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A B S T R A C T   

People undertake endurance training to improve their health and cardio-respiratory fitness. Subsequent cardio- 
respiratory and skeletal muscle aerobic metabolic adaptations are gauged by improvements in maximum or peak 
oxygen uptake (V̇O2peak) and the blood lactate inflection point or threshold during incremental exercise – (LIP). 
To further improve physiological capability, subsequent homoeostatic disturbances from exercise should be 
progressively greater in succeeding exercise sessions. Therefore, exercise duration, frequency or intensity should 
be progressively increased during a training regimen to ensure adaptation potential is realized. A progressive 
increase in training workload is termed “progressive overload”. Despite the universal acknowledgment of the 
importance of progressive overload, it is unclear if systematically progressing altering either exercise intensity or 
duration (or distance covered) affect cardio-respiratory gains differently in young and older populations. As 
running faster results in higher heart rates and greater skeletal muscle metabolic stress than running the same 
distance at a lower speed, in this hypothesis we postulate that progressively increasing exercise run intensity will 
result in greater mean and higher incidence of V̇O2peak and LIP gains in young adults (<50 years). However, the 
mechanisms that initiate improvements in cardio-respiratory fitness and skeletal muscle aerobic function may be 
different in older adults due to the inevitable aging decline in cardio-vascular function and mechanical and 
morphological properties of muscle–tendon units. In older adults (>60 years) we hypothesize progressively 
increasing run distance while maintaining the same speed will just be as effective as to progressively increasing 
speed to improve V̇O2peak and LIP. To test these hypotheses, we propose a study that compares progressively 
increasing run intensity to a treatment of progressive matched run distance where speed remains constant in 
young and old adults.   

Background 

The health benefits of endurance exercise training are well docu
mented [1]. Previous investigation shows that sedentary people who 
begin regular endurance exercise training significantly decrease the risk 
of chronic inactivity diseases such as cardio-vascular disease, diabetes, 
hypertension, osteoporosis, and obesity [1]. Exercise also reduces the 
incidence of several cancers [2]. A review of the available evidence from 
Cochrane systematic reviews on the effectiveness of exercise/physical 
activity for various health outcomes, shows physical activity reduces 
pre-mature mortality by 13% and improves quality of life. [3]. Addi
tionally, the health benefits of regular cardio-respiratory training are 
generally more profound in exercise training regimes of greater intensity 

[4,5]. Lavie et al [4] demonstrated that walking reduces deaths from 
cardio-vascular disease by 33% while running reduces deaths from 
cardio-vascular by 45%. Maintaining vigorous exercise throughout life 
reduces aging impact on cardio-vascular function [6]. Trappe et al [6] 
showed unfit men’s peak oxygen uptake (V̇O2peak) declined by 15% per 
decade over two decades, opposed to a 10% decline in V̇O2peak in fitness 
trained men, and a 6% decline in V̇O2peak per decade in highly trained 
men. Consequently, the American College of Sports Medicine strongly 
encourages people to maximise their cardio-respiratory fitness [7]. 

