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Abstract 

In training sciences whole-body properties like oxygen consumption, lactate concentration in 

the blood or the heart frequency are acquired relative to the performance level to evaluate the 

current fitness level of athletes, while considering the activated muscle proportion. For a better 

understanding of global physiological parameter changes, phosphorous magnetic resonance spec-

troscopy (31P-MRS) can be used to quantify cellular and biochemical processes in resting and exer-

cised muscles. To characterize muscular performance, thereby obtained local metabolic values can 

be compared and analyzed by typical parameters of conventional performance diagnostic ap-

proaches (spirometry and blood lactate diagnostic). The aim of this thesis was to exercise the mus-

cle complex m. triceps surae by using a pedal ergometer, which enables a plantar flexion under MR 

conditions. Exercise-induced changes in the muscular metabolism were non-invasively acquired by 

means of 31P-MRS. Simultaneously, ventilatory values and blood lactate concentrations were meas-

ured and correlated with the local spectroscopic findings. 

The thesis is organized as follows: A brief introduction of the fundamentals of muscle physiol-

ogy, metabolism and measurement methods and their extracted physiological parameters is fol-

lowed by the first experiment of this thesis, which describes the reproducible load of the calf muscle 

by means of the MR-compatible pedal ergometer inside a magnetic resonance imaging system 

(Chapter 2). Angle- and force sensors allowed the acquisition of important mechanical parameters, 

which were presented to the volunteer as a visual feedback. Repeated measurements under differ-

ent load intensities demonstrated a high reproducibility of this plantar flexion exercise and were 

supported by small variations of mechanical and metabolic changes. In the next step this setup was 

extended by an adapted commercially available spirometry unit, which allows the acquisition of the 

oxygen uptake and carbon dioxide exhalation simultaneous to spectroscopic measurements (Chap-

ter 3). Thereby, first correlations between local and global metabolic adaptations were presented 

allowing the initial comparison of local pH changes and the overshoot in exhaled carbon dioxide, 

which both represent important markers of the anaerobic metabolism. However, since these meas-

ured values revealed a high physiological variation among the untrained subjects, sprinters and 

endurance athletes with well defined inclusion criteria were subsequently investigated in a compar-

ative study under complete exhaustion of the calf muscle (Chapter 4). Besides obvious metabolic 

differences between the muscles m. soleus and m. gastrocnemius medialis, distinct strategies in dealing 

with this exercise were identified between both athlete groups. Endurance-trained athletes partially 

recover their muscular PCr stores even during exercise, whereas sprinters were able to tolerate a 
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significantly higher muscular acidification. This was mirrored in athlete-specific global adaptations 

like blood lactate concentrations or the production of non-metabolic CO2. 

As part of a side project, the effect of an alternative stimulation method on muscular fatigue of 

the m. gastrocnemius medialis, the so-called neuromuscular electrical stimulation (NMES), alongside 

with the characterization of different muscle fiber types with 31P-MRS are presented in this thesis 

(Chapter 5). The results suggest that the observed split of the Pi peak into three different reso-

nances during the load is a result of heterogeneous pH kinetics, which can be ascribed to the three 

different muscle fiber types, i.e., type I, type IIa and type IIx, respectively. Even though these con-

clusions should be verified in further independent experiments, this approach might be an elegant 

way to assess fiber type contributions in the muscle. 

In summary, the findings of this thesis contribute to a better understanding of muscular load 

and its impact on whole-body physiology. Moreover, exercise-limiting factors were identified to-

gether with athlete-specific strategies to cope with exhaustive exercises. This non-invasive and spe-

cific diagnostic investigation offers great potential in designing, applying and assessing training in-

terventions but also in performance assessment of young sport talents. Finally, the comprehensive 

collection of physiological data with the combined approach, which is presented in this thesis, 

allows adding advanced information to cybernetic models.  
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Zusammenfassung 

Für die Leistungsdiagnostik in den Trainingswissenschaften werden Ganzkörpereigenschaften 

wie die Sauerstoffextraktion aus der Atemluft, die Laktatkonzentration im Blut oder die Herzfre-

quenz und deren Abhängigkeiten vom Leistungsniveau erfasst. Hierbei wird der Einfluss der Stoff-

wechselaktivität auf die Ganzkörperphysiologie maßgeblich durch den relativen Anteil des Einzel-

muskels an der Gesamtmuskulatur mitbestimmt. Um Änderungen globaler physiologischer Grö-

ßen erfassen und gegebenenfalls besser verstehen zu können, kann die Phosphormagnetresonanz-

spektroskopie (31P-MRS) eingesetzt werden, welche nicht-invasiv Untersuchungen zellulärer und 

biochemischer Prozesse sowohl im ruhenden als auch im aktiven Muskel ermöglicht. Die daraus 

gewonnenen lokalen Stoffwechselparameter können anschließend mit den typischen Parametern 

konventioneller sportwissenschaftlicher Verfahren (Spiroergometrie und Laktatdiagnostik) zur 

Charakterisierung der muskulären Leistungsfähigkeit verglichen und analysiert werden. Im Rahmen 

dieser Dissertation sollte der Muskelkomplex m. triceps surae mithilfe eines MR-kompatiblen Peda-

lergometers durch eine Plantarflexion definiert belastet werden. Dabei sollten belastungs-induzierte 

Änderungen des muskulären Energiestoffwechsels mittels 31P-MRS nichtinvasiv erfasst werden. 

Parallel dazu wurden Atemgasparameter und Blutlaktatwerte als globale Größen gemessen und 

zusammen mit den lokalen physiologischen Parametern analysiert, statistisch ausgewertet und kor-

reliert. 

Die vorgelegte Arbeit gliedert sich wie folgt: Nach einer kurzen Einführung zu den Grundlagen 

der Muskelphysiologie und des Metabolismus, den eingesetzten Messmethoden und den daraus 

extrahierten physiologischen Parameter folgt die Vorstellung des ersten Experiments zur reprodu-

zierbaren Belastung mit Hilfe eines im Magnetresonanztomographen eingesetzten Pedalergome-

ters (Chapter 2). Ein Winkel- und Kraftsensor ermöglichte die Erfassung wichtiger mechanischer 

Größen, welche dem Probanden mittels visuellen Feedbacks präsentiert werden konnten. Durch 

wiederholte Messungen unter verschiedenen Belastungsstärken wurde die hohe Reproduzierbar-

keit des mechanischen Aufwands demonstriert und durch geringe Variationen metabolischer Pa-

rameter untermauert. Im nächsten methodischen Schritt wurde dieser experimentelle Aufbau 

durch eine kommerziell erhältliche Spirometrie Einheit erweitert, welche mittels verschiedener ap-

parativer Anpassungen, Messungen der O2 Aufnahme und CO2 Abgabe simultan zur Durchfüh-

rung der spektroskopischen Messungen ermöglichte (Chapter 3). Dabei konnten Korrelationen 

zwischen lokalen und globalen metabolischen Anpassungen aufgezeigt und erstmals Anpassungen 

des muskulären pH Wertes mit dem Überschuss an ausgeatmeten CO2 als wichtige Parameter des 
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anaeroben Stoffwechsels verglichen werden. Da die Messwerte bei den untersuchten unspezifisch 

trainierten Probanden allerdings eine hohe physiologische Streuung aufwiesen, wurden nachfol-

gend in einer Vergleichsstudie mit definierten Einschlusskriterien Sprinter und Ausdauerathleten 

während einer vollständigen Ausbelastung der Wade untersucht (Chapter 4). Neben eindeutigen 

metabolischen Unterschieden zwischen den Muskeln m. soleus und m. gastrocnemius medialis konnten 

darüber hinaus verschiedene Strategien im Umgang mit dieser Art der Belastung zwischen den 

beiden Athletengruppen ermittelt werden. So waren Ausdauersportler in der Lage, selbst während 

der Belastung ihre muskulären Energiespeicher teilweise wieder aufzufüllen, wohingegen Sprinter 

eine hohe Toleranz gegenüber muskulärer Übersäuerung aufwiesen. Auch bei globalen Anpassun-

gen wie der Blutlaktatkonzentration oder der Produktion von überschüssigem CO2 waren die Un-

terschiede zwischen beiden Gruppen deutlich erkennbar. 

Im Zuge eines Nebenprojektes wurden abschließend die Auswirkungen auf die Muskelermü-

dung des m. gastrocnemius medialis mittels einer alternativen Stimulationsmethode, der sogenannten 

neuromuskulären elektrischen Stimulation (NMES), sowie die Möglichkeit einer Differenzierung 

zwischen unterschiedlichen Muskelfasertypen mit Hilfe der 31P-MRS untersucht (Chapter 5). Die 

Ergebnisse legen nahe, dass der beobachteten Aufspaltung des Pi Signales in drei verschiedene 

Resonanzen im MR Spektrum während der Belastung aufgrund der resultierenden pH-Heteroge-

nität die drei unterschiedlichen Fasertypen Typ I, Typ IIa und Typ IIx zugeschrieben werden kön-

nen. Auch wenn diese Schlussfolgerung in weiteren unabhängigen Untersuchungen sicher noch 

überprüft werden muss, scheint es über diesen methodischen Ansatz eine elegante Möglichkeit zu 

geben, Fasertypenverteilungen im Muskel beurteilen zu können. 

Zusammenfassend tragen die Ergebnisse der vorgelegten Arbeit zu einem verbesserten allge-

meinen Verständnis muskulärer Belastung und deren Einfluss auf die Gesamtkörperphysiologie 

bei. Insbesondere konnten darüber hinaus leistungslimitierende Faktoren benannt und sportartspe-

zifische Strategien zur Vermeidung von Erschöpfung beobachtet werden. Dieses große Potential 

einer nicht-invasiven, spezifischen Diagnostik könnte in den Sportwissenschaften bei der Planung, 

Anwendung und Bewertung spezifischer Trainingsinterventionen sowie bei der Feststellung der 

sportlichen Eignung bei Talenten genutzt werden. Letztendlich erlaubt eine umfangreiche Erhe-

bung physiologischer Parameter mit dem hier präsentierten kombinierten Ansatz die Unterstüt-

zung kybernetischer Modelle. 
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1. General Introduction 

The energy metabolism in humans is a complex interplay of energy producing and consuming 

processes, where switching between metabolic pathways occurs depending on exercise conditions 

and the physical status of the subject. The latter is directly affected by different training activities 

or inactivity and influences the structure and function of the motors of the human body – the 

muscles. Muscles are responsible for our ability to perform a broad range of physiological activities, 

such as posture, movement, agility, blood circulation, or control of internal organs. Depending on 

these activities, three main muscle types with different structural and metabolic features as well as 

specific neuronal control regimes can be distinguished. Skeletal muscles represent the majority of 

the human muscles and are under conscious control, whereas the myocardium and smooth muscle 

tissue work completely involuntarily to maintain blood circulation and the functionality of the inner 

organs. 

Activated skeletal muscles are the biggest energy consumer of the body. To handle their variable 

energy demand, the human organism provides several pathways to produce the main energy me-

tabolite adenosine triphosphate (ATP). Anaerobic splitting of a phosphate from phosphocreatine 

(PCr) is the fastest way to maintain ATP synthesis during initial muscular load. Depending on the 

intensity and duration of the load, anaerobic glycolysis and aerobic oxidation gradually take over 

the ATP production. Since the efficiency of these pathways directly affects the mechanical power 

output, implementation of appropriate methods for monitoring the energy metabolism has always 

been in the focus of exercise physiology research. Generally, the connection between muscular 

energy output and oxygen consumption is measured with spiroergometry and usually taken as a 

basis of actual training status evaluations and identification of exercise-limiting factors. On the 

other hand, understanding the local processes underlying the development of muscular fatigue is 

still controversially discussed due to the methodological challenges to measure metabolic events 

within exercised muscles appropriately. In this context, phosphorus magnetic resonance spectros-

copy (31P-MRS) offers a powerful tool, because it allows direct and non-invasive observation of 

local high-energy metabolic adjustments. Dynamic acquisition of muscle 31P-MR spectroscopic 

data allows monitoring PCr and pH evolutions, thus opening a wide field to investigate metabolic 

processes affecting muscular fatigue or training outcome. Furthermore, combining 31P-MRS and 

‘gold standard’ sport science methods (spirometry and blood lactate measurements) is highly attrac-

tive for obtaining deeper insight into connections between local and global metabolic adaptations 

that take place during muscle exercise. 

Against this background, the main objective of this thesis was to examine metabolic processes 

in muscles under exercise conditions by combining global (spiroergometry and blood lactate 
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diagnostic) and local (MRS) measurements. Since calf muscles are largely involved in many sports 

activities and locomotion, the m. triceps surae was selected as the main target of interest. Furthermore, 

muscles of the lower leg are directly affected by training-induced changes and reveal important 

structural and metabolic information due to the heterogeneous muscle fiber compositions known 

to exist between athletes exercising different sports. 

The following sections provide an overarching introductory frame for chapters 2 to 5, which 

are the formatted and adapted versions of published or under revision, peer-reviewed international 

papers. 

 

1.1.  Skeletal Muscles 

While responding to different conditions, like posture or performing moderate or intense exer-

cises, skeletal muscles are the main energy consumer. In order to meet these different demands, 

human muscles are typically composed of three muscle fiber types with characteristic metabolic 

domains as reflected by their ATP activity (Pette and Staron, 1990; Schiaffino and Reggiani, 2011). 

First, slow-twitch or type I fibers are, as their name implies, slow in contraction, i.e., the force 

production per unit time is relatively low, but highly resistant against fatigue. This capability is 

based on the high mitochondrial density in type I fibers, allowing aerobic energy supply with tri-

glycerides as the major storage fuel. Therefore, these fibers are mainly involved in moderate exer-

cises over long periods of time, such as during posture tasks. Second, the fast-twitch or type II 

fibers have faster contraction times with very high force output but reveal lower resistance against 

fatigue. Type II fibers are further subdivided into fast-twitch A (or type IIA) and fast-twitch B (or 

type IIB) muscle fibers. Type IIA fibers show intermediate resistance against fatigue and provide 

sufficient energy output under higher intensities due to a high mitochondria density. Representing 

a bridge between the extreme cases of type I and type IIB fibers, they can utilize either glucose or 

fatty acids, whereas type IIB fibers mainly rely on PCr and glycogen stores as their main energy 

sources. Type IIB fibers provide the highest and fastest force production among all muscle fiber 

types, but are prone to fatigue due to low mitochondrial density, which is associated with low 

oxidative but high glycolytic capacity. Consequently, they are also characterized by low capillary 

density leading to both limited oxygen supply and removal of fatigue-promoting products, like 

lactate and H+. Therefore, type IIB fibers are mostly involved in short, highly intense activities, 

such as sprinting or jumping. 

It is well known that muscle contains different fiber types, which, as a complex, define the 

overall characteristics of the whole muscle. For example, within the calf muscle (m. triceps surae), on 
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which this thesis focuses, one finds type I as well as type II fibers among the m. soleus (~80% type I 

fibers) and the m. gastrocnemius medialis (~50% type I fibers) (Edgerton, Smith and Simpson, 1975; 

Kemp, Meyerspeer and Moser, 2007). This heterogeneous fiber composition enables this muscle 

group to cope with a broad range of muscular tasks, including moderate activity like posture, con-

tinuous contractions during locomotion, and short and high-intensity activations as they occur 

during running, jumping or kicking. Thus, determining muscle fiber composition in athletes is still 

an important focus of previous and recent studies (Takahashi et al., 1996; Herda et al., 2010; Stutzig 

et al., 2017), since recruitment of muscle fibers and their training-induced alterations might allow 

to select the appropriate discipline for young athletes or to identify weak spots to improve training 

interventions. This is also of great interest for research in the field of exercise physiology, because 

training-induced alterations of muscle fibers and their recruitment are responsible for the different 

metabolic adaptations among different athletes. The ‘gold standard’ method to analyze muscle fiber 

composition is muscle biopsy (Edgerton, Smith and Simpson, 1975; Shanely et al., 2014), which 

requires harvesting muscle tissue. However, biopsy interventions intrude muscular integrity while 

producing vascular injuries and scars, both of which often lead to training interruptions. Further-

more, even in the same muscle group, fiber compositions might vary locally and inter-individually 

as well as between sub-muscular sections as a consequence of aging or longstanding training (Juel 

et al., 2004). Moreover, skeletal muscles are able to rearrange their phenotypes in response to spe-

cific activities via hypertrophy or atrophy of myofibrils (Steinacker et al., 2002). It is known that as 

a result of exercise training, especially type IIB fibers tend to transform into more oxidative 

type IIA and type I fibers, whereas inactivity, training interruption or zero gravity promotes devel-

opment of type IIB fibers alongside with muscular atrophy (Pette and Staron, 1997). The extent of 

a ‘slow-to-fast’ transition after strength- and speed strength-related training interventions is still 

controversially discussed, because sprint ability is assumed to be predetermined genetically. Recent 

studies, however, observed increased type IIA fiber fractions without hypertrophy after resistance 

training (Aagaard et al., 2011) and a shift from type I to type IIA fibers after combined strength 

training with maximal contractions (Liu et al., 2003). The cause of such fiber type transitions might 

be related to increased neuromuscular activity and firing rates by either slow or fast motor neurons 

due to endurance or sprint training, respectively (Gehlert et al., 2012). This leads to a reduced num-

ber of recruited fibers, but increases contraction times of the activated fibers. Muscle fiber type 

transitions are also expressed in shifts of the energy metabolism (Pette and Staron, 1997), which 

affects either oxidative or glycolytic capacities by changes in enzyme activity. In this regard, despite 

providing a highly precise local characterization of muscle fiber composition, biopsies are unable 

to continuously monitor any short term temporal changes that may, for instance, occur as a result 

of fiber type transitions during training interventions. Therefore, non-invasive techniques with 
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similar precision, but without the previously mentioned disadvantages, are needed to establish ad-

equate monitoring of training related adjustments of muscle fibers, muscle energy metabolism and 

load- and training-induced adaptations. 

 

1.2. Energy Metabolism 

The human body is a complex system, which continuously produces and utilizes energy. Even 

during rest or total immobility skeletal muscles are one of the main consumers of energy in form 

of ATP, which is hydrolyzed into less energized adenosine diphosphate (ADP) and inorganic phos-

phate (Pi) under the production of H+: 

 

𝑨𝑻𝑷 → 𝑨𝑫𝑷 + 𝑷𝒊 + 𝑯+  (1-1) 

 

ATP can be then used by the force-generating myosin ATPase, which catalyzes the decompo-

sition of ATP to ADP under energy release. The amount of ATP, which is stored in small concen-

trations within cellular vesicles (Bonora et al., 2012), is the origin to provide chemical energy for 

muscular contractions and ATP synthesis always equals ATP demand (Kemp, 2015). Since the 

initially available concentration of ATP in local stores is limited, muscular work consuming this 

reserve is only possible for a few seconds. Consequently, ATP has to be continuously re-synthe-

sized during the subsequent contractions. In general, there are two ways to produce ATP in muscle 

cells: 

 

o Anaerobic glycolysis, which is the transformation of glycogen into lactate by reduction of 

pyruvate. This pathway provides fast and sustaining ATP production without oxygen 

supply and allows muscle cells to respond to immediate, high-intense exercises. Metab-

olization of glycogen and glucose, however, is accompanied by accumulation of lactate 

and protons (H+) as reflected in the continuous pH level decline in exercised muscles. 

Together with other processes, such as increase in inorganic phosphate (Pi) concentra-

tion and cellular water influx, muscle acidification represents one of the most crucial 

exercise-limiting factor (Fitts, 1994; Keyser, 2010). 

o With aerobic glycolysis, ATP is produced via oxidation of glucose and fatty acids. Despite 

being stoichiometrically more efficient compared to the anaerobic pathway, oxidative 

glycolysis lags behind during the initial load phase (up to 1-2 minutes) due to the delayed 

oxygen supply from blood (Gastin, 2001). However, once being activated, oxidative 
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glycolysis is able to maintain ATP synthesis for several hours since it is not associated 

with accumulation of lactate. 

 

Since ATP demand can rise very quickly, while the onsets of anaerobic and aerobic ATP pro-

duction take several seconds and minutes, respectively, ATP is re-synthesized by phosphorylation 

of intra-cellular PCr and ADP via the creatine kinase (CK) reaction to bridge these delays and to 

avoid crucial ATP depletion during the initial load phase by the PCr breakdown 

 

𝑷𝑪𝒓 + 𝑯+ → 𝑪𝒓 + 𝑷𝒊 (1-2), 

 

which results in an apparent splitting of PCr with accompanying creatine (Cr) delivery and H+ 

consumption, which tends to lower the cellular pH. The CK reaction catalyzes the following re-

action: 

 

𝑨𝑫𝑷 + 𝑷𝑪𝒓 + 𝑯+ ↔ 𝑨𝑻𝑷 + 𝑪𝒓 (1-3) 

 

Since the CK in skeletal muscles provides equilibrium in ATP a temporary mismatch between 

energy demand and supply can be met by PCr breakdown (see Equ. 1-2 and 1-3). The CK-driven 

ATP production is indicated by a significant decrease of intra-muscular PCr concentrations as well 

as distinct pH increases following exercise onset (Kemp, 2015). Although having different time 

regimes, none of the mentioned energy-metabolism pathways precede exclusively or independently 

from one another, but rather blend into each other with varying degrees in order to warrant con-

stant ATP supply during the entire time course of muscle activity (Figure 1-1). Thus, all physical 

activities draw energy from all energy pathways. However, based on the physical condition the 

contribution of each pathway differs among subjects. Influencing factors, which lead to an overall 

lower energy demand in endurance athletes compared to sprinters during all-out experiments, are 

higher vascularity and mitochondrial density. Consequently, long-distance athletes are able to utilize 

oxygen more efficiently. The ability to quantify such metabolic processes under controlled exercise 

conditions provides deep insight into energy supply, differentiation between aerobic and anaerobic 

energy pathways, determination of limitations regarding fatigue as well as identification of exercise-

induced adaptations. This knowledge is widely used by applying distinct approaches in the field of 

physiology, sports science and sports medicine therapy. 
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Figure 1-1 Contributions of the three main energy supply pathways to meet the total energy 
demand during an all-out 90 s cycle exercise (figure taken from Gastin 2001). This energy 
balance was determined from two differently trained groups (six male sprint-trained cyclist 
and eight triathletes) and is given as oxygen equivalents derived from spirometry measure-
ments. 

