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Chapter One 

INTRODUCTION 

1.1 Current perspectives on paediatric exercise metabolism 

One of the fundamental issues for the paediatric exercise physiologist is to quantify and 

describe how the muscle metabolic responses during exercise are modulated during 

growth and maturity, and to identify the physiological mechanisms that underpin these 

changes. Such research endeavours are not only important from a theoretical standpoint 

(i.e. to investigate developmental aspects of metabolic function and control), but also 

practically, as the rich information obtained from such studies can be used to quantify 

metabolic dysfunction in paediatric disease states and shed light onto the physiological 

bases for the child’s reduced ability to tolerate physical exercise (i.e. Hebestreit et al., 

2005; Selvadurai et al., 2003). Using such data, interventions can then be developed and 

implemented with the ultimate goal of increasing the child’s capacity to tolerate 

physical activity and to promote their overall well-being (Bar-Or & Rowland, 2004; 

Wasserman et al., 2005).  

   

Arguably the most detailed investigation of paediatric muscle metabolism was 

conducted over 35 years ago when a series of pioneering studies using the muscle 

biopsy technique were conducted to investigate the metabolic profile of the muscle at 

rest, i.e. enzymatic activities, and the responses of the muscle phosphates, lactate (La) 

and glycogen to a bout of exercise (Eriksson, 1980; Eriksson et al., 1971; Eriksson & 

Saltin, 1974). Such is the impact of these studies, that the theories and concepts 

proposed by Eriksson and colleagues have intrigued and challenged researchers to the 

present day (Cooper & Barstow, 1996; Petersen et al., 1999). 
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Eriksson and colleagues noted no appreciable differences in the concentration of 

adenosine tri-phosphate ([ATP], where brackets denote concentration) in the rectus 

femoris muscle at rest in boys aged between 11-16 years (~ 4.8 to 5.4 mM⋅kg-1 wet 

mass), whereas a progressive age-related increase in muscle phosphocreatine ([PCr], ~ 

15 to 24 mM⋅kg-1 wet mass) and [glycogen] (~ 55 to 88 mM⋅kg-1 wet mass) was 

observed over the 5 year period. Therefore, while muscle [ATP] appears ‘fixed’ at 

adult-like concentrations in boys as young as 11 years old, the energetic potential of the 

myocyte to support substrate level phosphorylation (i.e. PCr breakdown and anaerobic 

glycogenolysis) during exercise appears to increase its capacity during adolescence. 

Given this supposition, of particular interest are the responses of muscle [ATP], [PCr] 

and [La], determined from the rectus femoris muscle, in 11-16 year old boys and adult 

men following sub-maximal and maximal intensity exercise during the determination of 

their maximal oxygen uptake ( 2OVp & ) (figure 1.1).   

 

 

 

 

 

 

 

 

Figure 1.1 Rectus femoris muscle [ATP] and [PCr] (A) and [La] (B) in 11.6, 12.6, 13.5, 
15.5 year old boys and adult men at sub-maximal and maximal exercise intensities on a 
cycle ergometer. From Eriksson and Saltin (1974), with permission.    
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It is clear that following sub-maximal and maximal exercise no appreciable age-related 

changes were observed for the hydrolysis of muscle [ATP], which was minimal until 

the attainment of maximal 2OVp & . In contrast, the breakdown of muscle [PCr] from rest, 

which was characteristically linear for all participants during sub-maximal intensities, 

was less pronounced in the 11 year old boys than the older age groups at maximal 

2OVp & (~ 10 vs. 16 mM⋅kg-1 wet mass respectively). Likewise, at maximal 2OVp &  a 2-

fold increase in the muscle [La] concentration was observed between 11 and 16 year old 

boys (~ 8 vs. 16 mM⋅kg-1 wet mass respectively). This was attributed to the 3-fold lower 

activity of the glycolytic rate-limiting enzyme phosphofructokinase in the younger 

boys’ rectus femoris muscle, suggesting a reduced potential for ATP flux via anaerobic 

glycolysis. Furthermore, in a sub-sample of pre-pubertal boys (aged 13.6 years) 

Eriksson et al. (1971) noted a strong (r=0.67) positive correlation between the 

concentration of muscle [La] measured at exhaustion and testicular volume, which was 

used as a marker of biological maturity.  

 

The collective conclusion from these unique biopsy studies was that pre- or peri-

pubertal children appear to have a limited or diminished ability to support the ATP 

required for muscle contraction via anaerobic energy sources, and that is mediated in 

some fashion by biological maturation. No data have subsequently been published to 

confirm or refute the muscle [ATP], [PCr] and [La] responses during exercise in young 

people, largely due to the ethical restrictions in using the biopsy technique in this 

population. Rather, the bulk of studies conducted by paediatric exercise physiologists 

have employed child friendly non-invasive indices of muscle metabolism such as blood 

acid-base and [La] profiles (Beneke et al., 2005; Mero, 1988; Pianosi et al., 1995; Ratel 

et al., 2002), the respiratory exchange ratio (RER) to quantify carbohydrate and lipid 
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substrate utilisation (Boisseau & Delamarche, 2000; Martinez & Haymes, 1992), or 

short-term ‘all-out’ power output profiles (Beneke et al., 2005; Williams, 1997), which 

indirectly reflect the muscle metabolic responses during exercise. A comprehensive 

overview of such studies can be found in excellent texts (Armstrong, 2007; Rowland, 

2005), which generally (although see Beneke et al., 2005; Beneke et al., 2007), support 

the notion that children have a greater oxidative but attenuated glycolytic energetic 

response than older children or adults during exercise.  

 

It must be recognised however, that as these non-invasive procedures are removed from 

the muscle, they only provide an indirect insight into muscle metabolism, and thus are 

open to criticism. For example, the use of blood [La] to reflect anaerobic glycolytic 

activity is complicated by the efflux rate of La from the muscle to blood, and once in the 

blood the oxidation of La in contracting muscles, and La metabolism in the liver, heart 

and brain (Gladden, 2008). Consequently, as recently articulated by Armstrong and 

Fawkner (2008), the ‘understanding of paediatric exercise metabolism is far from 

complete and non-invasive methods capable of interrogating muscle during exercise are 

required to progress knowledge’ (p.403). 

 

A non-invasive technique that permits a direct insight into the metabolic responses of 

the contracting muscle is therefore of crucial importance in order to further the current 

understanding of paediatric muscle metabolism. A technique that meets this criteria is 

31P-magnetic resonance spectroscopy (31P-MRS), which permits non-invasive, in-vivo 

quantification of the muscle phosphates (ATP, PCr and inorganic phosphate (Pi)) and 

cellular pH at a high sampling resolution during rest and exercise (Kent-Braun et al., 

1995; Sapega et al., 1993). Despite its overwhelming promise, this technique has 
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received little application to studying aspects of muscle metabolism in young people, 

likely due to its huge financial costs and the trained personnel required to operate a 

magnetic resonance (MR) scanner. However, a handful of studies have been conducted, 

and generally support the supposition that the anaerobic energy turnover (PCr 

breakdown and glycolysis) during high-intensity calf or quadriceps exercise is lower in 

younger children compared to their older counterparts (Kuno et al., 1995; Taylor et al., 

1997; Zanconato et al., 1993), although see Petersen et al. (1999). While these results 

are of interest and appear to corroborate the work of Eriksson, issues relating to the 

muscle group interrogated by 31P-MRS and data normalisation techniques, limit the 

inferences made from these studies. Moreover, basic information on the reliability of the 

31P-MRS derived measures of metabolism and exercise performance (i.e. power output 

and time to exhaustion) have yet to be investigated in children, thus limiting confidence 

in the outcome measures of this novel technique.  

  

When appropriately modelled, the 2OVp &  kinetic response following a ‘step’ change in 

metabolic rate has been experimentally shown, at least in adults, to provide a non-

invasive window into the utilisation of oxygen at the muscle level ( 2OVm & ) during 

cycling exercise (Barstow et al., 1990; Grassi et al., 1996; Koga et al., 2005a). Recent 

child-based studies using this technique have demonstrated that the exponential rise in 

2OVp &  during cycling exercise above and below the gas exchange threshold (GET) is 

more rapid in younger children than older children or adults (Fawkner & Armstrong, 

2004a; Fawkner et al., 2002b). These studies therefore infer that the control of 

mitochondrial oxidative phosphorylation, specifically its ‘switch on’ time, is modulated 

during growth and maturation. However, the mechanisms underlying this phenomenon 

are currently unknown but are thought to be related to enhanced oxidative properties of 
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the myocyte in young people (Barstow & Scheuermann, 2005), which are poorly 

understood. 

 

It is well known that cellular concentrations of the muscle phosphates (i.e. PCr, creatine 

(Cr), Pi and/or adenosine diphosphate (ADP)) play a central role in the regulation of 

muscle ATP synthesis via oxidative phosphorylation (Chance et al., 1986; Meyer & 

Foley, 1996; Rossiter et al., 2005; Walsh et al., 2001). Indeed, it has been demonstrated 

in adults that the kinetics of the muscle phosphates, specifically the breakdown of 

muscle PCr determined using 31P-MRS, holds a close temporal relationship with the 

exponential rise in 2OVp &  during exercise transitions, thus supporting the notion that the 

two variables are mechanistically coupled (Barstow et al., 1994a; Rossiter et al., 1999). 

However, little is known about the kinetic changes of the muscle phosphates during 

exercise in children, with the two studies conducted limited to the resynthesis of muscle 

PCr following incremental exercise to exhaustion which present conflicting findings 

(Kuno et al., 1995; Taylor et al., 1997). Given that child-adult differences exist in the 

kinetics of 2OVp &  at the onset of exercise, a logical hypothesis may be that the kinetics 

of the muscles’ phosphates must undergo a similar modulation during childhood and 

adolescence, given their mechanistic coupling to controlling oxidative metabolism. 

Unfortunately, such studies have never been undertaken but are possible given the 

ability of 31P-MRS to sample the muscle phosphates continuously and at a high sample 

resolution (< 10 s) during exercise.        

1.2 Objectives of this thesis 

In the light of the foregoing introduction, the first objective of this thesis is to provide 

an extensive review of the available literature on how the study of muscle metabolism 
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using 2OVp &  kinetics and 31P-MRS have contributed to our understanding of exercise 

metabolism in young people (Chapter 2). It will become clear that while significant 

progress has been made over the last 10-15 years, many questions remain unresolved. 

The second objective of this thesis is therefore to outline and execute a series of 

experimental studies using 31P-MRS, which are designed to advance current knowledge 

of paediatric exercise metabolism.  

 

Chapter 3 will examine for the first time, the reliability of using 31P-MRS to determine 

parameters of metabolic function in young people during an incremental exercise test to 

exhaustion. Chapter 4 will provide a comprehensive investigation into the muscle 

metabolic responses between children and adults during an incremental test to 

exhaustion, paying specific attention to the methodological weakness that have limited 

the interpretation of previous work in this area. Chapter 5 will examine whether the 

kinetics of muscle PCr and 2OVp &  are mechanistically coupled in young people, as 

previously demonstrated in adults, and predicted by current models of metabolic 

control. The final experimental paper (Chapter 6), will then examine the kinetics of the 

putative phosphate controllers of muscle respiration in young people and adults during 

moderate intensity exercise. The specific hypotheses to the experimental studies 

outlined above are available in their corresponding chapters.        

 

Finally, Chapter 7 will summarise the main findings of the experimental studies 

conducted within this thesis, highlighting their novel contribution to the study of muscle 

metabolism in young people. In addition, areas of contention or ‘gaps’ in the 2OVp &  and 
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31P-MRS literature will be highlighted, alongside research avenues which are important 

for the advancement of knowledge in paediatric exercise metabolism.        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 9

Chapter Two 

LITERATURE REVIEW 

2.1 Oxygen uptake kinetics during exercise 

The ability of the human organism to tolerate physical activity is dependent upon the 

effective integration of the cardiovascular, respiratory and muscular systems to support 

cellular metabolism (Wasserman et al., 2005). Specifically, the coordination of these 

bodily systems must be tightly regulated to ensure adequate transportation to, and 

extraction of, oxygen at the contracting muscle for utlisation at the mitochondria, and 

the removal of carbon dioxide (CO2) in order to maintain muscle and blood acid-base 

status. While the measurement of 2OVp &  at the mouth provides a non-invasive insight 

into the systems’ integrated response during exercise, until recently the bulk of 

paediatric research had focused on elucidating the effect age, sex and maturity have on 

the 2OVp &  response during maximal and sub-maximal exercise through the 

determination of peak 2OVp &  ( 2OVp & peak) or the oxygen cost (economy) of exercise 

respectively (Armstrong et al., 1999a; Armstrong et al., 1999b; Welsman & Armstrong, 

2000a). Although such studies have provided important insights into developmental 

exercise physiology, these protocols have been criticised for their failure to replicate the 

transient nature associated with children’s daily physical activity patterns (Neder & 

Whipp, 2000; Whipp & Ward, 1990); that is, rapid and short-lived transitions from one 

metabolic state to another (Bailey et al., 1995).  

 

A degree of ecological validity can therefore be maintained by investigating the 

dynamics of 2OVp &  during the non-steady-state transition from one metabolic state to 



 

 10

another. Importantly though, characterising the 2OVp &  profile in response to a ‘step’ 

increase in power output on an exercise ergometer following a period of rest or baseline 

exercise, reveals valuable information on the mechanistic control of oxidative 

phosphorylation and is intimately related to the oxygen deficit, and potentially the 

ability to tolerate exercise (Jones & Poole, 2005; Whipp & Rossiter, 2005). 

Documenting how the 2OVp &  kinetics response is modulated during childhood and 

adolescence is therefore crucial to furthering our understanding of muscle metabolism 

during growth and maturation.  

 

Given this conceptual and practical relevance, it is surprising that little research has 

been devoted to investigating the influence growth and maturity, let alone physical 

training and disease, on 2OVp &  kinetics during exercise in children and adolescents. 

Indeed, the process of growth and maturation represents a period in life where both 

quantitative and qualitative related changes are imposed on the cardiovascular, 

respiratory and muscular systems responsible for supporting an increase in metabolic 

demand brought about by physical activity. Therefore, as articulated by Barstow and 

Scheuermann (2005), childhood and adolescence is likely to represent a period in life 

where the 2OVp &  kinetic response is modulated from that of a young healthy adult. Prior 

to addressing this question however, it is important to provide a working context of the 

oxygen uptake response during exercise with particular reference to the relationship 

between the oxygen uptake profile at the muscle ( 2OVm & ) and mouth ( 2OVp & ); to 

outline the dependence of the 2OVp &  response in terms of its temporal and amplitude 

based characteristics with reference to the intensity of the imposed exercise; and to 
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outline the modelling strategies that are required to characterise the physiologically 

relevant phases of the 2OVp &  response during exercise.    

2.1.1     Dynamics of oxygen uptake at the muscle and mouth 

Figure 2.1a illustrates that following a ‘step’ transition from rest to a higher metabolic 

rate the rise in 2OVm &  is immediate and follows a single-exponential time course before 

attaining a steady state amplitude (Behnke et al., 2002; Poole et al., 2007). While under 

steady-state conditions the mean rate of 2OVm &  is reliably reflected at the mouth via the 

2OVp &  signal, it is during the non-steady-state (i.e. the transitional phase) that the bulk 

of the information pertaining to the control of oxidative phosphorylation is held 

(Barstow et al., 1990; Grassi et al., 1996; Rossiter et al., 2005) and thus is of most 

interest to the investigator. As detailed by Whipp and Ward (1990) this represents a 

fundamental problem though. Firstly, during the non-steady-state the association 

between 2OVm &  and 2OVp &  is distorted temporally, due to the transit delay time 

between the contracting myocytes and the lungs, and in magnitude due to the utilisation 

of body oxygen stores in the venous blood and possibly myoglobin desaturation. 

Secondly, the kinetic progression between an increase in the arterial-venous oxygen 

content difference (C( v-a )O2) and cardiac output ( Q& ) will be dissociated, as the former 

will be expressed at the lung with a higher Q&  response as the latter will be increasing 

during the exercise transient in accord with its own kinetic response (i.e. the profile of 

Q&  and C( v-a )O2 are not aligned temporally on arrival at the lung).  

 

 

 



 

 12

-60 0 60 120 180

a

Time (s)

m
us

cl
e 

VO
2

-60 0 60 120 180

I II III
b

Time (s)

pu
lm

on
ar

y 
VO

2

 

 

 

 

 

 

 
Figure 2.1 Schematic of the rise in muscle (a) and pulmonary oxygen uptake (b) at the 
onset of moderate intensity exercise. 2OVm &  kinetics are based upon the data of Behnke 
et al. (2002). Vertical dotted line at 0 s represents the onset of exercise following a 
‘step’ change in power output. Subsequent vertical lines in B demarcate the prominent 
phases (I, II and III) of the 2OVp &  response as outlined by Whipp et al. (1982).  

 

The importance of acknowledging these issues is that the expression of 2OVm &  at the 

lung is modified from its original single-exponential profile to a response with three 

distinct phases, each of which represent distinct physiological events (figure 2.1b). This 

3 phase pattern of the 2OVp &  response at exercise onset was documented through the 

pioneering work of Whipp et al. (1982) who proposed that the immediate rise in 2OVp &  

at the onset of exercise was principally mediated by the rise in Q& ,and thus an increased 

pulmonary blood perfusion. Indeed, this can be appreciated through the Fick equation, 

which demonstrates that both blood flow and C( v-a )O2 determine 2OVp & : 

2OVp & = Q&  · C( v-a )O2               Equation 2.1 

This initial region (phase I) has therefore been termed the ‘cardiodynamic’ region as the 

rise in 2OVp &  is independent of change in C( v-a )O2 brought about by an increase in 

muscle oxygen utilisation, but is a reflection of the rise in Q&  immediately at exercise 

onset. This supposition is supported on three fronts: 1) it has been demonstrated that the 
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temporal profile of phase I is closely related to the size of the venous volume and the 

dynamics of Q&  at the onset of exercise (Barstow et al., 1990; Barstow & Mole, 1987; 

Yoshida et al., 1993); 2) the RER and end tidal pressures for oxygen and carbon dioxide 

remain quasi stable during phase I (Whipp et al., 1982); and 3) that the mixed venous 

oxygen content determined from the femoral vein remains close to baseline during the 

initial ~ 15 s of exercise before increasing to its steady-state value (Grassi et al., 1996; 

Koga et al., 2005a). It is not until after the muscle-lung transit time that the increased 

C( v-a )O2 owing to the offloading and utilisation of oxygen at the myocyte reaches the 

lungs and with the increasing Q&  response, drives the exponential rise (phase II) in 

2OVp &  to a new steady-state (phase III, Whipp et al., 1982; Whipp et al., 2005). 

2.1.2     Association between oxygen uptake at the mouth and muscle 

The 3 phase model developed by Whipp et al. (1982) laid the ground work for the 

hypothesis that the exponential rise in 2OVm &  at the onset of muscle contractions could 

be non-invasively determined via the exponential properties of the 2OVp &  profile 

occurring during phase II. However, the degree to which the two processes were in 

agreement, or the extent to which the dynamics of Q&  and the venous volume may 

distort and dissociate this relationship were unknown. In other words, experimental data 

were needed to verify the hypothesis that the exponential properties of phase II 2OVp &  

provide a close reflection of the underlying 2OVm &  response.  

 

To achieve this, Barstow and colleagues (1990; 1987) employed theoretical modelling 

simulations of cycling exercise at 100 watts (W) (classified as ‘moderate’ sub blood 

[La] threshold (LT) exercise) to examine the degree to which manipulating Q&  and the 
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venous volume altered the expression of 2OVm &  at the lung through the phase II  

portion of the 2OVp &  response. Within the physiological range for upright cycling in 

healthy humans (τ1 Q&  ~ 20 s and phase II τ 2OVp &  ~ 30 s), the simulations demonstrated 

that the relationship between τ 2OVm &  and phase II τ 2OVp &  was in agreement to within 

approximately ± 10% (or ± 2 s) (figure 2.2). Importantly, the analyses also revealed that 

manipulating the size of the venous volume was principally constrained to phase I of the 

2OVp &  response, such that the larger the venous volume the longer the phase I 

component, thus playing a negligible role in distorting the expression of 2OVm &  through 

the phase II 2OVp &  response. 

 

 

 

 

 

Figure 2.2 Effects of manipulating the kinetics of Q&  (τQ& ) on the expression of the 

2OVm &  (τ 2OVm & ) through the phase II 2OVp &  response (τ2). From Barstow et al. (1990) 
with permission. 

 

Direct experimental evidence confirming this close relationship between 2OVm &  and 

phase II 2OVp &  during exercise in humans was however lacking. To address this issue, 

                                                 
1 τ, time constant. Mathematical constant that describes the time taken to achieve 63.3% of the response 
amplitude. The τ is considered to be the fundamental parameter that describes the behaviour of the 
physiological response (note: this is only when an appropriate model is applied to the data). The smaller 
the τ, the more rapid the exponential progression to the asymptote.       
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Grassi et al. (1996) measured leg blood flow ( Q& leg) from the femoral vein at a high 

temporal resolution (3-4 s), and on a separate test to the measurement of Q& leg, sampled 

serial measures of arterial and venous blood for determination of C( v-a )O2 difference. 

Using the Fick equation (equation 2.1), this permitted the calculation of 2OV&  across the 

leg ( 2OV& leg), which was assumed to represent 2OVm &  during moderate intensity cycling 

exercise. At the onset of exercise 2OVp &  rose immediately whereas a delay of 10-15 s 

was evident prior to the increase in 2OV& leg
2. Nonetheless, following this delay 2OV& leg 

rose with single-exponential kinetics, the half time (t1/2)3 of which (26 s [SD 3]) closely 

corresponded to that of phase II 2OVp &  t1/2 (28 s [SD 6]). Furthermore, more recently a 

close relationship between the τ for phase II 2OVp &  (29 s [SD 9]) and 2OV& leg (26 s [SD 

9]) has also been confirmed during knee-extensor exercise above the LT in adults (Koga 

et al., 2005a).          

  

Taken together, these results thereby confirm that when the phase II portion of the 

2OVp &  response is isolated and modelled, its kinetic profile proves a valid reflection of 

2OVm &  to within ~ ±10% agreement. However, it has been recently cautioned by Whipp 

et al. (2005) that ‘the value could in fact be the same in some circumstances – but one 

cannot, at present, “know” with certainty’ (p. 1577). Therefore, it would perhaps be 

more appropriate to state the phase II 2OVp &  response provides a window into the 

                                                 
2 This delay in the 2OV& leg has been attributed to the technical difficulties in determining the time course 
of 2OVm &  in humans during exercise, as the C( v-a )O2 component of the Fick equation is determined 

‘downsteam’ from the contracting myocytes and aligned with Q& leg , which itself is a composite measure 
of oxygen uptake of the limb, and not the contracting muscle per se. In contrast, microcirculatory 
measures of the oxygen exchange at the capillary-myocyte boundary have demonstrated 2OVm &  does 
increase immediately at the onset of muscle contractions. See Poole et al. (2007) for a recent commentary.    
3 t1/2, response half time. Time taken to achieve 50% of the response amplitude. At this point 69.3% of the 
τ is complete, meaning the τ can be estimated from t1/2 using 1.44 × t1/2.    
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dynamics of 2OVm & , at least within the bounds of uncertainty, which according to 

Barstow et al. (1990) is ±10%. This equates to ±3 s for a phase II τ 2OVp &  of 30 s, which 

is considered typical for a healthy participant during upright cycling exercise (Whipp et 

al., 2002). As will be discussed later, considering the methodological rigour that is 

required to collect, process and analyse the phase II portion of the 2OVp &  response, this 

degree of ‘error’ is encouraging, and provides a useful window into the muscles’ 

metabolic response with good accuracy.         

2.1.3     Exercise intensity domains 

It has been established at least in adults, that depending on the muscle metabolic and 

blood acid-base profiles, the kinetics of 2OVp &  exhibit distinct amplitude and temporal 

characteristics. To provide a frame of reference for investigating the 2OVp &  kinetics 

response during exercise, four discrete exercise intensity domains (moderate, heavy, 

very heavy and severe) have been proposed (Whipp & Rossiter, 2005; Whipp et al., 

2002; Whipp & Ward, 1990), the boundaries of which are demarcated by specific 

parameters of physiological function (see figure 2.3). 

 

The moderate domain is defined as all exercise intensities that fall below the blood LT 

or its non-invasive equivalents, the GET or ventilatory threshold (VT). Within this 

domain 2OVp &  rises with single-exponential kinetics, following phase I, and in a healthy 

adult attains a steady-state within approximately 2-3 minutes (τ ~ 30 s) with an oxygen 

cost of exercise (∆ 2OVp & /∆W) of ~ 10 mL·min-1·W-1 (Barstow & Mole, 1991; Özyener 

et al., 2001; Paterson & Whipp, 1991).  
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Figure 2.3 Schematic of the 2OVp &  response at the onset of square-wave exercise with 
reference to exercise intensity domains. The horizontal lines represent the physiological 
boundaries demarcating the moderate, heavy, very heavy and severe exercise intensity 
domains. Where, CP, MLSS and LT denote the critical power, maximal lactate steady-
state and lactate threshold respectively. The phase I component of the 2OVp &  response 
has been omitted for clarity. The temporal and amplitude characteristics of the 2OVp &  
slow component are represented by the dotted grey lines. See text for details. Adapted 
from Whipp and Özyener (1998).       

 

For power outputs above the LT but below 2OVp & peak, the exercise intensity domains are 

classified when blood [La] increases during exercise but either stabilises (heavy) or rises 

inexorably with time (very heavy). It has been proposed that the upper boundary of the 

heavy domain is demarcated by the maximal lactate steady-state (MLSS), which reflects 

the highest power output at which a balance between the entry and removal of [La] 

within the blood is achieved (Pringle & Jones, 2002), and/or the critical power (CP), 

that is, the asymptote of the hyperbolic relationship between power output and time to 

exhaustion (Poole et al., 1988). Within the heavy domain 2OVp &  rises with exponential 

kinetics and with a phase II τ which has been reported to be similar (e.g. Cautero et al., 

2005; Macdonald et al., 1997; Özyener et al., 2001) or longer (e.g. Barstow & Mole, 

1991; Poole & Jones, 2005; Williams et al., 2001) than that observed for moderate 
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exercise. In addition, the attainment of steady-state is delayed due to the appearance of a 

slowly developing increase in 2OVp & , termed the slow component, that can take up to 

10 minutes to reach steady-state (Özyener et al., 2001). This additional 2OVp &  

represents a non-linear increase in the power output 2OVp &  relationship found during 

moderate intensity exercise such that the oxygen cost of exercise increases to ~12-13 

mL·min-1·W-1 in adults (Barstow & Mole, 1991; Özyener et al., 2001).  

 

The phenomenon of the slowly developing 2OVp &  has been observed at the muscle level 

during cycling and knee-extensor exercise above the LT (Bangsbo et al., 2000; Koga et 

al., 2005a; Poole et al., 1991; Rossiter et al., 2002). For example, Koga et al. (2005) 

demonstrated that during high intensity knee-extensor exercise the onset of the slow 

component (124 vs. 111 s) and the slow component amplitude (0.19 vs. 0.17 L·min-1) 

were strikingly similar between the 2OVp &  and 2OVm &  profile respectively. Likewise, 

Rossiter et al. (2002) demonstrated the onset and amplitude of the 2OVp &  slow 

component during high-intensity knee-extensor exercise was strikingly similar to the 

onset (159 vs. 191 s) and amplitude (15.3 vs. 13.9 %) features of a slow component 

phase in the fall in intramuscular PCr, as determined using 31P-MRS. Taken 

collectively, this ~ 85% intramuscular contribution (i.e. 2OVm &  and muscle PCr) to that 

measured at the whole body level has been interpreted to suggest that the ‘origin’ of the 

2OVp &  slow component resides within the contracting muscle, and to a lesser extent the 

oxygen cost of ventilation or cardiac work, at least in healthy participants. The 

recruitment of higher-order type II muscle fibres and their associated metabolic 

properties, such as a low capacity for oxidative ATP synthesis (Crowther & Gronka, 

2002) and a higher oxygen and PCr cost of muscle contraction (Crow & Kushmerick, 



 

 19

1982; Kushmerick et al., 1992), has been proposed as the main causative factor for the 

slow component phenomenon (Barstow et al., 1996; Endo et al., 2007; Krustrup et al., 

2004a; Wilkerson & Jones, 2007). 

  

For exercise intensities above CP but below 2OVp & peak (very heavy), following the 

exponential phase the 2OVp &  slow component rises rapidly with time and attains 

2OVp & peak. The higher the projected exercise intensity is above CP the lower the 

magnitude of the 2OVp &  slow component, such that at power outputs circa 2OVp & peak the 

2OVp &  response follows a single-exponential function that is truncated at 2OVp & peak 

within minutes (Özyener et al., 2001; Wilkerson et al., 2006). Exercise intensities that 

require a projected 2OVp &  at or above 2OVp & peak are within the severe domain and can 

only be tolerated for a matter of minutes. 

2.1.4     Modelling the oxygen uptake response  

To provide an insight into the dynamics of 2OVm &  the exponential nature of the phase 

II 2OVp &  response must be isolated and characterised using an appropriate model 

(Barstow et al., 1990; Whipp et al., 1982): 

2OVp &  (t) = ∆ 2OVp & ss · (1 – e-(t-TD)/τ)        Equation 2.2 

where 2OVp &  (t), ∆ 2OVp & ss, TD and τ represent the value of 2OVp &  at a given time, the 

amplitude change in 2OVp &  from baseline to a new steady-state, time delay and the time 

constant, respectively.  
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An important consideration when modelling the 2OVp &  response to reflect 2OVm &  is 

that the region of interest is the exponential component (phase II), not phase I. 

Therefore, phase I must be appropriately removed from the model described in equation 

2.2, otherwise the resolved τ will not provide a valid representation of the 2OVm &  

dynamics. In other words, the inclusion of the TD parameter does not account for the 

phase I portion of the 2OVp &  response. Rather, two techniques have been employed to 

account for the phase I portion of the 2OVp &  response prior to modelling the region of 

interest (i.e. phase II). Normally, the initial 15-25 s of data from the onset of exercise 

are deleted from the 2OVp &  profile to remove the influence of phase I from the model 

fitting window (Özyener et al., 2001; Springer et al., 1991; Whipp et al., 1982). In 

contrast, some authors have elected to model the 2OVp &  response using a higher-order 

double-exponential function with independent model parameters (i.e. τ’s and TD’s) for 

the phase I and phase II regions respectively (Barstow et al., 1996; Barstow & Mole, 

1991; Williams et al., 2001). However, given the paucity of data points available within 

a limited time frame (15-25 s) and the lack of a physiological justification for fitting an 

exponential function to phase I, it has been recommended that this procedure should be 

approached with caution (Whipp & Rossiter, 2005; Whipp et al., 2005).  

 

A study by Bell et al. (2001) however, demonstrated that the use of an exponential 

function or omitting the initial 20 s of data to account for phase I had little influence on 

the estimated phase II τ during 6 minutes of moderate intensity cycling exercise in 

adults. Rather, the authors noted that constraining the fitting window to characterise the 

initial 3 or 6 minutes exercise resulted in the greatest variation of the phase II τ, with the 

3 minute window eliciting a τ that was ~ 3-6 s faster than modelling the entire 6 minutes 

of exercise data. The 3 minute window also yielded statistically a superior ‘fit’, as 
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evidenced by a reduced model error (mean square error) compared to the 6 minute 

model. These results do not however, provide bona fide evidence that modelling 3 

minutes of exercise data provides a more robust and precise measure of the phase II τ. 

For example, a 3 minute window assumes that the phase II τ is ≤ 45 s (4 × τ = 98% of 

the response amplitude), which may not be the case in participants with low cardio-

respiratory fitness or suffering from cardio-respiratory or metabolic diseases (Hebestreit 

et al., 2005; Poole et al., 2005). Employing a 3 minute modelling window in such 

participants would fail to capture the steady-state data thus questioning the 

physiological meaning of the phase II τ as the asymptote would not be present within 

the fitting window. This highlights the importance of employing a fitting window that is 

appropriate to the 2OVp &  response profile of the participants testing, but also highlights 

the caution that should be employed when making inter- and intra- study comparisons 

of the phase II τ when different modelling strategies have been used for its estimation.  

 

During an abrupt change in power output at the onset of moderate intensity exercise, the 

rate of ATP turnover with the myocyte increases immediately, yet the rise in 2OVm &  to 

its steady-state where ATP demand and oxidative supply are suitably matched, exhibits 

considerable delay (~ 2-3 minutes in a healthy human). This shortfall in ATP supply 

during the non-steady-state region is provided at the substrate level, with the breakdown 

of muscle PCr via the creatine kinase reaction providing an immediate replenishment of 

ATP through the phosphorylation of ADP, and ATP liberation from anaerobic 

glycogenolysis/glycolysis commencing after ~ 10 s (Crowther et al., 2001a). This non-

oxidative contribution of ATP, in addition to contributions from venous oxygen stores 

and possibly myoglobin desaturation, until steady-state exercise is attained is termed the 

oxygen deficit.  
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Whipp et al. (1982) have demonstrated that the oxygen deficit (non-oxidative energy 

equivalents and venous oxygen stores) incurred at the onset of sub LT exercise can be 

calculated using the following expression:  

Oxygen deficit = ∆ 2OVp & ss · τ 2OVp &  E                   Equation 2.3 

Where the τ 2OVp &  in this expression is not determined using equation 2.2, but is 

computed by fitting a single-exponential function, with no TD, from exercise onset to 

determine the total amount of oxygen utilised for ATP synthesis: 

2OVp &  (t) = ∆ 2OVp & ss · (1 – e-t/τ)                 Equation 2.4 

The assumption behind this calculation is that steady-state 2OVp &  provides an 

estimation of the total energetic equivalents required for the exercise task. As such, the 

emergence of the 2OVp &  slow component during exercise above the LT invalidates the 

calculation of the oxygen deficit using equation 2.3 as the steady-state may be of 

delayed onset (heavy) or completely absent (very heavy). In contrast, during exercise 

below the LT, knowledge of τ 2OVp &  (determined by equation 2.4) and the steady-state 

2OVp &  amplitude permits rigorous determination of the incurred oxygen deficit at 

exercise onset. The interaction between these two parameters, and especially τ 2OVp & , 

may hold serious ramifications for the ability to tolerate physical exercise. It is well 

established that for a healthy adult the τ 2OVp &  will be in the order of ~ 30 s, whereas in 

specific diseased patients, such as chronic obstructive pulmonary disease, the τ can be 

as high as 80 s (Poole et al., 2005). Consequently, at a given rate of ATP turnover 

within the myocyte, the slower adaptation of 2OVm &  in the diseased individual would 

require a greater energetic contribution at the substrate level, leading to a more 

pronounced fall in PCr, rise in Pi, and accumulation of La and H+ within the myocyte; 
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all factors which play a prominent role in skeletal muscle fatigue (Fitts, 1994; 

Westerblad et al., 2002; Wilson et al., 1988), and which may predispose an individual 

with slower 2OVp &  kinetics to a reduced ability to tolerate exercise.  

 

Taken collectively, with the use of appropriate modelling strategies the 2OVp &  kinetic 

response at the onset of exercise provides a valuable non-invasive window into the 

dynamics of the underlying 2OVm &  profile and the magnitude of the incurred oxygen 

deficit, thus allowing a robust physiological profile to be assembled regarding the 

interaction between oxidative and non-oxidative metabolism during exercise.    

2.2 Oxygen uptake kinetics in children and adolescents 

2.2.1     Experimental considerations 

Given the profoundly different response profiles for 2OVp &  depending upon the 

intensity of the proposed exercise, meaningful interpretation of the 2OVp &  kinetic 

profile during exercise requires careful consideration in relation to the exercise intensity 

domain under investigation. For example, the prescription of an arbitrary exercise 

intensity relative to 2OVp & peak (e.g. 60% 2OVp & peak) is likely to render some participants 

exercising above, but others below their LT, as the LT varies considerably as a 

percentage of 2OVp & peak on an individual basis. As the temporal- and amplitude-based 

characteristics of the 2OVp &  responses are profoundly different within the moderate and 

heavy domains, this represents a major confounding factor when interpreting the kinetic 

response within and between groups. Therefore, to ensure a similar gas exchange and 

metabolic profile during exercise, the prescribed exercise intensity should be assigned 
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relative to the physiological variable(s) that identify the domain boundaries for each 

given participant.  

 

The precise placement of a child participant within a given domain however, is by no 

means straightforward. Compared to their adult counterparts children are characterised 

by a smaller absolute 2OVp & peak, which severely compresses the range of power outputs 

within a given exercise intensity domain. This is particularly true for prescribing 

exercise within the heavy and very-heavy exercise domains as the VT generally falls 

within the range of 55-60% 2OVp & peak in children below 14 years of age (Cooper et al., 

1984; Reybrouck et al., 1985). As the CP occurs at approximately 70-82% 2OVp & peak in 

11-12 year old children (Fawkner & Armstrong, 2002), this suggests that the absolute 

difference in power output between the LT and CP may, at least in some children, be so 

small in magnitude that it poses a significant challenge to the investigator to ensure a 

given participant is exercising within the heavy intensity domain, especially given the 

day to day variability in determining the VT and CP is 7-10% (Fawkner & Armstrong, 

2002; Fawkner et al., 2002a).         

 

In addition to an inherently low 2OVp &  amplitude, children are characterised by large 

inter-breath fluctuations (Potter et al., 1999), which result in a 2OVp &  profile with low 

signal-to-noise properties. Figure 2.4a illustrates a typical 2OVp &  response measured 

from a child participant during a single moderate intensity cycling test. It is clear that 

the phase II response, i.e. which reflects the dynamics of 2OVm & , cannot be identified 

from the 2OVp &  profile. Consequently, modelling an exponential function on a 2OVp &  
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profile characterised by low signal-to-noise properties is not recommended or 

appropriate to infer the metabolic activity within the muscle.  

 

 

 

 

 

 

 

 

Figure 2.4 Typical 2OVp &  profile from a single exercise test (a) and where the signal-
to-noise ratio is markedly enhanced by time-aligning and averaging repeat exercise tests 
(b) during cycling exercise below the GET in a child participant. Importantly the phase 
II portion of the response can be visualized in b, which was initially obscured in a. 
Vertical dotted line at 0 s represents the onset of exercise, whereas subsequent line in 
figure b demarcate the 3 phase model proposed by Whipp et al. (1982). Adapted from 
Fawkner and Armstrong (2003).          

 

A further important consequence of the low signal-to-noise properties of the 2OVp &  

profile in young people is that the statistical precision of the estimated phase II τ 2OVp & , 

as determined from the 95% confidence intervals (CI), will be poor and hence 

unsuitable for making meaningful physiological inferences based on the resultant τ. 

According to Lamarra et al. (1987) the CIs for the phase II τ can be estimated using the 

following equation for moderate intensity exercise: 
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where, L̂ , is a constant that is related to the value of the underlying τ, which is assumed 

to be 30 s for a healthy child, 2OV& SD, 2OVp &  steady-state ‘noise’ expressed as a 

standard deviation, ∆ 2OV& ss, amplitude change in 2OVp &  from baseline to a new steady-

state, and n, the number of square-wave exercise transitions averaged. 

 

It is clear from equation 2.5 that the signal-to-noise ratio and importantly the derived 

CIs for the phase II τ, can be enhanced by ensemble averaging repeat exercise 

transitions. Using such procedures, the improved signal-to-noise ratio of the 2OVp &  

response can be seen in figure 2.4b, where the phase II portion of the response is now 

clearly visible. In some cases, a child participant may be required to perform up to 8-10 

exercise transitions to achieve a CI of approximately ±5 s for the phase II τ during 

moderate exercise (Fawkner et al., 2002b). During exercise above the LT, fewer repeat-

like transitions are necessary due to the increased signal (∆ 2OV& ss) of the 2OVp &  

response, assuming 2OV& SD remains at a similar magnitude for higher power outputs 

(Lamarra et al., 1987; Potter et al., 1999). 

 

Few studies investigating the 2OVp &  kinetic response in children have extended these 

considerations into practice. It is not uncommon for studies to assign a given exercise 

intensity relative to 2OVp & peak alone (Hebestreit et al., 1998; Sady, 1981), or repeat the 

necessary, or in some cases any, exercise transitions to yield a phase II τ with an 

acceptable level of confidence (Armon et al., 1991; Zanconato et al., 1991). 

Furthermore, the kinetic parameters of the 2OVp &  response in the paediatric literature 

are convoluted due to the use of modelling techniques that fail to isolate and 
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characterise the phase II 2OVp &  response (Armon et al., 1991; Macek & Vavra, 1980; 

Sady, 1981; Zanconato et al., 1991), which question the validity of the ‘insight’ into the 

underlying dynamics of 2OVm & . With these limitations in mind, the next section of this 

chapter will focus on studies that display appropriate methodological rigour, i.e. provide 

specific reference to the exercise intensity domain under investigation, employ 

averaging techniques to increase the 2OVp &  signal-to-noise ratio, and employ 

appropriate modelling techniques, on which conclusions regarding the control of 

2OVm &  during growth and maturation will be based. A summary of the relevant studies 

is provided in table 2.1.  
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Table 2.1 Studies investigating the 2OVp &  kinetic response in children, adolescents and adults 

Data are presented as mean (SD). Where, n, sample size. Tn,  number of repeat transitions time aligned and averaged. Phase II τ 2OVp & , time 
constant of the exponential rise in 2OVp & . CI, confidence intervals. 2OVp &  slow component,  magnitude of the 2OVp &  slow component 
expressed as a percentage of end exercise 2OVp & . UL, unloaded pedalling. * significant mean difference for age, † significant mean 
difference for sex. 

Study Sex Age n Peak 2OVp &   
(mL·kg-1·min-1) 

Protocol Tn phase II  τ 2OVp &   
(s) 

CI 
(± s) 

2OVp &  slow 
component (%) 

Moderate          
Cooper et al. (1985)    M 

M 
F 
F 

10 (2) 
16 (1) 
9 (2) 

15 (2) 

5 
5 
5 
5 

40 (6) 
43 (5) 
37 (4) 
34 (4) 

Rest – 75% VT 
Rest – 75% VT 
Rest – 75% VT 
Rest – 75% VT 

≥6 
≥6 
≥6 
≥6 

27 (3) 
24 (2) 
27 (4)* 
32 (6)* 

- 
- 
- 
- 

- 
- 
- 
- 

Springer et al. (1991)   M+F 
M+F 

8 (1) 
28 (7) 

9 
9 

41 (9) 
45 (7) 

Rest – 80% VT 
Rest – 80% VT 

5 
5 

24 (5) 
27 (4) 

- 
- 

- 
- 

Williams et al. (2001)   M 
M 

12 (0) 
30 (7) 

8 
8 

52 (2) 
57 (3) 

Rest – 80% LT 
Rest – 80% LT 

4 
4 

10 (1) 
15 (3) 

- 
- 

- 
- 

Fawkner et al. (2002c) M 
M 
F 
F 

12 (0) 
21 (2) 
12 (0) 
22 (2) 

12 
13 
11 
12 

50 (6)† 
50 (6)† 
44 (6)†  
41 (5)† 

UL – 80% VT 
UL – 80% VT 
UL – 80% VT 
UL – 80% VT 

4-10 
4-10 
4-10 
4-10 

19 (2)* 
28 (9)* 
21 (6)* 
26 (5)* 

≤5 
≤5 
≤5 
≤5 

- 
- 
- 
- 

Heavy/Very heavy          
Williams et al. (2001)  M 

M 
12 (0) 
30 (7) 

8 
8 

52 (2) 
57 (3) 

Rest – 50% ∆ 
Rest – 50% ∆  

2 
2 

15 (3)* 
19 (5)* 

- 
- 

1 (1)* 
8 (1)* 

Fawkner and Armstrong 
(2004b) 

M 
F 

11 (0) 
11 (1) 

25 
23 

47 (6)† 
39 (7)† 

UL – 40% ∆ 
UL – 40% ∆ 

4 
4 

18 (6)† 
22 (8)† 

4 (1) 
4 (1) 

9 (4)† 
12 (6)† 

Fawkner and Armstrong 
(2004a) 

M 
M 
F 
F 

11 (0) 
13 (0) 
11 (0) 
13 (0) 

13 
13 
9 
9 

49 (6)† 
49 (8)† 
39 (6)† 
39 (5)† 

UL – 40% ∆ 
UL – 40% ∆ 
UL – 40% ∆ 
UL – 40% ∆ 

4 
4 
4 
4 

17 (5)* 
22 (5)* 
21 (8)* 
26 (8)* 

4 (1) 
6 (2) 
4 (1) 
6 (2) 

9 (5)* 
14 (5)* 
10 (2)* 
16 (3)* 

Severe          
Hebestreit et al. (1998) M 

M 
M 
M 

11 (1) 
24 (3) 
11 (1) 
24 (3) 

9 
8 
9 
8 

47 (6) 
53 (7) 
47 (6) 
53 (6) 

UL – 100% VO2 peak 
UL – 100% VO2 peak 
UL – 130% VO2 peak 
UL – 130% VO2 peak 

2 
2 
2 
2 

28 (5) 
28 (4) 
20 (4) 
20 (6) 

- 
- 
- 
- 

- 
- 
- 
- 
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2.2.2     Responses during moderate exercise  

In the first study to investigate the 2OVp &  kinetics response in children at the onset of 

exercise, 7-10 year old children (5 boys, 5 girls) and 15-18 year old adolescents (5 boys, 

5 girls) completed repeat exercise transitions to 75% GET on a cycle ergometer (Cooper 

et al., 1985). No differences were found for the phase II τ between the younger and 

older boys, but slower 2OVp &  kinetics were present in the older girls compared to the 

younger group. The authors attributed this to the older girls’ reduced aerobic fitness 

rather than an age-related modulation of the control of oxidative phosphorylation per se, 

as a negative relationship between the phase II τ and 2OVp & peak (mL·kg-1·min-1) was 

observed in this group. However, it should be recognised that there is strong evidence 

demonstrating that the ‘per body mass’ normalisation technique of 2OVp & peak provides 

an inappropriate expression of aerobic fitness in young people (Welsman & Armstrong, 

2000b; Winter & Nevill, 2001), which questions this latter interpretation. In a later 

study by the same research group, Springer et al. (1991) examined the influence of 

normoxic and hypoxic (15% oxygen) breathing on the 2OVp &  kinetics during moderate 

intensity cycling at 80% GET in 6-19 year old children (5 boys, 4 girls) and 18-33  year  

old  adults (5 men, 4 women). No age-related  differences in the phase II τ 2OVp &  were 

observed during normoxic  (children, 24 s [SD 5] vs. adults, 27 s [SD 4]) or hypoxic 

(children, 30 s [SD 4] vs. adults, 37 s [SD 10]) conditions, although the relatively 

‘tighter’ standard deviation surrounding the children’s hypoxic τ implies a less variable 

response to the hypoxic inspirate compared to the adults. However, the possibility of 

child-adult differences in their individual response characteristics during hypoxic 

breathing was not discussed by the authors. Predictably, the incurred oxygen deficit was 

greater in the hypoxic than normoxic condition due to the profound slowing of the 

phase II response, and was similar between the children and adults for both 
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experimental conditions. Finally, Williams et al. (2001) investigated the 2OVp &  kinetic 

response during treadmill running at 80% LT in eight 8-12 year old boys and eight adult 

men, and found no significant differences in the phase II τ 2OVp &  despite a 50% 

difference between the groups (10 s [SD 3] vs. 15 s [SD 8]).  

