NOTE TO USERS

This reproduction is the best copy available.

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



University of Alberta

Cardiovascular adaptations to exercise training in older women with and
without type 2 diabetes mellitus

by

Jonathan Michael McGavock

A thesis submitted to the Faculty of Graduate Studies and Research in partial
fulfillment of the

requirements for the degree of Doctor of Philosophy

Faculty of Physical Education and Recreation

Edmonton, Alberta

Spring 2004

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3

Library and
Archives Canada

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive license allowing the
Library and Archives Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

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

Direction du
Patrimoine de I'édition

Bibliothéque et
Archives Canada

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence
ISBN: 0-612-96304-7
Our file  Notre référence
ISBN: 0-612-96304-7

L'auteur a accordé une licence non
exclusive permettant a la

Bibliothéque et Archives Canada de
reproduire, préter, distribuer ou
vendre des copies de cette these sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou aturement 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.

| Lol ]

Canada

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

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

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Background: Aging and type 2 diabetes mellitus (2-DM) are associated with an
increased risk for cardiovascular disease, likely due to left ventricular and vascular
maladaptations associated with each condition. Exercise may attenuate these
maladaptations and reduce CVD risk in these populations. To date however few
investigations have examined the effects of exercise training on cardiovascular structure
and function in these populations.

Methods: Three separate exercise training interventions were used to document the
cardiovascular adaptation to exercise training in older healthy women (n= 35; Study I)
and older women with 2-DM (n= 10 Study II; n= 14 study III). A fourth study was
performed comparing novel and conservational markers of cardiovascular disease
between two groups of women with 2-DM (n = 28) stratified according to their level of
cardiorespiratory fitness. Left ventricular filling dynamics and arterial stiffness were
assessed non-invasively from Doppler-derived transmitral flow patterns and pulse
contour wave analysis respectively. Exercise training consisted of aerobic and resistance
training 3 times per week for a period of 10 (studies II & IIT) or 12 weeks (study I).
Cardiorespiratory fitness was assessed from measurement of rates of oxygen
consumption during a graded maximal exercise test to exhaustion.

Results: In study I, exercise training was associated with an improvement in
cardiorespiratory fitness despite no change in left ventricular filling dynamics. In study II
and III, exercise training elicited improvements in arterial compliance secondary to
improvements in cardiorespiratory fitness in women with 2-DM. Similar to study I, no

changes in LV filling dynamics were observed in women with 2-DM studies II and III. In
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study IV low cardiorespiratory fitness was associated with an increase in C-reactive
protein and a reduction in insulin sensitivity in women with 2-DM.

Conclusions: Exercise training is associated with improvements in cardiorespiratory
fitness in older women with and without 2-DM, despite no measurable change in LV
filling dynamics. Exercise training is associated with an improvement in arterial
compliance in women with T2D despite independent of changes in classical markers of

CVD.
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List of abbreviations

1-RM — One repetition maximum

DM-2 - type 2 diabetes mellitus

ACF — average cardiorespiratory fitness
AMPK - 5°-AMP activated protein kinase
AT — aerobic trained

CIMT - carotid intima-media wall thickness
CmT — Combined training

CRP - C-reactive protein

CT - Control

CVD - Cardiovascular disease

ECG - electrocardiogram

ET — exercise trained

HbA ¢ — glycosylated hemoglobin

HDL - high density lipoprotein

HOMA — Homeostasis model assessment of insulin resistance
LCF — low cardiorespiratory fitness

LDL — Low density lipoprotein

LV - left ventricular

ST — strength trained

TG — triglyceride

VOomax — maximal rate of oxygen consumption

VOspcakc — peak rate of oxygen consumption
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Definitions

Compliance = This term is used to describe the change in pressure for a given change in

volume.

Endothelial function = Ability of the endothelial layer to release nitric oxide, causing

vasodilation.

Diastolic function = Left ventricular performance during the diastolic phase of the

cardiac cycle. This is typically estimated from Doppler-derived transmitral flow patterns.

Pseudonormalized = Refers to a transmitral filling pattern that appears to be normal,
however is reversed when cardiac filling volumes are reduced (i.e. when the patient

performs a valsalva maneuver)

Subclinical vascular inflammation = This is aterm used to describe a haematological
state in which there is an increase in inflammatory markers associated with vascular

disease.

VO,Max = Maximal rate of oxygen consumption. This term is used to describe the
maximal rate of oxygen consumption achieved during a graded exercise test to
exhaustion. It is assumed that three of the following criteria have bene achieved to ensure
a “maximl effort”: (1) Maximal heart rate within 5 beats of age-predicted maximal value;
(2) respiratory exchange ratio values greater than 1.15 at the end of the test; (3) an
increase in rate of oxygen consumption of less than 150 mL/min with an increase in
workload; (4) lactate value greater than 8.0 mMol/L upon completion of the

investigation; (5) rating of perceived exertion greater than 18 on a Borg scale.
VO,peak = Peak rate of oxygen consumption. This value is determined from the rate of

oxygen consumption values acquired during the final 60 seconds of a graded maximal

exercise test.
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Chapter 1. REVIEW OF LITERATURE
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1. Introduction

One of the earliest descriptions of the beneficial role of exercise in the treatment
of diabetes came from Aulus Cornelius Celsus (25 B.C.-50 A.D.) who stated: “But when
the urine exceeds the quantity of fluid taken...it gives rise to wasting and consumption; if
it is thin there is need for exercise. .. if it is thick, exercise... should be more thorough™!.
These sentiments were echoed by Joslin™ nearly two millennia later who suggested that
exercise was beneficial to glucose homeostasis in patients with diabetes. In the seven
decades since this statement was made, the role of regular exercise in the prevention”!
and treatment!¥ of diabetes has become one of the most investigated areas in diabetes
research. However, the advantages of regular physical activity in individuals with this
disorder may have greater implications than initially proposed. Although glycemic
control is an important therapeutic target for persons with type 2 diabetes (DM-2), the
major of cause of morbidity and mortality in this population is cardiovascular disease
(CVD).P!' As physical activity is associated with beneficial cardiovascular outcomes,
exercise performed on a regular basis may be essential not only for metabolic control but
also for the maintenance of a healthy cardiovascular system.

The Framingham Study was one of the initial investigations to demonstrate that
diabetes was a primary risk factor for the development of CVD.!! Since this time, a large
number of studies have established the cardiovascular consequences of metabolic
dysregulation in DM-2. The underlying mechanisms responsible for the increased risk of
CVD associated with DM-2 have yet to be entirely determined. However, adverse
changes in cardiac and vascular structure and function have been implicated in a number
of recent investigations.!”%!

In the healthy aging population, physical activity is considered the cornerstone
of CVD prevention.’! In contrast, relatively few studies have examined the
cardiovascular benefits of regular exercise in persons with DM-2. Accordingly, the aim
of this chapter is to document what is currently known regarding the impact of DM-2 on
the cardiovascular system and to then address the potential role of exercise in preventing

these unwanted adaptations.
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2. Cardiovascular Consequences of Type 2 diabetes
2.1. Left Ventricular Maladaptations to Type 2 Diabetes
2.1.1 Left Ventricular Morphology

Reports over the past two decades have demonstrated deleterious alterations in
left ventricular (LV) structure and function associated with DM-2, which have been
defined as a non-ischemic diabetic cardiomyopathy.!''? Data from the Framingham!"!
and Strong Heart!”! studies reveal that diabetics exhibit greater LV mass indexed to height
as well as increased relative (i.e. wall thickness to cavity ratio) and absolute wall
thickness. This type of LV remodelling is classified as a concentric hypertrophy and may
explain the increased incidence of cardiovascular mortality and incidence of heart failure
in persons with DM-2 [61413]

Another relevant finding of both the Framingham and Strong Heart studies was
the presence of gender differences with regards to LV adaptation in diabetes, as women
exhibited slightly higher increases in LV mass relative to their glucose tolerant
counterparts, than did men. Specifically, the Framingham study demonstrated that
women with DM-2 displayed a significantly greater age-related increment in LV mass!"]
while the Strong Heart Study revealed that the LV hypertrophy in DM-2 was
significantly greater in women than in men!”). These observations may explain why DM-

2 in women is associated with a greater risk for CVD and heart failure than in men.*'¢!

2.1.2 Left Ventricular Systolic Function

In Grossman’s model of LV hypertrophy, concentric hypertrophy is a necessary
adaptation that normalizes wall stress associated with altered LV loading conditions.
Concomitantly, it is usually associated with an augmentation in L'V systolic performance.
However, enhanced LV systolic function has not been reported in DM-2. On the
contrary, large prospective investigations such as the Framingham and Strong Heart
Study suggest that DM-2 is associated with a reduction in LV systolic function as
fractional shortening was decreased compared to non-diabetic controls.!”*?! Although the
differences reported in these studies were statistically significant, they were minimal and

the physiological relevance may be limited.[”! However, even though differences in LV
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systolic function were small, the impact of their findings is significant as the expected
change in LV systolic function with concentric hypertrophy would be an enhanced
contractility. [7.18]

Fang et al.!'" utilized novel markers of LV contractility (tissue Doppler estimates
of myocardial peak strain and strain rate) to evaluate the impact of DM-2, concentric
hypertrophy and the two combined on LV systolic function. DM-2 and concentric
hypertrophy were independently associated with impaired LV contractility. Moreover,
the reduction in LV contractility in patients with both DM-2 and concentric hypertrophy
was significantly greater than in the groups with either condition alone. Interestingly, the
common measures of LV systolic function, ejection fraction and fractional shortening,
were similar between groups. Therefore, the authors suggest that more sensitive measures
of LV systolic function, such as myocardial strain, should also be used to detect any
changes in LV contractility associated with DM-2.

To accurately determine if LV systolic function is impaired in a diseased state,
measurements should not only be taken at rest but during increased cardiovascular work.
Hsu et al.'"*! used stress echocardiography to evaluate LV systolic reserve during graded
doses of dobutamine in patients with DM-2. Although, ejection fraction and velocity of
circumferential fiber shortening at rest were not different between patients with DM-2
and age-matched controls, contractile reserve was reduced. Moreover, the reduced
contractile reserve was exaggerated in subjects with microvascular disease. Sasso et al. (201
reported that persons with DM-2 showed normal LV ejection fraction at rest and a normal
rise in ejection fraction during supine dynamic exercise. Both resting and exercise
ejection fraction values were significantly lower than their non-diabetic peers.
Furthermore, these authors report a significant correlation between insulin sensitivity and
ejection fraction at rest and during exercise (r =-0.59 and r = -0.58, p <0.05 respectively).
Importantly, although ejection fraction values were lower in DM-2 across all conditions,
they were always within normal limits. These findings add further support to the
contention that the severity of the diabetic state might be an important factor in

determining LV systolic function in DM-2.2"

2.1.3 Left Ventricular Diastolic Function
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The diastolic properties of the LV are intricate and difficulties associated with
measuring L'V performance during diastole make interpretation of results complicated.
Ideally, invasive measures of LV pressures, coupled with estimates of LV volumes would
provide a detailed description of LV compliance, however studies of this nature have yet
to be performed in humans with DM-2. Instead, LV filling dynamics or more specifically,
the ratio of early to late transmitral filling rate is commonly used to estimate LV function
in diastole. More recently, the use of pulmonary venous profiles and a valsalva maneuver
have also been used to uncover pseudonormalized transmitral filling patterns to describe
altered L'V function during various phases of diastole.*

Impaired LV filling dynamics are evident in approximately 50-60% of patients
with DM-2.%2% This may be a conservative estimate as approximately 25% of LV
filling profiles in middle aged DM-2 men are pseudonormalized.m] The clinical concern
is that impaired LV filling dynamics have been shown to be associated with adverse
cardiovascular outcomes.?® It is for this reason that the Doppler analysis of transmitral
flow patterns and pulmonary venous flow should be considered in the screening of pre-
clinical diabetic cardiomyopathy.”*! From a functional point of view, impaired resting
LV filling dynamics have been shown to be associated with reduced exercise capacity in
DM-2[?*1 and hypertension'®® and may explain, in part, the reduced exercise tolerance
observed in these patients.

In healthy young individuals, approximately 2/3 of LV filling occurs passively
due to an atrial-ventricular pressure gradient across the mitral valve, while the remaining
1/3 is supplied in late diastole from atrial contraction. The diabetic LV filling profile is
associated with a decline in the passive component of filling coupled with an increased
reliance on atrial contraction, thereby decreasing the ratio of early to late filling to < 1.%*
23] This pattern of LV diastolic filling is similar to that observed with normal aging,
however it is exaggerated in DM-2 and is also associated with a pulmonary venous
profile indicative of increased LV diastolic pressures.”? Impaired LV diastolic filling
dynamics observed in DM-2 have been shown to be independent of age, body weight and
LV morphology.?"! Several mechanisms likely contribute to this altered LV diastolic
filling, such as the presence of hypertension, increased collagen deposition, fibrosis or the

development of advanced glycated end-products®?®. Furthermore, as LV filling
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abnormalities are also evident in other diseases of metabolism such as obesity!”>!! and

32331 4t least part of this dysfunction may be metabolic in nature.

insulin resistance,

The Strong Heart Study examined LV filling profiles in 3500 patients within
American Indian communities in the United States.l?* Patients were stratified according
to their degree of hypertension (hypertensive, mild hypertension, normotensive) and level
of glycemic control. Both hypertension and DM-2 negatively impacted L'V diastolic
filling in an independent and additive manner.*”! In addition, among the type 2 diabetics,
abnormal relaxation was associated with higher fasting glucose and glycosylated
hemoglobin, which supports the notion that metabolic dysregulation may be a contributor
to the impaired LV filling.

The impact of impaired systolic or diastolic function at rest is a concern as either
may be worsened with increased LV workload. Interestingly, there is little correlation
between LV systolic function at rest and exercise capacity, however resting LV filling
dynamics have been shown to correlate well with cardiorespiratory fitness in healthy
individuals.®**®! If altered resting LV filling reflects a non-compliant LV in DM-2, this
may attenuate the Starling-mediated increase in stroke volume with exercise.”’”! In
support of this, impaired LV diastolic reserve and reduced filling rates have been reported

during exercise in type 18°%”] [20]

and type 2 diabetic individuals'“™, suggesting that the
diabetic state is associated with a reduction in preload reserve and possibly the inability
to use the Starling mechanism to increase cardiac output during exercise.

To our knowledge there are no investigations that have directly compared LV
structure and function between aged and DM-2 populations, however both conditions are
associated with concentric hypertrophy, reduced systolic reserve and more importantly
reduced LV compliance. Levine et al."*) suggest that age related changes in the LV end-
diastolic pressure volume relationship are less a function of age and may be more a
function of reduced levels of physical activity. As DM-2 is in large part a disease that
develops secondary to a sedentary lifestyle, it is possible that the L'V adaptations to DM-2
are also a function of physical inactivity. In that context it is possible that the LV

adaptation to DM-2 may be reversed with increased levels of physical activity.

2.2 Vascular Maladaptations in DM-2
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Vascular health is commonly assessed using several techniques, including
morphological measures of intima-medial wall thickness, estimates of arterial
compliance, and more recently, endothelial sensitivity to varying stimuli, including shear
stress and both endogenous and exogenous vasodilators and vasoconstrictors. Estimates
of vascular health are important clinically, as they are associated with adverse
cardiovascular outcomes.!*!! Furthermore, measurements of arterial compliance and
endothelial reactivity are currently being used to assess CVD risk as they have been
shown to predict future cardiovascular events.**¥ The vascular adaptations to diabetes
are multifactorial in nature and include changes to structure, dynamic characteristics (i.e.

compliance and elastance) and cellular function (i.e. endothelial reactivity) of the artery.

2.2.1 Vascular Morphology

Vascular structure is typically assessed through echocardiographic determination
of vessel wall thickness of large arteries. Carotid artery intima-media wall thickness
(CIMT) has been shown to predict the development of atherosclerosis and is increased in
various populations at risk for the development of CVD."! Furthermore, intima-medial
wall thickness has been shown to be associated with the development of coronary artery

[46]

disease'™ and may help identify asymptomatic individuals with underlying coronary

artery disease."”!

Several investigations have demonstrated that diabetes is associated with an
increase in CIMT compared to age-matched non-diabetic controls.** O Kawamori et
al.*¥ demonstrated that CIMT decreased with age, and that the regression coefficient for

9] extended these

age was significantly greater in those with DM-2. Puija and colleagues
findings by demonstrating that CIMT was greater in patients with DM-2 and that the
enhanced CIMT was also associated with an approximate three-fold greater prevalence of
atherosclerosis in this population.

In a large population-based sample, the Insulin Resistance Atherosclerosis Study
assessed the relationship between metabolic variables associated with the insulin
resistance syndrome (i.e. estimates of insulin sensitivity) and risk factors associated with
the prevalence of CVDPY. Insulin sensitivity was assessed using an oral glucose

tolerance test as well as a frequently sampled intravenous glucose tolerance test. CIMT
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was assessed using B-mode ultrasound and a number of hematological markers of CVD
were measured in approximately 1600 men and women of varying ethnic backgrounds.
The investigators reported a significant negative association between insulin sensitivity
and CIMT in Hispanic and white non-hispanic patients, however this relationship was not
evident in African-Americans.”* The authors state that moderate differences in insulin
sensitivity were associated with differences in CIMT similar in magnitude to those
associated with many of the traditional cardiovascular risk factors. Thus, there appears to
be a dose-response effect, such that for a given decline in insulin-mediated glucose
uptake, there is a corresponding vascular hypertrophic response.

In a later study performed by the same group, the study sample was divided into
those with and without DM-2. The authors confirmed that CIMT was significantly
greater in DM-2, even after adjusting for co-existing risk factors for coronary heart
disease.’**¥ Contrary to their initial findings, there were no differences in CIMT
observed in persons with impaired glucose tolerance, suggesting that the increase in
vessel wall thickness may be associated with the onset of the diabetic state.’3>* More
specifically, even though CIMT appears to be increased with the onset of DM-2, the
duration of the disease was not associated with any further increase in wall thickness.[*
More recently, the authors have suggested that there is a heritability component to the
increase in CIMT with DM-2.1°%! Therefore, a genetic predisposition similar to that for
the development of DM-2 itself, may contribute to arterial wall hypertrophy in this
population.

In summary, although insulin resistance may or may not be coupled with
alterations in CIMT, DM-2 is associated with vessel wall hypertrophy and there may be a
genetic predisposition underlying this phenomenon. Furthermore, DM-2 is associated
with an exaggerated age-related increase in CIMT, suggesting a distinct impact of the

disease on arterial structure.

2.2.2 Vascular Compliance
Arterial compliance can be defined as the relationship between the changes in
arterial dimension for a given change in the distending pressure.””® Arterial compliance

plays an important role in maintaining vascular hemodynamics as it controls resistance to
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flow and therefore has an impact on LV loading conditions, as well as the stress/strain
placed on the endothelial layer of the vessel walls.*” There are several non-invasive
methods for measuring arterial compliance or estimating vascular distensibility, which
include the ratio of stroke volume to pulse pressure, changes in pulse wave velocity along
the arterial tree, ultrasound estimates of pulsatility and pulse contour analysis of the
arterial wave form."®

The increased incidence of CVD associated with changes in vascular structure is
likely attributed to increased vessel stiffness or reductions in arterial compliance that
accompany an increase in CIMT.! This has been demonstrated recently, as DM-2 was
associated with increased aortic pulse wave velocity secondary to an increase in
CIMT."*%¢! Taniwaki and colleagues® demonstrated a significant relationship between
CIMT and aortic pulse wave velocity (a marker of arterial stiffening) in healthy controls
and patients with DM-2. This relationship was stronger in DM-2, where both CIMT and
aortic pulse wave velocity were significantly higher than their age-matched counterparts.
It should be mentioned that there were significant differences in systolic blood pressure
and cholesterol levels between groups. As these variables have been shown to be
associated with increased CIMT and arterial stiffness, these findings should be
interpreted with caution.

The association between increased intima-media wall thickness is not limited to
central arteries, as similar findings have been demonstrated in large arteries of the lower
limbs.[*YY More importantly, the authors found that both femoral intima-media thickness
and pulse velocity increased according to the number of co-existing features of the
metabolic syndrome (i.e. increased waist-to-hip ratio, hypertension,
hypercholesterolemia, low HDL). Therefore, the impact of each metabolic disorder
associated with DM-2 may act independently on vascular structure and function, which
may ultimately explain why the severity of the diabetic state is related to the risk for
CVD.

The Windkessel model of arterial compliance is comprised of two elements, a
capacitive element (large artery compliance) and an oscillatory element (small artery
compliance), both of which can be assessed with invasive or non-invasive techniques

(Figure 1).121 1t has been documented that DM-2 is associated with a significant decline
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Figure 1. Graphical representation of tonometrically derived pressure wave form
ARTERIAL STIFFNESS

Bystolic pressure
1st systolic peak

Reflected wave
2nd sysiolic peak

Aortic valve closure
/ {end of systole)

Augmentation I_ .

Diastolic pressure

in the oscillatory element of vascular compliance compared to non-diabetic controls
without any changes in other hemodynamic variables (see Figure 2 for example).[sl A
reduction in the oscillatory element of arterial compliance is élso evident in type 1
diabetics with microvascular disease, suggesting that the duration of the disease or degree

of metabolic control may contribute to altered vascular compliance.'*® !

Conversely, McVeigh and colleagues!®! did Figure 2. Graphical representation of
increased arterial stiffness and

subsequent changes in the peripheral
stiffness between DM-2 and controls. | arterial wave form

not demonstrate differences in large artery

However, aortic distensibility, assessed from COMPLIANT STIFF
doppler ultrasound-derived measurement of Syl Diastle - Sysioe - Diestoe
pulse wave velocity along the thoraco- d 4
abdominal aortic pathway has been found to Aot @3 E>) }jq I | | I
be significantly reduced in patients with 4 0 1

! ket Pu
DM-2, compared to non-diabetic controls pessure J\\ j\\_

(74 £ 21 vs 100 £ 18%).164

Paradoxically, patients with type 1 diabetes had a 48% greater aortic distensibility index
than their age-matched controls suggesting that alterations specific to the state of DM-2
besides glucose tolerance may be responsible for the impaired vascular function.'*” This
may be related to the effects of repeated exogenous insulin administration on vascular

tone in individuals with type 1 diabetes.
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The Atherosclerosis Risk in Communities study was a prospective investigation
of the etiology and natural history of atherosclerosis in large communities in the United
States.[) Approximately 4700 men and women were investigated. Glucose tolerance and
diagnosis of diabetes was determined from fasting glucose levels, history of diabetes or
history of treatment with oral hypoglycemic agents. Several indexes of arterial stiffness
were derived non-invasively from simultaneous measurements of arterial diameter (using
B-mode ultrasound) and blood pressure determined automatically from the brachial
artery. Type 2 diabetes was associated with stiffer arteries and metabolic parameters such
as blood glucose and insulin levels displayed independent effects on arterial compliance
secondary to the diseased state. More specifically, the authors reported that a 25% (1
standard deviation) increase in fasting blood glucose was associated with an approximate
6% decline in arterial compliance in men and a 15% decline in women with and without
DM-2.