 

1.3.Quantification of energy adjustments 

1.3.1.  Sport Science ‘Gold Standard’ methods 

Respiratory gas exchange measurements, blood lactate diagnostics and neuromuscular electrical 

stimulation (NMES) are commonly applied in sport and exercise science as well as sports medicine 

to determine the multifactorial, performance limiting parameters and to assess neuronal and mus-

cular function. Such measurements are typically conducted under standardized laboratory condi-

tions with appropriate exercise protocols and by using ergometers (e.g. cycle-, treadmill-, rower-, 

hand crank- or canoe-ergometer), which mimic sport discipline-specific muscular involvements 

and load regimes. Usually, exercise protocols with continuously rising or incrementally increasing 

work rates are used to gather mechanical parameters as well as respiratory and blood lactate adjust-

ments under maximal effort conditions or within defined load regimes. Step-wise protocols have 

the advantage that they allow investigation of target parameters under varying conditions and ob-

servation of possible leveling of metabolic kinetics. On the other hand, ramp protocols allow de-

tection of thresholds and peak values in a 10-15 min exercise test (Whipp et al., 1981; Burnley, 

Doust and Vanhatalo, 2006). Simultaneously acquired profiles of lactate and oxygen consumption 
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(VO2) enable prediction of exhaustion and assessment of the performance level while determining 

the metabolic regime, in which the subject currently exercises. 

Despite being more suited to assess muscle performance under typical sports-related conditions 

with appropriate ergometers, the determined performance can be subjectively affected by the vol-

unteer’s daily condition or motivation. This can introduce significant intra-individual variations in 

the measured parameters and complicates metabolic characterization. A more standardized activa-

tion of muscle motor units can be achieved by NMES, which provokes muscular contractions by 

transducing series of electric impulses to the skin surface or directly to the muscles (Maffiuletti et 

al., 2011). With this selective activation technique it is possible to objectively assess muscular func-

tion in vivo independent from other muscles groups. However, to specify the spatial recruitment 

with NMES the investigator needs to know the specific motor points in each muscle compartment 

on which the electrodes have to be placed to avoid inconsistent stimulation outcomes (Gobbo et 

al., 2014). Besides reducing or even excluding motivation bias on muscle performance, NMES also 

offers the advantage to achieve very fast exhaustion of the motor units due to the significantly 

higher stimulation frequencies compared to voluntary contraction. Furthermore, to induce com-

parable muscle activation among subjects, the electrical pulse frequency has to be adapted individ-

ually in order to take into account the physiologically varying skin and subcutaneous fat thicknesses 

as well as to consider differing training states and habituation to NMES. Another important aspect 

of electrical stimulation is the different activation pattern compared to voluntary contraction. 

Whereas physiological recruitment of motor units depends on the ‘size principle’, first described 

by Henneman et al. (Henneman, Somjen and Carpenter, 1965; Maffiuletti, 2010), electrical stimu-

lation activates both fast and slow motor units even at lower intensity levels. This so called ‘disor-

dered’ recruitment principle is one of the unique aspects of NMES enabling effective activation of 

all muscle fiber types. At the same time, it leads to accelerated fatigue of the entire muscle 

(Maffiuletti, 2010; Maffiuletti et al., 2011). One major limitation of NMES is that it addresses only 

superficial muscles fibers (Maffiuletti, 2010). By exploiting these features (spatial selectivity and all-

in recruitment), NMES offers a broad range of applications covering, e.g., strength training (Seyri 

and Maffiuletti, 2011), rehabilitation (Feil et al., 2011) or post-exercise recovery (Babault et al., 2011). 

In this thesis, NMES was applied to suppress metabolic influences of adjacent muscles, which 

occur with voluntary contractions, while examining the energy metabolism in a single muscle. 

 

Spiroergometry 

The spiroergometry technique enables breath-by-breath measurements of oxygen uptake (VO2), 

carbon dioxide exhalation (VCO2), respiratory frequency and ventilation (VE) by using rapidly 
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responding gas analyzers, such as electrochemical cells, ultrasound or flow sensors (Roecker, 

Prettin and Sorichter, 2005). Typically, spirometry is performed alongside with the monitoring of 

ergometer parameters (e.g., power output during treadmill or speed during cycling, load duration 

and possible step length during a step-wise protocol) and acquisition of cardiovascular data by an 

ECG system to assign exercise-induced respiratory adjustments to the mechanical muscle work 

and heart function. This allows to characterize sports-related fitness levels in athletes or to assess 

cardiological and pneumatological impairments in patients with altered aerobic function. To this 

end, several physiological parameters, like maximum oxygen uptake (VO2,max), higher O2 require-

ments during load or specific thresholds in the O2 profile, are quantified as markers of the aerobic 

function in subjects (Rossiter, Ward, Howe, et al., 2002; Jones et al., 2010). The efficiency to main-

tain muscular work defined by these parameters depends on the individual training state, muscle 

fiber composition and local perfusion properties (Whipp et al., 1981). Prior knowledge of critical 

thresholds that occur during the exercise may then help to characterize the intensity domains, in 

which the subjects are currently exercising in (Whipp and Rossiter, 2005). For example, an expo-

nentially increasing VO2 with subsequent steady state plateau indicates an energy supply that is 

dominated by the aerobic pathway and represents a typical respiratory response to moderate load 

intensities (Whipp and Rossiter, 2005). In contrast, heavy or extreme exercises are indicated by a 

more complex VO2 kinetics showing an additional VO2 increase. This so-called VO2 slow component 

occurs after a substantial delay of up to 15 min into the exercise and is typically synchronized with 

elevating blood lactate concentrations reflecting the sustained metabolic acidosis. Exercises at a 

severe intensity level are usually sustained transiently, since lactate and H+ increase persistently in 

the muscle tissue. Depending on the exercise intensity, the individual fatigability and the subject’s 

endurance, VO2 increases steadily towards VO2, max. The latter denotes an important marker in high-

performance sport, since it directly reflects oxygen utilization at a state near to exhaustion. The 

efficiency of oxygen utilization increases with endurance training (Scharhag-Rosenberger et al., 

2009). For the VO2,max evaluation, it is of minor significance whether a ramp or step-wise protocol 

is used (Midgley et al., 2008), but with a sport-specific exercise it is possible to obtain information 

about the current aerobic performance level. Therefore, specific pulmonary thresholds are usually 

determined from dynamically sampled respiratory and blood lactate data in order to differentiate 

between whole-body metabolic states (Wasserman and McIlroy, 1964; Green et al., 1983; Beaver, 

Wasserman and Whipp, 1985; Hollmann, 2001; Dekerle et al., 2003; Westhoff et al., 2013). Respir-

atory thresholds are detectable by distinctive changes in the VO2 and VCO2 slopes. The first thresh-

old is either termed VT1 (Westhoff et al., 2013), ventilatory anaerobic threshold (Green et al., 1983), 

anaerobic threshold (Wasserman and McIlroy, 1964) or the point of optimum ventilatory efficiency 

(Hollmann, 2001) and implies an increase of VCO2 in relation to VO2 due to the initial rise of blood 
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lactate concentration. This threshold indicates the transition from aerobic to anaerobic energy sup-

ply. The second threshold, denoted either as VT2 (Westhoff et al., 2013) or respiratory compensation 

point RCP (Dekerle et al., 2003) is characterized by an excessive increase in ventilation and VCO2 

exhalation corresponding to the equilibrium between accumulation and elimination of lactate (lac-

tate steady-state). This threshold defines the compensation of lactate increase by the ventilatory 

system to cope with the metabolic acidosis in order to respond to the non-metabolically accumu-

lated CO2 (Dekerle et al., 2003). This so-called excess CO2 corresponds to the quantity of H+ bound 

by bicarbonate and is used to define ventilatory thresholds (Roecker et al., 2000). By considering 

the stoichiometric proportionality between the accumulating H+ and lactate, the amount of spiro-

metrically determined excess CO2 is assumed to be suited for a rough estimation of the anaerobic 

energy turnover fraction and represents an additional criterion of maximum exhaustion (Beaver, 

Wasserman and Whipp, 1985, 1986). However, whereas lactate is constantly increasing above VT2, 

VCO2 is more volatile and might be additionally affected by individual influences, like hyperventi-

lation or inter-breath fluctuations (Lamarra et al., 1987). Thus, adequate characterization of anaer-

obic turnover relies on an additional and more direct analysis of the blood lactate time course. One 

crucial aspect that limits the assessment of muscle metabolism from spirometry data is the fact that 

global parameter evolutions represent delayed responses of local metabolic adjustments, which are 

additionally affected by other muscles and inner-organs (Edgerton, Smith and Simpson, 1975; 

Bangsbo et al., 2000). As an alternatively to ‘simple’ visual inspections, a more reliable identification 

of the mentioned thresholds and better dynamic characterization can be achieved by fitting the raw 

respiratory data with appropriate mathematical models. For example, mono- or multi-exponential 

models have been used to parametrize exercise-induced VO2 elevations (Barstow et al., 1994; 

Ozyener et al., 2001; Rossiter, Ward, Kowalchuk et al., 2002). 

The accuracy of parameter estimations crucially depends on the quality of the acquired respira-

tion data as they might be contaminated by fluctuations due to, e.g., swallowing, coughing, yawning 

or unnecessary fast and deep breaths (Lamarra et al., 1987). The effects of such errant breaths have 

great influence during the early transient of an exercise or during recovery as they can corrupt the 

ensuing interpretation of pulmonary results since each data point represents the amount of pulmo-

nary change. Therefore, acquisition of spirometry data should be accompanied by precise briefing 

of the subjects, including a sufficiently long phase to familiarize the volunteers with the non-phys-

iological breathing patterns due to the respiratory mask (Moll et al., 2017). 

In summary, spiroergometry is the method of choice for analyzing sport-related efficiency and 

whole-body metabolism in athletes and patients. The extracted parameters allow good assessment 

of the aerobic function to organize and adapt training or therapeutic interventions. However, since 

spiroergometry focusses on the global adjustments important information on the muscular level is 
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missed. Consequently, combination with other established methods to investigate energy metabo-

lism should be considered to increase the diagnostic power. 

 

Blood lactate diagnostics 

Measuring blood lactate concentrations during an incremental exercise in hyperemic capillary 

blood is considered to be the most important and reliable method to determine exercise intensity 

(Kindermann, Schramm and Keul, 1980) and to assess endurance associated metabolic processes 

in athletes (Juel et al., 2004; Faude, Kindermann and Meyer, 2009). Small blood samples are typically 

extracted during rest, load (usually at the end of each 50 W step or every 3 min on the bicycle 

ergometer) and recovery (up to three times) from the ear lobe or the fingertip. Thereby, spiroer-

gometry combined with lactate diagnostics are the top-ranking tools with specialized applications 

in clinical and sport-related performance diagnostics. So far, both are unsurpassed since they com-

plete the interpretation of estimated threshold concepts by sufficient characterization of the un-

derlying metabolic events. Similar to the analysis of spirometry data, blood lactate time courses are 

typically parametrized in terms of characteristic thresholds, which indicate the pathway transitions 

between aerobic and anaerobic energy supply (Westhoff et al., 2013). The first threshold, denoted 

as LT1 (Westhoff et al., 2013) or LT (Beaver, Wasserman and Whipp, 1985) corresponds to a load 

intensity with an initial lactate increase, whereas Kindermann et al. referred this threshold to a fixed 

point at 2 mmol/l lactate concentration (Kindermann, Simon and Keul, 1979). The second thresh-

old, termed LT2 (Westhoff et al., 2013), individual anaerobic threshold (IAT) or maximal lactate steady 

state maxLaSS (Wahl, Bloch and Mester, 2009), has in some cases been referred to a fixed point of 

4 mmol/l lactate concentration (Mader et al., 1976) However, lactate-steady-state (maxLass or MLSS) 

corresponds to load intensities (in km/h on the treadmill or watts on the bicycle ergometer) at the 

equilibrium between lactate accumulation and depletion and varies among subjects depending on 

their ability to effectively metabolize lactate (Westhoff et al., 2013). The higher the lactate-steady-

state, the better is the athletes’ endurance capacity (Roecker et al., 1998). In the process of long-

term training the typical lactate-performance curves, which are acquired during an incremental ex-

ercise on an ergometer, show a right shift. Highly-trained endurance athletes thus achieve distinctly 

higher maximum performance levels over a longer period as a consequence of improved oxygen 

supply, increased oxygen transport capacity of the blood and more effective aerobic metabolism 

together with a lower lactate production rate (Heck and Schulz, 2002; Rivera-Brown and Frontera, 

2012). 

As described before, lactate accumulates as an intermediate of pyruvate reduction during anaer-

obic glycolysis (see Chapter 1.2). In order to prevent cellular acidification, lactate is actively 
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transported via the fiber type-specific membrane transmitter monocarboxylate transporter (MCT) 

(Juel, 1997, 2004) and metabolized in adjacent or remote tissues, including the heart and other 

skeletal muscles (Van Hall, 2010). Type I fibers are known to metabolize lactate up to four times 

faster than type II fibers, making them more resistant against acidification (Juel, 1997). However, 

as a consequence of this active metabolization and peripheral distribution of lactate the measured 

blood lactate concentrations are distinctly lower than in the active muscles and reveal significant 

delays in their time courses. Thus, the peak lactate value is typically not observed at the end of 

exercise, but only a few minutes into the post-load period (Stegmann, Kindermann and Schnabel, 

1981). 

Even though blood lactate diagnostics provides good insight into the overall whole-body per-

formance, blood flow-induced dilution, metabolization in surrounding tissues and spatially differ-

ing locations of lactate origin and lactate concentration measurements prevent accurate assessment 

of this important anaerobic parameter. Moreover, peripheral lactate measurements do not allow 

muscle-specific considerations regarding the contribution to the lactate production of a single mus-

cle to the finally measured value. Therefore, an approach enabling to determine lactate or the ac-

companying grade of acidification in the muscle would be beneficial for better understanding the 

role of lactate as an exercise-limiting factor and metabolic surrogate marker. 

 

1.3.2.  NMR Spectroscopy 

Obtaining insight into the local energy metabolic processes in muscles remains one of the most 

exciting challenges in current muscle physiology research. Usually this requires invasive approaches, 

like muscle biopsies (Shanely et al., 2014), blood lactate diagnostics (Van Hall, 2010) or isotope 

labeling (Rennie, 1999). Histologic characterizations of muscle tissue rely on the extraction of mus-

cle samples, which were immediately frozen in liquid nitrogen and stored at -80°C. Analytical tech-

niques for detecting specific proteins allow to measure muscle membrane proteins and fiber deter-

mination. After freeze-drying the probe can be used for pH and lactate determination (Juel et al., 

2004). For blood lactate diagnostics small blood samples taken from the hyperemic earlobe or 

fingertip were examined with a photometric method after being hemolyzed to determine the lactate 

concentration (Weippert et al., 2008). Isotopic labelling techniques are ideal to describe the charac-

teristics of metabolic rates and changes through a reaction or metabolic pathway. Therefore, the 

reactant is labeled by replacing specific atoms by their isotope, which is then allowed to undergo 

the reaction. While measuring the position of the isotope a determination of the metabolic se-

quence in the metabolic pathway, which was followed by the isotope, is possible (Rennie, 1999). 

All these methods, however, focusing on the investigation of aging effect, diseases or exercise 
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physiology-related metabolic adjustments, are challenging and bear residual risks. In contrast, mag-

netic resonance spectroscopy (MRS) is a much more favorable technique for metabolic studies, 

since it allows quantitative and simultaneous monitoring of different metabolic processes non-

invasively without any radiation exposure (Boesch, 2007; Kemp, Meyerspeer and Moser, 2007; 

Kemp, 2015; Kemp et al., 2015; Valkovič, Chmelík and Krššák, 2017). 

Similar to MR imaging, MRS relies on the nuclear magnetic resonance (NMR) phenomenon, 

which is described in detail in the work of de Graaf (de Graaf, 2007). Nuclear magnetic resonance 

comprises the interaction between atomic nuclei in a strong static magnetic field and alternating 

radiofrequency (RF) (electro-)magnetic fields (B1), whose radiofrequency (ωRF) matches the so-

called precession or Larmor frequency (ω0) of the selected nuclei. This resonance frequency ω0 de-

pends directly on the nucleus type as well as on the strength of the static magnetic field (B0) of the 

MR scanner. An appropriate RF pulse-mediated energy transduction to the nuclei containing mag-

netized sample generates non-equilibrium macroscopic magnetization, which rotates with the fre-

quency ω0 in the plane orthogonal to the axis of the static magnetic field. This rotating magnetiza-

tion induces an electric current in the receiver coil, which is located close to the sample. The num-

ber of nuclei contributing to the macroscopic magnetization can be determined from the signal 

amplitude revealing the nuclei concentration within the sample. In addition, the type of the nuclei 

can be identified by the frequency of the measured signal. Another important feature of the de-

tected time signal is its exponential decay (FID: free induction decay), which starts immediately 

after the RF excitation and depends on the spatial B0 inhomogeneity within the sample. The cor-

responding frequency spectrum of such an FID, which can be calculated by applying the Fourier 

Transform, comprises (in the simplest case) a Lorentzian shaped peak at the frequency ω0. The 

peak intensity and the peak linewidth (spectral width at half height of the peak maximum) are 

proportional to the time signal amplitude and to the inverse value of the FID decay time constant, 

respectively. Besides being proportional to the B0 field strength, the Larmor frequency of the same 

nuclei type (e.g., protons) can slightly vary due to magnetic shielding effects at the site of the nuclei, 

which is mediated by the surrounding electrons. Since electron constellations are intrinsically de-

termined by the bonds in molecules, the shielding strength depends on the nuclei arrangement in 

a molecule (Haacke et al., 1999). This so-called chemical shift of resonance frequencies allows the 

distinction between nuclei in different molecules and thus enables to identify different metabolites 

by their characteristic peaks or peak multiplets in a spectrum (Figure 1-2). For practical reasons, 

the chemical shift is introduced as the difference (Δω in Hz) between the Larmor frequency of a 

nucleus in the molecular site of interest and the Larmor frequency of the same isotope in a refer-

ence substance (e.g., TMS), normalized by the latter frequency (ωref) and is given in relative units 

(part per million, ppm): 
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𝜹 [𝒑𝒑𝒎] = 𝟏𝟎𝟔 ∙
∆𝝎

𝝎𝒓𝒆𝒇
 (1-4) 

 

Although being less relevant for in vitro NMR measurements of homogeneous samples, the at-

tribution of the acquired MR spectra to specific tissues or tissue regions (localization) becomes one 

of the most crucial steps for in vivo experiments. Such spatial localizations can be realized by using 

surface transmitter/receiver coils, whose RF penetration and signal transmit sensitivity profiles 

depend on the coil radius. More advanced and more accurate localization methods rely on applying 

transient linear magnetic field gradients in addition to the permanent B0 field, which induce a spa-

tially linear resonance frequency dispersion within the sample. Applying these field gradients sim-

ultaneously with frequency selective RF pulses, nuclei within a tissue slice can be selectively excited. 

For a fixed spectral bandwidth of the RF pulse, the slice position and thickness are defined by the 

center frequency of the RF pulse and the gradient magnitude, respectively. The final step in MRS 

is then the quantitation of metabolites from the spectra. Although spectral peak intensities depend 

on the metabolite concentrations, they are also affected by numerous technical factors, such as, 

e.g., spatial homogeneity of the RF excitation or coil sensitivities. In order to compensate for these 

influences, the quantified peak intensities are typically normalized by the intensity of a reference 

metabolite, which has to be measured under identical conditions and whose concentration is as-

sumed to be constant or ideally known. For example, for in vivo muscle 31P-MR spectra, the peak 

intensities are normalized by the intensity of ATP, which is assumed to remain constant in the 

resting state and during load (Kemp, Meyerspeer and Moser, 2007). A typical 31P-MR spectrum of 

a muscle at rest is displayed in Figure 1-2 and contains, aside from the singlets of PCr (0 ppm) and 

Pi (5.02 ppm), three multiplets of ATP (γ-ATP doublet at –2.48 ppm, α-ATP doublet at –7.52 ppm 

and β-ATP triplet at –16.26 ppm). 

 

 

 

The chemical shift of the Pi resonance (relative to the PCr resonance) enables to extract the 

intra-cellular pH value, because the former is determined by the equilibrium concentration ratio 

between both dissociation forms of phosphoric acid (𝐻2𝑃𝑂4
− and HPO4

2−) (Heerschap et al., 1999): 

 

𝒑𝑯 = 𝒑𝑲𝑨 + 𝒍𝒐𝒈
(𝜹𝑯𝑨−𝜹)

(𝜹−𝜹𝑨)
  (1-5) 

 



 
14 

where pKA = 6.75 is the dissociation constant of Pi, δHA = 3.27 is the chemical shift of the pro-

tonated and δA = 5.63 is the chemical shift of the non-protonated form of Pi, respectively.  

 

 

 

Figure 1-2 31P-MR spectrum of a human calf muscle acquired at 3 T under resting state 
conditions showing peaks of PCr, Pi, ATP and phosphodiester (PDE). The α-, β- and γ-ATP 
peaks correspond to the three phosphoryl groups of the ATP molecule and show different 
chemical shifts due to the specific magnetic shielding of the 31P nuclei. The frequency differ-
ence (δ) between the Pi and PCr peaks is determined by the equilibrium ratio between 

𝐇𝟐𝐏𝐎𝟒
− and 𝐇𝐏𝐎𝟒

𝟐− and provides the possibility to quantitate the intra-cellular pH value 
(see Equ. 1-5). Right: ‘Stack plot’ of 31P-MR spectra from the same calf muscle. The red spec-
tra were acquired during an intense exercise showing depleted PCr and increasing Pi intensi-
ties as well as distinct Pi frequency shifts (δrest and δload), indicating time-variant reductions in 
intracellular pH. 