 

Taken collectively, the results presented above appear to provide strong support for the 

notion that the phase II τ, and by inference the kinetics of 2OVm & , is fully mature in 

early childhood, at least for sub LT power outputs. To examine the strength of these 

findings, Fawkner et al. (2002b) investigated the 2OVp &  kinetic response during 

moderate intensity (80% VT) cycling exercise in 11-12 year old children (12 boys, 11 

girls) and 19-26 year old adults (13 men, 12 women). A novel feature of this study was 

that each participant was required to complete up to 10 repeat exercise transitions to 

ensure the CI spanning the estimated phase II τ 2OVp & was ≤ ±5 s for all participants. In 

contrast to earlier studies, a faster phase II τ 2OVp &  in boys than men (19 s [SD 2] vs. 28 

s [SD 9]) and in girls than women (21 s [SD 6] vs. 26 s [SD 5]) with no differences 

between the sexes was observed. The authors argued that the failure of previous studies 

to employ well defined participant groups, to apply appropriate modelling techniques, to 

embrace the appropriate averaging techniques, and to report the derived CI is likely to 

underlie the discrepancy between studies.  

2.2.3     Responses during heavy/very heavy exercise  

The profoundly different muscle metabolic (PCr, Pi and pH), gas exchange and blood 

acid-base profiles during exercise below or above CP or MLSS (Jones et al., 2008c; 

Poole et al., 1988; Pringle & Jones, 2002), means the precise placement of a participant 

within the heavy or very heavy exercise domain is essential to enable meaningful 
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interpretation of the 2OVp &  response kinetics. This is particularly crucial as the 

magnitude of the 2OVp &  slow component increases the higher the imposed power output 

is above the LT but near CP/MLSS, and conversely, decreases the higher the imposed 

power output is above CP/MLSS but closer to 2OVp & peak (Jones & Poole, 2005). 

 

This consideration has yet to be fully accounted for in paediatric studies, likely due to 

the intense and time consuming nature associated with assessing CP or MLSS in this 

population. In an attempt to circumvent this problem, the ‘delta’ (∆) concept has been 

proposed to assign a given exercise intensity relative to the LT and 2OVp & peak. This is 

usually 40% ∆ (i.e. 2OVp &  that corresponds to 40% of the difference between the LT 

and 2OVp & peak) for heavy exercise. Indeed, it has been demonstrated in 11-12 year old 

children (9 boys, 9 girls), that use of the 40% ∆ concept resulted in the boys and girls 

exercising at a mean exercise intensity of 10% and 3% below their CP respectively 

(Fawkner & Armstrong, 2003b). Therefore, 40% ∆ seems appropriate to prescribe 

heavy intensity exercise in groups or samples of children or adolescents. However, as 

on an individual basis there is considerable variation in the relative position of CP to 

2OVp & peak (ranging from 70 to 88%), and that the CP has been shown to occur at a 

higher percentage 2OVp & peak in boys compared to girls (82 vs. 76%; Fawkner & 

Armstrong, 2003b), the use of the ‘∆’ concept may represent a confounding factor when 

interpreting sex differences the 2OVp &  response during exercise above the LT. 

Likewise, given that the position of the VT is known to fall as a percentage of 2OVp & peak 

from childhood into adulthood (Cooper et al., 1984; Reybrouck et al., 1985), the delta 

40% ∆ concept is likely to result in children and adults exercising at different power 
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outputs when expressed relative to CP; unless that is, CP is also modulated between 

children and adults in a similar fashion, although this has yet to be investigated. 

  

In a 2 year longitudinal study, Fawkner and Armstrong (2004a) examined the 2OVp &  

kinetic response during cycling exercise at 40% ∆ for 9 minutes in a group of 22 pre-

pubertal children (13 boys, 9 girls) between the ages of 11-13 years of age. Compared to 

baseline, the phase II τ 2OVp &  was longer at the 2 year follow-up in both the boys (17 s 

[SD 5] vs. 22 s [SD 5]) and girls (21 s [SD 8] vs. 26 s [SD 8]). In contrast to earlier 

work (Armon et al., 1991), a 2OVp &  slow component was clearly discernable in the 

children’s response profiles and increased in amplitude, expressed as a percentage of 

end-exercise 2OVp & , over the 2 year period in the boys (9% [SD 5] vs. 14% [SD 5]) and 

girls (10% [SD 2] vs. 16% [SD 3]). An age-related decrease in the oxygen cost of 

exercise was also present for the primary exponential phase over the 2 year period, but 

not at end-exercise. Collectively, these findings are illustrated in figure 2.5. No sex 

differences were observed in the 2OVp &  kinetic response either at baseline or at follow-

up during the 2 year longitudinal study, although a trend for a faster phase II τ and a 

truncated slow component was evident in the boys (Fawkner & Armstrong, 2004a). To 

investigate the possibility of sex-related differences in the 2OVp &  kinetic response, 48 

pre-pubertal children (25 boys, 23 girls) completed 4 repeat transitions to 40% ∆ for 9 

min on a cycle ergometer (Fawkner & Armstrong, 2004b). Compared to the boys, the 

girls were characterised by slower phase II τ 2OVp &  (~ 20%) and an increased magnitude 

of the 2OVp &  slow component (~ 30%), when expressed relative the end-exercise 

2OVp & . 
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Figure 2.5 Longitudinal changes in the kinetics of 2OVp &  at the onset of cycling 
exercise at 40% ∆ in children. Data are plotted as the mean response from 22 children 
(13 boys, 9 girls) at 11 years (young) and 13 years (older) of age. From Fawkner and 
Armstrong (2004a) with permission.  

 

In further support of an age-related modulation of the 2OVp &  kinetic response during 

heavy/very heavy exercise are the data of Williams et al. (2001) who found 11-12 year 

old boys to have a significantly faster phase II τ and lower magnitude of the slow 

component compared to adult men during 6 minutes of treadmill running at 50% ∆. 

These authors also noted the boys had a higher oxygen cost of running than the men for 

the primary phase (210 vs. 168 mL·kg-1·km-1) and at end-exercise (211 vs. 182 mL·kg-

1·km-1), which was also manifest for moderate intensity treadmill running.  

2.2.4     Responses during severe exercise 

Hebestreit et al. (1998) investigated the kinetics of 2OVp &  at the onset of cycling 

exercise to 100% and 130% 2OVp & peak in 9 boys (9-12 years) and 8 men (19-27 years). 

Due to the maximal nature of the exercise protocol, 2OVp &  data were collected for only 

120 s and 75 s in the 100% and 130% 2OVp & peak tests respectively. Interestingly, while 7 

of the boys were able to achieve the latter, only 2 men were able to accomplish 75 s of 
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exercise at 130% 2OVp & peak. Despite this, no age-related differences were observed for 

the phase II τ 2OVp &  nor the magnitude of the oxygen deficit for either condition, 

suggesting the reduced ability to tolerate exercise at 130% 2OVp & peak was not mediated 

by an impaired 2OVp &  kinetic response. However, boys were found to have a higher 

oxygen cost of cycling at 100% (10.4 vs. 8.3 mL·min-1·W-1) and 130% (8.6 vs. 6.6 

mL·min-1·W-1) 2OVp & peak compared to men. 

2.2.5     Summary of the phase II response 

It is clear that only a handful of methodologically robust studies have been undertaken 

to examine whether the control of oxidative phosphorylation at exercise onset, as 

inferred using the 2OVp &  kinetic response, is modulated from childhood into adulthood. 

While the literature is in agreement that during heavy/very heavy exercise the 

magnitude of the 2OVp &  slow component is truncated (and in some cases absent 

representing < 2% of the end-exercise 2OVp & ) and the oxygen cost of exercise is 

elevated in young people, the literature regarding the 2OVp &  response during moderate 

exercise is equivocal. Some studies have reported a similar phase II τ 2OVp &  between 

children and adults (Cooper et al., 1985; Springer et al., 1991; Williams et al., 2001) 

whereas the study employing arguably the highest methodological rigour to date, noted 

a shorter τ in young people when compared to young healthy adults (Fawkner et al., 

2002b). Although an explanation for this discrepancy is not readily available, two 

methodological factors require consideration. The first relates to difficulties in 

determining a phase II τ with acceptable statistical precision in children (i.e. CI < ±5 s), 

thereby negating the ability to make robust physiological inferences based on the kinetic 

parameters. The second relates to the possibility of inadequate statistical power (which 

seems possible given the low sample sizes (n=5 to 8) employed by some studies), to 
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detect differences in the kinetic parameters, i.e. of ~ 20% or 5 s, that from a 

physiological perspective may be meaningful.  

 

To provide a more robust insight into this issue, the data from the respective studies 

have been condensed to produce a grand mean score for the phase II τ during moderate 

and heavy/very heavy exercise (figure 2.6). To afford an indication of the change in the 

phase II τ from childhood to adolescence, and childhood to adulthood, the respective 

age ranges were used: 7-12 years, 13-17 years and 18 years and above, which have not 

taken into account the participants’ stage of biological maturity. Moreover, because of 

the limited number of studies available, the responses for the girls and boys within an 

age group have been combined and are not considered on a sex basis. Despite these 

limitations, the analysis presented clearly demonstrates that compared to children, the 

phase II τ for moderate and heavy/very heavy exercise in adults is slower by a 

magnitude of ~ 5 s (>25%), with a similar trend also evident for adolescents during 

heavy/very heavy exercise (~ 5 s, ~ 25%), whereas during sub LT power outputs this 

difference was only ~ 2 s (~ 4%), but is limited to a single study (Cooper et al., 1985).  

 

 

 

 

 

 
Figure 2.6 Modulation of the phase II τ 2OVp &  in adolescents and adults when compared 
to children for moderate (○) and heavy/very heavy (●) exercise. The magnitude of the 
change in the phase II τ from childhood is expressed in seconds (a) and as a percentage 
(b). A positive value indicates a longer τ (i.e. slowing of the phase II kinetics) compared 
to the child group. See text for details.   
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Taken collectively, the data strongly support the notion that the phase II τ, and by 

inference the control of oxidative phosphorylation, undergoes functional changes from 

childhood into adulthood. These studies therefore raise an important theoretical 

question: what is(are) the physiological mechanism(s) responsible for modulating the 

2OVp &  kinetic response from childhood through adolescence and into adult life? 

Unfortunately this issue has received no attention to date, although a greater potential to 

utilise oxygen in the face of a reduced glycolytic capacity, possibly due to a higher 

activity of oxidative enzymes and/or a preferential recruitment of type I muscle fibres 

during exercise in young people, has been proposed (Barstow & Scheuermann, 2005; 

Fawkner et al., 2002b; Williams et al., 2001).   

2.2.6     Physiological interpretation: control of oxidative phosphorylation 

To provide an insight into the physiological basis for this apparent ‘loosening’ of 

metabolic control following the onset of exercise, i.e. a delayed matching of oxidative 

ATP synthesis to the rate of ATP turnover within the myocyte, during growth and 

maturation knowledge of the factors that modulate the dynamics of 2OVm &  during 

metabolic transitions is needed. This can be found in the general equation for oxidative 

phosphorylation: 

3 ADP + 3 Pi + NADH + H+ + ½ O2 → 3 ATP + NAD+ + H2O         Equation 2.6 

where, NADH and NAD+ represent the reduced and oxidised forms of the nicotinamide 

adenine dinucleotide (NAD) carriers. 

  

Accordingly, the factors that have the potential to limit the flux of oxidative ATP 

synthesis at exercise onset are: 1) the provision of oxygen to the contracting muscle - 
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the oxygen delivery limitation hypothesis (Hughson, 2005; Hughson et al., 1996; 

Macdonald et al., 1997; Tschakovsky & Hughson, 1999); 2) delayed metabolic 

activation linked to the rise in putative feedback controllers, such as ADP and Pi, 

released during the hydrolysis of muscle ATP at the actin-myosin cross-bridges (Grassi, 

2003; Kindig et al., 2005; Meyer & Foley, 1996; Rossiter et al., 2005; Whipp & Mahler, 

1980); 3) the availability of NADH, which in turn is related to the flux of metabolic 

substrate in the form of acetyl units through the Krebs cycle which may be related to the 

activity of the pyruvate dehydrogenase (PDH) complex (Gurd et al., 2006; Howlett et 

al., 1999; Timmons et al., 1998a; Timmons et al., 1998b). The latter two factors have 

been termed the ‘metabolic inertia’ hypothesis, which argues that the rise in 2OVm &  at 

exercise onset is limited by metabolic factors within the myocyte. In addition, recent 

evidence in humans (Jones et al., 2003; Wilkerson et al., 2004) and animals (Kindig et 

al., 2002) indicates that nitric oxide may also play a crucial role in limiting the 

dynamics of 2OVm & , by acting as a competitive inhibitor of oxygen at the cytochrome C 

oxidase site located within the inner mitochondrial membrane.   

  2.2.6.1     Muscle oxygen delivery 

The view that the availability of oxygen to the contracting myocye limits the rise in 

oxidative phosphorylation at exercise onset stems from research demonstrating slower 

2OVp &  kinetics in experimental conditions where the delivery of blood or oxygen to the 

contracting muscles is compromised. Specifically, slower 2OVp &  kinetics have been 

observed during supine compared to upright cycling exercise (Hughson et al., 1993), 

during hypoxic gas inspirate when compared to normoxia (Engelen et al.., 1996; 

Hughson & Kowalchuk, 1995; Springer et al. 1991), and in diseased populations where 

oxygen delivery is impaired due to cardio-pulmonary dysfunction (Poole et al., 2005). 

The interested reader is directed to the insightful reviews by Richard Hughson 
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(Hughson 2005; Tschakovsky and Hughson, 1999), who champions the notion that 

oxygen delivery is the principle limitation to the rise in oxidative ATP flux at exercise 

onset.     

  

In opposition, advocates of the metabolic limitation hypothesis have argued that as 

experimental interventions designed to increase the availability of oxygen to the 

contracting muscles have failed to elicit a speeding of oxidative metabolism at exercise 

onset, the oxygen delivery component of equation 2.6 is not rate limiting. Such 

interventions include: 1) hyperoxic gas inspiration (Grassi et al., 1998b; Wilkerson et 

al., 2006); 2) recombinant human erythropoietin treatment (Wilkerson et al., 2005); 3) 

artificial elevation of muscle blood flow to the steady-state magnitude during the 

transient phase (Grassi et al., 1998a; Grassi et al., 2000); and  4) ‘priming’ exercise 

(Burnley et al., 2000; Jones et al., 2006); which have all failed to report a speeding of 

the phase II τ up to ~ 80% maximal 2OVp &  in canine muscle (studies by Grassi) and ~ 

105% maximal 2OVp &  in healthy humans (studies by Wilkerson, Burnley and Jones). It 

is important to note that researchers favoring the metabolic inertia hypothesis do not 

rule out the possibility that oxygen delivery may be rate limiting under certain 

conditions, (i.e. supine exercise, diseased patients, hypoxic breathing), but contend this 

is not the case under what can be described as the control condition - healthy, young 

humans exercising in the upright position with a large muscle mass.  

 

To explain the complex dependence and independence of the 2OVp &  kinetic response to 

oxygen delivery, Andrew Jones and David Poole (Poole and Jones, 2005) have recently 

proposed the ‘tipping point’ hypothesis (figure 2.7). The model proposes that for 
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healthy participants exercising in the upright position, the kinetics of 2OVp &  are oxygen 

independent, such that the individual lies to the right of the so-called ‘tipping point’ as 

an increase in muscle oxygen delivery fails to elicit a speeding of the phase II τ. Under 

the oxygen independent region, 2OVp &  kinetics is thought to be limited by metabolic 

factors residing within the myocyte. In contrast, with a reduction in muscle oxygen 

delivery, possibly brought about by cardio-pulmonary disease or hypoxic gas inspiration 

(see above), the kinetics of 2OVp &  become oxygen dependent which will manifest as a 

slower phase II τ once the ‘tipping point’ has been reached. It is currently unknown 

exactly how far a healthy individual lies to the right of the so-called ‘tipping point’. 

However, the recent demonstration that 2OVp &  kinetics were unaltered in healthy adults 

following eccentric exercise induced muscle damage (and presumably damage to the 

microcirculation), suggests compensatory mechanisms may elevate muscle blood flow 

to maintain oxidative ATP flux, such that the participants in this study at least, were 

removed from the ‘tipping point’ and spanning the oxygen independent region (Davies 

et al., 2008).  

 

 

 

 

 
 
 
Figure 2.7 Schematic of the ‘tipping point’ hypothesis, which outlines the dependence 
and independence of the phase II 2OVp &  kinetics. Adapted from Poole and Jones (2005).        
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While muscle oxygen delivery is not limiting in terms of reducing the rate of oxidative 

ATP flux and therefore its kinetic progression at exercise onset, Tschakovsky and 

Hughson (1999) and Hughson (2005) have argued that muscle oxygen supply may 

modulate the rate of ATP flux by interacting with the cellular redox (NADH/NAD+) and 

phosphorylation potential (ATP/ADP·Pi), thus influencing the overall ‘drive’ for 

cellular respiration. Specifically, the authors cite the work by Wilson and colleagues 

(see 1994 for review), who demonstrated that below an intracellular partial pressure for 

oxygen (PO2) of 30 mmHg, the cellular phosphorylation potential becomes oxygen 

dependent, such that a greater perturbation to the phosphorylation potential (increased 

ADP and Pi) is required to maintain oxidative flux with falling intracellular PO2 under 

steady-state conditions. Interestingly, the work by Haseler et al. (1998) has 

demonstrated a similar phenomenon in humans during steady-state plantar flexor 

muscle contractions at ~ 60% maximum power output. Specifically, by altering 

intracellular PO2 through hyperoxic (100% oxygen) and normoxic gas inspiration (~ 5 

and 3 mmHg respectively), the authors noted a reduced splitting of muscle PCr under 

steady-state conditions under hyperoxia (~ 8%), suggesting the metabolic perturbation 

to drive a given rate of oxidative ATP synthesis was dependent on the level of 

intracellular PO2 under these conditions.  

 

Intracellular PO2 clearly has the potential to modulate the cellular energetic state 

required to maintain oxidative ATP flux during submaximal steady-state exercise in 

humans. However, for intracellular PO2 to modulate the cellular energetic state at 

exercise onset, intracellular PO2 must fall, at least within the initial ~ 30 s of exercise, to 

a level similar to that observed in the steady-state experiments by Haseler et al. (1998). 

While no study has directly determined the kinetic fall in intracellular PO2 during a rest 

to exercise transition, the work by Richardson et al. (2006; 2001; 1995) permits an 
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insight into this issue. Specifically, Richardson and colleagues demonstrated that during 

knee-extensor exercise breathing room air, the resting intracellular PO2 is ~ 34 mmHg 

in healthy adults, and falls within the initial 20 s of exercise to a plateau of ~ 3-4 mmHg 

at a power output corresponding to 50-60% maximum power output. These data clearly 

indicate that intracellular PO2 falls well below the 30 mmHg that is expected to 

modulate the cellular energetic state required to maintain oxidative flux, which will be 

increasing in response to the ATP demand within the muscle following the onset of 

exercise.  

 

Studies designed to increase the availability of oxygen to the myocyte immediately at 

the onset of exercise however, have failed to corroborate this hypothesis. Specifically, 

Haseler et al. (2004a) found the τPCr at the onset of 5 minutes of plantar flexor exercise 

at ~ 60% maximum to be unaltered during hyperoxic gas inspiration (100% oxygen) 

when compared normoxia (39 s [SD 9] vs. 35 s [SD 8] respectively). In contrast, the 

magnitude of the PCr slow component observed during normoxia was absent for 

hyperoxia, such that the total breakdown of muscle PCr from baseline was lower under 

hyperoxic conditions (34% [SD 5] vs. 28% [SD 3] respectively). Likewise, a recent 

study by Jones et al. (2008a) demonstrated that the enhanced delivery of oxygen to the 

muscle induced by a bout of prior high intensity exercise (confirmed using localised 

near infrared spectroscopy measures), failed to result in a speeding of the muscle PCr 

kinetics in a subsequent bout compared with the control (52 s [SD 17] vs. 51 s [SD 15] 

respectively) during 6 minutes of quadriceps exercise at 80% peak power. Taken 

collectively, these data demonstrate that in the face of enhanced muscle oxygen 

delivery, and presumably an elevated intracellular PO2 (Richardson et al., 2006), the 

initial kinetic fall in the cellular energetic state, as inferred from muscle PCr, appears to 

be insensitive to an increased muscle oxygenation, but rather it is following this phase, 
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i.e. during quasi steady-state exercise, that an oxygen related dependence of oxidative 

ATP flux is apparent. Coupled with the earlier discussion that the kinetics of 2OVm &  are 

insensitive to increases in oxygen delivery, this refutes the hypothesis that the rate of 

ATP flux at exercise onset is either limited or modulated by muscle oxygen delivery, at 

least in healthy individuals exercising up to power outputs corresponding to ~ 80% 

maximum.     

2.2.6.2     Muscle metabolic inertia 

Given the oxygen delivery independence of 2OVm &  during a ‘step’ change in metabolic 

rate, a great deal of interest has been devoted to elucidating the mechanisms by which 

an intrinsic metabolic inertia may limit the rise in oxidative phosphorylation. One 

hypothesis has centered on the role the PHD complex may play in creating a ‘bottle 

neck’ for the entry of metabolic intermediates into the tricarboxylic acid cycle (Howlett 

et al., 1999; Timmons et al., 1998a; Timmons et al., 1998b). Under resting conditions 

PHD is predominantly in its inactive form and is converted to its active form (via the 

enzyme PHD phosphatase) on initiation of muscle contraction. As the main role of PHD 

is to enable the flux of pyruvate into the tricarboxylic acid cycle in the form of acetyl 

units, which enables oxidative ATP synthesis to proceed, it has been hypothesised that 

the activation of PDH may represent an important limitation in the rise of muscle 

respiration at exercise onset. In order to test this hypothesis, Timmons and colleagues 

(1998a; 1998b) pharmacologically activated PDH prior to a bout of submaximal knee-

extensor exercise using dichloroacetate infusion, and demonstrated a marked reduction 

in the breakdown of muscle [PCr] and increase in muscle [La], which the authors 

attributed to a more rapid activation of oxidative phosphorylation; the latter however, 

was not measured. However, experimental studies in humans or canine have failed to 

observed a speeding of the 2OVm &  or 2OVp &  kinetic response during muscle 
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contractions up to 110% 2OVp & peak following the activation of the PDH complex by 

dichloroacetate (Bangsbo et al., 2002; Grassi et al., 2002; Jones et a., 2004). 

Furthermore, Rossiter et al. (2003) simultaneously determined the kinetics of muscle 

PCr and 2OVp &  during high-intensity knee-extensor exercise and found no speeding of 

the PCr of phase II 2OVp &  kinetics following dichloroacetate infusion. Interestingly, 

Rossiter et al. (2003) did note however, a reduction in muscle PCr and 2OVp &  

amplitudes following the activation of DCA, suggesting that an increase in muscle 

efficiency or a reduced fatigue profile in the recruited muscle fibres (muscle [Pi] was 

lower and pH higher), may explain the findings of Timmons and colleagues, and not a 

speeding of oxidative ATP flux per se.         

 

It is well known that nitric oxide is an important molecular messenger involved in the 

regulation of muscle blood flow at rest and during exercise. Specifically, nitric oxide is 

synthesized by nitric oxide synthase which is located within the endothelium or 

myocyte, and modulates blood flow through vasodilatation (Hughson & Tschakovsky, 

1999). In addition, there is a growing body of evidence supporting a role for nitric oxide 

in limiting the rate of mitochondrial respiration, by acting as a competitive inhibitor of 

oxygen at the cytochrome C oxidase reaction in respiratory complex IV of the electron 

transport chain (Kindig et al., 2002; Jones et al., 2003; Wilkerson et al., 2004). 

Specifically, following the inhibition of nitric oxide synthase and therefore nitric oxide 

production using nitro-L-arginine methyl ester (L-NAME), it has been reported that the 

phase II 2OVp &  τ was speeded by ~ 20%, 13% and 44% during moderate, heavy and 

serve intensity cycling exercise respectively (Jones et al., 2003; Jones et al., 2004; 

Wilkerson et al., 2004). These findings were invariably observed with a prolonged 

phase I portion of the 2OVp &  response in the L-NAME condition, suggesting that the 
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enhanced activation of oxidative phosphorylation may have occurred despite the 

possibility that muscle blood flow (and thus oxygen delivery) was reduced. If this is the 

case, this finding adds further weight to the supposition that under normal conditions, 

the rate of oxidative phosphorylation at exercise onset is oxygen independent, and thus 

to the right of the proposed ‘tipping point’. Give the preceding discussion, it is clear that 

the inhibition of nitric oxide synthase results in a significant alleviation of the metabolic 

inertia that limits the rise in oxidative ATP flux at exercise onset. However, the studies 

by Jones and colleagues (2003; 2004) indicate that for sub-maximal intensities, only 10-

20% of the ‘metabolic inertia’ is accounted for, indicating another (other) mechanism(s) 

is(are) involved.            

 

There is strong evidence to suggest that the rise in 2OVm &  following a ‘step’ change in 

metabolic rate is principally under metabolic feedback control linked to the splitting of 

muscle ATP, the rate of which can be viewed as setting the error signal to which the rate 

of mitochondrial respiration must attain (Kushmerick, 1998). It is well known that 

following the splitting of muscle ATP to ADP and Pi during muscle contractions, ATP 

is immediately restored through the donation of the phosphate bond from muscle PCr to 

ADP through the creatine kinase reaction:  

PCr + ADP + H+ → ATP + Cr                  Equation 2.7 

 where Cr is creatine. 

 

The positioning of creatine kinase adjacent to the myofibrils ensures an immediate 

buffer is available to maintain cellular ATP/ADP homeostasis, especially at the onset of 

exercise until oxidative and anaerobic glycolytic ATP flux are suitably activated, or 
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during high intensity exercise where the rate of ATP turnover is greater than the 

maximal rate of oxidative ATP synthesis. However, in addition to this important 

‘buffering role’, the products and/or reactants involved in the creatine kinase splitting of 

muscle PCr have been proposed to play a significant role in shaping the adaptation of 

2OVm &  (Bessman & Geiger, 1981; Kindig et al., 2005; Mahler, 1985; Rossiter et al., 

2005; Walsh et al., 2001). The premise for this regulatory role, termed the PCr-Cr 

shuttle hypothesis, is that due to the low permeability of the outer mitochondrial 

membrane to ATP and ADP, the shuttling of the high-energy phosphate bond between 

the sites of ATP utilisation (myofibrils) and synthesis (mitochondria) occurs via the 

creatine kinase isoforms located in the inter mitochondrial space and cytosol (figure 2.8) 

(Bessman & Geiger, 1981; Mahler, 1985).  

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Schematic of the PCr-Cr shuttle hypothesis. CK, creatine kinase. PC, 
phosphocreatine. Translocase, adenosine nucleotide translocator. Dotted lines represent 
the free movement of PC (phosphocreatine), Cr and Pi across the outer mitochondria 
membrane. See text for details. From Mahler (1985). © Mahler, 1985. Originally 
published in The Journal of General Physiology. 86: 135–165. 

.      
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The model predicts that following the splitting of muscle PCr to buffer cellular ATP and 

maintain a favourable ATP/ADP ratio, the liberated Cr is transported across the outer 

mitochondrial membrane where via the mitochondrial creatine kinase isoform, Cr reacts 

with the ATP formed via oxidative metabolism, yielding PCr and ADP. This local 

increase in ADP, which is reflective of the rate of ATP turnover at the muscle due to its 

functional coupling with Cr, is thought to stimulate oxidative metabolism by entering 

the inner mitochondria via the adenosine nucleotide translocator, with ATP moving in 

the opposite direction. Finally, the PCr formed by mitochondrial creatine kinase is 

shuttled back to the cytoplasm, to buffer cellular ATP.  

 

Recent support for the PCr-Cr shuttle hypothesis stems from recent research in human 

skeletal muscle where alternations to the cellular concentrations of PCr and Cr were 

shown to modulate the sensitivity of the mitochondria to ADP stimulated oxidative ATP 

flux (Walsh et al., 2001). Specifically, the addition of Cr resulted in an increased rate of 

oxidative ATP flux, whereas, when PCr was added to the preparation, oxidative flux 

declined by an equal amount, supporting the forward and reverse roles of the 

mitochondrial creatine kinase isoforms either to increase ADP in the inter-

mitochondrial space through the addition of Cr, or decrease ADP via the addition of 

PCr.  

           

The PCr-Cr shuttle hypothesis thereby clearly indicates that the dynamics of muscle 

PCr and/or Cr play a fundamental role in controlling the adaptation of 2OVm & . Further 

support for this hypothesis can be found in research demonstrating a direct 

proportionality between the kinetics of muscle PCr and 2OVm &  in isolated frog muscle 
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during muscle stimulations (Mahler, 1985). More importantly though, experiments 

conducted with humans have found a close temporal coupling between the kinetic 

profile of muscle PCr and 2OVp &  during exercise (Barstow et al., 1994a; McCreary et 

al., 1996; Rossiter et al., 1999; Rossiter et al., 2002). Indeed, the pioneering work by 

Rossiter and colleagues (1999; 2002) simultaneously determined the profile of muscle 

PCr using 31P-MRS and phase II 2OVp & , thereby reflecting the dynamics of 2OVm & , at 

the onset and offset of knee-extensor exercise, and found a strikingly similar temporal 

relationship between the two variables (figure 2.9).  

 

 

 

 

 

 

Figure 2.9 Responses of muscle PCr (○) and 2OVp &  (●) determined simultaneously 
during moderate intensity knee-extensor exercise at a sample resolution of 15 s. In order 
to ‘align’ the relevant regions of the responses during the non steady state region (i.e. 0 
to 100 s), the phase II 2OVp &  response has been back shifted such that its exponential 
time course can be compared to the exponential fall in muscle PCr, which has been 
inverted for comparison with the rise in 2OVp & . From Rossiter et al. (1999) with 
permission. 

 

Moreover, a recent study by Kindig et al. (2005) using isolated frog muscle 

preparations, demonstrated that acute inhibition of the creatine kinase reaction resulted 

in a ~ 50% speeding in the fall of intracellular PO2 (which is assumed to be proportional 
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to 2OVm &  in this model4) at the onset of isometric contractions. This indicates that the 

creatine kinase reaction accounts for a large portion of the delay in increasing muscle 

oxidative ATP flux following a ‘step’ change in metabolic rate, with the buffering of 

cellular ATP by PCr delaying the rise in the putative metabolic feedback controllers (i.e. 

ADP) from the myofibrils reaching the mitochondria and stimulating an increased rate 

of oxidative ATP flux. Indeed, it has been demonstrated through modelling simulations 

that the removal of creatine kinase results in a profound increase in muscle ADP at the 

onset of muscle contractions and a square-wave rise in oxidative ATP flux 

(Kushmerick, 1998; Roman et al., 2002), highlighting the  fundamental role muscle PCr 

has in ‘dampening’ the rate at which muscle ADP rises to stimulate oxidative ATP 

synthesis. 

 2.2.7     Experimental predictions  

Taken collectively, these data have been interpreted to suggest that either the products 

and/or reactants involved in the creatine kinase splitting of muscle PCr play a 

fundamental role in modulating the dynamics of 2OVm &  in humans. Therefore, a logical 

hypothesis is that an age-related modulation of the putative metabolic feedback 

controllers of oxidative phosphorylation (i.e. PCr, ADP) may underlie the faster phase II 

2OVp &  τ in children compared to older children or adults. While no such data are 

available in young people, some predictions can be made based on Meyer’s (1988) 

linear model of metabolic control. Specifically, the model predicts that the kinetics of 

PCr (and 2OVm & ) will be faster in muscle with a higher concentration or activity of 

oxidative enzymes, and slower in proportion to the muscle [PCr] at rest. In this sense, 

                                                 
4 As the Xenopus muscle is free of myoglobin, it is assumed that the difference between intracellular and 
mitochondrial PO2 is negligible, meaning that the difference between extracellular PO2 (which remained 
fixed at 30 mmHg) and intracellular PO2 is proportional to 2OVm &  (see Kindig et al. 2005). 
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the faster phase II 2OVp &  kinetics in children may be related to an enhanced oxidative 

enzymatic profile and/or a reduced [PCr] at rest compared to adults. 

 

Consistent with this supposition are the data of Haralambie (1982) who found higher 

tricarboxylic acid cycle enzyme activities (lipoamide dehydrogenase, isocitrate 

dehydrogenase, fumarase, and malate dehydrogenase) in the vastus lateralis muscle of 

13-15 year old adolescents compared to adults. Likewise, Berg et al. (1986) noted a 

decline in the activity of fumarase with age in pre- circum- and post-pubertal children. 

In the only study to directly document resting [PCr] in children, Eriksson and Saltin 

(1974) noted a progressive (~15 to 24 mM⋅kg-1 wet mass) increase in the rectus femoris 

muscle [PCr] between the ages of 11-16 years. Therefore according to Meyer’s model 

predictions, which have subsequently been confirmed in animal and human experiments 

(Francescato et al., 2008; McCully et al., 1993; Paganini et al., 1997), one indeed may 

predict the kinetics of muscle PCr to be more rapid in young people, thus explaining the 

faster phase II τ 2OVp &  found in children compared to adults. However, this remains to 

be tested.  

 

Considering the above, knowledge of the dynamics of the muscle phosphates during 

exercise transitions in young people, and how these change, if at all, from childhood to 

adulthood, would advance understanding of the mechanisms that underlie the slowing 

of the phase II 2OVp &  kinetics during growth and maturation. As alluded to earlier, 31P-

MRS permits in vivo interrogation of the muscle phosphates and pH during rest and 

exercise at a high sampling resolution under non-invasive conditions, and thus is ideally 

suited for studying muscle metabolism directly in young people (Cooper & Barstow, 
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1996). The following section of this thesis will therefore: 1) provide an overview of the 

31P-MRS technique with regard to its theoretical basis and application to studying 

muscle metabolism; 2) highlight the parameters of metabolic function that can be 

obtained during exercise protocols using 31P-MRS; 3) provide a critical review of the 

previous studies that have investigated developmental muscle metabolism in young 

people using 31P-MRS; and 4) highlight how these studies can be can be extended to 

advance our understanding of muscle metabolism during growth and maturation.     

2.3 31P-MRS and the study of muscle metabolism  

2.3.1     Basic principles of 31P-MRS 

The phenomenon of nuclear MR is a complex subject embedded in the physical 

sciences. As a consequence researchers wishing to investigate muscle metabolism using 

this technique are required to collaborate with physicists who have expertise in this area. 

Therefore, while a comprehensive coverage of the theoretical principles underlying 31P-

MRS is beyond the scope of this thesis, and can be found in detail elsewhere (Gadian, 

1982; Meyer et al., 1982; Westbrook & Kaut, 1998), some of the basic principles will 

be highlighted for completeness. 

 

The phenomenon of nuclear MR is brought about on any nucleus (typically 31P, 1H or 

13C) that possesses a positive or negative charge its intrinsic spin generates a magnetic 

moment. When placed inside a magnetic field (Bo) the magnetic properties of the 

nucleus align against Bo in one of two energy states: spin-up (low state) and spin-down 

(high state). At equilibrium a net excess of nuclei are positioned in the spin-up energy 

state, thus creating a net magnetisation vector (NMV) in the direction of the spin-up 

energy state (figure 2.10a). Considering a 3-dimensional axis where Bo is constrained to 
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the longitudinal axis (Z), the NMV aligns itself with the Z axis and resonates around this 

axis on the X-Y planes due to the intrinsic angular momentum of the nucleus (figure 

2.10b). This angular momentum is termed the precessional frequency and is unique to 

the environment of a given nucleus. This forms the basis of nuclear MRs ability to 

identify nuclei of different molecular environments as different resonance frequencies 

are produced by the nuclei within different compounds, i.e. 31P in PCr or Pi. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Schematic of the basic principles of nuclear MR. Figure A is adapted from 
Westbrook and Kaut (1998) and figures B and C are adapted from Meyer et al. (1982). 
See text for details.   

 

To transform this compound specific resonance frequency as a spectrum (i.e. the spectra 

plot), a radio frequency pulse of exact frequency to the processional frequency of the 

nuclei is applied at a 90° right angle and some nuclei in the spin-up phase gain energy 
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(excitation) and move to the spin-down state. This process of nuclei moving across the 

energy states is called resonance. As a result, the NMV shifts from the longitudinal to 

the transverse plane (X axis), which induces a signal in a receiver coil (figure 2.10c). 

After the radio frequency pulse is removed (relaxation), the NMV re-aligns itself with 

Bo in the longitudinal plane (termed T1 recovery) whereas the NMV in the transverse 

plane decays (termed T2 decay) (figure 2.10d). During this process the signal induced in 

the receiver coil decreases, which is termed the free induction decay (FID). The FID is 

then converted, via a Fourier transformation, into an intensity frequency spectrum, 

which contains the peak intensities for the frequency characteristics (expressed as a 

parts per million (ppm)) of the molecules containing the ‘excited-relaxed’ nuclei. This is 

shown in figure 2.11 where for 31P the resonances of Pi, PCr and ATP (with three peaks: 

γ, α and β) are observed in a conventional spectrum taken from a human muscle under 

resting conditions. 

  

 

 

 

 

 

Figure 2.11 31P-MRS spectrum obtained under resting conditions from the quadriceps 
muscle at a sample resolution of 30 s. The peaks that are clearly visible are Pi (~ 6 
ppm), PCr (assigned to 0 ppm to act as an internal ‘reference’) and the three ATP 
resonances: γ (~ -3 ppm), α (~ -7 ppm) and β (~ -16 ppm). The quantification of the 
spectral areas is performed using a specialised non-linear regression model (Vanhamme 
et al., 1997), which incorporates ‘prior’ knowledge of the chemical shifts and amplitude 
ratios, i.e. for Pi, PCr and ATP, and extrapolates through the overlapping peaks i.e. PCr 
and γ ATP that share a similar chemical shift near the base of their respective peaks.          
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2.3.2     Sensitivity of 31P-MRS 

As can be predicted from the spectra presented in figure 2.11, not all the muscle 

phosphates involved in energy metabolism are identifiable in the 31P spectra, which at 

first sight appears surprising considering that the 31P nuclei has a 100% abundance in 

the human anatomy. This is a consequence of the poor signal-to-noise properties of the 

31P-MRS technique, which requires the 31P compound to have a concentration of 

approximately 0.5 mM or above, depending in part on the scanner’s magnetic strength 

and scanning time, to be ‘visible’ in the spectra plot (Gadian, 1982; Heerschap et al., 

1999). Therefore, while intramuscular changes in PCr, ATP and Pi can be readily 

determined, the muscle phosphates of micro molar concentrations (e.g. ADP, adenosine 

mono-phosphate) cannot be identified from the 31P spectra, at least within the 

physiological range experienced during muscle contractions. Moreover, ADP shares the 

same resonance characteristics as the γ and α peaks in ATP, which is likely to mask its 

identification as the latter has the higher cellular concentration. The spectra are also 

insensitive to 31P nuclei that are in the bound form (i.e. 31P in bone matrix, 

phospholipids), as a resonance is only detected for compounds that are free in solution 

(Heerschap et al., 1999; Meyer et al., 1982). Rather, compounds in the bound form 

produce a broad signal which contribute to the baseline ‘noise’ present in the spectrum 

(Gadian, 1982).   

2.3.3     Quantification of the 31P compounds 

It is important to note that the spectra area does not reflect the absolute concentration of 

the 31P compounds – it’s a relative signal of the 31P compounds within a volume of 

tissue consisting of skin, adipose and muscle, which has a signal depth typically equal 

to the radius of the surface coil (Westbrook & Kaut, 1998). If absolute concentrations of 

the muscle phosphates are required, for example to estimate muscle [ADP] or the 
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maximal rate of oxidative ATP synthesis, a common technique is to use the assumption 

that at rest muscle [ATP] is equal to 8.2 mM (Barstow et al., 1994b; Jubrias et al., 2003; 

Kemp et al., 2007; Lanza et al., 2005; Rossiter et al., 2001), which is termed internal 

reference quantification. Muscle [Pi] and [PCr] can then be determined from the ratio of 

Pi/ATP and PCr/ATP respectively, using the β ATP resonance. The assumption behind 

this procedure is that muscle [ATP] at rest does not differ markedly between 

individuals, nor between muscle fibre types, which appears reasonable at least in adults 

(Kemp et al., 2007). Alternatively, biopsy samples of the muscle interrogated by 31P-

MRS can be undertaken to assign a resting [ATP] for each participant (Conley et al., 

2000).    

 

An advantage of quantifying muscle [PCr], [Pi] and [ATP] is that muscle [ADP] (µM) 

can be estimated through re-arranging the creatine kinase equation: 

]PCr)[10)(1066.1(
]Cr][ATP[]ADP[ pH9 −×

=                    Equation 2.8 

where, 1.66×109 is the assumed equilibrium constant for creatine kinase. The 

assumptions behind this estimation of [ADP] are that muscle [ATP] remains constant 

(8.2 mM) during exercise, that the muscle total creatine content [TCr] = 36.9 mM or 42 

mM, from which [Cr] can be determined using [TCr]-[PCr], and that the creatine kinase 

equilibrium remains constant during exercise, which is questionable for pH changes < 

6.9 (Harkema & Meyer, 1997). Under this set of assumptions, this renders any changes 

in muscle [ADP] to be entirely dependent on cellular pH and [PCr].  
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As highlighted in Chapter 1, data concerning the resting muscle [ATP] stores during 

childhood and adolescence are restricted to a single study of a small group of boys aged 

between 11-16 years (Eriksson & Saltin, 1974). Muscle [ATP] from the biceps femoris 

muscle was age invariant at ~ 5 mM⋅kg-1 wet mass (~ 7.4 mM5), and appears to justify 

the use of the 8.2 mM reference value. However, as these data are taken from a single 

study with poorly defined participants (i.e. no data in females or adults, lack of 

information regarding physical activity and biological maturity), these data are by no 

means comprehensive. To provide further insight into the development of resting 

muscle [ATP] and [PCr] from childhood into adulthood, Gariod et al. (1994) employed 

an external reference technique using 31P-MRS in an attempt to standardise the calf 

muscle phosphate peaks under resting conditions in thirteen children aged 10.9 years 

[SD 2.3] and ten adults aged 28.8 years [SD 3.4]. After correcting for skin and adipose 

tissue thickness using skinfold measures, the authors noted no significant differences in 

muscle [ATP] (13.6 vs. 11.9) and [PCr] (47.1 vs. 44.7), expressed as standardised 

arbitrary units relative to an external reference, between the children and adults 

respectively. Considering that a recent review paper has demonstrated no systematic 

differences exist between the calibrated 31P-MRS and muscle biopsy methods to 

determine muscle [ATP] at rest (Kemp et al., 2007), these data appear to corroborate the 

muscle biopsy data published by Eriksson and Saltin (1974), and hence, suggest that the 

muscle [ATP] at rest in 10-11 year old children may indeed be ‘fixed’ at adult-like 

values (i.e. 8.2 mM).  

 

It is important to note however, that an interesting discrepancy exists between the 

studies of Gariod et al. (1994) and Eriksson and Saltin (1974). Specifically, the former 

                                                 
5 mM⋅kg-1 wet mass is converted to mM⋅L-1 cell water using the conversion factor of 1.47, where muscle 
cell water is assumed to be 0.68 L·kg-1 wet mass (1/0.68 = 1.47) (Kemp et al. 2007).  



 

 56

study found muscle [PCr] at rest to be strikingly similar between children and adults, 

whereas the latter noted a 60% increase in resting [PCr] between the ages of 11 to 16 

years of age (~ 15 to 24 mM⋅kg-1 wet mass). As the goal of assuming a resting muscle 

[ATP] at rest is to estimate absolute muscle [PCr] and [Pi], the experimenter is still left 

with the problem of ‘confirming’ their resting [PCr] data against two studies that 

display strikingly different conclusions. As a consequence, until robust conclusions can 

be drawn with regard the development of resting muscle [ATP], [PCr] and [Pi] from 

childhood to adulthood (i.e. accounting for age, sex and maturity), the assumptions 

required to estimate absolute metabolite concentrations using 31P-MRS in young people 

are potentially untenable. Therefore, any inferences regarding muscle metabolic 

changes (i.e. [PCr], [Pi]) or quantitative analyses (i.e. [ADP], maximal rate of oxidative 

ATP flux) should be interpreted with caution in young people when absolute 

concentrations are calculated assuming a fixed resting [ATP]. 