Two important clinical parameters of cardio-respiratory fitness are 
the individual’s peak oxygen uptake (V̇O2peak) and the blood lactate 
inflection point or threshold – the exercise intensity at which inflections 
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in blood lactate are observed [8]. The Heritage Study [9] showed that 
mean V̇O2peak improved by 17 % after 20 weeks of training in 855 adults. 
Hickson et al reported gains of 23 % in V̇O2peak after 12 weeks of intense 
endurance training in men [10]. The blood lactate threshold increases 
by approximately 17 % after 40 weeks of training [11]. Individuals 
gradually increase the training workload by manipulating the intensity, 
frequency, or duration of training sessions to maximise improvements in 
V̇O2peak and the blood lactate inflection exercise point [12]. The gradual 
increase in training workload is termed “progressive overload” [12]. The 
theory for progressive overload is modified from the general adaption 
syndrome theory proposed by Seyle [13]. The progressive overload 
theory is based on the theory that adaptation (“supra-compensation”) 
occurs in response to stress to ultimately improve the individual’s 
physiological state and capacity for exercise. Exercise disturbs normal 
homeostatic regulation as cell ATP concentration, glycogen concentra
tion and pH fall, metabolites accumulate and electrolyte concentration, 
hormone and immune regulation is altered as is blood and oxygen 
supply [8,12]. These physiological disturbances are more profound with 
higher exercise intensity and trigger acute genetic and molecular re
sponses to maintain or re-establish homeostasis [8,12]. Adaptations to 
exercise training result from the cumulative effect of temporary in
creases in mRNA transcripts that code for specific proteins after each 
successive exercise bout [12]. In between exercise bouts (during the 
time of recovery) the molecular responses from exercise result in 
enhanced gene expression that extends well past contractile activity (up 
to 24 h after exercise) and tend to reset the homeostatic set-point 
required for molecular change [12]. These adaptations reduce 
homoeostatic disturbances in succeeding exercise bouts of similar 
metabolic stress. For example, the key mRNA driving mitochondrial 
biogenesis, PGC1 α, increases by 10–11-fold 4 h after the first exercise 
bout. The impact is PGC1 α protein relative abundance increases by 
1.2–1.4-fold. However, there is progressive decline in PGC1 α mRNA 
expression with increasing exercise sessions. By the fourth bout of ex
ercise, changes in mRNA expression fall to 4–5-fold and subsequent 
protein relative abundance changes decline [12]. Consequently, to 
extend upon the initial adaptation the exercise stress needs to be greater 
in succeeding exercise bouts to stimulate a similar relative homeostatic 
challenge [8,12]. Therefore, succeeding exercise sessions need to be 
continually more challenging to maintain sufficient stimulus and genetic 
expression for further physiological adaptation. Appropriate time for 
rest and recovery is a key tenet of optimizing physiological adaptation to 
allow sufficient time for the molecular changes to manifest [8,12]. 
Despite the self-evident nature and anecdotal importance of progressive 
increments in training workload, scientific evidence supporting how this 
training principle should be implemented in endurance run training to 
optimize cardio-respiratory fitness and skeletal muscle function is sur
prisingly limited. It is also unclear if the individual’s age should be a 
consideration to optimize the impact of progressive overload on cardio- 
respiratory fitness and aerobic skeletal muscle function. 

Hypotheses. There is sufficient evidence to suggest young and old people 
respond to exercise differently. We first hypothesize the mean change and 
frequency of positive responders in cardio-respiratory fitness and skeletal 
muscle function will be greater in a running regimen that progressively in
creases run speed compared to a regimen with matched run distance but 
unchanged run speed in younger people. We also hypothesize the mean 
change and frequency of positive responders in cardio-respiratory fitness and 
skeletal muscle function will not be different between a 12-week running 
regimen that progressively increases run speed compared to a regimen with 
matched run distance but unchanged run speed in older people. 

Evaluation of the Hypothesis 

Studies into the muscle cell molecular changes in response to exer
cise offer insights into the relevance of progressive increases in training 
intensity. Booth [14] revealed the mitochondrial protein; cytochrome C 
increased initially in response to a training regime. However, Booth [14] 

