable Mean Difference in Change P Value
: : from Baseline to 6
Months (95% CI)

Workload (watts) ’ Baseline 6 mo

Combined exercise group 156.1 (6.4) 175.2(6.6) - <0.001

Aerobic training group 151.7 (6.5) 174.7 (6.8) - ’ <0.001

Resistance training group 143.1 (6.3) 150.5 (6.5) T - 0.054

Control group 149.5 (6.4) 148.8(6.4) . - - 0.854
Intergroup comparisons :
Aerobic training vs. control — - 23.6(12.8t034.3) <0.001
Resistance training vs. control - - 8.1 (-2.3t018.5) 0.127
Combined exercise vs. control B - 19.8 (9.4 t0 30.2) <0.001
Combined exercise vs. aerobic training - - -3.8(-14.7t07.1) 0.496
Combined exercise vs. resistance training ‘ - : - 11.6 (0.9 to 22.3) 0.033
Aerobic training vs. resistance training - - 15.4 (4.4 t0 26.5) 0.006

HR,,,. (bpm) _

Combined exercise group 159.7 (1.9) 157.4 2.1) - 0.087

Aerobic training group - 161.4 (2.0) 157.5 2.2) - 0.007

Resistance training group 156.3 (1.9) 155.9 2.1) - 0.811

Control group » 157.3(1.9) 156.0 (2.1) - ’ 0.304
Intergroup comparisons
Aerobic training vs. control - - -25(-63t01.2) 0.187
Resistance training vs. control , - - 0.9 (-2.6 t0 4.6) 0.595
Combined exercise vs. control - - -0.9 (-4.6 t0 2.6) 0.593
Combined exercise vs. aerobic training - - 1.54 (-2.32 to 5.40) 0.432
Combined exercise vs. resistance training - - . -1.98(-5.74t0 1.78) 0.300
Aerobic training vs. resistance training - - -3.52 (-7.39 t0 0.35) 0.074

Treadmill time (minute)

Combined exercise group 9.8(3.3) 11.0 (3.6) - <0.001
Aerobic training group : 10.2 (3.4) 11.4(3.8) - <0.001
Resistance training group 9.73.3) 9.9 (3.6) -~ 0.159
Control group 9.8(3.3) 9.8 (3.6) - 0.929
Intergroup comparisons -
Aerobic training vs..control - - 1.1 (0.6to 1.7) <0.001
Resistance training vs. control ' - - ' 0.2 (-0.2t0 0.7) 0.338
Combined exercise vs. control C - - 1.1 (0.6 to 1.6) <0.001
Combined exercise vs. aerobic training - - -0.0 (-0.5 t0 0.4) 0.860
Combined exercise vs. resistance training - - 0.8(0.3t01.4) 0.001
Aerobic training vs. resistance training — — 0.9(0.3to01.4) 0.001

CI = confidence interval;, mo = month; HR,,, = maximal heart rate; bpm = beats per minute
Values are presented as means + SE.
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FIGURE CAPTIQNS

Figure 1. Mean‘(iSD) .change 1n peak oxygen consumption (VO;peax mLO,/kg/min), in the four
study groupS‘frOIn baseline to 6 months. *, indic,ates significant change frem Oto6 months. t,
indicates signiﬁcant differenc_e from control group. §, indicates signiﬁcant difference from

resistance exercise training group.

Figure 2. Mean (+SD) change in oxygen consumption (VO, mLOy/kg/min) at the bventi.latory
threshold, in the four study groups from baseline to 6 months. Dafa are presented as means and
95% confidence .intervals. *., indicates significant change frem 0 to 6 months. T, indicates
significant difference from control group. §, indicatesbsigniﬁcant difference from resistance

exercise training group.

Figure 3. Changes in muscular strength (lbs) in the four study groups from baseline to 6
months. Data are presenfed as means and 95% confidence intervals. *, indicates significant
change from 0 to 6 months. {, indicates significant difference from control group. §, indicates -

signtficant difference from aerobic exercise training group.