 

An alternative option that potentially has greater application to young people, is to 

express the muscle phosphate spectral areas as a ratio, i.e. muscle Pi to PCr (Pi/PCr) and 

use this ratio as a sensitive marker of metabolic function (Chance et al., 1986; Kent-

Braun et al., 1993; Marsh et al., 1991). The distinct advantages of this expression is that 

it does not require absolute quantification of the Pi and PCr spectral areas and has been 

shown to approximate the changes in the cellular [ADP] under conditions of constant 

cellular pH and ATP (Chance et al., 1986; Kemp & Radda, 1994). Indeed, this 

relationship can be predicted from equation 2.8, as assuming a constant [ATP] and pH, 

and that the increase in [Pi] is proportional to the increase in [Cr] during exercise 

(Chance et al., 1985; Kemp & Radda, 1994), the dynamics of muscle [ADP] can be 

evaluated using the Pi/PCr expression under these conditions: 
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)[PCr])(1010(1.66
[ATP][Cr][ADP] pH9 −×

=  → 
]PCr[

]P[]ADP[ i≈          Equation 2.9 

Given that muscle ADP is a putative metabolic controller of 2OVm &  (Barstow et al., 

1994a; Chance et al., 1986; Walsh et al., 2001; Wilson, 1994), the ratio of Pi/PCr 

against power output has been employed as an index of mitochondrial function. 

Moreover, as discussed previously, Walsh et al. (2001) demonstrated that the ratio of 

muscle PCr/Cr (akin to muscle PCr/Pi, or its inverse, Pi/PCr) is a potent regulator of 

mitochondrial respiration. A decrease in muscle PCr/Cr increases the sensitivity of the 

mitochondria to muscle ADP, thus increasing mitochondrial ATP synthesis, whereas an 

increase in PCr/Cr had the opposite effect. Therefore, using 31P-MRS the regulation of 

mitochondrial respiration may be investigated using the expression of muscle Pi/PCr 

against power output (Chance et al., 1985; Chance et al., 1986).  

 

Finally, if the 31P-MRS derived compounds are intended to be used for kinetic analysis, 

i.e. to quantify the τ for muscle PCr at the onset or offset of exercise (Binzoni et al., 

1992; Rossiter et al., 2002; Yoshida & Watari, 1993), the changes in the muscle 

phosphates can be expressed as a percentage change from baseline using their relative 

spectra signal. However, if amplitude changes are desired and are to be analysed 

between participant groups (i.e. child vs. adult comparisons), this method of expressing 

the muscle phosphate is inappropriate due to its dependence on the participants resting 

phosphate concentration. For example, a 40% fall in muscle PCr during exercise when 

expressed in absolute terms, would be greater in an individual with a resting muscle 

[PCr] of 40 mM (i.e. 16 mM breakdown) compared to a resting muscle [PCr] of 30 mM 

(i.e. 12 mM breakdown), this is clearly an inappropriate method of expressing the 31P-

MRS data.      
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  2.3.4     T1 correction factors 

A common requirement for studies investigating muscle metabolism using 31P-MRS is 

to collect data at a high sampling resolution, typically ranging from 6 to 30 s. As the 

signal-to-noise properties of the 31P spectra collected from a single excitation-relaxation 

pulse sequence are unsuitable for area quantification, a common practice is to average a 

number of repeat pulse sequences to dampen the noise magnitude by a factor of √n, 

where n is the number of averages performed (Gadian, 1982; Westbrook & Kaut, 1998). 

To achieve this, the time between each radio frequency pulse (repetition time, TR) must 

be of short duration to allow sufficient averages to be performed within a short 

sampling interval. For example, to collect 31P-MRS data at a 12 s resolution, the TR 

may be in the order of 1 to 3 s to permit the averaging of sufficient 31P spectra profiles, 

12 to 4 respectively, to reduce the noise magnitude.                   

 

A consequence of having a TR in the order of 1-3 s is that the 31P nuclei become 

‘partially saturated’, meaning the recovery of the NMV in the longitudinal plane (T1) is 

incomplete (Meyer et al., 1982). The application of a radio frequency pulse to a 

‘partially saturated’ NMV will induce a lower signal in the surface coil due to the lower 

NMV, which would yield a reduced 31P spectra amplitude for a given compound. It is 

important to note that this reduced 31P spectra amplitude is not due to ‘real’ changes in 

muscle energetics per se, but is an artifact of the 31P-MRS scan parameters used to 

acquire the spectra at a high sampling resolution. In order to correct for this ‘saturation’ 

effect, T1 correction factors are determined by obtaining the 31P spectra areas under 

‘partially saturated’ (experimental TR) and ‘unsaturated’ conditions (TR ≥ 15 s) for 

each of the 31P compounds (i.e. PCr, Pi) at rest. This is usually performed prior to the 

experimental protocol and the calculated correction factor for each 31P compound is 
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then applied to their respective spectra areas obtained under rest, exercise and recovery 

conditions.  

 

Of crucial importance is that the T1 correction factor does not change appreciably 

during exercise or recovery. If this was the case, an increase or decrease in the 31P 

spectral amplitude would be observed that is not indicative of a ‘true’ physiological 

change in the muscle phosphates, but is simply a methodological artifact pertaining to 

the 31P-MRS technique. In order to investigate this issue Newcomer and Boska (1999) 

determined the changes in the calf muscle T1 for Pi, PCr and ATP (γ, α and β) every 10 

s during the rest and exercise phases of a 90 s isometric plantar flexion exercise task at 

62.5% of the MVC. During exercise a 10-20% reduction in the T1 for muscle PCr was 

observed from rest within the initial 10 s of exercise and remained constant at this value 

until 90 s of exercise. A similar trend was also evident for the muscle ATP peaks T1 

values. In contrast, the T1 value for Pi increased by ~ 60% from rest immediately at the 

onset of exercise (within the first 10 s) and subsequently declined in a progressive 

manner throughout the exercise bout to a value not different from rest at 90 s. The 

increase in the Pi T1 value during exercise was inversely associated with muscle pH 

(R2=0.93) and correction factors were proposed to adjust the T1 values depending on the 

muscle acidosis (pH range 6.92 to 7.06 units). A more recent study by Cettelo et al. 

(2006) reported the T1 measures of the phosphorous metabolites (PCr, Pi and the three 

ATP peaks) during dynamic moderate intensity calf exercise (i.e. exercise that does not 

elicit a fall in muscle pH from rest). In contrast to the study by Newcomer and Boska, 

the T1 value for all phosphorous compounds was not appreciably different during 

moderate intensity exercise compared to resting values. The changes in T1 were not 

reported during the transient phase of the rest-exercise transition nor under conditions of 
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mild cellular acidosis, thus limiting the conclusions that can be drawn from this study 

with regard the transient region. 

  

Given the impact apparent changes in the T1 time of the muscle phosphates has on the 

interpretation of the muscle metabolic responses, it is surprising little research has been 

devoted to this methodological issue. Nonetheless, the limited data currently available 

indicate that muscle PCr and ATP T1 values remain quasi-stable during moderate to 

high intensity exercise, and therefore are likely to provide a ‘true’ measurement of 

muscle PCr and ATP during exercise using a T1 correction factor determined under 

resting conditions. In contrast, it is possible that the muscle Pi T1 value may change 

markedly during exercise, and especially under conditions of cellular acidosis, thus 

potentially confounding the interpretation of this metabolite. Nonetheless, further 

research is clearly needed to document muscle phosphate T1 value under conditions of 

different experimental protocols (i.e. incremental and rest-exercise transitions) and 

muscle contractions (isometric, dynamic). However, until such work is undertaken it is 

a common assumption that T1 correction factors determined at rest are appropriate for 

the study of muscle metabolic dynamics under exercise and recovery conditions (see 

Forbes et al., 2005; Francescato et al., 2003; Haseler et al., 2004a; Jones et al., 2008c; 

Jones et al., 2008b; Jubrias et al., 2003; Kent-Braun et al., 2002; Rossiter et al., 2002; 

Roussel et al., 2003 and many others).     

2.3.5     Determination of intracellular pH 

In addition to assessing the muscle phosphates at a high sampling resolution during 

exercise, the spectral resonances obtained using 31P-MRS can also be used to quantify 

cellular pH to within 0.05 units accuracy (Madden et al., 1991). This measurement is 

possible due to the specific sensitivity of the 31P spectra peaks to pH over the 
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physiological range. In particular, Moon and Richards (1973) demonstrated that the 

resonance position of muscle Pi relative to a fixed marker (in this case phosphoric acid) 

is linear under pH conditions between ~ 6.4 and 7.4 units, which spans the physiological 

range for muscle pH under resting and maximal exercise conditions in humans when 

recruiting the quadriceps or calf muscles (Barstow et al., 1994b; Richardson et al., 1995; 

Sullivan et al., 1994). As the muscle PCr resonance is insensitive to pH over this range 

(Moon & Richards, 1973), the position of the Pi peak relative to muscle PCr may be 

used to quantify cellular pH using an appropriate calibration equation (Taylor et al., 

1983): 

pH = 6.75 + log (σ – 3.27) / (5.96 – σ)             Equation 2.10 

where, σ represents the chemical shift in ppm between the Pi and PCr resonance peaks. 

Acidification of the muscle results in the movement of the Pi resonance toward the PCr 

peak, whereas for alkalosis, the Pi peak displaces away from the PCr peak. As the 

resonance detected from the 31P-MRS spectrum predominantly reflects the changes in 

the muscle phosphates in the cytosol (Gadian, 1982), the determination of pH using the 

Pi resonance shift reflects the pH of the cytoplasm and is termed intracellular pH. 

  2.3.6    31P-MRS and muscle biopsy  

From the discussion above it is clear that 31P-MRS provides a unique non-invasive 

window to monitor in real time the key variables involved in energy metabolism under 

rest, exercise and recovery conditions at a high sampling resolution. In particular, the 

rich information obtained from the 31P-MRS spectra permits valuable insight into the 

energy systems responsible for the resynthesis of ATP during exercise, namely the high 

capacitance PCr-Cr system, anaerobic glycolysis and oxidative phosphorylation. 

Traditionally, the response of these systems in adults, and to a much smaller extent in 

young people, has been studied using muscle biopsy methods (Eriksson et al., 1971; 
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Eriksson & Saltin, 1974; Hultman et al., 1967; Karlsson, 1971). In comparison to 31P-

MRS, the muscle biopsy technique has been criticised due to its invasive approach, its 

inability to perform high resolution serial measures on the same muscle site, and the 

need to pause exercise for ~ 3 to 10 s in order to extract the muscle tissue from the 

participant (Sapega et al., 1993; Sullivan et al., 1994). In addition, muscle biopsy tissue 

quantification of the muscle phosphates includes both bound and unbound 

concentrations whereas 31P-MRS only quantifies the latter (Meyer et al., 1982; Sullivan 

et al., 1994). This has led to the suggestion that the muscle phosphate and pH responses 

between the two techniques may differ, which if the case, limits the inferences that can 

be made upon experimental data obtained between the two methods. 

 

In order to document the potential discrepancy between muscle biopsy and 31P-MRS 

determined muscle [PCr] at rest in the calf and quadriceps muscle, Kemp et al. (2007) 

have recently performed a comprehensive review of the available literature. In both the 

calf and quadriceps muscle, resting muscle [PCr] determined using 31P-MRS (i.e. 

assuming a resting muscle [ATP] of 8.2 mM), was 33 and 36 mM, respectively, which 

is ~ 20% higher than the biopsy determined muscle [PCr] (28 and 29 mM, respectively). 

This difference was explained, at least in part, due to the net PCr breakdown during the 

extraction-freezing processes when handling the muscle sample. The mean muscle 

[ATP] and [TCr] values determined by biopsy from the quadriceps muscle was 8.6 and 

44.5 mM respectively, suggesting the traditional assumption that resting muscle [ATP] 

= 8.2 mM, and [TCr] = 36.9 or 42 mM in 31P-MRS studies (Barstow et al., 1994b; 

Bendahan et al., 2003; Forbes et al., 2005; Jubrias et al., 2003; Kemp & Radda, 1994), 

are a slight underestimation. 
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Studies have been conducted to examine whether systematic differences in the muscle 

metabolic responses exist between the muscle biopsy and 31P-MRS techniques during 

exercise and its subsequent recovery. Bangsbo et al. (1993) demonstrated that during 

isometric calf exercise at 28%, 64% and 90% maximal voluntary contraction (MVC) 

and during its subsequent recovery, the dynamics of muscle [PCr], [ATP] and pH were 

strikingly similar between the two methods, with the only discrepancy being for muscle 

[ATP], showing a ~ 25% fall at the end of the 90% MVC bout when determined 

biochemically, which remained close to resting levels when measured by 31P-MRS.  

 

Sullivan et al. (1994) reported that the dynamics of muscle [PCr], [ATP] and pH during 

an isometric quadriceps task to exhaustion (~ 100-200 s), were closely related between 

the 31P-MRS and biopsy techniques (see figure 2.12). The recovery of these variables 

were also determined 32 s following exercise cessation, where a significantly higher 

muscle [PCr] was observed for 31P-MRS (~ 75% of baseline) compared to the biopsy 

analysis (~ 50% baseline), indicating a more rapid resynthesis of muscle [PCr] detected 

by 31P-MRS (Figure 2.12a). Surprisingly, this more rapid resynthesis of muscle [PCr] 

detected by 31P-MRS at exercise offset was not associated with a greater fall in pH 

(figure 2.12b), which one may predict given the liberation of H+ during the recovery of 

muscle PCr via the creatine kinase reaction. Sullivan et al. (1994) also reported a high 

correlation between the 31P-MRS determined pH, and the pH (r=0.88) and [La] (r=-

0.84) measured by muscle biopsy under rest, exercise and recovery conditions.  
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Figure 2.12 Muscle metabolic responses assessed using 31P-MRS (●) and biopsy (○) 
during an isometric quadriceps exercise challenge and 32 s into its subsequent recovery. 
The only statistically significant difference between the two techniques is in the 
resynthesis of muscle [PCr] during the recovery phase (a). From Sullivan et al. (1994) 
with permission. 

 

The promising outcomes from these studies is that while muscle [PCr] at rest appears to 

be ~ 20% lower when quantified using 31P-MRS compared to biochemical analyses, this 

discrepancy is not present during low to high intensity isometric exercise. This is also 

the case for muscle pH, which correlates highly with biopsy determined muscle pH and 

[La], whereas discrepancies in muscle ATP may arise during maximal intensity 

exercise. Taken collectively, the data indicate that the muscle biopsy determined [PCr], 

[La] and [ATP] responses may be faithfully compared to 31P-MRS based investigations, 

at least during exercise which involves the same muscle group as it has been 

documented that the fall in muscle pH in the forearm may be as low as 6.4 units during 

maximal intensity exercise (Sapega et al., 1993), which is uncommon for larger muscle 

groups (i.e. quadriceps or calf).     
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2.3.7     31P-MRS and metabolic heterogeneity 

A potential drawback of the 31P-MRS technique is that the muscle phosphate and pH 

response are quantified from a volumetric average of an undefined region of muscle, 

which typically approximates an hemisphere equal to the radius of the coil (Westbrook 

& Kaut, 1998). In this sense the 31P-MRS spectrum provides a ‘gross’ average of the 

metabolic response during rest, exercise and recovery conditions. However, it is well 

known that the metabolic characteristics of muscle fibres, specifically slow twitch (type 

I) and fast twitch (type II), display a profound heterogeneity in their metabolic profiles 

(Barstow et al., 1996; Crowther & Gronka, 2002; Kushmerick et al., 1992; Mizuno et 

al., 1994) and are recruited in a unique hierarchy during muscle contractions according 

to the ‘size principle’ (Henneman, 1981). Consequently, 31P-MRS acquired measures of 

the muscle phosphates and pH responses during muscle contractions may be due to 

metabolic changes within the existing set of recruited muscle fibres, and/or alterations 

in the recruited pool of muscle fibres during exercise (type I and/or type II), possibly 

due to the increasing force requirements and/or fatigue processes operating within a 

select portion of muscle fibres. This heterogeneity is masked within the ‘gross’ 31P-

MRS signal, which Meyer and Foley (1996) argue is one of the major factors 

confounding the interpretation of 31P-MRS data in the context of its application to the 

study of metabolic control during muscle contractions. Indeed, as will be outlined later, 

the issue of metabolic heterogeneity is a major confounding factor in interpreting the 

muscle metabolic responses obtained from the calf muscles in young people using an 

unlocalised 31P-MRS signal.  

 

It could be posited however, that the ‘gross’ metabolic response provided by 31P-MRS 

does provide important information when studying phenomena at the whole body level. 
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For example, a small number of investigators have attempted to examine the 

relationship between the dynamics of the muscle phosphates, determined using 31P-

MRS, with the kinetics of 2OVp &  at the onset of exercise in an attempt to understand the 

control of oxidative metabolism in humans (Barstow et al., 1994b; Chilibeck et al., 

1998b; McCreary et al., 1996; Rossiter et al., 1999; Rossiter et al., 2002). In this sense, 

the 2OVp &  and muscle phosphate responses are both a ‘gross’ reflection of the metabolic 

properties of the active muscle fibres during the exercise task, which Rossiter et al. 

(1999) state are ‘homogenised’ with respect to each other, thus allowing appropriate 

comparisons to be made between the two measures.  

2.4 31P-MRS and muscle metabolism during exercise 

2.4.1     Incremental exercise to exhaustion 

Since the application of the 31P-MRS technique to study muscle metabolism in humans, 

one of the most commonly employed protocols is the incremental test to exhaustion 

(Barstow et al., 1994b; Chance et al., 1985; Chance et al., 1986; Kent-Braun et al., 

1990; Marsh et al., 1991; McCully et al., 1989; Systrom et al., 1990; Taylor et al., 

1983). While much of this work was performed during dynamic exercise with a small 

muscle mass (e.g. wrist flexors or plantar flexors), the delineation of the muscle 

phosphates and pH responses during these experiments has provided solid groundwork 

upon which the influence of aging (Chilibeck et al., 1998a; Coggan et al., 1993), 

maturation (Kuno et al., 1995; Zanconato et al., 1993), exercise training (Kent-Braun et 

al., 1990; Marsh et al., 1993b) and disease (DeVries et al., 1996; Selvadurai et al., 2003) 

on the muscle metabolic responses during exercise can be investigated. 
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As discussed earlier, the pioneering work by Chance et al. (1985; 1986) developed the 

utility of using the expression of muscle Pi/PCr against power output during incremental 

exercise, and given its close relationship with muscle [ADP], at least under conditions 

of quasi-stable pH, reasoned this expression provides an index of mitochondrial 

function. A muscle with a greater oxidative capacity will require a lower change in 

Pi/PCr for a given increment in power output, as a lower modulation of muscle ADP 

will be required to signal an increased rate of oxidative ATP synthesis in order to satisfy 

the rate of ATP hydrolysis in the muscle (Chance et al., 1986; Walsh et al., 2001). In 

contrast, in de-conditioned muscle with a lower oxidative capacity, such as that brought 

about by physical inactivity or disease, a greater change in Pi/PCr against power output 

is evident, as a greater perturbation of the muscle phosphate stores is required to 

stimulate oxidative metabolism through increasing the ADP signal in an attempt to 

satisfy the rate of ATP turnover within the muscle (figure 2.13). 

 

 

 

 

 

  

 

 

Figure 2.13 Relationship between wrist flexor muscle Pi/PCr and the power output 
achieved during an incremental ramp based test before (○) and after (●) an 8 week 
training programme. Following training the change in Pi/PCr for an increase in power 
output is left-shifted, indicating a lower perturbation of the muscle phosphate stores is 
required to satisfy the rate of ATP turnover in the muscle at a given percentage of 
maximum. Interestingly, this training induced metabolic response was also associated 
with a ~ 15% increase in the total work completed during a performance test. From 
Kent-Braun et al. (1990) with permission. 
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Taking this further, Marsh et al. (1991) documented the changes in muscle Pi/PCr and 

pH during incremental exercise to exhaustion in order to test the hypothesis that the 

‘metabolic thresholds’ observed during whole body exercise (i.e. LT) are reflective of a 

metabolic processes occurring at the cellular level. Accordingly, an intracellular 

threshold (IT)6 was observed for both muscle Pi/PCr (ITPi/PCr) and pH (ITpH), and 

occurred at a strikingly similar power output (figure 2.14A). That is, the rate of change 

in muscle Pi/PCr and pH against power output were characteristically linear, both above 

and below the ITs, but the rate of change in these parameters was accelerated following 

the breakpoint. Interestingly, the power output at the ITs, and the slope before (S1) and 

after (S2) the ITs for the Pi/PCr and pH responses demonstrated marked variation 

(figure 2.14B), which is likely to reflect differences in the oxidative capacity, muscle 

fibre type recruitment and/or muscle oxygenation between participants. 

 

 

 

 

 

 

Figure 2.14 Changes in muscle Pi/PCr (○) and pH (●) during an incremental test to 
exhaustion, where the IT occurred at ~ 1.2 W for both variables (A). Inter-participant 
differences in the IT and slope parameters for Pi/PCr (B). From Marsh et al. (1991) with 
permission.      

 

                                                 
6 Meyer and Foley (1996) have also termed this phenomenon as the ‘transitional domain’, which in 
contrast to the IT terminology used by Marsh et al. (1991), does not assume this metabolic event to hold 
specific properties, i.e. threshold behaviour. Rather, the ‘transitional domain’ acknowledges the fact that 
the muscle phosphate and pH responses are profoundly different below (termed low-rate, non-fatiguing 
domain) and above (high-rate, fatiguing domain) the IT. Nonetheless, the use of the term IT will be used 
in the current thesis as this description appears, at least to date, the most appropriate and accepted 
terminology in the literature for what is clearly a non-linear response for muscle Pi/PCr and pH during 
incremental exercise.      

A B 
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Subsequent studies have demonstrated both under control and experimental conditions 

(e.g. sodium bicarbonate administration), the ITPi/PCr and ITpH occur at a power output 

similar to the LT (Kowalchuk et al., 2000; Raymer et al., 2004) or VT (Systrom et al., 

1990). The metabolic ITs have been shown to occur at a higher power output (classical 

‘right downward shift’) following a period of endurance training (Jones et al., 2007a; 

Marsh et al., 1993b), and to correlate highly with the mitochondrial enzyme citrate 

synthase in adult muscle (Chilibeck et al., 1998a; Coggan et al., 1993). Therefore, the 

metabolic ITs are recognised as an in vivo assessment of the oxidative capacity of the 

muscle and therefore mitochondrial function. 

 

A common interpretation of the rapid changes in the muscle Pi/PCr and pH following 

the metabolic ITs is that the anaerobic energy contribution following this transition 

point is markedly accelerated (Kent-Braun et al., 1993; Zanconato et al., 1993). While 

this interpretation is acceptable based upon the accelerated breakdown of muscle PCr 

and accumulation of Pi following the IT (figure 2.15), this explanation for the decline in 

muscle pH is potentially erroneous and thus misleading. At first sight, one may 

conclude that given the strong quantitative relationship between muscle pH and muscle 

[La] (Sahlin et al., 1976; Sullivan et al., 1994), the rapid fall in muscle pH following the 

IT reflects an accelerated anaerobic glycolytic energy contribution, leading to muscle 

[La] formation within the myocyte. This reasoning would also lead to the conclusions 

that, 1) under conditions of no/minimal change in cellular pH, the anaerobic glycolytic 

energy contribution is zero/negligible, and 2) that the ITpH represents an 

activation/hyper activation of anaerobic glycolysis and therefore lactate formation 

within the muscle. However, given that glycolytic ATP flux rates are elevated from 

baseline during muscle contractions of light to moderate intensities, and that a 5-fold 

elevation in glycolytic production of H+ during 60 s of ischaemic exercise has been 
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shown to correspond not to a fall, but to a rise in pH above resting levels (Crowther et 

al., 2001a), this explanation for muscle pH is too simplistic.  

 

 

 

 

 

 

 

 

Figure 2.15 Changes in calf muscle PCr (●) and Pi (▲) (figure a) and pH (■) (figure b) 
during an incremental protocol to exhaustion. Note the initial linear fall in PCr, rise in Pi 
and relatively stable pH before the ITpH (vertical line). Following this point, the fall in 
muscle PCr and rise in Pi are accelerated under the rapidly falling cellular pH. From 
Barstow et al. (1994b) with permission.        

 

To provide greater insight into this issue, Roussel et al. (2003) performed a quantitative 

analysis of mechanisms influencing intracellular pH during 6 minutes of incremental 

finger flexor exercise, namely the production (anaerobic glycolysis), removal (cellular 

efflux) and buffering (PCr, Pi and bicarbonate) of cellular H+. With increasing exercise 

intensity, H+ efflux from the muscle was linearly related to exercise intensity, whereas 

H+ consumption via the creatine kinase reaction, after an initial fall, remained stable 

after 2 minutes despite the increasing intensity of the exercise task. The net result was a 

linear rise in muscle H+ consumption following 2 minutes of exercise, which is plotted 

against the H+ liberated by anaerobic glycolysis in figure 2.16. 

 ITpH 
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Figure 2.16 Kinetics of H+ liberation by anaerobic glycolysis (■) and H+ buffering (□) 
within the myocyte during an incremental exercise protocol. Vertical arrow represents 
the ITpH. * denotes a significant difference between the production and buffering of H+. 
From Roussel et al. 2003 with permission.   

 

Prior to the ITpH, i.e. the point at which pH falls precipitously from baseline, the 

anaerobic glycolytic production of H+ during exercise (~ 2 mM·min-1) has no influence 

on muscle pH, due to the cellular buffering and/or efflux of H+ (~ 1.5 mM·min-1). It is 

not until the anaerobic production of H+ within the myocyte exceeds the mechanisms 

accounting for the buffering and efflux of cellular H+, that the ITpH is observed. In this 

sense, muscle pH reflects a net balance of the processes involved in cellular [H+] status, 

such as production (i.e. anaerobic glycolysis), buffering (i.e. via PCr, Pi and 

bicarbonate) and efflux (i.e. La-H+ co-transporter, diffusion gradients) mechanisms 

(Juel, 1997; Robergs et al., 2004; Roussel et al., 2003). Therefore, while cellular pH 

may provide an insight into the anaerobic glycolytic ATP flux during exercise, it by no 

means provides a direct measure, and should be interpreted as a net balance of the 

factors influencing cellular H+.      

2.4.2     Square-wave exercise  

It has been argued that the fundamental ‘clues’ to the control of oxidative ATP flux 

reside in the non-steady-state profiles of the muscle phosphates (Rossiter et al., 2005; 

Time (min) 

  ITpH 
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Whipp et al., 1999). A great deal of interest has therefore focused on describing the 

kinetics of the muscle phosphates, specifically PCr, at the onset and offset of square-

wave exercise transitions in human muscle either in isolation (Binzoni et al., 1992; 

Marsh et al., 1993a; Yoshida & Watari, 1993), or alongside measures of 2OVp &  

(Barstow et al., 1994a; Chilibeck et al., 1998b; McCreary et al., 1996; Rossiter et al., 

1999) in order to investigate aspects of metabolic control during exercise. As outlined 

earlier, the outcome from the latter studies is that a close temporal coupling (±10%) 

exists between the kinetics of muscle PCr and phase II 2OVp &  at exercise onset, 

suggesting the creatine kinase splitting of muscle PCr, or some function of, may play a 

fundamental role in modulating the dynamics of 2OVm &  in humans, which is consistent 

with the PCr-Cr shuttle hypothesis of metabolic control.         

 

An alternative application of the kinetic profile of muscle PCr however, is that its 

recovery dynamics may be employed as a measure of the muscles’ oxidative capacity 

and thus mitochondrial function (Kemp & Radda, 1994; McCully et al., 1993; Paganini 

et al., 1997). Indeed, this can be appreciated from the equation describing the 

resynthesis of muscle PCr via the creatine kinase reaction: 

ATP + Cr → PCr + ADP + H+                  Equation 2.11 

During the recovery period from exercise, the provision of ATP by anaerobic glycolysis 

is considered to be negligible, if not ceased, following light exercise, and up to ~ 20 s 

into the recovery of more intense exercise (Crowther et al., 2001b). Consequently, the 

provision of the ATP to phosphorylate Cr to PCr at the inter-mitochondrial space is 

considered to be exclusively an aerobic process (Kemp & Radda, 1994; Yoshida & 

Watari, 1997), and thus the recovery of muscle PCr from exercise may be employed as 
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a non-invasive index of mitochondrial function (Haseler et al., 2004b). Consistent with 

this notion are data from human and rat muscle demonstrating the recovery of muscle 

PCr is linearly related to the activity of the mitochondrial enzyme citrate synthase 

(McCully et al., 1993; Paganini et al., 1997). 

 

The recovery of muscle PCr following exercise may be used to quantify the theoretical 

maximal rate of oxidative ATP synthesis of the muscle ( maxV& ). Assuming a linear 

model of metabolic control (Meyer 1988), maxV& can be estimated using: 

restmax [PCr]
τPCr

1V ×





=&                Equation 2.12 

where (1/τPCr) is the recovery rate constant and [PCr]rest is the concentration of muscle 

[PCr] at rest (Kemp & Radda, 1994). The model assumes the PCr rate constant is 

proportional to the mitochondrial properties of the muscle (see above), and that the 

maximal rate of ATP synthesis will be achieved when the metabolic signal(s) (possibly 

ADP) to stimulate oxidation metabolism is(are) maximal, and thus muscle [PCr] at 

exhaustion is close to zero. Whether or not the latter assumption is valid during dynamic 

exercise in humans is debatable, as it is not uncommon to observe a muscle [PCr] at 

exhaustion in the region of 20-40% of the initial resting value (Barstow et al., 1994b; 

Hogan et al., 1999), although a muscle [PCr] in the region of 5% has been reported 

(Richardson et al., 1995).      

 

In contrast, maxV&  can be estimated using an ADP model assuming a hyperbolic 

relationship with the resynthesis of muscle PCr: 
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+×=

end

m
PCrmax [ADP]

K
1VV&                 Equation 2.13  

where, VPCr is the initial rate of PCr resynthesis, calculated from the product of the PCr 

rate constant (1/τPCr) and the difference between [PCr] at rest and end-exercise. Km, is 

the Michaelis Menten constant7 assumed to be 20 or 30 µM, and [ADP]end, is the end-

exercise [ADP] (Chance et al., 1986; Kemp & Radda, 1994). Despite these additional 

assumptions when compared to the linear model (equation 2.12) a recent study has 

demonstrated that the hyperbolic ADP model of calculating maxV&  is quantitatively 

similar to the linear model during the recovery phase of quadriceps exercise in healthy 

adults (van den Broek et al., 2007), suggesting inferences regarding the theoretical 

maximal rate of oxidative ATP flux can be made between the two techniques.  

 

To date, the recovery of muscle PCr following exercise has been successfully employed 

as a sensitive measure to investigate the muscles’ oxidative capacity during aging (e.g. 

Conley et al., 2000; Kent-Braun & Ng, 2000), following exercise training (e.g. Johansen 

& Quistorff, 2003) and in disease states (e.g. Kemp & Radda, 1994).   

2.5 31P-MRS and muscle metabolism during exercise in young people 

2.5.1     Exercise responses 

Zanconato et al. (1993) were the first to investigate the muscle metabolic responses in 

7-10 year old children (8 males, 2 females) and 20-42 year old adults (5 males, 3 

females) during an incremental calf exercise challenge to exhaustion. Typical responses 

of muscle Pi/PCr and pH in child and adult participants are illustrated in figure 2.17. As 

                                                 
7 The Michaelis Menten constant (Km) is the substrate ([ADP]) required to elicit 50% of the maximal rate 
of oxidative ATP synthesis, which is traditionally assumed to be 20 or 30 µM (Chance et al. 1985, 1986).  
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expected metabolic ITs were identified during incremental exercise, but only in 5 

children (50%) and 6 adults (75%). Of the participants who displayed an ITPi/PCr, no 

differences were found in the Pi/PCr S1 or the exercise intensity (measured as pressure 

per square inch (psi) normalised for body mass) at the metabolic ITs between the 

children and adults. However, following the metabolic ITs, children were characterised 

by a lower Pi/PCr S2 and pH S2 compared to adults, leading to a smaller rise in Pi/PCr 

(0.54 [SD 0.12] vs. 2.00 [SD 0.79]) and fall in pH (0.11 [SD 0.05] vs. 0.36 [SD 0.11]) 

from resting levels at exhaustion.  

 

 

 

 

 

Figure 2.17 Response profiles of calf muscle Pi/PCr (□) and pH (■) against exercise 
intensity (psi normalised to body mass) during an incremental test to exhaustion in an 
adult (A) and child participant (B). Metabolic ITs are indicated by the arrows. From 
Zanconato et al. (1993) with permission.  

 

Taken collectively, during low-moderate intensity exercise (i.e. sub ITs) no appreciable 

differences exist in the muscle phosphate and pH responses between 7-10 year old 

children and adults, which may be indicative of a comparable capacity for oxidative 

metabolism between the two groups. In contrast, during exercise above the ITs, children 

are characterised by a lower Pi/PCr and pH cost per increment in exercise intensity 

compared to adults, which the authors attributed to a lower reliance on substrate level 

A B 
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phosphorylation (i.e. PCr breakdown and anaerobic glycolysis) in young people during 

high-intensity exercise.      

 

To investigate the muscle metabolic responses between children and adolescents, Kuno 

et al. (1995) described the quadriceps muscle energetic responses of untrained and 

trained boys aged between 12-15 years, and adult men, during an incremental knee-

extensor exercise task to exhaustion. No significant differences were noted for muscle 

PCr/(PCr+Pi) or pH at exhaustion between the untrained and trained children at 12, 13, 

14 and 15 years of age. In contrast, muscle PCr/(PCr+Pi) was significantly lower in the 

adults (akin to a higher Pi/PCr) compared to all age groups, apart from the trained 15 

year olds. Similar results were also found for muscle pH at exhaustion, although muscle 

acidosis was higher in the adults compared to all the age groups. In addition, Kuno et al. 

(1995) also documented the recovery of muscle PCr following maximal exercise and 

found the τPCr to be age and training invariant, ranging from ~ 40 to 60 s. In summary, 

these data are in direct agreement with the earlier work of Zanconato et al., (1993) with 

the authors suggesting an age-related modulation of anaerobic metabolism during high-

intensity exercise, and a comparable muscles’ oxidative capacity between 12 year old 

children and young adults.   

 

The study by Taylor et al. (1997) provides a more comprehensive examination of the 

muscles’ oxidative capacity during growth and maturation, as inferred using the 

recovery of calf muscle PCr following maximal plantar flexor exercise in sixteen 6-12 

year old children and thirty six 20-29 year old adults. The authors found a significantly 

faster recovery of muscle PCr, as assessed using t1/2 in children compared to adults (12 s 

[SD 4] vs. 27 s [SD 8]). Using an hyperbolic ADP model and assuming a resting muscle 
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[ATP] of 8.2 mM, children were also characterised with a 1.7-fold higher maxV&  

compared to the adults (91 mM·min-1 [SD 46] vs. 54 mM·min-1 [SD 17], respectively), 

collectively suggesting a requisite decline in the muscle oxidative capacity and maximal 

rate of oxidative ATP flux from childhood into adulthood.  

 

Finally, Petersen et al. (1999) examined the dynamics of the muscle phosphates and pH 

during 2 consecutive minutes of moderate and supra-maximal exercise (40% and 140% 

of previously determined maximum work capacity (MWC)) in 9 pre-pubertal and 9 

pubertal female swimmers (figure 2.18). The strikingly similar muscle Pi/PCr and pH 

responses during the 40% MWC bout is indicative of a comparable phosphate-linked 

control of oxidative metabolism at this intensity. However, despite showing a ‘trend’ 

towards a higher muscle Pi/PCr and fall in pH in pubertal participants during the 140% 

MWC bout and at exhaustion, these differences were not statistically significant, with 

the authors concluding that substrate level phosphorylation is not maturity dependent. 

However, given that the magnitude of the differences, especially for Pi/PCr (0.87 units 

or ~ 40%), this conclusion requires further investigation especially considering the 

small sample size employed, and inter-group variation present in the responses. 

 

 

 

 

Figure 2.18 Profile of calf muscle Pi/PCr (A) and pH (B) at rest and during plantar 
flexor exercise at 40% and 140% MWC in pre-pubertal (○) and pubertal (●) girls. From 
Petersen et al. (1999) with permission.   
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2.5.2     Considerations and limitations 

On the basis of the limited number of studies employing the technique of 31P-MRS to 

interrogate aspects of metabolic function in young people, and the conflicting data 

presented, it is clear that inferences regarding the development of muscle energetics 

through childhood and adolescence cannot be made with certainty. Furthermore, given 

our current understanding of the age-related slowing of the 2OVp &  kinetic response and 

fall in the oxygen cost of exercise from childhood to adulthood, an age-related 

modulation of the muscle phosphate (higher Pi/PCr), pH (lower pH) and muscle PCr 

kinetics (slower τ) would be expected during both moderate and high intensity exercise. 

However, it is possible that such discrepancies in the muscle metabolic responses are a 

consequence of methodological concerns with the aforementioned 31P-MRS studies 

which require discussion in order to set the course for future research in this area. 

2.5.2.1     Muscle group interrogated by 31P-MRS 

The bulk of 31P-MRS based research into developmental muscle energetics has focused 

on the calf muscle (Petersen et al., 1999; Taylor et al., 1997; Zanconato et al., 1993), 

which may hold severe ramifications for interpreting the muscle metabolic responses. 

Specifically, the calf muscle is composed of two muscle groups that have profoundly 

different muscle fibre type populations; the soleus, which is composed of ~ 80-90% 

type I muscle fibres, and the gastrocnemius, which is composed of ~ 50% type I and ~ 

50% type II muscle fibres (Johnson et al., 1973). In turn, the distinct metabolic 

properties of type I and type II muscle fibres have been shown to result in profoundly 

different muscle phosphate and pH responses during muscle contractions, such that a 

lower muscle PCr, higher muscle pH and more rapid resynthesis of muscle PCr is 

associated with muscle displaying a higher expression of type I muscle fibres (Crowther 

& Gronka, 2002; Kushmerick et al., 1992; Mizuno et al., 1994). Given the heterogeneity 
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in calf muscle size between pre-pubertal children and more mature children and adults, 

the use of an unlocalised 31P-MRS signal is likely to result in a disproportionate 

sampling of the soleus and gastrocnemius muscle between groups, such that the soleus 

will represent a greater portion of the total 31P-MRS signal in the smaller participants, 

i.e. younger children (figure 2.19). 

 

 

 

 

 

 

 

Figure 2.19 Magnetic resonance imaging scans of an adults (A) and child’s (B) calf 
muscle. Assuming an 8 cm surface coil was used to interrogate the calf muscle for 
metabolic changes using 31P-MRS (Petersen et al. 1999), the sensitivity of the coil to 
detect 31P changes is shown by the white contours. It is clear that for the adult calf 
muscle, the gastrocnemius represents a disproportionately greater volume of the 31P-
MRS signal when compared to the child.            

 

In the study by Petersen et al. (1999) their pre-pubertal children had a mean 

gastrocnemius muscle thickness of 9 mm compared to 13 mm in the pubertal group, a 

44% difference. Clearly, this difference in gastrocnemius muscle morphology is likely 

to be further exacerbated in the child-adult comparisons performed by Zanconato et al. 

(1993) and Taylor et al. (1997). Consequently, it is plausible that the results from 

previous 31P-MRS studies utilising the calf muscle to investigate development muscle 

energetics (Petersen et al., 1999; Taylor et al., 1997; Zanconato et al., 1993) may be 

biased to a lower Pi/PCr, higher pH and more rapid resynthesis of muscle PCr in the 

child muscle, due to the methodology adopted.      

Gastrocnemius

Soleus

A B 
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As discussed earlier, the issue of muscle metabolic heterogeneity, either due to muscle 

fibre type expression or muscle fibre recruitment patterns during exercise, is a limitation 

shared by all 31P-MRS based experiments using an unlocalised signal. However, in 

contrast to the calf muscle, the quadriceps muscle is likely to be a more judicious choice 

to monitor development muscle energetics using the 31P-MRS. Firstly, the quadriceps 

muscle portions do not display the distinct muscle fibre type heterogeneity that is 

present between the calf and gastrocnemius muscles (Johnson et al., 1973), and hence is 

less susceptible to inducing biases in the muscle metabolic responses across participants 

heterogeneous in body size, which is an extremely important consideration for child-

adult comparative studies. Secondly, during moderate and high intensity knee-extensor 

exercise, all the quadriceps muscle portions are activated and involved in energy 

metabolism (Krustrup et al., 2004b; Richardson et al., 1998), which in contrast to calf 

exercise, the gastrocnemius muscle is the main contributor to the power output 

(Petersen et al., 1999). Therefore, even though the interrogation of the muscle area 

using the 31P-MRS signal cannot be identical across all participants, the fact that the 

quadriceps muscles are all metabolically active minimises the potential for bias in the 

muscle phosphate and pH responses. Finally, as the limited muscle biopsy data in young 

people are taken from the rectus femoris and vastus lateralis muscles (Bell et al., 1980; 

Berg et al., 1986; Eriksson & Saltin, 1974; Haralambie, 1982), interrogating the 

quadriceps muscle with 31P-MRS strengthens the comparisons that can be made 

between the two techniques in terms of the muscle PCr, La and pH profiles, and also 

when speculating on the putative role muscle fibre type distributions and enzymatic 

activities may have on modulating the muscle phosphate and pH responses in young 

people.            
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2.5.2.2     Power output normalisation 

Analysis of the muscle energetic responses during incremental type exercise requires an 

accurate determination of power output to assess the oxidative capacity of the muscle 

using the ITs or Pi/PCr slope relationship. However, a limitation of this expression alone 

is that inter-individual differences in muscle size are not taken into account, which may 

bias the interpretation of the muscle energetic responses. At a given absolute power 

output, an individual with a smaller muscle mass will be exercising at a relatively higher 

power output compared to an individual with a greater muscle mass. Consequently, the 

metabolic stress or energy requirement per unit of muscle, will be higher in the smaller 

muscle, such that their metabolic profile at a given power output will require a greater 

perturbation of muscle Pi/PCr and pH in order to satisfy the energy demand.  

 

To achieve a comparable metabolic stress across participants, it has been proposed that 

the power output measures obtained during exercise are normalised for the participants 

muscle morphology using either muscle volume or cross sectional area (Fowler et al., 

1997; Nishida et al., 1992). Investigators examining the muscle metabolic responses in 

young people during incremental exercise have either failed to recognise this 

requirement (Kuno et al., 1995), or used body mass as a surrogate of calf muscle size 

(Zanconato et al., 1993). The implicit assumption in the latter study is that the 

relationship between calf muscle volume and body mass is proportional between the 

children and adults, which a recent study by Tolfey et al. (2006) has demonstrated not to 

be the case, as the calf muscle volume represents a lower proportion of the body mass 

and fat free mass in 11-12 year old boys compared with adult men. Clearly, further 

research is needed to resolve these issues when investigating developmental muscle 

energetics during incremental exercise.  
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It must also be recognised that the model proposed by Fowler et al. (1997) and Nishida 

et al. (1992) requires the power output (W) measurement to be expressed per unit of 

muscle volume (cm3), with the resulting scaled variable (W·cm3) considered to be size 

free. However, this model, termed the ratio standard, holds the a priori assumption that 

the relationship between power output and muscle size is proportional and the intercept 

extrapolates to the origin (Tanner, 1949; Winter & Nevill, 2001). This however, has not 

been appropriately checked or verified in the experimental studies conducted to date, 

and is an important requirement. Specifically, if these conditions are not satisfied the 

resulting scaled variable will remain correlated with body size, thereby indicating its 

failure to produce a size free expression of power output, and hence the use of the 

scaled variable in subsequent analyses will be inappropriate and liable to fictitious 

conclusions being formed. If this is the case, allometric modelling is likely to be a more 

appropriate procedure to normalise power output for muscle mass. Clearly these issues 

need to be addressed in future research before inference regarding muscle metabolic 

function independent of muscle size can be made with certainty. 

2.5.2.3 Dependence of the muscle PCr profile on exercise intensity  

Given the previously discussed kinetic coupling between muscle PCr and 2OVp &  at the 

onset and offset of exercise, it should not be surprising that the amplitude and temporal 

based characteristics of muscle PCr are dependent upon the intensity of the imposed 

exercise. Indeed, such response characteristics can be predicted from the work by 

Yoshida et al. (1994) who characterised the kinetics of quadriceps muscle PCr at the 

onset and offset of knee-extensor exercise at 0 (unloaded), 20, 40 and 60% of maximum 

(figure 2.20). Muscle PCr decreased with exponential-like properties for all exercise 

intensities, with the achievement of a steady-state profile appearing to be of delayed 

onset the higher the imposed intensity, thus suggestive of an increasingly prominent PCr 
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slow component. A similar profile for muscle PCr was also present during the recovery 

phase; the resynthesis of muscle PCr followed an initial exponential time course for all 

exercise intensities, with the recovery of muscle PCr towards baseline being slower the 

higher the imposed exercise intensity, again being indicative of a delayed slow 

component phase in the recovery response. Interestingly, Yoshida et al. (1993) 

concluded that the muscle PCr kinetics during exercise of increasing intensity are first-

order; that is the response is well characterised by a single-exponential function and the 

τPCr is both exercise transition and intensity invariant, which is consistent with the 

linear model of metabolic control proposed by Meyer (1988) using rodent muscle. In 

retrospect, this conclusion is likely to be an oversimplification of the muscle PCr 

dynamics during exercise.    