also observed that unless the training intensity is increased progressively 
throughout a training regime, there was no further net gain in cyto
chrome C concentration, as the stimulus threshold for its activation 
became progressively higher as the training regime progressed. Booth 
demonstrated the importance of progressive overload at a molecular 
level. Studies at a system’s level also support the importance of pro
gressive overload. Hickson and colleagues [10] investigated changes in 
V̇O2peak over a 10-week training period. In this study nine participants 
exercised six days per week alternating training between bicycle 
ergometer and field running. The bicycle ergometer training involved 
six by five-minute exercise intervals at 90 %-100 % V̇O2peak interspersed 
with lower intensity work periods (50 %-60 % V̇O2peak). The running 
protocol of the treatment required the participants to run at the 
maximum velocity that could be sustained for 40 min. To ensure the 
relative exercise stimulus was maintained, participants were re-tested 
every week to ensure it was adjusted to 90 %-100 % of V̇O2peak Hick
son et al. [10] observed a linear increase in V̇O2max over a 10-week 
period, resulting in an overall 23 % change after 10 weeks of training. 
However, Hickson et al. study did not incorporate a control group 
(where training intensity remained constant for 10 weeks) to allow 
comparison of the relative importance of progressive increments in 
training intensity. In Hickson’s et al. 1981 study [15] subjects undertook 
a running/cycling training regime where the initial training intensity 
and volume was not increased until after the fourth week of training 
commencement. Hickson et al. [14] showed V̇O2peak increased by 14 % 
within 3 weeks of initiating training. Despite maintaining the same 
training regime, V̇O2peak remained unchanged a week later. After the 
fourth week of training, the relative training intensity was matched to 
the improved V̇O2peak resulting in a further 8 % increase in V̇O2peak. 
Hickson et al. [15] results showed that unless the training stimulus is 
increased, further increases in V̇O2peak will not be observed in response 
to exercise training. McNicol et al. [16] explored the relative importance 
of progressive overload in 28 previously sedentary participants who 
undertook 20 min of treadmill running three times a week for six weeks. 
The study compared the V̇O2peak, lactate inflection velocity and 5 km 
time trial performance in a group that progressively elevated run in
tensity by 0.1 km.h− 1 every treadmill run to a constant-rate treatment 
who maintained the initial run velocity for the duration of the study. 
McNicol et al. [16] found a greater increase in V̇O2peak and lactate in
flection point in the incremental run intensity intervention. However, it 
is uncertain if the increase in V̇O2peak and blood lactate inflection point 
occurred as a response to the rise in run speed or to the concomitant 
increase in run distance. 

More recently Reuter et al. [17] compared changes in cardio- 
vascular performance measures between a group that maintained the 
same exercise intensity (3 days/week of walking or running for 50 min/ 
session at 55 % heart rate reserve for 26 weeks to a group that switched 
to higher intensity training after 10 weeks. The higher intensity group 
completed training at 70 % heart rate reserve for 8 weeks and then 
undertook a high intensity interval training program (4 × 4-min in
tervals at 95 % HRmax with 3 × 3-min “breaks” in between at 70 % heart 
rate maximum) for a further 8 weeks. Reuter et al [17] revealed transfer 
to high-intensity interval training resulted in greater gains in V̇O2peak 
than the constant/same intensity training group (3.4 versus 0.4 
mL.kg− 1.min− 1). More recent research has shown increasing exercise 
intensity after several weeks of low intensity training increases the 
percentage of positive cardio-respiratory responders to training [18]. 
Furthermore, gradually progressing running intensity over 6 weeks of 
running training increased the percentage of positive cardio-respiratory 
responders to training [19]. Several researchers show higher intensity 
exercise optimizes improvements V̇O2peak [20,21]. Gormley [20] 
showed when the volume of exercise training is controlled, higher in
tensities of exercise improve V̇O2peak greater than lower intensities of 
exercise in young adults. Helgerud et al. [21] showed 8 weeks of high- 
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aerobic intensity endurance interval training was more effective than 
performing the same total work at either lactate threshold or at 70 % 
heart rate maximum in improving V̇O2peak in moderately trained in
dividuals. It is hypothesized the greater gains in cardio-respiratory 
fitness from these studies [20,21] is consequential to the higher heart 
rates, vascular endothelial shear stress and muscle cell metabolic de
mand of higher intensity exercise [10]. Other researchers have shown 
higher intensity exercise does not necessarily result in superior gains in 
cardio-respiratory fitness [22]. Belman and Gaesser [22] showed that 
training 20 % above and 28 % below the lactate threshold resulted in 
similar gains in V̇O2peak and lactate threshold in in older adults (65–75 
years). Badenhop et al [23] also showed in older adults (mean age 67 
years) exercising at low intensity (30–45 % heart rate reserve) improved 
V̇O2peak similarly to a high intensity group (60–75 % heart rate reserve). 
It is difficult to draw from conclusions from the research comparing high 
versus low intensity exercise as the studies to date have low participant 
number, and the age of the participants may impact on the experimental 
outcomes. Appropriately powered studies are clearly required to 
adequately test hypotheses on training response difference between high 
and low intensity or longer duration training regimens. It is theoretically 
possible, that while greater intensity of exercise results in greater 
physiological stress than lower intensity exercise of similar training 
duration, sustaining longer durations of exercise in older adults may 
result in accumulatively similar physiological disturbances (when 
overall energy expenditure is matched to a higher intensity treatment) 
that trigger the key molecular responses that enhance cardio-respiratory 
fitness. It is important to highlight older people respond differently to 
exercise training with lower absolute gains in V̇O2peak compared to 
young people [9]. Although the relative (percent change) gains in 
V̇O2peak are similar to young people [24]. Unlike young people, 
improvement in cardio-respiratory fitness and aerobic skeletal muscle 
function in older adults may be partly attributed to a different mecha
nism [25]. Gries et al [24] showed lifelong exercise reduces the decline 
in V̇O2peak and preserves metabolic phenotype comparable to young 
exercisers. Gries showed 50 + years of aerobic exercise fully preserved 
capillarization and aerobic enzymes, regardless of intensity. However, 
the decline in cardio-vascular capability (a decrease in maximal cardiac 
output) associated with aging can only be partly attenuated by life-long 
exercise. Consequently, older people may be more reliant on skeletal 
muscle adaptations rather than central aspects of cardio- cardiovascular 
adaptation to improve exercise capacity and V̇O2peak. 