Figure 4. Mean (+SD) changes in peak oxygen consumption (VOzpeax , mLO2/kg/min) between
younger participants (39-54 years) and older participants (55-70 years) in the four study groups

from baseline to 6 months.
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Figure 1. Mean (+SD) change in peak oxygen consumption (VO;peak mLO»/kg/min), in the four
study groups from baseline to 6 months. *, indicates significant change from 0 to 6 months. ¥,
indicates significant difference from control group. §, indicates significant difference from
resistance exercise training group. '
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Figure 2. Mean (+SD) change in oxygen consumption (VO, mLOykg/min) at the ventilatory
threshold, in the four study groups from baseline to 6 months. Data are presented as means and
95% confidence intervals. *, indicates significant change from 0 to 6 months. {, indicates
significant difference -from control group. §, indicates significant difference from resistance
exercise training group.
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Figure 3. Changes in muscular- strength (Ibs) in the four study groups from baseline to 6
months. Data are presented as means and 95% confidence intervals. *, indicates significant
change from 0 to 6 months. t, indicates significant difference from control group. §, indicates
significant difference from aerobic exercise training group.
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ABSTRACT

The rate of strength development has been reported in healthy individuals but littleAis known as
to the time course of strength development in type 2 diabetes mellitus (T2DM). Also, it remains
unclear how combined aerobic and resistance exercise training affects strength development. We
examined the rate of strength developrhent with resistance exercise training only (R) and in
combination with aerobic éxercise training in 119 participants aged 39-70 ih the Diabetes
| Aerobic Resistance Exeréis¢ (DARE) ftrial (CliniéalTrials.gov NCT00195884). This was a
single-center, randomized controlled trial with parallel groups design. Following a 4-week run-in
phase, participants were randomized to 22-weeks of aerobic training only, resistance training
only (R), combined training (A+R) or é control group. We analyzed only participaﬁts assigned to
R and A+R for this sub-study. The outcomes were monthly workload increments (month 1-6) on
11 strength exercises. We compared workload progression for each strength exercise between R
and A+R. Our results show that strength improved similarly in R and A+R, There was, howevér, |
a clear trend towards a slowing in strength development over time. A greater proportion of
| workload increments were measured betwéen month 1-2 in both the upper body (51%) and lower
quy exercises (42%). Additional stréngth increments were consistently smaller in subsequent
months. Workload increments had a.tendency to decrease in A+R between 5-6 months on several
exercises; seated roW (-8.8 Ibs), bench press (-28.6 1bs), biceps curl (-11.3 Ibs), shoulder press (-
9.7 lbs), lateral pu_lldown (-14.3 1bs) and leg extension (-15.6 lbs). Although strength
development had a tendency to level off after 3 months, important reductions in hemoglobin
A1C occurred up to 6 months with resistance training and were even greater with combined
training.

Key Words: Resistance exercise, aerobic exercise, training periodization, exercise training,
performance. ' :

86


http://ClinicalTrials.gov

INTRODUCTION

The aging of the populati;)n ié a major contributing/factOr to the prevalence of type 2
diabetes mellitt.ls (T2DM) (Cowie et al. 2006). In Canada, approximately 88% of diagnosed
cases of diabeteé are in individuals between the ages of 45 and 75 (Staﬁstics Cénada 2009). Agef
associated reductions in muscular strength and low exercise toleraﬁce due to a lack Qf physical
activity are common in persons with diabetes. A study amongst older adults (260 years of agé)
found that 32% of women and 15% of men with diabetes experience difﬁculty accomplishing
simple daiiy physical tasks such as walking a quarter of a mile, climbing stairs or performing
ilousework compared to 14% of women and 8% of men without diabetes (Gregg et al. 2000).
Recent evidence that resistance training can be a safe and effe;:tiv.e‘ way of increasing muscular
strengtﬁ for elderly patients with diabetes (Castanqda et al. 2002; Dunstan et al. 2002) and
patients with heart failure (Braith et al. 2008), has prompted current exercise guidglines to
integrate resistance exercise training in a well-rounded training prbgram for the management of
T2DM:

The rate of strength development has been previously reported in young and healthy
individuals (Hickson 1980; Hickson et al. 1994), as well as in middle-aged and elderly men and
women (Frontera et al. 1988; Morganti et al. 1994; Hakkinen et al. 2000). These studies
' consistently show greater strength gains in the initial phéses of a training program.' There
remains controversy, hoWever, regarding the level and rate of improvement in muscular strength
with resistance exercise training. For example, some report a plateau in étrength developxhent
with short term (8-12 weeks) and/or long term (>12 weeks) resistance training, while others do
not report slowing in gains over time (Frontera et al. 1988; Fiatarone et al. 1990; Morganti et al.