 

Acquiring a series of 31P-MR spectra prior to, during and after muscle load allows then to mon-

itor metabolic processes, such as exercise-induced PCr depletion or PCr recovery during the post-

load phase. The initial PCr depletion directly reflects the ATP synthesis rate and immediate ATP 

demand for that exercise (Kemp, 2015). Moreover, the post-exercise PCr re-synthesis is a function 

of mitochondrial ATP production, where the rate constant of PCr recovery is proportional to mus-

cle mitochondrial oxidative capacity (Prompers et al., 2014) and provides indirect information about 

the muscle’s composition of glycolytic and oxidative muscle fibers (Vandenborne et al., 1993; 

Gwenael Layec et al., 2013; Stutzig et al., 2017). Even though the muscle fiber contribution is mostly 

unknown, these spectroscopy-based data may nevertheless unravel typical working domains of 

type I and type II fibers and thus enable at least indirectly muscle fiber characterization. Monitoring 

pH allows assessment of H+ accumulation, which is associated with lactate production during an-

aerobic glycolysis and provides information about processes directly affecting muscle fatigue (Juel, 

1997; Allen, Lamb and Westerblad, 2008; Keyser, 2010). More detailed descriptions of the under-

lying physiologic processes that can be examined by means of 31P-MRS in vivo are given elsewhere 
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(Kemp, Meyerspeer and Moser, 2007; Kemp, 2015; Kemp et al., 2015; Valkovič, Chmelík and 

Krššák, 2017). 

In contrast to 31P-MRS, proton MR-spectroscopy (1H-MRS) is better suited to monitor the intra-

myocellular lipid infiltration (Boesch et al., 1997), but is less frequently used to investigate energy 

metabolism of muscles. Nevertheless, 1H-MRS has been previously applied to measure directly 

exercise-induced lactate alterations in order to characterize the anaerobic energy turnover (Hsu and 

Dawson, 2000; Gladden, 2004; Ren, Sherry and Malloy, 2013). However, due to the overlap of the 

lactate resonances with the strong lipid peaks in 1H-MR spectra, their detection remains challenging 

and typically requires additional suppression of the interfering signals by using advanced spectral 

editing techniques (Kmiecik et al., 1997; Meyerspeer et al., 2007). 

All in all, 31P-MRS is a powerful tool to examine exercise-induced adjustments of muscular en-

ergy metabolism and offers a wide range of applications in physiology, exercise science, sports 

medicine and muscle pathology research areas. Moreover, in combination with the previously de-

scribed global analytic approaches of spiroergometry or blood lactate diagnostics, it is predestined 

to expand the current knowledge about regulation of local energy turnover and muscle function, 

including oxygen supply, perfusion or intermediate recycling, all of which are modulated by sport-

specific training interventions. Therefore, 31P-MRS has great potential for a comprehensive deter-

mination of muscle physiology on a molecular level, especially in combination with other tech-

niques for metabolic measurements. 
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1.3.3.  Combined acquisition of metabolic parameters 

As described in the previous sections the different methods, which were applied in this thesis, 

are highly specific approaches to collect various information about energy metabolism under dif-

ferent aspects. In order to provide an overview, Figure 1-3 schematically illustrates the basic energy 

supply mechanisms in muscle together with the available measurement techniques for monitoring 

the underlying metabolic processes. Isolated application of a particular technique severely limits 

adequate characterization of the multiple, global and local processes and their consequences on 

muscle function or endurance. Although spiroergometry and blood lactate diagnostics provide 

comprehensive insight into whole-body metabolic adjustments during an exercise, they only reflect 

diluted and temporally delayed conditions of the loaded muscles, making characterization of local 

metabolic turnover difficult. On the other hand, dynamic 31P-MRS allows the examination of local 

metabolic processes in single muscles, but does not provide information about the whole-body 

concomitants, which predefine or at least affect muscular performance based on the underlying 

muscular structure and fiber configuration. 

These respective limitations of complementary state-of-the-art techniques make their combina-

tion highly attractive in order to achieve a more accurate approximation of the many factors deter-

mining fatigue physiology. The practical implementation, however, comes along with crucial meth-

odological challenges, including, e.g., the need to adapt the spirometric system to allow performing 

viable measurements inside an MR scanner or to realize muscle exercises within the MR-scanner 

via an suitable ergometer to mimic physiological exercise situations under different load intensities. 

Reproducible activation of specific muscle groups should avoid involvement of other muscle 

groups whose energy demand might affect global measurements. Finally, such an implementation 

also requires proper communication between the different modalities (MR scanner, ergometer, 

spiroergometry system etc.) in order to ensure correct temporal assignments of the acquired data-

time-courses. 

Fusion of local and peripheral information has already been the focus of current and recent 

research (Hunter and Borg, 2003; Hunter et al., 2010; Edwards et al., 2013). Since the human body 

is a complex system, which always reacts to the weakest unit, athletes pursuing the goal to obtain 

optimum performance during a competition should focus their training on these parts. Conse-

quently, improving our knowledge of exercise-induced metabolism in a single muscle as the small-

est unit of muscle fibers to generate force and movement, and the impact of fatigue and training 

interventions on the local muscular level, should be highly valuable. Having available a combined 

setup including spirometry, blood lactate diagnostics and MRS should enable differentiation be-

tween energy providing systems during a well-defined load regime. Such a comprehensive approach 



 
17 

certainly benefits the understanding about the dependency of global metabolic changes on local 

muscular demands, which in turn may help to identify multi-parametric exercise-limiting processes, 

fatigue and training-induced adaptation processes. 

Combined approaches have been also used to monitor associations between load induced VO2 

adaptations and metabolic changes derived from dynamic 31P-MRS (Barstow et al., 1994; Grassi et 

al., 1996; McCreary et al., 1996; Whipp et al., 1999; Rossiter et al., 1999, 2000; Rossiter, Ward, 

Kowalchuk, 2002; Layec et al., 2012; Cannon et al., 2013, 2014). These studies reported positive 

correlations between post-load PCr recovery rates and VO2 slopes confirming the assumption of 

aerobically driven PCr re-synthesis. In addition, Rossiter and colleagues were able to directly link 

VO2 and PCr changes during load and recovery by simultaneous spiroergometry and 31P-MRS 

measurements, taking into account the muscle-to-lung transit VO2 time delay (Rossiter, Ward, 

Howe, 2002; Rossiter, Ward, Kowalchuk, 2002). They demonstrated that PCr kinetics reveal the 

most consistent correlation to pulmonary VO2 supporting the assumption that VO2 kinetics are 

determined by intramuscular mechanisms. However, most of the referenced studies were based on 

repeated measurements with MRS performed inside and spirometry outside the MR scanner. Thus, 

comparability of local and global findings relies on the assumption that the physiological responses 

to the exercise are reproducible between both measurements in the same subject. Even with sim-

ultaneous spirometry and MRS, these studies focused mainly on VO2 during the load phase, while 

omitting the whole respiration profile as well as VCO2 and blood lactate kinetics, where both of 

the latter contain important information of acidification driven by anaerobic glycolysis and allow 

more comprehensive insight into the processes affecting muscle function. 

From the perspective of sports science, the findings accumulated by combining muscle specific 

31P-MRS with ‘gold standard’ analysis methods (spiroergometry and blood lactate diagnostics) benefit 

a deeper understanding of the dependency of global metabolic changes on muscular demands, 

which is expected to help to resolve highly debated circumstances of fatigue development and 

exercise-limiting processes. In addition, such a combined approach should further motivate the 

usage of physiological models to characterize local metabolic processes from global measurements 

without invasive procedures or costly spectroscopic measurements. This again would improve eval-

uations of training interventions or even help to assess possible youth sport talents in a non-inva-

sive but specific, individualized way. 
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Figure 1-3 Simplified scheme of muscle energy metabolism to illustrate the demand and 
supply of ATP as it can be characterized by parameters measured with 31P-MRS, 1H-MRS 
(both gray boxes), blood lactate diagnostics (red box) and spirometry (blue box). At the fast-
est instance energy demand is compensated by the creatine kinase (CK) reaction with the 
splitting of PCr to balance ATP consumption. Such changes in high energy metabolites can 
be detected by 31P-MRS together with cellular acidification. Exercise-induced alterations in 
lactate concentrations are observable with adapted 1H-MR sequences. Whereas the latter al-
lows direct quantification within the muscle, blood lactate measurements represent lactate 
formation and metabolization in the periphery. Gas exchange with O2 inspiration and CO2 
expiration can be measured by spirometry. 
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1.4. Objectives and structures of the thesis 

Against this background laid out above, the primary objective of this thesis was to set up and 

evaluate dynamic in vivo 31P-MRS in the human calf muscle in combination with well-established 

spiroergometry and blood lactate measurements. According to the previously mentioned method-

ological challenges, this main objective was separated into the following sub-goals. 

The first milestone (see Chapter 2) was to set up an MR-compatible pedal ergometer system to 

perform graded and dynamic plantar flection exercises, which were selected to exercise the human 

calf muscle. The main focus was to establish a methodical frame for comparable exercises under 

restricted conditions within an MR-scanner. In addition, the ergometer system had to be equipped 

with mechanical sensors enabling online monitoring via a graphical user interface and allowing 

interactive adjustments of load conditions. The setup was evaluated by repetitive in vivo 31P-MR 

measurements during graded loads of the human calf muscle. 

The third chapter covers the adaptation of a commercial spirometry system in order to perform 

gas exchange measurements within the MR scanner during human calf exercises. The modified 

spirometry system was applied in examinations with non-specifically trained subjects. It was hy-

pothesized, that the measured global changes of several respiratory parameters correlates with local, 

high-energy adaptations in the exercised muscle. 

Following its successful implementation and testing, the complete setup (exercise, pulmonary 

data and 31P MR spectra acquisition) was used to investigate in two different athlete groups, 

whether the expected, sport-specific energy supply regimes can be identified from the simultane-

ously acquired MR spectroscopic, pulmonary and blood lactate data (see Chapter 4). This study 

was performed by furthermore applying a novel MR spectroscopic technique, allowing simultane-

ous monitoring of metabolic data in multiple muscles. 

Chapter 5 summarizes 31P-MR spectroscopic measurements performed in the human calf mus-

cles in volunteers during neuromuscular electrical stimulation (NMES). In contrast to the subject-

dependent, voluntary mechanical muscle exercise, NMES was assumed to be better suited to ob-

jectively evaluate energy turnover. It was hypothesized that fatigue induced by NMES allows de-

tection of different pH compartments reflecting the load responses of different muscle fiber types. 

Chapter 6 summarizes the results of the performed experiments alongside with a critical discus-

sion and references to research findings from the fields of medical physics and exercise physiology. 

The last chapter (chapter 7) provides conclusions and an outlook for future studies. Finally, the 

appendix provides the supplementary material of chapter 4 and 5, respectively.  



 
20 

Chapter 2 

2. MR-compatible Pedal Ergometer for Repro-

ducible Exercising of the Human Calf Muscle 
 

Medical Engineering and Physics; 2014; 36(7) 933-937 

Tschiesche K. 

Rothamel M. 

Rzanny R. 

Gussew A. 

Hiepe P. 

Reichenbach JR. 

Abstract  

A pneumatic MR-compatible pedal ergometer was designed to perform dynamic contraction 

exercises of the human calf muscle in a whole-body 3T MR scanner. The set-up includes sensors 

for monitoring mechanical parameters, such as pedal angle, cadence as well as applied force and 

power. Actual parameter values during the exercise were presented to the volunteer as a visual 

feedback to enable real-time self- adjustment of pedal deflection and cadence to the target reference 

value. Time-resolved dynamic 31P-MR spectroscopic measurements of phosphocreatine (PCr), in-

organic phosphate (Pi) and pH were performed in a pilot experiment before, during, and after the 

exercise by a single volunteer. Two different load strengths were applied in these experiments (15% 

and 25% of the maximum voluntary contraction, MVC). As expected, mechanical and metabolic 

parameters differed for the two load levels. Small variations of the cadence, power and metabolic 

changes (time constants of PCr depletion and Pi accumulation) during the experiments demon-

strate a highly reproducible mechanical output by the volunteer mediated by the ergometer. 

2.1.Introduction 

Monitoring muscle exercising with functional 31P-magnetic resonance spectroscopy (31P-MRS) 

is an important method that is often used for quantitative estimation of dynamic metabolic param-

eters, such as load induced changes of phosphocreatine (PCr), inorganic phosphate (Pi) or pH 

(Yoshida, 1988; Rzanny et al., 2006; Kemp, Meyerspeer and Moser, 2007). The method enables 

non-invasive assessment of physiological information about muscle fatigue (Tonson et al., 2010), 
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monitoring and potentially quantifying training effects (Rzanny et al., 2009), analyzing pathological 

states (Barnes et al., 1997) or assessing exercise-induced metabolic changes (Rzanny et al., 2006). 

Dedicated MR-compatible ergometers, specifically adapted to the limited available space in the 

bore of an MR scanner, are typically used to apply defined muscular loads. Several different MR-

compatible ergometers have been already developed in the past to perform isometric contractions 

(Bangsbo et al., 1993) and dynamic exercises(Wilson et al., 1988; Ryschon et al., 1995; Jeneson et al., 

2010; Hosseini Ghomi et al., 2011). Defined loads are applied by using, e.g., force transfer beams 

in combination with a wheel (Francescato and Cettolo, 2001; Layec et al., 2008), elastic cords 

(Francescato and Cettolo, 2001) or pneumatic force control (Raymer et al., 2006; Sinha et al., 2012). 

So far, only few of these ergometers monitor mechanical parameters during the exercise 

(Francescato and Cettolo, 2001; Meyerspeer et al., 2005; Raymer et al., 2006; Sinha et al., 2012) that 

can be used as feedback information to the volunteer or patient to adjust the current activity to the 

intended examination protocol. A missing feedback, however, may lead to unintended deviations 

in the exercise performance which, in turn, may limit the accuracy of the results of functional 

muscle measurements.  

Against this background, the aim of our work was to design a pneumatic MR-compatible pedal 

ergometer, which allows precise adjustment of the muscular load of the human calf muscle (m. 

triceps surae, including the m. gastrocnemius medialis/lateralis and the m. soleus) as well as monitoring of 

mechanical parameters, including pedal angle, cadence, applied force and power. Cadence and pe-

dal angle are used for the visual feedback for real-time self-adjustment of exercise conditions. Dy-

namic 31P-MRS before, during, and after calf muscle exercise was applied to verify the reliability of 

the extracted metabolic changes. 

2.2.  Materials and Methods 

Ergometer Design 

Figure 2-1 shows the ergometer designed to perform standardized MR measurements of exer-

cising human calf muscles in a clinical whole-body 3 T MR scanner (MAGNETOM Tim Trio, 

Siemens, Germany). The foot pedal (Figure 2-1) is made of polyamide and polyurethane and 

mounted on a wooden plate (49 cm  71 cm). It permits ankle deflections up to 35° and can be 

used with the left or the right leg. A pneumatic cylinder, which connects the pedal to a compressed-

air tank (air pressure range: 0 - 10 bar) via an air hose (ø 9 mm), generates defined forces that 

counteract the plantarflexion. Two handle pieces with adaptable length provide footholds for the 

volunteer during the exercise. A second, slightly tilted wooden panel (49 cm  190 cm) is fitted to 

the patient table of the MR scanner which suppresses any movement of the ergometer during 
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exercise and includes an additional lower leg frame. The latter enables flexible positioning of dif-

ferent types of RF surface coils, which can be placed above the m. triceps surae. During the meas-

urements the upper leg and the foot are fixed using Velcro fasteners. 

Pedal deflections and forces applied to the pedal during the exercise are continuously moni-

tored. Forces are measured by using a hydraulic transducer, which is located beneath the pedal 

(Figure 2-1b)and connected to a piezoresistive pressure transducer (located outside the scanner 

room, see Figure 2-1c for a more detailed experimental set up) via a liquid filled hose line 

(CTE8000/CTU8000 Series, Sensortechnics, hose line 10 m, diameter: 4 mm). Pedal deflections 

are determined by means of a rotary potentiometer (3310 – 9 mm Square Sealed Panel Control, 

Bourns, California) mounted on the pedal axis (Figure 2-1b) that creates electrical potential differ-

ences in response to the motion. Following amplification, all sensor data are digitized with a 12 bit 

ADC (1208FS ME-RedLab, Meilhaus Electronic, Germany) and transferred to an external com-

puter via an USB interface. A self-written MATLAB program (The Mathworks, Inc., USA) reads 

the voltage values from the force sensor (Usensor) and potentiometer (Upot) and calculates the force 

and deflection angle values by using the following equations, respectively: 

 

𝑭 = 𝒄 ⋅ (𝑼𝒔𝒆𝒏𝒔𝒐𝒓 − 𝑼𝒐𝒇𝒇𝒔𝒆𝒕 ),  (2-1) 

 

𝜶 =
𝟑𝟓°

𝑼𝟑𝟓° – 𝑼𝟎° 
⋅ (𝑼𝒑𝒐𝒕 –𝑼𝟎°),  (2-2) 

 

The constant c (190.8 N∙V-1) in Eq. 2-1 was determined during an initial calibration experiment, 

in which changes of Usensor induced by different defined graded weights were measured. The mean 

power (P) is calculated during each deflection from the mean force per cycle(�̅�) and cadence (𝑓𝑐𝑎𝑑) 

according to 

 

𝑷 = 𝝅 ⋅ 𝒓 ⋅
∆𝜶

𝟏𝟖𝟎°
⋅ �̅� ⋅ 𝒇𝒄𝒂𝒅 ,    (2-3) 

 

where r and Δα denote the rotation radius and actual deflection angle span, respectively. 
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Figure 2-1 (A) Ergometer and experimental set up consisting of the leg support frame with 
the MR surface coil, the foot pedal with angle sensor and hydraulic transducer (located be-
neath the tread), the pneumatic cylinder piston and the adapter plate with two handle pieces. 
(B) Functional CAD drawing of the pedal and the cylinder in side view with the most im-
portant construction dimensions. The numbers represent the location of [1] the pressure 
transducer beneath the tread and [2] the angle sensor. (C) Schematic drawing of the experi-
mental set up with individual components. 
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The time courses of the forces and deflections are recorded and visualized in real time using a 

dedicated MATLAB graphical user interface (GUI). The actual deflection maximum, cadence and 

remaining exercise time are presented to the subject in the scanner by means of a MR-compatible 

head-mounted display (VisuaStim XGA, Resonance Technology, USA). This visual feedback ena-

bles interactive adjustment for self-controlling the exercise conditions (Figure 2-2).  

 

 

 

 

Exercise protocol 

One healthy 21-year-old male subject participated in this initial study after informed written 

consent was obtained. The examination protocol was approved by the local Ethics Committees. 

31P-MR spectra were acquired in the left calf muscle before, during and after the exercise using the 

ergometer. During the 3 min exercise period, the volunteer was asked to deflect the pedal by 35° 

with a cadence of 1 Hz. The complete exercise and measurements were repeated six times at dif-

ferent days within five weeks. The load intensity was normalized to the individual maximum vol-

untary contraction (MVC) (Kemmler et al., 2006). To this end, MVC was determined prior to the 

first examination by asking the volunteer to push the locked pedal at 0° with maximum effort 

(isometric exercise over 5 s). The pedal was locked by using a pressure of 4 bar and an additional 

Velcro fastener was used to avoid foot shifts on the pedal. The maximum force exerted during this 

load period was set to 100% of FMVC. For graded loads, as applied in this work, the air pressure in 

the compressor was adjusted to 15% or 25% of FMVC (determined using the rule of three). Overall, 

both load strengths were applied in three of six repetitions of the experiment. 

 

Figure 2-2 Feed-
back-window, 
which is presented 
to the subject via 
projecting goggles 
and displays the re-
maining exercise 
time [min] (1), the 
cadence [deflec-
tion/sec] (2) and 
the deflection angle 
[°] of the pedal (3). 
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Dynamic 31P-MRS 

All MR measurements were performed in a clinical whole-body 3 T MR scanner 

(MAGNETOM Tim Trio, Siemens, Germany) by using a double-tuned loop coil for RF excitation 

and signal detection (1H/31P, ø 8 cm, Rapid Biomedical GmbH, Germany). The MR coil was posi-

tioned under the left calf using reference markers on the lower leg frame. Prior to MRS, manual 

shimming was performed to adjust the magnetic field homogeneity in the m. gastrocnemius medialis. 

31P-MR spectra were measured with an FID sequence without additional volume selection (512 

sampled complex FID data points, sampling bandwidth 2 kHz, TR = 5 s). A dynamic series con-

taining 70, 36 and 196 spectra (rest, load and recovery) were acquired prior, during and after the 3 

min load, respectively. 

All spectroscopic data were first corrected for zero- and first-order phase errors, frequency 

shifts as well as baseline distortions by using a self-written MATLAB program, followed by quan-

titative analysis with the AMARES routine (Advanced Method for Accurate, Robust and Efficient 

Spectral fitting) (Vanhamme, van den Boogaart A and Van Huffel S, 1997) in the jMRUI 4.0 soft-

ware (www.mrui.uab.es). PCr and Pi peaks were fitted as single Lorentzians, whereas γ- and α-ATP 

signals were fitted as Lorentzian doublets and β-ATP as a triplet. Appropriate prior knowledge was 

used for the ATP multiplets as described previously (Stubbs et al., 1996). All 31P-MR peaks were 

normalized to the mean PCr-intensity during rest 𝐼𝑃𝐶𝑟
0 . 