Based on the literature to date we postulate that in young adults 
(<50 years of age) that progressively increasing run speed will improve 
cardio-respiratory fitness and skeletal muscle function significantly 
more than a training regimen of matched progressive run distance with 
constant run speed. However, we postulate in older adults (>60 years) 
that progressively increasing distance while maintaining the same run 
speed will produce similar improvements in cardio-respiratory fitness 
and skeletal muscle function as progressively increasing run speed 
(while matching run distance). 

Importantly for the untrained individual striving to improve cardio- 
respiratory fitness and skeletal muscle function, the relative impact of 
gradual session by session progressions in training intensity or duration 
needs to be identified, and crucially if the progressive overload emphasis 
should be different depending on the individual’s age. The World Health 
Organization (WHO) inform global healthy policy and advise all in
dividuals exercise to reduce the incidence of chronic disease and pre- 
mature mortality. The WHO advocate individuals undertake 150 min 
of moderate-intensity or 75 min of vigorous intensity exercise a week 
[3]. However, cardio-respiratory fitness People undertake endurance 
training to improve their health and cardio-respiratory fitness. Subse
quent cardio-respiratory and skeletal muscle aerobic metabolic adap
tations are gauged by improvements in maximum or peak oxygen uptake 
(V̇O2peak) and the blood lactate inflection point or threshold during in
cremental exercise – (LIP). To further improve physiological capability, 

subsequent homoeostatic disturbances from exercise should be pro
gressively greater in succeeding exercise sessions. Therefore, exercise 
duration, frequency or intensity should be progressively increased dur
ing a training regimen to ensure adaptation potential is realized. A 
progressive increase in training workload is termed “progressive over
load”. Despite the universal acknowledgment of the importance of 
progressive overload, it is unclear if systematically progressing altering 
either exercise intensity or duration (or distance covered) affect cardio- 
respiratory gains differently in young and older populations. As running 
faster results in higher heart rates and greater skeletal muscle metabolic 
stress than running the same distance at a lower speed, in this hypothesis 
we postulate that progressively increasing exercise run intensity will 
result in greater mean and higher incidence of V̇O2peak and LIP gains in 
young adults (<50 years). However, the mechanisms that initiate im
provements in cardio-respiratory fitness and skeletal muscle aerobic 
function may be different in older adults due to the inevitable aging 
decline in cardio-vascular function and mechanical and morphological 
properties of muscle–tendon units. In older adults (>60 years) we hy
pothesize progressively increasing run distance while maintaining the 
same speed will just be as effective as to progressively increasing speed 
to improve V̇O2peak and LIP. To test these hypotheses, we propose a 
study that compares progressively increasing run intensity to a treat
ment of progressive matched run distance where speed remains constant 
in young and old adults. 