1994). Additionally, although several studies have reported improvements in strength from pre-
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to post-intervention in individuals with T2DM, none have -ekamined. the time courSe of
improvemenfs in strength.

There is also cOmpelliﬁg evideﬁce'for incremental benefits of combined aérobic and
resistance training for individuals with diabetes. For exémple, previous studies'have reportéd
reductions in hemoglobin A1C (AlC) with aefobic exercise training and resistance exercise
training alone, but these studies found that the combination of both training modalitiés reduced
AI1C to a greater extent (Snowling et al. 2006; Sigal et al. 2007). In the Italian Diabetes and
Exercise Study (Balducci et al. 2008), combined aerobic and resistance training delivered better
results in terms of glybemic control, lipids, body composition, blood pressufe and estimated
cardiovascular risk than the group receiving exerciée cbunseling only. Although results from
" these studies imply that combined exercise training may be most beneficial to reduce AlC, it is
unélear if corhbining aerobic and resistance exercises in a training program may have detrimental
effe'ctbs on strength development comparbed to resistance training alone. Some studies have
repoﬁed that strength | gains are -attenuated and/or decreased when combined with aerobic
exercise training (Hickson. 1980; Chtara et al. 2008) while others .suggest that strength
improvements are similar between resistance training alone and in combination with aerobic
| training (McCarfhy et al. 1995; Wood et al. 2001).

The present study examined the tjme course of strength develobment in previouSly
inactive individuals with T2DM from the Diabetes Aerobic and Resistance clinical trial (DARE)
(Sigal et al. 2007) (ClinicalTrials.gov NCT00195884). Further, we examined whether stréngth
gains are attenuated with cpmbined aerobic and resistance exercise training rcc‘)m'pared to

resistance exercise training alone.
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METHODS

This project is a sub-study of the Diabetes Aerobic and Resistance (DARE) clinical triél
described elsewhere (Sigal et al. 2007). This trial was a single-center, randomized controlled trial
with parallel group design that examirred the effects of aerobic and resistance exercise training
only as well as their combination on glycemic rzontrol in T2DM. For the purpose of this paper,
only thé participants allocated to the resistance exercise training and combined aerobic and
resistance exercise training groups were analyzed. The Ottawa Hospital Research Ethics Board

approved all methods and procedures and all participants provided. written informed consent.

Participants
Previously sedentary individuals with TéDM were recruited through advertising,
physicians and word of mouth. Inclusion criteria for the DARE trial included type 2 diabetes for
at -least 6 months and baseline AIC between 6.6% and 9.9% (normal= 4%-6%). E)‘(clusion.
criteria are descriBed elsewhere (Sigal et al. 2007). The participant characteristics are presented

in Table 1.

Run-In Period

Participants exercised at community-based facilities, supervised by personal trainers.
Prior to randomization,‘ subjects entered a 4-week run-in period to assess compliance. Subjects
performed 15-20 minutes of aerobic exercise and 1-2 sets of 8 resistance eXerciSes, at moderate

intensity and with supervision. Only subjects attending > 10 of the scheduled 12 run-in sessions

were eligible for randomization.
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Exercise Intervention

Subjects exercised three times per week, and trainiﬁg progressed gradually in length and
intensity. The resistance group performed seven different exercises on weight machines .e.ach
sessién, progressiﬁg to 2-3 sets of each exercise at the maxirﬁum weight that could be lifted 7-9
ﬁmes. Participants alternated between ty{/o groups of 7 exercises targeting all major muscle
groups. These were as follows: Group A: seated row,.biceps curl, bench press, leg press,
;houlder press and leg exténsion; and, Group B: lateral pulldown, triceps pgshdown, chest press,
leg press, upright row and leg curls. The resistance exercise training program was designed to
progressively increase thé workload while maintaining the number of repetitions performed
constant. When participants were able to perform more than 8 repetitions while maintaining
proper form, the weight was increased. The combined exercise training group performed the full
aerobic and resistance exercise training program. The aerobic exercise training component
consisted of participants exercising on freadfnills and/or bicycle ergometers. Heart rate monitors
(Polar Electro Oy, Kempele, Finland) were used to adjusf workload to achieve target heart rate.
Subjects progréssed from 15-20 minutes per session at 60% of maximum heart rate, to 45
~ minutes per session at 75% of maximum heart rate as determined through the maximal treadmill
exercise test.