 

 

 

 

 

 

Figure 2.20 Kinetics of muscle PCr during 4 minutes of quadriceps exercise at an 
exercise intensity corresponding to unloaded (□), 20 (■), 40 (○) and 60% (●) maximum. 
See text for details. With kind permission from Springer Science and Business Media: 
Eur J Appl Physiol, 66, 1993, 494-499, Yoshida and Watari, figure 2.  

 

Indeed, more recent studies have clearly demonstrated both temporal and amplitude 

based deviations in the muscle PCr profiles depending upon the intensity of the imposed 

exercise (Jones et al., 2008c; Marsh et al., 1993a; Rossiter et al., 1999; Rossiter et al., 
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2002). Specifically, during exercise where muscle pH does not fall below resting values, 

and is thus below the ITpH, the breakdown of PCr follows a single-exponential function 

with a with a τ of ~ 30 s in a healthy adult, reaching a steady-state level within 2 to 3 

minutes (akin to ‘moderate’ exercise) (Barstow et al., 1994a; Marsh et al., 1993a; 

Rossiter et al., 1999). In contrast, for exercise intensities that elicit a fall in pH from rest 

but stabilises after some 3 to 4 minutes, the initial breakdown of muscle PCr follow a 

single-exponential profile but an additional delayed onset breakdown of PCr, termed the 

PCr slow component, is observed and typically reaches a steady-state within 3-5 

minutes (akin to ‘heavy’ exercise) (Forbes et al., 2005; Jones et al., 2008c; Rossiter et 

al., 2002). Within the ‘heavy’ intensity domain, Rossiter et al. (2002) have reported the 

τPCr to be similar to that observed during ‘moderate’ exercise, although a recent study 

by Jones et al. (2008b) suggests this may be 2-fold longer. If the imposed exercise 

intensity is above CP, muscle pH falls below rest and rapidly during exercise until 

exhaustion ensures. Under these conditions (akin to ‘very heavy’ exercise) muscle PCr 

follows an exponential-like fall and progressively declines as a function of time such 

that the magnitude of the PCr slow component is profoundly greater than that observed 

for ‘heavy’ exercise (Jones et al., 2008c). See figure 2.21 for an illustration. 

 

Given that previous child based 31P-MRS based studies have focussed on quantifying 

the resynthesis of muscle PCr following the offset of exercise, little/no inferences can 

be made regarding the hypothesis that a putative age-related modulation of the muscle 

phosphate dynamics may underlie the slowing of the 2OVp &  kinetic response at exercise 

onset from childhood into adulthood. Indeed, Rossiter et al. (2002) have shown that the 

recovery of muscle PCr following both moderate and heavy knee-extensor exercise is ~ 

30% slower than the breakdown of muscle PCr at exercise onset (~ 50 vs. 38 s 
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respectively). Rather, to permit robust inferences regarding such control theories, the 

kinetics of muscle PCr must be examined at the onset of exercise and with specific 

reference to the exercise intensity domain (i.e relative to the metabolic ITs).  

 

 

 

 

 

 

 

Figure 2.21 Schematic of the muscle PCr response at the onset of square-wave exercise 
with reference to exercise intensity domains. The dotted horizontal lines represent the 
physiological boundaries demarcating the moderate, heavy and very heavy intensity 
domains. Where, ITpH and CP denote the pH intracellular threshold and critical power 
respectively. The temporal and amplitude characteristics of the PCr slow component are 
represented by the dotted grey lines, whereas the solid black lines represent the 
exponential phase of the PCr response. 

 

Lastly, an important consideration when using the recovery of muscle PCr following 

exercise as an index of the muscles’ oxidative capacity is the influence cellular pH may 

have on the derived kinetic τ. Numerous studies have demonstrated that muscle pH has 

a profound influence on the recovery rate of muscle PCr, such that the mono-

exponential recovery is lengthened (i.e. slowed) (McCully et al., 1994; Paganini et al., 

1997; van den Broek et al., 2007) or may be modified to a bi-exponential function 

(McMahon & Jenkins, 2002; Nevill et al., 1997) under conditions of moderate to high 

acidosis (pH <6.95 to >6.50). The precise mechanistic basis for this acidosis induced 

modulation of the rate of muscle PCr resynthesis is largely unknown, but may be related 

to a direct inhibitory effect of pH on mitochondrial ATP synthesis (Jubrias et al., 2003), 
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a reduction in the cellular ADP signal to drive oxidative metabolism via the creatine 

kinase reaction (Conley et al., 2001) and/or an increased ATP cost of ion pumping to 

maintain cellular pH homeostasis (Juel, 1997), thus ‘stealing’ ATP from the creatine 

kinase reaction where PCr is resynthesised. 

 

Irrespective of the underlying mechanism(s), the consequence of cellular acidosis is a 

slowing of the resynthesis of muscle PCr, which complicates, if not invalidates, the 

assessment of the muscles’ oxidative capacity using this measure. To circumvent this 

issue, it has been proposed that the calculated τPCr may be adjusted for the end-exercise 

pH using a correction algorithm (Mattei et al., 2002). However, a recent study by van 

der Broek et al. (2007) has established that on an individual basis, the relationship 

between muscle τPCr and pH at exhaustion can range from –33 to –75 s per unit of pH 

across adult participants, suggesting a uniform correction factor would be inappropriate 

given the wide inter-participant variability. Furthermore, given that the τPCr is required 

for the calculation of maxV&  using either the linear model (for calculation of the rate 

constant, 1/τ) or the hyperbolic ADP model (for calculation of VPCr), under conditions 

of a muscle acidosis the maxV&  calculation is unlikely to provide a valid estimate of the 

maximal rate of ATP synthesis (van den Broek et al., 2007; Walter et al., 1997).     

 

Given the above, the high-intensity exhaustive experimental protocols employed by 

Kuno et al. (1995) and Taylor et al. (1997), where muscle pH was as low as ~ 6.50 to 

6.90 units, and significantly lower in the adults compared to the child participants, 

represents a major confounding factor in interpreting their muscle PCr resynthesis and 

maxV&  data. Consequently, the issue of whether the muscle oxidative capacity, as 
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inferred using the recovery dynamics of muscle PCr alone or by estimating maxV& , is 

modulated from childhood to adulthood has yet to be appropriately addressed. To 

achieve this, the imposed exercise protocol must ensure that the muscle pH does not fall 

below rest and is comparable between participant groups (i.e. at a power output below 

the muscle IT).  

2.5.2.4     Kinetic parameter confidence 

While 31P-MRS permits in vivo monitoring of the muscle phosphates and pH at a high 

sampling resolution, a significant drawback is that the response profile of interest 

exhibits large fluctuations from one sample to the next. In order words, the signal-to-

noise properties of muscle PCr from a single exercise transition is low, which if 

ignored, may result in an experimenter committing a type I or type II error8 due to poor 

confidence in the estimated τPCr. Indeed, the ability to make a meaningful 

physiological interpretation from the muscle τPCr is related to the 95% CI, which is 

akin to providing a lower and upper boundary to where the ‘true’ τ may lie. In this 

sense, if a given child participant has a τPCr of 25 s with a corresponding CI of ± 15 s, 

this indicates that the ‘true’ τ may lie between 10-40 s; a range clearly unsuitable for 

detecting age, sex or maturity related changes in physiological function, especially 

when considering the τPCr in adult muscle is likely to be in the order of ~ 30 s (Marsh 

et al., 1993a; Rossiter et al., 1999). 

  

Importantly, Rossiter et al. (2000) have demonstrated that the fluctuations in muscle 

PCr from one sample to the next are well characterised by a Gaussian distribution, thus 

supporting the strategy of averaging repeat-like exercise transitions to decrease the 

                                                 
8 A type I error occurs when an experimenter rejects the null hypothesis when it is true, whereas a type II 
error occurs when the experimenter accepts the null hypothesis when it is false.     
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signal-to-noise properties of the PCr profile, and importantly increase the confidence of 

the resolved τPCr. Indeed, this can be appreciated through the following expression 

(Lamarra et al., 1987; Rossiter et al., 2000): 

( )
( )SS

SD

PCrn
PCrL̂CI%95
×
×

=                         Equation 2.14 

where, L̂  is a constant related to the underlying τPCr. PCrSD, is the magnitude of the 

PCr steady-state ‘noise’ expressed as a standard deviation (SD), and ∆PCrss, the 

amplitude change in PCr from rest to steady-state. Accordingly, the CI for a resolved τ 

can be improved by increasing ∆PCrss, and thereby the imposed power output for the 

exercise transition, and/or increasing the number of repeat square-wave exercise 

transitions, which reduces the PCr ‘noise’ by a factor of √n. However, the former 

strategy is largely dependent upon ensuring the PCr profile is consistent with a 

metabolic profile characterised by a particular intensity of exercise, which for moderate 

exercise, the ITpH would ‘set’ the upper limit for the imposed exercise intensity. 

Although the magnitude of the PCr ‘noise’ is dependent on many factors including the 

scanner magnetic strength, number of scans averaged, movement artifacts, muscle 

volume etc. (Gadian, 1982; Westbrook & Kaut, 1998), it is common for participants to 

perform between 2-6 repeat-like exercise transitions in order to obtain a CI of less than 

± 5 s in the adult literature (Jones et al., 2008b; Marsh et al., 1993a; Rossiter et al., 

1999; Rossiter et al., 2002). Unfortunately, the previous studies by Kuno et al. (1995) 

and Taylor et al. (1997) have not only failed to document the mean CIs spanning the 

estimated PCr kinetic parameters, but each participant only completed a single exercise 

transition for its determination. This factor alone, irrespective of the methodological 

considerations previously outlined, limits the ability to discriminate between differences 

in the muscles’ oxidative capacity between children and adults in these studies, as the 

associated 95% CI are likely to be large. Future studies must take the necessary steps of 
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averaging repeat-like exercise transitions in order to yield kinetic parameters with high 

confidence.  

2.5 Objectives of this thesis 

This chapter has highlighted the potential 31P-MRS has in furthering understanding of 

muscle metabolism in young people, especially given the ethical issues surrounding the 

use of invasive techniques in this population. Unfortunately, this potential has not been 

fully utilised. Before studies investigating the muscle metabolic responses during 

childhood and adolescence can be undertaken and interpreted with confidence, basic 

methodological information relating to protocol compliance, motivation to exercise to 

exhaustion and the reliability of 31P-MRS derived indices of muscle metabolic function 

need to be addressed. Therefore, the initial purpose of this thesis is to describe an 

ergometer that permits quadriceps exercise to be performed continuously whilst lying 

inside an MR scanner, and to establish for the first time in children, the experimental 

reliability of determining parameters of metabolic function using 31P-MRS and indices 

of exercise compliance (i.e. peak power, time to exhaustion) during incremental 

exercise (Chapter 3).  

 

Having established appropriate methodology, the study detailed in Chapter 4 of this 

thesis provides a comprehensive examination into the muscle phosphate and pH 

responses during incremental quadriceps exercise in young people, by addressing the 

aforementioned methodological limitations (e.g. power output normalisation, calf 

muscle heterogeneity) that have confounded earlier investigations (Kuno et al., 1995; 

Petersen et al., 1999; Zanconato et al., 1993) and which are at odds with current 

understanding of paediatric muscle metabolism based on the 2OVp &  kinetics literature.    
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Subsequently, the final two experimental chapters of this thesis will investigate the 

hypothesis that an age-related modulation of the putative metabolic feedback controllers 

of mitochondrial respiration underlies the apparent slowing of the 2OVp &  kinetic 

response from childhood into adulthood. As a first step to addressing this hypothesis, 

Chapter 5 will examine whether the kinetics of muscle PCr are functionally coupled to 

the dynamics of 2OVp &  in children during exercise, as previous demonstrated in adults 

(Barstow et al., 1994a; Rossiter et al., 1999). The final study (Chapter 6) will then test 

the hypothesis that the kinetics of muscle PCr is more rapid in children than adults 

during moderate intensity exercise, as one would predict based upon our current 

understanding of metabolic control and that children demonstrate more rapid phase II 

2OVp &  kinetics than adults at exercise onset. For the latter two studies, the profiles of 

muscle PCr and 2OVp &  will be investigated relative to the domain boundaries (i.e. ITs 

and LT) to ensure a comparable metabolic profile is observed within and between 

participant groups, and repeat-like exercise transitions will be performed in order to 

increase the confidence in the estimated kinetic parameters, and therefore the ability to 

draw meaningful conclusions. 
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Chapter Three 

RELIABILITY OF MEASURES OF MUSCLE METABOLISM DURING 

INCREMENTAL EXERCISE IN YOUNG PEOPLE USING 31P-MRS   

3.1 Introduction  

There is strong evidence indicating a maturational influence on the interplay between 

oxidative and glycolytic energy metabolism during growth (Armstrong & Welsman, 

2007; Boisseau & Delamarche, 2000), although for ethical reasons the measurement of 

metabolic changes at the muscular level is limited to a few biopsy studies that present 

conflicting findings (Berg et al., 1986; Eriksson, 1980; Haralambie, 1982). 31P-MRS is a 

non-invasive technique that permits continuous in-vivo interrogation of the muscle 

phosphates and cellular pH during exercise (Sapega et al., 1993), thus presenting a 

unique opportunity to directly measure muscle metabolism during exercise in young 

people.  

  

A progressive incremental test to fatigue is typically employed to monitor the dynamics 

of the muscle phosphates and pH in adults and children. Such tests exhibit non-linear 

changes in muscle Pi to PCr ratio (Pi/PCr) and pH, displaying a transition, termed the 

IT, from an initial shallow slope to a second steeper slope with increasing exercise 

intensity (Marsh et al., 1991; Zanconato et al., 1993). The ITs occur at an exercise 

intensity akin to traditional whole-body measures of the lactate and ventilatory 

thresholds (Kowalchuk et al., 2000; Systrom et al., 1990), and are strongly correlated 

with the mitochondrial enzyme citrate synthase (Chilibeck et al., 1998a). Consequently, 

the metabolic ITs have been employed as a non-invasive marker of muscle oxidative 

potential in ageing and training studies (Chilibeck et al., 1998a; DeVries et al., 1996). 
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Furthermore, the identification of the metabolic ITs are commonly used to provide a 

framework around which the kinetics of the muscle phosphates are studied during 

moderate (sub ITs) and high (supra ITs) intensity exercise (Forbes et al., 2005; Marsh et 

al., 1993a; McCreary et al., 1996).   

 

Although limited in number, child studies using 31P-MRS provide strong evidence of 

growth and maturational effects on muscle metabolism (although see Petersen et al., 

1999). Specifically, following exhaustive exercise muscle Pi/PCr is lower and/or 

intracellular pH is higher in children compared to adults, indicating less reliance upon 

PCr substrate and glycolytic energy metabolism during exhaustive exercise (Kuno et al., 

1995; Taylor et al., 1997). Zanconato et al. (1993) further reported child-adult 

differences in position of the ITs relative to peak exercise, and also in the slope 

characteristics (rate of change of Pi/PCr and pH against the increase in exercise 

intensity) following the ITs, suggesting a reduced anaerobic (PCr breakdown and 

anaerobic glycolysis) energy contribution in children during high intensity exercise.  

 

Despite the importance of these findings given the paucity of muscle metabolic data 

available in young people, to our knowledge no study has formally established the 

reliability of 31P-MRS derived muscle metabolic parameters in response to an 

exhaustive incremental exercise test in children. This is especially pertinent due to 

concerns with ergometry compliance and a lack of objective criteria to validate a 

maximal effort during a novel exercise test. Until such a study is undertaken inferences 

regarding developmental (Petersen et al., 1999; Zanconato et al., 1993), exercise 

training (Kuno et al., 1993) and disease (Selvadurai et al., 2003; Treuth et al., 2001) 

related changes in muscular energetics cannot be discerned with certainty in children. 
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Even data concerning the reliability of determining the muscle metabolic responses 

using 31P-MRS in adult participants is limited due to small sample sizes, the number of 

repeated trials, and in the failure to partition measurement reliability into its three 

different forms, namely change in the mean, within-participant variation and retest 

correlation (Atkinson & Nevill, 1998; Hopkins, 2000a).  

 

Clearly, the issue of reliability is an area much in need of study in the 31P-MRS 

literature, and especially in children who may be less compliant with exercising on a 

novel ergometer within the bore of a MR scanner. Given the huge potential that the 31P-

MRS technique has in significantly progressing the understanding of muscle 

metabolism in young people, there is a definite requirement to comprehensively 

examine the reliability of this technique in children. Therefore, the purpose of the 

current study is to establish in children the reliability of 31P-MRS obtained parameters 

of muscle metabolic function, with specific reference to identifying the metabolic ITs, 

quantifying the slope characteristics above and below the ITs, and determining changes 

in muscle Pi/PCr and pH at exhaustion, over three incremental exercise tests to the limit 

of tolerance.  

3.2 Materials and methods 

3.2.1     Participants 

Fourteen 11-12 year old children (7 boys and 7 girls) were recruited from a local 

primary school to take part in the present study. After written and verbal explanation of 

the study’s aims, procedures and their associated risks, all participants and their 

parent(s)/caregiver(s) gave informed consent to take part in the research project that was 

approved by the institutional ethics committee. All participants were healthy and 
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showed no contraindications to exercising inside the MR scanner. None of the 

participants were involved in any formalised physical training programme, but were 

considered recreationally active as is typical for volunteers in studies of this type.  

3.2.2     Anthropometry 

Participants’ body mass was measured to the nearest 0.1 kg using a calibrated balance 

beam scale (Avery, Birmingham, UK) and stature to the nearest 0.01 m using a 

stadiometer (Holtain, Crymych, Dyfed, UK). Participants’ age (0.1 year) was calculated 

as the difference between the date of birth and the date of the first visit. Skinfold 

thickness to the nearest 0.2 mm was measured using Harpenden callipers (John Bull, St. 

Albans, UK). The mean of three triceps and subscapular skinfolds taken from the 

participants right hand side were employed as the fold thickness for each site. The sum 

of the mean skinfold score from each site was recorded. Physical maturation was self-

assessed by each participant using adapted drawings of the five Tanner stages of pubic 

hair development (Morris & Udry, 1980). Maturity status of the participant cohort was 

heterogeneous, ranging from early to mid puberty.      

3.2.3     Exercise procedures 

Quadriceps ergometer. The ergometer enabled the participants to perform dynamic 

quadriceps exercise with their right leg on a non-magnetic ergometer while lying prone 

inside the MR scanner (figure 3.1). The right foot was fastened to a padded foot brace, 

which was connected to the ergometer load basket via a rope and pulley system. This 

system provided a resistance to perform continuous concentric (down stroke) and 

eccentric (up stroke) quadriceps contractions inside the MR scanner over a distance of ~ 

0.22 m. Depending on the participants stature and leg length, the main frame for the 

quadriceps ergometer was positioned on the MR bed to allow maximum movement 

amplitude, and was fastened securely in this position using Perspex bolts.  
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Figure 3.1 Illustration of the ergometer and procedures for performing quadriceps 
exercise inside the MR scanner. The 31P surface coil is positioned under the participants 
right quadriceps muscle. Nylon straps were fastened over the legs, buttocks and lower 
back to stabilize the participants body position over the 31P surface coil. See text for 
details.   

 

To prevent displacement of the quadriceps volume of interest (i.e. region of muscle 

interrogated for metabolite changes using 31P-MRS) relative to the surface coil and to 

minimise adjacent muscles contributing to the exercise task, nylon straps were fastened 

over the participants legs, hips and lower back. To ensure interrogation of the 

quadriceps muscles for metabolite changes occurred in the same volume of interest and 

to standardise the exercise protocol both within and between participants, the quadriceps 

exercise was performed at a cadence set in unison with the magnetic pulse sequence (40 

repetitions⋅min-1). Alignment of the quadriceps muscle contractions with the pulse 

sequence was guided using a projected image of a vertical moving cursor set to the 

frequency of 40 pulses⋅min-1 (1.5 s duty cycle: 0.75 s each for the concentric and 

eccentric phases) The participants were required to follow the cursor using a second 

vertical cursor under voluntary control of the participant (figure 3.2).  

Rope and pulley 
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Movement 
amplitude 

Foot brace 

Load 
cell 

Load 
basket 

Optical 
encoder 
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Figure 3.2 Quadriceps ergometer cadence display. The cursor on the red bar (MRS 
pulse) was synchronised with the 31P-MRS pulse sequence of 40 pulses⋅min-1. The 
participant controlled the cursor on the blue bar (right leg position) and was required to 
align this cursor with that on the red bar. See text for details. 

 

Work done (J) was calculated during the quadriceps exercise test using the product of 

force and distance. The displacement of the foot (m) during the quadriceps exercise was 

measured using a calibrated optical shaft encoder (Type BDK.06.05A 100-5-4; Baumer 

Electric, Swindon, UK.), connected to the pulley system. The optical encoder emitted 

100 pulses per revolution of the flywheel, which corresponds to 30 cm of rope 

displacement or 0.003 m per pulse. Load (N) was measured using a load cell (Type 

F250EBR0HN aluminium custom construction, Novatech Measurements Ltd., St. 

Leonards-on-Sea, E. Sussex, UK.), calibrated up to 100 N. Using digital to analog 

conversion, all data points were transferred to a personal computer for subsequent 

analysis in a purpose built programme designed using LabVIEW (National Instruments, 

Newbury, UK). Following time alignment of the ergometry data to the start of the 

exercise test (t=0 s), work done was interpolated second by second and averaged every 

30 s to coincide with the resolution used for metabolite acquisition using 31P-MRS. 

Power output (W) was derived for each data bin by dividing the work done by time (30 
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s). A typical example of the ergometer variables determined over two 30 s time bins 

which are separated by a ‘step’ change in power output is shown in figure 3.3. 

 

Habituation. Each participant made four visits to the Research Centre spanning a 2 

week period. The purpose of the first visit was to ensure that the children were fully 

habituated to exercising on the quadriceps ergometer inside a purpose built to scale 

replica scanner (figure 3.4). To this end, all participants completed at least three 

separate trials on the ergometer at a range of heavy and light power outputs to become 

accustomed to following the quadriceps cadence display (figure 3.2). Once this was 

achieved and following a rest period, all children performed an incremental test to 

exhaustion, identical to the test protocol used in the MR scanner. Therefore, all children 

were well habituated to the procedures before entry into the MR scanner. 

 

 

 

 

 

 

 

 

 



 

 98

 

 

 

 

 

 

 

 

 

 

 

 

     
 

 

 

 

 

 

 

 

 
Figure 3.3 Typical profile of the quadriceps ergometer variables: direction (A), force 
(B), displacement (C), contraction frequency (D) and power output (E) profiles during 
two 30 s exercise data bins spanning a ‘step’ change in power output due to the addition 
of a 0.5 kg mass, which occurred at 30 s (vertical dotted line). Importantly, the stroke 
displacement and frequency was unaffected by the addition of the mass, thus resulting 
in smooth increment in power output, which in this example was equivalent to ~ 1.6 W 
(see figure E).       
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Figure 3.4 Photograph of a female child participant completing her habituation to the 
quadriceps ergometer in a specially designed reconstruction of the MR scanner, which 
is housed within the Research Centre. The scale of the MR bore and the quadriceps 
ergometer is identical to that used in the actual MR scanner (figure 3.1). During the 
familiarisation session the ergometer data (movement amplitude, cadence) were 
displayed in real time to the lead investigator on an adjacent computer station, thus 
permitting instant feedback to the child participant. 

 

Test protocol. Each child performed three incremental tests to volitional exhaustion 

inside the MR scanner. Each test took place in the morning on separate days, no fewer 

than 24 hours apart but within the 2 week period. Following a 2 minute baseline 

measurement period and starting with an initial basket load of 5 N, an incremental test 

was employed whereby the basket load was increased in ‘steps’ of 5 N⋅min-1 using 0.5 

kg brass masses, which is equivalent to a power output of 1.44 W assuming a constant 

displacement of 0.22 m within the MR scanner bore. Increments of 0.5 kg were selected 

based upon pilot work to ensure participant exhaustion occurred within 7 to 12 minutes. 

During the tests two investigators were present to provide strong verbal encouragement 

and reinforce compliance with the protocol. A maximal effort was accepted when in 

addition to overt signs of discomfort, the participant was unable to remain compliant 

with the exercise protocol, either due to an inability to maintain the required exercise 

cadence and/or truncating the exercise movement distance. Typical profiles for the 
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quadriceps displacement, and contraction frequency and power output changes during 

an incremental test to exhaustion are displayed in figure 3.5.   

   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Changes in power output (A), contraction frequency (B) and displacement 
(C) during an incremental test to exhaustion in a child participant. The data sampling 
time is 30 s. At first glance the child appears to have a peak power output of 13 W at 
510 s of exercise (see A). However, scrutiny of the ergometry data indicates this was 
achieved by an abnormally high contraction frequency (61 rate·min-1), despite a slight 
fall in exercise displacement. Peak power was therefore accepted at 480 s, as marked by 
the dotted vertical line. The transient increase in contraction frequency to 50 rate·min-1 
at 180 s highlights the importance of reinforcing compliance with the exercise protocol 
throughout the test.  

 

3.2.4  31P-MRS measurement and quantification 

A 1.5 Tesla whole body MR scanner (Philips Gyroscan Intera) was used to monitor the 

changes in quadriceps muscle energetics. A 6 cm 31P transmit/receive surface coil was 

fastened securely to the scanner bed, above which the participant’s right quadriceps 

muscle was positioned at the midpoint between the hip and knee joints. Gradient echo 

images were initially acquired to ensure the quadriceps muscle was positioned correctly 
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relative to the coil. Tuning and matching of the coil was performed to maximise energy 

transfer between the coil and the muscle. Subsequently, an automatic shimming 

protocol using the 1H signal was undertaken within a volume that defined the 

quadriceps muscle in order to optimise the homogeneity of the local magnetic field, 

thereby leading to maximum signal collection. 31P spectra were obtained using an 

adiabatic pulse every 1.5 s, with a spectral width of 1500 Hz and 512 data points. Phase 

cycling using 20 phase cycles was employed and 20 measurements were performed, 

leading to spectra acquired every 30 s to enhance the signal-to-noise properties of the 

31P-spectra prior to metabolite quantification. As the signal intensities for 31P spectra 

were collected under partially saturated conditions during the test protocol (1.5 s), T1 

correction factors were determined during the rest phase using a pulse interval of 20 s 

and applied to all peak intensities. In accord with previous studies employing an 

incremental test protocol (Barstow et al., 1994b; McCreary et al., 1996), it was assumed 

that the 31P spectra T1 relaxation time remained constant during entire test.  

 

An example of a 31P spectra obtained under resting and exercise conditions from a 

child’s quadriceps muscle is presented in figure 3.6. The 31P spectra areas were 

quantified using a non-linear least squares peak fitting software package (Java Magnetic 

Resonance User Interface, version 2.0), employing the AMARES (Advanced Method 

for Accurate, Robust and Efficient Spectral fitting) fitting algorithm (Naressi et al., 

2001; Vanhamme et al., 1997). 31P spectra areas were fitted assuming prior knowledge 

of the following peaks: Pi, phosphodiester, PCr, α-ATP (2 peaks, amplitude ratio 1:1), γ-

ATP (2 peaks, amplitude ratio 1:1) and β-ATP (3 peaks, amplitude ratio 1:2:1). The 

ratio of Pi to PCr (Pi/PCr) was determined from the respective Pi and PCr spectral areas 

obtained during the curve quantification procedure. Intracellular pH was monitored 
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during rest and exercise using the chemical shift of the Pi spectral peak relative to the 

PCr peak (equation 2.10, Chapter 2): 

pH = 6.75 + log (σ – 3.27) / (5.96 – σ) 

where, σ represents the chemical shift in ppm between the Pi and PCr resonance peaks. 

 

 

 

 

 

Figure 3.6 Example 31P spectra determined from a child’s quadriceps muscle under 
resting (A) and exercise (B) conditions at a sample resolution of 30 s. The 31P peaks of 
primary interest, Pi, PCr and the three ATP resonances (γ, α and β) are shown from left 
to right. Importantly, the spectra quality obtained during exercise was comparable to 
resting conditions, suggesting that movement artefacts through the magnetic field had a 
negligible influence on the signal-to-noise properties of the 31P spectra.            

 

3.2.5     Incremental test analysis  

Following quantification of the spectral areas for changes in Pi/PCr and pH during rest 

and exercise, each variable was plotted as a function of power output for the three 

incremental tests to exhaustion.             

 

Rest and exhaustion values. Resting values of Pi/PCr and pH were calculated from the 

mean of the four spectra sampled during the 2 minute rest period. Responses of Pi/PCr 

and pH at exhaustion were recorded at the highest power output obtained during the 

exhaustive test. 
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IT determination. Using plots of Pi/PCr and pH against power output, ITs for both 

variables were identified independently by two experienced investigators using two 

methods: 1) subjective estimation and 2) an objective bilinear regression technique 

employed by Marsh et al. (1991). The inter-observer coefficient of variation (CV) for 

both detection methods in our laboratory is 4-5%. If one or both observers failed to 

locate an IT for Pi/PCr or pH, no IT was recorded. For subjective estimation, the 

observers located the IT defined as the power output at which a sudden and sustained 

deviation in Pi/PCr and pH from an initial slow phase from baseline levels occurred 

(Marsh et al., 1991). When an IT was identified, separate single linear regression 

functions were used to model the initial (S1) and second slopes (S2) demarcated by the 

ITPi/PCr and only S2 following the ITpH.  

 

Due to concerns of observer bias when implementing the subjective technique, a 

bilinear regression function proposed by Veith (1989) was programmed into a purpose 

built analysis suite to objectively identify the ITPi/PCr and ITpH (LabVIEW, National 

Instruments, Newbury, UK). On applying the regression function to the entire fitting 

window (i.e. complete exercise test, omitting rest data), the analysis suite identified a 

join point (i.e. the IT) where the two fitted regression lines for S1 and S2 converged. 

The criterion for convergence was to minimise the combined residual sum of squares 

for both regression functions. To test whether the bilinear regression model provided a 

more suitable fit to the test data than a single regression function, an F-ratio and its 

corresponding probability value was computed using the equation (Motulsky & 

Christopoulos, 2003): 

( )
)4/(RSS

2/RSSRSSratioF
BL

BLL

−
−

=−
n

              Equation 3.1 
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Where RSSL and RSSBL represents the residual sum of squares of the linear and bilinear 

models respectively, n is the number of data points in the fitting window and 4 is the 

bilinear models degrees of freedom. The objective IT was accepted if P<0.05.  The 

power output at the ITPi/PCr and ITpH, and the corresponding gradients for the initial (S1) 

and second (S2) slopes were recorded by each observer.  

3.2.6     Reliability statistics 

Change in the mean, typical error (TE), typical error expressed as a % CV and intra-

class correlation coefficients (ICC) were calculated for rest, exhaustion and IT values 

using a downloadable spreadsheet (Hopkins, 2000b). The IT variables for both the 

subjective and objective procedures were calculated using the mean value from both 

observers. Initial pairwise comparisons between the three incremental exercise tests (i.e. 

test 1 vs. test 2, test 2 vs. test 3) specified the reliability statistics for each variable to be 

independent of systematic biases between tests and of heteroscedasticity. The latter 

were determined using plots of residuals against the mean of the two tests.   

 

Reliability statistics for each of the rest, exhaustion and IT variables were derived over 

all three exercise tests using separate 2-way between measures ANOVAs with 

participant code and test as the main effects (SPSS, Chicago, IL, v.11.0). With analysis 

restricted to main effect comparisons only (no interaction term included in the model), 

the TE is the squareroot of the model residual error term (Hopkins, 2000a). Systematic 

changes to the mean scores for each variable over the three exercise tests were 

scrutinised using the test main effect. A significant test main effect was followed-up 

using pairwise comparisons employing the Bonferroni correction to locate the 

significant difference between test means. Using the same procedures outlined above, 

the raw data were log-transformed and multiplied by 100 to express the TE score as a 
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CV (Hopkins, 2000a). All statistics were calculated with 95% CI to establish the 

precision of the point estimate. Initial analyses of the point estimates and 95% CI 

indicated no sex differences to be present in the reliability statistics; therefore all 

statistics are representative of the entire cohort (n=14). To facilitate inter-study 

comparisons with published adult data ICCs were calculated over the three trials for 

each variable using the methods by Hopkins (2000b). Data are reported as mean and 

SD. Separate independent samples t-tests were employed to identify sex differences in 

descriptive and anthropometric variables with an accepted alpha level of P<0.05. 

3.3 Results 

Table 3.1 summarises the participants’ descriptive and anthropometric variables. Mean 

comparisons found no significant sex differences for the participant characteristics.  

 

A plot of the 31P spectra sampled at a resolution of 30 s during a step-incremental 

exercise to exhaustion in a child participant is shown in figure 3.7. As expected for 

incremental exercise the rise in muscle Pi and fall in PCr was characteristically linear 

until participant exhaustion, with little or no change to the three ATP peaks. A 

progressive acidification of the muscle during exercise is also clear by the curvature of 

the Pi resonance towards the fixed PCr resonance. The profile of muscle Pi/PCr and pH 

during incremental exercise, alongside the identification of the ITs and calculation of 

the slope estimates using the subjective and objective methods are shown in figure 3.8. 

For the plots of Pi/PCr against power output, an initial low slope was evident with the IT 

clearly demarcated by a second steeper slope. The behaviour of pH was however 

different, with invariably the early stages of the exercise test displaying a transient 

increase and decrease in pH before the IT. The objective method was too simplistic and 
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unsuitable to model this early alkalosis of the muscle, hence only the ITPi/PCr was 

identified using the objective method. 

Table 3.1 Descriptive and anthropometric variables 

 Whole group 
(n=14) 

Boys  
(n=7) 

Girls  
(n=7) 

Sex 
comparisons 

 
Age (years) 
 

11.9 (0.4) 
11.3-12.6 

11.8 (0.4) 
11.3-12.6 

11.9 (0.4) 
11.4-12.3 

P=0.947 

Stature (metres) 
 

1.47 (0.08) 
1.33-1.62 

1.51 (0.06) 
1.44-1.62 

1.44 (0.08) 
1.33-1.55 

P=0.114 

Body mass (kg) 
 

37.9 (7.3) 
27.1-54.1 

38.3 (7.8) 
29.7-54.1 

37.5 (7.3) 
27.1-50.4 

P=0.850 

Skinfolds (mm) 
 

19.5 (7.7) 
9.1-34.7 

16.1 (6.2) 
9.1-26.0 

23.0 (7.9) 
14.3-34.7 

P=0.097 

Data are reported as means (SD). Range scores for each variable are shown in 
italics. Probability statistics were determined using independent samples t-tests. 
 
 
 
 

 
Figure 3.7 Example 31P spectra stackplot obtained from a child’s quadriceps muscle 
during rest, exercise and recovery at a sampling resolution of 30 s. Resonances visible 
from left to right Pi, PCr and ATP (γ, α and β peaks). Hz, hertz. Amplitude is measured 
in arbitrary units.  
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Figure 3.8 Subjective (A) and objective (B) determination of the IT for Pi/PCr (ο) and 
pH (•) in a child participant. See the incremental test analyses in the methodology 
section for details.   

 

3.3.1     Reliability statistics 

Reliability statistics for the ITs were calculated out of the 42 tests performed. A 

subjective ITPi/PCr was reported in 39 tests (93% success), whereas the ITpH was located 

subjectively in 34 plots (81% success). The objective method identified the ITPi/PCr in 37 

plots (88% success). One participant failed to achieve a satisfactory maximal effort 

during a test, thus leaving 41 tests for analysis of the changes in Pi/PCr and pH at 

exhaustion (98% success). The participants’ rest, exhaustion and IT responses over the 

three incremental tests are shown in table 3.2. Duration of the three tests was 8.7 [SD 

1.7], 8.7 [SD 1.8] and 8.9 [SD 2.1] minutes, respectively. 
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Table 3.2 Participants’ rest, exhaustion and IT responses for each incremental test   

Variable Test 1 
(n=14) 

Test 2 
(n=14) 

Test 3 
(n=14) 

Rest Pi/PCr 
 

0.18 (0.07) 0.17 (0.06) 0.16 (0.05) 

Rest pH 
 

7.07 (0.04) 7.10 (0.06) 7.09 (0.03) 

Peak power (W) 
 

14.7 (4.5) 15.0 (4.2) 15.0 (3.4) 

ENDPi/PCr 
 

1.70 (1.08) 2.29 (1.48) 2.28 (1.78) 

ENDpH 
 

6.93 (0.10) 6.95 (0.06) 6.94 (0.10) 

Subjective IT    
ITPi/PCr (W) 
 

9.7 (2.9) 9.6 (2.3) 9.9 (2.4) 

Pi/PCr S1  
 

0.043 (0.019) 0.043 (0.019) 0.042 (0.019) 

Pi/PCr S2 
 

0.245 (0.211) 0.358 (0.415) 0.350 (0.389) 

ITpH (W) 
 

9.2 (2.0) 9.7 (1.9) 9.7 (2.2) 

pH S2 -0.024 (0.012) 
 

-0.023 (0.010) -0.026 (0.016) 

Objective IT    
ITPi/PCr (W) 
 

10.2 (2.7) 11.2 (2.6) 10.9 (3.2) 

Pi/PCr S1 
 

0.041 (0.015) 0.045 (0.020) 0.049 (0.027) 

Pi/PCr S2 
 

0.314 (0.225) 0.486 (0.495) 0.667 (0.728) 

Values are reported as mean (SD). Rest, mean value of the four rest spectra. W, 
watts. END, value at exhaustion. IT, intracellular threshold. S1, slope preceding the 
IT. S2, slope following the IT.   

 

Table 3.3 presents the reliability statistics for rest, exhaustion and IT variables 

calculated over the three incremental exercise tests. The reliability of the slope estimates 

for the subjective and objective methods of detecting the ITs are shown in table 3.4. The 

test main effect revealed a significant mean bias for the objective Pi/PCr second slope 

(P=0.026), with the post hoc analysis showing a trend towards a difference between the 

mean scores of test 1 and 3 (0.314 vs. 0.667 respectively, P=0.058). 
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Table 3.3 Reliability for rest, end exercise and IT variables over three tests  

Variable Test 
effect 

TE  %CV ICC 

Rest Pi/PCr 
 

P=0.653 0.06 (0.05-0.08) 37.0 (25.9-40.1) 0.12  

Rest pH 
 

P=0.224 0.04 (0.03-0.05) 0.6 (0.5-0.7) 0.19  

Peak power (W) 
 

P=0.884 1.8 (1.5-2.3) 12.7 (9.8-15.2) 0.80  

ENDPi/PCr           
        

P=0.170 0.91 (0.70-1.10) 50.0 (33.3-51.9) 0.62  

ENDpH                         

      

P=0.747 0.06 (0.05-0.07) 0.9 (0.8-1.2) 0.47  

Subjective IT     

ITPi/PCr (W)  P=0.733 0.9 (0.7-1.1) 10.6 (8.3-13.0) 0.88  
 

ITpH (W)                
 

P=0.274 0.9 (0.7-1.2) 10.3 (7.9-13.0) 0.80  

Objective IT     

ITPi/PCr (W)                
 

P=0.803 1.7 (1.3-2.5) 16.3 (11.6-21.6) 0.63 

Values are reported as mean (95% CI). Test effect examines the systematic mean bias 
between tests. TE, typical error. % CV, typical error expressed as a coefficient of 
variation. ICC, intra-class correlation coefficient. W, watts.  END, end-exercise. IT, 
intracellular threshold.  
 

Table 3.4 Slope estimates reliability over the three tests  

Variable Test effect 
 

TE ICC 

Subjective IT    
Pi/PCr S1 
 

P=0.851 0.012 (0.009-0.017) 
 

0.59 

Pi/PCr S2 P=0.186 0.212 (0.165-0.297) 
 

0.64 

pH S2 
 

P=0.964 0.005 (0.004-0.007) 
 

0.85 

Objective IT    
Pi/PCr S1 
 

P=0.237 0.019 (0.015-0.027) 0.21 

Pi/PCr S2 P=0.026† 
 

0.346 (0.266-0.494) 0.58 

Data are reported as mean (95% confidence interval). IT, intracellular threshold. S1, 
slope preceding the IT. S2, slope following the IT. † denotes a significant mean 
difference between the test means. Follow-up pairwise comparisons revealed a trend 
(P=0.058) between the means of test 1 and test 3 (0.314 vs. 0.667 respectively).   



 

 110

3.4 Discussion  

This is the first report to document the reliability of measuring muscle energetics using 

31P-MRS in children. The main findings from this study are that following a period of 

habituation, healthy children exhibit very good reliability in the pH at exhaustion, 

ITPi/PCr and ITpH (both determined subjectively), and good reliability for peak power 

over three step-incremental tests to exhaustion. In contrast, Pi/PCr at exhaustion showed 

very poor reliability. These variables displayed no signs of systematic bias (absence of a 

learning effect) or sex differences in reliability statistics. Although these findings must 

be considered in light of the small sample size (n=14), these results were derived using 

a combination of reliability statistics computed over three trials as recommended for 

establishing reliability (Hopkins, 2000a), thus providing a comprehensive analysis of 

the reliability of determining indices of muscle metabolism in young people using 31P-

MRS.  

 

Comparison of the present metabolic changes with existing paediatric data is 

complicated by inter-study differences in test protocol (incremental vs. constant power 

output), the muscle selected for 31P-MRS interrogation (calf vs. quadriceps), participant 

characteristics and data normalisation procedures. Even studies that have used an 

exercise test and muscle group equivalent to the present study show notable metabolic 

variation. For example Kuno et al. (1993) noted a pH at exhaustion of 7.06 in 12 year 

old boy sprinters following knee-extensor exercise to the limit of tolerance, with a later 

study demonstrating lower pH values at exhaustion (6.75-6.85) in trained and untrained 

boys aged between 12-15 years following a similar knee-extensor protocol (Kuno et al., 

1995). Nonetheless, the results presented for the changes in Pi/PCr and pH at exhaustion 

and the position of the metabolic ITs when expressed as a percentage of peak exercise 
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intensity are comparable and lie within the range of values reported in the paediatric 

literature that have used a similar incremental based exercise test to exhaustion (Kuno et 

al., 1995; Zanconato et al., 1993).  

 

Studies employing the 31P-MRS technique in children routinely assess muscle 

metabolism using the dynamic changes in Pi/PCr and pH during incremental exercise to 

exhaustion. The ratio of Pi/PCr reflects the energetic status of the myocyte (Kent-Braun 

et al., 1993; Marsh et al., 1991), with rapid changes in this variable indicating the rate of 

mitochondrial ATP synthesis is unable to match the rate of ATP hydrolysis within the 

myocyte, as a greater perturbation of the muscle phosphate pool is required to drive 

mitochondrial respiration (Wilson, 1994). The initial linear relationship between Pi/PCr 

and power output has been shown to approximate to ADP, a putative metabolic 

controller of oxidative metabolism, under conditions of constant pH and has been 

demonstrated to provide an index of the muscles’ oxidative function (Chance et al., 

1986). During exercise above the ITs, an increased anaerobic energy contribution is 

observed as the accumulation of Pi and breakdown of PCr are accelerated within the 

myocyte (Barstow et al. 1994b). Muscle pH is also falling rapidly, which may modulate 

the ratio of Pi/PCr relative to oxidative metabolism by acting through the creatine kinase 

reaction (Conley et al., 2001). In adults, the expression of Pi/PCr and pH against power 

output has been demonstrated to be sensitive to training such that a lower perturbation 

of Pi/PCr and pH is observed for a given increase in power output (Kent-Braun et al., 

1990), and may provide indirect evidence of muscle fibre type composition (Mizuno et 

al., 1994). 
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3.4.1     Metabolic parameters at exhaustion 

The ANOVA results illustrated in table 3.3 indicate that the change in Pi/PCr and pH at 

exhaustion demonstrated a high test-retest reliability, signifying that the metabolic 

responses were free from a possible learning effect over the three exercise tests and 

suggests that the children were adequately familiarised to the experimental procedures 

following the initial visit. Similar findings have previously been reported in adult 

reliability studies during forearm exercise (Bendahan et al., 2002; DeVries et al., 1996), 

although these statistics were calculated from two exercise tests.  

 

Divergent results were found in the current study for the within-participant reliability of 

the values of Pi/PCr and pH at exhaustion, with respective CVs of 50.0% and 0.9% 

computed over the three exercise tests. These findings suggest that whilst pH at 

exhaustion provides a reliable measure of the muscles glycolytic energy status (although 

mechanisms of cellular buffering and efflux of H+ must also be considered), changes to 

the cellular energetic state as quantified using Pi/PCr at exhaustion, must be interpreted 

with caution from a single measurement. A similar reliability for pH at exhaustion (0.2-

0.4% CV) has been previously reported, although PCr/Pi (the inverse of Pi/PCr) showed 

less variability than the present study (9.7-13.1% CV) in 7 adult women over two 

repeated bouts of isometric plantar-flexion exercise for 90 s (Larson-Meyer et al., 

2000). It appears no adult study has described the within-participant variation of the 

metabolic changes during an incremental test to exhaustion using dynamic muscle 

contractions.  
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The nature of the present study’s large difference in CV for Pi/PCr and pH at exhaustion 

is concerning and worth comment considering the values reported in adults. It is 

unlikely that the main origin of the variability in Pi/PCr is attributable to exercise 

compliance issues as the peak power demonstrated good reliability over the three 

exhaustive tests (~ 12% CV). Likewise, we would expect a higher TE or CV for pH at 

exhaustion given the strong relationship between pH and Pi/PCr with power output. It 

has recently been shown that the quadriceps muscles exhibit large regional metabolic 

heterogeneities (~ ±40% of the global mean for Pi and PCr) following exhaustive 

exercise (Rossiter et al., 2004), may explain in part the large variance in Pi/PCr at 

exhaustion, possibly due to sampling different regions of the quadriceps muscle over the 

three tests. However, a similar regional variation for pH was noted within the 

quadriceps muscles by Rossiter et al. (2004), which was found to be reliable in the 

present study. Potential differences in motor unit recruitment strategies, either within or 

between muscle(s) over the three tests cannot be discounted, despite the use of straps to 

isolate the quadriceps muscles whilst performing the exercise task.  