In conclusion, the reduced arterial distensibility associated with DM-2,
concomitant to the increased CIMT are both considered risk factors for CVD.1! Altered
arterial compliance in DM-2 may therefore be a function of changes to vascular structure
as previously discussed, but they may also be a function of a reduced vasodilatory

reserve.

2.2.3 Vascular Reactivity (Endothelial Function)

A key regulator of vascular health is the endothelium-derived vasodilator nitric
oxide.[) Nitric oxide has been shown to protect against several events involved in
atherosclerotic progression including: shear stress, platelet aggregation, monocyte
adhesion, and oxidative stress.'®®! In addition, increased arterial stiffness in DM-2 may
reflect reduced nitric oxide bioavailability as nitric oxide has been shown to be
responsible for regulating arterial compliance in human arteries.>®!

Estimation of nitric oxide bioavailability in humans is performed by measuring

changes in arterial diameter in response to various stimuli, !

such as acetylcholine,
metacholine, bradykinin, insulin and shear stress following brief periods of ischemia
(endothelial-dependent dilatation). Furthermore, the effectiveness of the nitric oxide

signaling pathway on smooth muscle dilatation can be estimated by assessing the relative
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change in arterial diameter in response to an exogenous nitrate donor (endothelial-
independent dilatation)."*""® Clinically, reduced endothelial-dependent dilatation is
believed to be an antecedent to atherosclerosis and therefore changes associated with
DM-2 may be marker of future macrovascular events in this population.

McVeigh et al.'®! found that patients with DM-2 had similar blood flow response
to reactive hyperemia compared to healthy controls. However, the authors concluded that
the diabetic state was associated with endothelial smooth muscle cell dysfunction, as the
vasodilatory response to acetylcholine and exogenous nitrates were blunted in DM-2.
Since then, several authors have supported these findings and have demonstrated
impaired endothelial-dependent vasodilatation in response to intra-arterial acetylcholine
infusion and shear stress in DM-2.["""7*]

The underlying mechanisms responsible for the attenuated endothelial-dependent
dilatation appear to be metabolic in nature as endothelial dysfunction has been attributed

[76] elevated cholesterol,'”"" LDL particle size

[79]

to insulin resistance,” " hyperglycemia,

and/or oxidation,”®!

the post prandial state'™ and is additive to the negative effects of
hypertension on endothelial function.’®® Moreover, endothelial function has also been
shown to improve secondary to improvements in insulin sensitivity * but not
following lipid therapy.[85 37 Therefore, improved glycaemic control may be a realistic
therapeutic target for endothelial dysfunction associated with DM-2.87!

Although it appears that depressed nitric oxide-mediated vasodilatation may be
responsible for the endothelial dysfunction in DM-2, it could also be a function of
increased circulating levels of vasoconstricting paracrines such as endothelin-1.1%%!
Endothelin-1 acts on endothelin-A receptors on vascular smooth muscle and is the

principle antagonist to nitric oxide. Increased circulating endothelin-1 levels,®”!

%1 and sensitivity to endothelin-A antagonism[88’90’91] have been

endothelin-1 activity,
observed in DM-2. In support of the role of endothelin-1 in endothelial dysfunction in
DM-2, resting and metacholine chloride-induced blood flow are normalized with

endothelin-A receptor antagonism in obese and DM-2 individuals®'!

. Moreover,
inhibition of endothelin-1 significantly enhanced resting blood flow in DM-2, with little
change observed in healthy controls.”” Furthermore, Cardillo ef al.”® observed a blunted

vasoconstrictory response to infused endothelin-1 in persons with DM-2, which is likely
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a function of endothelin-A receptor down regulation following co-existing prolonged
hyperendothelinemia and hyperinsulinemi21.[92’93 ]

Regardless of the mechanism, there appears to be a reduction in endothelial-
dependent dilatation in DM-2, which may contribute to the increased arterial stiffness
observed in this population. More importantly, the reduced endothelial-dependent
dilatation, increased arterial stiffness and increased CIMT observed in DM-2 are all
associated with increased risk for CVD. Similar to the left ventricle, the vascular
adaptation to DM-2 is characterized by a loss in arterial compliance. As previously
mentioned, DM-2 is a disease that develops secondary to a sedentary lifestyle and
reductions in vascular compliance may be more a reflection of the degree of sedentarism
than the disease itself. It is therefore possible that increased levels of physical activity

may attenuate arterial stiffening in DM-2 and reduce the risk for CVD.

2.3 Cardiovascular Fitness in Type 2 Diabetes

The clinical implications of altered LV and vascular structure and function with DM-
2 have been discussed, however the functional implications of these maladaptations are
less well understood. LV and vascular function contribute significantly to cardiovascular
fitness as they regulate oxygen delivery and blood flow distribution to exercising tissues.
Therefore to assess coordinated cardiovascular function the most commonly accepted
measurement is the maximal rate of oxygen consumption (VOzmax). VOamax is a function
of maximal heart rate and stroke volume as well as maximal peripheral oxygen
extraction. VOymay is measured clinically to quantify functional ability and in research
settings to estimate the physical activity status and fitness levels of participants.

From a clinical standpoint, a low VO, 1s associated with an increased mortality
in healthy persons, persons with a primary risk factor for CVD and those with DM-2.¥
On average, persons with DM-2 have VO;,a« values that are 20-25% below that reported
in age and gender-matched sedentary healthy individuals (Figures 3 & 4). Interestingly,
epidemiological data suggest that high cardiorespiratory fitness in men with DM-2 is
associated with better prognosis and may reduce the risk of CVD associated with the

disease.”®! Thus reduced VOimax in DM-2 is at least partly due to an excess fat mass in
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this population, but may also be a function of impaired LV or vascular function, as both

have been shown to correlate with cardiorespiratory fitness.

Figure 3. VO;max in men with DM-2
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Figure 4. VO;max in women with DM-2
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2.3.1. Cardiovascular Limitations t0 VO jmax

In healthy individuals maximal cardiac output and oxygen supply to mitochondria
have consistently been demonstrated to be the primary limitations to VOoma U It is
likely that the same limitation will ultimately be the limiting factor in DM-2. However to
date this has not been studied in this population. It is also of importance to describe
which steps throughout the oxygen cascade are responsible for the reduced exercise
capacity observed in DM-2 compared to age-matched healthy individuals. Unfortunately,
very few studies have ever addressed which components of VO;may are attenuated in
DM-2 (i.e. cardiac output or a-vO, difference). Recently, cardiac output was measured
non- invasively in 11 individuals with DM-2 and 12 non-diabetic controls during
submaximal workloads and maximal data was extrapolated from these values.””! Similar
to previous reports (Figures 3 & 4) VOamax Was significantly lower in DM-2 (~26%) than
sedentary, age and body composition matched controls. It would appear likely that this
decrement was, in part, a function of the reduced cardiac output observed in the DM-2
(10.0 vs.11.2 1/min, respectively). However, this finding did not reach statistical
significance. Interestingly, heart rate and not stroke volume was significantly lower at

submaximal exercise intensities in DM-2.
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With regards to oxygen delivery, blood flow distribution is second only to cardiac
output in determining oxygen supply to the contracting skeletal muscle. A recent

investigation performed by Kingwell and colleagues®®

compared the blood flow
responses between persons with DM-2 and age-, sex-, VOamax - and weight-matched non-
diabetic peers. Blood flow was assessed using a thermodilution technique during cycling
exercise at 60% of VOpnax and during graded doses of acetylcholine infusion. Two
important findings from this investigation were that leg blood flow was impaired in
response to both exercise and acetylcholine, and the blood flow response to either
stimulus was significantly related to fasting plasma glucose levels. Although the authors
did not measure blood flow distribution to working muscle, the data support the notion
that control of peripheral blood flow during exercise is impaired in DM-2.

The sedentary lifestyles in this population may lead to a reduction in capillary
density as well as a decrement in blood flow distribution. Paradoxically, Eriksson ef al. 591
have demonstrated that DM-2 is associated with an increased capillary density and
capillary to fiber ratio. However capillary recruitment or microvascular reactivity is
blunted during exercise in DM-2.['%1%21 Therefore, not only is blood flow response to

exercise impaired in DM-2, but the ability to recruit capillaries within the exercising

muscle is reduced as well.

2.3.2. Peripheral Limitations to VO ymas

Arterio-venous oxygen difference is a function of the cardiovascular systems
capacity to supply oxygen to the working muscles and the contracting muscle’s ability to
extract it. As with cardiac output and blood flow, relatively few studies have addressed
whether oxygen extraction at peak exercise is attenuated in DM-2. In the aforementioned
study by Baldi et al.®7 a significant decline in arterio-venous oxygen difference was
observed in DM-2, which is likely due to an impairment in blood flow distribution,
capillary density, capillary recruitment and/or mitochondrial density. However, it should
be mentioned that arterio-venous oxygen difference was calculated using a non-invasive
measurement of cardiac output that was extrapolated from submaximal values. Therefore
these findings need to be substantiated by more invasive investigations.

[103]

A reduction in muscle mitochondrial density and function in DM-2,"""" may also

explain the limited exercise capacity observed in this population. Mitochondrial
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longitudinal area, aerobic enzyme (citrate synthase) activity and the functional capacity
of the electron transport chain are all reduced in both insulin resistance and DM-2 when
compared to lean healthy controls.'%! In addition, mitochondrial longitudinal area is
correlated with insulin sensitivity suggesting that reduced mitochondrial function not
only contributes to a decreased skeletal muscle oxidative reserve but may also explain the
attenuated insulin sensitivity in this population.!'®! As DM-2 is a disease associated with
reduced levels of physical activity, the observations described above may be more a
function of disuse than a distinct feature of DM-2. It is highly likely that similar to the
left ventricular and vascular adaptation to DM-2, the peripheral maladaptation to DM-2
may be attenuated with increased levels of physical activity.

In summary, several sites along the oxygen transport cascade are impaired in DM-
2. One, all or several of these sites may contribute to the reduced cardiorespiratory fitness
observed in DM-2. Although there are several reports of cardiovascular and peripheral
limitations to oxygen transport in this population, few investigators have attempted to
design a study that specifically addresses the issue of limitations to maximal aerobic
capacity in DM-2. Therefore, the major contributing factors associated with reduced

functional capacity in DM-2 still need to be addressed.

3. Effects of Exercise Training on Cardiovascular Structure and Function in
Type 2 diabetes

Current consensus statements that describe the role of exercise in the treatment of
persons with DM-2 has focused on the benefits of exercise training on improving insulin
sensitivity and/or glucose transport.[*!%%! Ag previously stated, the morbidity and
mortality associated with DM-2 are cardiovascular in origin and not a result of metabolic
dysregulation. Although the cardioprotective effects of exercise in the aged are well
documented, there is little data documenting the effects exercise training on
cardiovascular function in persons with DM-2.""} The remainder of this review will
focus on the potentially beneficial effects of exercise training on cardiovascular function
in DM-2.

3.1. Exercise Training and Cardiovascular Fitness
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Cardiovascular fitness in DM-2 is increased following exercise training.
Following a review of twenty-three investigations that have presently described the
effects of acrobic-type exercise training on VOymax in persons with DM-2, in which the
authors have documented the frequency, duration, intensity and type of exercise
performed (see Appendix Table 1) it was dertermined that the average improvement in
VOsmax associated with aerobic exercise training is 13.2% (range 0-41%). The majority of
these studies have prescribed exercise 3 times per week for durations ranging between 40
and 60 minutes, using exercises such as walking, jogging and stationary cycling.

To date few studies have described the effects of exercise training on
cardiovascular parameters in DM-2. However, there is evidence to suggest that exercise
may have therapeutic potential. Due to the paucity of available data presently in this area
I have chosen to utilize a model of ageing, to support this hypothesis. I make this
assumption as it is my contention that the cardiovascular adaptations, although worse in
DM-2, are similar to those observed with the process of aging (i.e. reduced LV systolic
reserve and LV filling subsequent to an increase in LV mass and wall thickness, with

minimal change in resting L'V systolic function).!'**]

3.2. Left Ventricular Adaptations to Exercise Training

3.2.1 Left Ventricular Structure

With regards to LV morphology, aerobic exercise training is typically associated
with the physiological increase in LV mass (i.e. the athletes heart), secondary to
increased wall thickness and cavity dimension.!**) However, in DM-2 the goal of
exercise training would be to regress LV concentric hypertrophy and decrease L.V mass.
A limited number of investigations have assessed the alterations in left ventricular
morphology following exercise-mediated reductions in LV afterload in older populations
with LV concentric hypertrophy.!>>*®! Turner and colleagues!**! demonstrated that 7
months of endurance exercise training was associated with a significant regression of
concentric hypertrophy, secondary to a decline in mean arterial pressure in a small
sample (n=11) of older men with mild to moderate hypertension. Although the authors
did not measure arterial compliance, re-analysis of their data would suggest that arterial

elastance (estimated from the peak systolic blood pressure/stroke volume ratio) might be

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



decreased with exercise training, thereby reducing the arterial component of afterload and
subsequently leading to a regressions of LV hypertrophy. In support of these findings,
Kokkinos et al.l'**! reported that 16 weeks of exercise in addition to antihypertensive
therapy elicited a 14% decline in LV mass indexed for body weight secondary to 8 and
6% reductions in interventricular and posterior wall thickness, respectively, with little
change in cavity area. In addition, decreases of approximately 10% in LV wall mass with
exercise training have also been reported in middle-aged hypertensive populations.[13 7-139]
From these studies in populations with LV concentric hypertrophy similar to that

observed in DM-2, it is possible that exercise training could significantly reduce LV mass

and wall thickness in persons with DM-2.

3.2.2 Left Ventricular Function

Improvements in VO,nax following exercise training in DM-2 may be a function
of enhanced LV diastolic filling, as it is highly correlated with cardiorespiratory fitness in
other popllla'cions.[34’3 5 Similarly, if exercise training has been shown to regress LV
concentric hypertrophy, one would expect a concomitant improvement in diastolic filling
and possibly VOomax. % However, early to late diastolic filling velocities have been
shown to be unaltered subsequent to favorable changes to LV morphology following
exercise training.["*®! Despite the finding of Turner ef al.!"*®! there is substantial data to
support the role of exercise training in the treatment of impaired LV filling dynamics
associated with age or DM-2.

Left ventricular diastolic filling has been shown to correlate well with VOypmax in
healthy young adults,®* older healthy adults!'*! patients with longstanding hypertension
27! and men with DM-2.%! Furthermore, age-associated reductions in LV filling appear
to be attenuated in master’s athletes who perform vigorous endurance training 5-7 days
per week. 14143 Specifically, Douglas and O’Toole!"* have demonstrated that the ratio
of early to late diastolic transmitral flow velocity is elevated in athletes of any age, when
compared to their sedentary age-matched counterparts. Similarly, endurance training has
been shown to enhance early diastolic filling at rest and during exercise in older
previously sedentary men.' 147 1t s therefore possible that LV filling abnormalities

associated with DM-2 may be attenuated in a similar fashion, with exercise training.
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Despite limited data in this area, Poirier ef al.”® have demonstrated that impaired LV
filling dynamics were associated with significant reductions in exercise capacity in men
with DM-2.

Improvements in cardiorespiratory fitness observed following exercise training
might also be mediated through enhanced LV systolic function or blood flow distribution.
The problem with identifying the mechanisms that improve VO;max following exercise
training in older populations is that few studies have measured LV performance and
blood flow distribution simultaneously during exercise. Exercise training elicits enhanced
LV contractile reserve in older men free from cardiovascular disease evidenced by a
steeper slope of the fractional shortening-end-systolic wall stress relationship, established
following B-adrenergic stimulation!!**1*®! Although these findings suggest enhanced
contractile reserve following exercise training, the authors did not assess LV function at
maximal exercise intensities. Interestingly, enhanced LV B-adrenergic sensitivity was not
observed in older women following exercise training suggesting that improvements in
cardiovascular fitness following exercise training in older women might be related to
changes in blood flow distribution and oxygen utilization and less a function of changes
in LV function.!"*! Exercise training is also associated with changes in mitochondrial
density and function, which would also explain increased VO,nax following exercise
training in older women. In support of this, improvements in VO;yqax in older men
following short-term endurance training have been attributed to heightened peripheral
circulatory changes, such as improved blood flow distribution with little change in
cardiac output.!'*"!

In summary, exercise training has been shown to attenuate age-related changes in
LV morphology, diastolic filling and systolic reserve, all of which are adversely altered
in DM-2. If LV filling dynamics can serve as a crude estimate of LV compliance, it
would appear that exercise may be beneficial in attenuating the reductions in LV

compliance observed in DM-2.

3.3. Vascular Adaptations to Exercise Training
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Several lines of evidence suggest that increased levels of physical activity are
associated with a favorable improvement in vascular health. Firstly, vascular compliance
and endothelial-dependent dilatation are associated with a higher VOypmay in healthy older
individuals.!"*""**! Secondly, large population based samples have demonstrated that age-
related declines in arterial compliance and endothelial-dependent dilatation may be
attenuated with increased physical activity patterns in both men and women.!!**1%]
Finally, data from interventional studies suggest that short term (12-16 weeks) exercise
training elicits favorable changes in arterial compliance and endothelial-dependent
dilatation with age !'** and DM-2.I"") Therefore, there appears to be ample evidence to

infer that exercise may be beneficial in the treatment of the vascular disorders associated
with DM-2.

3.3.1 Vascular Structure
Data from the Atherosclerosis Risk in Communities study demonstrated that

CIMT increased with body mass index, metabolic control and waist to hip ratio.['*!! More
importantly, CIMT was also found to be lower in all groups of patients, including those
with DM-2, in the highest quartile of physical activity score. These data imply that those
who perform the highest amount of physical activity display the lowest CIMT, regardless
of co-existing risk factors for CVD. This observation is supported by recent data that
demonstrated a small but significant positive correlation between vascular structure and

cardiovascular fitness in older patients with long standing hypertension.!'*!

Recently, Tanaka er al.!'*!

examined the role of physical activity on the age-
related increase in CIMT in men. The participants were stratified into three groups based
on age (young [18-37 yr], middle aged [38-57], and older [58-77]). CIMT and carotid
arterial blood pressure increased significantly with age in both the sedentary and
physically active groups. However, there were no differences in vascular structure
between the physically active older men and their sedentary younger peers. The
beneficial effects of physical activity on vascular structure have also been demonstrated
in women, as those who performed regular physical activity displayed lower femoral

intima-medial thickness.!'® Interestingly, the reductions in intima-medial thickness were

site specific, such that both brachial and carotid intima-medial thickness did not change
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in relation to physical activity status. The effects of physical activity levels on intima-
medial thickness is not uniform however as Schmidt-Truckass et al.!'® observed a
significant relationship between physical activity status and arterial compliance as well as
significant differences between groups of high and low physical activity status, despite no
change in vascular structure.

In the majority of the aforementioned cross sectional investigations, an exercise
intervention was included to determine the effects of a 16-week home-based exercise
training program on estimates of arterial compliance. Following these interventions small
changes in central arterial compliance were observed in men!"*"), however, no change was
observed in CIMT.['®*! The training stimulus in these studies is questionable as they
report minimal changes in cardiorespiratory fitness following training. However,
peripheral arterial remodeling (increased lumen diameter and decreased wall thickness)
following equivalent training regimes have been documented in other studies with middle
aged men."® Although the available literature suggests a reduced vascular wall
thickness with increased levels of exercise in persons with age-related increases in
vascular morphology, we are currently unaware of any investigations, which have
addressed the issue of the effects of an exercise training intervention on vascular
morphology in persons with DM-2.

In summary, there does appear to be an association between vascular structure
and physical activity status. This has been shown using cross sectional data, linear
regression models and interventional studies. Moreover the majority of investigations that
have shown improved arterial compliance with increased levels of physical activity have

reported changes in vascular structure to explain their findings.

3.3.2 Vascular Compliance

The role of enhanced levels of physical activity on arterial compliance was
examined by the Baltimore Longitudinal Study of Aging who investigated the
relationship between VO, and aortic pulse wave velocity in 146 men and women 21-
90 years of age.!'>! The authors suggest that exercise may attenuate the age-related
decline in arterial stiffness as the age-related reduction in arterial compliance was less

dramatic in masters endurance athletes, compared to their sedentary peers. Tanaka et
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al. 1% demonstrated that physical activity eliminated age-related differences in aortic
pulse wave velocity and augmentation index observed in sedentary females. Similar to

the observations made by Vaitkevicius and colleagues!'>}

a significant negative
relationship (r= -0.66, p < 0.005) was found between central arterial stiffness and VOsmpax.
Similar relationships between VO,nax and arterial compliance have also been reported
elsewhere, as arterial compliance in endurance-trained middle-aged and older men was

[157]

20% to 35% higher than their less active peers."”"'. Furthermore, large artery reserve,

assessed from a tonometrically derived wave form on the carotid artery, has been shown
to correlate with VOomay (¢ = 0.34, p<0.03) in healthy, older men and women.['>?!
Although relationships and cross sectional data do not represent cause and effect, they do
provide evidence to support the role of exercise in the reduction of age-related increases
in arterial stiffness. Tanaka ez al.">® did observe a 25% improvement in arterial
compliance with an ~20% reduction in arterial stiffness following a home based 16-week
aerobic exercise training intervention in a sub-sample of men studied. However, similar
findings were not observed in an older group of men and women with isolated systolic
hypertension.[l67] This discrepancy may be due to the lower exercise training intensities
employed by these authors. In support of this observation, cross sectional investigations
have demonstrated that the age-related declines in arterial compliance may be attenuated
with high-intensity exercise training, but not with low-intensity recreational-type physical

activity.“sﬂ

3.3.3. Vascular Reactivity (Endothelial Function)

There is ample evidence to suggest that exercise training may be beneficial in
attenuating reductions in endothelial function in several populations. Firstly, there is a
moderate linear relationship (r=0.66, p<0.002) between endothelial-dependent dilatation
and VOomay in older men."** In the same study the authors also report that endothelial
reactivity to shear stress was enhanced in master’s athletes (68.5 £ 2.3 yrs) as their 64%
higher VO;max was coupled with a significantly greater ratio of endothelial-
dependent/independent dilatation. Secondly, cross sectional data have shown that aerobic
training prevents and restores age-related declines in endothelial-dependent vasodilation

in healthy older men.["*®). Specifically, forearm blood flow responses to graded doses of

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



acetylcholine and sodium nitroprusside were measured using strain-gauge
plethysmography. Young and older endurance trained men demonstrated similar changes
in forearm blood flow in response to acetylcholine, suggesting a more sensitive

[153] support this work as they demonstrated an

endothelial layer. Rywik et al.
improvement in endothelial-dependent dilatation in response to reactive hyperemia in
endurance trained older men compared to their sedentary counterparts. Finally, an
enhanced blood flow response to exercise and greater arterial dilatory reserve has been
demonstrated in older endurance trained men compared to their sedentary peers.[168] All
of these findings are relevant as enhanced vascular reactivity with exercise training may
be an adaptation that allows for greater muscle perfusion during exercise, and thereby
allows for increased rates of oxidative phosphorylation. As DM-2 is also associated with
a reduction in endothelial-dependent dilatation, it is possible that similar improvements
with exercise training may be obtained in persons with DM-2.