To quantify the dynamics of the load-induced metabolic changes, the time constants of the PCr 

decrease and Pi increase (TPCr and TPi) during load were estimated by mono-exponential fitting of 

the corresponding signal-time-courses: 

 

𝑰𝑷𝑪𝒓(𝒕) = (𝑰𝑷𝑪𝒓
𝟎 − 𝑰𝑷𝑪𝒓

𝒇𝒖𝒍𝒍 𝒍𝒐𝒂𝒅
) ∙ 𝒆

−
𝒕

𝑻𝑷𝑪𝒓 + 𝑰𝑷𝑪𝒓
𝒇𝒖𝒍𝒍 𝒍𝒐𝒂𝒅

,  (2-4) 

 

𝑰𝑷𝒊(𝒕) = (𝑰𝑷𝒊
𝒇𝒖𝒍𝒍 𝒍𝒐𝒂𝒅

− 𝑰𝑷𝒊
𝟎 ) ∙ (𝟏 − 𝒆

−
𝒕

𝑻𝑷𝒊) + 𝑰𝑷𝒊
𝟎 ,  (2-5) 

 

The constants 𝐼𝑃𝐶𝑟
0 , 𝐼𝑃𝑖

0 , 𝐼𝑃𝐶𝑟
𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑

 and 𝐼𝑃𝑖
𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑

 denote the resting PCr, resting Pi and maxi-

mum load PCr and Pi intensity, respectively. In addition, the pH difference (∆pH) between the 

mean pH during rest (pHrest) and pH at the end of the exercise (pHload) was calculated by determin-

ing the chemical shift (δ) between the PCr and Pi peaks and inserting it into the Henderson-Has-

selbalch equation (Heerschap et al., 1999). All results are expressed as mean (range). 
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2.3.  Results 

All metabolic and mechanical parameters are summarized in Table 2-1. The actual mean ca-

dences at 15% FMVC (0.92 Hz within the range of 0.91 - 0.94 Hz) and 25% FMVC (0.95 Hz within 

the range of 0.94 – 0.97 Hz) are both close to the intended target cadence of 1 Hz. The values of 

the mean power P (see Eq. 2-3) are different between both load levels, as expected. PCr and Pi 

time courses are demonstrated in Figure 2-3 for both load levels. At the higher load (25% FMVC), 

the distinctly faster PCr decrease (TPCr = 23.5 s within the range of 19.3 – 25.9 s at 25% vs. 

TPCr = 56.2 s within the range of 49.5 – 61.1 s at 15%) leads to complete consumption of PCr after 

approximately 1.5 min muscle stress. In contrast to this with 15% FMVC there is still remaining PCr 

signal observable at the end of the exercise. The increase in Pi also occurs faster and is larger for 

the higher load (TPi = 25.0 s within the range of 23.9 – 26.3 s at 25% vs. TPi = 43.6 s within the 

range of 36.7 – 49.1 s at 15%). Averaged over three examinations, the mean ΔpH was 0.16 at 15% 

FMVC and 0.37 at 25% FMVC. 

 

Figure 2-3 Time courses of PCr and Pi intensities for 15% and 25% FMVC. Each data 
curve represents a complete single dynamic exercise measurement. 

 

Table 2-1 Results of parameters mean (range) obtained for 15% and 25% FMVC. 

 
15% FMVC 25% FMVC 

power [W] 15.5 (14.4 – 16.5) 21.8 (21.5 – 22.2) 

cadence [Hz] 0.92 (0.91 – 0.94) 0.95 (0.94 – 0.97) 

pHrest 6.93 (6.93 – 6.97) 6.92 (6.87 – 6.92) 

pHload 6.77 (6.77 – 6.84) 6.55 (6.51 – 6.59) 

𝑇𝑃𝐶𝑟 [s] 56.2 (49.5 – 61.1) 23.5 (19.3 – 25.9) 

𝑇𝑃𝑖 [s] 43.6 (36.7 – 49.1) 25.0 (23.9 – 26.3) 
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2.4. Discussion 

This technical note describes the design of a muscle ergometer which was customized for the 

use in a clinical whole-body 3 T MR scanner. The ergometer allows standardized exercises of the 

calf muscle while 31P-MRS measurements can be simultaneously performed to quantify exercise-

induced metabolic changes. Isometric and dynamic exercises using defined stress intensities (based 

on the individual maximum force, FMVC) can be performed by adapting the pressure of the pneu-

matic air system (0.01 bar steps). 

The lower leg frame provides a constant foothold of the calf and, thus, ensures correct posi-

tioning of the surface coil over the region-of-interest. The reproducibility of the mechanical output 

by the volunteer was demonstrated, and low variations of the measured cadence (up to 3%) and 

mean power (up to 9%) were obtained between three repeated measurements at two different load 

levels. Key to this was the application of a visual feedback to the exercising volunteer. This feed-

back allows the subject to interactively adjust his physical output to the target reference values of 

pedal deflection and cadence. The strong association between metabolic results and mechanical 

output further indicates the reliability of the measured metabolic changes caused by the graded 

loads. 

The presented ergometer set up has several advantages compared to alternatively proposed er-

gometers (Wilson et al., 1988; Bangsbo et al., 1993; Ryschon et al., 1995; Francescato and Cettolo, 

2001; Meyerspeer et al., 2005; Raymer et al., 2006; Layec et al., 2008; Jeneson et al., 2010; Hosseini 

Ghomi et al., 2011; Sinha et al., 2012). Instead of using bulky space occupying force transfer beams 

in combination with wheels (Francescato and Cettolo, 2001; Layec et al., 2008) or servo motors, 

which require substantial distance from the magnet bore to avoid unwanted forces of attraction or 

interferences with the acquired MR signal (Wilson et al., 1988; Ryschon et al., 1995), our proposed 

ergometer separates physically the ergometer frame and additional MR-incompatible components, 

like the air compressor, electronic amplifiers and analog-digital converters which are all placed out-

side the MR scanner room. Due to the use of lightweight materials (12 kg pedal, 20 kg patient table) 

our ergometer can be easily installed and modified to switch between the left and right calf. Fur-

thermore, the applied materials are cost-efficient and easy to procure. 

One minor current limitation of the ergometer is a slight residual friction of the pneumatic 

cylinder (additional force of 21.6 N, which corresponds to approximately 8% of the applied study 

conditions), which was determined by calibration measurements with gauged weights. However, 

this resistance is small enough to enable even measurements of subjects with low pedal effort, like 

children or patients with reduced muscle mass. Nevertheless, this issue may affect metabolic turn-

over parameters for defined loads and, thus, care of periodically greasing has to be taken. 
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Furthermore, due to the leg support frame, applications are currently limited to investigations of 

the m. triceps surae whereas the m. tibialis anterior or the m. quadriceps femoris were examined in other 

studies (Kreis et al., 1999; Francescato and Cettolo, 2001). 

For future studies, we plan to implement additional acoustic triggering using gradient pulses 

within the FID sequence (Quistoroff et al., 1990; González de Suso et al., 1993) to further improve 

the reliability of the feedback tool. With these improvements additional studies using the proposed 

ergometer to assess exercise-induced ischemic effects, oxygen consumption or PCr recovery kinet-

ics, which mainly reflects mitochondrial function (G Layec et al., 2013), should be conveniently 

addressable. 
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Chapter 3 

3. Combined Spiroergometry and 31P-MRS of Hu-

man Calf Muscle during High-Intensity Exer-

cise 
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Abstract  

Simultaneous measurements of pulmonary oxygen consumption (VO2), carbon dioxide exhala-

tion (VCO2) and phosphorus magnetic resonance spectroscopy (31P–MRS) are valuable in physio-

logical studies to evaluate muscle metabolism during specific loads. Therefore, the aim of this study 

was to adapt a commercially available spirometric device to enable measurements of VO2 and 

VCO2 whilst simultaneously performing 31P–MRS at 3T. Volunteers performed intense plantar 

flexion of their right calf muscle inside the MR scanner against a pneumatic MR‐compatible pedal 

ergometer. The use of a non‐magnetic pneumotachograph and extension of the sampling line from 

3 m to 5 m to place the spirometric device outside the MR scanner room did not affect adversely 

the measurements of VO2 and VCO2. Response and delay times increased, on average, by at most 

0.05 s and 0.79 s, respectively. Overall, we were able to demonstrate a feasible ventilation response 

(VO2 = 1.05 ± 0.31 L/min; VCO2 = 1.11 ± 0.33 L/min) during the exercise of a single calf mus-

cle, as well as a good correlation between local energy metabolism and muscular acidification (τPCr 

fast and pH; R2 = 0.73, p < 0.005) and global respiration (τPCr fast and VO2; R
2 = 0.55, p = 0.01). This 

provides improved insights into aerobic and anaerobic energy supply during strong muscular per-

formances. 

3.1.Introduction 

The determination of the kinetics of oxygen uptake (VO2) and carbon dioxide production 

(VCO2), commonly measured by spiroergometry, is important to evaluate the pulmonary perfor-

mance during exercise. It is well known that the adaptation of ventilation not only reflects workload 

intensity (Ozyener et al., 2001; Whipp, Rossiter and Ward, 2002) and the training status of athletes 
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(Millet et al., 2002; Layec et al., 2012) but may also be used in the assessment of pulmonary diseases 

(Celli, 2000; Palange et al., 2007). The recording and analysis of individual ventilation responses to 

exercise, such as treadmill or bicycle tests, yields insights into muscle bioenergetics, which is not 

only relevant for the sustainment and limitation of exercise, but may also play a role in gender‐ and 

age‐specific functional alterations of the muscle system (Kohrt et al., 1985; Grey et al., 2014). When 

performing high‐intensity exercise, even small affected muscle groups (e.g. quadriceps, gas-

trocnemius) can cause adaptations in VO2 (McCreary et al., 1996; Rossiter et al., 1999; Whipp et al., 

1999; Cannon et al., 2013; Richardson et al., 2015) which are assumed to be related to locally in-

creased high energy metabolic demands. However, the link between local muscle function and 

global respiration is so far only poorly understood. 

Phosphorus magnetic resonance spectroscopy (31P–MRS) is a particularly important tool for 

obtaining direct insights into local metabolic adjustments as it enables the non‐invasive quantifica-

tion of changes in high‐energy metabolites, such as phosphocreatine (PCr) and inorganic phos-

phate (Pi), in loaded muscles (Boesch, 2007; Kemp, Meyerspeer and Moser, 2007). Therefore, a 

combination of spiroergometry and 31P–MRS offers the unique possibility to perform multimodal 

analyses of both global and local alterations of the aerobic and anaerobic energy supply during 

exercise, thus providing different views on the mitochondrial capacity, which is characterized by 

the rate of mitochondrial adenosine triphosphate (ATP) synthesis. The latter can be determined 

from the aerobic PCr re-synthesis slope of post‐load 31P–MR spectra (Kemp et al., 2015). 

Several groups have combined exercise‐induced kinetics of ventilation with metabolic adapta-

tions in single muscles using 31P–MRS (Barstow et al., 1994; McCreary et al., 1996; Whipp et al., 

1999; Roecker et al., 2000; Rossiter et al., 2000; Ozyener et al., 2001; Rossiter, Ward, Howe, 2002; 

DiMenna et al., 2010; Bringard et al., 2012; Layec et al., 2012; Richardson et al., 2015). The most 

crucial technical challenge to overcome to perform viable spirometric measurements inside an MR 

scanner is related to the high static magnetic field and the radiofrequency electromagnetic fields 

with their harmful effects on the electronic parts of the spirometry unit. In the past, some research-

ers have performed repeated measurements with the same exercise protocol inside and outside the 

MR scanner (Barstow et al., 1994; McCreary et al., 1996; DiMenna et al., 2010). This approach re-

quires the additional effort of performing measurements twice with the same subjects and may 

suffer from daily physiological changes or motivation from one measurement to the other. Re-

cently, several groups have performed simultaneous 31P–MRS and spiroergometry measurements 

(Whipp et al., 1999; Rossiter et al., 2000; Rossiter, Ward, Howe, et al., 2002; Layec et al., 2012) to 

investigate VO2 kinetics and to relate it to local, load‐induced metabolic changes to find strong 

correlations between mitochondrial energy supply and global respiration. Using modified 
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spirometry equipment with long respiratory sampling lines (6.5 – 13.5 m), these studies demon-

strated successfully the feasibility of valid spirometric measurements inside the MR scanner. De-

spite having access to a broad range of spirometric parameters, these studies mostly focused on the 

analysis of load‐induced VO2 adaptations, whereas investigations of the associations between met-

abolic measures and VCO2 dynamics were mostly neglected. However, as the load‐induced non‐

linearly increasing and excessive CO2 output indicates the transition to an anaerobic energy supply 

(Roecker et al., 2000), it appears promising to analyze pH alterations in exercised muscles. 

Against this background, the aim of this work was to establish an experimental set‐up to enable 

combined spirometric and 31P–MRS measurements in humans during local loads of specific mus-

cles. To this end, a commercial gas exchange system was adapted for dynamic evaluation of pul-

monary ventilation during muscle exercise inside a whole‐body MR scanner. The functionality was 

tested in healthy volunteers by the evaluation of the dynamic changes in high‐energy phosphate 

metabolites and monitoring of the concomitant alterations in pulmonary parameters (oxygen and 

carbon dioxide volume flows) during exercise of the calf muscle. 

3.2. Experimental 

Set up 

The set up used is schematically illustrated in Figure 3-1 Besides the 3 T whole-body MR scan-

ner (Magnetom PRISMA fit, bore size 60 cm, Siemens Healthcare, Erlangen, Germany), it consists 

of a previously described MR-compatible pedal ergometer (Tschiesche et al., 2014) and a commer-

cially available spirometric system PowerCube (Ganshorn, Medizin Electronic GmbH, Niederlauer, 

Germany). Whereas the former has been designed to perform defined dynamic loads in human calf 

muscles, the latter allows continuous measurements of oxygen, carbon dioxide and expiratory vol-

umes (VO2 and VCO2 in L/min, sampling rate: 100 Hz) by using an electrochemical cell, an ultra-

sound sensor and a flow sensor, respectively. To ensure proper working of the spirometric system 

in the magnetic field environment, the following modifications were employed: 

• replacement of the metal clips adhering the pneumotachograph membrane in the respiration 

mask by non-magnetic synthetic screws 

• extension of the original 3 m gas sampling line to 5 m for placement of the PowerCube analyzer 

device outside of the MR scanner room to avoid interactions and interferences between all 

sensitive hardware parts and static and radiofrequency magnetic fields, respectively. 
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Figure 3-1 Scheme of the experimental (MR)-compatible ergometer and spirometer set up. 
The MR cabin, the operator room and the utility room are outlined together with several 
salient components including the ergometer and parts of the spirometer inside the cabin. 
The main spirometer device (PowerCube-PWC) is placed outside of the MR-scanner cabin. 
ADC, analog to digital converter; GUI, graphical user interface; RF, radio frequency. 

To assess the effect of the longer sampling line five calibration measurements of the delay and 

response time (tA and t10-90) were performed with both the original line of 3 m and the extended 

line of 5 m. The delay time is the time required for the gases (O2 and CO2) to reach their analyzers, 

whereas the response time represents the time required to record 10-90% of an expected maximum 

change in gas concentration (Roecker, Prettin and Sorichter, 2005). In order to take into account 

the extended line length, the system’s intrinsically stored delay time was adjusted from 1.25 s to 2 s 

in the spirometer operating software (LF8). This adjustment did not affect the effectively measured 

values. Additionally, resting state values of VO2 and VCO2 as well as exercise induced gas volume 

adaptation were performed with either 3 m or 5 m sampling lines in two healthy male subjects 

outside the MR scanner by applying the same exercise protocol as in the main study. For all meas-

urements the gas analyzers were calibrated with ambient air (20.95% O2 and 0.03% CO2) and a gas 

mixture of known composition (16% O2 and 5.02% CO2). The calibration protocols consisted of 

volume adjustment with a 1 L syringe and gas flow synchronization was included in the vendor 

specific LF8 software. 
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In vivo validation 

Ten healthy male volunteers (age 29 ± 5 years) participated in the study after having signed an 

informed consent. The examination protocol was approved by the local Ethics Committee (Ethics 

committee ID: 2478-02/09). None of the subjects were specifically trained. All volunteers ab-

stained from intense physical activity and alcohol consumption the day before and on the day of 

measurement. 

The exercise (3 min) was performed in supine position as a series of highly intense, unilateral 

plantar flexions of the right calf muscle by pushing the right foot against a 0.6 bar pedal resistance 

with a frequency of 80 bpm (mean peak force of 163 ± 23 N). A metronome assisted the subjects 

in maintaining the proper pedal frequency. During load, verbal instructions were given to the vol-

unteers to maintain constant pedal deflection of 25°. To minimize additional energy loss from 

movements of the whole upper body, an individually adaptable shoulder harness was applied to 

keep the subject in position and to provide a passive foothold for the volunteer during exercise. In 

addition, the exercising lower leg was stabilized by three Velcro straps placed over the ankle, upper 

knee and hip to reduce counter movements. 

The experiment was separated into three phases (rest: 10 min, load: 3 min and recovery: 20 min) 

during which spirometric and MR spectroscopic data were acquired simultaneously (Figure 3-2). 

During rest, acquisition of pulmonary ventilation data started first to familiarize the subjects with 

the breathing mask and to avoid an unusual breathing pattern due to the small breathing resistance 

of the pneumotachograph membrane. Verbal instructions were given to the volunteers to breathe 

in a normal way and to prevent hyperventilation, coughing or yawning. 

MR data were sampled by using a double-tuned (1H/31P) flexible surface coil with an integrated 

phosphorous loop (Ø 11 cm; RAPID Biomedical, Rimpar, Germany). The coil was wrapped 

around the right lower leg and fixed on the ergometer frame. Prior to MRS, the spectroscopic 

volume was selected in the m. gastrocnemius medialis by means of localizer MR images (see Figure 

3-2). Manual shimming (first and second order) was performed to tune the magnetic field homo-

geneity across the spectroscopic volume. Localized, time resolved 31P-MR spectroscopic measure-

ments within the calf muscles were performed with a DRESS sequence (depth-resolved surface 

coil MRS), which was previously introduced by Valkovič et al. and implemented (Valkovič et al., 

2014). By using this technique, dynamic series of 31P MR spectra were collected with time resolution 

of 5 s in a 15 mm thick slice, which was oriented parallel to the leg in order to cover the m. gas-

trocnemius medialis (TR/TE = 5000/1.3 ms), since it provides the largest action during plantar flex-

ion (Schmid et al., 2014). Twenty-four spectra were measured during the rest phase followed by the 
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acquisition of 36 spectra during load and 240 spectra during the recovery (see data acquisition 

protocol in Figure 3-2). 

 

 

Figure 3-2 Representative ‘stack plot’ of dynamic 31P magnetic resonance (MR) spectra from 
the right m. gastrocnemius medialis. The red spectra (N = 36) were acquired during the 3 min 
load phase followed by the recovery phase. The blue lines indicate the inorganic phosphate 
(Pi) and phosphocreatine (PCr) evolutions during all three phases. Spirometry measurements 
(gray) started prior to the MRS to familiarize the subjects to the breathing mask. ATP, aden-
osine triphosphate 

 

Data analysis 

Vendor-specific software was used to resample the raw spirometric data to a temporal resolution 

of 10 s and to extract the time courses of VO2 and VCO2. In order to account for the low time 

resolution and physiological variations, the VO2 and VCO2 curves were fitted in sections by three 

different functions representing rest (t < Tstart), load (Tstart ≤ t < Trec) and recovery (t ≥ Trec) phases, 

respectively. 

𝒚(𝒕) = 𝒐𝒇𝒇𝒔𝒆𝒕 +

{
 
 

 
 

𝟎, 𝒕 < 𝑻𝒔𝒕𝒂𝒓𝒕

𝑨 ⋅ (𝟏 − 𝒆
−
𝒕−𝑻𝒔𝒕𝒂𝒓𝒕

𝝉𝒊𝒏𝒄 ) , 𝑻𝒔𝒕𝒂𝒓𝒕 ≤ 𝒕 < 𝑻𝒓𝒆𝒄

𝑨 ⋅ (𝟏 − 𝒆
−
𝑻𝒓𝒆𝒄−𝑻𝒔𝒕𝒂𝒓𝒕

𝝉𝒊𝒏𝒄 ) ⋅ (𝒇
𝒗𝒆𝒏𝒕

⋅ 𝒆
−
𝒕−𝑻𝒓𝒆𝒄

𝝉𝒇𝒂𝒔𝒕 + (𝟏 − 𝒇
𝒗𝒆𝒏𝒕
) ⋅ 𝒆

−
𝒕−𝑻𝒓𝒆𝒄

𝝉𝒔𝒍𝒐𝒘 ) , 𝒕 ≥ 𝑻𝒓𝒆𝒄

(3-1) 
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The ‘offset’ denotes the resting value during pre-exercise, whereas A is the magnitude of the 

exponential VO2 or VCO2 increase during the load phase, which is characterized by a time constant 

τinc. The recovery function is expressed by a weighted sum of a fast (τfast, weighting factor fvent) and 

a slowly (τslow, weighting factor 1- fvent) decreasing component. Besides the extraction of the time 

constants of gas volume recovery slopes, the resulting fit was also used to estimate the CO2 over-

shoot over the O2 volume (excess CO2, see Figure 3-4), which was determined by integrating the 

differences between the fitted VO2 and VCO2 curves. 