 

An alternative explanation may reside in measurement error during spectra 

quantification of Pi/PCr compared to the calculation of pH. Miller et al. (1995) reported 

Pi quantification from consecutive spectra under resting conditions to be highly variable 

(27.4% CV) due to its low peak spectral amplitude, whereas pH measurement was very 

precise (0.8% CV). Furthermore, the quantification of 31P spectra obtained from the 

brain has a CV between 5-20% for Pi/PCr compared to 0.1-0.6% for pH (Potwarka et 

al., 1995). The variability in measuring Pi/PCr is likely to be higher in children as their 

inherently smaller muscle mass and potentially smaller muscle phosphate 

concentrations would act to reduce the signal-to-noise ratio in the spectra profiles, 
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which is an important factor accounting for the ‘error’ when quantifying the 31P spectra 

peaks (Gadian, 1982; Madden et al., 1991). Given the above, quantification ‘error’ may 

explain, at least in part, the large variation observed for Pi/PCr at exhaustion and at rest 

(both above 35% CV) in the present study compared with adult data, whereas pH at 

exhaustion displays similar measurement reliability due to its greater quantification 

robustness.   

3.4.2     Intracellular threshold parameters  

The reliability of the ITs over the three incremental tests is presented in table 3.3. It is 

clear that the CV point estimates for the subjectively determined ITPi/PCr and ITpH (~ 

10%) are superior to the objective regression procedure for ITPi/PCr (~ 16%), and is 

similar to the reliability of methods employed to identify the ventilatory threshold in 

children (Fawkner et al., 2002b). No ITpH was detected in the present study using the 

objective procedure due to concerns regarding the models capacity to ‘fit’ the transient 

muscle alkalosis during the initial stages of the test, which is likely to be caused by the 

net consumption of H+ ions through the creatine kinase reaction due to the breakdown 

of PCr at the onset of the protocol to buffer cellular ATP (Kushmerick, 1998). In fact, 

the objective procedure invariably detected the ITpH close to the peak of early muscle 

alkalosis region (see figure 3.6b), thus raising concerns about the validity of the derived 

threshold point. The use of the subjective technique is therefore proposed to identify the 

ITs based upon its superior measurement reliability and that the ITs and slope estimates 

can be obtained for both Pi/PCr and pH to examine muscle metabolism in children. 

 

The reliability of the ITPi/PCr and ITpH is poorly documented in adults. Using the same 

objective procedure outlined in the present study, Marsh et al. (1991) reported test-retest 

correlations of 0.92 and 0.98 for the ITPi/PCr and ITpH in 6 adults following a wrist flexor 
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exercise test to exhaustion. In a more recent study by the same research group (Raymer 

et al., 2007), an objectively determined ITpH (with an option for subjective adjustment if 

deemed appropriate) was found to have a test-retest correlation of 0.94 and a CV of 

4.2% (CI: 2.7-8.7%) in 8 male participants performing an incremental plantar flexor 

exercise challenge to exhaustion. The objective method in the present study had an ICC 

of 0.63 for ITPi/PCr, whereas higher ICCs were noted for the subjective method (0.88 and 

0.80 for the ITPi/PCr and ITpH, respectively), which are closer to the reliability statistics in 

adults. Differences in magnitude of the test correlations between studies may be a 

function of the small sample size in the Marsh et al. (1991) study and the limitations of 

using the test-retest correlation to measure reliability, namely its dependence on sample 

heterogeneity (Atkinson & Nevill, 1998; Winter et al., 2001).     

 

As highlighted earlier, the initial slope of Pi/PCr against power output provides a useful 

indicator of muscle oxidative metabolism, whereas the second slope of Pi/PCr or pH 

may provide insight into the status of glycolytic energy metabolism (Chance et al., 

1985; Kent-Braun et al., 1993). Although the subjectively resolved Pi/PCr and pH slope 

estimates showed good test-retest reliability over the three tests, the within-participant 

reliability of the Pi/PCr slope estimates from both detection methods suggests caution is 

required before judgements are made on the muscle metabolic response to exercise in 

children (table 3.4). Moreover, we observed a mean bias between tests 1 and 3 for the 

objective Pi/PCr S2, further highlighting the objective IT detection method may have 

limited application to the study of metabolism in young people. In contrast, the pH 

second slope determined subjectively displayed a good reliability (TE 0.005) indicating 

its potential utility as a reliable marker of muscle glycolytic metabolism, or more 

precisely, the balance of cellular H+ during exercise due to the production, buffering and 

efflux mechanisms of H+.  
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One potential limitation in using ITPi/PCr and ITpH as indices of the muscle’s oxidative 

capacity is their detection rate. The present study observed a subjectively resolved 

ITPi/PCr and ITpH in 93% and 81% of their respective plots, with an equally high rate of 

88% for the objective ITPi/PCr. Similar detection rates for the ITPi/PCr and ITpH have been 

reported in adults using the objective procedure (Chilibeck et al., 1998a; Kent-Braun et 

al., 1993) but a much lower rate of 50% was observed subjectively in 7-10 year olds 

during incremental calf exercise (Zanconato et al., 1993). An explanation for this lower 

detection rate compared to the present study is not obvious, but may include motivation 

to exercise to exhaustion or lack of exercise compliance thus leading to test termination 

before reaching the ITs. In support of this notion, Zanconato et al. (1993) observed a 

mean value of 0.54 for Pi/PCr at exhaustion, a value much smaller than the present 

study and other studies using the calf muscle to monitor muscle energetics in children 

and adolescents (Petersen et al., 1999), and failed to specify whether the children in 

their study were adequately habituated to the exercise challenge; this was clearly 

addressed in the present study.   

3.4.3     Recommendations 

The practical implication of this study’s findings are that following an initial habituation 

to the exercise ergometer and test protocol, healthy children achieve an acceptable level 

of protocol compliance for the study of muscle energetics using our quadriceps 

ergometer and show no presence of a learning effect over three subsequent exercise 

tests. We therefore propose that exercise performance (time to exhaustion, peak power), 

pH at exhaustion and the subjective estimation of the metabolic ITs can be obtained 

with acceptable precision from a single quadriceps incremental exercise test to the limit 

of tolerance and are suitable to explore the effects of sex, maturation, training and 

disease on muscle metabolism. In contrast, Pi/PCr at exhaustion and the slope estimates 

were found to have poor reliability. Consequently, the energetic ratio Pi/PCr must be 
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interpreted with caution from a single test, and is unlikely to hold the sensitivity 

required to reveal subtle differences in muscle metabolism (i.e. following exercise 

training), at least in this population. Indeed, the large variation associated with 

measuring Pi/PCr may explain the failure of a previous 31P-MRS study with children to 

detect differences in muscle phosphate metabolism between pre- and pubertal girls 

despite a mean difference of 0.87 units or ~ 40% between groups (Petersen et al., 1999). 

Clearly, future research should take this into account when formulating physiological 

inferences using the Pi/PCr ratio.  

 

As measurement reliability reflects the precision of a measurement and is directly 

related to the variation present around the mean scores, the TE scores in the current 

study can be used to estimate the sample size required to observe an effect between test 

means in experimental research (see Hopkins, 2000a; 2000b for further details). It 

should be recognised however, that the resulting sample size will be most accurate if the 

experimental procedures (i.e. exercise protocol, data analysis methods) and participant 

characteristics (i.e. healthy, peri-pubertal children aged 11-12 years) are closely 

matched to the current study. If this is not the case, for example when studying 

metabolic dysfunction in diseased children of a different age or biological maturity, the 

measurement reliability in the current study may not be appropriate for sample size 

estimations. However, this concern can be minimised and considered acceptable 

(especially given the huge financial costs and time consuming nature of 31P-MRS 

research), providing the experimental procedures are closely matched to the 

methodology described in the current manuscript.     
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An important methodological consideration when employing an incremental protocol to 

exhaustion relates to the strong dependence of the muscle metabolic perturbation during 

exercise to muscle size. Consequently, to normalise the metabolic stress for muscle size, 

quantification of either muscle volume or cross sectional area using magnetic resonance 

imaging is essential to normalise power output (Fowler et al., 1997), especially when 

metabolic comparisons are performed between groups heterogeneous in muscle size 

(child vs. adult responses). In addition to the previously addressed issue of detection 

rate, which in our hands is above 80%, but in others 50% (Zanconato et al. 1993), the 

ITs may not be suitable for the assessment of muscle oxidative capacity in young people 

who are contraindicated to exercise to exhaustion or find exercise compliance difficult 

at high exercise intensities which elicit a marked fall in cellular pH, PCr and increase in 

Pi (i.e. diseased children or children with coordination problems). An alternative 

measurement of the muscles’ oxidative capacity is the measurement of PCr recovery 

kinetics following moderate intensity exercise (Conley et al., 2000; McCully et al., 

1993). However, such an analysis requires high sample resolution (~ 6-10 s) of muscle 

PCr during exercise and recovery, and a number of repeat ‘transitions’ to be performed 

and averaged in order to obtain sufficient confidence in the estimated kinetic parameters 

to make meaningful physiological interpretation (Rossiter et al., 2000). A significant 

drawback is therefore the additional time and cost required compared to the exercise test 

presented in this paper.     

3.5  Conclusion 

31P-MRS provides a valuable window into metabolic changes in the exercising muscle 

that is otherwise difficult, if not impossible, to directly examine in young people. The 

present study sought to quantify the reliability of using 31P-MRS to determine 

parameters of metabolic function obtained during an incremental test to exhaustion. 

Importantly, the metabolic and peak power variables showed no presence of a learning 
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effect, indicating that following an initial habituation session the responses are order 

free and show good test-retest reliability. Resting muscle pH and pH at exhaustion are 

very reliable, whilst Pi/PCr at rest and at exhaustion display a large within-participant 

variation, which may be related to metabolite quantification error due to signal-to-noise 

issues. This suggests, at least in young children during incremental quadriceps exercise, 

that caution is needed when citing Pi/PCr to reflect the energetic status of the muscle. In 

contrast, the good reliability and detection rate of the subjective ITPi/PCr and ITpH 

suggests that sensitive changes in muscle metabolic function are detectable using 31P-

MRS and suitable for the study of metabolism in young people.   

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 120

Chapter Four  

QUADRICEPS MUSCLE ENERGETICS DURING A STEP-INCREMENTAL 

TEST TO EXHAUSTION IN CHILDREN AND ADULTS 

4.1 Introduction 

Current data support the theory that pre- and peri-pubertal children have a reduced 

capacity to regenerate the ATP required for muscle contraction via anaerobic processes 

(PCr breakdown and glycolysis) but an enhanced potential for oxidative 

phosphorylation compared with older children or adults (Armstrong & Welsman, 2007; 

Cooper & Barstow, 1996). However, direct evidence of an age and/or maturity related 

modulation of muscle metabolism during exercise in young people is lacking.  

 

Using the muscle biopsy technique, Eriksson and colleagues (1980; 1971; 1974) were 

the first to document the muscle metabolic responses of children to exercise. Following 

the achievement of maximal 2OVp &  on a cycle ergometer, a 2-fold increase in the 

muscle [La] and a 1.6-fold increase in the breakdown of muscle [PCr] was documented 

in the rectus femoris muscle in a group of boys between the ages of 11-16 years. In 

addition, the activity of the glycolytic rate-limiting enzyme phosphofructokinase at rest 

was lower in the 11 year old boys than previously reported adult data from the same 

laboratory. While collectively these data support the concept of an age-related 

development of anaerobic energy provision in children, subsequent studies have failed 

to confirm these findings, noting children or adolescents to have an equivalent (Berg et 

al., 1986; Haralambie, 1982) or inferior (Kaczor et al., 2005) muscle glycolytic enzyme 

activity profile compared to adults.    
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In the light of these inconsistent findings, a number of studies have attempted to clarify 

the effect age and maturity have on the muscle metabolic responses in children during 

exercise by using the non-invasive technique 31P-MRS. During incremental plantar-

flexion exercise, Zanconato et al. (1993) reported a lower accumulation of Pi/PCr and 

fall in pH in the calf muscle of 7-10 year old children compared to adults at exhaustion. 

These findings were supported in a later study involving trained and untrained 12-15 

year old boys and adult men during incremental quadriceps exercise (Kuno et al., 1995). 

After identification of the Pi/PCr and pH ITs, Zanconato et al. (1993) reported a lower 

rate of change in Pi/PCr and pH against exercise intensity in children whilst exercising 

above the ITs compared to adults. Collectively, these data were interpreted as evidence 

for a reduced anaerobic energy contribution in child muscle during high-intensity 

exercise (Cooper & Barstow, 1996; Kuno et al., 1995; Zanconato et al., 1993). 

However, a more recent study failed to locate any significant differences in calf muscle 

Pi/PCr and pH responses in pre-pubertal and pubertal female swimmers following a 2-

minutes bout of plantar-flexion exercise at 140% MWC, and concluded that anaerobic 

metabolism in physically active children is independent of maturation (Petersen et al., 

1999).  

 

Given the conflicting data presented above, it is currently unclear whether the muscle 

metabolic response in children during exercise is age and/or maturity dependent. Such 

findings may however, be attributable to a number of methodological concerns. In 

particular, the heterogeneity in calf muscle size between pre-pubertal and more mature 

children or adults, may result in a disproportionate sampling of the gastrocnemius and 

soleus muscle compartments between groups, such that the soleus represents a greater 

portion of the 31P-MRS signal in the smaller participants (Petersen et al., 1999). Given 

the differences in muscle fibre type composition between the soleus (~ 80-90% type I) 
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and gastrocnemius (~ 50% type I and type II) muscles (Johnson et al., 1973), and the 

profound metabolic differences that exist between muscle fibre types during muscle 

contractions (Kushmerick et al., 1992; Mizuno et al., 1994; Sahlin et al., 1997), it is 

plausible that the results from previous 31P-MRS studies interrogating the calf muscle 

(Petersen et al., 1999; Taylor et al., 1997; Zanconato et al., 1993) may have been biased 

to a lower accumulation of Pi, breakdown of PCr (resulting in a higher Pi/PCr) and fall 

in pH in child compared to adult muscle. Secondly, interpretation of the muscle 

metabolic responses during exercise requires direct quantification of the active muscle 

mass to normalise power output (Fowler et al., 1997; Nishida et al., 1992). However, 

this has yet to be suitably addressed. Previous 31P-MRS studies have either made no 

attempt to normalize for body size (Kuno et al., 1995), or employed body mass as a 

proxy (Zanconato et al., 1993), or exercised each participant relative to a pre-

determined MVC (Taylor et al., 1997). Therefore, appropriate techniques to remove the 

confounding influence of muscle size on muscle metabolic responses between children 

and adults have yet to be applied.  

 

Further to these methodological concerns, to our knowledge the influence of sex on the 

muscle metabolic responses during exercise has yet to be investigated in children. It is 

known that 10-11 year old girls exhibit slower 2OVp &  kinetics and a greater amplitude 

of the 2OVp &  slow component during heavy intensity cycling exercise than boys 

(Fawkner & Armstrong, 2004b). Given that the kinetics of 2OVp &  is a major 

determinant of the factors contributing to the incurred oxygen deficit (PCr splitting and 

anaerobic glycolysis) and that ~ 90% of the magnitude of the 2OVp &  slow component is 

reflected in the muscle PCr response during high-intensity knee-extensor exercise 

(Rossiter et al., 2002), one may hypothesise a greater breakdown of muscle PCr and fall 
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in pH during high-intensity exercise in girls than boys. However, the issue of sexual 

dimorphism in the child’s muscle phosphate and pH responses during exercise has yet 

to be investigated.   

 

Therefore, the purpose of the present study was to use 31P-MRS to investigate the 

extend to which the quadriceps muscle phosphate and pH responses during a step-

incremental quadriceps exercise test to exhaustion are dependent on age, sex and/or 

maturation. The quadriceps muscle was selected for 31P-MRS interrogation to avoid 

concerns with using the calf muscle in participant groups heterogeneous in muscle size. 

In addition, MR imaging scans were employed to determine quadriceps muscle mass to 

normalize power output measures obtained during exercise. By addressing these 

methodological issues, this study extends earlier 31P-MRS studies in young people and 

provides novel insights into the influence of age, sex and maturation on the muscle 

phosphate and pH dynamics during incremental quadriceps exercise. 

4.2 Materials and methods 

4.2.1     Participants 

Thirty-three children (15 boys and 18 girls) who were recruited from a local primary 

school, and 16 adults (8 men and 8 women) who were recruited from the University 

Campus, were included in the current study. Following a written and verbal explanation 

of the study’s aims, risks and procedures, all participants and the children’s 

parent(s)/guardian(s) provided informed consent to take part in the project, which was 

approved by the institutional ethics committee. None of the participants were involved 

in a formalised physical training programme, although the adults were low to 

moderately active, with the latter including 1-3 sessions of moderate type activity per 
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week (i.e. cycling, running, football, trampoline classes etc.). Pre-experimental 

questionnaires revealed all participants were healthy and showed no contraindications to 

exercise to exhaustion inside a MR scanner.  

4.2.2     Experimental procedures 

Descriptive characteristics. Participants’ body mass was measured using a calibrated 

balance beam scale (Avery, Birmingham, UK), and stature and seated height using a 

stadiometer (Holtain, Crymych, Dyfed, UK). Participants’ age was calculated as the 

difference between the date of birth and the date of the first visit. To provide an 

estimation of the boys’ and girls’ level of biological maturation, sex specific regression 

algorithms were used to determine an ‘offset’ score from the age at peak height velocity 

(APHV) using stature, seated height, body mass and age (Mirwald et al., 2002). The 

95% limits of agreement in using this procedure in European children is ±1 years.   

       

Quadriceps ergometer. A description of the quadriceps ergometer and power output 

quantification is provided in Chapter 3. 

 

Habituation. On their first visit to the laboratory, all participants were habituated to 

exercising on the quadriceps ergometer at the required cadence inside a scale model of 

the MR scanner. The participants were required to completed between one to four 20 

minute sessions (depending upon their ‘rate’ of compliance) on the ergometer that were 

identical to the test step-incremental protocol employed during 31P-MRS data collection. 

This ensured each participant was compliant with the cadence of the quadriceps 

contraction throughout the exercise protocol and accustomed to exercising to the limit 

of tolerance inside the bore of the MR scanner.   
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Step-incremental test to exhaustion. Each participant completed a step-incremental test 

to exhaustion inside the MR scanner for determination of the muscle metabolic and pH 

responses during exercise. The procedures for the incremental test were in accordance 

with those previously outlined in Chapter 3 

 

Pilot testing. To investigate the possibility that child-adult differences in time to 

exhaustion have an influence on the exercise performance (peak power output) and 

muscle metabolic responses during exercise, 5 adults (3 men, 2 female), aged 24-28 

years, completed on separate days and in a randomised order, an incremental test to 

exhaustion at two ‘step’ increments of 5 and 10 N⋅min-1. The data from the pilot testing 

are presented in the Results section.         

4.2.3     31P-MRS measurement and quantification 

The measurement and quantification of the quadriceps muscle phosphate and pH 

responses using 31P-MRS were in accordance with the procedures outlined in Chapter 3.  

 

Data documenting the resting quadriceps muscle [ATP] during growth and maturation is 

limited to a single study of a small sample of boys between the ages of 11-16 years 

(Eriksson & Saltin, 1974). Therefore, it was deemed inappropriate to apply a fixed 

resting muscle [ATP], usually assumed to be 8.2 mM (Kemp et al., 2007), to the 

participants in the present study to calculate absolute [Pi], [PCr] and [ADP] during rest 

and exercise. Rather, the ratio of Pi-to-PCr, determined from their respective Pi and PCr 

spectra areas, was used to monitor the muscle phosphate energetic response during 

exercise, as this expression has been shown to be sensitive to mitochondrial function 

(Chance et al., 1985; Chilibeck et al., 1998a), and is the fundamental outcome variable 
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in previously published paediatric studies (Kuno et al., 1995; Petersen et al., 1999; 

Zanconato et al., 1993), thus allowing inter-study comparisons to be made. To provide a 

semi-quantitative expression of the muscle phosphates during exercise, PCr and Pi were 

expressed as a percentage change from baseline, set at 100%, using the mean PCr and Pi 

spectral areas obtained during the 2 minute rest period respectively. 

4.2.4     Normalisation of power output 

Determination of quadriceps muscle mass. To normalise absolute power output 

measurements during the step-incremental exercise test, each participant’s quadriceps 

muscle mass was determined using MR imaging scans (Fowler et al., 1997; Nishida et 

al., 1992). Lying in the supine position inside a whole body MR scanner (1.5 Tesla, 

Philips Gyroscan Intera), 2 repeat scan sequences, each consisting of 50 transverse 

plane images, were obtained from the right leg using a multi-slice turbo-spin-echo 

sequence (repetition time = 1830 ms, echo time = 15 ms, field of view = 80 mm, matrix 

= 2562). To prevent duplication of slice measurements between the 2 scan sequences, 

cod liver oil tablets were positioned in the mid-thigh position on the left leg prior to 

scanning. Slice thickness was set at 5 mm and slice separation at 5 mm. Starting from 

the medial epicondyle and terminating at the head of the femur, the quadriceps muscle 

(rectus femoris, vastus lateralis, vastus medialis and vastus intermedius) anatomical 

cross-sectional area of each slice was determined by manually tracing around the 

relevant compartments using a region of interest editing software (see figure 4.1).  
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Figure 4.1 Example cross-sectional images of a child participant’s right leg, determined 
using MR imaging. Starting from the medial epicondyle (a), the quadriceps muscle 
cross sectional area was quantified using a region of interest fitting procedure (solid 
black lines) and terminated at the head of the femur (e). Cross-section images b, c and d 
represent quantification of the quadriceps muscle at the distal end of the femur, mid 
thigh and upper thigh regions, respectively.  
      

 

Quadriceps muscle volume was calculated using the sum of each anatomical cross 

sectional area multiplied by 10 mm (5 mm slice thickness + 5 mm slice gap). The 

quadriceps muscle volume was converted to mass assuming a muscle density of 1.043 

(Gonzalez-Alonso et al., 2000), as data demonstrating the muscle density to alter during 

growth and maturation are difficult to interpret due to the poor reliability of current 

ultrasonography techniques (Maurits et al., 2004; Maurits et al., 2003). The same 

a b 

d c 

e 
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investigator performed all muscle mass quantification procedures. Using a sub-sample 

of child participants (n=10), the intra-observer reliability for quantifying the quadriceps 

muscle mass within a given participant was determined over two measurements (TE = 

0.04 kg, ~ 5% CV).  

 

Power output normalisation. Log-linear allometric regression models were constructed 

to normalise the absolute power output measurements (e.g. peak power and power 

output at the ITs) for quadriceps muscle mass. The allometric relationship between 

quadriceps muscle mass and a given power output variable was determined using the 

following model (Batterham & George, 1997): 

ln Y = ln a + b × lnX + c(group)           Equation 4.1 

where ln, is the natural logarithm; Y, absolute power output variable (peak power or 

power output at  the ITPi/PCr or ITpH); a, intercept; b, slope (scaling exponent); X, 

quadriceps  muscle mass; and c, grouping variable coded ‘0’ for children and ‘1’ for 

adults. Child-adult differences in the scaling exponent were initially examined by 

including a group×lnX interaction variable in the regression model (Batterham & 

George, 1997; Tolfrey et al., 2006). The interaction variable did not make a significant 

contribution to the model for all power output measures (P>0.100), indicating that the 

scaling exponent describing the relationship between the power output variables and 

quadriceps muscle mass was appropriate both for children and adults. Analysis of the 

residuals using 1) a scatter plot against quadriceps muscle mass, to visually examine for 

signs of systematic biases and data heteroscedasticity, and 2) the Kolmogorov-Smirnov 

test, to test the assumption of distribution normality, were performed to confirm the 

validity of the derived scaling exponent for each regression model. Power function 

ratios (Y/Xb) were determined to normalise the power output variables for quadriceps 
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muscle mass. Independence of the scaled power output variables from quadriceps 

muscle mass was assessed and verified using Pearson’s correlation coefficients.    

4.2.5     Step-incremental test analyses 

Rest and exhaustion values. Resting Pi/PCr and pH responses were determined using the 

mean of the four 31P-MRS spectra obtained during the 2 minute rest period prior to 

exercise. Peak power and changes in the muscle metabolites (Pi/PCr, PCr and Pi) and 

pH were recorded at exhaustion.  

 

Intracellular threshold determination. Using separate plots of Pi/PCr and pH vs. power 

output, each participant’s ITPi/PCr and ITpH were identified by two independent 

observers. The ITPi/PCr and ITpH were defined as the power output at which a sudden and 

sustained breakpoint in Pi/PCr and pH from an initial slow phase occurred, see Chapter 

3. To facilitate identification of the ITPi/PCr, the raw Pi/PCr values were log-transformed 

(lnPi/PCr) prior to analysis. The reliability for establishing the ITPi/PCr and ITpH within 

our laboratory has a CV of ~ 10% (Barker et al., 2006, Chapter 3). No IT was recorded 

if one or both observers failed to identify an IT. When an IT was identified, separate 

single linear regression functions were used to quantify the rate of change in the slope 

preceding (S1) and following (S2) the ITPi/PCr, but only S2 for the ITpH.  

4.2.6     Statistical analyses 

Exploratory analyses signified that a number of the 31P-MRS variables (peak power and 

Pi, PCr and Pi/PCr at exhaustion) were not normally distributed. These variables were 

therefore log-transformed prior to ANOVA analysis to satisfy the assumption of 

normality. However, to facilitate communication and intra- and inter-study comparisons 

the raw data values will be reported. Potential mean differences in the descriptive 
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characteristics and the muscle metabolic responses were examined using a two-way 

between measures ANOVA with age (child vs. adult) and sex (male vs. female) as the 

model factors. If a significant age by sex interaction was observed the significant main 

effects results were not reported. Follow-up means comparisons between groups (e.g. 

boys vs. men) were performed using independent sample t-tests, with the Levene’s test 

employed to check the assumption for equality of variances. In order to control for the 

type I error rate during the multiple comparisons the false discovery rate procedure was 

employed to determine an adjusted significance threshold (Benjamini & Hochberg, 

1995; Curran-Everett, 2000). Based on an initial alpha level of P=0.05 and a total of 96 

means comparisons, the independent t-test P-values were ranked in descending order 

(ranging from P1=0.976 to P96<0.001) and an adjusted significance level (Padj) for each 

of the ranked P-values was calculated: 

Padj = (nrank/ntot)·Porg                      Equation 4.2 

where, nrank represents the rank position number; ntot, total number of multiple means 

comparisons (n=96) and Porg, original alpha threshold (P=0.05). Working in descending 

rank order, the adjusted significance threshold was located when the t-test P-value ≤ Padj 

(Curran-Everett, 2000). This resulted in an adjusted significance level of P=0.019 for 

the multiple means comparisons.  

 

To examine the relationship between the predicted maturity ‘offset’ score from the 

APHV and the 31P-MRS derived parameters of muscle metabolism in children, single 

linear regression functions were employed. All results are presented as mean and SD. 

Rejection of the null hypothesis was accepted at an alpha level of P=0.05 for the 

ANOVA (main effect and interaction results) and regression analyses, whereas for the 
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follow-up multiple means comparisons, P=0.019 (see above). Analyses were performed 

using SPSS (Chicago, IL, v.11.0). 

4.3 Results  

4.3.1     Descriptive characteristics  

Table 4.1 displays the descriptive characteristics for the participants included in the 

current study. The children had a smaller body mass, stature and quadriceps muscle 

mass than the adults (P<0.001). Men had a greater body mass, stature and quadriceps 

muscle mass than women (P<0.001). No sex differences were observed in children for 

the descriptive variables (P>0.200). The boys (-2.7 years [SD 0.9], range -1.3 to -4.1) 

had a significantly higher ‘offset’ score from the APHV than the girls (-1.3 years [SD 

0.8], range 0.2 to -2.5; P<0.001). All children except for a single girl participant had a 

predicted maturity ‘offset’ score below the APHV and were considered to range 

between early to mid puberty.               
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Table 4.1 Participants’ descriptive characteristics 
 

Variable 

 

ANOVA 

Child  Adult 

Boys (n=15) Girls (n=18)  Men (n=8) Women (n=8)

Age (years)  a P<0.001  10.8 (1.1)† 10.6 (1.1)†  25.5 (4.3)  23.3 (3.8) 
Body mass (kg)  c P<0.001 34.5 (7.6)† 36.3 (7.0)†  81.6 (11.8)* 54.5 (4.2) 
Stature (metres)  c P=0.001  1.42 (0.10)† 1.41 (0.07)†  1.82 (0.08)* 1.64 (0.04) 
Quadriceps muscle mass (kg) c P<0.001   0.99 (0.19) † 0.92 (0.18)†  2.61 (0.26)* 1.55 (0.19) 
Data are presented as mean (SD). ANOVA, two-way between measures ANOVA results. a significant main 
effect for age. b significant main effect for sex. c significant age by sex interaction. NS, no significant 
differences observed (P>0.05). The multiple pairwise comparisons were controlled using the false discovery 
rate technique. The significant within age group sex (*) and within sex age group (†) differences are shown 
when the significance level was equal to or below the adjusted significance threshold of P=0.019 (see 
methods for details).    
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4.3.2     Pilot testing 

The muscle metabolic and pH responses from the 5 adult participants who performed a 

step-incremental test to exhaustion on separate days using increments of 0.5 and 1.0 

kg·min-1 are presented in table 4.2. The protocol was successful in obtaining a test 

duration (0.5 kg: 13.9 minutes [SD 1.3] vs. 1.0 kg: 7.5 minutes [SD 0.4], P<0.001), 

which is similar to the observed child-adult differences in the time to exhaustion (see 

table 4.3). Despite the significantly different time to exhaustion for the two exercise 

bouts in this sub-group of adult participants, no significant differences were noted for 

quadriceps peak power output, the muscle phosphate and pH responses at exhaustion, or 

the IT metabolic parameters. Consequently, the child-adult difference in the time to 

exhaustion is unlikely to be a confounding influence on interpreting the energetic 

responses in the current study.        

Table 4.2 Pilot data showing the muscle phosphate and pH responses during an 
exhaustive exercise test of different durations 
 

Variable 
 

0.5 kg·min-1 
increments 

1.0 kg·min-1 
increments 

P value 

Peak power (W) 
 

22.4 (2.4) 24.2 (2.6) P=0.213 

END Pi/PCr 
 

2.22 (1.40) 2.76 (1.38) P=0.256 

END pH 
 

6.90 (0.08) 6.87 (0.11) P=0.582 

ITPi/PCr (W) 
 

14.8 (1.8) 14.9 (2.7) P=0.790 

ITPi/PCr S1 
 

0.075 (0.036)  0.071 (0.011) P=0.774 

ITPi/PCr S2 
 

0.239 (0.126) 0.190 (0.065) P=0.310 

ITpH (W) 
 

13.6 (2.6) 14.6 (2.6) P=0.189 

ITpH S2 
 

-0.018 (0.006) -0.020 (0.008) P=0.595 

Data are presented as mean (SD). P-value, paired samples t-test significance level. 
Where, W, watts. END, value recorded at exhaustion. IT, intracellular threshold. S1, 
slope preceding the intracellular threshold. S2, slope following the intracellular 
threshold. 
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  4.3.3     Step-incremental test responses at rest and exhaustion  

Example 31P spectra obtained under resting and exercise conditions in a child and adult 

participant are shown in figure 4.2. An example profile of the dynamic changes in 

Pi/PCr, pH, PCr and Pi against power output for a typical child and adult participant is 

displayed in figure 4.3. The metabolic ITs in the Pi/PCr and pH responses are also 

highlighted. Table 4.3 presents the participants’ exercise performance and muscle 

metabolic and pH responses during the step-incremental test to exhaustion.   

 

 

 

 

 

 

 

Figure 4.2 Example 31P spectra from a child (left panel) and adult (right panel) muscle 
under exercise (A, ~ 50% peak power) and resting (B) conditions. Each spectrum is the 
mean response over 30 s (i.e. mean of 20 scans). The spectral areas of interest, Pi, PCr 
and the three ATP resonances (γ, α and β) are shown in left A, and were clearly 
discernable under both conditions for the adult and child participants.  

  

Rest. Resting Pi/PCr was not significantly different between boys and men (0.17 [SD 

0.06] vs. 0.12 [SD 0.02]; P=0.020) but was higher in girls than women (0.17 [SD 0.06] 

vs. 0.12 [SD 0.02]; P=0.013). Intramuscular Pi/PCr was similar between the sexes both 

for children (P=0.964) and adults (P=0.491) at rest. For resting pH, no differences were 

Pi 

     PCr 
A A 

B B 

  γ α 

 ATP 

  β 
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observed between boys and men (7.08 [SD 0.04] vs. 7.07 [SD 0.02]; P=0.552), but girls 

had a significantly higher resting pH than women (7.09 [SD 0.04] vs. 7.05 [SD 0.03]; 

P=0.011). No sex differences were present within the child (P=0.638) or adult 

(P=0.048) groups for pH at rest.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.3 Quadriceps muscle metabolic responses during a step-incremental test to 
exhaustion in a child (left panel) and adult (right panel) participant. Where 
intramuscular Pi/PCr (○) and pH (●) (figure A) and PCr (□) and Pi (■) (figure B) are 
shown. The vertical arrows represent the intracellular thresholds for the Pi/PCr and pH 
responses. 

 

Exercise performance. Time to exhaustion and absolute peak power were both 

significantly less in the boys and girls compared to the men and women respectively 

(P<0.001). Within the adult group men had a significantly higher time to exhaustion 

(P<0.001) and absolute peak power (P=0.004) than women. No sex differences were 

present in children for absolute peak power (P=0.373) or time to exhaustion (P=0.649). 
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The log-linear allometric model revealed a significant relationship between absolute 

peak power and quadriceps muscle mass (R2=0.605, P<0.001, b=0.52 [95% CIs 0.27-

0.77]). When absolute peak power was normalised for quadriceps muscle mass using 

the computed power function ratio (W·kg-0.52), no age or sex related differences were 

observed for the child and adult groups (ANOVA model P>0.500).  

 

Muscle metabolic responses at exhaustion. Exercise resulted in a significant breakdown 

of muscle PCr from rest to exhaustion. At exhaustion the men had a significantly lower 

muscle PCr expressed relative to baseline levels compared to the boys (P=0.001). The 

same was also the case for the women compared to the girls (P=0.007), although no sex 

differences were present for the child (P=0.029) and adult (P=0.030) groups. The 

increase in muscle Pi at exhaustion when expressed relative to initial resting levels, was 

significantly lower in the boys and girls compared to the men and women respectively 

(P<0.001). The boys also demonstrated a significantly lower increase in Pi from rest 

when compared to the girls (P=0.019) although no sex differences for Pi accumulation 

were present in the adult group (P=0.043). Exercise resulted in a marked increase in 

muscle Pi/PCr compared to rest, and attained significantly higher levels in men 

compared to boys (P<0.001) and women compared to girls (P=0.003) at exhaustion. 

Within the child group, girls had a significantly higher Pi/PCr at exhaustion compared to 

boys (P=0.005), which was also the case for women compared to men (P=0.019). At 

exhaustion the change in pH from rest was comparable between the girls and women 

(P=0.820) and boys and men (P=0.049). No sex differences in pH were found in either 

the child (P=0.105) or adult (P=0.886) muscle at exhaustion. 
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Table 4.3 Step-incremental test responses at exhaustion 
 

Variable 

 

ANOVA 

Child  Adult 

Boys (n=15) Girls (n=18)  Men (n=8) Women (n=8)

Time to exhaustion 
(minutes) 

c P=0.009 8.5 (1.1)†  8.4 (1.6)† 15.9 (1.3)* 12.2 (1.6) 

Peak power (W) a P<0.001 
b P=0.013 

14.7 (3.5)†  13.8 (3.5)† 24.1 (2.5)*  18.8 (3.1) 

Peak power (W·kg-0.52)  NS 14.9 (3.2) 14.3 (3.0) 14.7 (1.2) 15.1 (2.7) 
Pi (% rest) a P<0.001 

b P=0.004 
304 (83)†* 372 (89)† 526 (98) 654 (154) 

PCr (% rest) a P<0.001 
b P=0.002 

49 (13)† 39 (18)† 32 (8)  21 (11) 

Pi/PCr (∆ rest)  a P<0.001 
b P<0.001 

0.85 (0.38)†* 1.78 (1.25)† 1.86 (0.65)* 4.97 (3.52) 

pH (∆ rest) a P=0.018 -0.11 (0.07) -0.16 (0.11) -0.18 (0.10) -0.17 (0.10) 
Data are presented as mean (SD). Where: W, watts. W·kg-0.52, peak power normalised for quadriceps muscle 
mass using log-linear allometric modelling procedures. % rest, percentage change from rest (assumed to 
represent 100%). ∆ rest, change from rest. ANOVA, two-way between measures ANOVA results. a significant 
main effect for age. b significant main effect for sex. c significant age by sex interaction. NS, no significant 
differences observed (P>0.05). The multiple pairwise comparisons were controlled using the false discovery 
rate technique. The significant within age group sex (*) and within sex age group (†) differences are shown 
when the significance level was equal to or below the adjusted significance threshold of P=0.019 (see methods 
for details).    
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4.3.4     Muscle intracellular thresholds 

An ITPi/PCr was identified for all participants, whereas an ITpH was located in 13 boys 

(87%), 13 girls (72%), 7 men (88%) and 7 women (88%). For the participants who 

displayed both an ITPi/PCr and ITpH, the transition points occurred at a similar power 

output (10.6 W [SD 3.5] vs. 10.5 W [SD 3.2]) and were highly correlated (R2=0.86, 

P<0.001). The ITPi/PCr and ITpH parameters of muscle metabolism are presented in table 

4.4.  

 

ITPi/PCr indices of muscle metabolism. The absolute power output at the ITPi/PCr was 

significantly higher in men than boys (P<0.001), women than girls (P=0.006) and men 

than women (P<0.001). No sex difference in the absolute power output at the ITPi/PCr 

was present in the child group (P=0.639). The log-linear allometric model identified a 

significant linear relationship between power output at the ITPi/PCr and quadriceps 

muscle mass (R2=0.687, P<0.001, b=0.71 [95% CIs 0.47-0.95]). Using the derived 

power function ratio to normalise power output at the ITPi/PCr for muscle mass (W·kg-

0.71), no age or sex related differences were identified between the children and adults 

(ANOVA model P>0.060). The increase in Pi/PCr at the ITPi/PCr was comparable 

between the boys and men (P=0.529), girls and women (P=0.963), boys and girls 

(P=0.074) and men and women (P=0.026). Expressed as a percentage of peak power, 

the power output at the ITPi/PCr demonstrated no age or sex related differences (ANOVA 

model P>0.100). The slope parameters describing the relationship between the increase 

in Pi/PCr against normalised power output before (S1) and after (S2) the ITPi/PCr is 

shown in figure 4.4. Pairwise comparisons revealed S1 to be similar between boys and 

men (0.090 [SD 0.029] vs. 0.119 [SD 0.036]; P=0.047), girls and women (0.117 [SD 

0.033] vs. 0.143 [SD 0.035]; P=0.088) and men and women (P=0.199). However, S1 
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was significantly higher in the girls compared to boys (P=0.016). Above the ITPi/PC, S2 

was significantly smaller in the boys compared to men (0.158 [SD 0.059] vs. 0.401 [SD 

0.114]; P<0.001) and girls compared to women (0.257 [SD 0.110] vs. 0.391 [SD 

0.133]; P=0.014). S2 was significantly lower in boys than girls (P=0.003), but was 

similar between the men and women (P=0.878).   

 

 

 

  

Figure 4.4 Changes in Pi/PCr against normalised power output before (S1) and after 
(S2) the ITPi/PCr. Bars and error bars represent the mean and SD respectively. Units for 
the y-axis are ∆Pi/PCr/∆W·kg-b. The pairwise comparisons using the false discovery rate 
technique are indicated: * denotes a significant within age group sex difference and †, a 
significant within sex age group difference.   
  

 

ITpH indices of muscle metabolism. The absolute power output at the ITpH was 

significantly lower in boys than men (P<0.001), girls than women (P<0.001), and 

women than men (P=0.001). The ITpH absolute power was similar between boys and 

girls (P=0.544). The allometric log-linear model revealed a significant relationship 

between absolute power output at the ITpH and quadriceps muscle mass (R2=0.747, 

P<0.001, b=0.57 [95% CIs 0.35-0.80]). After normalisation of power for muscle mass 

using the computed power function ratio (W·kg-0.57), the ITpH occurred at a similar 

relative power output between the children and adult groups (ANOVA model P>0.350). 

Likewise, the power output at the ITpH expressed as a percentage of peak power was 

comparable between the children and adults, demonstrating no sex or age related 

differences (ANOVA model P>0.100). The ITpH occurred at a pH fall from baseline 
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that was independent of age and sex (ANOVA model P>0.400). The slope parameter 

(S2) describing the relationship between pH and normalised power output after the ITpH 

is illustrated in figure 4.5. S2 was found to be significantly lower in the men (-0.041 

[SD 0.022]; P=0.003) and girls (-0.030 [SD 0.013]; P=0.011) when compared to the 

boys (-0.019 [SD 0.007]). No age or sex related differences were found for S2 when the 

women (-0.035 [SD 0.015]) were compared to the girls (P=0.479) or men (P=0.523), 

respectively.     

 
 
 
 
 
 

       

 

 

Figure 4.5 Changes in pH against normalised power output following (S2) the ITpH. 
Bars and error bars represent the mean and SD respectively. Units for the y-axis are 
∆pH/∆W·kg-b. The pairwise comparisons using the false discovery rate technique are 
indicated: * denotes a significant within age group sex difference and †, a significant 
within sex age group difference.   
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Table 4.4 Intracellular threshold parameters of muscle metabolism 
 

Variable 

 

ANOVA 

Child  Adult 

Boys (n=15) Girls (n=18)  Men (n=8) Women (n=8)

ITPi/PCr  n=15 n=18  n=8 n=8 
Power (W) c P=0.001 8.9 (2.3)†  8.5 (2.2)†  16.2 (1.6)* 11.2 (1.6) 
Power (W·kg-0.71) NS 8.9 (1.7)  9.0 (1.8)  8.2 (0.5) 8.3 (1.5) 
% peak power NS 61 (10) 62 (9)  68 (4) 60 (5) 
Pi/PCr (∆ rest) b P=0.008 0.23 (0.11) 0.30 (0.13)  0.19 (0.06) 0.30 (0.11) 

ITpH n=13 n=13  n=7 n=7 
Power (W) c P=0.006 9.0 (2.0)†  8.5 (1.6)†  15.7 (1.7)* 11.8 (1.8) 
Power (W·kg-0.57) NS 8.8 (1.6) 8.7 (1.1)  9.1 (1.1) 9.3 (1.7) 
% peak power NS 61 (8) 60 (8)  65 (9) 65 (5) 
pH (∆ rest) NS 0.00 (0.04) -0.01 (0.04)  -0.01 (0.02) -0.01 (0.03) 
Data are reported as mean (SD). W, watts. Power (W·kg-b), absolute power normalised for quadriceps muscle mass 
using log-linear allometric modelling procedures. % peak power, IT expressed as a percentage of peak power. ∆ 
rest, change from rest. ANOVA, two-way between measures ANOVA. a significant main effect for age. b significant 
main effect for sex. c significant age by sex interaction. NS, no significant differences observed (P>0.05). The 
multiple pairwise comparisons were controlled using the false discovery rate technique. The significant within age 
group sex (*) and within sex age group (†) differences are shown when the significance level was equal to or below 
the adjusted significance threshold of P=0.019 (see methods for details).    
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4.3.5     Maturity and parameters of muscle metabolism 

The relationship between the predicted ‘offset’ score from the APHV and the 31P-MRS 

derived indices of muscle metabolism are presented in table 4.5. The muscle Pi/PCr and 

pH values at exhaustion, and the slope parameters (S1 and S2) spanning the ITPi/PCr and 

ITpH were all significantly associated with the maturity ‘offset’ score in girls. However, 

in the boys only the change in Pi/PCr at the ITPi/PCr and the ITpH S2 displayed a 

significant relationship with maturity, which was positive rather than the negative 

relationship observed in girls. The association between Pi/PCr and pH at exhaustion and 

the ‘offset’ from the APHV is illustrated in figure 4.6.        

 

Table 4.5 Relationship between maturity and parameters of muscle metabolism 

Variable Group 
(n=33) 

Boys 
(n=15) 

Girls 
(n=18) 

ITPi/PCr Pi/PCr (∆ rest) r=0.61, P<0.001 r=0.53, P=0.040 r=0.59, P=0.011 
ITPi/PCr S1 r=0.61, P<0.001 r=0.43, P=0.106 r=0.54, P=0.021 
ITPi/PCr S2 r=0.58, P<0.001 r=0.12, P=0.677 r=0.56, P=0.015 
ITpH pH (∆ rest) r=0.33, P=0.101 r=-0.32, P=0.290 r=-0.20, P=0.516 
ITpH S2 r=-0.44, P=0.027 r=0.56, P=0.045 r=-0.60, P=0.032 
End Pi/PCr (∆ rest)  r=0.60, P<0.001 r=0.05, P=0.868 r=0.66, P=0.003 
End pH (∆ rest) r=0.38, P=0.028 r=0.17, P=0.538 r=-0.54, P=0.022 
Data are reported as the Pearson’s correlation coefficient and significance value. 
Maturity was estimated using the predicted ‘offset’ score from the APHV (see 
methods). Where S1, slope before the IT. S2, slope after the IT. END, values recorded 
at exhaustion. For ITpH parameters, n=26 for whole group analyses, whereas for the 
separate analysis of boys and girls, n=13.  
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Figure 4.6 The relationship between the maturity ‘offset’ score and intramuscular 
Pi/PCr and pH at exhaustion in boys (○) and girls (●). Solid lines represent the sex-
specific linear regression functions. ‘Offset’ APHV, estimated ‘offset’ from the age at 
peak height velocity (years).     