Data from intervention studies support cross sectional studies as exercise training
has also been shown to improve peripheral or coronary endothelial-dependent dilatation
in patients with insulin resistance,!%%!16%) hypertension,mo] and heart failure.l'’"17* More
specifically to the topic of this review, in patients with metabolic syndrome, flow
mediated (i.e. endothelial-dependent) dilatation increased from 5.3 +2.8% to 7.3 £2.7%
without any change in body mass index, blood pressure or insulin sensitivity following 12
weeks of exercise training.!'® More recently, in a small mixed cohort of patients with
type 2 diabetes, as little as eight weeks of exercise training has been shown to increase
flow-mediated dilatation as much as 3-fold.!'"’¥ Sixteen patients with type 2 diabetes (52
+ 2 yrs) participated in an interventional cross over design where eight weeks of training
was followed by eight weeks of detraining. Endothelial function was assessed invasively
with strain gauge plethysmography in response to graded doses of acetylcholine and
sodium nitroprusside and non-invasively with flow mediated dilatation. Exercise training
consisted of three one-hour sesstons per week, of both aerobic and resistance exercise
performed at 75-85% of heart rate reserve and 55-65% of maximal voluntary contraction
respectively. Exercise training elicited reductions in fasting glucose, HbA ¢ and heart
rate, with no change in lipid profile. Although flow-mediated dilatation increased nearly

three-fold following training, the increase in blood flow in response to acetylcholine and
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sodium nitroprusside was not as striking (21 and 23% at maximal doses respectively). As
the authors combined the data into trained and untrained states, the effects of detraining
were difficult to decipher, however they suggest that exercise-mediated improvements in

vascular function are not persistent and likely regress rapidly with detraining.!!”¥

3.4. Summary

The observation that exercise may enhance arterial compliance, vascular structure
and endothelial-dependent dilatation, are clinically relevant, as all of these assessments of
vascular health are associated with CVD morbidity and mortality. Therefore, increased
levels of physical activity may be used therapeutically to attenuate the significant risk of
CVD mortality associated with the disease. Functionally, increased levels of physical
activity may also be used to attenuate the significant reduction in functional reserve
associated with the DM-2, which could subsequently improve the quality of life in these
patients as has previously been demonstrated in other populations.

The incidence of type 2 diabetes is increasing at an alarming rate in western
societies likely from a reduction in physical activity.!'”>'7® As type 2 diabetes is
associated with a 3-5 fold increase in CVD mortality and morbidity, therapeutic
interventions in this population need to have cardiovascular, as well as metabolic
consequences. The increased incidence of CVD in this population appears to be linked to
alterations in cardiovascular structure and function that ultimately present as a reduction
in both left ventricular and vascular compliance. These adverse adaptations to the
diabetic state likely contribute to the reduced cardiovascular fitness observed in this
population. As significant information exists to demonstrate the therapeutic potential of
exercise in populations with similar decrements in cardiovascular function, it is our belief
that exercise has similar potential in the type 2 diabetic cardiovascular system. For this
reason, physical activity may prove to be the ideal intervention in DM-2 as not only does
it have the potential to reduce CVD incidence but it has been shown to minimize
unwanted cardiovascular adaptations in other diseased populations, but also the favorable

effects on glucose metabolism.
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4. Conclusions

In conclusion, I contend that cardiovascular complications associated with DM-2
are essentially a problem of compliance, as it stems from a lack of compliance to physical
activity and is characterized by a non-compliant cardiovascular system. The three in
concert likely explain the increased incidence of CVD mortality and morbidity in this
population. By improving compliance to physical activity it is possible that the incidence

of CVD in this population may be greatly reduced.
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5. Aims and Hypotheses

Upon review of the literature the following hypotheses and specific aims have been

developed:

Study 1

Hypothesis 1 - Exercise training, regardless of the type will increase VOpea in older
women, secondary to an increase in LV filling dynamics.

Hypothesis 2 - The impact of strength training on VOgpeac and LV filling dynamics
will be equal to and additive to that observed with aerobic training.

Specific aims: Determine the independent and additive effects of aerobic and strength

training on LV structure and function in healthy post menopausal women.

Study 2

Hypothesis - Exercise training will enhance arterial compliance and LV filling
dynamics secondary to an improvement in VOzpeax in women with DM-2.
Specific aims - To assess the cardiovascular adaptations to exercise training in

women with DM-2.

Study 3

Hypothesis - Exercise training will increase arterial compliance secondary to an
improvement in endothelial-dependent dilatation in women with DM-2.
Specific aims — To assess the vascular adaptations to exercise training in women with

DM-2.

Study 4

Hypothesis - Low cardiorespiratory fitness will be associated with a decline in arterial
compliance and LV filling dynamics in women with DM-2, despite no differences in
conventional markers of CVD.

Specific aim - To examine novel and conventional risk factors in women with DM-2

stratified according to cardiorespiratory fitness.
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Cardiovascular adaptations to aerobic and strength training in older women
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INTRODUCTION

Aging is associated with a decline in cardiorespiratory fitness at a rate of ~10%

(121 secondary to an age-related decline in cardiac output reserve®. As these

[6-8]

per decade
declines are attenuated with aerobic exercise training" ™" it has been proposed that age-
related cardiovascular dysfunction is more a function of deconditioning and less a
function of senescence’®. The mechanism (s) through which exercise attenuates the age-
related decline in cardiorespiratory fitness is not uniform however, and gender
differences in the cardiovascular adaptations to exercise training in older men and women
have been reported [reviewed in 10]. Where both genders improve VOapax With
endurance training the changes in left ventricular geometry and function observed with
exercise training in men!'"?], have not been observed in women!*171.

It is possible that exercise capacity in older women is limited not by oxygen
delivery, but rather by muscular strength. In support of this statement, Fleg and
Lakattal'®l have demonstrated a significant relationship between creatinine excretion (a
marker of muscle atrophy) and cardiorespiratory fitness (r = 0.47, p < 0.001) in healthy
older women. It is therefore, possible that age-related sarcopenia could limit muscular
strength and power output reducing the ability to attain the upper limits of cardiovascular
flux, in older women. Inasmuch, interventions that improve muscular strength could elicit
improvements in cardiorespiratory fitness in older women, without any appreciable
change in cardiac structure or function. To date however, there is a paucity of information
examining the independent effects of interventions designed to target cardiovascular or
muscular limitations to exercise capacity in healthy older women. The purpose of this

investigation was therefore to examine the cardiovascular adaptations to aerobic (AT)

and strength training (ST) on cardiorespiratory fitness in healthy older women.

METHODS

The subjects for this investigation consisted of 34 healthy post menopausal
women (68 + 4 yrs) who met the following criteria: 1) no clinical evidence of
cardiovascular disease; 2) normal ECG at rest and at peak exercise 3) not currently taking

cardiovascular medications (i.e. antihypertensives); 4) no regular (>3 days/week)
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participation in endurance or strength training and 5) absence of cerebrovascular or
orthopedic disability that would limit exercise training. Initial baseline testing consisted
of a graded maximal exercise test to assess cardiorespiratory fitness, maximal strength
testing and resting echocardiograms. Subjects were recruited from the local Edmonton
area. Informed consent was obtained from all subjects prior to the investigation and the
Research Ethics Review Board within the Faculty of Medicine at the University of
Alberta approved the study protocol.

Graded exercise test to exhaustion

Oxygen consumption, carbon dioxide production and minute ventilation were
sampled every five seconds at rest and during exercise using a Parvo Medics TrueMax
2400 Metabolic Cart (Parvo Medics, East Sandy, UT). Exercise was performed on a
cyucle ergometer, beginning at a workload of 30 watts and increasing by 15 watts every
two minutes until volitional exhaustion. Heart rate (12 lead ECG), blood pressure
(auscultation) and a rating of perceived exertion (Borg scale) was determined at the end
of each stage. Subjects were encouraged to continue exercising until respiratory exchange

ratio exceeded 1.15 and/or heart rate was within 5 beats of age-predicted maximum.

Cardiorespiratory fitness (VOzpeak) was considered the peak rate of oxygen consumption
during the last 60 seconds of the graded exercise test. The heart rate response to graded

exercise was used to prescribe exercise intensity during the exercise intervention.

Maximal strength

Upper and lower extremity maximal strength were assessed as a voluntary one-
repetition maximum (1RM) using the following exercises on a nautilus machine: 1) leg
press; 2) leg extension; 3) leg curl; 4) chest press; 5) shoulder press; 6) latissimus dorsi
pull down; 7) triceps pushdown; 8) unilateral arm curls. The 1RM tests were repeated
within a one-week period and the heaviest weight lifted while adhering to strict technique

was used as the baseline 1RM.

Echocardiographic Measurements
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Imaging of the left ventricle (LV) was performed as previously described"*?'!, In
brief, all images were captured using a commercially available uitrasound instrument
(Hewlett Packard, Sonos 5500) with a 3.5 MHz transducer. Two-dimensional
transthoracic images of the LV were obtained at rest from the parasternal short-axis view
at the level of the mid-papillary muscles according to American Society of
Echocardiography guidelines!"). All measurements were performed by a trained
technician. LV morphology was estimated from previously published formulas®®, LV
diastolic filling dynamics were assessed using pulsed-wave Doppler analysis of
transmitral and pulmonary venous flow patterns recorded in the apical four chamber

view?!!. All echocardiographic images were averaged over three cardiac cycles.

Randomization and Exercise training

Following baseline testing, subjects were randomized to either AT, ST, combined
aerobic and strength training (CmT) or a control (CT) group. All three groups performed
three exercise sessions per week for a duration of 12 weeks, under supervision, in the
Therapeutic Exercise Laboratory within the Faculty of Rehabilitation Medicine at the
University of Alberta. AT was performed on a cycle ergometer for an initial duration of
15 minutes and increasing by 2.5 minutes each week up to a maximal duration of 42.5
minutes of moderate cycling at between 65 and 75% of heart rate reserve. ST consisted of
three sets of 10-12 repetitions performed on large muscle groups tested at 50-65% of
1RM on large muscle groups. Specifially those in the ST amd CmT group performed
chest press, leg press, lat pulldown, shoulder press, leg extension, leg curl, tricep
pushdown and arm curls. 1RM testing was repeated every 4 weeks to ensure appropriate
training intensities. CmT performed both AT and ST training programs. Participants in
the CT group were advised to continue performing activities of daily living throughout
the intervention time period. Baseline testing was repeated following the 12-week

intervention time period in all four groups.

Statistical analysis

Statistical analysis was performed with a two-way repeated measures ANOVA

using SPSS software, (Chicago, IL.). The absolute change following exercise training for
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all outcome measures was performed with a one-way ANOVA. If a significant effect
was found then a Tukey LSD significance test was performed. The alpha level was set at

p<0.05.

RESULTS

Baseline characteristics are provided in Table 1. Of the 34 women tested 31
completed the investigation (AT = 8; ST = 8; CmT = 6; CT = 9). Three women withdrew
due to either time constraints (n=2), or injury unrelated to the study (n=1). There were no
differences between the groups in age, VOypeak, maximal heart rate or peak power output
at baseline (Table 1).

Exercise training did not elicit an appreciable change in body mass in any of the
three exercise training groups. Peak power output and VOypeq increased significantly
with all three forms of training and remained unchanged in the CT group (Table 1).
Absolute and relative VOypeak values increased 10, 13 and 20% in the AT, ST and CmT
groups respectively, (Figures 1&2. p <0.05 vs pre training in all groups). The delta
change in absolute and relative VO;pcax Was approximately 40% higher (p < 0.05) in the
CmT group compared to either AT or ST alone.

Maximal strength increased in all muscle groups tested, save the biceps and
triceps in the ST and CmT groups. AT and CT did not observe any change in muscle
strength in any of the muscle groups tested. A weak positive relationship (r =0.387, p <
0.057) was observed between the change in leg strength and the improvement in VO,peak
with exercise training when all subject data was pooled (Figure 3).

Peak ventilation increased significantly following ST and CmT but not AT or CT
(Table 2). The improvement in peak ventilation was only significantly greater in the ST
and CmT groups (Figure 4). A strong positive relationship was observed between the
change in peak ventilation and VOapeq (r = 0.79, P < 0.001) when all subject data was
pooled (Figure 5)

There was no significant change in LV geometry or size, systolic performance or

filling dynamics with any training intervention (Table 2).
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DISCUSSION

The novel finding of this investigation is that 12 weeks of ST is as effective as AT
for increasing VOypeax, despite no change in cardiac structure or function, A second
finding is that the improvement in VO,pea With CmT was significantly greater than
following AT or ST performed alone, suggesting that the effects of AT and ST on
cardiovascular function may be additive.

AT has consistently been shown to improve VO,peq in healthy older men and
women (reviewed in 10). Twelve weeks of AT alone elicited a 10% improvement in
VO;peak in healthy older women. Similar to previous investigations[”'”], this was
observed without any appreciable change in body mass or resting cardiac structure or
function. Interestingly, the improvements in VOypcq observed with AT were equivalent to
that observed with ST alone.

Improvements in VOzpeak ranging from 5-25% have been documented following
ST alone, in several®>? but not all ©®! studies in older individuals. The improvements in
VOspeax with ST in older men or women have been attributed to increased mitrochondrial

[23] [23,24]

oxidative enzyme activity', muscle capilarization

[25]

, and increased type I fiber
content®*], Vincent and colleagues'®! recently reported improvements of 20.9 and 24% in
VOypcak following six months of low and high intensity ST in a mixed cohort of older
healthy individuals. They hypothesized that the improvement in VOypcq with ST in
healthy older women was a function of increased muscle strength. Specifically, they
believed that improved muscle strength permitted greater workloads to be attained during
maximal exercise tests and therefore a greater recruitment of cardiovascular reserve.

They also observed significant relationships between muscular strength (leg press, leg
curl, leg extension) and VOxpeax in healthy older women. These relationships have been

demonstrated by others as well*]

and support the concept that muscular strength may be
a limitation to achieving maximal rates of oxygen consumption in healthy older
individuals. The data presented here support these findings, as improvements in VO2peak
were observed following only CmT and ST alone. Furthermore a weak relationship was
observed between the change in VOypea and the change in maximal leg press strength
following training. It is therefore likely that improvements in VOpeax with ST and AT in

healthy older women occur via different mechanisms.
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To our knowledge only one other investigation has examined the effects of AT
and CmT on cardiorespiratory fitness and cardiac function in healthy older women.
Ferketch et al**! compared the effects of 12 weeks of AT versus CmT on VOapeax, and
cardiac function at rest and during submaximal exercise in healthy older women.
Interestingly, improvements in VOopcac Were observed without any changes in cardiac
output or arterio-venous oxygen difference at rest or during submaximal exercise. Taken
together these data would suggest that, in older women, improvements in
cardiorespiratory fitness were more a function of an increase in muscular strength rather
than a cardiovascular adaptation. Our data provide additional information as ST alone,
elicited improvements in VOnpeak similar to those observed with AT in the absence of any
change in cardiac structure or function.

Previous investigations have documented gender differences in the cardiovascular
responses to exercise training"*'). Specifically, where males tend to rely on structural

[10'13], women do not!'*!”, Our

and functional changes in cardiac performance with AT
data support the work of Spina[”'”], that have clearly demonstrated that as much as 12
months of AT has little effects of LV structure, systolic or diastolic performance in
previously sedentary older women. Our data support these findings and extend them to
ST and CmT interventions. Therefore there is now strong evidence to suggest that
exercise training in any form is not associated with changes in cardiac structure or
function in older women.

An increase in muscular strength following ST in older women is a common
observation*> %27, With regards to maximal strength, 30 and 55% increases in leg press
maximal strength were observed following ST and CmT respectively. These are in line
with previous investigations in older women of similar age (73 = 1 yrs), and following
similar training duration (16 weeks)m]. Interestingly, leg strength remina unchanged
following AT. This is contrary to a recent investigation that has documented
improvements in leg extension maximal strength with ATP 1t is possible that aerobic
exercise intensity prescribed in our investigation may not have been of sufficient intensity
to elicit any changes in muscle recruitment patterns or morphology. Furthermore, the
neural adaptations which may have occurred during cycling that would lead to an

increase in leg strength are not likely measurable with leg press or leg extension

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



exercises. Similar to others?>*’}

, improvements in muscular strength with ST or CmT led
to a significant improvement in exercise performance (i.e. an increase in peak power
output achieved during a maximal exercise test). Our data extend previous observations
as we demonstrate that these adaptations were achieved without any measurable
adaptations in cardiac structure or function.

One of the most interesting observations in this investigation was the increase in
peak ventilation with ST and CmT. Yerg and colleaguesm] have demonstrated that
maximal ventilation is higher in older masters athletes and increases with 12 months of
endurance training in previously sedentary men and women 63 £ 1 yrs. In a subsequent
study they demonstrated that maximal ventilation increased significantly following AT
but was unchanged with ST!®!, This work adds to the concept that older healthy
individuals who exercise regularly maintain their ventilatory reserve and “underscore the
permissive role of the respiratory system in regulating improvements in VO2peax With
exercise training”. Aging is associated with mechanical constraints to ventilation that
result in an increase in end-expiratory lung volume and expired airflow limitation®). It is
therefore possible that ST or CmT improves respiratory muscle strength and subsequently
attenuates reductions in airflow limitation associated with aging, thereby increasing
ventilation at maximal exercise. It is also possible that an increase in muscular strength
with ST or CmT, increases the ability to attain higher workloads during a maximal
exercise test and therefore results in an increased maximal ventilation.

The primary limitation to this investigation is that we did not assess
cardiovascular function under stress, such as exercise or -adrenergic stimulation. As a
result it is unclear whether exercise training was associated with an improvement in left
ventricular function or blood flow distribution at maximal exercise in healthy older
women. A second limitation to this investigation is that we did not control for changes in
peripheral cardiovascular function that could explain improvements in VOjpeac With
exercise training in older women. It is therefore possible that improvements in blood flow
distribution, capillary density or capillary recruitment with exercise training could
explain these results??7). Finally, the duration of the investigation may have been of

insufficient duration to result in the most optimal improvement in cardiac structure or
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function. We believe this is unlikely as previous studies in healthy older women!'”! have
found similar results following as much as 12 months of AT.

The findings of this investigation have significant clinical application in the area
of exercise therapy in the aged. The observation that improvements in VOypeac With AT
and ST were similar, suggest that ST may be as effective as AT in attenuating the age-
related decline in exercise capacity in older women. Secondly the observation that the
improvement in VOapeac with CmT was ~40% greater than ST or AT, suggests that the
effects of each type of training may be additive. Therefore, although AT is commonly
regarded as the most beneficial type of exercise training for older individuals, ST should
be included into exercise training programs for older women.

In conclusion, the findings of the present study demonstrate that improvements in
VOypeax associated with AT and ST are similar, possibly additive and occur independent

of any change in resting cardiac structure or function, in healthy older women.
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exercise training in healthy older women.

AT = Aerobic trained; ST = Strength trained; CmT = Combined aerobic and strength

trained; CT = Control group
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Table 1

e AT ST CmT CT
(n=28) (n=8) (n=6) n=9)
Age (years) 66+ 1 70+ 1 68 + 2 67 + 1
Pre  283+62 28.0+68 28.0+40 28.7+63
BMI (kg/m?)
Post 282+65 282+64 273+50 28.7+4.9
Poweroutput P 107£7.6 88 + 5 96 + 13 95+5
(Watts) Post 1204650  105+7"  123+111 95440
Pre  223+09 212+16 21.0+13 21.1+08
VO2pcak.
(mlkg/min) — poo 2464077 239+130 252+217 207+04
Pre 70+5 50 + 4 50+9 63 +5
Post 69 +5 69 +5' 67 + 47 57+3
HR Pre 155+5 157 +3 159+8  157+6
(Beats/min) — poo 16043 160+ 6 16246  154+6

t=p <0.05 vs pre
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Table 2

Time AT ST CmT CT
(n=8) (n=8) (0= 6) (n=9)
Relative wall  PT€ 0394040 0412030 0.40+040 041020
thickness  p o 0414040 037£020 0334020 0444030
Pre  72.0+4.1  68.0+43 660447 82.0+38
LV mass
2
(g/m”) Post  68.0+39 732449  684+27 780482
LV end- Pre 341422 358457 398+57 332415
systolic wall
stress (gfom?)  Post  34.0+53  375+7.0  450+57  32.6+45
Pre 111400 092401 1.04+£0.1  0.78+0.0
E/A ratio
Post 1.08+0.1 10301 09901  0.88<0.1
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Figure 1.

% Change in relative VO,peak
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* = p <0.05 vs control
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Figure 2.
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Figure 3.

Delta Change in Leg Press with Training
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Figure 4.
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Figure 5.

Delta V peak
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Chapter III.
Study II
Effects of Exercise Training on Left Ventricular Structure and Function and

Arterial Compliance in Women with Type 2 Diabetes
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INTRODUCTION

Type 2 diabetes (DM-2) is associated with an increased risk in the development of
cardiovascular disease (CVD)“] with macrovascular disease accounting for up to 80% of
all deaths in this population[z’3 1 This may be related to a decline in arterial compliance
and it’s components in persons with insulin resistance or DM-2*4]. Since arterial
compliance is currently becoming recognized as a potentially modifiable CVD risk

[7-9]

factor' ™, interventions that improve arterial compliance may be beneficial in reducing

the incidence of CVD in persons with DM-2. The observation that arterial compliance

correlates well with cardiorespiratory fitnesst'*"*!