Direct supervision by trainers occurred with equal freqpency in all exercising gfoups.
Individual exercise supervision was provided weekly for the first 4 weeks after randomization.
and biweekly thereafter. Attendance was verified through direct oBservation, exercise logs, and
electronic scanning of membership cards. Each participant was required to fill out an exercise
log book following every training session. The amount of weight lifted (Ibs), number of

repetitions performed and the number of sets for each exercise were recorded.
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- Measurements

The total weight lifted for the 3 sets performed during the training session was calculated
for eacrr exercise (i.e., weight lifted x total number of repetitions x total number of sets). A
weekly average was calculated from the total weight lifted from each session for weeks 5,9, 13,
17, 21 and 26 which represent workloads at month 1,2, 3, 4, 5 and 6 respectively. To find the
‘ ~ absolute (Ibs) change in workload between months, we subtracted the workload at a specific
month with the workload from the previous month (i.e., workload at month 2 — workload at
“month 1). In order to find the relative (%) change from baseline, we divided the absolute change
in workload between monthsvby the workload from the previous month [i.e., (workload at month

2 — workload at month 1)/workload at month 1 x 100].

Statistical Analysi's

We used independent T-tests to test for baseline differences between the two training
groups. For the main analysis, a two-way repeated measures ANOVA was used to analyze the
data using the repeated factor of time (levels: 1, 2, 3, 4, 5, and 6 months) and non-repeated factor
of training group (levels: resistance training only, combined resistance and aerobic training).
Dependent variables included measures for absolute and relative changes in strength for each
exercise. We ran additional models in which age and sex were entered as covariates in addition
to time, study group and time-by-group interaction. For ANOVA main effects, Greenhouse-
- Qeiser corrected statistics are reported where the assurrlption of sphericity was not met. The level
of significance was set at 0.05.» All analyses were performed using the statistical software

package SPSS 17.0 for Windows (SPSS Inc. Chicago, IL, USA).
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RESULTS

Following tne run-in phase, 64 subjects were randomly allocated to resistance training
and 64 to combined aérobic and resintance training. Five participants in the resistance training
group and 4 participants in the combined training group were excluded from the present analysis
since they did not have data for any of the strength exerciseé subsequent to the run-in phase.
Reasons for not completing the study innluded medi_cal conditions, loss of interest and other
nersonal or time commitments, which interfered with the abilityb to participate or continue with
the study. Participants in both exercise groups were similar in age, sex and workload on all of the

strength exercises at baseline (Table 1.)

Training Progression

| Changes in strength befween resistance training and combined training were not
significantly different over time. There was a significant main effect for tifne with both groups
»shov?ing improvements in absolute and relative workload, although workload increments tended
to decrease over time for upper body (Figure 1) and lower body (Figure 2) The main effect for
group was not signiﬁcant for any of the strength exercises suggesting no difference in strength
development between groups. There was however a tendency for workload increments to
decrease between 5 and 6 months in several exercises with combined training (Table 2). Notably,
workload increments decreased between 5 and 6 months in the combined group on the seated
row (-8.8 lbs), bench press (-28.6 1bs), biceps curl (-11.3 1bs), shoulder press (-9.7 lbs), lateral
pulldown (-14.3 lbs) and leg extension (-15.6 1bs) compared to fncrements between 4 and 5

months.
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There was no significant effect of age on strength dev'elopmenti over time. The effect of
group was also not influenced by age or sex. Sex however was a signiﬁcant factor in models for
absolute changes in workload on the seated row (P=0.006), bench préss» (P=0.004), biceps curl
 (P=0.049), shoulder ﬁress (P=0.015), lateral pulldown (P=0.029), chest press (P=0.049), leg
extension (P=0.00S) and leg curl (P=0.01) with men averaging greater workload increments over
time than women. When expressed as a percent change from baseline, the effect of sex only
remainéd significant for changes in Workioad on the seated rowl (P=0.008), bench press
(P=0.002), shoulder press (P=O.0149) and leg extension (P=0.013) with men showing greater

percent increases in workload from baseline than women.