 

4.4 Discussion 

This study tested the hypothesis that the muscle phosphate and pH responses in 9-12 

year old children and young adults during progressive quadriceps exercise are 

dependent on age and sex. The major findings from the present study are: 1) the power 

output and energetic state at the pH and Pi/PCr ITs were similar between children and 

adults and between sexes; 2) during quadriceps exercise above the ITPi/PCr adults 

displayed a greater rise in Pi/PCr for a given increase in power output compared to 

children, which was also the case for females compared to the males for both age 

groups, leading to age and sex-related differences in Pi/PCr at exhaustion; 3) during 

quadriceps exercise above the ITpH the muscle pH to power output relationship was 

lower in the boys compared to the men and girls, although no differences were present 

between the girls and women; 4) muscle pH at exhaustion was independent of age and 

sex; and 5) the Pi/PCr and pH indices of anaerobic metabolism (i.e. exhaustion and S2) 

were related to biological maturity in the girls, but not the boys.   

-5 -4 -3 -2 -1 0 1
0

1

2

3

4

5

6
Girls r=0.66, P=0.003
Boys r=0.05, P=0.868

'Offset' APHV (years)

P i
/P

C
r

-5 -4 -3 -2 -1 0 1
-0.5

-0.4

-0.3

-0.2

-0.1

-0.0

Girls r=-0.54, P=0.022
Boys r=0.17, P=0.538

'Offset' APHV (years)

pH



 

 144

Taken collectively, these results therefore support the concept of an age and sex related 

modulation of muscle metabolism during quadriceps exercise above but not below the 

ITs, i.e. under conditions of rapidly changing muscle pH and phosphate dynamics, such 

that the anaerobic energy contribution (PCr breakdown, fall in pH) for a given increase 

in power output is higher in adults than 9-12 year old children, and in girls compared to 

boys.  

4.4.1     Previous 31P-MRS studies in young people  

Inferences on age, sex and maturation related changes in muscle metabolic responses in 

children during exercise are clouded by contradictory data from a limited number of 

studies. Zanconato et al. (1993) investigated the muscle Pi/PCr and pH dynamics during 

incremental plantar-flexor exercise in mixed sex groups of 7-10 year old children (8 

boys, 2 girls) and 20-42 y old adults (5 men, 3 women). No differences were found for 

Pi/PCr S1 (expressed relative to body mass) between children and adults during exercise 

below the metabolic ITs. However, above the ITs children exhibited a smaller increase 

in Pi/PCr and fall in pH for a given increase in exercise intensity compared to the adults 

which resulted in a greater rise in Pi/PCr (2.00 [SD 0.79] vs. 0.54 [SD 0.12]) and fall in 

pH from rest (0.36 [SD 0.11] vs. 0.11 [SD 0.05]) at exhaustion in adult muscle 

compared to the children. This latter finding is in agreement with the results from other 

child-adult studies monitoring the muscle phosphate and pH responses at exhaustion 

following an incremental protocol during quadriceps (Kuno et al., 1995) and calf 

exercise (Taylor et al., 1997). In opposition, Petersen et al. (1999) reported no 

differences in calf muscle Pi/PCr (1.31 [SD 0.88] vs. 2.18 [SD 1.00]) and pH (6.76 [SD 

0.17] vs. 6.66 [SD 0.11])  in a group of  pre- and pubertal girl swimmers following a 2 

minute bout of plantar-flexion exercise at 140% maximum.  

 



 

 145

4.4.2     Methodological considerations 

As highlighted in the introduction, the collective interpretation of the results from the 

aforementioned studies must be considered in light of a number of methodological 

concerns including: 1) the use of the calf muscle to study muscle energetics in children 

and adults (Petersen et al., 1999); 2) failing to normalize power output for the muscle 

mass recruited during the experimental protocol (Fowler et al., 1997; Nishida et al., 

1992); and 3) providing insufficient information on the participants’ compliance with 

the exercise protocol and importantly, their motivation to exercise to exhaustion. It 

should also be highlighted that the use of mixed-sex groups in the studies by Zanconato 

et al. (1993) and Taylor et al. (1997) is likely to have biased our understanding of age-

related differences in muscle metabolism during exercise, given the clear sex-

dependence of the responses in the current study.  

 

To avoid the potential bias of the calf muscle when studying muscle energetics in 

children and adults (see Chapter 4 Introduction), we elected to monitor the metabolic 

responses of the quadriceps muscle using a 6 cm surface coil positioned predominantly 

over the rectus femoris muscle which displays a similar muscle fibre type composition 

to that observed for the vastus muscles’ (Johnson et al., 1973). Although we do not have 

data showing the proportion of the total 31P-MRS signal that was sampled from the 

rectus femoris muscle, it is conceivable that given the different morphology of the 

quadriceps muscle across our participants, the metabolic responses from the rectus 

femoris muscle may account for a lower proportion of the total 31P-MRS signal in 

children. To minimise this concern we used our smallest available surface coil (6 cm), 

which sampled a depth of ~ 3 cm into the quadriceps muscle (Gadian 1982). However, 

given the heterogeneity that exists in muscle blood flow (Laaksonen et al., 2003) and 
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recruitment (Krustrup et al., 2004b; Richardson et al., 1998) patterns across the 

quadriceps muscles during exercise, this may confound the results in the present study. 

For example, it has been demonstrated that at the onset of a 3 minute bout of high-

intensity dynamic knee-extensor exercise, the rectus femoris has a higher muscle 

temperature, and presumably metabolic turnover, than the vastus compartments 

(Krustrup et al., 2004b). However, this difference disappears after ~ 75 s such that from 

this point to the end of the exercise bout the muscle temperature of the quadriceps 

muscles are highly comparable. Therefore, despite the possibility that the rectus femoris 

muscle may occupy a lower proportion of the 31P-MRS signal in children in the current 

study, during high-intensity exercise all the quadriceps muscles appear equally recruited 

and involved in the energy metabolism. We therefore believe the profoundly different 

muscle phosphate and pH responses observed in the current study during exercise above 

the metabolic ITs are due to ‘real’ differences in energetics and not due to 31P-MRS 

signal localisation discrepancies between groups.     

 

To interpret the muscle metabolic responses in the current study, the absolute power 

output measures were normalised for quadriceps muscle mass using allometric 

modelling procedures. This was an important procedure, as the derived scaling 

exponents 95% CI did not span unity, which indicates the use of ratio standards would 

have been invalid with the current data. An assumption underlying this procedure is that 

the whole of the quadriceps muscle mass is recruited during the exercise challenge. 

While we do not have data showing the recruitment of the muscle mass in the current 

study, studies using measurements of MR imaging transverse relaxation times 

(Richardson et al., 1998) and muscle temperature (Krustrup et al., 2004b) during high-

intensity knee-extensor exercise indicate that the vastus and rectus femoris quadriceps 



 

 147

muscle compartments are fully recruited, thus justifying our use of the quadriceps 

muscle to normalise the power output data.   

 

In the present study, all children and adults followed a comprehensive habituation to the 

quadriceps ergometer and the test protocol. We have previously shown that undertaking 

these habituation trials results in a good reliability for exercise performance indices 

(power output and time to exhaustion) over three repeat exercise tests (Barker et al., 

2006, Chapter 3). However, while the majority of muscle metabolic parameters utilised 

in the present study (ITs and pH at exhaustion) demonstrate good to excellent reliability 

and are comparable with the adult literature (Larson-Meyer et al., 2000; Marsh et al., 

1993a; Raymer et al., 2007), the Pi/PCr variables (exhaustion and S2) have a poor 

within-participant reliability. This is likely to be attributable to error in quantifying the 

Pi and/or PCr spectral areas, rather than variability in muscle power output (Barker et 

al., 2006, Chapter 3). Poor reliability results in an increase in variation around the 

dependent variable, which masks the detection of experimental differences between 

mean scores (Atkinson & Nevill, 1998; Hopkins, 2000a). However, despite the presence 

of large SD scores for the Pi/PCr variables in the current study, we have demonstrated 

age- and sex-related differences in muscle Pi/PCr dynamics. Therefore, while an 

element of caution is warranted when interpreting the muscle Pi/PCr response during 

exercise, the consistent observation of a strong trend towards an age and maturity 

related changes in muscle Pi/PCr in the present and previous studies (Kuno et al., 1995; 

Petersen et al., 1999; Zanconato et al., 1993), strongly supports a modulation of 

phosphate energy metabolism in young people during high intensity to maximal 

intensity exercise.   
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4.4.3     Interpretation of the 31P-MRS derived metabolic indices 

In accord with previous 31P-MRS studies employing an incremental protocol (Barstow 

et al., 1994b; Marsh et al., 1993a; Zanconato et al., 1993), ITs in the muscle Pi/PCr and 

pH responses were observed in the child and adult response profiles and were 

temporally correlated. This close coupling between the pH and Pi/PCr ITs is maintained 

following a bout of ‘priming’ exercise (Raymer et al., 2007) and pharmacological 

intervention (Kowalchuk et al., 2000), indicating the two thresholds may be 

mechanistically linked. One plausible mechanism may be related to the marked fall in 

intracellular PO2 from a resting value of ~ 34 mmHg to ~ 3-4 mmHg that occurs 

between 50-60% of the peak power achieved during incremental quadriceps exercise 

(Richardson et al., 2001). Such a fall in intracellular oxygenation has been shown to 

decrease the cellular phosphorylation potential (akin to a rise in Pi/PCr) to maintain 

mitochondrial ATP flux (Wilson, 1994). As Pi is a potent stimulator of glycolytic flux 

(Crowther et al., 2001a), this may cause intracellular pH to fall through a rise in muscle 

[La], resulting in a close temporal relationship between the Pi/PCr and pH ITs. In 

contrast, an alternative mechanism may involve cellular acidosis inhibiting ATP flux 

through oxidative phosphorylation (Jubrias et al., 2003), as a fall in pH lowers cellular 

ADP via the creatine kinase reaction, such that a higher breakdown of muscle PCr is 

required to maintain the requisite level of ADP needed to drive oxidative ATP synthesis 

(Conley et al., 2001).   

 

While the data in the current study cannot identify the specific mechanisms underlying 

the coupling of the metabolic ITs, it is clear that the ITs reflect the oxidative capacity of 

the muscle as the anaerobic energy contribution to the ATP turnover is accelerated 

following this transition point (Barstow et al., 1994b; Kent-Braun et al., 1993). 
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Consistent with this are data showing the ITs to occur at a higher power output 

following a period of exercise training (Jones et al., 2007a; Marsh et al., 1993b) and to 

correlate highly with the activity of the mitochondrial enzyme citrate synthase 

(Chilibeck et al., 1998a; Coggan et al., 1993). In this sense, the comparable ITs in the 

current study support the notion that the muscle oxidative capacity is comparable 

between children and adults and between sexes during quadriceps exercise below the 

ITs.  

 

During exercise above the metabolic ITs, Pi/PCr S2 was significantly lower in the boys 

and girls compared to the men and women respectively, indicating for a given increase 

in power output a greater anaerobic energy component was required to satisfy the rate of 

ATP turnover in the muscle, which was also the case for girls compared to boys. 

However, pH S2 was only significantly lower in the boys compared to both the men and 

girls, indicating a lower perturbation to the cellular H+ balance for given increase in 

power output during high intensity quadriceps exercise in the boys. As a strong linear 

relationship exists between muscle [H+] and [La] during exercise (Sullivan et al., 1994), 

this may suggest that anaerobic glycolysis was operating at a lower rate in the boys 

compared to the men and girls during high intensity exercise. This may be attributable, 

at least in part, to the lower accumulation of Pi, a potent stimulator of glycolytic flux 

(Crowther et al., 2001a), in the myocyte of boys during intense exercise.  

 

The conclusion that age and sex related differences in glycolytic flux are responsible for 

the pH changes during high-intensity incremental exercise in the current study must 

however be interpreted in the light that cellular H+ is also influenced by buffering and 

removal mechanisms, which may be different between children and adults and between 
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sexes. For example, the adults and girls were characterised by a greater splitting of 

muscle PCr during supra IT exercise compared to the boys, which will have acted as an 

important buffer of cellular H+ during exercise due to the net consumption of a proton in 

the creatine kinase reaction (Robergs et al., 2004; Roussel et al., 2003). However, it has 

recently been suggested through kinetic analysis of the child-adult differences in the 

recovery of blood [La] following maximal exercise, that the production of La in the 

muscle and its subsequent muscle to blood rate of efflux are similar between boys and 

men (Beneke et al., 2005). As the bulk removal of La from the muscle to blood occurs 

under the presence of an H+ ion via the monocarboxylate cotransporter or diffusion 

gradients (Gladden, 2008; Juel, 1997), and that the monocarboxylate cotransporter is 

considered to be the main efflux mechanism for regulating cellular pH during exercise 

(Juel, 1997), this may imply cellular H+ efflux is similar between children and adults. If 

this is the case, using the reasonable assumption of a greater PCr related buffering of 

cellular H+ in adults, the lower pH power output relationship in children compared to 

adults may indeed reflect differences in ATP flux through anaerobic glycolysis during 

exercise above the ITs. However, given the measurements taken in the current study this 

conclusion is speculative and warrants investigation via a quantitative analysis of the 

mechanisms accounting for the production and removal of cellular H+ in children and 

adults during incremental exercise. 

 

It is pertinent to note that the age and sex related muscle metabolic differences observed 

in the current paper are strikingly similar to studies comparing the muscle phosphate 

and pH profiles during exercise in muscles with distinct fibre type profiles. Mizuno et 

al. (1994) found during incremental forearm exercise, a lower increase in Pi/PCr and fall 

in pH to be associated with a higher expression of type I muscle fibres, which reflects 

the distinct metabolic properties of type I muscle fibres to support oxidative 
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metabolism. While a possible difference in muscle fibre type composition between the 

children and adults in the current study is, for ethical reasons, unavailable a review of 

the literature does support an age related decline in the percentage of type I muscle 

fibres in males but not females, between the ages of ~ 10 to 40 years (Jannson, 1996). 

No study has demonstrated any significant sex differences in type I muscle fibre 

distribution between children or adolescents, although a recent review highlighted a 

trend towards a higher distribution in males (~ 8-15%) that is likely to be masked by the 

large variability around the sample means (Armstrong & Welsman, 2007). 

 

It is well established that during quadriceps exercise above 50% of the peak power, the 

muscle Pi is higher and muscle PCr and pH are lower whilst breathing hypoxic rather 

than normoxic and hyperoxic gas fractions (Haseler et al., 1998; Hogan et al., 1999). 

Therefore, the age and sex related differences in the muscle phosphate and pH responses 

in the current study may be due to differences in muscle oxygenation or oxygen 

delivery. While we do not have data describing the blood flow and/or blood oxygen 

content during exercise in the current paper, limited data are available showing a ~ 30% 

decrease in mass specific blood flow to the vastus lateralis muscle in boys between the 

ages of 12 to 16 years during submaximal and maximal cycling exercise (Koch, 1984). 

If this was the case in the present study, the lower blood flow per unit of muscle in 

adults may have lowered intracellular PO2 across the muscle or in isolated pockets, such 

that a greater perturbation to Pi and PCr were required to maintain a given rate of 

oxidative phosphorylation compared to the children (Hogan et al., 1999; Wilson, 1994).  

 

Irrespective of speculated differences in muscle fibre type composition and/or muscle 

oxygenation that may account for the age and sex related differences in the muscle 
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metabolic responses in the current study, it is worth noting that children are 

characterised by faster 2OVp &  kinetics and a higher oxygen cost per unit increment in 

power output compared to adults during heavy intensity cycling exercise (Fawkner & 

Armstrong, 2004a; Zanconato et al., 1991), which is also the case for pre-pubertal boys 

and girls (Fawkner & Armstrong, 2004b). As more rapid 2OVp &  kinetics reduces the 

magnitude of the muscle oxygen deficit incurred at exercise onset (ATP derived from 

the breakdown of muscle PCr and anaerobic glycolysis), the lower accumulation of 

Pi/PCr and fall in pH in the children (and in boys compared to girls) it likely to be 

attributable to more rapid adjustment of 2OVp &  following an increase in ATP turnover 

during the incremental protocol. In other words, the increased requirement for anaerobic 

metabolism during high-intensity exercise may therefore be obligatory due to a slowing 

of the 2OVp &  kinetic response with age and between males and females. 

4.4.4     Maturity and anaerobic metabolism  

A commonly held notion within the paediatric literature is that anaerobic metabolism 

during high-intensity/exhaustive exercise is maturation dependent (Cooper & Barstow, 

1996; Haralambie, 1982; Zanconato et al., 1993). Despite this, studies using measures 

of glycolytic enzyme activities (Berg et al., 1986; Haralambie, 1982), peak blood [La] 

(Beneke et al., 2007; Paterson et al., 1986) and 31P-MRS derived measures of Pi/PCr or 

pH dynamics (Petersen et al., 1999) have failed to confirm this supposition. In contrast, 

the current study found a significant relationship between the 31P-MRS derived indices 

of anaerobic metabolism and maturity, as indicated using an ‘offset’ score from the 

APHV. This however, was only consistently the case for the girls who were on average 

1.4 y closer to the APHV than the boys (-1.3 vs. -2.7 years respectively), which is not 

surprising given that girls attain the APHV some 2 years earlier than boys (~ 12 vs. ~ 14 

years respectively). Against the maturity ‘offset’ score in girls, significant negative 
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correlations were observed for pH S2 and pH at exhaustion, and positive associations 

for Pi/PCr S2 and Pi/PCr at exhaustion. The negative relationships for pH at exhaustion 

and pH S2 are interesting as these variables were independent of age in the current 

study. This suggests that while the more mature girls display pH dynamics that are akin 

to women, the pH response is likely to be attenuated in peri-pubertal girls. For the boys 

a significant correlation was found for the ITpH S2, which was positive as opposed to the 

negative relationship noted in the girls. Both the boys and girls demonstrated a positive 

relationship between maturity and the Pi/PCr value at the ITPi/PCr, although the meaning 

of this result is difficult to interpret as no child-adult differences were noted for this 

variable suggesting a maturity independence. The lack of any significant relationships 

between the Pi/PCr and pH exhaustion and S2 indices of metabolism and maturation in 

the current paper for the boys may be a consequence of their age range (9-12 years) not 

spanning the APHV, which was the case for the girls. That is, the boys were likely to be 

pre- or peri-pubertal in the current study. Further research is therefore required to 

examine whether similar associations between indices of anaerobic metabolism and 

maturation are present in boys and whether sex differences in muscle metabolism 

remain when boys and girls are matched for maturity.  

4.5 Conclusion 

Using 31P-MRS, this study investigated the influence of age, sex and maturity on the 

quadriceps muscle metabolic responses in children and adults during a step-incremental 

test to exhaustion. The main findings of the current study were that during high-

intensity exercise, i.e. above the ITs, age, sex and maturity related differences in the 

muscle phosphate and pH responses were evident, which was not the case for sub IT 

exercise intensities. Specifically, a lower accumulation of Pi/PCr and fall in pH for a 

given increase in power output was evident in children than adults. A higher anaerobic 

component was also observed in girls compared to boys during high-intensity exercise, 
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which may be attributable to their more advanced level of maturation between the ages 

of 9-12 years. The mechanisms accounting for these differences are largely unknown, 

but may reside in differences in the kinetics of 2OVp & , which modulates the requirement 

for anaerobic metabolism during incremental exercise.               
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   Chapter Five 

MUSCLE PHOSPHOCREATINE AND PULMONARY OXYGEN UPTAKE 

KINETICS IN CHILDREN AT THE ONSET AND OFFSET OF MODERATE 

INTENSITY EXERCISE 

5.1 Introduction 

At the onset of a ‘step’ transition from rest to a higher metabolic rate the rise in 2OVm &  

exhibits considerable delay before the rate of oxidative ATP supply and ATP hydrolysis 

in the myocyte are suitably matched. Debate exists as to whether this delayed rise in 

2OVm &  is limited by the provision of oxygen to the contracting muscle, or through an 

intrinsic (in)ability of the muscle to utilise oxygen (Grassi, 2005; Hughson, 2005; Poole 

et al., 2008). While an interaction between the above factors is likely to determine the 

adaptation of 2OVm &  (Tschakovsky & Hughson, 1999), there is strong evidence 

supporting the theory that the rise in 2OVm &  is principally controlled by one (or a 

combination) of the reactant(s) and/or product(s) involved in the creatine kinase 

splitting of muscle PCr (Grassi, 2005; Mahler, 1985; Meyer, 1988; Rossiter et al., 2005; 

Walsh et al., 2001). 

 

Using 31P-MRS, Rossiter et al. (1999) established a close kinetic coupling between the 

respective fall and rise in PCr and phase II 2OVp & , which provides a close reflection of 

2OVm & (Grassi et al., 1996), at the onset of prone knee-extensor exercise. Moreover, the 

acute inhibition of the creatine kinase reaction has been shown to result in a ~ 50% 

speeding of the fall in PO2  at the onset of muscle contractions (Kindig et al., 2005). 

Therefore, following a ‘step’ change in metabolic rate, muscle PCr appears to provide 

an immediate temporal buffer for ATP, thereby delaying the rise in the putative 
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metabolic feedback controllers to signal an increased rate of oxidative ATP flux. 

Specifically, changes in cellular PCr and Cr may modulate the sensitivity of the 

mitochondria to ADP via creatine kinase isoforms in the cytoplasmic and mitochondrial 

spaces (Walsh et al., 2001). Taken collectively, these data support the PCr-Cr shuttle 

model of metabolic control in linking the rate of ATP turnover at the myofibrils to the 

rate of ATP synthesis in the mitochondrial (Bessman & Geiger, 1981; Mahler, 1985).         

 

Investigations designed to quantify the adjustment of 2OVp &  at the onset of exercise in 

children have provided interesting insights into the kinetic response parameters. A 

consistent finding is that younger children display a faster phase II rise in 2OVp &  at the 

onset of moderate and heavy intensity exercise compared to older children or adults 

(Fawkner & Armstrong, 2004a; Fawkner et al., 2002b; Williams et al., 2001). In a 

longitudinal study, Fawkner and Armstrong (2004a) found the phase II 2OVp &  time 

constant during heavy intensity cycling exercise increased (i.e. slower kinetics) by 25% 

and 29% in 11 to 13 year old girls and boys respectively. In combination with the 

results obtained from an earlier study for moderate cycling exercise (Fawkner et al., 

2002b), the authors proposed an age-related decline in the muscles’ potential to utilize 

oxygen, perhaps via a slower activation of metabolic enzymes and/or the build-up of 

putative metabolic controllers. This however, has yet to be investigated.  

 

Considering the prominent role muscle PCr plays in controlling the adaptation of 

2OVm &  during metabolic transitions, this study was designed to examine the kinetic 

association between the phase II 2OVp &  and muscle PCr responses in children in an 

attempt to further understand the mechanisms underlying the faster 2OVp &  kinetics 
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found in children compared to adults. In contrast to experimental work conducted in 

adults whereby the kinetics of muscle PCr and 2OVp &  were determined simultaneously 

during knee-extensor exercise (Rossiter et al., 1999; Whipp et al., 1999), the 2OVp &  

signal arising from the quadriceps muscle in children is insufficient to accurately 

quantify the response characteristics. The present study therefore based its experimental 

model upon the work of Barstow et al. (1994a); the kinetics of 2OVp &  were measured 

during upright cycle ergometry and compared to the kinetics of muscle PCr determined 

during prone quadriceps exercise using 31P-MRS. Although cycling in the supine 

position results in a slowing of the exercise onset 2OVp &  kinetics compared to the 

upright position (Hughson et al., 1993; Jones et al., 2006), exercise modalities that 

recruit a small proportion of leg muscle mass, i.e. plantar-flexors or knee-extensors, in 

the supine/prone body position demonstrate no differences in the kinetics of PCr or 

2OVp &  when compared to upright cycling 2OVp &  kinetics (Barstow et al., 1994a; 

Rossiter, 2000). Therefore, in comparison to 2OVp &  kinetics determined during upright 

cycling, these data indicate that body position does not appear to exert a limiting 

influence on the kinetics of muscle PCr and 2OVp &  providing that the exercise modality 

in the prone or supine body position is restricted to a small muscle mass.  

 

Given the above, the purpose of the present study was to test the hypothesis that the 

phase II 2OVp &  kinetics in children, determined during upright cycling exercise, are 

mechanistically linked to the putative metabolic controller muscle PCr, determined 

during prone quadriceps exercise, both at the onset and offset of moderate exercise.           
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5.2 Materials and methods 

5.2.1     Participants 

Eighteen 9-11 year old children (8 boys and 10 girls) recruited from a local primary 

school were included in the current study. After written and verbal explanation of the 

study’s aims, risks and procedures, all children and their parent(s)/guardian(s) provided 

informed consent to partake in the project that was approved by the institutional ethics 

committee. Pre-experimental questionnaires identified that all participants were healthy 

and showed no contraindications to exercising inside the MR scanner.  

 

Each participant made between 6-10 visits to the Research Centre. The purpose of the 

first visit was to ensure that the participants were fully familiarised with the laboratory 

setting and exercise procedures. In particular, all children were habituated to exercising 

on a quadriceps ergometer at the required cadence inside a purpose built, to scale model 

of the MR scanner. All participants completed a number of repeat trials on the 

ergometer at a range of work intensities, identical to the actual protocols employed in 

the study. All participants were well habituated to the test procedures.  

5.2.2     Descriptive characteristics 

Participants’ body mass and stature were measured using a calibrated balance beam 

scale (Avery, Birmingham, UK) and a stadiometer (Holtain, Crymych, Dyfed, UK) 

respectively. Participants’ age was calculated as the difference between the date of birth 

and the date of the first visit.  
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5.2.3     Quadriceps exercise inside the MR scanner 

Quadriceps ergometer. A description of the quadriceps ergometer and power output 

quantification is provided in Chapter 3.  

 

Step-incremental test. Each participant completed an incremental test to exhaustion 

inside the MR scanner for determination of the intracellular threshold (IT) between the 

ratio of Pi and PCr (ITPi/PCr). The procedures for the incremental test were in accordance 

with those previously outlined in Chapter 3. The ITPi/PCr was used to ‘set’ the intensity 

of the subsequent exercise bouts for determination of the muscle PCr kinetics during 

moderate exercise, i.e. under conditions of cellular pH similar to rest. Using a plot of 

Pi/PCr vs. power output at a sample resolution of 30 s, each participant’s ITPi/PCr was 

identified by two investigators as previously described in Chapter 3. The ITPi/PCr was 

defined as the power output at which a sudden and sustained deviation in Pi/PCr and pH 

from an initial slow phase from baseline levels occurred. Using this technique with 

children, the ITPi/PCr TE over three repeat tests within our laboratory resulted in a CV of 

10% which corresponds to 0.9 W (Barker et al., 2006, Chapter 3). 

 

Square-wave exercise. Subsequently, each participant completed repeated square-wave 

exercise transitions inside the MR scanner with the power output set to 80% of the 

power output corresponding to the ITPi/PCr. The exercise protocol consisted of a 2 

minute rest period for baseline measures, then 6 minutes constant power output 

quadriceps exercise followed by 6 minutes rest for assessment of the recovery profiles. 

Between two to four repeat square wave exercise transitions were performed on a given 

day, with at least 15 minutes rest given between each test. In total between 3-9 repeat 
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exercise transitions were performed by each participant to improve the precision of the 

estimated kinetic parameters. 

 

31P-MRS measurement and quantification. The measurement and quantification of the 

quadriceps muscle phosphate and pH responses using 31P-MRS were in accordance with 

the procedures outlined in Chapter 3. However, in order to improve the signal-to-noise 

properties of the 31P spectra yet provide a high PCr sampling resolution for kinetic 

analysis, the spectra were acquired every 6 s during rest and exercise conditions (figure 

5.1).  

 

 

 

 

 

Figure 5.1 Example 31P spectra from a child’s quadriceps muscle under rest (A) and 
steady-state exercise (B) conditions. Each spectrum is the mean response over 6 s (i.e. 
mean of 4 scans) in order to provide a high sampling resolution for analysis of the 
dynamic responses. Consequently, the ‘noise’ is ~ 2-fold greater than that present in 
Figure 4.2 where the mean of 20 scans were performed. Nonetheless, the spectral areas 
of interest, Pi, PCr and the three ATP resonances (γ, α and β) remained clearly 
discernable and are shown in A. During steady-state exercise the fall in PCr and rise in 
Pi from rest was ~ 15% and 80%, with ATP showing negligible change.  
 
 

As the signal intensities for 31P spectra were significantly saturated during the test 

protocol, T1 correction factors were determined during the rest phase using a pulse 

interval of 20 s and applied to all peak intensities. The assumption that the T1 relaxation 

  Pi 
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  γ  
     α 

 ATP 

  β 
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time for muscle PCr does not change from rest to steady-state exercise has recently been 

confirmed during calf exercise below the intracellular threshold, which is comparable to 

the conditions employed in the current study (Cettolo et al., 2006). Changes in PCr were 

expressed as a percentage change from baseline, set to 100%, using the mean PCr 

concentration obtained during the 2 minute rest period. 

5.2.4     Upright cycling exercise 

Peak oxygen uptake. Each child exercised to volitional exhaustion on a electronically 

braked cycle ergometer (Lode, Groningen, Netherlands) in a temperature controlled 

laboratory (19-22°C) for the non-invasive determination of their blood LT using 

established respiratory gas analysis measures (Wasserman et al., 2005). Appropriate 

adjustments were made to the ergometer seat, handlebar and pedal cranks for each 

participant. Peak 2OVp &  was determined using a ramp incremental test initiated from 

baseline pedalling with power output increasing 10 W·min-1 until participant exhaustion 

occurred, which was typically within 8-12 minutes. Cycle cadence was maintained 

between 65-75 revolutions per minute (rpm) during the test. Heart rate was measured 

continuously during the test using telemetry (Polar, Accurex Plus, Kemple, Finland). In 

addition to signs of sweating, hyperpnea and intense effort, the attainment of 2OVp & peak 

was supported using the following criterion: 1) a RER ≥ 1.00, and/or 2) attainment of a 

maximum heart rate ≥ 90% of the age predicted maximum. In all cases, each participant 

satisfied at least one of these criteria. Peak 2OVp &  was recorded as the highest 10 s 

stationary average attained during the test. The 2OVp &  at which the VT occurred was 

established using a combination of methods as previously outlined (Fawkner et al., 

2002a): 1) a plot of carbon dioxide production ( 2COV& ) against 2OVp &  using the V-

slope method (Beaver et al., 1986); and 2) plots of the ventilatory equivalents for 2OVp &  
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and 2COV&  against time (Wasserman et al., 2005) (figure 5.2). The reliability of 

identifying the VT using these techniques with children in our laboratory has a CV of 5-

8% (Fawkner et al., 2002a).     

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 5.2 Non-invasive determination of the blood lactate threshold using the V-slope 
(a) and ventilatory equivalents (b) methods in a typical child participant. The blood 
lactate threshold was deemed to occur at a 2OVp & of 1.462 L·min-1 (V-slope), which was 
corroborated by the ventilatory equivalents method. 
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2OVp &  = 1.478 L·min-1 
Time = 506 s 

2OVp &  = 1.462 L·min-1 
Time = 500 s 
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Square-wave exercise test. On subsequent visits, each child completed repeated square-

wave exercise transitions on the cycle ergometer for determination of the 2OVp &  kinetic 

response. The protocol consisted of 6 minutes baseline pedalling (~ 15 W at 70 rpm) 

followed by 6 minutes constant power output exercise at the participant’s target 

intensity (80% VT), and then 6 minutes baseline pedalling for recovery measurements. 

Cycle cadence was maintained between 65-75 rpm during the test. The target power 

output (i.e. 80% of the 2OVp &  at the VT) for each participant was established from the 

2OVp &  vs. time relationship observed during the ramp incremental test below the VT, 

with an adjustment made for the kinetic lag in 2OVp &  observed during ramp-incremental 

exercise (figure 5.3) (Cooper et al., 1984; Whipp et al., 1981). Between two to three 

repeat transitions were performed on a given day, with at least 30 minutes rest given 

between each test. In total the children repeated between 3-10 exercise transitions for 

determination of the 2OVp &  kinetic responses. 

 

Measurement of breath by breath gas exchange. Breath-by-breath changes in gas 

exchange and ventilation were measured using a standard algorithm (Beaver et al., 

1973) and displayed using an on-line computer system. Gas fractions of oxygen and 

carbon dioxide were drawn continuously from a low dead space (90 mL) mouthpiece-

turbine assembly and determined by mass spectroscopy following calibration with gases 

of known concentration (EX671, Morgan Medical, Kent, UK). Expired volume was 

measured by a turbine flow meter (VMM-401, Interface Associates, CA, USA), which 

was manually calibrated over a range of flow rates using a 3-L syringe (Hans Rudolph, 

Kansas City, MO, USA). Appropriate adjustments for the capillary line gas transport 

and analyser response time were made before gas concentrations and volumes were 
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aligned for calculation of breath by breath changes in 2OVp &  and 2COV& . All calibration 

procedures were performed prior to each exercise test.              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 5.3 Calculation of the power output that is required to achieved 80% of the 

2OVp &  at the VT in a representative child. The regression describing the relationship 
between 2OVp &  and time (s) is provided in A, where the initial 180 s of the exercise test 
are omitted to locate the ‘linear’ response up to the VT, which occurred at 500 s. The 
calculations for the target power output required to achieve 80% the 2OVp &  at the VT 
are given in B.       

Regression equation: 
Y = -0.11 + 0.0032 · X 

Time (s) 

A 

2OVp &  at VT: 1.462 L·min-1 (see figure 5.2) 
Target 2OVp & : 1.169 L·min-1 (1.462 ×  0.80) 
 
Time at which target 2OVp &   (1.169 L·min-1) occurred: 
(1.169 – -0.11) / 0.0032 = 400 s (6.67 minutes) 
 
Target power output: 
6.67 ×  10 = 67 W 
where 10 is the ramp rate of 10 W·min-1 
 
Correction for 2OVp &  kinetic lag during incremental exercise:  
67 – (10 ×  0.75) = 60 W 
where 10 is the ramp rate and 0.75 is the correction for the kinetic response 
time assumed to be 45 s (Cooper et al., 1984). 
 
Target power output = 60 W 

B 

2OVp &  
(L·min-1) 

Time (s) 
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5.2.5     Kinetic parameter estimation 

All PCr and 2OVp &  kinetic parameters were estimated using an iterative least-squares 

non-linear regression procedure along with their corresponding 95% CI to establish the 

precision of the point estimate (GraphPad Prism, GraphPad Software, San Diego, CA).  

 

Muscle PCr kinetics. Each separate square-wave exercise transition was initially 

checked for PCr sample fluctuations that were greater than 4 SD from a moving local 

mean (Whipp & Rossiter, 2005). Such large PCr fluctuations are considered unrelated 

to the underlying physiological profile and are likely to arise due to the low signal-to-

noise properties of the 31P-MRS technique and/or the acute mistiming of a quadriceps 

contraction relative to the pulse sequence during exercise (Rossiter et al., 2000). To 

enhance the underlying features of the PCr response profile for kinetic parameter 

estimation, each participant’s repeat square-wave exercise transitions were time aligned 

to the onset of exercise (t=0 s) and averaged, yielding a single PCr response profile with 

a 6 s sample resolution. The resultant averaged PCr response profile for each participant 

was normalised relative to the previous steady-state baseline, using the average PCr 

value during the 2 minute rest or exercise period for determination of the onset and 

offset kinetics respectively. 

 

The PCr exercise onset and offset responses were initially modelled using a single-

exponential function including a delay term:  

PCr(t) = ∆PCrss · (1 – e-(t-TD)/τ)                  Equation 5.1 
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where PCr(t), ∆PCrss, TD and τ are the value of PCr at a given time (t), the amplitude 

change in PCr from the control baseline to a new steady-state at the onset or offset of 

exercise, time delay, and the time constant of the response respectively. Preliminary 

analyses revealed the model delay term was not significantly (P>0.05) different from 0 

s both at the onset and offset of exercise. This indicates that the breakdown and 

resynthesis of muscle PCr occurred with no detectable delay at both the onset and offset 

of exercise. A single exponential model with no delay term was therefore employed for 

all analyses: 

PCr(t) = ∆PCrss · (1 – e-t/τ)                  Equation 5.2 

Pulmonary 2OV&  kinetics. Initially, the breath by breath responses were interpolated on a 

second by second basis to provide a uniform 2OVp &  sample resolution. Following time 

alignment to the onset of exercise (t=0 s), each participant’s repeat square-wave 

exercise transitions were superimposed and averaged to enhance the signal-to-noise 

ratio and thereby the underlying features of the 2OVp &  response (Lamarra et al., 1987). 

The averaged 2OVp &  profile for each participant was subsequently normalised relative 

to the previous steady-state baseline as described above for the PCr data analysis. As the 

accurate identification of the 2OVp &  phase I-II transition using the RER, and end tidal 

CO2 and O2 was difficult due to the noise present in the children’s response profile, the 

duration of phase I was assumed to be 15 s for all participants both at the onset and 

offset of exercise as previously described (Hebestreit et al., 1998; Özyener et al., 2001). 

Characterisation of the phase II 2OVp &  exercise onset and offset responses was achieved 

by fitting a single-exponential model including a delay term following the initial 15 s 

(to exclude phase I) of the exercise or recovery regions (Özyener et al., 2001; Whipp et 

al., 1982) (equation 2.2, Chapter 2): 
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2OVp &  (t) = ∆ 2OVp & ss · (1 – e-(t-TD)/τ) 

5.2.6     Statistical analyses 

To enhance the statistical confidence and sensitivity in comparing the PCr and phase II 

2OVp &  kinetic time constants either within or between participants, only participants 

with 95% CI equal to or less than ±7 s for all estimated time constants were considered 

for analysis. Potential mean differences in the estimated time constants were examined 

using a 2-way repeated measures ANOVA with response variable (PCr vs. 2OVp & ) and 

exercise transition (onset vs. offset) as the model factors. Changes in pH during the rest, 

exercise and recovery regions of the square-wave exercise tests were examined using a 

1-way repeated measures ANOVA. The assumption of sphericity was assessed and 

verified using Mauchly’s test for ANOVA models. Significant differences were 

followed-up using pairwise comparisons employing the Bonferroni alpha adjustment 

procedure to control for the familywise error rate. Single linear regression models were 

used to investigate the relationship between the PCr and phase II 2OVp &  time constants. 

Results are presented as mean and SD, with rejection of the null hypothesis accepted at 

an alpha level of P=0.05. Analyses were performed using SPSS (Chicago, IL, v.11.0). 

5.3 Results 

Out of the 18 participants recruited, 12 children (6 boys and 6 girls) satisfied the time 

constant 95% CI criterion. The descriptive characteristics of these 12 participants were: 

age (9.9 years [SD 0.3]), body mass (33.8 kg [SD 6.7]) and stature (1.38 m [SD 0.06]). 

The participants’ exercise responses during the incremental tests to exhaustion for 

determination of the ITPi/PCr and VT are presented in table 5.1.  

 

 



 

 168

Table 5.1 Participants’ incremental test responses 

Variable Group  
(n=12) 

Quadriceps ergometry  
Peak power (W) 14.7 (2.6)  
ITPi/PCr (W) 8.7 (1.7) 
ITPi/PCr (% peak power) 59 (9) 

Cycle ergometry  
Peak 2OVp &  (L·min-1) 1.81 (0.23) 

2OVp & at VT (L·min-1) 1.05 (0.19) 

VT (% 2OVp & peak) 58 (8) 
Data are presented as mean (SD). W, watts. IT, 
intracellular threshold. 2OVp & , pulmonary oxygen 
uptake, VT, ventilatory threshold.  

 

5.3.1     Square-wave exercise responses  

The mean power output and pH responses during the quadriceps square-wave exercise 

tests are presented in figure 5.4. It is clear from the power output profile in figure 5.4A 

that power output increased and decreased instantaneously at the onset and offset of 

exercise, thus highlighting the participants’ high compliance with the quadriceps 

ergometer and exercise protocol. This resulted in the attainment of a mean power output 

of 7.2 W [SD 1.5], which corresponds to 83% [SD 13] of the ITPi/PCr. The mean pH 

response in figure 5.4B demonstrates that the quadriceps square-wave exercise did not 

result in a metabolic acidosis during the exercise tests. The ANOVA model revealed a 

significant effect for the steady-sate pH during the rest, exercise and recovery 

conditions (P<0.001). Compared to rest (7.05 [SD 0.03]) a small but significant 

increase in quadriceps pH was noted during the last 2 minutes of exercise (7.08 [SD 

0.02], P=0.033), which is likely to be attributable to the consumption of H+ during the 

splitting of muscle PCr via the creatine kinase reaction (Kushmerick, 1998). Muscle pH 

during the final 2 minutes of recovery (7.02 [SD 0.02]) was significantly lower than 

both rest (P=0.018) and exercise (P<0.001), reflecting the liberation of H+ during the 
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creatine kinase catalysed resynthesis of muscle PCr (Kushmerick, 1998). During the 

cycle ergometry square-wave exercise tests, the children achieved a mean 2OVp &  

amplitude of 0.90 L·min-1 [SD 0.13], which is equivalent to 87% [SD 11] of the 2OVp &  

at VT. Taken together, these observations indicate that the imposed power outputs for 

both exercise modalities were below the metabolic ITs (ITPi/PCr and VT) and considered 

to reflect ‘moderate’ exercise. 

 

 

 

  

 

  

 

 

  

 
 
 
 
Figure 5.4 Mean power output (A) and pH (B) responses during the quadriceps square-
wave exercise bouts. Vertical dotted lines signify the onset and offset of exercise. The 
solid horizontal line in figure A represents the groups mean power output at the ITPi/PCr.        

 

The children completed 6 [SD 2] and 7 [SD 2] repeat square-wave exercise transitions 

for determination of the PCr and 2OVp &  kinetics responses respectively. A typical PCr 

and 2OVp &  response profile for a child participant at the onset and offset of exercise is 

shown in figure 5.5, along with the fitted non-linear regression model. In all cases the 

single-exponential model provided an appropriate fit of the PCr and 2OVp &  dynamics, 
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as indicated by the unsystematic and random residual profiles, and distribution 

normality, which was examined using Skewness and Kurtosis statistics. The estimated 

time constants and 95% CI for the participants PCr and phase II 2OVp &  responses at the 

onset and offset of exercise are shown in table 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.5 Muscle PCr and 2OVp &  kinetics at the onset and offset of exercise in a child 
participant. The data presented are the result of time-aligning and averaging 6 repeat 
exercise transitions for determination of the PCr kinetics, and 10 for the 2OVp &  kinetics. 
The continuous line represents the fitted single-exponential function, with the resulting 
residuals displayed above. Vertical dotted lines signify either the onset or offset of 
exercise. 

 

The 2-way repeated measures ANOVA revealed a significant main effect for exercise 

transition (P=0.001), with the mean PCr and phase II 2OVp &  offset time constant (28 s 

[SD 5]) being slower than those at the onset (23 s [SD 4]). However, follow-up pairwise 

comparisons revealed no significant difference between the PCr onset and offset 
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kinetics (23 s [SD 5] vs. 28 s [SD 5], P=0.064), whereas the phase II 2OVp &  onset 

kinetics were significantly faster than those at the offset (23 s [SD 4] vs. 29 s [SD 5], 

P=0.015). Comparison of the kinetic responses between the PCr and phase II 2OVp &  

time constants revealed similar values at the onset (PCr 23 s [SD 5] vs. 2OVp &  23 s [SD 

4], P=1.000) and offset (PCr 28 s [SD 6] vs. 2OVp &  29 s [SD 7], P=1.000) of exercise. 

The 95% CI for the time constants at the onset and offset of exercise were: PCr 5 s [SD 

1] (range 3-7 s), 5 s [SD 2] (range 2-7 s); 2OVp &  5 s [SD 1] (range 3-7 s), 5 s [SD 2] 

(range 2-7 s), respectively.  

Table 5.2 PCr and 2OV&  kinetic responses at the onset and offset of exercise 

 
 
 
Number 

 
Onset kinetics  

(n=12) 

 
Offset kinetics 

(n=12) 
τPCr 
(s) 

CI 
(±s) 

τ 2OVp &  
(s) 

CI  
(±s) 

τPCr 
(s) 

CI 
(±s) 

τ 2OVp &  
(s) 

CI 
(±s) 

 
2 25 6 21 5 24 7 26 3 
3 32 6 27 5 33 6 37 4 
4  15* 5  28* 5 31 7 33 7 
5 22 5 19 4 22 4 22 5 
9 22 5 24 5  35* 7  20* 2 
10 28 5 25 7 26 4 27 6 
13 27 6 25 5 25 5 31 5 
14 19 5 24 5 31 6 31 6 
15 25 5 19 4 31 6 33 7 
16 19 4 17 4 25 5 33 5 
17 22 3 27 3 28 2 28 3 
18 14 3 20 5 21 5 25 4 
Mean 23 5 23 5 28 5 29 5 
SD 5 1 4 1 5 2 5 2 
Time constant (τ) and 95% confidence intervals (CI). Only participants with 95% CI 
equal to or less than ± 7s are shown. *, indicates a participant’s PCr and 2OVp &  profile 
where the 95% CI around the time constant failed to overlap between the two responses.   