, suggests that exercise training may be
an important adjunct in the treatment and prevention of CVD in persons with DM-2114,
Type 2 diabetes mellitus is also associated with an increased risk for the

development of heart failure"™. This maybe related to functional, biochemical, and
morphological left ventricular (L'V) abnormalities associated with DM-2618 The most
common cardiac abnormality associated with the diabetic state is a reduction in LV
diastolic filling"**!. Not only is a reduction in LV filling dynamics associated with
reduced exercise capacity>’**2, but it is also associated with an increased mortality
risk!®.

Exercise training has been shown to reduce the risk for CVD as well as improve
functional capacity in healthy populations®". This may be explained through exercise-

[ and/or LV filling dynamics®®. Exercise

mediated improvements in vascular function
training has been shown to elicit improvements in cardiorespiratory fitness in persons
with DM-21%%), Enhanced cardiorespiratory fitness is associated with a reduction in all-
cause mortality in DM-2 7, however, the underlying mechanisms for this adaptation
have yet to be examined. It is possible that the underlying mechanisms responsible for
this adaptation may be cardiac and/or vascular in nature.

Currently, there is a lack of scientific evidence describing the effects of exercise
training on measures of cardiovascular function in persons with DM-2. The purpose of
this investigation was to examine the effects of exercise training on cardiorespiratory
fitness, arterial compliance and LV filling dynamics in women with DM-2. Women were
chosen for this study as current literature suggests that women are at a greater risk for

CVD once diagnosed with DM-2, compared to men**>%,
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METHODS

Subjects

Sixteen older women (56 * 4yrs) with DM-2, free from diabetic complications,
were screened for underlying coronary artery disease with resting and maximal exercise
electrocardiograms. has assessed with chart review. Presence of DM-2 and diabetes-
related complications were confirmed by chart review. Individuals in this investigation
were treated for diabetes through diet and exercise or oral hypoglycemic agents, no
participants were on insulin therapy. Several subjects were taking lipid lowering or
antihypertensive medications during the investigation period. Exclusion criteria for this
investigation included: HbA . levels > 9%; evidence of ischemic heart disease by history
or by resting or exercise electrocardiogram (ECG) (>1.5 mm flat or down sloping ST
segment depression); angina or any other cardiac symptoms potentially limiting exercise
capacity; presence of musculoskeletal or peripheral vascular abnormalities that would
limit exercise capacity. Informed consent was obtained from all subjects prior to the
investigation and the Research Ethics Review Board at the University of Alberta

approved the study protocol.

Study protocol

Prior to exercise training, subjects were evaluated over the course of three
separate visits. Initially, patients reported to the Division of Cardiology within the
University of Alberta Hospital for a history and physical examination as well as a resting
and exercise ECG. The graded exercise test was performed on an electronically braked
cycle ergometer to determine ventilatory threshold and cardiorespiratory fitness. On a
second visit, subjects reported to the Metabolic Unit within the University of Alberta
Hospital following an overnight fast for blood work, applanation tonometry and resting
echocardiograms. On a third day patients reported to the Therapeutic Exercise laboratory
within the Faculty of Rehabilitation Medicine for strength testing and familiarization with

the exercise equipment.
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Graded exercise test to exhaustion

Testing began with the subject on a cycle ergometer for resting ECG and
ventilatory measurements. Oxygen consumption, carbon dioxide production and minute
ventilation were sampled breath by breath at rest and during exercise and values were
averaged every 15 seconds using a MedGraphics Metabolic Cart (Medical Graphics,
Minneapolis, MN). The initial work rate was set at 30 Watts and participants were asked
to maintain a pedal cadence between 50 and 70 rpm throughout the test, while the work
rate was increased in 15-Watt increments every two minutes until exhaustion. The
duration of the test ranged from 12 and 20 minutes. Peak rate of oxygen consumption
(VO2peax) Was determined from the average rate of oxygen consumption over the final 60
seconds of the graded exercise test. Arm blood pressure (auscultation) was performed
according to American Heart Association guidelines and heart rate was determined from
12-lead ECG recordings.

Maximal Strength Testing

Upper and lower extremity maximal strength were assessed as a voluntary one-
repetition maximum using the following exercises: 1) leg press; 2) leg extension; 3) leg
curl; 4) chest press; 5) shoulder press; 6) latissimus dorsi pull down; 7) triceps pushdown;
8) unilateral arm curls. The 1RM tests were repeated within a one-week period and the
heaviest weight lifted while adhering to strict technique was used as the baseline maximal

strength.

Exercise Training

Each subject exercised 3 times per week for a duration of 10 weeks, under
supervision, in the Therapeutic Exercise Laboratory within the Faculty of Rehabilitation
Medicine at the University of Alberta. On one day of each week the aerobic portion of
the exercise program was performed on a cycle ergometer and involved a 5-minute
warm-up with 25-40 minutes of moderate cycling below ventilatory threshold followed
by a 5 minute cool down period. On the other two days, subjects performed interval
training, with three to eight sets of 2-minute bouts of exercise at a power output achieved

at 100% of VOypca followed by 2 minutes at a power output achieved at 50% of VOapeak.
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Exercise intensity was verified by measuring heart rate using Polar heart rate monitors.

Interval training was used as it has been shown to have beneficial effects on post exercise
lipid metabolism and results in greater weight loss from fat mass than continuous aerobic
exercisel’>>). Heart rate telemetry was used on each subject to ensure training was within
target heart rates. Resistance training was performed on large muscle groups tested at 50-
65% of maximal strength on the following machines: chest press, leg press, lat pulldown,

shoulder press, leg extension, leg curl, tricep pushdown and arm curls..

Assessment of arterial compliance and resting hemodynamics

Arterial compliance was assessed using computerized arterial pulse waveform
analysis. This technique involves 30-s recordings of signal averaged arterial pulse waves
by applanation tonometry using surface residing pressure transducer on the radial pulse of
subjects (Hypertension Diagnostics Inc., Eagan MN). Blood pressure was measured
oscillometrically on the opposite arm. The diastolic decay of the waveform was analyzed
mathematically and the two components of arterial compliance were calculated based on
a modified Windkessel model of circulation: capacitive compliance (large artery), and
oscillatory (or reflective) compliance reflecting smaller, more peripherally located
arteries and arterioles. This technique has been validated previously®***!. A trained

technician performed all of the pre and post intervention measurements.

Echocardiographic Measurements.

LV imaging was performed with a commercially available ultrasound instrument
(Hewlett Packard, Sonos 5500) with a 3.5 MHz transducer. LV 2-dimensional
transthoracic images were obtained from the parasternal short-axis view at the level of
the mid-papillary muscles according to American Society of Echocardiography
guidelines[3 S All images were obtained by a trained technician. The following
measurements were obtained and averaged over three cardiac cycles: posterior wall
thickness, ventricular septal wall thickness) and internal cavity dimensions. LV mass was
calculated using the Devereux formula. LV mass was indexed for body surface area. LV
filling dynamics were assessed with pulsed-wave Doppler of both the transmitral and

pulmonary venous flow patterns recorded in the apical four chamber view. Mitral flow
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velocities were detected by placing a sample volume between the tips of the mitral valve
leaflets during which time the following variables were measured: peak flow velocity in
early diastole (E wave) and during atrial contraction (A wave) and their ratio (E/A).
Pulmonary venous flow velocities were detected by placing a 3-5 mm sample volume 1-2
cm into the right superior pulmonary vein. The following variables were measured: peak

pulmonary venous flow velocity during systole and diastole and atrial contraction.

Blood collection and preparation.

Fasting haematological measurements included: glucose, insulin, HbA , high
density lipoprotein, low density lipoprotein, triglycerides. All assays were perfomed at
the University of Alberta Hospital using standard techniques. In brief, insulin was
measured using a Roche Diagnostics Elecsys 2010 System using the sandwich principle.
The remaining blood samples were obtained from Roche Hitachi 917 System. Glucose
was measured using a hexokinase method. Hemoglobin A;c (HbA ;) was obtained from a
turbidimetric method to determine HbA . and a photometric method to determine
hemoglobin. The HbA |, is then reported as a fraction of total hemoglobin. Total
cholesterol values were obtained using a cholesterol oxidase method while triglyceride
values were obtained using a fully enzymatic colorimetric assay reaction for glycerol
following the removal of all serum free glycerol. HDL values were determined from a
photometric method after the addition of PEG modified enzymes. LDL is a calculated
value: LDL=CHOL-HDL-(TRIG/2.2). The homeostasis model assessment (HOMA

index) was used as an estimate of insulin resistance**!.

Statistical Analysis

All statistical analyses were performed using SPSS software (Version 11.0, SPSS,
Chicago, IL). A paired sampled T-test was used to compare means for VO,pesx and
measures of LV function and morphology prior to and following the exercise training
intervention. Variables relating to arterial compliance were subsequently used in a
repeated measures analysis of covariance using age, systemic vascular resistance, systolic
and diastolic blood pressure as covariates. These variables were analyzed as covariates as

they have been shown to contribute to changes in vascular compliance. Data are
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expressed as the mean =+ standard deviation. Univariate ANCOVA was used to test for

significant differences. A value of P < 0.05 was considered significant.

RESULTS

Of the 16 women initially screened, four women had positive stress tests while
two women withdrew midway through the intervention due to personal time
commitments. 10 women completed the investigation. Subject characteristics are
described in Table 1. There were no additional medications prescribed during the course
of the investigation. The ten participants completed an average of 80.3% of the scheduled
training sessions. On average, participants exercised for 35-45 minutes per session at an
average exercise intensity equivalent to ~77% of heart rate reserve throughout the study.

Hematological data

Fasting blood glucose, insulin and lipid profile are described in Table 2. Ten
weeks of exercise did not elicit any significant changes in the fasting blood lipid profile
of the participants. Insulin resistance was evident as pre-training HOMA values
exceeded 4.0. There was no change in the HOMA index following exercise training.

Peak Exercise Data

Pre-training VOpeax Values were 25% below previously published age-predicted
maximal oxygen uptake normative values for sedentary women®’. The subjects achieved
an average RER > 1.05 on the initial exercise stress, suggesting a maximal effort during
VOgpeax testing. After 10 weeks of exercise training, VOypeak increased from 19.9 + 4.3 to
22.1% 5.0 ml-kg-min™ (Figure 1.) and time to exhaustion increased from 14.1 + 3.2 to
15.8 £ 3.0 min (p < 0.05). Maximal heart rate and RER values did change following
exercise training, suggesting similar efforts for both tests.

Resting hemodynamics

Large artery compliance increased by ~10% in response to exercise training (p.<
0.05) (Figure 2), while small artery compliance remained unchanged. Subsequent to the
increase in large artery compliance, a reduction in systemic vascular resistance was also
observed (p.< 0.05) (Figure 3). When systemic vascular resistance and age were included
as covariates, the observed differences in large artery compliance following exercise

training were no longer observed. Of the remaining variables obtained from applanation
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tonometry the only observable change following exercise training was an increase in
stroke volume (p < 0.05) (Table 3).

LV function and morphology

LV filling dynamics, estimated from Doppler-derived transmitral and pulmonary
venous flow profiles, were not significantly different following 10 weeks of exercise
training (Tables 4 & 5). Finally, 10 weeks of exercise training was not associated with

significant changes in LV cavity size, wall thickness or mass (Table 6).

DISCUSSION

The major new finding of this investigation is that 10 weeks of exercise training
results in an improvement in arterial compliance secondary to an improvement in
cardiorespiratory fitness in women with DM-2. Importantly, these observations were
made independent of any measurable differences in LV filling dynamics or conventional
risk factors for CVD.

Several cross-sectional investigations have demonstrated the beneficial effects of
regular physical activity on the age-related decline in arterial compliance1 11339 More
importantly, as it relates to this investigation, an acute exercise intervention of 13 weeks
has been shown to restore some of the age-related loss in central arterial compliance in
previously sedentary men">. The finding that exercise attenuates the age-related decline in
arterial compliance has also been demonstrated in women*'. The data presented here data
support these observations and extend them to women with DM-2.

Although few investigations have assessed the effects of exercise training on
arterial compliance in DM-2, exercise training has been shown to improve endothelial
function in persons with DM-2. Eight weeks of training, in type 2 diabetic patients of
similar age to those who participated in our investigation (52 * 2 yrs), resulted in an
increase in flow-mediated dilatation from 1.7 to 5.0%™*. The authors speculated that
improvements in vascular function with exercise training may have been mediated
through an increased expression of nitric oxide-synthase, thereby enhancing nitric oxide -
bioavailability. The authors also suggested that exercise-mediated improvements in
vascular function in DM-2 may relate to improved metabolic control and the subsequent

reduction in advanced glycated end products. Although changes in glycosylated
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hemoglobin were not noted in this investigation, a slight but non-significant improvement
in insulin sensitivity with exercise training was observed. It is unlikely that changes in
metabolic control contributed to changes in vascular function, as changes in HOMA
index were not related to changes in vascular function following exercise training. Others
have demonstrated that improvements in blood lipid profile increases arterial
compliance®™*!, however, lipid profile was unchanged following exercise training in the
present investigation. Therefore the underlying mechanisms to explain the exercise-
mediated improvements in vascular compliance remain unclear.

Several investigations have demonstrated a significant relationship between LV
diastolic filling dynamics and exercise capaci‘[y22’23’25 . Poirier and colleagues23
demonstrated that in men with DM-2, impaired LV filling dynamics (E/A < 1.0) were
associated with a significant reduction in exercise capacity. LV filling dynamics were
unchanged following 10 weeks of aerobic and resistance training in older women with
DM-2. These findings contrast the work previously described, but support previous
investigations that have not demonstrated any change in LV filling dynamics with
prolonged endurance training in older women® or men*®.

LV filling dynamics have been shown to improve following reductions in LV
mass®'. Since LV mass was unchanged following exercise training, it follows that there
we no observed changes in LV filling dynamics. Furthermore, although the ratio of early
to late transmitral filling was lower than values previously reported in younger healthy
women, the values observed here are slightly higher than those previously reported in
males with DM-2""*%_ Poirier and colleagues® defined abnormal LV filling pattern as a
ratio of early to late transmitral filling of less than 1.0. In this investigation only 2 of the
10 participants had E/A ratios below this value. Therefore, there may be gender
differences with regards to LV diastolic function in persons with DM-2, similar to the
gender differences observed in persons with hypertension®',

Cardiorespiratory fitness has recently been shown to have prognostic impact,
independent of several other strong predictors of mortality such as hypertension,
smoking, obesity and diabetes®. Specifically, in persons with diabetes, an aerobic
capacity of < 5 METS (~17.5 ml-kg™"-min™") was associated with a 2.5-fold increase in

risk of mortality from a cardiovascular event, compared to diabetics with an aerobic
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capacity of >8 METS (~28 ml-kg™"-min™"). This is supported by data from Wei and
colleagues27 who demonstrated that VOypeax Was an independent predictor of mortality in
large cohort of men with DM-2. Based on these findings the 10% increase in VOzpeax
observed following 10 weeks of exercise training would suggest a decreased risk for
overall mortality. Brandenburg and colleagues®® observed a 26.5% increase (17.7 + 4.0
vs22.4 £5.5 ml-kg'l'min'l) in VOypeax in premenopausal women with DM-2 following
12 weeks of exercise training. Discrepancies between the relative changes in VOopeak
observed following training in these investigations are likely due to differences in pre-
training cardiovascular fitness.

A few limitations of this investigation need to be addressed. Firstly, we had
initially proposed to evaluate postmenopausal women with DM-2. Since, menopausal
status was determined from self-report, it is impossible to distinguish between
participants in perimenopause from those in true menopause. The perimenopause is a
transitional phase of the ovarian cycle during which estrogen levels fluctuate on a less
frequent basis than during a normal ovarian cycle. As estrogen has known vascular
effects, a limitation of this investigation is that we did not control for estrogen levels in
these women. Secondly, the use of a control condition rather than a control group, limits
statistical power and prevents us from demonstrating that changes that occurred during
the intervention were the direct result of the exercise stimulus. Finally, the non-invasive
nature of applanation tonometry does not provide us with information regarding the
underlying mechanisms that may explain improvements in peripheral resistance/vascular
compliance associated with exercise training in this population.

The role of exercise in the treatment and prevention of with DM-2 is well
recognized in clinical practice®! but remains underutilized because of problems of
implementation and patient compliance. Improvements in VOypeax and arterial
compliance with exercise training in this population may translate into reductions in the
risk for future cardiovascular events and improve functional capacity in these patients.
Currently there is a lack of information describing the underlying mechanisms for this
exercise-mediated adaptation. The deleterious effects of DM-2 on LV and vascular
function have been well established however the effects of exercise training on these

variables need to be examined further.
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In conclusion, 10 weeks of exercise training improves VO;peak in women with
DM-2. In addition to an improvement in functional capacity, exercise training is
associated with an increase large artery compliance in this population. Finally, the
increase in VOypea in this population was not associated with a significant change in LV

diastolic function.
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Table 1. Subject characteristics (n=10)

Variable Pre Training Post Training
Age (yrs) 56+4 —
Weight (kg) 954 +t12.1 94.1 £13.1
BMI (kg/m?) 35.9+4.2 353452
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Table 2. Changes in hematological values with training (n=10)

Variable Pre-Training Post-Training
HbA;. (%) 6.7+1.1 6.6+0.9
TC (mmol/L) 54+15 55%+1.6
HDL (mmol/L) 1.28 +0.2 1.30+£ 0.3
LDL (mmol/L) 29+1.0 28+0.8
TG (mmol/L) 28%2.1 28+1.8
Glucose (mmol/L) 76x1.8 8119
Insulin (mmol/L) 14.1+6.6 13.2+6.6
HOMA 5.1+£2.7 46+29

TC = Total cholesterol; HDL = high density lipoprotein; LDL = low density
lipoprotein; TG = triglyceride
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Table 3. Changes in resting cardiovascular hemodynamics with exercise training (n=10)

Variable

Pre-Training

Post-Training

Heart rate

SBP (mmHg)
DBP (mmHg)
LAC (mL/mmHg)

SAC (mL/mmHg)

LAC**
(mL/mmHg)

SV (mL)
C.I (L/m?%

Qc (L)

SVR
(dynes.sec.cm's)

7512
143 £ 15
81+6
1.03 £0.46
0.047 £ 0.035
1.07 £0.13
6516
2.45+0.24
49+0.6

1800 + 418

72 £ 14
13715
77 + 12
122+0.41%
0.035+0.013
1.31 £0.16*
74 £ 16*
2.59+0.19
51%0.5

1587 £ 210*

SBP = systolic blood pressure; DBP = diastolic blood pressure; LAC = large
artery compliance; SAC = small artery compliance; SV = stroke volume;
C.L = cardiac index; Qc = cardiac output; SVR = systemic vascular resistance
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Table 4. Changes in LV transmitral filling dynamics with exercise training (n=10)

Variable Pre-Training Post-Training
E (cm/s) 87+8 83+13

A (cm/s) 90 £23 84t 16
E/A ratio 1.03+£0.29 1.01 £0.21
gl*:)elemﬁ"“ time 23134240 237.0 4378

E= early transmitral filling; A = transmitral filling during atrial contraction
E/A ratio = ratio of early to late diastolic transmitral filling fractions
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Table 5. Changes in pulmonary venous flow rates with exercise training (n=10)

Variable Pre-Training Post-Training
PVs 61.5£7.7 65.6+11.4
PVvd 42.2+9.6 489+ 125
PVs:PVd 1.49 £ 0.17 1.38 £0.23
Pva 28.5+7.7 29.8+5.2
Pva Duration 121.8 £ 13.2 131.3+18.8
Pvad-Mad -60.25 £52.9 -42.9+£32.2

PV = pulmonary venous flow, s = ventricular systole, d = ventricular diastole, a —
atrial contraction, Pvad — Mad = pulmonary venous flow duration during atrial
systole — transmitral flow duration during atrial systole
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Table 6. Changes in LV morphology with exercise training (n = 10)

Variable Pre-Training Post-Training
IVS (mm) 104+23 11.0+ 1.1
PWT (mm) 103+24 10.9+0.9
LVID (mm) 51.1£6.9 48.6 £5.5
LVM (g) 195 £ 67 200+ 41
LVMI (g/m’%) 96.7 £ 29.6 1191235
RWT 0.41 £0.11 0.45+0.07

IVS = interventricular septum, PWT = posterior wall thickness, LVID = left
ventricular interval diameter at end-diastole, LVM = left ventricular mass, LVMI
= L VM index for body surface area, RWT = relative wall thickness.
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Figure 2
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Figure 3.
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Chapter IV.
Study 111

The Effects of Exercise Training on Left Ventricular and Vascular Function in
Women with Type II Diabetes Mellitus
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INTRODUCTION

Type 2 diabetes (DM-2) is associated with an increased risk for the development
of cardiovascular disease!"] (CVD) and heart failure!®. Furthermore, macrovascular
disease accounts for up to 80% of all deaths in this population[3’4]. The increased CVD-
related mortality and morbidity associated with DM-2 may be attributed to the common
presence of synergistic co-morbidities such as hypertension, dyslipidemia and obesity.
However, recent evidence suggests that cardiac™! and vascular’®”! maladaptations, such as
impaired left ventricular (LV) filling dynamics, increased arterial stiffness'® and
endothelial dysfunction!”) may also contribute to these observations.

Exercise training has been shown to attenuate age-associated declines in LV

filling dynamics™ and arterial compliance!®'"

in older healthy individuals, implying that
cardiovascular maladaptations associated with aging may be more a function of physical
inactivity than of senescence. Several lines of evidence suggest that similar
cardiovascular adaptations to exercise training may be achieved in persons with DM-2'""

131 Specifically, remarkably similar improvements in glucose transport[1 1

(12131 and oxygen uptake kinetics'"! have been documented

cardiorespiratory fitness
following exercise training between individuals with DM-2 and age-matched healthy
controls. Surprisingly, the cardiovascular adaptations to explain enhanced
cardiorespiratory fitness or oxygen uptake kinetics following exercise training in persons
with DM-2 have yet to be described. Moreover, high cardiorespiratory fitness has been
shown to be cardioprotective in healthy aged and persons with DM-2, independent of
conventional risk factors for CVD (14). The mechanisms for this cardioprotection have
yet to be elucidated. However, it is possible that they are mediated through enhanced LV
diastolic filling properties, reduced arterial stiffness and/or endothelial dysfunction.

The primary purpose of this investigation was to examine the effects of exercise
training on known correlates of cardiorespiratory fitness, mainly LV filling dynamics,
arterial compliance and endothelial function in women with DM-2. Women were studied
in this investigation as current literature suggests that women with DM-2 are at a greater

risk for the development of CVD compared to men with DM-2[">'¢], We hypothesized

that a 10-week exercise training intervention in women with DM-2 would improve
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cardiorespiratory fitness subsequent to improvements in LV diastolic filling properties,

arterial compliance and endothelial function.