All MR spectra were corrected for zero- and first-order phase errors, frequency shifts as well as 

baseline distortions by using a self-written MATLAB script and were quantified with an AMARES 

(Advanced Method for Accurate, Robust and Efficient Spectral Fitting) routine included in the 

jMRUI 4.0 software (Java-Based MR User Interface; www.jmrui.eu). PCr and Pi peaks were fitted 

as single Lorentzians. In addition, the pH value was calculated by determining the chemical shift 

between the PCr and Pi peaks and inserting it into the Henderson-Hasselbalch equation 

(Heerschap et al., 1999): 

 

𝒑𝑯 = 𝟔. 𝟕 + 𝒍𝒐𝒈
(𝟑.𝟐𝟕−𝜹)

(𝜹−𝟓.𝟔𝟑)
 ,  (3-2) 

 

where δ is the observed chemical shift of Pi. Finally, the PCr time course during recovery, which 

is a sensitive index of muscle oxidative capacity (G Layec et al., 2013), was fitted with a bi-expo-

nential function: 

𝑷𝑪𝒓(𝒕) = 𝒂𝑷𝑪𝒓 ⋅ (𝒇𝑷𝑪𝒓 ⋅ (𝟏 − 𝒆
−

𝒕

𝝉𝑷𝑪𝒓𝒇𝒂𝒔𝒕) + (𝟏 − 𝒇𝑷𝑪𝒓) ⋅ (𝟏 − 𝒆
−

𝒕

𝝉𝑷𝑪𝒓𝒔𝒍𝒐𝒘)) + 𝒐𝒇𝒇𝒔𝒆𝒕

(3-3) 

where τPCr fast, τPCr slow and aPCr denote the time constants and magnitude, respectively. The fast 

and slow components of the sum equation are weighted with the factor fPCr and 1-fPCr, respectively. 

3.3. Results 

Calibration measurements 

Table 3-1 summarizes the mean results of the five calibration measurements performed with 

two different lengths of the gas sampling line. Compared to the original 3 m sampling line the 

response time (t10-90, O2 and CO2) increased on average by at most 0.05 s for the 5 m line. Similarly, 

the mean delay time (tA, O2 and CO2) was increased by 0.79 s for the 5 m line. These changes are 
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comparable to the findings of other studies (Roecker, Prettin and Sorichter, 2005; Bringard et al., 

2012). The additional in vivo measurements outside the MR scanner yielded similar resting state 

VO2 and VCO2 values as well as comparable kinetics of load induced gas exchange adaptations for 

the 3 m and 5 m sampling lines, indicating that the line extensions had no significant effects on the 

spirometric measurements (Figure 3-3a). 

 

Table 3-1 Mean tA and t10-90 values of the five initial calibration measurements of the sam-
pling lines (mean ± standard deviation). 

 3 m sampling line 5 m sampling line 

O2 CO2 O2 CO2 

Response time 

t10-90 [s] 

0.288 ± 0.019 0.163 ± 0.025 0.307 ± 0.031 0.212 ± 0.007 

Delay time tA [s] 1.285 ± 0.124 1.173 ± 0.129 2.075 ± 0.01 1.96 ± 0.012 

 

 

In vivo measurements 

Metabolic parameters derived from the 31P-MRS and parameters of the gas exchange dynamics 

from the spiroergometry measurements are summarized in Table 3-2. Figure 3-4 shows representa-

tive PCr and pH time courses obtained with the rest-load-recovery protocol, whereas the corre-

sponding VO2 and VCO2 results are illustrated in Figure 3-3b. 
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Table 3-2 Mean metabolic and pulmonary parameters determined by means of combined 
31P magnetic resonance spectroscopic and spirometric measurements during rest, exercise 
and recovery of the applied protocol (mean ± standard deviation). 

31P-MRS 

pHrest 
 

7.03 ± 0.02 

pHload  6.45 ± 0.22 

τPCr fast [s]  93 ± 39 

τPCr slow [s]  460 ± 241 

fPCr  0.71 ± 0.1 

Spirometry 

fVO2  0.93 ± 0.13 

fVCO2  0.86 ± 0.15 

VO2 rest [l/min]  0.28 ± 0.05 

VCO2 rest [l/min]  0.22 ± 0.05 

VO2 load [l/min]  1.05 ± 0.3 

VCO2 load[l/min]  1.11 ± 0.33 

VErest [l/min]  7.6 ± 1.8 

VEload [l/min]  29.8 ± 8.1 

excess CO2 [l]  2.24 ± 1.67 

VO2 τfast [s]  56 ± 10 

VO2 τslow [s]  330 ± 153 

VCO2 τfast [s]  86 ± 33 

VCO2 τslow [s]  260 ± 105 
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Figure 3-3 (a) Signal-time-courses of VO2 measured in two subjects with 3 m (gray dots) 
and 5 m (black dots) sampling lines. (b) Representative signal-time-courses of VO2 (blue) 
and VCO2 (red) during rest, exercise (vertical black broken lines), and recovery as measured 
in the MR scanner. The colored dashed lines are the corresponding fits. Both VO2 and VCO2 
show steep increases during load. Increased VCO2 levels above the VO2 levels during exer-
cise and recovery correspond to the so-called excess CO2. The latter was calculated from the 
difference between the integrals of the area under the VO2 and VCO2 fit time curves. 

 

The attained O2 consumption (1.05 ± 0.3 L/min) and CO2 exhalation (1.11 ± 0.33 L/min) dur-

ing load both indicate high pulmonary adaptation when considered against the small loaded muscle 

group (<15% of the whole muscle mass). For all subjects, VO2 reached its peak value after a short 

delay of approximately 10 s after the end of the exercise, before it decreased which, however, may 

be due to the low temporal sampling resolution (10 s) and should be investigated in further meas-

urements with breath-by-breath data sampling. The weighting factor of the bi-exponential function 

(f = 0.93 ± 0.13) showed a distinct weighting towards the fast component and a rather negligible 

impact of the slower component. For all subjects, the integrated area under the VCO2 curve was 

higher than the integrated area under the VO2 curve indicating accumulation of non-metabolic 

CO2. Averaged over all subjects, the excess CO2 value was 2.24 ± 1.67 l. 
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Figure 3-4 Representative PCr (left) and pH (right) signal-time courses during rest, exercise 
(between broken vertical lines) and the recovery phase of the experiment. During the load 
phase, PCr shows a fast depletion below 20% of its initial level followed by the recovery 
phase. The blue broken line represents the bi-exponential recovery fit with an extracted fast 
and slow time constant of 94 s and 520 s, respectively. The muscular pH value drops further 
after the end of the load due to PCr re-synthesis, before it starts to rise again towards its 
resting value. 

 

All subjects showed a strong initial PCr depletion below 20% of its resting state level after less 

than 70 s into the exercise, indicating a stressful work rate. Following the end of the exercise, PCr 

recovered to pre-exercise levels with a mean fast and slow time constant of 93 ± 39 s and 

460 ± 241 s, respectively. This relatively slow kinetics goes with the high metabolic and acid re-

sponses in the wake of the exercise (pHload = 6.45 ± 0.22). As indicated by its relatively high 

weighting factor of 0.71 ± 0.1 (fPCr, see Eq. 3-3), the fast PCr recovery component dominated the 

PCr intensity evolution after the exercise. In five subjects, the signal of Pi decreased during recovery 

towards or even below the noise level, and thus became unidentifiable after 6 - 12 min over a pe-

riod of up to 6 min (4.2 ± 1.6 min). 

Figure 3-5a shows a scatter plot of the τPCr_fast time constants of the bi-exponential fit against the 

individual post-load pH values for all ten subjects revealing a strong negative correlation (R² = 0.73, 

p < 0.005). The time constant of the fast VO2 recovery component (VO2 τ fast) was positively, albeit 

more weakly correlated with τPCr (R² = 0.55, p = 0.01, Figure 3-5b). Except for one subject with an 

unusually high difference of 0.4 l/min between the peak values of VO2 and VCO2 on the one hand 

and a relatively low pHload = 6.6 (see the red dot in Figure 3-5c) on the other hand, the excess CO2 

revealed a significant negative correlation to the pH value at the end of the exercise (R² = 0.65, 

p < 0.01). 



 
40 

 

Figure 3-5 (a) Scatter plot of PCr recovery time constants (τPCr fast) of the bi-exponential fit 
against individual end-exercise pH values, together with the linear regression line, indicating 
a strong negative correlation between the two quantities. (b) Scatter plot of the time constants 
of the fast component of VO2 decrease during recovery against the corresponding PCr re-
covery rate constants (τPCr fast) of the bi-exponential fit. The broken line represents the linear 
regression line indicating the positive correlation between both time constants. (c) Scatter 
plot of the individual excess CO2 and end-exercise pH values, showing a significant negative 
association between bicarbonate buffering-related CO2 overshoot and pH. The red dot rep-
resents one subject with a high amount of exhaled CO2 due to hyperventilation, which was 
excluded from this correlation analysis. 

 

3.4. Discussion 

This work describes simultaneously performed spirometric and functional 31P–MRS measure-

ments in vivo using an appropriately adapted commercial spirometry system. By extending the 

sampling line, the spirometer could be placed outside of the MR scanner room to avoid any adverse 

electromagnetic interference between the scanner and the spirometer. This extension affected the 

VO2 and VCO2 data acquisition by an increase in the response and delay times (see Table 3-1). The 
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latter is in accordance with the system's generic delay time, which was manually increased from 

1.25 to 2 s directly in the software. These changes in delay time are in line with values measured in 

previous studies (Whipp et al., 1999; Rossiter et al., 2000; Rossiter, Ward, Howe, et al., 2002; Bringard 

et al., 2012; Layec et al., 2012). A crucial point in spirometry measurements is the high breathing 

frequency above 1 s−1, in which flow and gas signals are not synchronized because of overlapping 

breath analyses, resulting in an overestimation of the pulmonary VO2 uptake. However, with regard 

to the moderate maximum breathing frequencies in our study (< 0.5 s−1), even a long response time 

of 0.3 s for O2 had no effect on the accuracy of the VO2 determination in consecutive breathing 

cycles. This was also demonstrated in our preliminary in vivo measurements with 3 m and 5 m 

sampling lines, which yielded no significant differences between the two line lengths. 

Interestingly, we observed large respiratory changes in all subjects, despite stressing less than 

15% of their whole muscle mass (see VO2 load and VCO2 load in Table 3-2). We presume that these 

respiratory responses are mainly related to the calf muscle load, as we reduced the participation of 

other muscles in oxygen consumption to the greatest possible extent by using a shoulder harness, 

which effectively suppresses whole‐body movements during the exercise. For the analysis of post‐

exercise VO2 dynamics, we applied a bi‐exponential model proposed by Özyener et al. (Ozyener et 

al., 2001), which comprises fast and slow gas volume depletion components. The fast component 

describes the oxygen supply for aerobic refilling of the cellular stores of PCr andO2, whereas the 

slow component is related to the depletion of accumulated lactate (Wahl, Bloch and Mester, 2009). 

In our study, both time constants showed high inter‐individual variations, especially for the long 

time constant, which was also reported by Özyener et al. (Ozyener et al., 2001). during a whole‐

body exercise and linked to physiological breath‐by‐breath fluctuations and individual endurance 

or strength training orientation (Ozyener et al., 2001; Wahl, Bloch and Mester, 2009). The breath‐

by‐breath noise affects the estimation of kinetic parameters, such as the time constants of VO2 and 

VCO2, and occurs with different intensities among subjects (Lamarra et al., 1987). Nonetheless, 

because of the clear domination of the fast component (fVO2 = 0.93 ± 0.13), the second (slow) 

compartment shows negligible contribution. Therefore, physiological comparisons were limited to 

the short time constants. 

In all subjects, we observed an overshoot of CO2 during load and recovery (so‐called excess 

CO2; see Table 3-2). This excess CO2 corresponds to non‐metabolic CO2, which is formed during 

exercise as a result of buffering of high H+ concentrations with bicarbonate, and is thus stoichio-

metrically related to the acidification of muscle and blood (Wahl, Bloch and Mester, 2009). More-

over, in the work of Roecker et al. (Roecker et al., 2000), the time point of initial CO2 increase was 

used to determine the so‐called anaerobic threshold, which indicates the initial increase in lactate 
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concentration in blood. However, this relation between excess CO2 respiration and lactic acid buff-

ering to evaluate the amount of anaerobic energy supply is controversial, even for whole‐body 

exercises (Roecker et al., 2000). 

In this study, the intense muscle loads were reflected in strong pH decreases at the end of exer-

cise. Furthermore, our study revealed higher, but compatible, PCr time constants compared with 

other studies (Vandenborne et al., 1991; Schmid et al., 2014), again reflecting the intensity of the 

exercise. Vandenborne et al. (Vandenborne et al., 1991) also reported similar low pH values with a 

slowed recovery towards resting pH after a repeated plantar flexion exercise over 2 min with 30% 

maximum voluntary contraction (MVC) and maximum frequency. Previously, negative correlations 

between pH values at the end of exercise and PCr recovery times have been reported in finger, 

plantar flexor muscles, quadriceps muscles and calf muscles (Vandenborne et al., 1991; Poole et al., 

1994; Lodi et al., 1997; van den Broek et al., 2007; Gwenael Layec et al., 2013). This association was 

confirmed in our in vivo cohort (see Figure 3-5 a), and reflects the alterations in inhibited mito-

chondrial respiration as a result of H+ accumulation and release in muscles. 

As stated previously, five subjects showed a slowly disappearing Pi peak during the recovery 

phase without an obvious frequency shift, followed by a re‐emerging peak at the resting resonance 

frequency. The disappearing Pi peak may be attributed to a physiological process first described by 

Bendahan et al. (Bendahan et al., 1990). These authors suggested a trapping of Pi in the gly-

cogenolytic pathway and a build‐up in phosphomonoester at very high load intensities (Rossiter, 

Ward, Howe, et al., 2002). This effect still remains unclear and requires further and more detailed 

investigation using repeated measurements of single subjects, as well as higher field strengths for 

better signal‐to‐noise ratio (SNR) and spectral resolution. 

The high adaptation of VO2 seems to be indirectly associated with the oxidatively driven PCr 

recovery. This link between global and local respiration has also been shown previously by Rossiter 

et al. (Rossiter et al., 1999). However, it should be taken into account that global VO2 does not 

directly represent local O2 supply in muscles. Therefore, verification of the interrelation between 

local and global parameters (PCr recovery and O2 supply) requires additional parameters, which 

describe, for example, the influence of lactate accumulation and metabolic acidosis (Wasserman, 

Hansen and Sue, 1991) on the efficiency of oxygen release from oxyhemoglobin. We assume that 

exercise‐induced inhibitions of H+ efflux and lactate depletions are also reflected in VO2 and VCO2 

kinetics, and that these effects can be assessed by means of combined 31P–MRS, 1H–MRS and 

spirometric measurements, providing better insight into anaerobic metabolism. In our study, we 

observed a significant negative correlation between excess CO2 and pH values at the end of exer-

cise, as indicated by an overshoot of the exhaled carbon dioxide (Roecker et al., 2000). This 
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association might be ascribed to a source of lactate and H+ from the loaded calf muscle. One 

subject revealed a relatively large amount of excess CO2, but a moderate pH drop at the end of the 

exercise (see red data point in Figure 3-5c), which may indicate a load‐induced hyperventilation 

leading to unusually high CO2 exhalation. Such non‐physiological breathing patterns during exer-

cise complicate the assessment of anaerobic metabolism. For this reason, the subject was excluded 

from this part of the analysis. Nonetheless, using spirometry to assess VCO2 and the amount of 

excess CO2 could be worthwhile to gain a better insight into anaerobic metabolism. 

In summary, this study has successfully demonstrated combined measurements of global res-

piratory parameters and muscular energy metabolites. The set‐up was applied to healthy volunteers 

to investigate load‐induced changes in pulmonary and metabolic data, thus enabling a more detailed 

view on the physiological processes that occur when muscular function is adjusted during sustained 

loads. 
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Abstract 

Measurements of exercise-induced metabolic changes, like oxygen consumption, carbon dioxide 

exhalation or lactate concentration, are important indicators for assessing the current performance 

level of athletes in training science. With exercise limiting metabolic processes occurring in loaded 

muscles, 31P-MRS represents a particularly powerful modality to identify and analyze corresponding 

training-induced alterations. Against this background, the current study aimed to analyze metabolic 

adaptations after an exhaustive exercise in two calf muscles (m. soleus – SOL and m. gastrocnemius 

medialis - GM) of sprinters and endurance athletes by using localized dynamic 31P-MR spectroscopy. 

In addition, the respiratory parameters VO2 and VCO2 as well as blood lactate concentrations were 

monitored simultaneously to assess the effects of local metabolic adjustments in the loaded muscles 

on global physiological parameters. Besides noting obvious differences between the SOL and the 

GM muscles, we were also able to identify distinct physiological strategies in dealing with the ex-

haustive exercise by recruiting two athlete groups with opposing metabolic profiles. Endurance 

athletes tended to use the aerobic pathway in the metabolism of glucose, whereas sprinters pro-

duced a significantly higher peak concentration of lactate. These global findings go along with 

locally measured differences, especially in the main performer GM, with sprinters revealing a higher 

degree of acidification at the exercise end (pH 6.29 ± 0.20 vs. 6.57 ± 0.21). Endurance athletes were 

able to partially recover their PCr stores during the exhaustive exercise and seemed to distribute 
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their metabolic activity more consistently over both investigated muscles. In contrast, sprinters 

mainly stressed type II muscle fibers, which corresponds more to their training orientation prefer-

ring the glycolytic energy supply pathway. In conclusion, we were able to analyze the relation be-

tween specific local metabolic processes in loaded muscles and typical global adaptation parame-

ters, conventionally used to monitor the training status of athletes, in two cohorts with different 

sports orientation. 

4.1.Introduction 

The ability to maintain muscular exercise depends on several factors including utilization of 

oxygen (O2), continuous production of high-energy metabolites, and the capacity to cope with 

exercise-limiting variables, such as energy depletion or acidification. Different orientations in sports 

lead to muscle fiber adaptations to meet the performance requirements of the specific discipline 

and thus the ability to either produce extreme high peak forces within a short time or to sustain 

submaximal intensities for long time periods up to several hours (Johansen and Quistorff, 2003). 

Usually, all-out types of exercise performed on bicycle ergometers, treadmills or rowing machines 

are commonly applied methods to evaluate the exhaustion of athletes within their individual time 

period (Broxterman et al., 2017). To do so, several physiological parameters, like maximum oxygen 

uptake (VO2,max), higher O2 requirements (slow component of O2 during load) alongside with the 

inefficiency of force production (Rossiter, Ward, Howe, 2002), thresholds of O2 consumption and 

initial lactate increases (Faude, Kindermann and Meyer, 2009), or the critical power as the maximal 

work rate in a state of aerobic balance (Jones et al., 2010), are commonly quantified as representa-

tives of the individual aerobic function and performance efficiency, which are monitored during 

the execution of exhaustive protocols to evaluate training status and exercise tolerance (Broxterman 

et al., 2017). Apart from these global physiological parameters, it is well known that differently 

trained athletes, e.g., sprinters and endurance athletes, also show distinct variations of several local 

muscular quantities related to constitutional, metabolic and biomechanical aspects as well as dif-

ferent perfusion patterns and different muscle fiber composition even in a single muscle complex, 

such as the calf muscle (Edge et al., 2006; Pesta et al., 2013). Several authors suggested an association 

between changes in global whole-body parameters, like ventilation, and local, high-energy meta-

bolic adaptations (Rossiter et al., 1999; Whipp et al., 1999), but also between exercise termination 

and accumulation of fatigue-related intramuscular metabolites as a result of different muscle fiber 

constellations (Hureau et al., 2014). Therefore, a more comprehensive characterization of metabo-

lite kinetics during muscular performance with non-invasive histochemical interventions has always 

been an important aim of sport science studies (Gastin, 2001; Johansen and Quistorff, 2003). 
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Against this background, localized phosphorous MR spectroscopy (31P-MRS) appears to be an 

ideal modality in not only monitoring spatially-resolved, exercise-induced changes of high-energy 

metabolites non-invasively, such as phosphocreatine (PCr), inorganic phosphate (Pi) and adeno-

sine-triphosphate (ATP), but also in resolving the ATP re-synthesis related proton accumulation 

and consumption in muscles (pH value) (Kemp, 2015). The latter issue is particularly important, as 

proton (H+) accumulation directly impairs muscle fiber contraction (Maassen and Böning, 2008; 

Grassi, Rossiter and Zoladz, 2015). Exercise-limiting effects, like acidification and increase in lac-

tate concentration, might be reduced with continuous, long-term training interventions that may 

either elevate perfusion and oxidative capacity due to a higher content of type I muscle fibers for 

endurance sports or elevate the acidosis resistance by improving the inter-muscular H+ buffer ca-

pacity in type II muscle fibers for short and high intense exercises, which are typical for the sprint 

disciplines (Johansen and Quistorff, 2003; Edge et al., 2006; Pesta et al., 2013). 

Therefore, the aim of this study was to investigate global (whole-body) adaptations in combina-

tion with local, muscle-specific changes in two groups of differently trained athletes. Both athlete 

groups performed an exhausting all-out calf exercise, while localized 31P-MRS data of two calf 

muscle groups were continuously acquired together with spirometry data and blood lactate con-

centrations. We tested triathletes and runners with long-term endurance training, which is associ-

ated with an elevation of the proportion of oxidative type I fibers in muscle tissue (Coyle et al., 

1992; Mogensen et al., 2006) to sustain muscular load below or at the anaerobic steady state for up 

to several hours. For the second group, we tested sprinters with a high proportion of type II muscle 

fibers (Baguet et al., 2011) that are known to provide explosive muscular power. Series of dynamic 

31P-MR spectra were acquired in two m. triceps surae muscle groups, i.e., m. soleus (SOL) and m. gas-

trocnemius medialis (GM). These muscles were selected because they are mainly involved in plantar 

flexion and may both be affected by specialized training orientations (Costill et al., 1979; Coyle et 

al., 1992). Due to their different fiber composition we presumed contributions to both metabolic 

pathways, which are assessable by spirometry and blood lactate diagnostics. Whereas the SOL is 

composed predominately by slow twitch type I fibers utilizing the aerobic cellular respiration as the 

main pathway for ATP production, the GM exhibits a higher amount of fast twitch type II fibers, 

for which anaerobic glycolysis represents the main pathway (Edgerton, Smith and Simpson, 1975; 

Kemp, Meyerspeer and Moser, 2007). Thus, we hypothesized different metabolic adaptations be-

tween the SOL and GM muscles as well as training specific differences in the metabolic outcome 

between the two athlete groups when performing an exercise. 