 

Within a given child’s response, the mean difference between the PCr and phase II 

2OVp &  time constants was 4 s [SD 4] for the onset and offset kinetics profiles. Out of 

the 24 kinetic response profiles, the 95% CI spanning the estimated PCr and phase II 
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2OVp &  time constants failed to overlap in only two participants (see * in table 5.2). A 

line of identity plot showing the agreement between the PCr and phase II 2OVp &  time 

constants at the onset and offset of exercise is presented in figure 5.6.  

 

 

 

 

 

 

 

Figure 5.6 Line of identity plot showing the PCr and 2OVp &  time constants at the onset 
(ο) and offset (•) of moderate intensity exercise for all 12 participants. When the two 
responses where the PCr and 2OVp &  time constant’s 95% CI failed to overlap were 
removed from the analysis (see *), the Pearson correlation increased to r=0.711 
(P<0.001).    

 

Linear regression analysis revealed no significant relationship between the PCr and 

phase II 2OVp &  time constants at the onset (r=0.225, P=0.482) or offset (r=0.298, 

P=0.347) of exercise. However, after pooling of the exercise onset and offset responses 

to form a single data set, a significant relationship between the PCr and phase II 2OVp &  

time constants was observed (r=0.459, P=0.024, standard error = 4.8) and was 

described by the following equation: 

τPCr = 12.6 + 0.48 ×  τ 2OVp & E                           Equation 5.3 
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Distribution normality checks of the model’s residuals indicated that the relationship 

between the muscle PCr and 2OVp &  time constants was appropriately described by the 

linear model. When the two responses that failed to demonstrate an overlap in the 95% 

CI for the PCr and phase II 2OVp &  time constants were removed from the analysis (see * 

in figure 5.6), the correlation increased to r=0.711 (P<0.001).  

5.4      Discussion  

This is the first study to investigate the kinetic association between muscle PCr, a 

putative metabolic feedback controller of 2OVm &  (Mahler, 1985; Meyer, 1988; Rossiter 

et al., 2005; Walsh et al., 2001), and the phase II 2OVp &  response at the onset and offset 

of moderate intensity exercise in children. The main outcome of this study is that a 

close kinetic coupling was evident between the quadriceps PCr and cycling phase II 

2OVp &  responses both at the onset and offset of exercise. This finding is supported by 

three lines of reasoning. Firstly, at both the onset and offset of exercise, the group mean 

PCr and phase II 2OVp &  time constants maintained a striking equivalence despite the 

recovery kinetics demonstrating a longer time constant compared to the onset responses. 

Secondly, we observed an overlapping between the PCr and phase II 2OVp &  time 

constants 95% CIs in ~ 92% of the kinetic responses, suggesting that within the 

sensitivity of the experimental measures employed, the physiological responses are 

mechanistically linked. Thirdly, a significant linear relationship was observed between 

the PCr and phase II 2OVp &  time constants, with a mean dissociation of ~ 4 s been the 

two responses within a child’s profile.  
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Collectively, these results are consistent with the control of 2OVm &  being functionally 

linked to the kinetics of PCr in children, as previously demonstrated in adults (Barstow 

et al., 1994a; Rossiter et al., 1999), and implies that an age-related modulation of the 

dynamics of the creatine kinase reaction and/or build-up of metabolic feedback 

controllers following a ‘step’ change in metabolic rate may underlie the faster phase II 

2OVp &  kinetics, and by inference the dynamics of 2OVm & , found in children compared 

to older children or adults (Fawkner & Armstrong, 2004a; Fawkner et al., 2002b; 

Williams et al., 2001). 

 

At the onset of moderate intensity exercise the rise of 2OVm &  occurs immediately, i.e. 

without delay, and is well characterised by a single exponential function (Behnke et al., 

2002). However, when expressed at the lung via the 2OVp &  signal, this single 

exponential response is modified into a 3 phase response, with the prominent 

exponential response (phase II) occurring after ~ 15-25 s following exercise onset 

(Whipp et al., 1982). The modelling simulations by Barstow et al. (1990) have 

demonstrated that under a variety of Q&  and venous volume manipulations within the 

physiological range, the underlying 2OVm &  response is expressed to within ±10% 

through the phase II 2OVp &  time constant at the onset of moderate cycling exercise. 

Furthermore, this association has been experimentally confirmed using the direct Fick 

technique to determine 2OVm &  across the contracting thigh muscle during moderate 

intensity cycling (Grassi et al., 1996) and heavy intensity knee extensor (Koga et al., 

2005a) exercise in humans. In contrast, a recent computerised simulation found a 

significant dissociation between the mean response time for 2OVm &  and 2OVp &  at the 

onset of moderate (13 vs. 65 s), heavy (13 vs. 100 s) and very heavy (15 vs. 82 s) 
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cycling exercise in adolescent boys (Lai et al. 2006). However, these results must be 

interpreted with caution as: 1) no attempt was made to characterise the phase II kinetics 

from the 2OVp &  response profile, which is considered to be the relevant phase when 

performing such comparisons; 2) in the 2OVp &  profile during heavy and very heavy 

exercise a slow component was clearly evident, although no attempt was made to isolate 

this from the initial exponential phase, i.e. both the exponential and slow component 

phase were modelled using a single exponential; 3) no slow component was evident for 

the simulated 2OVm &  response during heavy or very heavy exercise, which has 

repeatedly been demonstrated in humans (Bangsbo et al., 2000; Koga et al., 2005a), 

thereby questioning the appropriateness of the modelling simulations employed.  

 

The first-order model of metabolic control predicts an inverse proportional relationship 

between the dynamics of muscle PCr and 2OVm &  at the onset and offset of submaximal 

exercise (Mahler, 1985; Meyer, 1988). One would therefore expect a similar kinetic 

coupling, i.e. 10%, between muscle PCr and phase II 2OVp &  to be evident if the kinetics 

of PCr was indeed the principal controller (or some function related to) of 2OVm & . In 

support of this model, Rossiter et al. (1999; 2002) established that the fall in muscle PCr 

and rise in phase II 2OVp &  were in agreement to within ~ 10% at the onset and offset of 

moderate intensity knee-extensor exercise in adult men. However, the association 

between the muscle PCr and phase II 2OVp &  kinetic responses at the onset and offset of 

exercise in the present study demonstrates a lower level of agreement in children (~ 

17%, see figure 5.6). This however, is a consequence of the inherently ‘fast’ PCr 

kinetics in children (~ 24 s) compared to adults (~ 35 s, Rossiter et al., 1999) as the PCr 

time constant for a given participant had a mean dissociation of 4 s to that of the phase 
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II 2OVp &  response both at the onset and offset of exercise in the current study,  which is 

in direct agreement with the results obtained by Rossiter et al. (1999; 2002) and 

Barstow et al. (1994a). In contrast, McCreary et al. (1996) found a mean dissociation of 

approximately 16 s (40%) between the phase II 2OVp &  and PCr time constants during 

the onset and offset of submaximal plantar-flexor exercise. However, a limitation of this 

study was the poor level of confidence in which the phase II 2OVp &  time constant was 

obtained (95% CIs ±10 s), which confines interpretation of these data with respect to the 

role muscle PCr may have in controlling 2OVm & .  

 

To summarise the foregoing discussion, an overview of the studies that have examined 

the relationship between the muscle PCr and phase II 2OVp &  kinetic profiles at the onset 

and offset of exercise is presented in table 5.3. In addition, the precision of the 

agreement between the PCr and 2OVp &  kinetics is expressed as a TE score, which will 

be discussed later (see Practical applications section on pages 184 to 185). It is clear 

from table 5.3 that the precision of the relationship observed between muscle PCr and 

2OVp &  kinetics in the current study is strikingly similar to that previously reported in 

adult studies by Rossiter et al. (1999; 2002) and Barstow et al. (1994). Taken 

collectively, these data therefore support the notion that muscle PCr plays an important 

role in modulating the dynamics of 2OVm &  during a ‘step’ change in metabolic rate, as 

predicted by the PCr-Cr shuttle hypothesis. These results are therefore consistent with 

the first-order model of metabolic control proposed by Meyer (1988), an appreciation of 

which, may provide further insight into the mechanisms underlying the faster 2OVp &  

kinetics found in children compared to adults (Fawkner & Armstrong, 2004a; Fawkner 

et al., 2002b; Williams et al., 2001). The model predicts that the kinetics of muscle PCr 
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will be faster in muscle with a higher mitochondrial density and/or content of 

mitochondrial enzymes (‘resistor’), and slower in muscle with a higher PCr content 

('capacitance', Meyer, 1988).  

 

Table 5.3 Overview of the studies examining the association between the kinetics of 
muscle PCr and 2OVp &  at the onset and offset of exercise  
 

 
 

Study 

Onset responses Offset responses 
 

τPCr (s) τ 2OVp &  
(s) 

Mdiff  
(s) 

TE  
(s) 

τPCr (s) τ 2OVp &  
(s) 

Mdiff  
(s) 

TE  
(s) 

Present study 23 (5) 23 (4) 5 (3) 4  
3-7 

28 (5) 29 (5) 4 (4) 4 
3-7 

 
Barstow et al. 
(1994a) 

26 (17) 30 (17) 4 (4) 3 
2-9 

- 
 
 

- - - 
 

McCreary et 
al. (1996) 

47 (19) 46 (12) 15 (12) 14 
9-24 

 

45 (16) 
 

33 (11) 18 (12) 14 
9-24 

Rossiter et al. 
(1999) 

35 (15) 36 (17) 4 (3) 4  
2-9 

 

- - - - 
 

Rossiter et al. 
(2002) 

33 (12) 35 (14) 4 (2) 3  
2-6 

 

51 (13) 50 (13) 3 (3) 3  
2-6 

Data are reported as mean (SD). Mdiff, mean difference between the PCr and 2OVp &  time 
constant on an individual basis. TE, mean typical error of the agreement between the 
PCr and 2OVp &  time constant. Numbers in italics are the 95% CI. TE was calculated 
according to Hopkins (2000a) as outlined in Chapter 3.    

 

The data of Haralambie (1982) show a significantly higher oxidative enzyme activity 

(lipoamide dehydrogenase, isocitrate dehydrogenase, fumarase, and malate 

dehydrogenase) in the vastus lateralis muscle of 13-15 year old adolescents compared to 

adults. Likewise, Berg et al. (1986) noted a significant decline in the activity of the 

fumarase enzyme with age in pre- circum- and post-pubertal children. In contrast to 

these studies Kaczor et al. (2005) were unable to find any child-adult differences in the 

activities of aerobic enzymes, carnitine palmitoyltransferase and 2-oxoglutarate 
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dehydrogenase, albeit in the obliquus internus abdominis muscle. Likewise, the relative 

density of mitochondria in 6 year old boys’ and girls’ vastus lateralis muscle is not 

appreciably different from that recorded in sedentary adults (Bell et al., 1980). There are 

however, limited data showing a progressive increase in the rectus femoris muscle [PCr] 

in a small group of boys between the ages of 11-16 years from ~ 15 to 24 mM·kg-1 wet 

mass (Eriksson & Saltin, 1974).  

 

Despite the paucity of data available concerning the metabolic profile of the muscle 

during growth and maturity, according to Meyer’s model predictions which have 

subsequently been confirmed in animal and human experiments (Francescato et al., 

2008; McCully et al., 1993; Paganini et al., 1997), one may predict the kinetics of 

muscle PCr to be more rapid in young people. However, adding further complexity are 

studies showing children to have a faster (Taylor et al., 1997) or similar (Kuno et al., 

1995) resynthesis of muscle PCr compared to adults following a progressive maximal 

exercise test. Clearly further research is needed to examine the muscle PCr kinetic 

responses between children and adults in various exercise intensity domains before any 

firm conclusions can be drawn with regard to the mechanisms underlying the child-

adult differences in 2OVp &  kinetics. However, the close coupling between muscle PCr 

and 2OVp &  in children (present study) and adults (Barstow et al., 1994a; Rossiter et al., 

1999), indirectly suggests the kinetics of muscle PCr are indeed modulated from 

childhood to adulthood.          

 

An interesting finding in the present study was the lack of symmetry between the 

kinetic responses at the onset and offset of exercise, which was consistent across both 
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exercise modalities and response variables. That is, while the muscle PCr and 2OVp &  

dynamics retained single exponential properties, the recovery time constants for both 

variables were ~ 25% longer than the onset kinetics. Asymmetrical time constants 

indicate that these variables do not hold properties of a first-order linear system for 

moderate intensity exercise. That is, although the PCr and 2OVp &  responses were first-

order (i.e. characterised by a single exponential function) a linear system requires that 

the kinetic parameters (i.e. τ) are intensity and transition independent (Lamarra, 1990). 

The presence of asymmetrical time constants therefore implies that the mechanism(s) 

controlling the dynamics of 2OVm &  may differ between the onset and offset of exercise. 

While the data in the present study cannot afford any insight into this issue, candidate 

mechanisms may include: 1) a greater sensitivity of metabolic control to oxygen 

delivery during recovery compared to the onset of exercise (Haseler et al., 1999; 

Haseler et al., 2004a); 2) a pH dependent effect on the creatine kinase equilibrium 

favouring PCr breakdown thereby slowing the recovery of PCr (McMahon & Jenkins, 

2002) and/or a direct effect of acidosis limiting the maximal rate of oxidative ATP flux 

and thereby the resynthesis of muscle PCr (Jubrias et al., 2003); 3) the ATP cost of ion 

pumping and cellular H+ efflux, thereby ‘stealing’ the ATP available for the resynthesis 

of muscle PCr via the creatine kinase reaction (Juel, 1997; van den Broek et al., 2007). 

In contrast, using a theoretical model of energy balance, Kushmerick (1998) have 

explained this asymmetric behaviour of the muscle PCr kinetics to be a consequence of 

changes in the flux of creatine kinase at the onset (forward flux) and offset (backward 

flux) of exercise.   

 

Consistent with the current study, Rossiter et al. (2002) have also demonstrated a close 

identity between the muscle PCr and phase II 2OVp &  kinetics but an even greater 
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slowing of the time constants during the offset (~ 50 s) compared to the onset (~ 35 s) of 

moderate intensity knee-extensor exercise in adults. Moreover, despite yielding much 

slower kinetic time constant than the present study, Lai et al. (2008) have also reported 

asymmetrical phase II 2OVp &  time constants between the exercise onset and offset 

responses in male adolescents (15.8 years [SD 1.1]) during moderate (36 vs. 48 s), 

heavy (29 vs. 53 s) and very heavy (36 vs. 51) cycling exercise. Although system 

asymmetry has been reported by other authors during moderate cycling (Cautero et al., 

2005) and running (Kilding et al., 2005) exercise, many other studies have also reported 

symmetrical exercise onset and offset time constants (McCreary et al., 1996; Özyener et 

al., 2001; Paterson & Whipp, 1991). While clearly this issue warrants further 

investigation it must however be recognised that the magnitude of difference between 

the onset and offset time constants in the present study (~ 5 s) lies within the boundaries 

of confidence surrounding the time constants (95% CI ~ ±5 s). This reduces the 

certainty with which the muscle PCr and phase II 2OVp &  kinetic responses can be 

described as asymmetrical in young people. 

5.4.1     Methodological considerations 

The results of the current study provide support for the hypothesis that muscle PCr, or 

some related function, may control the respective rise and fall in 2OVm &  at the onset and 

offset of exercise in children. However, a number of methodological considerations 

require discussion. While it has been established that the phase II 2OVp &  response 

provides a close reflection of the rise in 2OVm &  during moderate intensity exercise in 

adults (Barstow et al., 1990; Grassi et al., 1996), this association has yet to be verified in 

children, largely due to ethical and methodological constraints. In particular, factors 

such as the Q&  dynamics, the muscle-lung transit time and the utilisation of body oxygen 
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stores all have the potential to dissociate the phase II 2OVp &  response from the kinetics 

of 2OVm &  during the non-steady-state to unacceptable limits in children (Barstow et al., 

1990; Francescato et al., 2003). However, this is unlikely to be the case. Specifically, 

the adult literature has demonstrated that kinetics of phase II 2OVp & , 2OVm &  and muscle 

PCr all cohere to within the ±10% error proposed by Barstow et al. (1990), suggesting 

these variables are mechanistically linked (Barstow et al., 1994a; Grassi et al., 1996; 

Rossiter et al., 1999). Therefore, given the close kinetic coupling between phase II 

2OVp &  and muscle PCr in the present study, the assumption that phase II 2OVp &  

provides a reflection of the dynamics of 2OVm &  appears appropriate in children and is 

within acceptable limits. 

 

The kinetics of phase II 2OVp &  in the present study were determined on a breath by 

breath basis using a conventional algorithm which has been criticized for its failure to 

account for changes in alveolar oxygen stores (Cautero et al., 2002). However, despite 

intense investigation, the most appropriate algorithm to determine ‘true’ alveolar 2OVp &  

during exercise remains controversial, largely due to the various assumptions imposed 

by each technique. Indeed, a recent study highlighted the considerable variability (~ 10 

s or ~ 25%) across the proposed algorithms for determination of the phase II 2OVp &  

time constant within a group of adults (Cautero et al., 2002). Although a technique that 

measures breath-by-breath 2OVp &  at the alveolar level has been developed (Aliverti et 

al., 2004), its comparison against the traditionally used algorithms in humans, and in 

particular children, has yet to be investigated. Therefore, the degree to which the phase 

II 2OVp &  time constant in the present study represents that of ‘true’ alveolar 2OVp &  

dynamics is unknown.   
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The use of different exercise modalities to investigate the kinetic association between 

2OVp &  and muscle PCr is a limitation of the present study, as inter-modality differences 

in body posture, muscle recruitment patterns and muscle contraction type, and muscle 

mass may result in fundamentally different 2OVp &  (and presumably muscle PCr) 

kinetics (Jones & Burnley, 2005). Although the simultaneous measurement of 2OVp &  

alongside PCr during the quadriceps exercise would allay such concerns (Whipp et al., 

1999), this technique has limited application in children. In particular, the 2OVp &  

amplitude during single-legged quadriceps exercise is insufficient to achieve an 

adequate signal-to-noise ratio to determine the 2OVp &  kinetic response parameters to 

within an acceptable level of precision in children. As a consequence, the measurement 

of 2OVp &  during upright cycling was necessary in order to determine the phase II 2OVp &  

time constant to within an acceptable level of confidence in order to infer control 

mechanisms in relation to the PCr dynamics, i.e. a mean 95% CI of ±5 s.  

 

At the onset of moderate intensity upright cycling, the phase II 2OVp &  kinetics have 

been demonstrated to be similar to that determined during moderate knee-extensor 

exercise both in the upright (Koga et al., 2005a) and prone body positions (Rossiter et 

al., 2000). As highlighted in the introduction, this latter finding is in conflict with the 

slower 2OVp &  kinetics found during moderate intensity cycling in the supine compared 

to the upright body position (Hughson et al., 1993). Moreover, Barstow et al. (1994a) 

found no difference between the kinetics of muscle PCr determined during plantar-

flexor exercise when compared to the kinetics of 2OV&  measured during upright cycling. 

Collectively, these data therefore support the notion that body position is not 
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modulating the kinetics of PCr or 2OV&  determined during prone quadriceps exercise in 

the current study. 

 

As upright cycling predominantly involves concentric muscle contractions, an important 

consideration is the degree to which the concentric and eccentric components of the 

quadriceps exercise may have influenced the kinetics of muscle PCr in the present 

study. While the steady-state PCr cost of muscle contraction is 2-fold higher during 5 

minutes of concentric exercise at 30% MVC when compared to eccentric exercise 

(Ryschon et al., 1997), the recovery of muscle PCr has been shown to be independent of 

muscle contraction type (Combs et al., 1999). Whether this is also the case for PCr 

kinetics during concentric and eccentric exercise at the onset of exercise is currently 

unknown. However, Perrey et al. (2001) observed no significant differences in the phase 

II 2OVp &  time constant between high intensity eccentric and moderate intensity 

concentric cycling exercise. This indirectly suggests that the kinetics of muscle PCr may 

be similar between concentric and eccentric exercise, although this requires clarification 

from future studies. In addition, the extrapolation of results obtained from studies using 

‘isolated’ concentric and eccentric muscle contraction regimes to the ‘mixed’ concentric 

and eccentric exercise in the current study is difficult.   

 

Given the reasoning above, it appears that the PCr and phase II 2OVp &  kinetics during 

prone quadriceps exercise and upright cycling are similar regardless of inter-modality 

differences in body posture, muscle recruitment and contraction regimes, and muscle 

mass. For these reasons, the current experimental design appears appropriate to 

investigate the kinetic association between quadriceps muscle PCr and upright cycling 
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2OVp &  dynamics during moderate exercise and importantly, with high statistical 

confidence in the kinetic parameters. 

5.4.2     Practical application  

The recovery kinetics of muscle PCr, determined using 31P-MRS, is routinely employed 

as a non-invasive and valid measure of the muscle oxidative capacity (Conley et al., 

2000; Kent-Braun & Ng, 2000; McCully et al., 1993; Paganini et al., 1997). However, 

this technique is expensive, time consuming and often inaccessible to paediatric 

physiology research groups. The close kinetic coupling between the 2OVp &  and PCr 

kinetic profiles at the onset and offset of exercise in the present study show that in 

majority of cases (~ 92%), similar information can be provided by characterising the 

phase II 2OVp &  recovery time constant following moderate upright cycling exercise in 

young people. This supports the use of the phase II 2OVp &  time constant as a proxy 

measure of the muscle PCr kinetics, which can for example, be used to investigate the 

influence of maturity and physical training on the muscles’ oxidative capacity in young 

people.  

 

However, it must be recognised that there is some ‘error’ in this application. The TE 

calculation in table 5.3 indicates that for a measured 2OVp &  time constant of 30 s, the 

muscle PCr time constant will be in error by 4 s, meaning the PCr time constant may be 

26 to 34 s in this example. In fact, the CI indicate that the muscle PCr time constant is 

95% likely to range from 23 or 37 s, although this could be as low as 27 to 33 s for the 

lower boundary. Likewise, in some cases, the 2OVp &  time constant will in fact be 

identical or very close to the muscle PCr profile, although without its direct 

measurement this cannot be inferred. This ‘uncertainty’, which in the case of the data 
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available in children (present study) and adults (Barstow et al. 1994a; Rossiter et al. 

1999) is ~ 4 s, must be taken into account when employing the recovery kinetics of 

2OVp &  as a proxy of the muscles’ oxidative capacity.             

5.5 Conclusion 

This is the first study to quantify the kinetics quadriceps muscle PCr and cycling 2OVp &  

during moderate intensity exercise in children. The kinetic changes in muscle PCr were 

closely coupled (to within 4 s) with the phase II 2OVp &  response both at the onset and 

offset of exercise and are therefore consistent with 2OVm &  being controlled either 

directly or indirectly by the dynamics of muscle PCr during the non-steady-state in 

children. These data support the theory that an age-related modulation of the putative 

phosphate linked controller(s) of 2OVm &  may explain the faster 2OV&  kinetics found in 

children compared to adults, although this awaits confirmation.    
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Chapter Six 

MUSCLE PHOSPHOCREATINE KINETICS AT THE ONSET AND OFFSET 

OF MODERATE EXERCISE IN CHILDREN AND ADULTS  

6.1 Introduction 

Following a ‘step’ transition to a higher metabolic rate either below or above the VT 

(moderate and heavy exercise respectively), early-pubertal children display a faster rise 

in phase II 2OVp & , which provides a close reflection of the rise in 2OVm &  (Barstow et 

al., 1990; Grassi et al., 1996), compared to older children or adults (Fawkner & 

Armstrong, 2004a; Fawkner et al., 2002b; Williams et al., 2001). The more rapid 

adjustment of 2OVp &  to a new steady-state reduces the magnitude of the incurred 

oxygen deficit in children, which reflects a reduced contribution of non-oxidative 

energy equivalents, i.e. PCr breakdown and anaerobic glycolysis, to the total energy 

turnover during exercise. Furthermore, pre-pubertal boys display faster phase II 2OVp &  

kinetics than girls during heavy (Fawkner & Armstrong, 2004b), but not moderate 

intensity cycling exercise (Fawkner et al., 2002b). However, the mechanism(s) 

explaining these age and sex related differences in the 2OVp &  kinetic response are 

largely unknown. 

 

Although the determinants of the rise in 2OVm &  at the onset of exercise are the subject 

of considerable debate (Poole et al., 2008; Tschakovsky & Hughson, 1999), the 

evidence suggests that factors relating to the intrinsic properties of the muscle to adjust 

mitochondrial respiration are the principal determinants of 2OVm & , rather than an 

oxygen delivery mediated limitation (Grassi, 2005; Haseler et al., 2004a; Wilkerson et 
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al., 2006). In particular, a close kinetic coupling exists between the dynamics of muscle 

PCr and the rise in phase II 2OVp &  at the onset of knee-extensor exercise (Rossiter et al., 

1999; Rossiter et al., 2002), suggesting the control of 2OVm &  is mechanistically linked 

to the product(s) and/or reactant(s) involved in the creatine kinase splitting of PCr. 

Indeed, the PCr-Cr shuttle provides a model by which the dynamics of PCr are 

functionally coupled to the rise in 2OVm &  following a ‘step’ change in metabolic rate, 

and has received theoretical and empirical support (Bessman & Geiger, 1981; Mahler, 

1985; Meyer, 1988; Rossiter et al., 2005; Walsh et al., 2001).      

 

Consistent with this notion is a recent study by Barker et al. (2008, Chapter 5) which 

demonstrated a close correspondence between the kinetics of muscle PCr, determined 

using 31P-MRS during quadriceps exercise, and phase II 2OVp & , measured during 

cycling ergometry, both at the onset and offset of moderate intensity exercise in 9-10 

year old children. Given this close agreement between the kinetics of muscle PCr and 

phase II 2OVp &  in children and adults, one would predict an age-related slowing of the 

muscle PCr kinetics during growth and maturation. However, while the effect of aging 

on the kinetics of muscle PCr is well documented during the latter decades of human 

life (Chilibeck et al., 1998b; Conley et al., 2000; Kent-Braun & Ng, 2000), the kinetics 

of PCr in child muscle remains poorly defined. Cross-sectional studies using 31P-MRS 

have found the resynthesis of PCr in child muscle to be faster (Taylor et al., 1997) or 

similar (Kuno et al., 1995) to that determined in adults following maximal exercise. 

However, the extrapolation of muscle PCr recovery kinetics to provide an insight into 

the mechanisms accounting for the faster exercise onset 2OVp &  kinetics found in 

children compared to adults is complicated by a number of methodological issues.  
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Firstly, similar to the 2OVp &  response kinetics, the temporal and amplitude based 

characteristics of the muscle PCr response are dependent upon the exercise intensity 

domain under investigation (Jones et al., 2008b; Rossiter et al., 2002). During exercise 

where muscle pH does not fall below resting values, the breakdown of PCr follows a 

single-exponential function and reaches a steady-state level within 2-3 minutes 

(‘moderate’ exercise). In contrast, for exercise intensities that elicit a drop in pH from 

rest (‘heavy’ exercise), following the initial exponential fall in PCr an additional 

delayed breakdown of PCr, termed the PCr slow component, is observed (Jones et al., 

2008b; Rossiter et al., 2002). Therefore, a requirement for analysing the kinetics of 

muscle PCr both within and between participant groups is that the muscle PCr and pH 

should conform to a particular exercise intensity domain. Secondly, it remains to be 

established whether the kinetics of muscle PCr at the onset of exercise are influenced by 

age and/or sex. This is particularly important as the recovery of muscle PCr at the offset 

of exercise has been reported to be slower than the rate of PCr splitting at exercise onset 

(Rossiter et al., 2002). Lastly, determination of the muscle PCr kinetics using 31P-MRS 

is confounded by a low signal-to-noise ratio brought about by large inter-sample 

fluctuation in the PCr profile (Rossiter et al., 2000). Repeat exercise transitions should 

therefore be time aligned and averaged to enable the determination of PCr kinetic 

parameters to within acceptable confidence to permit meaningful physiological 

interpretation (Rossiter et al., 2000). Unfortunately, these issues have yet to be 

addressed in paediatric studies.   

 

Therefore, in order to provide further insight into the mechanism(s) underlying the 

faster phase II 2OVp &  found in children compared to adults during moderate intensity 

cycling exercise (Fawkner et al., 2002b), the purpose of the present study was to 
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determine using 31P-MRS, the kinetic changes in quadriceps muscle PCr at the onset 

and offset of moderate intensity exercise in children and adults. Given our current 

appreciation of the child-adult differences in 2OVp &  kinetics and the close coupling with 

the kinetics of muscle PCr, it was hypothesised that children would demonstrate more 

rapid muscle PCr kinetics both at the onset and offset of exercise compared to adults, 

with no sex differences present for both age groups. 

6.2 Materials and methods 

6.2.1     Participants 

Eighteen children (8 boys, 10 girls) and 16 adults (8 men, 8 women) were included in 

the present study. After written and verbal explanation of the study’s aims, risks and 

procedures, all participants and the children’s parent(s)/guardian(s) provided informed 

consent to take part in the project that was approved by the institutional ethics 

committee. Pre-experimental questionnaires identified that all participants were healthy 

and showed no contraindications to exercising inside the MR scanner. None of the 

participants were involved in a formalised exercise training programme and were 

considered to be low to moderately active.    

 

Each child participant made between 6-10 visits to the Research Centre, with the testing 

of adults taking place over 2-5 sessions. All children and adults were habituated to 

exercising on the quadriceps ergometer at the required cadence inside a purpose built, to 

scale replica model of the MR scanner. All participants completed a number of repeat 

trials on the ergometer at a range of exercise intensities, identical to the actual protocols 

employed in the study. All participants were well habituated to the test procedures.  
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6.2.2     Experimental procedures 

Descriptive characteristics. Participants’ body mass was measured using a calibrated 

balance beam scale (Avery, Birmingham, UK), and stature and seated height using a 

stadiometer (Holtain, Crymych, Dyfed, UK). Participants’ age was calculated as the 

difference between the date of birth and the date of the first visit. To provide an 

estimation of the children’s level of biological maturity, sex specific regression 

algorithms were used to determine a maturity ‘offset’ score from the age at peak height 

velocity using anthropometric measurements (Mirwald et al., 2002). The 95% limits of 

agreement in using this procedure are ±1 year.         

 

Quadriceps ergometer. A description of the quadriceps ergometer and power output 

quantification is provided in Chapter 3. 

 

Step-incremental test. Each participant completed an incremental test to exhaustion 

inside the MR scanner for determination of the ITPi/PCr. The procedures for the 

incremental test were in accordance with those previously outlined in Chapter 3. The 

ITPi/PCr was used to ‘set’ the intensity of the subsequent exercise bouts for determination 

of the muscle PCr kinetics during moderate exercise, i.e. under conditions of cellular pH 

similar to rest. Using a plot of Pi/PCr vs. power output at a sample resolution of 30 s, 

each participant’s ITPi/PCr was identified by two investigators as previously described in 

Chapter 3. The ITPi/PCr was defined as the power output at which a sudden and sustained 

deviation in Pi/PCr and pH from an initial slow phase from baseline levels occurred. 

Using this technique with children, the ITPi/PCr TE over three repeat tests within our 
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laboratory has a CV of 10%, which corresponds to 0.9 W (Barker et al., 2006, Chapter 

3). 

 

Square-wave exercise. On separate days, each participant completed square-wave 

exercise transitions inside the MR scanner with the power output set to 80% of power 

output at the ITPi/PCr. The exercise protocol consisted of a 2 minutes rest period for 

resting measures, then 6 minutes quadriceps exercise at a constant power output 

followed by 6 minutes rest for assessment of the recovery dynamics. Between two to 

four repeat square-wave exercise transitions were performed on a given day, with at 

least 15 minutes rest given between each test.  

6.2.3     31P-MRS measurement and quantification 

The measurement and quantification of the quadriceps muscle phosphate and pH 

responses using 31P-MRS were in accordance with the procedures outlined in Chapter 3. 

However, in order to improve the signal-to-noise properties of the 31P spectra yet 

provide a high PCr sampling resolution for kinetic analysis, the spectra acquired every 6 

s during rest and exercise conditions. As the signal intensities for 31P spectra were 

significantly saturated during the test protocol, T1 correction factors were determined 

during the rest phase using a pulse interval of 20 s and applied to all peak intensities. 

The assumption that the T1 relaxation time for muscle PCr does not change from rest to 

steady-state exercise has recently been confirmed during calf exercise below the 

intracellular threshold, which is comparable to the conditions employed in the current 

study (Cettolo et al., 2006). 
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Changes in PCr were expressed as a percentage change from baseline, set to 100%, 

using the mean PCr spectral area obtained during the 2 minute rest period. To provide 

an approximation of the muscle [ADP] dynamics during exercise the ratio between Pi 

and PCr (Pi/PCr) was determined from their respective 31P spectral areas. The 

relationship between muscle [ADP] and Pi/PCr can be predicted from the creatine 

kinase reaction (equation 2.9, Chapter 2): 

)[PCr])(1010(1.66
[ATP][Cr][ADP] pH9 −×

=  → 
]PCr[

]P[]ADP[ i≈  

The assumptions regarding this indirect approximation of muscle [ADP] are that muscle 

[ATP] and pH remains constant during exercise, and that the increase in [Pi] is 

proportional to the increase in creatine ([Cr]) during exercise (Chance et al., 1985; 

Kemp & Radda, 1994). As these assumptions are only satisfied during the steady-state 

region of moderate intensity exercise and recovery (see figure 6.1b for the transient 

increase and decrease in cellular pH at the onset and offset of exercise respectively), 

only the steady-state responses of muscle Pi/PCr will be compared between groups.       

6.2.4     Muscle PCr kinetic parameter estimation 

All PCr kinetic parameters were estimated using an iterative least-squares non-linear 

regression procedure with their corresponding 95% CI to establish the precision of the 

derived point estimate (GraphPad Prism, GraphPad Software, San Diego, CA). The 

procedures were in accordance with those previously outlined in Chapter 5.   

 

To provide an estimation of the theoretical maximal rate of oxidative phosphorylation 

( maxV& ) the following equation (equation 2.12, Chapter 2) was used assuming the linear 
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first order model of metabolic control (Conley et al., 2000; Kemp & Radda, 1994; 

Meyer, 1988): 

restmax [PCr]
τPCr

1V ×





=&  

where, 1/τPCr is the rate constant derived from the recovery PCr time constant, and 

[PCr]rest is the concentration of muscle PCr at rest. The latter was estimated using the 

ratio of PCr/ATP and assuming an [ATP] of 8.2 mM for all participants (Kemp et al., 

2007).    

 6.2.5     Normalisation of power output  

Determination of quadriceps muscle mass. To normalise the absolute power output 

measurements during the square-wave exercise bouts, each participant’s quadriceps 

muscle mass was determined using MR imaging scans as previously described in 

Chapter 4.   

 

Allometric modelling. Absolute power output during the square-wave exercise were 

corrected for child-adult differences in quadriceps muscle mass using standard log-

linear allometric modelling procedures (Batterham & George, 1997; Tolfrey et al., 

2006). Potential group differences in the scaling exponent were examined by including 

an interaction variable in the regression model (Batterham & George, 1997; Tolfrey et 

al., 2006). The interaction variable did not yield a significant contribution to the 

regression model (P=0.660), indicating the slope exponent (b) describing the 

relationship between power output and quadriceps muscle mass was comparable 

between the children and adults. After verification of the model using appropriate 

diagnostic tools (Batterham & George, 1997) (see Chapter 4 for more details), a power 
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function ratio (Y/Xb) was determined to scale power output (Y) during the square-wave 

exercise for differences in quadriceps muscle mass (Xb).  

 6.2.6     Statistical analyses 

Potential mean differences in the 31P-MRS metabolic responses were examined using a 

two-way between measures ANOVA with age (child vs. adult) and sex (male vs. 

female) as the model factors. If a significant age by sex interaction was observed the 

main effect results were not reported. Mean differences were followed-up using planned 

multiple comparisons (independent samples t-test) with the alpha value adjusted using 

the Bonferroni procedure. The assumption of equality of error variances was assessed 

and verified for all ANOVA and t-test statistics using Levene’s test. All results are 

presented as mean and SD, with rejection of the null hypothesis accepted at an alpha 

level of 0.05. All analyses were performed using SPSS (Chicago, IL, v.11.0). 

6.3 Results  

6.3.1     Descriptive and incremental test responses  

The participants’ descriptive characteristics and exercise responses during the 

incremental test to exhaustion are presented in table 6.1. The boys had a significantly 

hiher maturity ‘offset’ score from the APHV compared to girls (-3.4 years [SD 0.4], 

range -2.9 to -4.1 vs. -1.7 years [SD 0.5], range -0.8 to -2.3; P<0.001). During the step-

incremental test to exhaustion the men and women had a significantly higher peak 

power output and power output at the ITPi/PCr compared to the boys and girls 

respectively. Sex differences were present in the adult group, with men displaying a 

higher peak power output and ITPi/PCr than women.  
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Table 6.1 Participants’ descriptive characteristics and incremental test responses 

 

Variable 

 

ANOVA 

Child  Adult 

Boys (n=8) Girls (n=10)  Men (n=8) Women (n=8)

Age (years)  a P<0.001  9.9 (0.4)† 9.8 (0.4)†  25.5 (4.3)  23.3 (3.8) 
Body mass (kg)  c P<0.001 31.2 (5.9)† 36.6 (6.2)†  81.6 (11.1)* 54.5 (4.2) 
Stature (meters)  c P<0.001 1.34 (0.05)† 1.40 (0.05)†  1.82 (0.08)* 1.64 (0.04) 
Quadriceps muscle mass (kg) c P<0.001 0.92 (0.15)†  0.94 (0.14)†  2.61 (0.26)* 1.55 (0.19) 

Step-incremental test 
      

PP (W)  c P=0.024 14.3 (2.9)† 13.6 (2.8)†  24.2 (2.3)* 18.8 (3.2) 
ITPi/PCr (W)  c P<0.001 8.1 (1.6)† 8.2 (1.9)‡  16.2 (1.6)* 11.2 (1.6) 
Data are presented as mean (SD). Where, PP, peak power. W, watts. IT, intracellular threshold. ANOVA, two-way 
between measures ANOVA results. a significant main effect for age. b significant main effect for sex. c significant 
age by sex interaction. NS, no significant differences observed (P>0.05). Bonferroni adjusted pairwise 
comparisons: Significant within age group sex difference, *P<0.01; **P<0.05. Significant within sex group age 
difference, †P<0.01; ‡P<0.05. 

 

 



 

 196

6.3.2     Square-wave exercise steady-state responses 

Power output. The temporal and amplitude characteristics of the power output during 

the exercise bouts are illustrated in figure 6.1A. At the onset of exercise power output 

rose instantaneously with square-wave kinetics and was well maintained at the target 

power output throughout the entire test. Absolute power output during the square-wave 

exercise was significantly higher in men than boys (14.1 W [SD 2.4] vs. 7.0 W [SD 

1.3], P<0.001) and women than girls (9.6 W [SD 0.7] vs. 6.7 W [SD 1.6], P<0.001). In 

the adult group men attained a significantly higher absolute power output than women 

(P=0.004) although no sex differences were present in children (P=1.000).  

 

The log-linear allometric model revealed a significant linear relationship between 

absolute power output and quadriceps muscle mass (R2=0.83, P<0.001, b=0.73 [95% 

CI: 0.48-0.98]). When power output was adjusted for quadriceps muscle mass using the 

power function ratio (W·kg-0.73), no significant differences were present between the 

groups (boys 7.6 W·kg-0.73 [SD 1.3], girls 7.1 W·kg-0.73 [SD 1.3], men 7.0 W·kg-0.73 [SD 

1.0], women 7.0 W·kg-0.73 [SD 0.4]; ANOVA model P>0.350). Furthermore, when 

power output was expressed relative to the ITPi/PCr, the children (boys 89% [SD 11]; 

girls 82% [SD 11]) and adults (men 87% [SD 10]; women 88% [SD 16]) exercised at a 

comparable intensity relative to the ITPi/PCr (ANOVA model P>0.300). Collectively, 

these results demonstrate that the experimental protocol was successful in exercising the 

participants at a similar power-output relative to the metabolic IT and quadriceps 

muscle mass.    
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Figure 6.1 Ergometry and quadriceps muscle metabolic responses during the square-
wave exercise bouts. Participants’ (● boys, ○ girls, ▲ men, ∆ women) mean power 
output (a), pH (b) and Pi/PCr (c) response dynamics during the rest, exercise and 
recovery phases of the square-wave protocol. Vertical dotted lines signify the onset and 
offset of exercise respectively.  
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Muscle metabolic responses. The ratio of PCr/ATP was 4.38 [SD 0.45] in the boys, 4.53 

[SD 0.61] in the girls, 5.62 [SD 0.98] in the men and 4.89 [SD 0.80] in the women, 

which are similar to adult data previously reported from our laboratory (Jones et al., 

2008b). Muscle [PCr] at rest was significantly higher in the men compared to the boys 

(46.1 mM [SD 8.1] vs. 35.9 mM [SD 3.7], P=0.023) but was similar between the 

women and girls (40.1 mM [SD 6.5] vs. 37.2 mM [SD 5.0], P=1.000). No differences 

were evident in muscle [PCr] at rest between sexes (P>0.500). 

 

The mean muscle metabolic and pH responses during the rest, exercise and recovery 

phases of the quadriceps square-wave exercise bouts are illustrated in figure 6.1 with the 

mean values from the last 30 s of each phase reported in table 6.2. No age or sex related 

differences were observed for pH between the children and adults at rest (P>0.07). At 

the onset of exercise an initial muscle alkalosis was evident in the pH profile for all 

groups, which later fell to a steady-state level. Pairwise comparisons revealed a 

significantly higher pH during steady-state exercise in girls compared to women 

(P=0.017), although a similar pH was evident between boys vs. men (P=0.676), girls 

vs. boys (P=1.000) and men vs. women (P=1.000). During the recovery phase, pH was 

significantly lower in women compared to men (P=0.045), with no differences between 

men vs. boys (P=1.000), girls vs. boys (P=1.000) or girls vs. women (P=0.140). At rest 

no significant age or sex related differences were evident in the Pi/PCr ratio between 

children and adults (P>0.200). At exercise onset Pi/PCr increased with exponential-like 

properties and reached a steady-state magnitude that was independent of age and sex 

between the children and adults (ANOVA model P>0.100). This was also the case for 

when Pi/PCr was expressed as a change from resting levels. During recovery, Pi/PCr 

decreased with exponential-like properties to a value similar to rest, with no significant 

(P>0.200) age or sex related differences present.  
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Table 6.2 Metabolic responses during square-wave exercise  

 

Variable 

 

ANOVA 

Child  Adult 

Boys (n=8) Girls (n=10)  Men (n=8) Women (n=8)

Rest pH  c P=0.043 7.05 (0.02) 7.06 (0.03)  7.06 (0.03) 7.03 (0.02) 
Exercise pH a P=0.003 7.08 (0.01) 7.08 (0.02)†  7.06 (0.03) 7.04 (0.02) 
Recovery pH b P=0.034 7.03 (0.02) 7.03 (0.03)  7.03 (0.02)** 7.00 (0.02) 
Rest Pi/PCr  a P=0.022 0.13 (0.03) 0.13 (0.04)  0.11 (0.02) 0.10 (0.03) 
Exercise Pi/PCr NS 0.31 (0.05) 0.34 (0.08)  0.25 (0.08) 0.31 (0.07) 
Recovery Pi/PCr  a P=0.008 0.13 (0.03) 0.13 (0.04)  0.10 (0.02) 0.10 (0.03) 
Data are presented as mean (SD). Rest, exercise and recovery values were calculated during the final 30 seconds of 
their respective stage of the square-wave protocol. Where, ANOVA, two-way between measures ANOVA results. a 

significant main effect for age. b significant main effect for sex. c significant age by sex interaction. NS, no 
significant differences observed (P>0.05). Bonferroni adjusted pairwise comparisons: Significant within age group 
sex difference, *P<0.01; **P<0.05. Significant within sex group age difference, †P<0.01; ‡P<0.05. 
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6.3.3     Square-wave exercise muscle PCr kinetics 

The mean number of repeat square-wave exercise transition performed by the children 

and adults were 6 [SD 2], range 3-9, and 4 [SD 1], range 2-5, respectively. A typical 

PCr profile for a child and adult participant at the onset and offset of exercise is shown 

in figure 6.2, along with the fitted non-linear regression model and residual plots. In all 

cases the single-exponential model provided an appropriate fit of the PCr and 2OVp &  

dynamics, as indicated by the unsystematic and random residual profiles, and 

distribution normality, which was examined using Skewness and Kurtosis statistics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.2 PCr response kinetics at the onset and offset of exercise in a child (girl) and 
adult (female) participant. The continuous line represents the fitted single-exponential 
function (where τ is the time constant), with the resulting residuals displayed above. 
Vertical dotted lines signify either the onset or offset of exercise.  
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The estimated time constants for the PCr kinetics at the onset and offset of exercise are 

shown in table 6.3. The mean 95% CI for the estimated PCr time constants were ±6 s 

for both the onset and offset dynamics, highlighting the good degree of statistical 

precision attained in the derived kinetic estimates. The ANOVA model found no 

significant main effects or interaction terms for the PCr kinetic time constant at the 

onset (P>0.200) or offset (P>0.070) of exercise. The individual PCr onset and offset 

time constants for children and adults are shown in figure 6.3.   