Monthly workload improvements for gpperA body exercises were comparable to monthly
improvements in lower body exercises. Specifically, in theb resistance training and combined
training groups, the largest upper body workload iﬁcrements (51% and 42% fespectively) and
lower body wofkléad increments (45% and 42% respeétively) were measured between mdnth 1
and 2 of training. Sﬁbsequentl’y, upper body and lower body workioad increments were less than
the first tWo months but were nonetheless similar between both train’ihg groups. Upper and lower

body workload increments over 6 months are displayed in Figure 3.

DISCUSSION

Our findings demonstrate that muscular étrength, as represented by .increments in
workload over time, significantly improved with resistance exercise training in individuals with
T2DM. We also found that the rate of strength development Waé similar wifh resistance training

alone and with combined aerobic and resistance training. There was, however, a clear trend
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towards a slowing in strength developmerit over time and this tendency was similar between
upper body and lower body exercises. Greater workload increments occurred within the first two
months of training whereas smaller strength gains were found in subsequent months. There was
also a tendency for workload increments to decrease more in the combined training group

- between 5 and 6 months than in the resistance training group..

We show that the interaction between training modality and strength increments over
time was not significant for any of the strength exercisesAsuggesting that similar increases in
workload occurred in vboth training groups. In the combined training group hoWever, we found
that in the final month of training, workload increments decreased vfo_r several strength exercises.
Other studieé have reported reductions in strength over time with a combined aerobic and

| resistance'traibning program (Hickson 1980; Chtara et al. 2008). Hickson (1980) for example,
found that strength development was either attqnuated or decreased when resistance training was
combined with aerobic training. Participants in that study were young healthy individuals (mean
age of 25) assigned to either a strquth training group, endurance training group orv a combined
strength and endurance training group. The strength trainin‘g group had a consistent rate of
strength development throughout the 10_week training period whereas in the ‘combined group,
strength development leveled off and subsequently decreased after the. 7™ week. The participants
in the combined training group, however, were vrequired to perform heavy resistance‘training and
endurance training 6 days per week. Therefore, it is conceivable that a high training frequency
and residual fatigue compromised strength dévelopment. In the present study, although exefcise
training was only performed 3 times weekly, our participants were previously sedentary

individuals with low physical fitness. Thus fatigue from performing both aerobic and resistance
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tra.ining‘ could be a factor contributrng to the observed reduction in strength performance over
time. In a mere recent study By Chtara et 51. (2008), 48 male subjects (mean age of 21.4) trained
twiee a week for a period of 12 weeks. The endurance training prograrﬁ involYed high intensiry
interval running and the resistance training program consisted of a circuit program irlcluding
strength endurance exercises and explosive st,rength,'and power exercises. The results from this
‘study show that circuit training alone led to greater improvemen‘rs in 1 RM half squat (P<0.01),
right and left 1-leg half squat (P<0.02), 5-jump test (P<Q.01), peak jumping force (P<0.05), peak
jumping power (P<0.02) and peak jumping height (P<0.05) tharr combined endurance and
circuit training. However, since tlris type of program and the strength exercises involved are not
typically prescribed to older adults it is difficult to conrpare our results to the ones from this\

study.

In contrast >te the studies by Hickson (1980) and Chtara et al. (2008), McCarthy et al.

(1995) found that 3 days per week of combined strength and endurance training over 10 weeks in

sedentary young adult males (mean age: 26.5-27.9 across groups) led to similar improvements in

1-RM on the squat and bench press with strength training alone. Endurance training involved 50

minutes of cycling at 70% ef heart rate reserve and the resistance training program included 3

sets of 6 repetitions targeting several large muscle groups. Among healthy olderadults (>60

years), Wood et al. (’2001) found that 3 days per week of concurrent aerobic and resistance
exercise training led to similar improvements in s‘trength,as resistance exercise training enly. In

this study, the aerobic component included a maximum of 45 minutes of exercise on a treadrnill