 
47 

4.2. Experimental 

In vivo set-up 

In total, 21 male subjects practicing either sprint sports (100 m, long- and high jump, hurdles, 

n = 11, median age 23 years (range 18-26 yrs.) or endurance sports (triathlon and long distance 

runners, n = 10, median age 28 years (range 24-35 yrs.) participated in this study (see Table 4-1). 

All subjects performed their respective discipline for at least 5 years with regular training during 

that time (at least 3 days per week). In both groups, the athletic abilities ranged from state to na-

tional level. None of the endurance athletes had been involved in regular sprint-type training, but 

had performed continuously exercises over long distances below the lactate threshold. The sprint 

sport athletes had undergone regular skill and agility training as well as sprint type training and 

specific weight training. 

 

Table 4-1 Subject demographics, mechanical parameter derived from the initial MVC force 
test and duration of exercise in the MR scanner during the main study. All parameters are 
presented as median values with the corresponding 25th and 75th percentile limits in brackets. 

 sprint-trained athletes endurance-trained athletes 

Age [years] 

Height [cm] 

Weight [kg] 

estimated 100% MVC 

pedal resistance [bar] 

load duration  

(main study) [min] 

23 (20, 26) 

182 (179, 189) 

82 (78,84) 

4.8 (4.5, 5.3) 

 

7.2 (5.8, 9.3) 

28 (26, 33) 

183 (180, 186) 

73 (71, 79) 

4.2 (3.7, 4.5)* 

 

6.7 (5.1, 9.7) 

*Significantly different from the sprint-trained group (p ≤ 0.01) 

 

The examination protocol of the whole study was approved by the local Ethics Committee (ID: 

2478-02/09). All participants abstained from intense physical activity of the lower extremities and 

alcohol consumption on the day before and on the day of measurements. Prior to the main MR 

examination, all subjects familiarized themselves with the in-house, MR-compatible pedal ergom-

eter (Tschiesche et al., 2014), which was exploited to determine the individual maximum voluntary 

contraction force (MVC) of the right calf muscle. After three warming-up sets, each consisting of 
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12 low resistance repetitions, the pedal counter-pressure was adjusted to a submaximal resistance 

between 3.2 bar and 4.2 bar according to the individual level of the subjects. Next, the subjects had 

to deflect the pedal as often as possible through its full angular range (25°) until the point of mus-

cular failure was reached. The number of performed deflections as well as the pedal counter-force 

were then used to estimate the one repetition maximum (1 RM) corresponding to 100% MVC by using 

prediction equations summarized by Mayhew et al. (Mayhew et al., 2008). To ensure reliable accu-

racy of these 1 RM estimates, muscular fatigue had to occur within 10 repetitions, otherwise the 

exercise was repeated with a higher pedal resistance after at least 15 min of rest (Mayhew et al., 

2008). 

The MR measurements were performed within one week after these initial MVC tests. The 

exercises consisted of a series of unilateral plantar flexions performed in supine position with 20% 

of the subject’s individual MVC (corresponding to 20% of the pedal counter pressure at 1 RM) and 

with a frequency of 0.8 Hz. Subjects were assisted in maintaining the proper pedal frequency by a 

metronome. Angulation magnitudes and pedal frequencies were monitored by means of a graphical 

user interface hooked up to the ergometer (Tschiesche et al., 2014). During load, subjects were 

encouraged to sustain the exercise as long as possible and verbal instructions were given to ensure 

constant load conditions until total fatigue of the calf muscle was reached. The latter was defined 

as an inability to maintain the prescribed maximum angulation magnitude or the proper pedal fre-

quency for more than 5 s. A recovery phase of up to 25 min (depending on the individual load 

period) followed with released pedal position to ensure proper recovery of the muscle fibers (Moll, 

Gussew and Reichenbach, 2017) during which MRS data were still acquired. 

Figure 4-1 illustrates the protocol of the multi-modal data acquisition (total duration: 30 min), 

which consisted of a rest phase (2 min), a load phase (3 - 15 min) and a recovery phase after the 

exercise (up to 25 min). Dynamic series of 31P-MR spectra were acquired continuously on a clinical 

3 T whole-body MR scanner (Magnetom PRISMA fit; bore size, 60 cm; VE11B, Siemens 

Healthcare, Erlangen, Germany) by using a double-tuned (1H/31P) transmit/receive flexible surface 

coil with an integrated phosphorous loop (Ø = 11 cm with an approximate penetration depth of 

6 cm; RAPID BioMedical; Rimpar, Germany). The coil was fixated on the leg support frame of 

the ergometer and wrapped around the right lower leg. 
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Figure 4-1 Scheme of the calf muscle exercise (20% MVC) showing the time regimes of 31P-

MRS (SOL and GM), spirometry, and blood lactate samplings (red arrows). The experiment 

consisted of three successive phases (‘rest’, ‘load’ and ‘recovery’) with individually variable 

load period depending on the time until complete muscular exhaustion was reached. For the 

analysis of the local metabolic changes of PCr and pH the load period was separated into an 

initial (L180, first 3 min, lighter gray zone) and a late load phase (Llate, darker gray zone). The 

initial load phase (L180) was mastered by all subjects, whereas the duration of the late phase 

(Llate) varied between the subjects. 

 

An in-house developed 31P-MRS pulse sequence, dubbed MUSCLE (MUlti SliCe Localized Ex-

citation (Gussew et al., 2017); TR = 5000 ms; flip angle: 50°; acquisition delay between excitation 

RF pulse and acquisition: 1.3 ms; excitation pulse duration:  1600 μs), was used to acquire series of 

360 single 31P-MR spectra in two parallel, 16 mm thick slices covering the GM and SOL muscle, 

respectively (see Figure 4-2b for slice positions). The sequence combines slice selective excitation 

with fast spectroscopic FID data sampling and enables interleaved measurements in multiple, spa-

tially shifted slices (see Figure 4-2a for the sequence scheme). With an excitation pulse bandwidth 

of 2.45 kHz and a slice thickness of 16 mm, the maximum chemical shift displacement was 2.5 mm 

(between the Pi and γ-ATP specific slices). This leads to a relative slice overlap of 85% and 95% 

for Pi vs. γ-ATP and PCr vs. γ-ATP slices, respectively. In addition, up to four localized, outer 

volume suppression (OVS) bands with individually adjusted thicknesses were applied with each 

excitation to suppress the intra-slice magnetization in adjacent muscles (e.g., in m. gastrocnemius lat-

eralis) and to improve the volume-of-interest selections within SOL and GM (see criss-crossed 

bands in Figure 4-2b). 
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Slice and OVS positions were selected based on 3D T1-weighted gradient-echo MR images 

(TR/TE = 10/6.15 ms) acquired with 1 mm isotropic spatial resolution prior to 31P-MRS. Auto-

matic and manual shimming (1st and 2nd order) was performed across a volume covering both mus-

cles of interest. For each spectroscopic slice, 24 spectra were measured during rest (2 min), fol-

lowed by the acquisition of 36 to 180 spectra during load (3 - 15 min), and up to 300 spectra during 

recovery (25 min) (see Figure 4-1). Since the number of spectra acquired during and after load 

varied depending on the subject-specific exercise duration, the entire load period was subdivided 

into an initial phase with a constant duration of 3 min (L180), which was managed by all subjects, 

and an individually variable, late load phase (Llate) (marked as lighter and darker gray zones, respec-

tively, in Figure 4-1). This division of the load phase allowed illustrating the PCr and pH kinetics 

of the two subject groups during the first 3 min for all participants in a single figure. Prior to 

acquiring the dynamic MRS data, additional, four fully recovered resting state spectra (reference spec-

tra) were collected with TR of 15 s for absolute quantitation of metabolite concentrations in SOL 

and GM by using the intensity of the γ-ATP peak at –2.5 ppm as internal reference (Kemp, 

Meyerspeer and Moser, 2007). 

Oxygen uptake (VO2 in l/min) and carbon dioxide production (VCO2 in l/min) were monitored 

continuously by using a spirometry system PowerCube (LF8, Ganshorn, Medizin Electronic GmbH, 

Niederlauer, Germany), which had been adapted to enable measurements in the MR scanner (Moll 

et al., 2017). The acquisition of the respiratory data started immediately after placing the subject 

into the scanner to allow habituation to the breathing mask and to avoid unusual breathing patterns 

due to the small breathing resistance of the pneumotachograph membrane. 

Small blood samples were collected once during rest, every minute during the exercise and at 1, 

2, 3, 4, 5, 8, 10 and 15 min during the recovery phase by stitching the earlobe with safety lancets 

(Extra 18G/ Penetration Depth 1.8 mm, Sarstedt AG&Co, Nürmbrecht, Germany). The skin was 

cleaned before with an antiseptic solution and slightly massaged to increase the local blood flow. 

Blood lactate concentrations were immediately quantified with a portable lactate SCOUT unit 

(EKF Diagnostics GmbH; Cardiff, UK). 
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Figure 4-2 (a) Scheme of the MUSCLE pulse sequence enabling interleaved measurements 
in multiple, spatially shifted slices. For each slice, the effective repetition time TReff is defined 
by the duration of a single excite-acquire event TR multiplied by the slice number. Each 
event also includes a preparation period of the OVS bands. (b) Sagittal GRE image onto 
which the two MRS slices along the FH axis are indicated. The dashed white lines indicate 
positions of three orthogonal image slices, illustrating MRI cross-sections of the selected 
MRS slices and the muscles of interests at three different layers of the calf. The criss-crossed 
areas indicate the OVS bands, which were applied to suppress signal contributions from 
adjacent tissue. (c) Representative ‘stack plots’ of dynamic 31P-MR spectra series of a sprint-
trained athlete for the two muscles. The red areas indicate the load phase. The SOL series 
(left chart) shows a slow PCr decrease with no apparent frequency shift of the Pi peak (δ) 
due to pH changes. In contrast, the GM series (right chart) exhibits a distinct Pi frequency 
shift due to a strong pH decrease as well as a fast and strong reduction of the PCr intensity, 
which reaches its minimum approximately 60 s into the load phase. 
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Data analysis 

All MR spectra were corrected for zero- and first-order phase errors, frequency shifts as well as 

baseline distortions by using an in-house MATLAB script and were quantified with an AMARES 

routine with prior knowledge for linewidth, frequency and peak shape (Vanhamme, van den 

Boogaart A and Van Huffel S, 1997) included in the jMRUI 5.2 software (www.jmrui.eu). Whereas 

the PCr and Pi peaks (at 0 ppm and 5.02 ppm, respectively) were each fitted as a single Lorentzian 

line, the α-ATP (at -7.52 ppm) and γ-ATP (-2.48 ppm) doublets and β-ATP triplets (-16.26 ppm) 

were quantified with pre-constrained linear combinations of two and three Lorentzian lines, re-

spectively. While the peak linewidths were allowed to vary between 5 Hz 20 Hz, the signal phases 

were fixed at zero degree. Absolute metabolite concentrations were determined from the fully re-

covered reference spectra by normalizing the peak intensities (Imet) with the γ-ATP intensity (Iγ-ATP) 

and assuming a resting state muscle ATP concentration of 8.2 mmol/l (Cmet = 8.2 mmol/l × Imet/Iγ-

ATP) (Kemp, Meyerspeer and Moser, 2007). The intra-muscular pH values prior to the load onset 

(pHrest), at the end of the initial load phase L180 (pH180) as well as at the end of the ergometer exercise 

(pHend) were calculated by inserting the corresponding chemical shifts between the PCr and Pi peaks 

(δ) into the Henderson-Hasselbalch equation (Heerschap et al., 1999): 

 

𝒑𝑯 = 𝟔. 𝟕 + 𝒍𝒐𝒈
(𝟑.𝟐𝟕−𝜹)

(𝜹−𝟓.𝟔𝟑)
  (4-1) 

 

In addition, the potential pH increase during the Llate phase, indicated by ∆pH, was calculated as 

the difference between pHend and the lowest pH value during the load phase (Figure 4-3b, lower 

chart). Figure 4-3a and b illustrate two representative PCr and pH time courses of the GM of a 

sprint- and an endurance-trained athlete, respectively, and also indicate the different metabolic pa-

rameters that were determined and used in the analysis. During L180, the decreasing pH values, 

typically occurring after the short initial alkaline increase, were fitted with a mono-exponential de-

caying function in the GM to determine the acidification time constant (τpH_d). Fitting of the corre-

sponding values in the SOL was dispensed, as the latter revealed distinctly lower pH drops com-

pared to GM. 

The PCr time courses, PCr(t), were fitted in four sections including a constant term Arest for the 

pre-load level, an initially decaying mono-exponential function (time constant τPCr_d), a mono-expo-

nential increasing function for the partial recovery during the subsequent load phase (time constant 

τPCr_i) and, finally, a bi-exponential function described by a weighted sum of fast (time constant 

τPCr_f) and slow (time constant τPCr_s) PCr recovery during the post-load phase: 
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𝑃𝐶𝑟(𝑡)

=

{
 
 
 

 
 
 

𝐴𝑟𝑒𝑠𝑡, 𝑡 ≤ 𝑡1

(𝑃𝐶𝑟(𝑡1) − 𝑜𝑓𝑓𝑠𝑒𝑡) ⋅ 𝑒
−
𝑡−𝑡1
𝜏𝑃𝐶𝑟_𝑑 + 𝑜𝑓𝑓𝑠𝑒𝑡, 𝑡1 < 𝑡 ≤ 𝑡2

𝐴𝑖𝑛𝑖𝑡 ⋅ (1 − 𝑒
−
𝑡−𝑡2
𝜏𝑃𝐶𝑟_𝑖) + 𝑃𝐶𝑟(𝑡2), 𝑡2 < 𝑡 ≤ 𝑡3

𝐴𝑟𝑒𝑐 ⋅ (𝑓𝑃𝐶𝑟 (1 − 𝑒
−
𝑡−𝑡3
𝜏𝑃𝐶𝑟_𝑓) + (1 − 𝑓𝑃𝐶𝑟) (1 − 𝑒

−
𝑡−𝑡3
𝜏𝑃𝐶𝑟_𝑠)) + 𝑃𝐶𝑟(𝑡3), 𝑡3 < 𝑡

 

(4-2) 

 

The terms Ainit and Arec denote the amplitude of the initial partial PCr increase within the (t3 – t2)-

interval and the post-load PCr increase starting at t3 until the end of data acquisition, respectively. 

The parameters, t1, t2 and t3, indicate the time point of the onset of load, the time point of the initial 

partial PCr recovery during the load phase, and the time point of the end of load, respectively. The 

parameters fPCr and (1-fPCr) are the weighting factors of the fast and slow component of the bi-

exponential PCr recovery during the post load phase. The offset in Eq. [4-2] reflects the residual PCr 

intensity after depletion of the PCr stores during the initial load phase. 

Interestingly, the majority of sprint-trained athletes (n = 9, both muscles) and only few endur-

ance-trained athletes (n = 2, both muscles) did not reveal a detectable increase of the PCr concen-

tration during the load phase, whereas the majority of endurance-trained athletes (n = 8) and a 

minority of sprinters (n = 2) did indeed show such an increase (see Figure 4-3). The potential pres-

ence of PCr increase during the load phase was inferred prior to performing the fits by comparing 

the local minimum PCr concentration after load onset during the load phase (mean value of at least 

five successive PCr minima) and the PCr concentration at the end of the exercise. The difference 

between these two levels was then chosen as the starting value for the parameter Ainit in the fit 

function of Eq. [4-2]. A compilation of the PCr and pH time courses for all subjects can be found 

in the Supplementary Material (Figures S4-1 and S4-2). 
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Figure 4-3 Representative PCr (upper charts) and pH (lower charts) time courses in the GM 
of a sprint-trained (a) and an endurance-trained (b) athlete during rest, load (red dots) and 
recovery. From the fitted PCr time course (blue dashed lines, see text for details and Eq. [4-
2]), time constants of PCr decrease during load (τPCr_d) and PCr increase during recovery 
(τPCr_f/s) were extracted. The time points, t1, t2 and t3, indicate onset of load, beginning of the 
partial recovery of PCr during the load phase, and end of load, respectively. The parameters 
pHrest, pH180 and pHend indicate the pH levels prior to load onset, at the end of the L180 phase, 
and at the end of the Llate phase, respectively. The L180 and Llate phases are marked as lighter 
and darker gray areas, respectively. For the GM data, the time constant of the pH decrease 
(τpH_d) during the L180 phase was determined from a mono-exponential fit. (a) The sprint-
trained athlete shows fast PCr decrease after load onset, which levels off to a stable PCr level 
with no apparent partial recovery during the later load phase, Llate. This is paralleled by per-
manently low pH values or even further decreasing values towards the final pHend value. (b) 
For the endurance-trained athlete, PCr depletes quickly below 5 mM before starting to re-
cover partially at t2. This is paralleled by a rapid drop of the pH value, followed by alkalization 
(∆pH > 0) during the Llate phase towards the end-exercise value pHend. 

 

Post-processing of the respiratory data has been described in detail in our previous work (Moll 

et al., 2017). In brief, the raw spirometric data were resampled to a temporal resolution of 10 s by 

the vendor software. Time courses of VO2 and VCO2 were again fitted in sections by three different 

functions representing rest (constant offset), load (mono-exponential increase, τVO2_i) and recovery 

(bi-exponential decrease, τVO2_f/s, τVCO2_f/s) phases. Similar to the bi-exponential PCr kinetic, the 
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spirometric recovery during the post-load phase was weighted to assess the impact of the fast and 

slow component, respectively (fVO2, fVCO2). Besides determining the time constants during load and 

recovery, the resulting fit data were also used to assess the resting state (VO2_r and VCO2_r) and 

peak (VO2_p and VCO2_p) gas volume rates as well as the exercise-induced over-shoot of CO2 over 

the O2 volume (excess CO2 in l), which was determined from the difference between the areas under 

the superimposed fitted VO2 and VCO2 curves during load and recovery. In order to consider the 

inter-individual offsets between VO2 and VCO2 levels, the fitted curves were co-aligned with re-

spect to their resting state levels prior to the calculation of the accumulated amount of excess CO2. 

Finally, the blood lactate evolutions were modelled using a simple kinetic model based on phar-

macokinetic theory and was fitted to the following equation, which describes the lactate release 

from the muscle into the blood compartment as well as the lactate elimination due to dilution and 

oxidative depletion (Francaux, Jacqmin and Sturbois, 1989): 

 

𝑳𝒂𝒄(𝒕) = 𝑨𝒍𝒂𝒄 ⋅ (
𝝉𝒅𝒆𝒑𝒍

𝝉𝒅𝒆𝒑𝒍−𝝉𝒓𝒆𝒍
) ⋅ (𝒆

−
𝒕

𝝉𝒅𝒆𝒑𝒍 − 𝒆
−

𝒕

𝝉𝒓𝒆𝒍) + 𝒐𝒇𝒇𝒔𝒆𝒕  (4-3) 

 

The term Alac denotes the amplitude of lactate increase and τrel and τdepl are the time constants of 

lactate release and depletion, respectively. The offset denotes the constant blood lactate concentra-

tion at rest (Lacrest), which is defined by the equilibrium between lactate release and elimination. 

 

Statistical analysis 

All values are reported as median values with the corresponding 25th and 75th percentiles, calcu-

lated separately for SOL and GM muscles and for both athlete groups. To compare between the 

athlete groups and the calf muscles, the two-sided Wilcoxon rank sum was used. Data were ana-

lyzed with an α-level of 0.05 to determine statistical significance in all tests. The p-values from the 

two-sided Wilcoxon rank sum test, which were calculated by testing the differences between the 

athlete groups and the calf muscles, were adjusted by applying the Bonferroni-Holm procedure as 

a post-hoc test for correcting for multiple comparisons (Holm, 1979). Therefore, parameters were 

subdivided into groups corresponding to the same metabolic processes i.e., the PCr values prior to 

the load, a group containing the load related PCr decreases and the corresponding time constants; 

a group containing the pH values after 180 s, the pH values after the end of the exercise and the 

time constant of pH decrease; a group containing the time constants of the VO2 increase during 

load, peak values of VO2 and VCO2 and excess CO2; the lactate values during rest; and a group 

containing changes in lactate concentration and the time constants in lactate release and depletion. 
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Estimated p-values (p1, p2 …pk) were then ordered from the highest to the lowest and corrected 

as follows: 

 

𝒑𝒄𝒐𝒓𝒓_𝒌 =
𝒑𝒌

𝒏+𝟏−𝒌
  (4-4) 

 
where k is the index of each p-value and n is the number of parameters within each group. Cor-

rected p-values are stated in Table 4-2 and Table 4-3. The associations between muscle-related and 

global metabolic changes were quantified by using the Spearman’s correlation coefficient. 

4.3. Results 

Sprint-trained athletes were able to overcome significantly higher counter pressures during the 

initial MVC measurement compared to endurance-trained athletes (see Table 4-1; estimated 1 RM 

and 100% MVC counter pressure, sprinters: 4.8 (4.5, 5.3) bar vs. endurance athletes: 4.2 (3.7, 

4.5) bar; p ≤ 0.01). Both groups showed similar but inter-individually strongly varying exercise du-

rations during the measurements in the MR scanner (see Table 4-1, load duration, sprinters: 7.2 

(5.8, 9.3) min; endurance athletes: 6.7 (5.1, 9.7) min; range: 3 – 15 min). The scatter of the achieved 

load durations is illustrated in the Supplementary Material (Figures S4-1 and S4-2) where the indi-

vidual time courses of PCr concentration and pH value are presented for all subjects.  