Table 6.3 Muscle PCr kinetic responses 

 
Variable 

 
ANOVA

Child  Adult 
Boys (n=8) Girls (n=10)  Men (n=8) Women (n=8)

Onset      
τPCr (s)   NS 21 (4)  24 (5) 26 (9) 24 (7) 
95% CIs (± s)  - 5 (1) 6 (1) 5 (1) 5 (1) 

Offset      
τPCr (s)  NS 26 (5)  29 (7) 23 (9) 29 (7) 
95% CIs (± s)  - 5 (2) 7 (2) 5 (1) 5 (2) 
Data are reported as mean (SD). All kinetic parameters were estimated using a single-
exponential model. Where, τ and 95% CIs denote the time constant and the 95 % 
confidence intervals. ANOVA, two-way between measures ANOVA results. NS, no 
significant differences observed. 

 

6.3.4     Theoretical maximal rate of oxidative ATP synthesis  

The estimated theoretical maximal rate of oxidative phosphorylation ( maxV& ) data are 

illustrated in figure 6.4. The ANOVA model revealed a significant main effect for group 

(P=0.017), with adults displaying a higher maxV&  compared to the children (1.94 mM·s-1 

[SD 1.00] vs. 1.35 mM·s-1 [SD 0.27]). However, follow-up pairwise comparisons 

revealed no age or sex related differences (P>0.200) for the estimated maxV&  (boys, 1.39 

mM·s-1 [SD 0.20]; girls, 1.32 mM·s-1 [SD 0.32]; men, 2.36 mM·s-1 [SD 1.18], women, 

1.51 mM·s-1 [SD 0.53]).      
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Figure 6.3 Individual PCr kinetic time constants at the onset (A) and offset (B) of 
exercise in the boys (●), girls (○), men (▲) and women (∆).  
 

 
 
 

 

 

 

 

 

 

 

Figure 6.4 Theoretical maximal rate of oxidative phosphorylation ( maxV& ) across 
participant groups. The bars and error bars represent the mean and SD respectively. No 
significant age or sex related differences in maxV&  were identified (P>0.200).    
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6.4 Discussion 

In conflict with the study’s hypothesis, the time constant describing the kinetics of 

muscle PCr, a putative metabolic feedback controller of 2OVm & , was independent of age 

and sex both at the onset and offset of moderate intensity exercise. Likewise, the steady-

state rise in Pi/PCr which is proportional to muscle ADP, a putative stimulator of 

oxidative ATP synthesis (Chance et al., 1986; Walsh et al., 2001), during exercise was 

strikingly similar between the children and adults. Collectively, these results support the 

notion that during the transition to and recovery from moderate intensity quadriceps 

exercise, the regulation of mitochondrial respiration is fully mature in 9-10 year old 

children and sex independent. The physiological basis for these results is likely to reside 

in a similar oxidative capacity of the muscle, as further evidenced by the age and sex 

independence of the estimated maxV& , which provides a theoretical estimate of the 

maximal rate of mitochondrial oxidative phosphorylation. 

 

It has previously been demonstrated that children display a faster rise in the phase II 

2OVp &  response compared to adults at the onset of moderate and heavy exercise 

(Fawkner & Armstrong, 2004a; Fawkner et al., 2002b; Williams et al., 2001). For 

example, Fawkner et al. (2002b) demonstrated more rapid phase II 2OVp &  kinetics in 

11-12 year old children (boys 19 s [SD 2]; girls 21 s [SD 6]) compared to 19-26 year 

old adults (men 28 s [SD 9]; women 26 s [SD 5]) during moderate cycling exercise, 

with no differences between the sexes. However, the underlying mechanisms 

accounting for this age-related modulation of the 2OVp &  kinetic response have yet to be 

resolved, although a decline in the muscles’ potential for oxygen utilisation has been 

implicated (Barstow & Scheuermann, 2005; Fawkner et al., 2002b).  
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With regard to the above, of interest is the strong body of evidence suggesting that the 

PCr-Cr shuttle plays an integral role in modulating the rise in 2OVm &  following an 

abrupt change in the metabolic rate (Bessman & Geiger, 1981; Kindig et al., 2005; 

Mahler, 1985; Meyer, 1988; Rossiter et al., 2005; Walsh et al., 2001). In particular, the 

creatine kinase splitting of muscle PCr appears to provide a high capacitance temporal 

buffer for muscle ATP at the onset of exercise, thereby delaying the rise in putative 

metabolic feedback controllers to signal an increased rate of oxidative phosphorylation 

(Kindig et al., 2005; Roman et al., 2002). While the exact signal(s) to drive an increase 

in 2OVm &  is(are) currently unknown, putative feedback mechanisms implicate PCr 

and/or Cr, ADP and the phosphorylation potential (Chance et al., 1985; Walsh et al., 

2001; Wilson, 1994). 

 

Consistent with this supposition are studies demonstrating a close kinetic coupling 

between the respective kinetic fall and rise in muscle PCr and phase II 2OVp &  at the 

onset of moderate intensity exercise in children (Barker et al., 2008, Chapter 5) and 

adults (Barstow et al., 1994a; Rossiter et al., 1999; Rossiter et al., 2002). Given this 

mechanistic coupling between muscle PCr and phase II 2OVp &  across children and 

adults, it was hypothesised that, in line with the demonstration of faster 2OVp &  kinetics 

in children compared to adults, a requisite age-related difference would be evident in the 

dynamics of muscle PCr. However, despite yielding similar PCr kinetic time constants 

for the children and adults to those reported by Fawkner et al. (2002b) for the phase II 

2OVp &  response during moderate intensity cycling exercise, we found no age- or sex-

related differences in the PCr kinetics either at the onset or offset of exercise. In 

contrast, the data from the present study support a body of research, which has been 

criticised on methodological grounds (Fawkner & Armstrong, 2003a), demonstrating no 
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differences in the phase II 2OVp &  time constant between children and adults during 

moderate intensity cycling exercise (Cooper et al., 1985; Hebestreit et al., 1998; 

Springer et al., 1991). Collectively therefore, these results are consistent with the notion 

that the control and adjustment of 2OVm &  during the ‘step’ transition to a lower or 

higher metabolic rate may not be appreciably different between young children and 

adults at least for power outputs below the metabolic threshold (i.e. ‘moderate’ 

exercise).  

 

Previous studies examining the kinetics of muscle PCr in children and adults are sparse 

and yield equivocal findings. In agreement with the present paper, Kuno et al. (1995), 

found no differences in the recovery time constant of quadriceps muscle PCr in 

untrained boys (12-15 years) when compared to age matched trained boys and adult 

men (25.0 years [SD 2.6]) following a knee extensor/flexion incremental test to 

exhaustion. The authors concluded that invariant PCr kinetics were indicative of a 

comparable mitochondrial oxidative capacity between child and adult muscle. In 

contrast, following an exhaustive calf exercise challenge, Taylor et al. (1997) reported 

6-12 year old children to have a faster PCr recovery half time (12 s [SD 4], τ ~ 17 s) 

than adults (27 s [SD 8], τ ~ 39 s), and attributed this to the enhanced capacity for 

oxidative phosphorylation in the child’s muscle as evidenced by an almost 2-fold higher 

maxV&  (child: 91 mM·min-1 [SD 46] vs. adult: 54 mM·min-1 [SD 17]), assuming the ADP 

hyperbolic model of mitochondrial ATP synthesis.  

 

While providing seminal data describing the kinetics of muscle PCr in child and adult 

muscle, the experimental conditions under which muscle PCr was determined in the two 
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studies above preclude any firm conclusions to be drawn as to whether an age-related 

modulation of the muscle PCr kinetics may account for the faster 2OVp &  kinetics 

observed in children compared to adults. In particular, the studies by Kuno et al. (1995) 

and Taylor et al. (1997) were restricted to the recovery of muscle PCr following a single 

bout of exhaustive exercise. Given that the 2OVp &  response exhibits both temporal and 

amplitude based differences depending upon the intensity of the imposed exercise and 

the exercise transition (i.e. onset or offset responses) (Jones et al., 2008b; Rossiter et al., 

2002), the kinetics of muscle PCr must be examined with specific reference to the 

exercise intensity domain and exercise transition in order to test 2OVp &  control theories. 

By exercising each participant relative to their pre-determined metabolic IT in the 

present study, this ensured that the muscle phosphate and pH profile were similar both 

within and between participant groups, such that the onset and recovery PCr kinetics 

were determined during ‘moderate’ intensity exercise, i.e. under conditions of no 

cellular acidosis.  

 

In addition, it should be considered that the distinct muscle fibre type heterogeneity 

present in the calf muscle may have biased the findings presented by Taylor et al. 

(1997). Compared to adults, the smaller calf muscle in children may result in a greater 

interrogation of the underlying soleus (~ 80-90% type I fibres) relative to that of the 

gastrocnemius muscle (~ 50% type I and type II fibres) (Johnson et al., 1973), which 

may confound interpretation of muscle PCr kinetics using an unlocalised 31P-MRS 

signal (Petersen et al., 1999). For example, it has been reported that the time constant 

for the resynthesis of muscle PCr in the cat soleus muscle (largely type I fibres, τ ~7.2 

minutes) is 2-fold faster than the biceps brachii muscle (mostly type IIA and IIX fibres, 

τ ~14.4 minutes, (Kushmerick et al., 1992)). Assuming similar metabolic properties are 
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present in human muscle fibre types which impact the recovery of muscle PCr 

(Crowther & Gronka, 2002), it is plausible that the slower PCr recovery kinetics 

observed in the adults compared to children in Taylor et al’s (1997) study were a 

consequence of a greater relative proportion of gastrocnemius muscle occupying the 

31P-MRS signal in adults, and conversely, the soleus in children.    

 

Lastly, an important feature of the present study was that each participant completed 

several repeat square-wave exercise transitions in order to dampen the influence of the 

large sample to sample variability in the PCr response profile reducing the statistical 

precision of the estimated kinetic parameters (Rossiter et al., 2000). This allowed the 

determination of PCr time constants with good statistical confidence (95% CI ~ ±6 s) 

which appear suitably narrow to draw meaningful conclusions in the current paper. 

Unfortunately previous studies with children (Kuno et al., 1995; Taylor et al., 1997) 

have failed to report the error spanning their estimated kinetics parameters, which limits 

their physiological interpretation. 

 

According to Meyer’s (1988) linear first-order model of metabolic control, the kinetics 

of muscle PCr are principally determined by the mitochondrial ‘resistance’, that is the 

density and number of mitochondria in the muscle. Indeed, the recovery rate constant of 

muscle PCr has been reported to be linearly dependent upon the mitochondrial enzyme 

citrate synthase in animal and human muscle (McCully et al., 1993; Paganini et al., 

1997), which supports the PCr kinetic time constant reflecting the muscles’ capacity for 

oxidative phosphorylation. The age and sex invariant muscle PCr kinetics in the current 

paper may therefore be indicative of a similar oxidative capacity of the muscle. 

Interestingly, this supposition is consistent with muscle biopsy data showing a mixed-
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sex group of children (aged 6 years) to have a similar level of citrate synthase enzyme 

activity in the vastus lateralis muscle compared to adolescents (aged 13-17 years) and 

adult groups, although other Krebs cycle enzymes (e.g. isocitric, fumarase and malate 

dehydrogenase) were found to be higher in children and adolescents (Berg et al., 1986; 

Haralambie, 1982). Moreover, the volume of mitochondria expressed as a relative 

percentage of the total fibre volume in the vastus lateralis muscle has been reported to 

be comparable between 6 year old girls and boys, and to the data of untrained adults 

taken from a previous study (Bell et al., 1980). 

 

Assuming linear first-order metabolic control, an estimate of the theoretical maximal 

rate of oxidative phosphorylation ( maxV& ) can be obtained from knowledge of the PCr 

resynthesis rate constant (1/τ) and resting muscle [PCr] (Conley et al., 2000; Kemp & 

Radda, 1994; Meyer, 1988). Taking the PCr rate constant to represent the oxidative 

properties of the muscle (see above), the model predicts that the maximal rate of 

oxidative metabolism will be achieved when [PCr] is fully depleted, i.e. when the 

metabolic signal (PCr and/or Cr, or [ADP]) to stimulate oxidative metabolism is 

maximal. As the kinetics of muscle PCr were independent of age and sex in the present 

study, maxV&  would be entirely modulated by resting [PCr], which we found to be higher 

in the men compared to boys (46.1 vs. 35.9 mM), but not between the women and girls 

(40.1 vs. 37.2 mM) or between the sexes. However, despite men having a 1.7 to 1.5 fold 

higher maxV&  than the boys and women respectively, this mean difference was associated 

with a large inter-group variation and hence, was found to be statistically insignificant 

(see figure 6.4). This thereby supports the notion that maxV&  (maximal oxidative ATP 

flux) is fully mature in peri-pubertal children. Interestingly, the trend for a higher maxV&  
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in men compared to boys and women, and a similar value in women comparable to 

girls, is however, comparable with allometrically modelled 2OVp & peak data from our 

laboratory (Armstrong & Welsman, 2001), suggesting the maximal rate of oxidative 

ATP synthesis when scaled for body size increases from childhood to adulthood in 

boys, but remains stable in females into adulthood. However, as such comparisons must 

be considered in light of the inherent concerns in estimating maxV&  (see Considerations 

and Limitations section, pages 210-213), this conclusion warrants further enquiry and 

should be interpreted with caution.   

 

As alluded to earlier, while the kinetics of muscle PCr have been implicated to play a 

fundamental role in signaling a rise in 2OVm &  during metabolic transitions, the precise 

metabolic signal(s) is(are) unknown (Meyer & Foley, 1996; Rossiter et al., 2005). 

Recently it has been demonstrated in human vastus lateralis muscle fibre bundles that a 

decrease in PCr/Cr increases the sensitivity of the mitochondria to ADP, thus 

stimulating a rise in muscle respiration, whereas an increase in PCr/Cr has the opposite 

effect (Walsh et al., 2001). These data suggest that the time course of muscle PCr/Cr 

and ADP may be mechanistically linked in modulating 2OVm &  during metabolic 

transitions, which are both approximated by the Pi/PCr expression under certain 

constraints of the creatine kinase reaction (Chance et al., 1985; Kemp & Radda, 1994). 

In accord with previous adult data (Barstow et al., 1994a), at the onset of exercise both 

Pi/PCr increased with exponential-like properties, which were both age and sex 

invariant (see figure 6.1, curves not shown for clarity). Moreover, the steady-state 

magnitude either expressed in absolute terms or as a delta change from rest, was age and 

sex invariant. Collectively, these data therefore further support the notion that the 
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metabolic perturbation, both during the non-steady-state and steady-state, required to 

drive mitochondrial respiration is fully mature in 9-10 year old children. 

6.4.1     Considerations and limitations 

Fundamental to the present study is the assumption that the kinetics of phase II 2OVp &  

provides a non-invasive window into the dynamics of 2OVm &  during the non-steady-

state in children and adults. While this assumption has been verified in adults using the 

direct Fick technique (Grassi et al., 1996), it awaits confirmation in the paediatric 

population. Indeed, if child-adult differences in the Q&  dynamics, size of the venous 

volume and utilisation of body oxygen stores were present during the non-steady-state, 

the association between phase II 2OVp &  and 2OVm &  may be distorted beyond acceptable 

limits in children. However, we do not believe this be the case. Similar to adults, the 

child’s 2OVp &  response at the onset of moderate intensity exercise displays the 3 phase 

response, providing repeat exercise transitions are time aligned and averaged (Barker et 

al., 2008, Chapter 5; Fawkner et al., 2002b). Moreover, when the phase II response is 

isolated and modelled, its resulting time constant closely corresponds with that of the 

breakdown of muscle PCr in 9-10 year old children (Barker et al., 2008, Chapter 5), 

which is routinely used as a surrogate of 2OVm &  in human (Barstow et al., 1994a; 

Marsh et al., 1993a; Rossiter et al., 1999) and animal studies (Mahler, 1985; Meyer, 

1988) investigating aspects of metabolic control. Whilst indirect, this association 

suggests that the underlying 2OVm &  response is reflected via the phase II 2OVp &  region 

and thus is acceptable to investigate aspects of metabolic control during childhood and 

adolescence.     
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Why there is a lack of an age-related modulation of the PCr kinetics in the present study 

is inconsistent with our current understanding of the 2OVp &  kinetic response in children 

and adults. However, the potentially confounding role physical fitness may have on the 

PCr response parameters should be considered. Indeed, the 2OVp &  kinetic response (and 

presumably muscle PCr, although see Jones et al., (2007a)) in adults has been reported 

to be sensitive to exercise training, such that the time constant is more rapid in 

participants with higher aerobic fitness (Jones & Koppo, 2005). Despite every attempt 

in the present study to recruit participants who were either low or moderately active, it 

is pertinent to note that the PCr time constants in some adults were similar to those 

typically found in trained endurance athletes (τ ~10-15 s, (Johansen & Quistorff, 2003)). 

However, it is not uncommon to observe a muscle PCr time constant of ~ 12-15 s at the 

onset or offset of exercise in low-moderately active young adults (Kent-Braun & Ng, 

2000), with the mean PCr time constant for the adults in the current study corresponding 

well with other studies with low-moderately active adults (van den Broek et al., 2007; 

Yoshida & Watari, 1993). Therefore, whether the muscle PCr kinetic response during 

moderate intensity exercise does or does not become slower through the transition from 

child to adulthood requires further investigation, with large sample sizes and well-

defined participant groups. 

 

An inherent assumption in estimating maxV& , specifically in calculating resting [PCr], is 

that the resting [ATP] in peri-pubertal children is similar to that observed in young 

adults and sex independent. Unfortunately, for ethical reasons data concerning age- 

and/or sex-related modulation of [ATP] and [PCr] during growth and maturation are 

lacking. However, there are limited cross-sectional data in boys showing that over the 

age span 11-16 years, resting [ATP] in the quadriceps rectus femoris muscle is largely 
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age-invariant, whereas a progressive age-related rise was observed for muscle resting 

[PCr] (Eriksson & Saltin, 1974). While this latter finding is in agreement with the child-

adult differences for resting [PCr] in the present study, given the paucity of descriptive 

data available to ‘verify’ the data obtained in the current manuscript, the maxV&  data 

should be interpreted with due caution. Future research should seek to comprehensively 

document (i.e. age, sex and maturity related changes) in resting muscle [ATP] and [PCr] 

in the quadriceps muscle during development using an external 31P-MRS based 

referencing technique (Buchli & Boesiger, 1993; Kemp et al., 2007), which is ideally 

suited to this population given its non-invasive nature.  

 

The estimated maxV&  for the men in the present study is ~ 1.8-fold higher (~ 2.4 vs. 1.3 

mM·s-1) than data previously reported for the quadriceps muscle using a linear model of 

metabolic control (Conley et al., 2000; van den Broek et al., 2007). However, as stated 

above, this measurement requires knowledge of the muscle τPCr and resting muscle 

[PCr], the latter of which was estimated in the present study using standard 31P-MRS 

procedures. While comparative data for 31P-MRS determined quadriceps muscle [PCr] 

at rest is in short supply, a recent review of the literature suggested this is close to 35 

mM (Kemp et al., 2007). This is substantially lower than the 46 mM (range 34 to 62 

mM) in the present study, but is close to previous studies reporting a lower maxV&  than 

the present investigation (Conley et al., 2000; van den Broek et al., 2007), which 

incidentally reported a similar muscle τPCr to the present study (~ 25-35 s). 

Consequently, in keeping with Meyer’s (1988) linear model of metabolic control, the 

substantially higher muscle [PCr] at rest in the present study would increase the 

theoretical maxV&  above that previously reported for the quadriceps muscle. Therefore, 

given the uncertainty surrounding the muscle [PCr] at rest in the current study, and 
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given the recent demonstration that variation in resting muscle [PCr] can have profound 

consequences for describing mitochondrial function using models of metabolic control 

(Kemp et al., 2007), both intra-and inter-study comparisons of the maxV&  data should be 

taken cautiously.   

 

Although the girls in the present study were age-matched with the boys group, their 

level of biological maturity, as assessed using an estimated ‘offset’ score from the age at 

peak height velocity, was significantly higher than the boys. Whether this had an impact 

either on the sex or age related comparisons is difficult to discern, especially given the 

lack of available data describing the muscle enzyme profile, mitochondrial content and 

muscle metabolic responses during growth and maturation in girls and boys. Future 

research should therefore consider biological maturity as well as chronological age 

when investigating children’s muscle metabolic responses during exercise.   

6.5 Conclusion 

The present study used 31P-MRS to investigate whether the faster phase II 2OVp &  

kinetics and by extension the dynamics of 2OVm & , found in children compared to adults 

can be explained by an age-related modulation of the dynamics of muscle PCr, which 

are thought to play a principal role in regulating 2OVm &  during metabolic transitions. 

However, we found no age or sex related differences in quadriceps muscle PCr kinetics 

either at the onset or offset of exercise. Moreover, the steady-state perturbation to the 

putative drivers of oxidative phosphorylation was similar between children and adults. 

Collectively these results indicate that following a ‘step’ transition to a higher or lower 

metabolic rate, the control of mitochondrial oxidative phosphorylation is independent of 

age and sex, at least for exercise transitions below the metabolic intra-cellular 
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thresholds. This is consistent with a comparable capacity for oxidative metabolism in 

child and adult muscle.   
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Chapter Seven 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 

In the light of ethical and methodological constraints that have blocked progress in 

probing and detailing the muscle metabolic responses of healthy children and 

adolescents during exercise, the principal objective of this thesis was to provide a series 

of novel investigations into muscle metabolism in young people using the child-friendly 

non-invasive technique of 31P-MRS. Specifically, the studies outlined in this thesis were 

designed to address the following: 

1. To establish the reliability of measurements of muscle metabolism using 31P-

MRS during an incremental test to exhaustion in young people (Chapter 3). 

2. To investigate age- and sex- related differences in the muscle metabolic 

responses during incremental exercise to exhaustion in children and adults 

(Chapter 4). 

3. To determine whether the kinetics of muscle PCr, a reputed metabolic feedback 

controller of 2OVm & , is mechanistically linked to the kinetics of phase II 2OVp &   

during moderate intensity exercise in children (Chapter 5). 

4. To investigate age- and sex- related differences in the muscle phosphate and pH 

responses at the onset and offset of moderate intensity exercise in children and 

adults (Chapter 6). 

The initial purpose of this chapter is to briefly recap the main findings from these 

experimental studies, and secondly, to synthesise the experimental findings from these 

studies and highlight their contribution to the study of paediatric muscle metabolism. 
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Importantly, considerations and avenues for future research within this field of study 

will also be presented.    

7.1 Summary of experimental chapters 

7.1.1     Chapter 3 

The purpose of the first experimental paper was to outline an experimental model that 

permits continuous quadriceps exercise to be performed whilst lying inside the bore of 

an MR scanner, and to determine for the first time, the reliability of quantifying 

parameters of metabolic function and exercise performance over three quadriceps 

incremental tests to exhaustion in fourteen 11-12 year old children using 31P-MRS. 

Reliability statistics revealed exercise performance and muscle metabolic indices (peak 

power and test duration) were reliable on a test re-test and within-participant basis 

following familiarisation to the ergometer and exercise protocol. A metabolic IT was 

manifest in excess of 80% of the individual profiles, indicating the qualitative nature of 

the muscle phosphate and pH responses during incremental exercise in young people are 

similar to that reported in adults (Chilibeck et al., 1998a; Marsh et al., 1991). Analyses 

revealed the subjective estimation of the metabolic ITs during exercise was superior to 

the objective computerised method over the three tests due to its greater precision (~ 

10% vs. 16% CV, respectively). While the muscle pH variables were suitably repeatable 

(exhaustion and S2), concerns were raised over the large TE scores for Pi/PCr at 

exhaustion (TE=0.90), which were discussed in relation to: 1) ergometry compliance; 2) 

‘error’ during 31P spectra curve fitting; and 3) metabolic heterogeneity across the 

quadriceps muscles. This finding requires researchers to interpret Pi/PCr indices of 

muscle metabolism with caution in this population, and should be discussed in relation 

to their experimental findings in future studies. On the contrary, pH variables and the 
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metabolic thresholds demonstrate good reliability and are appropriate for the study of 

metabolism in young people.         

 7.1.2     Chapter 4 

Having established appropriate experimental methodology in the first study, the second 

study provided a comprehensive examination into the muscle metabolic responses in 9-

12 year old children (15 boys, 18 girls) and adults (8 men, 8 women) during incremental 

exercise to exhaustion, with a specific reference to overcoming the methodological 

limitations that have questioned the conclusions made in earlier investigations (Kuno et 

al., 1995; Petersen et al., 1999; Zanconato et al., 1993). Specifically, the quadriceps 

muscle was selected to obviate concerns with using the calf muscle, and MR imaging 

scans were used to quantify the participants quadriceps muscle mass in order to 

normalise power output measures using allometric models. No age- or sex- related 

differences were observed for the power output or cellular energetic state (Pi/PCr) at the 

metabolic ITs, suggesting a similar phosphate linked-regulation of mitochondrial 

respiration during low to moderate intensity exercise. In contrast, during exercise above 

the ITs both age- and sex- related differences were clearly evident. Specifically, 

children were characterised by a lower Pi/PCr S2 compared to adults, which was also 

the case for males compared to females for both age groups. This led to both age and 

sex-related differences in muscle Pi/PCr at exhaustion. In contrast, pH S2 was only 

lower in the boys compared to the men and girls, with no differences at exhaustion. 

Taken collectively, these data indicate that the modulation of muscle metabolism 

between children and adults and between sexes, is dependent upon the intensity of the 

imposed exercise, with a greater anaerobic component observed during supra IT 

exercise in adults compared to children and in female compared to males.  
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 7.1.3     Chapter 5 

The objective of the third study in this thesis was to investigate for the first time, the 

mechanistic basis underlying the more rapid phase II 2OVp &  kinetics, and by inference 

the adaptation of oxidative ATP synthesis, observed in younger children compared to 

younger children or adults at exercise onset (Fawkner & Armstrong, 2004a; Fawkner et 

al., 2002b; Williams et al., 2001). To achieve this, the relationship between muscle PCr 

and the phase II 2OVp &  kinetics in twenty 9-10 year old children was examined in order 

to test the hypothesis that the two variables were mechanistically linked, as predicted by 

current models of metabolic control (Kindig et al., 2005; Mahler, 1985; Meyer & Foley, 

1996; Rossiter et al., 2005; Walsh et al., 2001). Importantly, an experimental model was 

adopted that permitted the determination of the kinetic parameters with high statistical 

confidence; muscle PCr was determined during prone quadriceps exercise using 31P-

MRS and 2OVp &  during upright cycling exercise. It was concluded based upon analysis 

of the mean time constants, the overlapping of the 95% CI, and linear regression 

statistics, that the kinetics of muscle PCr and 2OVp &  both at the onset and offset of 

exercise are functionally coupled in children, with a mean difference of ± 4 s, which is 

remarkably comparable to earlier investigations with adult participants (Barstow et al., 

1994a; Rossiter et al., 1999). Coupled with predictions based upon Meyer’s (1988) 

model of metabolic control, it was hypothesized that the kinetics of muscle PCr, or 

some related function, is likely to explain the apparent age related slowing of the 2OVp &  

kinetics from childhood into adulthood, although this remains to be tested.  

7.1.5     Chapter 6 

The final experimental paper therefore examined the hypothesis that the kinetics of 

muscle PCr are more rapid in 9-10 year old children (8 boys, 10 girls) than young 
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healthy adults (8 men, 8 women) at the onset and offset of moderate intensity 

quadriceps exercise. In conflict with the study’s hypothesis however, no age-related 

differences in the kinetics of muscle PCr were noted either at the onset or offset of 

exercise. Furthermore, the profile of muscle Pi/PCr, which was used as a surrogate of 

muscle ADP dynamics with appropriate assumptions, was strikingly similar between the 

children and adults during the transient and steady-state regions of the exercise bouts. 

This study therefore concluded that the putative phosphate-linked regulation of muscle 

oxidative ATP synthesis is fully mature in 9-10 year old children, at least during power 

output below the muscle ITs, which is likely to be attributable to a similar capacity for 

oxidative metabolism in child and adult muscle.  

7.2 Impact on current understanding of developmental exercise metabolism 

7.2.1     Exercise intensity dependence of muscle metabolism  

Chapter 2 provided a compelling argument based on the extant 2OVp &  kinetic literature 

that the control of oxidative ATP synthesis at the onset of square-wave exercise is 

modulated during growth and maturation. Specifically, a slowing of the phase II 2OVp &  

response was observed during moderate and heavy/very heavy exercise intensities in 

adolescents and adults when compared to children (see figure 2.6, page 35), indicating a 

more rapid adaptation of oxidative metabolism and a reduced requirement for substrate 

level phosphorylation (PCr breakdown and anaerobic glycolysis) in children. It was 

therefore hypothesized that children would be characterised by a lower breakdown of 

muscle PCr (lower Pi/PCr) and fall in muscle pH during moderate and high intensity 

exercise. Furthermore, in line with current models of metabolic control, a close 

temporal coupling was observed between the kinetics of phase II 2OVp &  and muscle PCr 

during exercise in children (Barker et al., 2008, Chapter 5), as previously demonstrated 

in adults (Barstow et al., 1994a; Rossiter et al., 1999). These data further imply an age-
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related slowing of the kinetics of the phosphate-linked controllers of muscle respiration 

during growth and maturation, given the more rapid phase II 2OVp &  kinetics 

documented in children. These experimental predictions are displayed in figure 7.1a. 

  

Figure 7.1  Schematic of the muscle metabolic responses in children (continuous lines) 
and adults (broken lines) based upon the extant 2OVp &  kinetic literature (A). The 
responses observed in the current thesis are presented in B. The upper section presents 
the responses during incremental exercise, where Pi/PCr and pH are shown by the black 
and grey lines respectively. The lower section displays the PCr kinetic response at the 
onset (vertical dotted line) of moderate intensity exercise.  

 

In partial conflict with these experimental predictions, it was only during high-intensity 

exercise that child-adult differences in the muscle metabolic responses were present. 

Rather, the muscle metabolic responses during moderate intensity exercise were 

virtually indistinguishable between children and adults for both the incremental (Pi/PCr 

at the IT, S1) and square-wave (kinetic τ) protocols (figure 7.1b), suggesting the 

phosphate-linked modulation of 2OVm &  under these conditions is similar between 

groups. The data presented in the current thesis therefore contradicts current 
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understanding of muscle metabolism during growth and maturation based upon the 

2OVp &  kinetic literature, and requires some discussion.  

 

The data presented in the current thesis supports the notion that child-adult differences 

in muscle metabolism are dependent on the intensity of the imposed exercise bout, with 

the metabolic ITs representing a physiological parameter that differentiates the child-

adult responses. That is, child-adult differences in muscle energetics become revealed 

during high intensity exercise (i.e. above the ITs). In this context it is of interest to 

consider the recent work by Willcocks et al. (2008), which given the results presented in 

the current thesis, provide further support of an intensity dependence of muscle 

metabolism between children and adults. These authors examined the kinetics of muscle 

PCr at the onset of high-intensity quadriceps exercise above the metabolic ITs (20% ∆) 

and found 12-13 year old boys to exhibit faster muscle PCr kinetics (31 s [SD 11] vs. 45 

s [SD 19]) and a reduced PCr slow component (6% [SD 1] vs. 12% [SD 12]) when 

compared to adult men.                 

 

The proposed intensity dependence of child-adult differences in muscle energetics in the 

current thesis is however, difficult to reside with previous 2OVp &  kinetic literature and 

cannot rule out the possibility that energetic differences are manifest during moderate 

intensity exercise. Indeed, as reviewed in Chapter 2, there is convincing data 

demonstrating more rapid phase II 2OVp &  kinetics in children than adults during 

moderate intensity exercise. It is possible that subtle child-adult differences in muscle 

energetics are present during moderate intensity exercise, but become profoundly 

disparate the higher the exercise intensity is above the metabolic ITs. In this context, it 
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should be considered that if subtle differences were indeed present sub IT exercise, the 

degree of experimental error associated with quantifying the muscle phosphate 

responses using 31P-MRS in the current study may have masked the detection of such. 

In addition, it must be recognised that the bulk of the developmental metabolism 

literature is founded on cross-sectional study designs, which require well-defined 

participant groups (i.e. age, sex, maturity and physical activity) in order to draw robust 

conclusions, and hence may account for discrepancies across experimental studies. 

While longitudinal investigations would permit greater control over elucidating 

developmental changes in muscle energetics, such study designs are impractical and 

costly. However, despite these concerns, it is pertinent to note that data in the current 

thesis is remarkably similar to earlier work by Zanconato et al. (1993), which despite its 

methodological limitations, also proposed an exercise-intensity dependence of the 

muscle phosphate and pH responses between peri-pubertal children and young adults. 

7.2.2     Candidate mechanisms and recommendations for future research  

Given the proposed exercise intensity dependence of the muscle metabolic responses 

between children and adults, it is important to consider the physiological mechanisms 

that may account for this phenomenon, which can set the course for future research in 

this area. Potential hypotheses may include: 1) the delivery of oxygen to the contracting 

myocytes, thus potentially altering intracellular PO2; 2) muscle fibre type recruitment 

during exercise, specifically the preferential recruitment of type I muscle fibres in 

children; and 3) differences in cellular pH inhibiting the rise in oxidative ATP flux and 

therefore the requirement for substrate-level phosphorylation.  

 

In a series of pioneering studies Richardson and co-workers (2006; 2001; 1995) 

determined the profile of intracellular PO2 during incremental exercise using 1H-MRS 
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measured myoglobin desaturation, and found intracellular PO2 to drop from a resting 

value of ~ 34 mmHg, to ~ 3-4 mmHg at 50-60% peak power. Given the well-known 

dependence of the muscle energetic state and pH on muscle oxygenation (Haseler et al., 

1998; Wilson, 1994), it is plausible that child-adult differences in muscle oxygenation 

may explain the energetic differences observed during high intensity exercise. 

Specifically, it could be hypothesized that children display either a delayed onset and/or 

a reduced magnitude of the fall in intracellular PO2 during incremental exercise, thus 

requiring a later and/or lower perturbation of the cellular energetic (lower Pi/PCr and 

higher pH) compared to their adult counterparts. 

 

Unfortunately, no data is currently available with regard to this hypothesis, although 

given the previous demonstration that mass specific blood flow (and presumably 

oxygen delivery) in the vastus lateralis muscle decreases by ~ 30% in boys between the 

ages of 12 to 16 years (Koch, 1984), this hypothesis clearly requires further 

investigation. Given the technical difficulties in measuring intracellular PO2 using 1H-

MRS, such as the poor signal to noise properties and the requirement for cuff occlusion 

to maximise the deoxyhemoglobin signal during set-up, a more appropriate technique to 

examine muscle oxygenation during exercise is near infrared spectroscopy. The 

oxygenation profile obtained using the near infrared spectroscopy derived 

deoxyhemoglobin signal reflects the balance between muscle oxygen extraction and 

utilisation in the microcirculation and can be used to monitor the mismatch between 

these variables during incremental and squarewave exercise (Delorey et al., 2003; 

Ferreira et al., 2007; Grassi et al., 2003). Specifically, the profile of deoxyhamoglobin 

can be employed to assess the adequacy of oxygen delivery relative to the metabolic 

demands of the tissue. Therefore, establishing the profile of deoxyhamoglobin relative 
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to 2OVp &  or muscle PCr and pH during incremental and square-wave type exercise 

would permit important insights into the role muscle oxygen delivery plays in the 

intensity dependence of child-adult differences in muscle metabolism.  

 

Using up to 10 near infrared spectroscopy probes placed over the quadriceps 

musculature, Koga et al. (2007) have recently demonstrated marked regional 

heterogeneities in the profile of muscle deoxygenation at the onset of moderate and 

heavy intensity cycling exercise. This finding indicates that profound differences in the 

relationship between muscle oxygen delivery and utilization are present across the 

contracting muscle, which will ultimately have energetic consequences for the nearby 

active muscle fibers. Considering that younger children have been shown to have a 

higher mass specific blood flow across the vastus lateralis muscle compared to older 

counterparts (Koch, 1984), an intriguing hypothesis is that children may be 

characterised by a more homogenous and/or have an energetically favorable ‘net’ 

distribution of muscle oxygen delivery relative to utilisation across the contracting 

musculature during high-intensity exercise.  

  

Interestingly there is a striking resemblance between the 2OVp &  and PCr kinetic and 

muscle phosphate and pH responses observed in children to that commonly observed in 

muscles with a distinct muscle fibre type population. Specifically, type I muscle fibres 

have been shown to be associated with a reduced magnitude of the 2OVp &  slow 

component during heavy intensity cycling exercise (Barstow et al., 1996; Pringle et al., 

2003); more rapid phase II τ during heavy intensity cycling exercise (Pringle et al., 

2003); more rapid kinetics of muscle PCr at the onset of muscle contractions 
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(Kushmerick et al., 1992); and a greater accumulation of Pi, and lower fall in PCr and 

pH, during high-intensity forearm exercise (Mizuno et al., 1994). Such relationships can 

be attributed to the increased capillary density, higher oxidative capacity and greater 

efficiency (lower ATP, PCr or oxygen cost of contraction) associated with type I muscle 

fibres (Bottinelli and Reggiani, 2000; Crow and Kushmerick, 1982; Kushmerick et al., 

1992). An intriguing hypothesis therefore, is that the differential recruitment of muscle 

fibers either at the onset and/or during the exercise challenge may underlie the intensity 

dependence of the child-adult differences in muscle energetics.  

 

It is well known in adults at least, that during moderate intensity exercise type I muscle 

fibres are preferentially recruited and in accordance with the Henneman’s size principle 

(Henneman, 1981), both type I and type II fibre are recruited during higher intensity 

exercise (Krustrup et al., 2004a). It is therefore important to consider how child-adult 

differences in fibre type recruitment patterns during exercise may account for the 

exercise intensity dependence of the muscle metabolic responses observed in the current 

thesis. Specifically, it is plausible that during high intensity exercise, children are able 

to achieve the required power output with a reduced contribution from the high-order 

type II muscle fibres. This is in contrast to moderate exercise where lower-order type I 

fibres are likely to be recruited in a similar manner between children and adults. An 

intervention that may allow some insight into this issue is by manipulating the pedal 

cadence during cycling exercise, as it is well established that type II muscle fibres are 

preferentially recruited at higher pedal revolutions (Jones et al., 2005). For example, 

previous research has shown the magnitude of the 2OVp &  slow component is increased 

and the oxygen cost of the primary exponential rise in 2OVp &  is reduced at a higher 

pedal rate of 115 rpm compared to 75 rpm (Pringle et al., 2003). It would therefore be 
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interesting to observe whether the child’s 2OVp &  kinetic response is equally plastic to 

the manipulation of the pedal cadence, and specifically whether the magnitude of the 

2OVp &  slow component can be increased and the oxygen cost of the primary 

exponential phase decreased towards adult-like values at the higher cadence, suggesting 

a proportionally greater recruitment of type II muscle fibres. It should be cautioned 

however, that while manipulating the pedal cadence to higher velocities is likely to 

result in a ‘gross’ increase in the recruitment of type II muscle fibres during exercise, 

the increased contraction velocity will impact the efficiency of both type I (decreased) 

and type II (increased) fibres (Bottinelli and Reggiani, 2000), which by its nature will 

confound interpretation of such a study. 

 

Through employing a low force ramp and a low force ballistic exercise protocol to 

preferentially recruit type I and type II muscle fibres respectively, Crowther and Gronka 

(2002) demonstrated the recovery of muscle PCr was ~ 37% faster during the low force 

protocol, suggesting a higher oxidative capacity in type I muscle fibres. While the 

present study has shown the recovery of muscle PCr to be identical between children 

and adults following moderate intensity exercise, likely due to a similar recruitment of 

type I muscle fibres during the exercise bout, it would be interesting to examine whether 

the recovery of muscle PCr is slowed to a similar degree in children and adults 

following a bout of ballistic type exercise when compared to low intensity ramp 

exercise. Given the supposition that during high intensity exercise children achieve the 

target intensity with a proportionally lower contribution from higher order type II 

muscle fibres, this would manifest in a reduced slowing (in comparison to adult data) of 

the recovery of muscle PCr following ballistic exercise when compared to the low force 

ramp exercise. 
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Alternatively, child-adult differences in muscle recruitment strategies during exercise 

below and above the metabolic ITs may be uncovered through correlating changes in 

MR transverse relaxation times (T2), which provide a non-invasive method of 

‘mapping’ muscle recruitment during exercise (Endo et al., 2007; Ray & Dudley, 1998; 

Richardson et al., 1998), with 31P-MRS or 2OVp &  kinetic derived parameters of muscle 

metabolism. For example, a recent study by Endo et al. (2007) demonstrated a 

significant correlation between the change in the thigh muscle T2 and 2OVp &  between 

the 3rd and 6th minutes of upright cycling exercise during heavy and very heavy 

exercise. No appreciable change was noted for the thigh muscle T2 during moderate 

exercise, which as expected did not exhibit a 2OVp &  slow component. Interestingly, 

both heavy and very heavy exercises were associated with an increased distribution of 

the T2 across the thigh muscle, which was suggested to represent an increasingly 

heterogeneous muscle recruitment profile during exercise. While a draw back of this 

technique is that it cannot differentiate between the types of muscle fibres recruited 

during exercise, the data indicate that the progressive recruitment of muscle fibres 

(likely type II) plays an important role in modulating the 2OVp &  slow component during 

high intensity exercise. Given this supposition, it would be of immediate interest to test 

the hypothesis that the child-adult differences in muscle phosphate and pH or 2OVp &  

responses during high intensity exercise are associated with a reduced change in muscle 

T2 and a more homogenised distribution within the child’s muscle, reflecting a reduced 

progressive recruitment of muscle fibres during exercise. If this is the case, the reduced 

requirement to continually recruit muscle fibres during high intensity exercise in 

children, may be related to a proportionally greater activation of type I muscle fibres 

with their associated high oxidative capacity at exercise onset. Indeed, the attenuated 

accumulation of the fatigue inducing metabolites (i.e. H+ and Pi) borne from anaerobic 

metabolism during high intensity exercise in children is indirectly consistent with this 



 

 228

proposal, which may alleviate or delay the requirement to recruit ‘fresh’ muscle fibres 

that are likely to be higher in the recruitment hierarchy (i.e. type II). 

 

Finally, it is important to consider a potential role muscle pH may play in inhibiting the 

rise in muscle ADP during high-intensity exercise (as predicted by the creatine kinase 

reaction, equation 2.8, Chapter 2), such that the maximal rate of muscle ATP synthesis 

in the myocyte is compromised (Conley et al., 2001). Indeed, it has recently been 

demonstrated in human quadriceps muscle, that for a fall in muscle pH from rest by 

approximately 0.2 units the maxV&  is reduced by ~ 20% (van den Broek et al., 2007). 

Consequently, the children’s ability to keep muscle pH high, possibly via enhanced 

muscle oxygenation and/or a preferential recruitment of type I muscle fibers, during 

exercise above the muscle ITs may have enabled a greater rate of oxidative ATP flux to 

be maintained, thereby reducing the requirement for substrate level phosphorylation. In 

contrast, as muscle pH during exercise below the metabolic ITs (i.e. moderate exercise) 

is close to rest and similar between children and adults, this may result in a comparable 

rate of oxidative ATP flux and requirement for substrate level phosphorylation between 

the children and adults, hence explaining the findings in the present thesis. 

 

This section has highlighted the potential roles muscle oxygenation, muscle fibre type 

recruitment patterns and differences in cellular acidosis may play in accounting for the 

child-adult differences in muscle metabolism documented in the current thesis. 

However, it is important to note that while these candidate factors were discussed in 

isolation, it should be acknowledged that these factors are in fact intimately dependent 

on one another. For example, there is increasing evidence to show that the temporal and 
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amplitude properties of microvascular oxygenation (PO2) is profoundly different 

between type I and type II muscle fibers (Behnke et al., 2003; Poole et al., 2008). 

Specifically, at the onset of moderate intensity muscle contractions type II muscle fibres 

display an earlier fall in PO2 and achieve a lower steady-state magnitude of PO2 when 

compared to type I fibres. Energetically, this earlier mismatch between muscle oxygen 

supply and utilisation, and lower oxygen driving pressure in type II muscle fibres, 

would explain the slower 2OVp &  and muscle PCr kinetics and greater perturbation of the 

cellular energetic state to maintain oxidative ATP flux (Kushmerick et al., 1992; 

Mizuno et al., 1994) associated with muscles with a greater proportion of type II fibres 

(see Poole et al., 2008). In addition to the different distributions of muscle fibre types 

that exist in human skeletal muscle, the unique recruitment patterns of muscle fibres 

during exercise (which depends on factors such as contraction velocity, force 

requirement etc.), and the heterogeneity that exists in the matching of muscle oxygen 

delivery to utilisation across the contracting muscle, interpreting such responses in the 

context of developmental exercise metabolism clearly poses a formidable challenge for 

future research.  

7.3 Conclusion 

The present thesis has provided for the first time, a series of experimental studies that 

are dedicated to interrogating muscle metabolism in young people using the powerful 

non-invasive technique of 31P-MRS. In doing so, this thesis has made a novel and 

significant contribution to the understanding of muscle metabolism in young people 

with new insights presented on an apparent exercise intensity dependence of child-adult 

differences in muscle energetics. Despite over 40 years of investigation into muscle 

metabolism in young people much of the available work is descriptive in nature and 

thus little is currently known with regard to the mechanisms that are likely to underlie 
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the observed differences. In this sense, researchers should now focus on harnessing the 

non-invasive techniques that are at their disposal, i.e. 31P-MRS, 2OVp &  kinetics, near 

infrared spectroscopy, and adopt child-friendly experimental perturbations such as 

manipulating fibre type recruitment through modifying the experimental protocol, in 

order to begin to tease out such mechanisms. Such rich information will not only 

enhance the conceptual understanding of developmental exercise metabolism in health, 

but can be used to understand metabolic dysfunction that is observed in many diseased 

paediatric populations (Bar-Or & Rowland, 2004), with the goal of enhancing their 

exercise tolerance and overall quality of life.   
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