METHODS

Subjects

A total of 14 postmenopausal women (58 + 5 yrs) with clinically documented
DM-2, free from diabetic complications, were screened for underlying coronary artery
disease with resting and maximal exercise electrocardiograms. Presence of DM-2 was
documented by chart review to confirm the type of diabetes. Exclusion criteria for this
investigation included: evidence of ischemic heart disease by history or by resting or
exercise electrocardiogram; angina or any other cardiac symptoms potentially limiting
exercise capacity; presence of musculoskeletal or peripheral vascular abnormalities that
would limit exercise capacity. Four women were excluded based on these criteria.
Informed consent was obtained from all subjects prior to the investigation and the

Research Ethics Review Board at the University of Alberta approved the study protocol.

Study protocol

Prior to exercise training, subjects were evaluated over the course of two separate
visits. Initially, participants reported to the University of Alberta Hospital, Division of
Cardiology for a history and physical examination as well as a resting and exercise ECG.
A graded exercise test was performed on an electronically braked cycle ergometer to
determine cardiorespiratory fitness. On the second visit, subjects reported to the
Metabolic Unit between 7 and 9 a.m. following an overnight fast for blood work,
applanation tonometry and resting echocardiograms. Following baseline testing,
participants were assigned to either control (CT; n=7) or exercise training (ET; n=7)

groups. All measurements were repeated following the 10-week intervention period.
Graded exercise test to exhaustion
Oxygen consumption, carbon dioxide production and minute ventilation were

sampled every five seconds at rest and during exercise using a Parvo Medics TrueMax

2400 Metabolic Cart (Parvo Medics, East Sandy, UT). Exercise was performed on a

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cyucle ergometer, beginning at a workload of 30 watts and increasing by 15 watts every
two minutes until volitional exhaustion. Heart rate (12 lead ECG), blood pressure
(auscultation) and a rating of perceived exertion (Borg scale) was determined at the end
of each stage. Subjects were encouraged to continue exercising until respiratory exchange

ratio exceeded 1.15 and/or heart rate was within 5 beats of age-predicted maximum.

Cardiorespiratory fitness (Vngeak) was considered the peak rate of oxygen consumption
during the last 60 seconds of the graded exercise test. The heart rate response to graded

exercise was used to prescribe exercise intensity during the exercise intervention.

Assessment of arterial compliance and resting hemodynamics

Arterial compliance was assessed using computerized arterial pulse waveform
analysis. This technique involves 30-s recordings of signal-averaged arterial pulse waves
by applanation tonometry using a surface residing pressure transducer on the radial artery
(Hypertension Diagnostics Inc., Eagan MN). The diastolic decay of the waveform was
analyzed mathematically. Two components of arterial compliance were calculated based
on a modified Windkessel model of circulation: capacitive compliance (large artery), and

oscillatory (or reflective) compliance!'”). This technique has been validated previously!'®!.

Endothelial Function

Endothelial function was measured using a previously validated technique
described in detail elsewhere!'”). In brief, patients were supine for 20 minutes before the
first ultrasound scan was recorded. Brachial artery diameter, mean arterial pressure and
heart rate were measured at rest and following flow-mediated dilatation induced by
reactive hyperemia and sublinguinal administration of glyceryl trinitrate.

The monitored, non-dominant arm was positioned at 80" of elbow flexion with the
distal forearm supinated and immobilized. A continuous 3-lead ECG was used to
measure heart rate and determine the specific points of the cardiac cycle. A 12-MHz
multifrequency linear array transducer attached to a high resolution ultrasound machine
(Sonos 5500, Hewlett Packard) was used to visualize the artery in the distal third of the
upper arm. A sphygmomanometer cuff was placed proximal to the transducer and

inflated to a suprasystolic pressure as determined by radial palpation for a duration of 5
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minutes. One minute following cuff deflation the brachial artery diameter was measured
using ultrasonic B-mode imaging. Dilatation of the brachial artery was stimulated by
reactive hyperemia, and was used to determine endothelium-dependent vasodilation.
Images were obtained at 1 and 3 minutes following cuff deflation.

When artery diameter returned to baseline values (~15 minutes) a second baseline
scan was recorded. This was followed by a sublinguinal administration of GTN at a dose
of 400pg that provided an index of endothelium independent vasodilation. B-mode
images were again taken at one and three minutes following GTN administration. All

images were acquired by a trained technician, on VHS tapes and digitally recorded.

Echocardiographic Measurements.

Imaging of the LV was performed as previously described** 4, In brief, all
images were captured using a commercially available ultrasound instrument (Hewlett
Packard, Sonos 5500) with a 3.5 MHz transducer. Two-dimensional transthoracic images
of the LV were obtained from the parasternal short-axis view at the level of the mid-
papillary muscles according to American Society of Echocardiography guidelines?®!. LV
morphology was estimated from previously published formulas®®!). LV diastolic filling
dynamics were assessed using pulsed-wave Doppler analysis of transmitral and
pulmonary venous flow patterns recorded in the apical four chamber view!?, All

echocardiographic images were averaged over three cardiac cycles.

Blood collection and analysis.

Blood was drawn in the fasted state prior to ultrasound imaging. Fasting
haematological measurements included: glucose, insulin, hemoglobin A, high density
lipoprotein (HDL), low density lipoprotein (LDL) and triglycerides. All assays were
perfomed at the University of Alberta Hospital using standard techniques. Insulin was
measured using a Roche Diagnostics Elecsys 2010 System using the sandwich principle.
Glucose was measured using a hexokinase method. Total cholesterol values were
obtained using a cholesterol oxidase method while triglyceride values were obtained
using a fully enzymatic colorimetric assay reaction for glycerol following the removal of

all serum free glycerol. HDL values were determined from a photometric method after

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the addition of PEG modified enzymes. The ratio of triglycerides to HDL was used as an
estimate of LDL particle size'*!. The homeostasis model assessment (HOMA index) was

used as an estimate of insulin sensitivity!**!.

Exercise Intervention

The 10-week exercise intervention consisted of three supervised exercise sessions
per week and included a combination of aerobic and resistance training. The aerobic
component of the exercise program was performed on a cycle ergometer and involved
both continuous and interval training. Continuous exercise training was performed twice
a week and consisted of a 5-10 minute warm-up with 30-55 minutes of moderate cycling
below ventilatory threshold followed by a 5-10 minute cool down period. Interval
training was performed once a week and consisted of repeated 2-minute bouts of cycling
alternating between 50% and 100% of peak power output achieved during the maximal
exercise test. Exercise intensities were determined by heart rate telemetry. Resistance
training was performed on 10-135 repititions at 50-65% of maximal strength on the
following machines: chest press, leg press, lat pulldown, shoulder press, leg extension,
leg curl, tricep pushdown and arm curls. Control subjects continued activities of daily
living for 10 weeks. Individuals in this investigation were treated for diabetes through
diet and exercise or oral hypoglycemic agents, while no participants were on insulin

therapy.

Statistical Analysis

All statistical analyses were performed using SPSS software (Version 11.0, SPSS,
Chicago, IL). A two-way repeated measures ANOVA was used to compare differences in
changes in conventional and novel risk factors for CVD between the groups following the

intervention time period. A p value of <0.05 was considered statistically significant.

RESULTS
Baseline Characteristics
Baseline characteristics of both groups are provided in Table 1. At baseline, there

were no significant differences in conventional risk factors for CVD, such as age, body

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mass index, systolic blood pressure, lipid profile or fasting insulin or glucose levels
between the ET and CT groups. Menopausal status was determined from self report and
no women were taking hormone replacement therapy. No differences in VOypeak, maximal
heart rate and respiratory exchange ratio were observed between the ET and CT groups at
baseline suggesting similar efforts during baseline exercise testing. Pre-training VOopeak
values in both groups were ~20% (20.9 + 3.8 vs 23.8 £ 1.9 ml-kg'l.min'l) below

previously published age-predicted norms for sedentary women!®,

Exercise Training Data

Resting hemodynamics prior to and following the exercise intervention are
provided in Table 2. Participants in the ET group performed 92 + 3% of the exercise
sessions. The subjects achieved an average respiratory exchange ratio >1.05 at peak
exercise, suggesting a maximal effort during VOapeax testing. After 10 weeks of exercise
training, VOapeak increased by approximately 15% (18.8 £3.5t0 21.6 £ 6.3 ml-kg'l.min'l;
p < 0.05) while time to exhaustion increased by 10% (15.0 £ 3.2 to 16.6 £ 3.0 min;
p<0.05). Maximal heart rate and respiratory exchange ratio values at follow-up testing
were similar to the baseline values, suggesting similar effort for both tests.
Cardiorespiratory fitness was not assessed in the CT group during follow-up testing.

Fasting blood glucose, insulin and lipid profile before and after the 10-week
intervention period are presented in Table 1. In the present study 10 weeks of exercise
training did not elicit appreciable changes in the fasting blood lipid profile or hemoglobin
Aj.. Similarly hematological variables were not significantly different in the CT group
following the intervention time period. The HOMA index of insulin sensitivity decreased
by ~17% in the ET while it did not change in CT. However these changes did not reach
statistical significance.

LV filling dynamics, estimated from Doppler-derived transmitral and pulmonary
venous flow profiles, were not significantly different following the intervention time
period in either group. In the ET group, large artery compliance increased by ~16% in
response to exercise training (p< 0.05), while small artery compliance remained

unchanged. Large and small artery compliance were unchanged in the CT group.
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Endothelial-dependent dilatation increased significantly in the ET group (p < 0.05) and
was unchanged in the CT group (Figure 1).

DISCUSSION

The major novel finding of this investigation is that 10 weeks of exercise training
elicited an increase in arterial compliance and endothelial-dependent diltatation,
secondary to an exercise training —~mediated improvement in cardiorespiratory fitness in
women with DM-2. These cardiovascular adaptations were present despite any
appreciable change in LV filling dynamics or conventional CVD risk factors, such as
blood pressure, lipid profile or insulin sensitivity.

Significant negative correlations have been observed between cardiorespiratory

fitness and arterial stiffness™!%%!

, suggesting that exercise training may modulate central
arterial compliance. More importantly, regular physical activity has been shown to
attenuate the age-related decline in arterial compliance in healthy older men and
women'%*?]. Specifically, arterial compliance was 20-35% higher in older well-trained
masters athletes (13-26% greater VO,peax values) compared to their sedentary peers!!%26],
Furthermore, a 16-week home-based exercise intervention elicited a 20% reduction in
arterial stiffness in previously sedentary older men!'%!. The data presented here support
these observations and extend them to women with DM-2. More importantly, similar to

previous investigations®*’!

, arterial compliance increased without any concomitant
change in mean arterial blood pressure.

Increased arterial stiffness in persons with DM-2 may be attributed to insulin
resistance, oxidative stress and the development of advanced glycated end-products'”..
Interestingly, treatment of older individuals with a novel advanced glycated end-product
crosslink breaker led to a reduction in arterial stiffness®™. As no changes in glycosylated
hemoglobin were noted following a 10-week exercise intervention, the improvement in
arterial compliance were not likely a function of a reduction in advanced glycated end-
products. Similarly, although others have demonstrated improvements in arterial

[29,30]

compliance following lipid lowering therapy , ho appreciable changes in total

cholesterol, LDL, HDL or triglycerides were observed following exercise training in this

investigation. Although insulin sensitivity (HOMA index) increased slightly with
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exercise training it is unlikely that enhanced metabolic control contributed to the
improvement in arterial compliance as changes in the HOMA index were unrelated to
changes in arterial compliance following an exercise intervention. Therefore, the
observed improvement arterial compliance with exercise training in women with DM-2
in this investigation cannot be attributed to changes in lipid or glucose metabolism.
Improved endothelium-mediated vasodilatation or a reduction in intima-media

wall thickness®®!! may explain enhanced arterial compliance with exercise training in
older individuals. Exercise training-mediated improvements in endothelium-dependent
dilatation have recently been documented in persons with DM-282, Specifically,
Maiorana and colleages!® showed that eight weeks of aerobic and resistance exercise
training increased flow-mediated dilatation from 1.7% to 5.0%, in middle-aged patients
with DM-2"2. The data presented here confirm and extend these findings to women with
DM-2. In addition these data suggest that improvements in arterial stiffness with exercise
training in women with DM-2 may be related to an enhanced endothelial-dependent
dilatation.

Similar to the relationship observed between cardiorespiratory fitness and arterial
compliance, a positive association between LV filling and exercise capacity has been

observed in several populations[33'36]

, implying that exercise training may modulate LV
diastolic function. Furthermore, some® > but not all'**! cross-sectional and
intervention studies have demonstrated that age-related reductions in LV filling dynamics
may be attenuated with endurance exercise training. Interestingly, Poirier and
colleagues'*! have demonstrated a relationship between cardiorespiratory fitness and LV
filling dynamics in normotensive men with DM-2. Contrary to these findings, LV
transmitral or pulmonary venous flow profiles remained unchanged following exercise
training, despite a significant improvement in VOjpeax k in women with DM-2

Several differences between this investigation and that of others may explain
discrepant findings. First, the training stimulus employed in this investigation may not
have been of sufficient duration (10 weeks) or frequency (three days/week) to elicit
appreciable changes in the structure or cellular properties of the L'V that could be

measured using Doppler-derived transmitral flow patternsB 8 Secondly, gender

differences in the LV adaptation to exercise training may explain our results®®**. This
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explanation is in concordance with exercise-induced improvements in LV contractile
function and filling dynamics reported in older men, but not older women, following
extensive endurance training!*® **),

An average improvement in cardiorespiratory fitness following short-term (<16
weeks) exercise training interventions in persons with DM-2 is approximately 15%.
Studies of this nature have been comprised of mainly men or mixed cohorts. Therefore,
the magnitude of change in cardiorespiratory fitness following exercise training in
women with DM-2 is, for the most part, poorly documented. Brandenburg ef al. (3}
observed a 26.5% increase (17.7 = 4.0 vs 22.4 £ 5.5 mlkg ' min™") in VOzpeak In
premenopausal women with DM-2 following 12 weeks of aerobic exercise training
similar to the intervention used in this investigation. Discrepancies between the relative
changes in VOapeax observed following training between our investigation and that of

Brandenburg et all"’!

, are likely due to differences in pre-training cardiovascular fitness.
Since we did not measure cardiac output or arterio-venous oxygen difference in this
investigation, we cannot speculate as to the mechanisms which could explain the
increased rate of oxygen consumption following exercise training observed in this
investigation.

The findings presented here results have several clinical implications. As up to
80% of all deaths in persons with DM-2 may be attributed to some type of cardiovascular
disorder”!, interventions that ameliorate CVD-risk are paramount in the treatment of
these patients. Increased arterial stiffness and endothelial dysfunction have been
identified as independent modifiable CVD risk factors!***l. The results of this study
demonstrate that a brief exercise intervention in women with DM-2 enhances arterial
compliance and endothelial-dependent dilatation, which could be interpreted as a
reduction in the risk for CVD morbidity and mortality. More importantly, these
adaptations occurred despite little or no change in blood pressure, cholesterol profile or
insulin sensitivity. Therefore, the non-invasive determination of arterial compliance and
endothelial-dependent dilatation, in addition to conventional markers, may provide
important additional information in the assessment of CVD risk and/or treatment efficacy
in individuals with DM-214*"], Finally, low cardiorespiratory fitness in men with DM-2

is associated with an increased mortality risk, independent of conventional CVD risk
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factors!"), Therefore, increased cardiorespiratory fitness in women with DM-2 observed
following an exercise intervention might reduce the risk for CVD-related morbidity and
mortality. These data lend support to the need for exercise training in the prevention and
treatment of CVD-related morbidity in persons with DM-2.

A few limitations of this investigation need to be addressed. Firstly, although
demographic data were similar between both groups at baseline, the ET group had
significantly greater large arterial compliance at the baseline compared to the CT group
(Table 2). Although it is possible that these differences may have affected our results, we
would expect the ET group to have less adaptive reserve relative to the CT group with
lower arterial compliance at baseline. It is doubtful that these baseline differences
contributed the observed changes in arterial compliance following exercise training.
Secondly, it is possible that group differences in arterial compliance were a function of a
menopausal status. As we relied upon self-report of menopausal status, we are unable to
distinguish between participants in perimenopause from those in true menopause. The
perimenopause is a transitional phase of the ovarian cycle during which estrogen levels
fluctuate on a less frequent basis than during a normal ovarian cycle. As estrogen has
known vascular actions!*!), it is possible that the baseline differences in larger artery
compliance were a function of differences in estrogen status between the two groups.

Finally, we did nbt assess LV or arterial function during physiological stress such
as exercise or B-adrenergic stimulation. Therefore we are unable to determine whether
exercise training elicited improvements in inotropic or lusitropic reserve. Several
investigations have demonstrated impaired inotropic responsiveness in both elderly™”
and individuals with DM-2P%!1_ Furthermore, improved inotropic reserve with
endurance exercise training has been documented in healthy older men®®?. Although we
cannot eliminate the possibility that an exercise-induced improvement in
cardiorespiratory fitness was a function of enhanced L'V inotropic reserve, to our
knowledge, this adaptation is limited to males**21,

In conclusion, 10 weeks of exercise training improves cardiorespiratory fitness,
large artery compliance and endothelial-dependent dilatation in women with DM-2.

These adaptations were achieved without any significant changes in LV filling dynamics
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or conventional CVD risk factors, such as blood pressure, lipid profile or insulin

sensitivity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

99



REFERENCES

1. Kannel WB, McGee DL. Diabetes and cardiovascular risk factors: the Framingham
study. Circulation. 59:8-13, 1979.

2. Kannel WB, Hjortland M, Castelli WP. Role of diabetes in congestive heart failure:
the Framingham study. Am J Cardiol. 34:29-34, 1974.

3. Haffner SM, Lehto S, Ronnemma T, Pyorala T, Laakso M. Mortality from coronary
heart disease in subjects with type 2 diabetes and in nondiabetic subjects with and
without myocardial infarction. N Engl J Med. 339:229-234, 1998.

4. Morrish NJ, Wang SL, Stevens LK, Fuller JH, Keen H. Mortality and causes of death
in the WHO Multinational Study of Vascular Disease in Diabetes. Diabetologia. 44
(Suppl 2):S14-S21, 2001.

5. Taegtmeyer H, McNulty P, Young ME: Adaptation and maladaptation of the heart in
diabetes: Part I: general concepts. Circulation. 105:1727-33, 2002.

6. McVeigh G, Brennan G, Hayes R, Cohn J, Finkelstein S, Johnston D. Vascular
abnormalities in non-insulin-dependent diabetes mellitus identified by arterial
waveform analysis. Am J Med. 95:424-30, 1993

7. McVeigh GE, Brennan GM, Johnston GD, McDermott BJ, McGrath LT, Henry WR,
Andrews JW, Hayes JR. Impaired endothelium-dependent and independent

vasodilation in patients with type 2 (non-insulin-dependent) diabetes mellitus.
Diabetologia.;35:771-6, 1992

8. Levy WC, Cerqueira MD, Abrass IB, Schwartz RS, Stratton JR. Endurance exercise
training augments diastolic filling at rest and during exercise in healthy young and
older men. Circulation. 88:116-26, 1993

9. Vaitkevicius PV, Fleg JL, Engel JH, et al. Effects of age and aerobic capacity on
arterial stiffness in healthy adults. Circulation. 88:1456-62, 1993.

10. Tanaka H, Dinenno FA, Monahan KD, Clevenger CM, DeSouza CA, Seals DR.

Aging, habitual exercise, and dynamic arterial compliance. Circulation. 102:1270-5,
2000.

11. Kennedy JW, Hirshman MF, Gervino EV et al. Acute exercise induces GLUT4
translocation in skeletal muscle of normal human subjects and subjects with type 2
diabetes. Diabetes. 48:1192-7, 1999.

12. Segal KR, Edano A, Abalos A, Albu J, Blando L, Tomas MB, Pi-Sunyer FX. Effect

of exercise training on insulin sensitivity and glucose metabolism in lean, obese, and
diabetic men. J Appl Physiol. 71:2402-11, 1991.

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Brandenburg SL, Reusch JE, Bauer TA, Jeffers BW, Hiatt WR, Regensteiner JG.
Effects of exercise training on oxygen uptake kinetic responses in women with type 2
diabetes. Diabetes Care. 22:1640-6, 1999

Wei M, Gibbons LW, Kampert JB, Nichaman MZ, Blair SN. Low cardiorespiratory
fitness and physical inactivity as predictors of mortality in men with type 2 diabetes.
Ann Intern Med. 132:605-11, 2000.

Kannel WB, Wilson PW. Risk factors that attenuate the female coronary disease
advantage. Arch Intern Med.155:57-61, 1995

Barrett-Connor EL, Cohn BA, Wingard DL, Edelstein SL. Why is diabetes mellitus a
stronger risk factor for fatal ischemic heart disease in women than in men? The
Rancho Bernardo Study. JAMA. 265:627-31, 1991.

Rietzschel ER, Boeykens E, De Buyzere ML, Duprez DA, Clement DL. A
comparison between systolic and diastolic pulse contour analysis in the evaluation of
arterial stiffness. Hypertension. 37:E15-22, 2001.

Chen CH, Nevo E, Fetics B, et al. Estimation of central aortic pressure waveform by
mathematical transformation of radial tonometry pressure. Validation of generalized
transfer function. Circulation. 95:1827-36, 1997.

Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D et al. Guidelines for the
ultrasound assessment of endothelial-dependent flow-mediated vasodilation of the

brachial artery: a report of the International Brachial Artery Reactivity Task Force. J
Am Coll Cardiol.39:257-65, 2002.

Sahn DJ, DeMaria A, Kisslo J, Weyman A. Recommendations regarding quantitation
in M-mode echocardiography: results of a survey of echocardiographic
measurements. Circulation. 58:1072-83, 1978.

Reichek N, Devereux RB. Reliable estimation of peak left ventricular systolic
pressure by M-mode echographic-determined end-diastolic relative wall thickness:
identification of severe valvular aortic stenosis in adult patients. Am Heart J 103:202-
3, 1982.

Poirier P, Bogaty P, Garneau C, Marois L, Dumesnil JG . Diastolic dysfunction in
normotensive men with well-controlled type 2 diabetes: importance of maneuvers in

echocardiographic screening for preclinical diabetic cardiomyopathy. Diabetes Care.
24:5-10, 2001.

Boizel R, Benhamou PY, Lardy B, Laporte F, Foulon T, Halimi S. Ratio of

triglycerides to HDL cholesterol is an indicator of LDL particle size in patients with
type 2 diabetes and normal HDL cholesterol levels. Diabetes Care. 23:1679-85, 2000.

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function from fasting
plasma glucose and insulin concentrations in man. Diabetologia. 28:412-9, 1985.