“or cycle ergometer at 60-70% ef estimated heart rate. Resistance training involved 8 exercises

for 2 sets of 8-12 repetitions. The training regimens used in these two studies are similar to the
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training programs performed by DARE participants.‘ These studies, however, did not evaiuate
training prdgression and only compared strength at baseline and at the end of the intervention.
Thus it is not possible to determine whether strength progression was the same With resistance
training only and combined training. In the present study, strength improvements from 0 to 6
~months were also comparable between’ both training groups. -However, evaluating monthly
training progressions revéaled that strength development with combined training had a tehdency
to decrease in the last month of training whereas in the‘ resistance group, v«brkléad incremenfs

were smaller in magnitude but did not decrease from the previous month.

Previous studies have examined the rate of strenbgth development in healthy individuals.
Morganti et al. (1994) showed that strength continued to develop over time in 39 healthy older
women (59.5+0.9 yr) who were randomized to a control group or to a résistance training grdup
over a 12-month period. The womeﬁ in the resistance training group éxercised twice weekly at
~80% of 1-RM and experiehced sighiﬁcant strength gains over the entire 12 months of training.
A gfeater proportion of overéll gaihs, nonetheless, were seen iﬁ the first 3 months. In this study,
the training intensity was relatively high (80% 1-RM) and frequent adjustments (i.e. based on
weekly or biweekly 1-RM testing) of training intensity were made in order to maintain a load
corresponding to 80% of 1-RM. This mayv éxplainr why strength continued to increase
significantly over time. Another study by Frontera et al. (1988) also did not report a plateau in-
strength gains but rather a gradual improvement in strength each week over 12 weeks of high
intensity resistance training in men 60-72 years of age. Similaﬂy, Fiatorone et al. (1990) did not
observe a plateau in the strength devélopment of the knee extensors over 8 weeks of resistance

training in frail elderly (86-96 yrs) men. In the present study, workload increments were greater
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between the first and secdnd month of training for lower and upper body exercises. Thereafter,
worﬁload increments were consistently lower than thevprevious month, especially between the
final 2 months of training which suggests that participants were reaching a plateau in strength
development. Similar trends in stre;lgth development have been reporte’d previously in young,
middle aged and elderly healthy individuals. In a study by Hickson et al. (1994) 10 young
subjects performed heavy resistance training 3 days per week for 8 weeks and another 8 weeks at
a higher workloa.d. During the first training period, week-to-week improvemeﬁts were seen in the
first 42 weeks of training. However, no changes in strength in the last 3 weeks were reported.
During the second training period, training loads were increased to meet the most recent 1-RM
but overall stren\gth improvements were much less than observed during the first period (21% vs.
7%). Hakkinen et al. (2000) showed that a 12 week progressive resistance training program
improved strength in middle aged 7(43-57 years) and eiderly (64-73 years) men and women.
Strength, however, ceased to incréase and actually decreased in the last 4 weeks of training in
middle-aged women and elderly men and women.

The absence of a plateau has been associated with such factors as higﬁer training
intensitiés,, frequent load adjustments (based oﬁ weekly or biweekly 1-RM testing) and longer
training periods (Mbrganti et al. 1994). In the studies thaf did not report a plateau in strength
'development, training intensity was relatively high (80% lRM) and frequent l-RM'testing were
performed to maintain workloads corresponding to 80% of the most recent 1-RM load. This may
explain why strength continued to increase significantly over time as shown in the study by
Morganti et al. (1994) which reported significant improvements in strength over 52 weeks. In the
studies of relatively shorter duration (<12 weeks) (Frontera et al. 1988; Fiatarone et al. 1990) it is

_ possible that neufological adaptations to strength training which are mainly responsible for early
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improvements in strength, were still playing an important role in strength development. Hence,
had these studies been longer in duration (i.e., > 12 weeks), it is possible that a leveling off in
-strength gains may have occurred. However, Frontera et al. (1988) performed weekly 1-RM
measurements over 12 weeks and Fiatatrone et al.‘ (1990) conducted bi-weekly 1-RM testing
over 8 weeks and adjusted the workload accordingly. As such, participants were consistently
lifting heavier loads which may have>avoided a plat.eau in strengfh development. Converselly,
-Hickson et al. (1994) kept workloads constant during the first 8 weeks of training and found a
leveling off in strength developmént after only 4 weeks. Strength increased slightly in the second
8-week traihing period after the load wés increased again but, the new load remained constant
and strength ceased to increase in the last couple of weeks. In the current study, although the
resistance training program wé's designed to be progressive, workload increased only when the

participant could lift the weight more than 8 times while maintaining proper forms.