 
31P-MRS 

Prior to the load, mean linewidths of PCr were 5.4 ± 0.9 Hz and 5.8 ± 1.1 Hz in SOL and GM, 

respectively (see Figure 4-4 for representative resting state and load phase spectra). During the 

exercise, the PCr peaks broadened to 8.6 ± 3.9 Hz (SOL) and 9.9 ± 4.8 Hz (GM). Table 4-2 sum-

marizes the median values of metabolic parameters derived from the 31P-MR spectra series in GM 

and SOL. No significant differences in absolute resting state PCr concentrations were observed 

between both athlete groups neither in SOL nor in GM muscle, although a slightly higher, but 

insignificant PCr concentration was seen in the GM of sprinters compared to the endurance ath-

letes. On the other hand, in the sprinter group resting state PCr concentrations were significantly 

higher in GM compared to SOL (p = 0.03), but not in the endurance athlete group. Figure 4-2c 

illustrates two representative ‘stack-plots’ of dynamic 31P-MR spectra series from the SOL and GM 

of a sprint-trained volunteer. During load, distinctly weaker exercise-induced PCr depletions and 

smaller Pi frequency shifts are seen in SOL compared to GM, which, in turn, shows a faster and 

stronger PCr decrease as well as a strongly pronounced acidification. These individual observations 

can also be carried over to both athlete groups (see Table 4-2). 
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Figure 4-4 Representative 31P-MR spectra acquired in SOL (left chart) and in GM (right 
chart) during rest (lower black graphs), 200 s after load onset (middle red graphs) and 250 s 
after load end. 

 

Figure 4-5 shows the dynamics of the mean (normalized) PCr levels and mean pH values for 

both muscles and athlete groups during the L180 phase. Endurance-trained subjects revealed dis-

tinctly higher PCr depletion in the SOL (35 (15, 45) % of the normalized PCr level in rest) com-

pared to sprinters with 48 (23, 57) % (Figure 4-5a, left chart). In the GM, almost full PCr depletion 

occurred in all subjects; however significantly longer PCr decay time constants were determined in 

the sprinter group compared to the endurance group (τPCr d, sprinter: 29 (25, 41) s vs. endurance: 

20 (14, 22) s; p = 0.03, see Figure 4-5a, right chart). 
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Figure 4-5 Mean kinetics of (normalized) PCr (a) and pH (b) during rest and the L180 
phase for both muscles (SOL: left charts, GM: right charts) and both athlete groups 
(sprinters: blue dots, triathletes: red dots). The vertical dashed black lines represent load 
onset (time point t1). The error bars indicate the standard deviations of the calculated 
mean metabolic parameters. (a) Compared to the endurance athletes, sprinters reveal less 
PCr depletion in the SOL and a slower PCr decay in GM. (b) Whereas the pH kinetics in 
the SOL is similar for both groups, it differs for the GM: in the sprinter group: pH de-
creases continuously, particularly towards the end of L180 phase, whereas in the endur-
ance-trained group pH levels off approximately 70 s after load onset. The bar plots show 
the median values (with 25th and 75th percentiles, respectively) of pH at the end of the 
total load phase, pHend, which were significantly different in the GM between the two 
groups. 

 

The pH kinetics in the SOL represents the typical evolution for a moderately intense exercise 

in both athlete groups, starting with a slow alkaline shift due to H+ consumption (creatine kinase) 

followed by a plateau at pH  7.1, which lasts for approximately 50 s, before starting to decrease 

slightly (pH180, sprinter: 6.95 (6.80, 7.0) vs. endurance: 6.95 (6.73, 7.0); p = 0.91, see Figure 4-5b, left 

chart). In contrast, the pH kinetics in the GM reflects an intense exercise by starting with a steep 

increase to a alkaline pH of approximately 7.15 due to the fast PCr breakdown during the first 10 s 

of the exercise, followed by a monotonous drop to similar pH values for both groups at the end 

of the L180 phase (pH180, sprinter: 6.35 (6.3, 6.45) vs. endurance: 6.4 (6.37, 6.44); p = 0.10, see Figure 
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4-5b, right chart). However, compared to the sprinter group showing a continuous pH decrease, 

the endurance athletes revealed a significantly faster pH drop in the GM, which levelled off ap-

proximately 70 s after load onset (τpH_d, sprinter: 53 (42, 95) s vs. endurance: 28 (24, 35) s; p = 0.03). 

 

Table 4-2 Muscle- and athlete group-specific metabolic parameters extracted from the 31P-
MR spectra series. PCrdec represents the maximum percentage drop in PCr concentration dur-
ing the load phase normalized to rest. All parameters are presented as median values (25th 
and 75th percentile limits in brackets) with corresponding p-values, which were corrected by 
the applying the post-hoc Bonferroni-Holm procedure among subgroups and separated by 
gray lines. Significant differences between SOL and GM are marked with an asterisk (*); 
significant group differences with p < 0.05 are marked in bold. 

 sprint-trained athletes endurance-trained athletes p-value 

SOL GM SOL GM SOL GM 

PCrrest 

[mmol/l] 

32 (31, 35)* 36 (35, 38)* 32 (30, 33) 32 (31, 36) 0.39 0.18 

PCrdec 

[%] 
48 (23, 57)* 95 (91, 95)* 35 (15, 45)* 94 (91, 95)* 0.18 - 

τPCr_d [s] 45 (35, 57) 29 (25, 41) 57 (41, 70)* 20 (14, 22)* 0.28 0.03 

τpH_d [s] 

pH180 

- 

6.95 (6.8, 7,0)* 

53 (42, 95) 

6.35 (6.3, 6.45)* 

- 

6.95 (6.73, 7.0)* 

28 (24, 35) 

6.4 (6.37, 6.44)* 

- 

0.91 

0.03 

0.10 

pHend 6.9 (6.8, 7.0)* 6.3 (6.2, 6.35)* 6.89 (6.73, 7.0)* 6.55 (6.4, 6.78)* 1.0 0.04 

τPCr_f [s] 

τPCr_s [s] 

fPCr 

47 (41, 77)* 

362 (210, 464) 

0.8 (0.8, 0.9) 

115 (98, 142)* 

898 (433, 915) 

0.7 (0.6, 0.9) 

45 (23, 84)* 

221 (203, 370) 

0.9 (0.8, 1.0) 

88 (48, 115)* 

662 (314, 990) 

0.8 (0.7, 1.0) 

0.75 

- 

- 

0.04 

- 

- 

 

Extending the inspection of the PCr time courses beyond the L180 phase by including the sub-

sequent Llate phase resulted in interesting findings that depended on the overall load duration sub-

jects were able to uphold. For load durations up to approximately 350 s both athlete groups re-

vealed similar PCr patterns showing a distinct PCr depletion during the load phase followed by 

recovery during the post-load phase (see upper charts of Figure 4-6). For load durations >350 s, 

predominantly endurance athletes (n = 8, both muscles) but only few sprinters (n = 2, both 
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muscles) showed a biphasic PCr profile with a partial PCr increase starting at t2 = 200 (195, 245) sec 

(see lower charts of Figure 4-6 and Supplementary Figures S4-1 and S4-2). 

 
Figure 4-6 Representative PCr time courses in the GM of two sprint-trained (a, c) and two 
endurance-trained athletes (b, d). The load phase is indicated by red dots, whereas the blue 
dashed lines indicate the fit results (cf. Eq [4-2]). In contrast to athletes with short exercise 
durations (< 350s, (a),(b)), who showed similar PCr kinetics, specifically endurance-trained 
athletes (but also two of the sprint-trained athletes) with longer exercise periods (> 350 s, 
(c),(d)) revealed distinctly different PCr evolutions during the later load phase, Llate. As seen 
in (d), partial PCr recovery occurs approximately 200 s after load onset in this endurance 
athlete, which is not seen for the sprint-trained athlete in (c) (see text for details and Supple-
mentary Material). 

 

In the GM, this was usually accompanied by a pH increase of ∆pH = 0.25 (0.20, 0.3) among the 

endurance-trained athletes and a ∆pH of up to 0.2 in both sprint-trained athletes. This pH increase 

was less pronounced in the SOL (sprinters: ∆pH ≈ 0; endurance athletes: ∆pH up to 0.1). The 

partial recovery of PCr and the increase of pH during the later load phase Llate were stronger pro-

nounced in the endurance group. Finally, comparing the pH values at the end of the exercise re-

vealed significantly lower pHend values in sprinters compared to endurance athletes in the GM (pHend, 

sprinter: 6.30 (6.20, 6.35) vs. endurance: 6.55 (6.40, 6.78); p = 0.04, see Figure 4-5b, right chart, 

small bar-plot at the bottom part in the right pH chart). Figure 4-7 shows the time courses of 

normalized PCr concentrations obtained in both athlete groups and in both muscles during the 

post-load phase. For both groups, the short component of the PCr recovery was significantly faster 
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in the SOL compared to GM (τPCr_f, median over all subjects SOL: 47 (32, 77) s vs. median over all 

subjects GM: 101 (80, 124) s; p < 0.001). Comparing the results between the groups, the GM of 

endurance athletes revealed a significantly shorter recovery time constant τPCr_f compared to sprint-

ers (τPCr_f, sprinters: 115 (98, 142) s vs. endurance athletes: 88 (48, 115) s; p = 0.04) but no signifi-

cantly different results in the SOL (τPCr_f, sprinters: 47 (41, 77) s vs. endurance athletes: 45 (23, 84) s; 

p = 0.75). 

 

Figure 4-7 Normalized mean post-load PCr kinetics in SOL (a) and GM (b) for sprinters 
(blue dots) and endurance athletes (red dots). The error bars represent the corresponding 
standard deviations. PCr recovery is similar in the SOL for both groups, whereas endurance-
trained athletes show a faster PCr recovery in the GM compared to sprinters. 

 

Spirometry and blood lactate 

Figure 4-8 displays representative time courses of respiratory and blood lactate data for one 

sprinter (left charts (a)) and one endurance athlete (right charts (b)). Median group values of gas 

volume rates and lactate concentrations obtained from the spiroergometry and blood lactate meas-

urements, respectively, are summarized in Table 4-3. During load, both groups revealed consistent 

exercise-induced pulmonary changes with slightly higher VO2 peak levels in sprinters (VO2_p, 

sprinters: 1.1 (1.07, 1.31) l/min vs. endurance athletes: 0.98 (0.82, 1.08) l/min; p = 0.28). The sprint-

ers also showed shorter VO2 time constants during load (τVO2_i, sprinters: 320 (240, 410) s vs. en-

durance athletes: 440 (370, 510) s; p = 0.33). After the exercise, VO2 decreased instantly for both 

groups, with the time constant τVO2_f, for the fast component of the bi-exponential decay being 

shorter in endurance athletes (τVO2_f, sprinter: 60 (55, 65) s vs. endurance: 48 (45, 59) s; p = 0.16). 

The weighting factors of the bi-exponential function (fVO2 and fVCO2) showed a distinct weighting 

towards the fast component and a rather negligible impact of the slower component (Moll et al., 

2017).  
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Figure 4-8 Representative VO2 (blue) and VCO2 (red) time courses (upper charts) and cor-
responding blood lactate concentration evolutions (lower charts) in a sprint-trained (a) and 
an endurance-trained athlete (b) prior to, during (marked by vertical dashed lines) and after 
the exercise. The dashed lines overlaying the parameter evolutions are the corresponding fits. 
The sprinter (a) shows a steeper increase of the gas volume rates and a larger overshoot of 
CO2 (the area enclosed by VO2 and VCO2 curves during and after the load), which is mirrored 
in significantly higher peak lactate concentrations. The endurance-trained athlete (b) reveals 
a lower peak lactate level as well as a faster lactate clearance during the recovery phase. 

 

The difference between the areas under the VCO2 and VO2 curves during the load and post-

load phases was positive for all subjects, indicating high accumulation of non-metabolic CO2 (excess 

CO2, sprinter: 3.3 (2.0, 4.0) l vs. endurance: 1.9 (1.7, 2.9) l; p = 0.12). These anaerobic adaptations 

were mirrored in considerable individual blood lactate increases, which were measured within the 

first minutes of the post-load phase. The lactate release rates (τrel, sprinter: 499 (424, 593) s vs. en-

durance: 432 (410, 513) s; p = 0.97) were similar for both groups; however, sprinters had a higher 

median lactate change ALac (cf. Eq. [4-3]) (ALac, sprinters: 1.8 (1.4, 2.2) mmol/l vs. endurance: 1.3 

(0.7, 1.5) mmol/l; p = 0.14). During the post load phase, clearance of lactate dominated over the 

release, with concentration depletion in sprinters being significantly slower compared to endurance 

athletes (τdepl, sprinter: 573 (496, 681) s vs. endurance: 313 (234, 488) s; p = 0.03). 
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Table 4-3 Group-specific pulmonary parameters and lactate values derived from the spiro-
metric and blood lactate measurements during rest, exercise and recovery phases presented 
as median values (25th and 75th percentile limits in brackets) and corresponding p-values, 
which were corrected by the applying the post-hoc Bonferroni-Holm procedure among sub-
groups and separated by gray lines. Significant group differences with p < 0.05 are marked 
in bold. 

 sprint-trained athletes endurance-trained athletes p-value 

τVO2_i [s] 

VO2_p [l/min] 

VCO2_p [l/min] 

excess CO2 [l] 

320 (240, 410) 

1.1 (1.07, 1.31) 

1.07 (0.92, 1.23) 

3.3 (2,0 4.0) 

440 (370, 510) 

0.98 (0.82, 1.08) 

0.96 (0.86, 1.03) 

1.9 (1.7, 2.9) 

0.33 

0.28 

0.27 

0.12 

τVO2_f [s] 

fVO2 

fVCO2 

Lacrest [mmol/l] 

60 (55, 65) 

0.9 ± 0.1 

0.8 ± 0.2 

1.3 (1.3, 1.7) 

48 (45, 59) 

0.9 ± 0.1 

0.9 ±0.1 

1.3 (1.1, 1.5) 

0.16 

- 

- 

- 

ALac [mmol/l] 

Lac τrel [s] 

Lac τdepl [s] 

1.8 (1.4, 2,2) 

499 (424, 593) 

573 (496, 681) 

1.3 (0.7, 1.5) 

432 (410, 513) 

313 (234, 488) 

0.14 

0.97 

0.03 

 

Associative data analysis 

In the sprint-trained group, the intra-muscular pH values in the GM at the end of the ergometer 

exercise, pHend, showed a positive correlation with the load duration (sprinter, pHend vs. load duration, 

R = 0.68; p = 0.02; endurance: pHend vs. load duration, R = 0.521; p = 0.11), a trend for a positive 

correlation with the blood lactate changes, ALac, (sprinters: pHend vs. ALac, R = 0.561; p = 0.06; en-

durance athletes: pHend vs. ALac, R = 0.470; p = 0.17), and a negative correlation with the excess CO2 

levels (sprinters: pHend vs. excess CO2, R = -0.726; p = 0.01; endurance athletes: pHend vs. excess CO2, 

R = -0.543; p = 0.10). 

Both athlete groups revealed significantly positive correlations between changes in lactate con-

centrations, ALac, and excess CO2 levels (sprinters: ALac vs. excess CO2, R = 0.548; p = 0.052; endurance 

athletes: Lacpeak vs. excess CO2, R = 0.605; p = 0.038). In the sprinters, the time constants of the post-

load lactate depletion, τdepl, were also positively associated with the time constants of the VO2 decay, 

τVO2_f (τdepl vs. τVO2_f, R = 0.706; p = 0.02). 
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4.4. Discussion 

In this work, a comprehensive analysis of metabolic adaptations in all-out exercised calf muscles 

of two differently trained athlete groups was performed by using localized dynamic 31P-MR spec-

troscopy. Respiratory parameters VO2 and VCO2 as well as blood lactate concentrations were mon-

itored simultaneously to the spectroscopic measurements in order to assess the effects of local 

metabolic adjustments in the loaded muscles on global physiologic parameters, which are typically 

used in sport science studies to evaluate the training state and fatigue resistance of athletes (Poole 

et al., 1988; Grey et al., 2014). By recruiting two opposing athlete groups we intended to differentiate 

the impact of specific metabolic energy supply pathways, whose kinetics are assumed to be affected 

by specific training orientations. Applying an advanced 31P-MRS sequence with time-resolved spec-

tra acquisition in multiple slices enabled interleaved tracking of the metabolic time courses in two 

different calf muscle parts. 

The locally measured metabolic parameters in the current study allow separation between dif-

ferent training orientations with sport-specific regimes of energy supply pathways. Specifically, en-

durance-trained athletes showed a higher grade of metabolic adjustments, especially in the SOL, in 

terms of PCr depletion halfway through the final part of the L180 phase. During the first 60 s both 

athlete groups revealed similar PCr depletions, indicating comparable energy demands and degrees 

of mechanical workload (see Figure 4-4a, left chart). The subsequent plateau phase implies a level-

ing-off between consumption and re-synthesis of PCr, where the former is obviously more pro-

nounced in endurance athletes. In addition, both groups showed a steady, but smooth decrease of 

pH as a consequence of the H+-producing anaerobic glycolysis. However, since pH drops only to 

6.9 on average, the impact of the anaerobic pathway seems to be small in the SOL. 

In contrast to endurance athletes, sprinters showed a slower PCr decrease in GM, which indi-

cates lower energy demand. Furthermore, sprinters presented with continuous pH decrease during 

the entire L180 phase, which goes along with recent findings of Pesta et al., who also demonstrated 

a higher grade of acidification in sprint-trained subjects and ascribed this to lower oxidative capacity 

and higher contractile costs of activated motor units (Pesta et al., 2013). In contrast, the more dis-

tinct pH plateau, which levels off in endurance athletes during the second half of the L180 phase 

(see Figure 4-4b, right chart), indicates a reduced grade of anaerobic glycolysis compared to the 

sprinters. This assumption of higher efficiency of the aerobic pathway in the GM of endurance 

athletes is further supported by the significantly faster PCr recovery during the post-load phase, 

which again, may indicate an overall higher oxidative capacity as a result of a higher amount of 

type I fibers (S. C. Forbes et al., 2009). The absence of a pH plateau during the L180 phase in sprint-

ers’ GM is a good marker for a continuously high anaerobic energy production leading to severe 
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mean acidification up to 6.3 at the end of the exercise. In contrast, the energy supply of the endur-

ance athletes seems to be more aerobic as supported also by the lower pH drop, even though the 

initial decrease (τpH_d) was faster than in the sprinters. However, since the chosen exercise was fairly 

intense in this study compared to the usual exercising domain of endurance athletes, their long-

term aerobic metabolism might have been delayed and had to be initially supported by the anaer-

obic pathway. This, in turn, explains the steeper acidification in the endurance athletes at the be-

ginning of the exercise. Overall, our findings suggest a more evenly distributed metabolic activation 

among both muscles in endurance athletes with a higher impact of the supporter muscle SOL 

halfway through the L180 phase compared to sprinters who rely mostly on the main contributor 

GM. As mentioned before, this could be an indicator of different fatigue-avoiding strategies as 

both groups showed similar mean load durations. 

An interesting, even unexpected finding of our study was the apparent different PCr and pH 

kinetics, which was observed in both muscles during the Llate phase in athletes exceeding a load 

duration of 350 s. Sprinters showed a constantly decreasing pH value in conjunction with fully 

(GM) or partly (SOL) drained PCr stores, whereas most of the endurance athletes revealed a partial 

PCr recovery during the load phase (see Figure 4-3). This indicates that the GM of sprinters utilized 

the anaerobic pathway to a greater extent, whereas the endurance athletes were obviously able to 

switch to the aerobic pathway and thus oxygenate lactate, which led to diminished PCr turnover 

and partial elevation of the PCr concentration (Juel, 1997). Support for this interpretation comes 

from the pH values, which increased in the endurance athletes despite the H+ production of the 

PCr re-synthesis, thus indicating a switch towards the H+-neutral and oxidative metabolic pathway 

(Kemp, 2015; Fiedler et al., 2016). As a consequence, the H+ efflux dominates the H+ production 

of the anaerobic pathway. A partial PCr recovery in the muscles of endurance athletes due to a 

reduced energy demand can be excluded, since the load conditions in our study were kept constant 

during the entire exercise period by constantly checking the monitored pedal frequency and angu-

lation. Alternatively, as indicated by similar findings in the literature, the fractional PCr and pH 

recoveries might also be related to the recruitment of additional motor units with a lower energy 

demand enabling to spread the work load over or to reduce the impact on muscle compartments 

(Pesta et al., 2013). Because such findings were made in a professional cyclist, the occurrence of 

such metabolic recovery behaviors represents the effectiveness of the metabolism in highly-trained 

athletes. Long-term aerobic training is also known to increase fatigue resistance and selective re-

cruitment of muscles and motor units in endurance athletes might be a way of dealing with the 

particular exercise type of our study (Enoka and Stuart, 1992). In agreement with findings of Pesta 

et al., we also observed significantly faster PCr recovery kinetics (shorter τPCr_f) in the GM of endur-

ance trained athletes, which indicates a higher oxidative capacity due to a larger type I fiber fraction, 



 
66 

higher mitochondrial density and perfusion (Pesta et al., 2013). Since muscular perfusion is more 

elevated in endurance athletes than in sprinters, the phenomenon of fractional PCr and pH recov-

ery may reflect an increased vasodilatory response (Duteil et al., 2004). Besides the autonomic nerv-

ous system, which causes vasodilation in the first place, perfusion and blood flow are closely related 

to tissue metabolic activity e.g., high CO2, lactate concentrations as well as decreased pH values, 

which are, however, usually more prominent in sprint-trained athletes. Thus, severe changes in the 

metabolism may also support an enhanced perfusion alongside with an adequate oxygen supply of 

the tissue.  

It is well known that sport orientation-driven adaptations in the muscular metabolism, such as 

changes in mitochondrial density, oxygen turnover or muscle fiber fractions, are accompanied by 

further metabolic adjustments, including changes in perfusion, efficiency of capillary gas exchange 

or intermediate turnover rates (Millet et al., 2002; Rivera-Brown and Frontera, 2012; Grey et al., 

2014). Consequently, it was not surprising to find distinctly different respiration and blood lactate 

characteristics between our investigated athlete groups as indicated, e.g., by the almost twice as 

large excess CO2 levels in sprinters, which are related to the elevated anaerobic energy supply and 

are also mirrored in distinctly higher amounts of accumulated lactate in the blood. This association 

was confirmed by significant correlations between excess CO2 and blood lactate peak values in both 

groups. As an intermediate, lactate limits muscle performance and is buffered by bicarbonate, caus-

ing the production of non-metabolic CO2 (Beaver, Wasserman and Whipp, 1986; Roecker et al., 

2000). The connection between these markers of anaerobic metabolism can be explained by the 

fact that formation of lactic acid is directly related to the accumulation of an equimolar amount of 

H+, which both lead to a pH reduction forcing bicarbonate buffering and the production of non-

metabolic CO2 during high intense exercises (Juel, 1997). Interestingly, sprint-trained athletes re-

vealed a correlation between local acidification and excess CO2 as well as between local acidification 

and blood lactate peaks, which implies that pH might be a good indicator for anaerobic metabo-

lism. 