Fitzgerald MD, Tanaka H, Tran ZV, Seals DR. Age-related declines in maximal
aerobic capacity in regularly exercising vs. sedentary women: a meta-analysis. J Appl
Physiol. 83(1):160-5, 1997.

Tanaka H, DeSouza CA, Seals DR. Absence of age-related increase in central arterial
stiffness in physically active women. Arterioscler Thromb Vasc Biol. 18:127-32,
1998.

Eckel RH, Wassef M, Chait A, et al. Prevention Conference VI: Diabetes and
Cardiovascular Disease: Writing Group II: pathogenesis of atherosclerosis in
diabetes. Circulation. 105:¢138-43, 2002.

Kass DA, Shapiro EP, Kawaguchi M et al. Improved arterial compliance by a novel
advanced glycation end-product crosslink breaker. Circulation.104:1464-70, 2001.

Shige H, Dart A, Nestel P. Simvastatin improves arterial compliance in the lower
limb but not in the aorta. Atherosclerosis. 155:245-50, 2001.

Ferrier KE, Muhlmann MH et al. Intensive cholesterol reduction lowers blood
pressure and large artery stiffness in isolated systolic hypertension. J] Am Coll
Cardiol. 39:1020-5, 2002.

Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in cardiovascular
disease enterprises: Part I: aging arteries: a "set up" for vascular disease. Circulation.
107:139-46, 2003.

Maiorana A, O'Driscoll G, Cheetham C et al. The effect of combined aerobic and
resistance exercise training on vascular function in type 2 diabetes. J Am Coll
Cardiol. 38:860-6, 2001.

Lapu-Bula R, Robert A, De Kock M et al. Relation of exercise capacity to left

ventricular systolic function and diastolic filling in idiopathic or ischemic dilated
cardiomyopathy. Am J Cardiol. 83:728-34, 1999.

Sakate Y, Yoshiyama M, Hirata K et al. Relationship between doppler-derived left

ventricular diastolic function and exercise capacity in patients with myocardial
infarction. Jpn Circ J. 65:627-31, 2001.

Kitzman DW, Higginbotham MB, Cobb FR, Sheikh KH, Sullivan MJ. Exercise
intolerance in patients with heart failure and preserved left ventricular systolic
function: failure of the Frank-Starling mechanism. J Am Coll Cardiol. 17:1065-72,
1991.

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Vanoverschelde JJ, Essamri B, Vanbutsele R et al. Contribution of left ventricular
diastolic function to exercise capacity in normal subjects. J Appl Physiol. 74:2225-33,
1993,

Douglas PS, O'Toole M. Aging and physical activity determine cardiac structure and
function in the older athlete. J Appl Physiol. 72:1969-73, 1992.

Takemoto KA, Bernstein L, Lopez JF, Marshak D, Rahimtoola SH, Chandraratna PA.
Abnormalities of diastolic filling of the left ventricle associated with aging are less
pronounced in exercise-trained individuals. Am Heart J. 124:143-8, 1992.

Mier CM, Turner MJ, Ehsani AA, Spina RJ. Cardiovascular adaptations to 10 days of
cycle exercise. J Appl Physiol. 83: 1900-1906, 1997.

Spina RJ, Miller TR, Bogenhagen WH, Schechtman KB, Ehsani AA. Gender-related
differences in left ventricular filling dynamics in older subjects after endurance
exercise training. J Gerontol A Biol Sci Med Sci. 51:B232-7, 1996.

Stratton JR, Levy WC, Schwartz RS, Abrass IB, Cerqueira MD. Beta-adrenergic
effects on left ventricular filling: influence of aging and exercise training. J Appl
Physiol. 77:2522-9, 1994.

Stratton JR, Levy WC, Cerqueira MD, Schwartz RS, Abrass IB. Cardiovascular
responses to exercise. Effects of aging and exercise training in healthy men.
Circulation. 89:1648-55, 1994.

Fleg JL, Shapiro EP, O'Connor F, Taube J, Goldberg AP, Lakatta EG. Left
ventricular diastolic filling performance in older male athletes. JAMA. 273:1371-5,
1995.

Poirier P, Garneau C, Bogaty P. Impact of left ventricular diastolic dysfunction on
maximal treadmill performance in normotensive subjects with well-controlled type 2
diabetes mellitus. Am J Cardiol. 85:473-7, 2000.

Spina RJ, Rashid S, Davila-Roman VG, Ehsani AA. Adaptations in beta-adrenergic

cardiovascular responses to training in older women. J Appl Physiol. 89:2300-5,
2000.

Arnett DK, Evans GW, Riley WA. Arterial stiffness: a new cardiovascular risk
factor? Am J Epidemiol. 140:669-682, 1994.

Modena MG, Bonetti L, Coppi F, Bursi F, Rossi R. Prognostic role of reversible
endothelial dysfunction in hypertensive postmenopausal women. J Am Coll Cardiol.
2002 Aug 7;40(3):505-10.

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



48.

49.

50.

51.

52.

Farhat MY, Lavigne MC, Ramwell PW. The vascular protective effects of estrogen.
FASEB J. 10:615-24, 1996.

Turner MJ, Mier CM, Spina RJ, Schechtman KB, Ehsani AA. Effects of age and
gender on the cardiovascular responses to isoproterenol. J Gerontol A Biol Sci Med
Sci. 54:B393-400, 1999.

Hsu KL, Chiang FT, Lo HM, Tsai CH, Tseng CD, Tseng YZ. Cardiac contractility in
non insulin dependent diabetes mellitus evaluated using the relation between end

systolic wall stress and velocity of circumferential fiber shortening. Jpn Heart J.
38:463-71, 1997.

Sasso FC, Carbonara O, Cozzolino D et al. Effects of insulin-glucose infusion on left
ventricular function at rest and during dynamic exercise in healthy subjects and non
insulin dependent diabetic patients: a radionuclide ventriculographic study. J Am Coll
Cardiol. 36:219-26, 2000.

Spina, RJ, Turner MJ, Ehsani AA. B-Adrenergic-mediated improvement in left
ventricular function by exercise training in older men. Am J Physiol Heart Circ
Physiol. 274: H397-H404, 1998.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

Table 1. Subject characteristics prior to and following the exercise intervention
BMI = Body mass index; TC = Total cholesterol; HOMA = homeostasis model
assessment of insulin sensitivity

* = p<0.05 vs pre-training

Table 2. Resting hemodynamics prior to and following the exercise intervention
C,= Large artery compliance; C, = Small artery compliance; SVR = systemic
vascular resistance; E/A = ratio of early to late transmitral filling velocities;
Pvs:Pvd = Ratio of pulmonary venous flow in systole to pulmaonry venous flow
in diastole; Pva = pulmonary venous flow during atrial systole; Mad-Pad =
Duration of transmitral atrial wave — duration of pulmonary venous atrial wave
*=p <0.05 vs Pre
t=p<0.05vsET

List of Figures
Figure 1. Endothelial-dependent dilatation prior to and following a 10-week aerobic

exercise intervention.
* =p <0.05. vs pre training

Open circles = Control, Filled circles = exercise trained.
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Table 1.

ET (n =7) CT(n=7)
Variable
Pre Post Pre Post
Age (yrs) 59+5 - 565 m=
Weight (kg) 84.6 £16.5 81.7£19.5" 85.3£20.0 85.0+21.0
BMI (kg/m?) 33.6 4.7 325%£5.2 33.6+4.7 334173
TC (mmol/L) 48+0.8 5612 52+038 5004
HDL (mmol/L) 1.2+0.3 1.2+0.1 1.3£0.2 1.3+£0.2
LDL (mmol/L) 2.8+0.8 35+1.0 3.0£0.6 29104
HbA . (%) 74+£2.0 69+1.5 74+1.1 74108
Glucose (mmol/L) 7.5+3.0 7.9+£25 8.0£0.8 74+1.1
Insulin (mmol/L) 13.5+94 13.2+8.1 11.9+£5.6 13.8£73
HOMA 43+34 48+3.8 375t 1.6 39£2.0
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Table 2.

ET (n=7) CT (n=7)
Variable
Pre Post Pre Post
Heart rate 71+8 7247 83+ 11 78 + 10
SBP (mmHg) 133 £16 129 + 25 139 + 17 136 +20
DBP (mmHg) 75+ 12 70+ 7 74+ 11 72+ 10
(‘r,x(n)lffgl"l-min'l) 18.8+3.5 21.6+6.3" 20.02+4.9
C: (mL/mmHg) 0.8+0.25 0.9+ 0.30 0.75 +0.23" 0.79 + 0.29
C; (mL/mmHg) 0.04 +0.05 0.03 +0.01 0.03 £ 0.02 0.03 +0.02
SVR (dynessecem®) 1832 + 452 1835 + 389 1910 + 336 1794 + 291
E:A 0.88+0.2 0.96 + 0.07 1.03+0.2 1.07+0.3
Pvs:Pvd 1.61+0.35 1.53 £0.16 1.4+0.2 15402
Pva (m/s) 26.4+2.0 259+1.5 28 + 4 29+7
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Figure 1.
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The term “% change” refers to to the change in brachial artery diameter from baseline

value following flow-mediated dilatation.
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Chapter V
Study IV

Low Cardiorespiratory Fitness is Associated with Elevated C-Reactive protein in
Women with Type II Diabetes Mellitus
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INTRODUCTION

Type 2 diabetes mellitus (DM-2) is associated with an increased risk for the
development of cardiovascular disease (CVD)“] that may be explained, at least in part, by
synergistic co-morbidities such as hypertension, dyslipidemia and obesity. In addition to
conventional risk factors for CVD, growing evidence suggests that novel markers may
play a role in determining CVD risk in patients with DM-2. These include measures of
sub-acute inflammation, such as C-reactive protein (CRP), vascular effects of excessive
insulin®® as well as cardiac”! and vascular’® maladaptations specific to DM-2.

Low cardiorespiratory fitness is associated with the increased CVD morbidity and
mortality in men with and without DM-2!%. In men with DM-2, this association remained
significant after adjusting for conventional CVD risk factors such as, hypertension,
dyslipidemia, smoking status and family history of CVD!. It is possible, however, that
the adverse effects of low cardiorespiratory fitness in patients with DM-2 contribute to or

[7.8]

exacerbate the cardiovascular!®! and metabolic derangements™ that increase the risk for

CVD in this population. The cardiovascular consequences of DM-2 are significantly

L10] possibly due to gender-related differences in

[12]

more deleterious in females than in males
cholesterol proﬁle[“] and/or significant reductions in cardiorespiratory fitness
Therefore, the purpose of this investigation was to examine conventional and novel CVD

risk factors in women with DM-2 stratified according to their cardiorespiratory fitness.

Methods
Thirty-two women with DM-2, free from diabetes-related complications, were

screened for participation in this investigation. Presence of DM-2 was confirmed by a
chart review and with fasting HbA |.. Pharmacological treatment strategies for metabolic
control, hypertension, dyslipidemia and preventative therapy (i.e. acetylsalicylic acid)
were evenly distributed between both groups of women with DM-2 (Table 1). Groups
were evenly matched for number of participants on hormone replacement therapy.
Exclusion criteria for this investigation included: evidence of ischemic heart disease
documented by history of CVD or by resting or exercise ECG abnormalities (>1.5 mm
flat or down sloping ST segment depression); angina or any other cardiac symptoms
potentially limiting exercise capacity; presence of musculoskeletal or peripheral vascular

abnormalities that would limit exercise capacity. Informed consent was obtained from all
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subjects prior to the investigation and the Research Ethics Review Board within the

Faculty of Medicine at the University of Alberta approved the study protocol.

Study protocol
Patients reported to the Division of Cardiology, University of Alberta Hospital,

for a clinical and physical examination as well as a resting and exercise

electrocardiogram. A graded exercise test was performed on an electronically braked

cycle ergometer to determine peak rate of consumption (VOzpeak). On a second visit,
subjects reported to the Metabolic Unit following an overnight fast for blood sampling,
an assessment of arterial compliance and a resting echocardiogram. All subjects were
asked to refrain from medications with vascular or cardiac effects for 48 hours prior to

testing. A period of at least 48 hours separated the two visits. Subjects were than

stratified into two groups according to relative VOzpeak values obtained from the graded
maximal exercise test. The group median was used to separate participants into groups of
low (LCF) and average (ACF) cardiorespiratory fitness. Eight healthy older women

without DM-2 were also assessed and served as a control group.

Graded maximal exercise test
Oxygen consumption, carbon dioxide production and minute ventilation were

sampled breath by breath at rest and during exercise and values were averaged every 15

seconds using a MedGraphics Metabolic Cart (Medical Graphics, Minneapolis, MN). At
least two of the following criteria needed to be achieved for the determination of VOzpeak:

respiratory exchange ratio >1.10, < 100 ml'min” increase in VO, for >30s despite an
increase in workload, heart rate within 5 beats of age-predicted and volitional exhaustion.
Arm blood pressure (auscultation) was performed according to American Heart

Association guidelines and heart rate was determined from 12-lead ECG recordings.
Assessment of arterial compliance and resting hemodynamics
Arterial compliance was assessed using computerized arterial pulse waveform

analysis. This technique involves 30-s recordings of signal-averaged arterial pulse waves

by applanation tonometry using a surface residing pressure transducer on the radial artery
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(Hypertension Diagnostics Inc., Eagan MN). Blood pressure was measured
oscillometrically on the opposite arm. The diastolic decay of the waveform was analyzed
mathematically and the two components of arterial compliance were calculated based on
a modified Windkessel model of circulation: capacitive compliance (large artery), and
oscillatory (or reflective) compliance reflecting smaller, more peripherally located
arteries and arterioles. This technique has been validated previously with invasive

measurements of arterial waveformst*),

Echocardiographic Measurements.

Left ventricular imaging was performed with a commercially available ultrasound
instrument (Hewlett Packard, Sonos 5500) with a 3.5 MHz transducer. Left ventricular 2-
dimensional transthoracic images were obtained from the parasternal short-axis view at
the level of the mid-papillary muscles according to American Society of
Echocardiography guidelinesm]. Left ventricular filling dynamics were assessed using
pulsed-wave Doppler analysis of transmitral and pulmonary venous flow patterns
recorded in the apical four chamber view!'*), All echocardiographic images were

averaged over three cardiac cycles.

Blood collection and analysis.

Blood was drawn in the fasted state prior to ultrasound imaging. Fasting
haematological measurements included: glucose, insulin, HbA ., total cholesterol, HDL,
triglycerides, and LDL. Insulin was measured using a Roche Diagnostics Elecsys 2010
System using the sandwich principle[16]. Glucose was measured using a hexokinase
method. Total cholesterol values were obtained using a cholesterol oxidase method!!”!
while triglyceride values were obtained using a fully enzymatic colorimetric assay
reaction for glycerol following the removal of all serum free glycerol“sl . HDL values
were determined from a photometric method after the addition of PEG modified
enzymes''”), Plasma lipids, glucose and HbA . were determined on a Synchron LX20
analyzer (Beckman Coulter, Fullerton CA). Plasma CRP was analyzed using a fully
automated Behring Nephelometer Analyzer System (Behring Diagnostics, Mannheim,

Germany) using anti-CRP mouse monoclonal antibodies coupled to latex microparticles.
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This is not an assay for high-sensitivity CRP. The homeostasis model assessment

(HOMA index) was used as an estimate of insulin sensitivitym].

Statistical Analysis
The data are presented as means + SD. Baseline characteristics between the

groups were compared using a Student’s ¢ test. Stepwise multiple linear regression

analyses were performed to determine the relationship between VOzpeak and CVD risk

factors. A p-value of <0.05 was considered statistically significant.

Results
Demographics and hemodynamics

Subject characteristics are provided in Table 1. Of the initial 32 women screened,
four women were excluded from the investigation due to either ECG abnormalities,

suggestive of underlying coronary artery disease (n=2) or failure to achieve adequate

criteria for determination of VOzpeak (n =2) Therefore 28 women were distributed evenly
into LCF and ACF groups. Two women in each of the ACF and LCF groups and all the
women in the control group were taking hormone replacement therapy. Body mass index
was higher in the LCF group, due to a difference of ~10 kg (p=0.09) in body weight. No
differences were observed in age or duration of diabetes between the ACF and LCF

groups. The control group was significantly older than the ACF and LCF groups (p<
0.05). VOzpeak values were significantly lower in the LCF groups compared to the ACF

group as per the study design. VOzpeak was significantly lower in the LCF groups
compared to the control group. Few subjects were able to attain a respiratory exchange
ratio greater than 1.10 (n=2 LCF; n=4 ACF) however average values were identical
between the two groups (LCF = 1.06 + 0.04 vs ACF = 1.06 £ 0.04). Heart rate at peak
exercise was 93 * 14 and 99 + 9% of age predicted values in the LCF and ACF groups
respectively. Taken together, these data suggest similar maximal efforts between the two

groups.
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There were no significant differences in resting heart rate, diastolic blood pressure
and mean arterial pressure between the groups. A substantial, non-significant, difference
in systolic blood pressure (146 £+ 17 vs 132 + 13 mmHg in the LCF and ACF groups
respectively) was observed between the two DM-2 groups however, it did not achieve
statistical significance (p = 0.056). No differences were observed in large or ocillatory
compliance, or systemic vascular resistance, between all 3 groups.

Measures of left ventricular structure and function were similar in both DM-2
groups. Technically adequate measures of left ventricular morphology could only be
obtained in 19 subjects (8 LCF and 11 ACF respectively). Although left ventricular mass
indexed to body surface area tended to be higher in the LCF group (134 + 62g/cm® vs 96
+ 13 g/em?), this difference did not reach statistical significance (p = 0.061).

Echocardiographic analyses were not performed in healthy controls.

Haematological variables

Haematological variables are reported in Table 2. There were no differences
observed in classical markers of CVD, such as total cholesterol, LDL, HDL or
triglycerides between all three groups. HOMA index and HbA ;¢ was significantly higher
in the LCF group compared to the control group (p < 0.05). CRP levels were
approximately 1.5 and 3-fold higher in the LCF group compared to the control and ACF
groups respectively (p <0.05). CRP values were not different between the ACF and

control group (p < 0.05). Significant negative correlations were observed between \Y%
Onpeak and both CRP and the HOMA index in the women with DM-2 (Figure 1). A

stepwise multiple linear regression analysis between CRP and VOzpeak, body mass index
and age revealed beta values of —0.651 (p < 0.05), -0.216 (p = 0.46) and —0.203 (p = 0.32)
respectively. Finally, we observed a significant positive correlation between the HOMA

index and CRP in women with DM-2 (r = 0.49, p <0.05, Figure 2).

Discussion
This study is the first to assess the interaction between cardiovascular fitness with

conventional and novel markers of CVD risk in women with DM-2. The primary findings
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of this investigation are the association of low cardiorespiratory fitness with increased
HOMA index and CRP in women with DM-2. Furthermore, no relationships were
observed between low cardiorespiratory fitness and classical risk factors for CVD such
as: age, duration of diabetes, and lipid profile or novel risk factors such as LV filling
dynamics or arterial compliance

CRP has been shown to be prospectively associated with the increased risk for the
development of cvDM and DM-2PU. As physical inactivity is a primary risk factor in the
development of both these diseases, it is possible that this trend could be, in part, a
function of reduced physical activity patterns. In support of this hypothesis, inverse
associations between CRP and self-reported physical activity levels have recently been
reported in multi-ethnic populations of healthy men and women*?], Additionally,
reports from the National Health and Nutrition Examination Survey III demonstrated that
individuals who participate in vigorous exercise (> 6 metabolic equivalent levels) have a
60% reduction in CRP when compared to individuals who reported no leisure time
physical activity!?!l. These data suggest that increased levels of physical activity or
caloric expenditure may reduce or attenuate the expression of markers of sub-clinical
vascular inflammation in healthy older individuals. The data presented here support these
findings and extend them to women with DM-2 as negative correlation between
cardiorespiratory fitness and CRP was observed.

The mechanisms underlying the negative correlation between cardiorespiratory
fitness and markers of subclinical vascular inflammation have yet to be determined,
however, some evidence suggests that poor metabolic control may play a role. Firstly,
prospective population-based studies have demonstrated that CRP is a strong predictor of
the development of DM-2 in both genders[m. Secondly, a recent analysis of the Women’s
Health Study data has demonstrated that fasting insulin levels are strongly and
independently associated with CRP expression!®’). As insulin resistance precedes the
development of DM-2, these observations suggest that elevated CRP expression may be
secondary to reductions in insulin’s metabolic actions. In line with these studies, a
significant positive relationship was observed between the HOMA index and CRP in the

women studied in this investigation (Figure 2).
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Wei and colleagues™® reported a 2.9-fold increased risk for all-cause mortality
associated with “low fitness” (defined as the lowest quintile of ~1250 individuals) in men
with DM-2 even after adjustment for conventional risk factors such as hypertension,
dyslipidemia and smoking habits. The data presented here provide a possible explanation
for this finding as markers of sub-clinical vascular inflammation were elevated in women
with DM-2 with low cardiorespiratory fitness. Additionally, these data suggest that the
increased CRP with low cardiorespiratory fitness, may be mediated through a reduction
in fasting glucose control (i.e. HOMA index).

Several limitations to this investigation need to be addressed. As the sample size
was less robust than larger epidemiological studies, the median value of cardiorespiratory
fitness was chosen as criteria for group stratification. Had a larger sample size been
evaluated and used the lowest quintile to classify “low cardiorespiratory fitness”, as

others have done!®®

it is likely that much greater differences in fitness and subsequently
greater differences in conventional and novel markers of CVD would have been
observed.

It is also possible that these findings were a consequence of differences in body
mass rather than cardiorespiratory fitness”?”?®.. Inasmuch, similar to others®® a
significant relationship between the HOMA index and body mass index was observed (r=
-0.41 p<0.05; data not shown), however, body mass index and CRP were unrelated (r =
0.28, p=0.3). As increased body mass has a negative impact on cardiorespiratory fitness,
it is difficult to distinguish the independent effects of cardiorespiratory fitness or body
mass on subclinical vascular inflammation in this investigation. To address this issue, a
second analysis of the data was performed with the groups stratified according to time to
exhaustion rather than cardiorespiratory fitness®*%, When the groups were stratified
according to time to exhaustion, the differences in body mass were negated (91 £ 16 vs
89 + 17 kg in the LCF and ACF group respectively), however the differences in CRP
remained significantly different (5.9 £4.5vs2.2 +1.7 g-L']).