~ Significance

In recent years, resistance exercise training has béen highly recommended for individuals
with T2DM to improve glycemic control and increase muscular stfength. While we assume that
our training program was designed to induce progressive increases in strength, we showed iﬁ this
study that there is a clear slowing in performance improvements after 6 months of training. A
greater emphasis should be put on increasing the training intensity to ensure that individuals
taking part in resistance training programs are provided with a sufficient stimulus to ensure a
progfessive inérease -in strength. Previous studies have already demonstrated that high intensity
resistance training is ;afe for individuals with T2DM (Castaneda et al. 2002; Dunstan et al. 2002)

and that higher training intensities and frequent load adjustments seem to offset the leveling off
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in strength development (Frontera ef al. 1988; Fiatarone et al. 1990; Morganti et al. 1994).
Current recommendations for resistance exercise training consist of performing 3 sets of 8-10
repetitions targeting all major muscle groups 3 times weekly. It could be argu¢d that if
reductions in strength improvements are observed after a few months of training, despite
éontinued adjustment in workload, it may be unnecessary to require that individuals continue to .
perform the same numbe‘rr of sets or number of training éessions per week. Previous studies have
shan that a reduced number of sets and/or number of fraining sessions per week can provide a
sufficient stimulus to maintain strength (Morganti et al. 1994; Hohkola et al. 1997;‘ Ibanez et al.
. 2005). However, it is importaﬁt to consider that there are underlying benefits associated with the
greater work. volume, notably important improvements in.AIC, which appear to occur up to 6
months. and are necessary in order to maintain adequate glucose control in individuals with
T2DM (Sigal et al. 2007). In the DARE trial for example, although workioad\ increments had a
tendency to level off in the last months of training in both traihing groups, AIC' improvements
were maintained in the final 3 months relative to the first three months of training albeit the
magnitude of change was greater in the combined»exercise training group (i.e., resistance training -
only: 0 to 3 months, -0.13% and 3 to 6 months, -0.17%; combinéd exefcise training: 0 to 3

months, -0.47% and 3 to 6, -0.43%).

In summary, our findings demonstrate that strength gains can be derived from 3 days a
week of progressive resistance training alone or in combination with aerobic exercise fraining in
individuals with T2DM which is consistent with reports among middle-aged and older non
diabetic individuals. Strength developfnent had a tendency to level off | between the 5™ and 6"

month of training in our participants and this was more prominent in the combined exercise
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training group where workload increments decreased at 6 months. It is important to consider,
however, that additional metabolic benefits occurred between 3 and 6 months with resistance

training and were even greater with combined training.
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Table 1. Participant’s baseline characteristics -

Characteristic Resistance Training  Combined Training P-Value

(N = 59) (N = 60)
Age (yr)  s46 £0.9 5348409 0.397
Men/women ' 38/21 3921
Age group 39-54/55-70 2732 C 3129
Seated Row (lbs) 1494 + 105 1402104  0.535
Bench Press (1bs) 1115+ 75 1032+ 75 0439
Leg Press (Ibs) | 2533 213 2798 £211 0.380
Biceps Curl (Ibs) 704 + 53 778 + 53 0.324
Shoulder Press (Ibs) 752 % 65 791465 0.677
Leg Extension (Ibs) 1108 + 74 112773 0.861
Lateral Pulldown (Ibs) 1297 + 86 1443+ 85 0232
Chest Press (Ibs) 084+ 67 985 + 67 0.995
Triceps Pushdown (Ibs) 0564135 852+133  0.586
Upright Row (Ibs) - 758+ 66 845+ 66 0.355
Leg Curl (Ibs) ' 1100 + 62 16461 0.856

Values are presented as means + SE. Ibs=pounds; yr = year. Weight represents the sum of the
weight lifted for 3 sets.
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Table 2-b. Lower body workload increments (lbs) at monthly intervals over 6 months.