and the subsequent health gains will stagnate and not be optimized if 
exercise sessions are not progressively more physiologically challenging. 
The current exercise prescription guidelines for the magnitude and 
timing of progressive overload are vague and not supported by strong 
evidence or age specific. The American College of Sports Medicine 
(ACSM) [7] recommend progression from moderate-intense exercise 
(40–60 % of heart rate reserve), three days week for 15–30 min for 4 
weeks to more intense exercise (50–85 % heart rate reserve) training 
over the next 4–5 months, with duration increased every 2–3 weeks until 
the individual can sustain 35–40 min of exercise. Whilst the ACSM 
guidelines provide practical starting exercise recommendations for the 
apparently healthy individual, the empirical evidence for the advised 
rate of change in work-rate either in speed or power (watts) is not clear. 
Weatherwax et al [25] recently showed gains in V̇O2peak based on 
training within medically endorsed heart rate training zones result in 
only 60 % of positive responses. Consequently, exercise prescription 
based on generic heart rate zones does not optimize the responders to 
training [25]. Therefore, more evidence is required to determine the rate 
of exercise intensity in work-rate that can be sustained by the general 
population. McNicol [16] showed 0.1 km.h− 1 increments in run in
tensity commencing 1.8 km.h− 1 below their pre-training lactate inflec
tion point was sustainable for all participants (mean age 20.8 years) over 
6 weeks (18 sessions). However, it is not clear if this rate of change in run 
velocity can be sustained over an additional 6 weeks. Testing of the 
hypotheses will provide empirical evidence to optimize progression of 
exercise training work-rate to improve cardio-respiratory fitness in 
young and old adults. 

Hypothesis testing 

To evaluate the hypothesis, the study proposes a quasi-experimental 
independent measures design. Healthy young (18–50-years) and older 
(60–70 years) male and females who have not participated in running 
training regimen would serve as participants. Participants would be 
allocated to one of three running regimen treatment groups: a progres
sive increase in run intensity treatment (treatment 1), a constant in
tensity/increased distance treatment (treatment 2) or control. The 
treatments and control would have two age categories each –young and 
older. The dependent variables would be assessed before and after a 12- 
week run training regimen. Participants would be allocated to the 
treatments using the minimisation technique, to reduce the imbalance in 
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the starting blood lactate inflection point [26]. 20 participants would be 
randomly allocated to either of the two experimental and control 
treatments. An imbalance score is calculated, and further allocation of 
participants would be selectively placed into the treatments to reduce 
the imbalance between treatments. The two experimental treatments 
require the participants to run on a treadmill three times a week with 
one rest day between each training session to complete 36 overall 
running sessions. Participants in treatment 2 would be matched to an 
individual of similar pre-training lactate inflection point in Treatment 1 
to inform the distance to be covered Treatment 2. In the control treat
ment no participants would not engage in exercise training. To deter
mine for significant differences (p < .05) in the dependent variables a 
repeated measures multi variate analysis of variance would be used. The 
number of participants required to detect a moderate effect size (0.5) in 
a two tailed test to achieve a power of 80 % (1-β) would be calculated 
allowing for a 25 % attrition rate. Responders would be determined as 
changes exceeding the random or technical error of measure of the 
dependent variables. The random or technical error of measurement 
(TEM) would be determined from the differences in control groups 
dependent variables over the duration of the experiment. TEM is 
calculated by dividing the standard deviation of the difference score 
by√2 [18]. 

The participants V̇O2peak would be assessed from a discontinuous 
incremental running test to volitional exhaustion on a motorised 
treadmill. Participants would be fitted with a breathing valve which 
diverts expired air into an online metabolic system. We propose to use a 
MOXUS Metabolic cart (AEI technologies, USA) incorporated with S-3A/ 
I Oxygen Analyzer, CD-3A Carbon Dioxide Analyzer and Pneumotach 
Breath Volume Measurement System to determine fraction expired ox
ygen and carbon dioxide and expired ventilation respectively. Partici
pants commence treadmill running at a sub-maximal run velocity for 6 
min before progressively increasing by run velocity every second min
ute. Sub-maximal heart rate, V̇O2 (running economy) and blood lactate 
would be recorded every minute during the incremental velocity 
treadmill test. Blood lactate inflection point would be determined by the 
first significant change in blood lactate concentration. V̇O2peak, final 
treadmill speed, sub-maximal heart rate, running economy and blood 
lactate, and lactate inflection point would be assessed one week prior 
and one week after completion of the 12-week run training treatments 
and control treatment. 