Another limitation to this investigation is that the HOMA index is a crude

estimate of insulin sensitivity, and not a direct measure of insulin-mediated glucose

disposal. Despite this limitation, the relationship between VOzpeak and HOMA index
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observed in this investigation was remarkably similar to a recent investigation that
measured insulin sensitivity using the euglycemic-hyperinsulinemic clamp technique (r =
0.42, p < 0.001)"**!. Furthermore, HOMA index estimates of insulin sensitivity are closely
related to measured values obtained using hyperinsulinemic-euglycemic clamp

techniques (-0.796, p < 0.0001) in women with DM-2 P%. As measure insulin sensitivity
was not measured directly in this investigation it is unclear if low cardiorespiratory
fitness is associated with a reduction in insulin sensitivity in women with DM-2, however
these data suggest that it is possible.

The findings presented here have several important clinical implications. It has
been suggested that the increased incidence of DM-2 and CVD in technologically
advanced societies is a function of a caloric surplus due to reduced levels of physical
activity™®"). Furthermore, recent evidence suggests that reduced cardiorespiratory fitness
is an independent risk factor for mortality in healthy and diseased populations®?%). It is
possible that sedentary lifestyle may lead to reduced insulin sensitivity and increased
subclinical vascular inflammation, both of which are considered novel risk factors for
CVDB and DM-2*"). The observation that elevated CRP and reduced glucose control
in women with DM-2 with low cardiorespiratory fitness, demonstrates the negative
impact of physical inactivity on CVD risk in this population. Taken together, these data
support the role of regular exercise in the prevention and treatment of metabolic and
cardiovascular disorders associated with DM-2.

In conclusion, the results of the present study demonstrate that low cardiorespiratory
fitness is associated with elevated CRP levels and reduced fasting glucose control in
women with DM-2. Furthermore, these findings suggest that a link exists between fasting

glucose control and CRP in women with DM-2.
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Tables and Figures

Table 1. Subject characteristics

Legend: BMI = Body mass index, VOzpeak = maximal rate of oxygen consumption

C, = Large artery compliance, C, = Oscillatory compliance; SVR= Systemic vascular
resistance Legend: LV = Left ventricular; LVIDd = Left ventricular internal diameter in
diastole; LVMI = Left ventricular mass index; E/A ratio = ratio of early to late transmitral
filling velocities; PVs; PVd; PVa = pulmonary venous flow in systole, diastole and
during atrial contraction respectively; Pad-Mad = Difference between pulmonary venous
and transmitral flow duration during atrial contraction.

+=p<0.05vs LCF { =p <0.05 vs ACF

Table 2. Hematological markers of cardiovascular disease in women with type 2 diabetes
stratified according to cardiorespiratory fitness.

Legend: Hby,c = Glycosylated hemoglobin, HDL = High density lipoprotein, LDL =
Low density lipoprotein, TG:HDL = Triglyceride to HDL ratio (estimate of LDL particle
size)

+=p<0.05vs LCF; I =p<0.05vs ACF

Figures

Figure 1. Relationship of VOzpeak to C-reactive protein and the HOMA index in women

with type 2 diabetes.

Figure 2. Relationship between the HOMA index and C-reactive protein in women with

type 2 diabetes.
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Table 1.

Category Variable LCF (n=14)  ACF (n=14) gl‘;‘;‘)“"s
Age (yrs) 5947 56+5 69 + 4T
Weight (kg) 94.6 +13.1 84.4+174  70.5+10.1%
BMI (kg/m?) 37.5+4.1 322+5.6' 28.5+3.7"
Years since 5+2 4+3
diagnosis
~ VOzpeax (mLkg 15.7 2.0 2324270 21.9+3.0
Demographi ‘min”)
[}
cs VOzpear (o 69 + 14 01 = 241 111 + 14"
predicted)
Diabetes Therapy .
DIOM) 2/12/0 4/10/0
Hypertension 8 7 .
therapy
Dyslipidemia
4 4
therapy
HR (beats'min™) 76 + 10 74 £ 11 74 +8
SBP (mmHg) 146 £ 17 132 £13 143 £ 13
Resting
Hemodynam DBP (mmHg) 78 £9 72 £12 789
ics
C; (mL-mmHg™") 0.82 + 0.34 1.0+0.38 0.77 +0.18
C, (mL-mmHg")  0.037+0.036 0.040+0.033 0.022 +0.014
LV LVIDd (cm) 54x1.1 4.8+0.6
Morphology
(n =8 LCF LVMI (g/m?) 134 + 62 96 + 13
group; n=11
ACF group) RWT 0.40+0.05  0.40+0.14
E/A ratio 0.95+0.21 1.04 £0.29
Deceleration time ), (05 025+0.04
Estimates of (ms)
LV Function PVs:PVd 1.58 £0.28 1.48 £0.25 -—-
Pad-Mad (s) 27 +35 -33 + 48
Ejection Fraction
%) 69+ 10 71+ 38
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Table 2.

Variable LCF ACF Controls
ana (n=14) (n=14) (n =8)
HbA ¢ (%) 74+1.7 69+1.0 57402
Glucose +
(mmol-LY) 82+ 4.0 75+1.2 53+0.5
Insulin (mU-L") 14.7+ 6.8 11.0 £ 6.0 6.4+2.7"
HOMA index 53+26 3.8+22 1.53 + 0.63"
Total Cholesterol 53+1.4 5.1+0.78 54406
(mmol-L™)
HDL (mmol-L™) 1.4+036 1.3+0.21 1.7+0.3
LDL (mmol-L™) 3.1 +0.65 2.8+0.85 3.0£0.5
TG:HDL 19+1.5 1.6 +0.8 09+0.8
C-RP t 11
(mgL) 63+43 19+1.7 4.1+4.0
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Figure 1.

(A)
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Figure 2.
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Chapter VI. DISCUSSION
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Effects of exercise training on cardiovascular function
Aging and DM-2 are associated with reductions in L'V and vascular structure and
function that likely contribute to the increased CVD risk observed in these populations.
Elevated cardiorespiratory fitness, likely attributed to increase physical activity patterns,
is cardioprotective in both populations independent of conventional CVD risk factors.
The purpose of these investigations was to examine the effects of an exercise intervention

on cardiovascular structure and function in older women and women with DM-2.

Effects of Training on Left Ventricular Morphology

Aerobic exercise training, in the young, is typically associated with the
physiological increase in LV mass, secondary to increased wall thickness and cavity
dimension (i.e. the athletes heart).!"! Aging!®! and DM-2"! are physiological conditions
associated with increased LV mass and wall thickness in the sedentary state and therefore
may not adapt to exercise training in the same fashion as a young healthy myocardium.

A limited number of investigations have assessed the alterations in left ventricular
morphology following exercise training in older populations with LV concentric
hypertrophy.l*®! These data suggest that chronic aerobic exercise training is associated
with a significant regression of concentric hypertrophy. More specifically, 10-14%
declines in LV mass indexed for body surface area were observed following 16-32 weeks
of aerobic exercise training. These adaptations occurred secondary to reductions in
interventricular and posterior wall thickness with little change in cavity areal**,

In Study I, at baseline L'V mass in both groups was significantly higher than
previously reported values™, however, relative wall thickness and LV mass indexed to
body surface area were similar to previously published investigations.!*! Similar to
previous investigations” !l LV morphology was unaltered following exercise training in
older women.

To my knowledge there have been no investigations that have examined the
effects of exercise training on LV morphology in women with DM-2. At baseline the data
acquired were similar to previously published values for women with DM-2P1. In Studies
I and III, LV geometry and size were unchanged following ten weeks of aerobic and

strength training (Appendix Table 5). I had hypothesized that reductions in the arterial
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component of afterload would improve arterio-ventricular coupling and may regress LV
concentric hypertrophy. This hypothesis was based on the observation that acute
improvements in arterioventricular coupling elicited favorable increases in LV
function.['>14

In Studies II-IV, arterio-ventricular coupling was estimated from
echocardiographically-derived stroke volumes coupled with arm cuff pressures. Using
this method no measurable changes in arterioventricular coupling were observed
following exercise training in women with DM-2. Similarly there were no differences in
arterioventricular coupling between groups of type 2 diabetic women stratified according
to cardiorespiratory fitness. Therefore 10-12 weeks of exercise training has negligible

effects of LV morphology and arterioventricular coupling in older women with and
without DM-2.

Effects of Exercise Training Left Ventricular Filling Dynamics

Left ventricular compliance is a function the ventricles ability to distend in
response to changes in volume. Left ventricular relaxation is a complicated process
involving active and passive mechanisms dependent upon calcium handling and
structural coordinated mechanical untwisting that occurs during the relaxation of shared
fibers between the left and right ventricles!'). Accurate determination of LV compliance
is difficult as it involves invasive catheterization of cardiac chambers to measure
ventricular pressures coupled with simultaneous estimates of ventricular cavity
dimensions. Clinically, LV compliance is assessed non-invasively by measuring blood
flow velocity across the mitral valve during diastole!!>!®], The ratio of passive to active
(atrial systole) filling is used a crude marker of LV compliance. A more accurate
determination of LV compliance is possible by including measurements of pulmonary
venous profiles throughout the cardiac cycle[15 1. Although these measures do not provide
true compliance values they have been shown to correlate well with invasive
determination of LV pressures during diastole!'’.

The purpose of Study I was to determine the effects of different modes of training
(i.e. strength vs aerobic training) on cardiorespiratory fitness and left ventricular filling

dynamics in older women free from cardiovascular or metabolic diseases. Due to poor
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imaging quality several subjects were excluded from this portion of the investigation. The
data was pooled to simply examine the role of a 12-week exercise intervention on left

ventricular filling patterns in healthy older women. Similar to Spina ez al.'*'1 left

ventricular filling dynamics were unchanged despite a 15% change in VOzpeak following
exercise training.

Several authors have demonstrated an association between LV filling and
cardiorespiratory fitness (see Chapter 1 Section 3.2.2). Furthermore, both cross sectional
and intervention studies have demonstrated that reductions in LV filling dynamics may
be attenuated with chronic endurance exercise training (see Chapter 1 Section 3.2.2),
although this is not a consistent finding!"""'"). Gender differences have been documented
suggesting that the relationship between left ventricular filling dynamics and
cardiorespiratory fitness may be less stalwart in women® ', Data from Study I support
the notion that the L'V adaptation to exercise training is limited in women. Therefore the
improvements in cardiorespiratory fitness may be more a function of blood flow
distribution or peripheral extraction than a function of improved cardiac performance.

Studies II and IIT were designed to examine the cardiovascular adaptations to
exercise training in women with DM-2. I chose to continue to investigate the impact of
exercise training on LV filling dynamics in older women with DM-2, as Poirier and
colleagues!'® had demonstrated a relationship between cardiorespiratory fitness and LV
filling dynamics in normotensive men with DM-2. I therefore hypothesized that exercise
training in women with DM-2 would likely enhance LV filling secondary to
improvements in cardiorespiratory fitness. Similar to Study I however, no changes in LV
filling dynamics or morphology were observed following a 10-week exercise intervention
in women with DM-2. To my knowledge there have been no other investigations that
have examined the impact of exercise training on LV filling dynamics in persons with
DM-2, however these data support previous work in which exercise training was
associated with minimal LV adaptation in older women!®'"J,

The discrepancies between these results and those of others may be explained by
the duration of the intervention or perhaps gender differences in the cardiovascular
adaptation to training. It is likely the training stimulus employed may not have been of

sufficient duration (10 weeks) or frequency (3 days per week) to elicit appreciable
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changes in the structure or cellular properties of the LV that could be measured using
Doppler-derived transmitral flow patterns. Had we continued the intervention for up to 6

months, as others have done!*®!

, it is possible that we may have produced comparable
findings. Furthermore, it is clear that there is a gender-specific LV adaptation to exercise
training[g'“]. Specifically, improvements in cardiorespiratory fitness with exercise
training in older women seem to be more a function of an increase in arterio-venous
oxygen difference, while cardiac output remains relatively unchanged!'"!. The data

presented here support these findings and extend them to women with DM-2.

Effects of Exercise Training on Arterial Compliance
Arterial compliance can be defined as the relationship between the changes in arterial

dimension for a given change in the distending pressure!'®! A negative association
[20]

2

between arterial compliance and conventional markers of CVD, such as smoking

[23-25]

insulin resistance®'??], dyslipidemia , and obesity®® have been documented,

suggesting that arterial compliance may be a marker of future cardiovascular events?’281,
Recent evidence suggests a positive relationship between arterial compliance and
cardiorespiratory fitness, providing evidence for a mechanism to explain the
cardioprotective effects of regular physical activity (see introduction section 3.3.2).

In studies II and III diastolic pulse contour wave analysis was used to estimate arterial
compliance prior to and following ten weeks of exercise training in women with DM-2.
The major new finding of this investigation is that ten weeks of exercise training resulted
in an improvement in arterial compliance secondary to an improvement in
cardiorespiratory fitness in women with DM-2. Interestingly, these cardiovascular

adaptations were observed without any appreciable change in conventional risk factors

for CVD, such as blood pressure, lipid profile or insulin sensitivity.

Significant negative relationships between central arterial stiffness and VOzpeak have
been documented in men and women'*>", Furthermore, arterial compliance in
endurance-trained middle-aged and older men was 20% to 35% higher than their less
active peers.?!! Intervention studies lasting 13-16 weeks, have demonstrated an ~20%
increase in central arterial stiffness following an ~25% improvement in exercise time to

exhaustion ?**Y. Similar to advancing age, DM-2 is also associated with an increase in
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arterial stiffness®?. To my knowledge these data are the first to demonstrate the
beneficial effects of exercise training on arterial compliance in women with DM-2. The
magnitude of change in arterial compliance following exercise traiing was in line with
those observed in previous investigations that have assessed the impact of an aerobic
exercise training program on arterial compliance in older healthy men and women®311,

As previously discussed, arterial compliance is a function of vascular structure
and endothelial-mediated vascular tone (see Chapter 1 section 2.2.2). Therefore,
enhanced arterial compliance with exercise training in older individuals may be explained
by reductions in vascular wall thickness or improved endothelial-dependent
vasodilatation®?.

It is possible that the enhanced arterial compliance following exercise training
observed in Studies II and III may have been a function of an enhanced endothelial-
dependent regulation of vascular tone. Exercise training has been shown to improve
endothelial-dependent dilatation in older healthy individuals and persons with DM-21>*!
(reviewed in Chapter 1 section 3.3.3). Specifically, eight weeks of aerobic and resistance
exercise training, in type 2 diabetic patients (52 + 2 yrs), increased flow-mediated
dilatation from 1.7 to 5.0%. The data presented here in women with DM-2 show similar

magnitude of improvement in endothelial dependant dilatation following exercise

training.

Effects of Exercise Training on Endothelial Function

As a significant improvement in arterial compliance was observed with exercise
training in women with DM-2 in study II, we sought to determine the mechanism for this
improvement in study III. Endothelial-dependent regulation of vascular tone was
determined by measuring brachial artery dilatation in response to shear stress created by
occluding than rapidly restoring blood flow in the forearm.

The novel finding of Study III was that aerobic exercise training enhanced arterial
compliance in type 2 diabetic women secondary to an improvement in endothelial-
dependent dilatation. Furthermore, these alterations in vascular dynamics and function

were observed despite no measurable differences in known metabolic co-variates, such
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as, glycemia, advanced glycated end-products, insulin, lipids or vascular inflammatory
markers.

As previously discussed, exercise training has been shown to attenuate age or
diabetes/insulin resistance-related decrements in endothelial-dependent dilation (see
Chapter 1 Section 3.3.3). The data presented here support the work of others who have
documented improved endothelial-dependent dilatation following exercise training in
patients with insulin resistance and/or diabetes (see chapter 1 section 3.3.3) The data
presented here are novel in that measurements of arterial compliance were coupled with
with estimates of endothelial-dependent dilatation and suggest that improvements in
arterial compliance with exercise training may be a function of enhanced endothelial
reactivity in women with DM-2.

The proposed mechanisms through which this enhanced vascular reactivity occurs
following exercise training in women with DM-2 remains to be elucidated. Several
authors have speculated exercise-mediated improved in endothelial-dependent dilatation
occur secondary to improved insulin sensitivity or a reduction in oxidative stress.
Although minimal changes in metabolic insulin sensitivity (i.e. HOMA index) were
observed with exercise training, insulin does have vascular actions®®*"1. It is therefore
possible that the exercise-training-mediated improvements in vascular function were
secondary to an enhanced vascular insulin sensitivity, as this has been demonstrated in
animal models?®®!. Furthermore, as reactive oxygen species or by-products of oxidative
stress were not determined, it is unclear whether exercise training reduced oxidative
stress in the population studied. Regardless of the mechanism, the observation that
exercise training elicits functional improvements in vascular compliance secondary to
enhanced endothelial-dependent dilatation may explain the cardioprotective effects of

enhanced cardiorespiratory fitness in persons with DM-2.

Effects of Exercise Training on Cardiorespiratory Fitness

In study I, V'Ozpeak was similar between all four groups and was equal to or
slightly above the age-predicted values obtained from previously published regression

formulas (Appendix Table 2). Interestingly we observed 11, 13 and 20% improvements
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in Vngeak in women within the aerobic-only, strength-only and aerobic and strength
combined groups respectively. These data suggest that strength training is an important
adjunct to the exercise training intervention in older women free from CVD. More
importantly, these data suggest that the limitation to cardiorespiratory fitness in older
women may be more a function of limited muscular power, and a less a function of
coordinated adaptation of the cardiovascular system. It is possible that skeletal muscle
force development is the “structural limitation” to exercise capacity in healthy older
women. Therefore, adaptations that increase muscular force or power may lead to
improvements in exercise tolerance and possibly maximal oxygen uptake in healthy older
women, despite little change in cardiovascular structure or function.

A brief analysis of studies that have measured cardiorespiratory fitness prior to
and following short term (< 12 weeks) exercise training interventions in persons with
DM-2 reveals that the average improvement is approximately 15% (See Appendix Table
1). These data have been comprised of mainly men or mixed cohorts, therefore the female
training response has yet to be intensely studied. Despite this limitation, our data are in
close agreement with these previous investigations as we observed 13 and 15%
improvements in VO,peax following a 10-week aerobic and strength training intervention
in women with DM-2.

The improvements in VO,peax We observed following exercise training in Studies
II and III were significantly less than the 26% improvement reported by Brandenburg and
colleagues®®” . Specifically, this group reported that VOypeak increased from 17.7 £ 4.0 to
22.4+5.5 mlkg ' min” in premenopausal women with DM-2 following 12 weeks of
exercise training. As the training interventions were similar between the two studies,
discrepancies between the relative changes in VOspeax observed following training
between our investigations and that of Brandenburg et al 139 are likely due to differences
in pre-training cardiovascular fitness. Since we did not measure cardiac output or arterio-
venous oxygen difference in this investigation, we cannot speculate as to the mechanisms
which could explain the increased rates of oxygen consumption following exercise

training.
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Correlates of Cardiorespiratory Fitness

Recently it has been shown that low cardiorespiratory fitness is associated with an
increase in mortality in men with DM-2%*1 A5 novel markers of CVD were not
documented in these investigations we sought to examine the impact of low
cardiorespiratory fitness on LV filling dynamics and arterial compliance in women with
DM-2. In Study IV, data from the 28 women studied in Studies II and III were pooled
and subsequently stratified into two groups according to cardiorespiratory fitness (low
and average cardiorespiratory fitness respectively). Examining the data in this way
allowed us to examine the impact of low cardiorespiratory fitness on novel and
conventional risk factors for CVD in women with DM-2.

The primary findings of Study IV were the association of low cardiorespiratory
fitness with increased: obesity, insulin sensitivity and C-reactive protein in women with
DM-2. There were also strong trends towards increased systolic blood pressure, and left
ventricular mass index in women with low cardiorespiratory fitness. Furthermore, no
relationships were observed between low cardiorespiratory fitness and classical risk
factors for CVD such as: age, duration of diabetes, and lipid profile. Finally, no clear
relationship was demonstrated between cardiovascular structure or function and low
cardiorespiratory fitness in women with DM-2.

DM-2 is associated with an increased risk for the development of CVD due in part
to synergistic co-morbidities such as hypertension, dyslipidemia, and obesity. However,
the mechanisms underlying this association remain to be fully determined. Several

possible mechanisms include the presence of sub-clinical vascular inflammation(*],

[43]

hemodynamic insulin resistance'*’), cardiac®! and vascular'*! maladaptations to DM-2 or

(40411 Wei and colleagues!*!! reported a 2.9-fold increased

low cardiorespiratory fitness
risk for all-cause mortality associated with “low fitness” (defined as the lowest quintile of
~1250 individuals) in men with DM-2. The increased risk of mortality associated with
low cardiorespiratory fitness remained significant (2.1-fold) even after adjustment for
conventional risk factors such as hypertension, dyslipidemia and smoking behaviours.
The investigators suggested that low cardiorespiratory fitness in men with DM-2 may be
associated with poor metabolic control, which would subsequently increase their risk for

CVD. Consistent with this hypothesis, we observed a negative correlation between
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insulin sensitivity (assessed by HOMA index) and cardiorespiratory fitness (Chapter V,
Figure 1).

C-reactive protein has been shown to be prospectively associated with the
increased risk for the development of CVDM" and DM-2"¥. Inverse associations between
C-reactive protein and self-reported physical activity levels have recently been reported
in multi-ethnic populations of healthy men and women™*>*®). Additionally, reports from
the National Health and Nutrition Examination Survey Il demonstrated that individuals
who participate in vigorous exercise (> 6 metabolic equivalent levels) displayed a 60%
reduction in C-reactive protein when compared to individuals who reported no leisure
time physical activity[46]. These data suggest that increased levels of physical activity’
may reduce or attenuate the expression of markers of sub-clinical vascular inflammation
in healthy older individuals. Our data support these findings as we observed a significant
negative correlation between cardiorespiratory fitness and C-reactive protein in our
sample of women with DM-2 (Chapter V, Figure 1). Furthermore, we also observed a
positive correlation between insulin sensitivity and C-reactive protein in women with
DM-2 (Chapter V, Figure 2). Our data reflect a possible interrelationship between low
cardiorespiratory fitness, reduced insulin sensitivity and elevated markers of subclinical
inflammation, thereby supporting past findings and extending them to the population of
women with DM-2. Interestingly, we did not observe any changes in C-reactive protein
with exercise training in studies II or III.