, Leg Press Leg Extension Leg Curl
1-2 mo ‘ V
RT 810 (121) 353 (52) 333 (62)
, A+R 835 (120) 286 (52) 234 (59)
2-3mo ‘ _
RT 686 (101) 263 (37) 208 (42)
A+R 663 (195) 248 (58) 132 (27)
3-4 mo ‘
RT 461 (90) 118 (28) 98 (24)
A+R 260 (135) 67 (59) 129 (52)
4-5 mo ‘ _
RT 419 (86) 87 (28) 73 (26)
A+R 256 (113) - 45 (55) -8 (45)
5-6 mo
RT 47 (79) 27 (2) 36 (20)
A+R 1(96) -15 (38) 53 (34)
*P-values 0.830 0.979 0.416

‘Data are presented as means (SE).*Using repeated measures analysis of variance time x group

interactions, mo = month. Weight represents the sum of the weight lifted for 3 sets



'FIGURE CAPTIONS

Figure 1. Upper body workload increments (%) at monthly intervals in the combined aerobic
and resistance tfaining grouﬁ (grey bars) and the resistance exercise training groups (black ‘bars).
The values represent mean + SE for upper Body strength exercises: seated row, panel A; bench
press, ﬁanel B; biceps curl, panel C; shoulder préss, panel D; lateral pulldown, panel E; chest

press, panel F; triceps pushdown, panel G, and upright row, panel H.

Figure 2. Lower body workload increments (%) at monthly intervals in the combined aerobic
and resistance training group (grey bars) and the resistance exercise training groups (black bars).
The values represent mean + SE for lower body strength exercises: le.g press, panel A; leg

exténsion, panel B; and leg curl, panel C.

Figure 3. Upper body workload increments (%) between months over 6 months with resistance
training and combined training, panel A. Lower body workload increments (%) between months -

~over 6 months with resistance and combined training, panel B.
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Figure 1. Upper body workload increments (%) at monthly intervals in the combined aerobic
and resistance training group (grey bars) and the resistance exercise training groups (black bars).
The values represent mean + SE for upper body strength exercises: seated row, panel A; bench
press, panel B; biceps curl, panel C; shoulder press, panel D; lateral pulldown, panel E; chest
press, panel F; triceps pushdown, panel G, and upright row, panel H.
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Figure 3. Upper body workload increments (%) between months over 6 months with resistance
training and combined training, panel A. Lower body workload increments (%) between months
over 6 months with resistance and combined training, panel B.
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GENERAL CONCLUSION.

Low physical fitness in TZDM. has been assbciated with‘a higher risk of functionél
disability, cardiAoyascular disease as well as cardiac and all-cause mortality cdmpared to
individuals with higher levels of fitness. The DARE study reinforced the importance of both
aerobic and resistance training, in particular when resistancé training is cofnbined with aerobic
training, to improve A1C. Exercise programs for people with T2DM should include aerobic aﬁd
resistance exercise for deveioping and maintaining cardioreépiratory fitness and muscular
strength. Current  exercise recommendations inclﬁde accumulating at least 150 minutes of
moderate intensity (50-70% HRmax) aerobic activity and/or 90 minutes of vigorous (>70%
HRpiax) aerobic exercise over at least 3-5 days a week (107, 118); Recommendations in terms of
resistance exefcise training for individuals with diabetes consist of 3 sets of 8-10 repetitions
targeting all major muscle groups. In this trial, participants in the aerobic training group
progressed from 15 to ‘45 minutes of aerobic exercise training 3 times per week at 60-75% of
maximal heart rate and those in the resistance training group performed 3 sets of 8 repetitions
targeting 12 muscles groups. Pérticipants in the combined aerobic and resistance training group
performed both training programs. Our study showed thaf strength and cardiorespiratory fitness ,
improved with combined exercise training to a similar extent as .either mode of training alone.
Although aerobic exercise training also led to significant improvements in strength, these
improvements were greater with combined aerobic and resistance training and resistance training
alone. Conversely, resistance training did not induce significant éhanges in cardiorespiratory
fitness. With evidence from the results of the DARE frial and this sub study, the cdmbination of
both exercise modes seems optimal to simultaneously improve cardiorespiratory fitness,

muscular strength and A1C in individuals with T2DM.
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