In the Progressive increased run intensity treatment (treatment 1) all 
run sessions would be 20 min. Participants treadmill speed would pro
gressively increase by 0.1 km.h− 1 from their pre-determined running 
velocity (1.8 km.h− 1 below their pre-training lactate inflection point) 
each run session. In the constant intensity/increased distance treatment 
(treatment 2) participants treadmill speed would be fixed at 1.8 km.h− 1 

below their lactate inflection point for the experimental duration. Dis
tance would be progressively increased by the distance covered in 
Treatment 1 (approximately 1 % by session). In the control treatment, 
participants would be requested not to engage in a fitness training 
regimen for the duration of the experimental protocol. The control 
group would be used to determine the random error of each dependent 
variable. 

Limitations of the Hypothesis Testing 

There are limitations to the proposed hypothesis testing. This hy
pothesis proposes to deploy a quasi-experimental design in preference to 
a true random control trial. The rationale for a quasi-experimental 
design is it allows control over the variable that would most likely 
determine the percent change in fitness- the initial fitness level. The 
more unfit a person is, the greater scope for potential improvement. A 
limitation of our approach that we have chosen to control for the base- 
line lactate inflection point and not cardio-respiratory fitness (V̇O2peak). 
The percent change in lactate inflection and V̇O2peak from training is 

similar McNicol [14]. Other extraneous variables may influence the 
percent change in V̇O2peak and the lactate inflection point such as diet, 
individual genetics, motivation, incidental exercise, stress, and socio- 
economic status. 

Consequences of the hypotheses and discussion 

The practical outcome of testing the proposed hypothesis is to 
augment the World Health Organization’s exercise prescription guide
lines advocating individuals undertake 150 min of moderate-intensity or 
75 min of vigorous intensity exercise a week. These fitness guidelines are 
a core tenet of the most modern countries policies to maintain healthy 
cardio-respiratory fitness, muscle strength and flexibility. However, 
cardio-respiratory fitness will stagnate if progressive overload is not 
implemented in an exercise training regimen as the human body adapts 
to the initial exercise stimulus. Subsequently the impact of exercise 
training on reducing chronic disease and mortality risk for the general 
population is not optimized if subsequent training does not progres
sively challenge the individual’s physiology. Current fitness guidelines 
do not provide tangible advice to the general population on how pro
gressive overload should be implemented in a training regimen and if it 
needs to be different for young and old. Progressive overload in training 
generally focuses on increasing the intensity, duration of training and 
frequency of exercise sessions. This hypothesis would provide evidence 
on the relative effectiveness of increasing exercise intensity versus ex
ercise distance to improve cardio-vascular fitness for young and older 
adults. Guidelines on the most effective work-rate training variables to 
manipulate, and the rate of work-rate change in run intensity than can 
be sustained would provide important information to guide health 
policy to further reduce mortality risk and chronic disease by enabling 
exercise professionals to design training programs that maximize the 
individual’s cardio-respiratory fitness potential and minimize injury or 
“burnout’ with consideration of their age. 

Conclusions 

The importance of applying progressive overload in a training 
regime to maximise the impact of exercise training on cardio-respiratory 
fitness was initially revealed by the seminal work of Hickson et al. 
[10,15]. However, there is scope for future research to investigate 
fundamental questions important for exercise prescription; does pro
gressively increasing run speed or distance covered change cardio- 
respiratory fitness differently for young and older adults? The pro
posed investigation aims to test the hypothesis that progressively 
altering running intensity affects cardio-vascular fitness gains differ
ently to a treatment of matched running distance where speed is 
unchanged. 
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