The mechanisms underlying the negative correlation between cardiorespiratory
fitness and markers of subclinical vascular inflammation have yet to be determined,
however, some evidence suggests that poor metabolic control may play a role. Firstly,
prospective population-based studies have demonstrated that C-reactive protein is a
strong predictor of the development of DM-2 in both genders*. Secondly, a recent
analysis of the Women’s Health Study data has demonstrated that fasting insulin levels
are strongly and independently associated with C-reactive protein expression*’!. As
insulin resistance precedes the development of DM-2, these observations suggest that
elevated C-reactive protein expression may be secondary to reductions in insulin’s
metabolic actions. In line with these investigations, we observed a significant relationship

between the HOMA index and C-reactive protein (Chapter V, Figure 2). This finding was
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surprising as our sample consisted exclusively of women with severe insulin resistance. It
is therefore possible that a reduction in insulin sensitivity associated with low

cardiorespiratory fitness may be one of the mechanisms through which C-reactive protein
expression is increased in sedentary or less physically fit individuals, even within cohorts

of patients with DM-2.

Potential Mechanisms

Several co-morbidities associated with both aging and DM-2 have an impact of
both arterial and left ventricular compliance, such as obesity, hypertension,
hyperlipidemia and insulin resistance.

Since we did observe significant differences in body mass with exercise training
(Study II&IIT) or by study design (Study IV) our results may be related to changes or
differences in body composition as we observed significant differences in body mass
index between the participants in the low and average cardiorespiratory fitness groups.
Body composition could have effected our results as obesity is associated with, increased
circulating free fatty acids!*®), elevated circulating adipocytokines[49] and/or subsequent
reductions in insulin sensitivity[5 % Furthermore, several investigators have demonstrated

[51-541 and arterial compliance®® however

the impact of obesity on LV filling dynamics
few studies have been performed to determine the effects of weight loss on either of these
parameters in persons with DM-2. Although we did observe a significant relationship
between body mass index and insulin sensitivity, body mass index was not related to LV
filling dynamics or arterial compliance when all subject-data were pooled and analysed.
Therefore, the impact of obesity on the cardiovascular determinants measured in these
investigations was limited.

It is possible that differences in fat mass or adipocyte function may have
influenced our results. The impact of obesity on non-adipocyte cellular function is far
more intricate than once believed®®. The discovery of cytokines that are released from

adipocytes and have peripheral action!>!

[56]

, for example the derivative of the 0b gene,
leptin™ suggest that the adipocyte may act as a organ with the capacity to sense and
respond to altered physiological states>). For example, postprandially, the adipocyte will

respond to elevations in blood glucose and circulating free fatty acids by releasing
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adipocytokines which have an effect on peripheral insulin sensitivity[5 7381 Since there is
a close relationship between adiposity and atherosclerosis several authors have

hypothesized that, similar to insulin, adipocytokines may have vascular as well as

[58-61] [62]

metabolic actions . Leptin receptors have been discovered on smooth muscle cells
and leptin has also been shown to induce nitric-oxide dependent vasodilatation in
periphera1[59’61] and coronary arteries!®”!. Recent data suggest that leptin may also regulate
arterial compliance[64], therefore it is possible that changes in arterial compliance we
observed following exercise training may have been mediated through an enhanced leptin
sensitivity or a reduction in circulating leptin concentrations.

Similarly, insulin has been shown to enhance vascular compliance and increase
blood flow in conduit and resistance blood vessels®**7*®]. Recent investigations suggest
that obesity-mediated metabolic insulin resistance is coupled with a resistance to insulin’s
vascular actions®®*"*8. Exercise training has been shown to improve metabolic insulin
sensitivity irrespective of weight loss®>%6) 1t is therefore possible that exercise training
may also elicit improvements in vascular insulin sensitivity as well. In support of this
hypothesis, 14 days of treadmill running improved insulin-mediated capillary recruitment
in male Wistar rats despite no change in capillary density or basal femoral blood flow®,
The authors concluded that peripheral vascular insulin sensitivity increased in
conjunction with metabolic insulin sensitivity following exercise training. As metabolic
insulin sensitivity increased slightly in Studies II and III following exercise training, it is
possible that exercise-mediated improvements in arterial compliance were achieved
through an enhanced vascular insulin sensitivity.

Finally, there is a wide body of evidence which suggests that ectopic lipid
deposition or steatosis causes cellular dysfunction and accelerates apoptosis, in

(68 and vascular smooth muscle'®. Interventions that increase lipid

[70]

skeletal[67], cardiac

oxidation such as metformin'"™, or re-distribute lipid stores to adipocytes such as PPARy-

(70 and

agonists!’! have been shown to have a favorable impact on both metabolic
cardiovascular function!®®’?7. The beneficial cardiovascular outcomes associated with
these metabolic interventions are likely mediated through improved lipid metabolism. It
is possible that differences in arterial compliance or metabolic insulin sensitivity may

have been mediated through improved lipid metabolism following exercise training.
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Exercise training has been shown to elicit similar beneficial metabolic outcomes,
which seem to be mediated through the activation and increased expression of the
enzyme AMP-activated protein kinase (AMPK)[ 51 AMPK activation regulates glucose
homeostasis by activating GLUT-4 translocation!’® and subsequent glucose transport into
the cell” as well as lipid homeostasis by increasing lipid oxidation'"™. Increased lipid
oxidation with exercise training is likely achieved through AMPK-mediated reductions in
malonyl-CoA derived inhibition of carnitine palmitoyl transferase-17%%%. It is possible
that exercise mediated activation of AMPK with muscular contraction, has an anti-
steatotic effect in persons with DM-2.

Interestingly, it has recently been demonstrated that AMPK is activated in non-
exercising tissues following 30 minutes of running in rats’®%. It has been suggested that
AMPK activation may occur in the endothelium following exercise training and may
enhance vascular function, possibly through reductions in vascular smooth muscle
triglyceride content®). AMPK activation could therefore explain the improved
endothelial reactivity observed following exercise therapy in persons with DM-2. It is
possible that the enhanced endothelial reactivity associated with exercise training we
observed in our investigation was secondary to AMPK-mediated improvements in insulin

sensitivity and/or direct AMPK activation in the endothelium.

Clinical Implications

Impaired LV filling dynamics and reduced arterial compliance are associated with
an increased CVD risk in men and women with and without DM-2#283] Reduced LV
filling dynamics associated with DM-2** and aging 8% may simply reflect the LV
adaptation to altered loading conditions due to changes in LV morphology or vascular
compliance. The clinical concern associated with reduced LV filling dynamics is the
development of diastolic heart failure, the prevalence of which has been estimated to be

upwards of 57% of heart failure cases!®®!

. Although exercise training was not associated
with enhanced LV filling dynamics in our studies, several studies have demonstrated that
exercise training or high cardiorespiratory fitness is associated with improved LV
diastolic function (see chapter 1 section 3.2.2) Longer interventions with more intense or

rigorous exercise training regimes are likely necessary to elicit measurable changes in LV
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filling in older or DM-2 populations. Recently, invasive measurements of LV compliance
have been performed in older athletic and sedentary individuals®”. Data suggest that
chronic intense exercise training for prolonged periods attenuate the age-associated
decline in LV compliance. Therefore, enhanced LV compliance may be a mechanism
through which exercise training mediates protection from the development of
cardiovascular disorders in the elderly. To date, however, the impact of prolonged
exercise interventions on LV compliance in persons with DM-2 has yet to be studied. Our
data suggest that a 10- or 12-week exercise intervention is insufficient to elicit
measurable changes in LV filling dynamics in women with or without DM-2.

Since up to 80% of all deaths in persons with DM-2 may be attributed to some
type of cardiovascular disorder!®®), interventions that ameliorate the risk for the
development of CVD are paramount in the treatment of these patients, especially
women!'® ¥, Increased arterial stiffness has been identified as independent modifiable
risk factor in the development of CVD2"28, In these investigations a brief exercise
intervention in women with DM-2 enhanced arterial compliance, and thereby possibly
reducing the risk for CVD-related morbidity and mortality. More importantly, these
adaptations occurred despite little or no change in blood pressure, cholesterol profile or
insulin sensitivity. It is therefore possible to observe a cardiovascular adaptation to a
lifestyle intervention, despite no measurable changes in conventional markers of CVD
risk. Therefore, non-invasive determination of arterial compliance may be an important
tool clinically to assess the efficacy of treatment in addition to the conventional
assessment of CVD riskP®%,

Finally, insulin resistance and vascular inflammation have recently been accepted
as novel risk factors for the development of CVDP!! and DM-2**). Furthermore, reduced
rates of physical activity are associated with increased sub-clinical vascular

[45,46]

inflammation and insulin resistance®>). Conversely, increased physical activity

patterns, even in high-risk populations have been shown to improve insulin

(65661 and reduce the expression of vascular inflammatory markers***!. In this

sensitivity
investigation low cardiorespiratory fitness was associated with increased vascular
inflammation and reduced insulin sensitivity in a population at high risk for CVD. It is

likely that sedentary lifestyle, even in high-risk populations, leads to reduced insulin
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sensitivity and increased subclinical vascular inflammation, both of which are considered
novel risk factors for CVD¥*?!1, The observation that elevated C-reactive protein and
reduced insulin sensitivity in women with DM-2 who have low cardiorespiratory fitness,
demonstrates the negative impact of physical inactivity in this population. Taken
together, these data support the role of regular exercise in the prevention and treatment of

metabolic and cardiovascular disorders associated with DM-2.

Study Limitations

A few limitations to our investigations need to be addressed. In Studies I-III LV
and arterial function were not assessed during physiological stress such as exercise or f3-
adrenergic stimulation. Therefore it is unclear if exercise training elicited improvements
in inotropic or lusitropic reserve in these populations. Several investigations have

demonstrated impaired inotropic responsiveness in both older healthy®?

and type 2
diabetic individuals®>**!. Furthermore, improved inotropic reserve with endurance
exercise training has been documented in healthy older men®®*. Although it is possible
that the improvements in cardiorespiratory fitness observed in studies I-III were a
function of enhanced LV inotropic reserve, it would appear that this adaptation is limited
to males.

Baseline differences in arterial compliance were observed in Study III, despite
similar patient demographics in both groups. It is possible that these differences were a
function of menopausal status. As menopausal status was determined from self-report, it
is unclear which participants were in the perimenopause from those in true menopause.
The perimenopause is a transitional phase of the ovarian cycle during which estrogen
levels fluctuate on a less frequent basis than during a normal ovarian cycle. As estrogen
has known vascular effects®”), it is possible that the baseline differences in larger artery
compliance were a function of differences in estrogen status between the two groups.
Finally, the poor adherence within the intervention groups significantly reduced statistical
power and limited the ability to describe cardiovascular adaptations to training in women
with DM-2. To control for these limitations a minimal criteria of 80% adherence to the

intervention was set for data to be included in the final analysis. Therefore, despite the
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low adherence I believe that the changes observed with training are specific to the
imposed intervention.

In study III, although demographics were similar between both groups at baseline,
there was a significant difference in large artery compliance between the two groups. As
co-variates for arterial compliance such as age, body mass and cardiorespiratory fitness
were not different between the groups we cannot explain why these differences occurred.
Although it is possible that these differences may have affected the final results, as
compliance was greater in the ET group prior to the intervention, one would expect that
group to have less reserve relative to the group with lower compliance at baseline. It is
therefore unlikely that these baseline differences did not contribute to the observed

changes in compliance following exercise training.

CONCLUSIONS

In conclusion, enhanced cardiorespiratory fitness following exercise training in
women with type 2 diabetes was associated with enhanced larger artery compliance and
endothelial-dependent dilatation despite no change in left ventricular filling dynamics or
conventional CVD risk factors. Additionally, low cardiorespiratory fitness in women with
type 2 diabetes, is associated with elevated C-reactive protein and insulin resistance,

independent of conventional risk factors for CVD.
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FUTURE DIRECTIONS

The cardiovascular maladaptations associated with age and DM-2 have been
poorly described as they have only recently begun to impact health care systems. Recent
evidence suggests that these maladaptations are perhaps more a function of reduced
physical activity patterns rather than a distinct feature of either condition. As such
exercise training has the potential to attenuate or perhaps regress the adverse changes in
cardiovascular structure and function in these individuals. Further studies are required to
describe the role of exercise in preventing cardiovascular disorders associated with aging
and DM-2.

There is currently a growing body of research describing the effects of exercise
training on cardiovascular structure and function in older individuals, however few data
are currently available on individuals with DM-2. Future research in this area should be
designed to elucidate the cellular mechanisms regulating cardiac and vascular function in
individuals with DM-2, and the mechanisms through which exercise training modulates
their regression. These studies must be done with a large randomized clinical trial and a
large prospective cross sectional analysis between individuals with high and low
cardiorespiratory fitness and DM-2. Furthermore, an accurate description of the rate of
decline in cardiac and vascular structure following the onset of diabetes should be
properly described.

Finally, a larger clinical emphasis should be placed on the cardiovascular
consequences associated with age and DM-2 and treatments should be aimed at
attenuating deleterious changes in cardiac and vascular structure and function in these
populations. Exercise is a key intervention in the prevention of cardiovascular

dysfunction and should therefore be recognized to a greater extent in clinical settings.
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k et -859 )
Sk 80 s3xe 287 COWE MR gomin TM 31079 366+68*  T18%
Lehmann et 4d/wk 50-70% . 0
al, 1995'% 8/8 54 312475 12wk VOmax 30-45 Aerobic NR NR (% NR)
Poiri L, 11/ 3d/wk 0
°ir9“;r6f2‘sa " 48 NR >4 :k Vgg nf’ax 30-60 CE 322412 380+17* 118%
HR<100 CE&
93 53+7 29.7+43 bpm 10 sreching 22647 Nochange 02:7%
Dunstan et 3d/wk
al, 1997'% 8wk
50-65% 0
83 52+8 29.1+2.4 VO 40 CE 23+3.1 ~24.8 1t 8%
Ligtenberg
10/ 3dwk  60-80% . 21.0 21.0
| gtg ;;11,2 , 20 63+3 308140 2wk#  VO,max 60 Aerobic (SD NR) (SD NR) o
2500 T 41%
. (1)
2;["1“;19";% 22/ 45+2 304+16 32% Vl"(k VO,max 45 CE  23.0+12 324+13*
s k%
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3d/wk -

60% HR

Aerobic

giﬂ;;fggsg 34 60+5 284%09 o S 60-90 ocp  216:19 254x24¢  T18%

Brzne(ie;l,mr 08 4327 318165 ok TR g Aaobic 177+40 224155 T21%
1999150 wk  HRmax

MR U e s WEOSN w RE O 0L

Rizgolg ff;?l’ 04 5645 26.6+3.6 ig/x}; \6,%275::; 50-60 CE  252+45 269+38 17%

d/wk = days per week; n = sample size; BMI = body mass index (kg/m®); either calculated from data presented or mean

reported by authors; NR = Not reported
BMI: Standard deviations provided when reported, otherwise means were calculated from data provided

Training: F-D = Frequency and duration of the exercise program; I = Intensity of the prescribed exercise; D = Duration of

each individual exercise session; VO;max = maximal aerobic power;

HR = Heart rate; HRR = Heart rate reserve; TM = Treadmill, CE = Cycle ergometry; CWT = Circuit weight training;
Aerobic = Prescribed aerobic exercise such as a combination of walking, cycling, hiking, running, skiing ect.

0= VO, reported as ml/kg FFM/min
** = Training included one session per week of interval training which was prescribed at 5 sets of 2 minutes intervals at
85% of VOypeax interspersed with 3 minutes of recovery at 50% of VOgpeay.
# = initial 6 weeks of training was supervised, followed by 6 weeks of unsupervised home-based training.
$ = Cardiovascular fitness reported as increase time to exhaustion during maximal test
? = no reference made to gender
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Table 2. Subject characteristics for all studies

Healthy

Older Study 1 Study 1II Study IIT Study IV

Variable Control ET CT ET ET CT LCF ACF
n $ 20 7 10 7 7 14 14
Age (yrs) 69+4 69 +4 67t4 56+4 59+£5 56+5 59+7 565
Height (m) 1.60 £ 0.05 1.62+0.07 1.62+0.05 1.61£0.06 1.59+0.04 1.58£0.07 1.59+0.05 1.62 +£0.08
Weight (kg) 70.5 +£10.1 71.3+149 753+11.6 954+12.1 846+16.5 853200 946+13.1 85.3+20.0
BMI (kg/m?) 28.5£3.7 273+52 28.7+4.6 359+42 336173 33.6+4.7 37.5%4.1 33.6t4.7
HRT (n) 6 10 3 4 0 0 - ---
VOzpeak 111+ 14 109 + 14 105 + 15 82+15 78+ 14 82+20 69 + 14 91 +24"
(%opredicted)

BMI = body mass index; HRT = hormone replacement therapy
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Table 3. Baseline haematological variables prior to and following training in all studies

Healthy
oo Study II Study 1T Study IV
Variable Controls Pre Post ET - Pre ET - Post CT-Pre  CT-Post LCF ACF
Trammg Training
0,
HbAsc (%) 57402 67+ 1.1 66+0.9 74420 69+1.5 74+0.77 714+15 T4+1.7 69+1.0
Cholesterol 540.6 54+15 55+1.6 4.8+0.8 56412  52+077  5.0%04 53+2.6 3.8+22
(mmol.L'l) . - - — . . —-— - - —h . . — - - -t . . —_— . - _ - - —— -
LDL
(mmolL) 3.0+05 128+02  130£0.3 28408 35410 3.0+0.6 29+04 53+1.4 51+0.78
HDL
(mmolL) 174031 29+1.0 28+08  1.16+0.14 12+1.0 144023 13402 144036  13+021
Triglycerides
(mmolLY) 14409 28+2.1 28+1.8 42+6.0 21409 1.8+0.73 16+06  237+198 193 +0.72
HDL:TG 0.88 +0.79 23415 18+092  1.7+0.62 1.9+0.1 13406 13407 3.1+065  2.8+085
Glucose
(mol L") 53405 76+1.8 81419 75+3.0 79425 8.0+0.8 74+1.1 82+4.0 75412
Insulin
@ULY) 64+27 14166 132466 135494  132+81 119456 13.8+73  147+68  11.0+6.0
HOMA 0.88 £0.79 51427 46+2.9 43434 48+38 42418 44+23 19+15 1.6+0.8
CRP (gL 41440 N/A N/A 54+48 78+68 28+19 27+2.1 63+43 19+1.7
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Table 4. Baseline hemodynamics prior to and following training in all studies

Healthy
Older Study II Study I Study IV
Variable Controls Pre Post ET-Pre ET-Post CT-Pre  CT-Post LCF ACF
Tramuﬁ Trammg

g‘;ﬁgrate 74+ 8 75412 72+ 14 71+8 +7 83+ 11 7810 76 £ 10 74£11
SBP (mmHg) 143 + 13 143 £15 137 £15 133+ 16 129 + 25 139+ 17 136 +20 146 + 17 132 £ 13
DBP

78+ 9 81+6 77+ 12 75+ 12 70+7 74 +11 72410 7849 72+12
(mmHg)
C 0.77 £0.18 1.03+046 122+041* 0.80+025 090+030 0.75+023 080+029 0.82+034 1.0+0.38
(mL/mmHg)
C, 0.043 + 0.025 + 0.037 + 0.040 +
(mL/mmHg) 0.022+0.014 0.047+0.04 0.035+0.01 0.053 0.007 0.029+0.18 0.03 +£0.01 0.036 0.033
SVR 2142 +285 1800 £418 1587 +210* 1832+452 1835389 1910+336  1809+268 1787+363 1913 +396
E (m/s) 87+8 83 + 13 89 +18 92+ 14 96 +23 91 +22 97 +14 85+ 15
A (m/s) 90 +23 84+ 16 104 +28 96 + 18 83+ 11 87 +23 106 +21 84+ 15
E/A 1.03+029 1.01+021 0.88+0.17 096+0.07 103+022 1.07+026 095+021 1.04+0.29
PVs:PVd 149+0.17 1381023 1.61+035 153+0.16 142+023 151+008 1.58+028 1.48+0.25
Pva (m/s) 28.5+7.7 298+52 264 +2.0 259+1.5 282+3.8 292 +7.0 27.6+4.6 29.1+£56
(‘L‘/)Ig’;:s 1.53+021 1.81+032 193+033° 167+040 161+024 1.84+0.54" 1484023 1.83+0.56"
VOupear 1 21.9+3.0 19.9£43 22.1£5.0° 188+3.5  216+63  200+49 15720  232+2.7
(mL/kg-min™)

SBP/DBP = Systolic and diastolic blood pressure; C; & C,= large and small artery compliance; SVR = systemic vascular resistance; E & A= early and late
(atrial) phases of transmitral filling; PVs/PVd/PVa = pulmonary venous flow during left ventricular systole, the early phase of left ventricular filling, and
retrograde flow during atrial systole; VOape = peak rate of oxygen comsumption. * = p < 0.05 vs baseline
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Table 5. Left ventricular geometry and function prior to and following training in all studies

Study I Study IV Study II-11I Combined
ET (n=18) CT (n="7) n=8 n=11 ET (n=9) CT (n=5)

Variable Pre Post Pre Post LCF ACF Pre Post Pre Post
LVM(g) 135425  144+41 168+23 158+49  268+132 1884315  130+56 115+ 51 174 +28 18129
LVMI
) 77412  81+14  66+15  90+27  134+62 96 + 13 256 £120 219+ 108 9149 100 + 13

0.38 + 041+ 044+
RWT 040£006 oo Yy 0T 040£005  041+0.14 044010 0413008 039+0.13  039%0.08
%mimm) d 442549 462452 450437 436'91 T 5354106  484+58  S514+106 492492  46.6+27  484+4.0
?HY;[])JS 243434 256437 234+2.1 245'73i 323+70  288+54 286470  278+68  300+43 30238
PWTd
(o) $7+13 85+10 92+12 94+07 106+14 9.6+2.5 110402 0994017 090+023 0.93+0.15
2;3;1) $3£15 81413 99+10 93412 98+15 90+12  099+0.10 1.01+£020 092+0.15 0.91+0.08
Ea 17406 18404  167+056 185+062 208+032 1754042
Ees 42429 47420 5424253 500+173 4204212 3754125
Ea/Ees 048+022 0434016 035+0.15 041+023 0.56+0.19 0494011

822+ 763+ 759+

0,

EF (%) 779£008 o7, oo oo 68 + 10 71+8 75+ 8 7449 65+8 68+ 5

LVM = Left ventricular mass, LVMI = LVM indexed for body surface area ; RWT = relative wall thickness ; LVID= left ventricular internal diameter at end
systole and diastole respectively ; PWT = posterior wall thickness ; IVS = interventricular spetal wall thickness ; Ea = end systolic arterial elastance ; Ees = end
systolic elastance (SBP/L.VIDs) ; EF = ejection fraction



Figure 1. Graphic Representation of the Pulse Wave Analysis.
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Figure 2. Typical images obtained from ultrasound determination of cardiac structure and
function.

a. M-Mode Echocardiograph

Doppler Ultrasound a = Pulmonary venous flow profiles; b= transmitral flow profiles
A
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