According to their slower VO2 increases (τVO2_i) during the L180 phase (see Figure 4-7), endurance 

athletes tend to demand lower O2 amounts to sustain the mechanical output. This slow VO2 kinetic 

is reflected in a faster PCr depletion (τPCr_d) in the GM (Jones and Poole, 2005), assuming a higher 

rate of anaerobic glycolysis during the L180 phase. In addition, the lower VO2 rates in endurance 

athletes might also be associated with more efficient muscle perfusion and O2 release by oxyhemo-

globin, as is common for muscles with elevated type I proportion (Wasserman, Hansen and Sue, 

1991; Yoshida, Abe and Fukuoka, 2013). However, without having access to perfusion related 

measures or blood oxyhemoglobin concentrations these particular effects could not be differenti-

ated directly in the present study. 
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The pH leveling-off, as observed in the GM of the endurance group throughout the L180 phase, 

suggests an accelerated aerobic energy supply, which also explains the lower accumulation of lactate 

in the blood. As mentioned above, the endurance-trained athletes had distinctly lower Lacpeak values 

and lactate changes (ALac) as well as significantly faster depletion of blood lactate (lower τdepl), which 

can be ascribed to a typical right-shift of the lactate-performance curve often observed in highly-

trained athletes as a result of their endurance training (Heck and Schulz, 2002; Rivera-Brown and 

Frontera, 2012). In addition, the faster blood lactate decrease might also be promoted by a high 

amount of type I fibers, which are not only supposed to make up a larger fraction in the GM of 

endurance athletes but also known to metabolize lactate up to four times faster than type II fibers 

(Juel, 1997). Overall, the changes in the global parameters seem to be majorly driven by the dis-

tinctly more pronounced metabolic adaptations of the GM muscle, which acts as the main contrib-

utor of force generation in our plantar flexion setup (Price et al., 2003). In contrast, the SOL plays 

a supporting role and affects the global adjustments to a lesser extent than the GM, as also reflected 

in its distinctly lower metabolic changes. 

These metabolic differences between SOL and GM found in this study are in accordance with 

recent findings from the literature (Allen et al., 1997; Valkovič et al., 2014; Fiedler et al., 2016; Niess 

et al., 2017). Using a similar plantar flexion exercise setup, a considerably stronger exercise-induced 

PCr depletion and acidification was observed in the GM compared to the SOL. The breakdown of 

PCr during the initial load phase is directly linked to ATP demand and turnover, since the former 

acts as the sole phosphate buffer for the ATP re-synthesis (Kemp, 2015). Thus, slower initial PCr 

depletion in the SOL indicates distinctly lower activation compared to the GM. A reduced energy 

demand of the SOL confirms the different working domains of both muscles, which is also evident 

from the higher exercise-induced acidification in the GM. The mono-articular SOL acts as a sup-

porter in the specific form of plantar flexion applied in our study with an extended knee and usually 

reveals constant activation to cover posture tasks. In contrast, the poly-articular main contributor 

GM is able to generate higher forces (Sale et al., 1982). According to these pre-conditioned perfor-

mance tasks, Allen et al. assumed different fiber compositions with higher amount of type I fibers 

in the SOL and higher amount of type II fibers in the GM (Edgerton, Smith and Simpson, 1975). 

This, in turn, could affect the preference of either aerobic or anaerobic energy supply in the SOL 

and GM, respectively (Allen et al., 1997; Price et al., 2003). Furthermore, the mainly oxidative met-

abolic contribution is reflected in the present experiment by exercise-induced pH levels around 7.0 

in the SOL of athletes with exercise durations > 350 s (Fiedler et al., 2016). Other authors con-

firmed the assumption of different metabolic domains, in which both muscles are working (Forbes 

et al., 2009; Fiedler et al., 2015). Thus, based on the conclusions drawn from recent findings, the 

pH and PCr kinetics measured in the present study indicate that the GM is characterized by higher 
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activation, higher acidification as well as a presumably higher impact of glycolytic energy supply in 

contrast to the SOL. Activation of the supportive SOL was more heterogeneous, especially among 

the endurance athletes, who tend to use it to a greater extent. This, in turn, may represent an adap-

tive strategy to cope with this unusual, stressful exercise. 

This heterogeneous activation of GM and SOL muscles restricts the direct and objective com-

parison of exercise-induced metabolic changes in separate calf muscle groups. Therefore, more 

advanced exercise protocols, e.g., with angled knees, might be better suited to induce a more bal-

anced activation of both muscles, and thus allow better characterization of the SOL’s contributions 

to the global adjustments. Furthermore, applying an exercise protocol with multiple MVC incre-

ments could assess a broader range of metabolic adaptations in differently trained athletes and 

would allow a more comprehensive characterization of training-induced adjustments of energy 

supply as well as exercise-limiting factors. Last but not least, previously mentioned assumptions, 

like training-induced varying perfusion patterns and vasodilatory changes require further verifica-

tion, which could be done by, e.g., additional arterial spin labeling measurements in the investigated 

muscle region, to characterize vasodilating effects of CO2 on metabolic changes. 

In summary, our present study demonstrates the capability of in vivo 31P-MRS to resolve effects 

of different training strategies by simultaneous monitoring of exercise-induced changes of pH val-

ues and high energy phosphates in multiple muscle groups, which contribute to the mechanical 

output to different extents. It has been shown that training orientation leads to heterogeneous 

metabolic adaptations, which might be assigned to appropriate muscle fiber distributions as they 

make it possible to deal with different load domains during exhaustive exercises. In addition, by 

combining local MRS measurements with acquisition of respiratory and blood lactate data we were 

able to link metabolic processes in the loaded muscles with global physiological adaptations, which 

are commonly used to monitor the training status of athletes. Therefore, the results of the present 

work might be useful for setting up further studies, which focus on a comprehensive evaluation of 

training interventions by supporting the sport science golden standard methods with knowledge of 

local adjustments in trained muscles. 
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Chapter 5 

5. The pH Heterogeneity in Human Calf Muscle 

During Neuromuscular Electrical Stimulation 
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Gussew A. 

Reichenbach JR. 

Siebert T. 

Abstract 

Purpose: The aim of the study was to examine pH heterogeneity during fatigue induced by 

neuromuscular electrical stimulation (NMES) using phosphorus magnetic resonance spectroscopy 

(31P-MRS). It is hypothesized that three pH components would occur in the 31P-MRS during fa-

tigue, representing three fiber types. 

Methods: The medial gastrocnemius of eight subjects was stimulated within a 3-Tesla whole body 

MRI scanner. The maximal force during stimulation (Fstim) was examined by a pressure sensor. 

Phosphocreatine (PCr), adenosintriphosphate, inorganic phosphate (Pi), and the corresponding pH 

were estimated by a nonvolume-selective 31P-MRS using a small loopcoil at rest and during fatigue. 

Results: During fatigue, Fstim and PCr decreased to 27% and 33% of their initial levels, respectively. 

In all cases, the Pi peak increased when NMES was started and split into three different peaks. 

Based on the single Pi peaks during fatigue, an alkaline (6.76 ± 0.08), a medium (6.40 ± 0.06), and 

an acidic (6.09 ± 0.05) pH component were observed compared to the pH (7.02 ± 0.02) at rest. 

Conclusion: It is suggested that NMES is able to induce pH heterogeneity in the medial gas-

trocnemius, and that the single Pi peaks represent the different muscle fiber types of the skeletal 

muscle. 

5.1.Introduction 

It is well known that human skeletal muscles consist of different muscle fiber types (Brooke and 

Kaiser, 1970), which adapt under physical training (Andersen, Klitgaard and Saltin, 1994), age 
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(Lexell, 1995), or inactivity (Häkkinen, Alén and Komi, 1985; Andersen and Aagaard, 2000). Muscle 

fiber types are commonly classified into type I, type IIa, and type IIx based on ATPase (adenosine 

triphosphatase) activity (Pette and Staron, 1990). Type IIx fibers have the highest ATPase activity 

and accordingly the highest contractile speed (Siebert et al., 2014), which is associated with high 

ATP costs during contraction. These fibers show a high anaerobic glycolytic potential (Pette, 

Peuker and Staron, 1999). In contrast, type I fibers have the lowest ATPase activity and the lowest 

ATP costs during contraction, and thus a high aerobic oxidative potential. The golden standard for 

analyzing muscle fiber types is based on histochemistry and therefore requires extraction of muscle 

tissue from a muscle. Extracting muscle tissue, however, may entail several complications, includ-

ing pain, training cancelation, scars on skin, or even vascular injuries. Various noninvasive methods 

(e.g., surface electromyography (Kupa et al., 1995; Farina, 2008), mechanomyography (Herda et al., 

2010), force-time curves (Tidow and Wiemann, 1993), muscle properties (Ranatunga and Thomas, 

1990; Siebert et al., 2007, 2015), and phosphorus magnetic resonance spectroscopy (31P-MRS) 

(Takahashi et al., 1996; Mäurer et al., 1999) have been applied to determine muscle fiber types. 

However, until now a noninvasive method that is able to replace invasive methods does not exist. 

31P-MRS is a promising approach to determine muscle fiber types noninvasively by means of 

their different biochemical properties. The difference between the pH dependent chemical shift of 

inorganic phosphate (Pi) and the largely unaffected shift of phosphocreatine (PCr) can be used to 

estimate pH values in vivo (Moon and Richards, 1973; Kemp and Radda, 1994). During high-

intensity dynamic exercises, decreasing pH values have been observed, as well as a split of the Pi 

peak in different detectable components (Park et al., 1987; Achten et al., 1990; Vandenborne et al., 

1993). So far, however, it is unknown why this pH heterogeneity occurs during fatigue. Different 

explanations exist, including signal contamination by another muscle (Meyerspeer et al., 2011), pro-

ton fluctuations in interstitial space (MacLean, Imadojemu and Sinoway, 2000; Street, Bangsbo and 

Juel, 2001), or active muscle fibers with different glycolytic activity (Tesch, Thorsson and Fujitsuka, 

1989; Vandenborne et al., 1993; Yoshida and Watari, 1993). Two Pi peaks may be expected if the 

signal is contaminated by a second muscle with different pH or if pH differences exist between 

interstitial and intracellular space. Some studies observed even three Pi peaks, which cannot be 

explained by the aforementioned rationales (Vandenborne et al., 1991). One possible explanation 

for the pH heterogeneity is the presence of different, activated muscle fiber types in the examined 

muscle. This effect might then be used for determining muscle fiber types. It is furthermore as-

sumed that the peak with the highest pH value represents fiber type I with the lowest glycolytic 

activity, whereas the peak with the lowest pH value corresponds to fiber type IIx with the highest 

glycolytic activity. 
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Thus far, there exist some methodological limitations examining pH heterogeneity by using 31P-

MRS. Splitting of the Pi peak was only observed during high-intensity voluntary exercise until fa-

tigue. However high-intensity voluntary exercise with progressive fatigue is associated with activity 

of different muscles and increased body movement to maintain the effort. To avoid or at least 

reduce the latter, Velcro stripes (Velcro Company, Manchester, NH) are commonly used to main-

tain the subject’s position. Nevertheless, the quality (reliability and validity) of the measurements 

will decrease with increasing effort. Furthermore, voluntary contraction enables examination of 

only few muscles and always requires construction of an MRI-suitable ergometer. Consequently, 

an alternate method would be beneficial to control the process of muscle fatigue without voluntary 

contraction, which can be furthermore applied to various muscles. Neuromuscular electrical stim-

ulation (NMES) is a common tool to induce fatigue selectively to one specific muscle without 

voluntary influences (Gregory and Bickel, 2005; Maffiuletti, 2010). Neuromuscular electrical stim-

ulation uses electrical current to activate skeletal muscle and to facilitate contractions (Gregory and 

Bickel, 2005; Stutzig and Siebert, 2015b). In contrast to voluntary muscle activation, the recruit-

ment order of the motor units of NMES-activated muscle fibers does not follow the size principle 

and is nonselective (for review see Gregory and Bickel, 2005; Maffiuletti, 2010). Furthermore, the 

activated muscle area depends on the stimulation intensity, that is, electric current (Adams et al., 

1993; Vanderthommen et al., 2000). Because NMES is able to fatigue a single muscle selectively 

(Akima et al., 2002; Stutzig and Siebert, 2015a), it appears attractive to see whether NMES produces 

a threefold Pi split, and thus three different pH components in the investigated muscle. To the 

authors’ knowledge, no study exists so far that has examined NMES protocols with respect to pH 

heterogeneity. Therefore, the aim of our study was to apply NMES to examine the issue of pH 

heterogeneity. It was hypothesized that fatigue induced by NMES leads to pH heterogeneity and 

that 1) a three-fold peak split appears, 2) all three pH components shift significantly from baseline 

value at rest, and 3) the Pi peaks appear concurrent. 
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5.2. Methods 

Subjects 

Eight healthy subjects (male: 7, female: 1; age: 33.6 ± 11.2 year; height: 178.0 ± 6.7 cm; weight: 

76.3 ± 13.2 kg; body mass index: 24.0 ± 3.1) participated in this study. All of them were informed 

about the aims and risks of the study and gave their written consent before the experiments started. 

The study was approved by the ethical committee of the University Hospital of Jena, Germany. 

 

Experimental Protocol 

The subjects were placed supine on a bench with their left calf put into a leg support frame of 

a MR-compatible pedal ergometer (Tschiesche et al., 2014) and slid into the magnet bore feet first. 

They performed a standardized warm-up consisting of 10 submaximal isometric plantar flexions. 

After 2 min of rest, subjects performed two maximal voluntary contractions (MVC) separated by 

1 min (Figure 5-1). If the registered MVC forces differed by more than 5%, a third MVC was 

performed. Prior to the measurements, MR adjustments were performed (see subsection MRS). 

The experiment started with 31P-MRS measurements at rest for 30 s. Afterward, the medial gas-

trocnemius was electrically stimulated for 160 s (see subsection neuromuscular electrical stimula-

tion), followed by a recovery phase of 510 s. 

 

 

Figure 5-1 Experimental set up. The gray blocks show the conducted measurements, 
whereas the arrow represents the time line. MVC, maximal voluntary contraction; NMES, 
neuromuscular electrical stimulation. 
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Neuromuscular Electrical Stimulation 

To fatigue the medial gastrocnemius, two carbonized rubber electrodes (size: 5 cm x 5 cm) 

coated with conductive gel were fixed with tape on the skin above the muscle. One electrode was 

placed medially, approximately 4 cm below the popliteal fossa, and the second electrode was placed 

on the motor point of the medial gastrocnemius. Electrical stimulations were delivered with a high-

voltage stimulator (Digitimer DS7AH, Welwyn Garden City, Hertfordshire, UK). The muscle was 

stimulated using a pulse frequency of 40 Hz, pulse width of 200 ms, stimulation train duration of 

1 s, rest time between trains of 1 s, and current strength of 72 mA. The stimulation parameters 

were chosen based on literature. The largest PCr depletion and pH changes within a human muscle 

have been observed at stimulation frequencies above 30 Hz (Matheson et al., 1992) by using on–

off cycles of 1:1 (Bergström and Hultman, 1988) and train durations of 0.8 s (Matheson et al., 1992). 

The current was set at the maximal tolerated level by the subjects (Adams et al., 1993; Maffiuletti, 

2010; Stutzig and Siebert, 2015a). 

To avoid signal MR artifacts due to interference with the NMES equipment, the high voltage 

stimulator was placed outside the scanner room, and shielded wires were used inside. To block 

radio frequency interferences (RFI), the incoming electrical pulses passed RF filters (BLP-

10.7þMini-Circuits, Brooklyn, NY) that are mounted on a special filter plate of the RF shielding of 

the MR cabin. 

 

Figure 5-2 Demonstration of the peak split by a spectra prior to exercise (blue line) and 80 s 
after starting the exercise (red line), indicating three Pi components with corresponding pH 
values of 6.90 (Pi1), 6.41 (Pi2), and 6.04 (Pi3). Pi, inorganic phosphate. 
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31P Magnetic Resonance Spectroscopy 

All MR measurements were performed with a 3 Tesla whole body scanner (Magnetom TIM 

TRIO, Siemens Healthcare, Erlangen, Germany) by using a double-tuned 1H/31P transmit/receive 

loop coil (a single wire ring for both frequencies with a diameter of 7 cm at an internal bore diam-

eter of 6 cm; Biomedical Rapid GmbH, Würzburg, Germany), which was positioned on the most 

prominent bulge of the medial gastrocnemius and fixed with Velcro stripes (Velcro Company) 

around the calf. The position of the coil, shim volume, and coil-sensitivity profile were controlled 

by five T1-weighted, radio frequency (rf)-spoiled gradient echo images (repetition time (TR)/echo 

time (TE)/α = 6/20/90°) for each of the three orthogonal spatial planes. Spectroscopic measure-

ments were performed by using a 31P-free induction decay sequence (without gradient mediated 

volume selection, consisting of a block pulse followed by the signal acquisition of 1,024 data points 

with a dwell time of 0.5 ms, whereby the reference amplitude was adapted to a maximal signal yield) 

provided by the manufacturer. After shimming and frequency adjustment, two dynamic series of 

measurements (TR = 5 s, no averaging) were started, one for the resting measurements and a sec-

ond for the stimulation and recovery phase. 

 

Force Measurements 

The force output of the plantar flexors was measured by using a hydraulic transducer, which 

was integrated in the pedal beneath the ball of the foot. The hydraulic transducer provides an 

electrical signal, which was amplified and recorded (sampling rate 200 Hz) during the experiment. 

The measurement system was calibrated prior to each experiment, and the obtained voltage was 

converted in force units (Newton). Because time data were also captured, the assignment between 

force and spectroscopic data was possible. The mean of the two highest MVC forces was calculated 

(Figure 5-1). Furthermore, the maximal force output of the first NMES train and the last NMES 

train was determined. 

 

Data Analyses 

Spectra were post-processed and quantified by using jMRUI (http://www.mrui.uab.es/). Post-

processing included phase correction (zero- and first-order) and frequency-adjustment shifting the 

PCr signal to 0 ppm. Phase correction was performed by using manually estimated phase shifts of 

the accumulated resting spectra. Frequency shifts due to homogeneity or temperature effects were 

automatically corrected and manually controlled. Quantitation was performed with the advanced 

method for accurate, robust, and efficient spectral fitting (AMARES) (Vanhamme, van den 

Boogaart A and Van Huffel S, 1997) by using prior knowledge of constant intensity ratios within 
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the ATP multiplets (Schröder, Schmitz and Bachert, 2005). Equal line widths were assumed within 

the same multiplet and for the Pi components, respectively. Complete time series were inspected 

to estimate the splitting of the Pi signal into different pH components. By comparing consecutive 

spectra, the time when a peak splits into two components and their frequency time course becomes 

apparent. The number of detected pH components is based on those spectra with the most signif-

icant separation between two adjacent peaks, in which the components are well resolved (the signal 

goes down clearly between two adjacent peaks but at least by 20% [Rayleigh criterion (Rayleigh, 

1880)]). However, the number of signals fitted by AMARES was already extended by a new Pi peak 

when one of the Pi components starts to split, and the difference between measured and fitted 

spectra indicates a residual signal present in the following spectra. Frequency shifts of the Pi signal 

caused by pH changes were considered by adapting the start values of the new fit to the results of 

the previous fit. The peak distances between Pi and PCr were estimated to calculate the corre-

sponding pH values by means of the Henderson–Hasselbalch equation (Taylor et al., 1986). A Pi-

split into three components is demonstrated in Figure 5-2 by the comparison of spectra prior to 

exercise and 45 s after beginning the exercise. In the PCr recovery analysis, more than one compo-

nent with different time constants was accepted by using a multi-exponential model 

 

𝒀𝑷𝑪𝒓(𝒕) = 𝑨 − ∑ 𝑩𝒋 ∗ 𝒆𝒙𝒑(−𝒕/𝝉𝒋) ,
𝑵
𝒋=𝟏  (5-1) 

 

where YPCr(t) indicates the PCr signal at time t that had elapsed since the end of the exercise. The 

constant A represents the PCr intensity asymptotically reached at the end of the recovery (t→∞), 

and Bj indicates the fraction of component j with specific time constant τj with the condition A≥Bj. 

To obtain an overview of the number of components with different recovery times, a NNLS anal-

ysis (Whittall et al., 1997) was performed for the time series of each subject, which resolves the 

number of exponential components, their time constant, and their distribution without prior 

knowledge and has been widely used to evaluate NMR T2 relaxometry (MacKay et al., 2006). Fast 

and slow fractions of recovery time (B1, B2) correspond to muscle fiber type I and II, respectively 

(SC. Forbes et al., 2009). The goodness of the mono- and bi-exponential fit was estimated by using 

the sequential quadratic programming approach of the nonlinear least square fit procedures of 

SPSS (SPSS 16.0 for Windows, SPSS Inc., Chicago, IL). 
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Figure 5-3 Mean (black solid line) and standard error (gray area) of the force during the first 
(solid line) and last NMES (dashed line) train. Data are averaged over all subjects (n = 8). 
The data are normalized to the maximum force of the first NMES train. NMES, neuromus-
cular electrical stimulation. 

 

Statistical Analyses 

Ordinary statistical analyses like means and standard error (SE) were calculated. All data were 

tested for normal distribution using the Kolmogorov-Smirnov test with Lilliefors correction. To 

test for differences between force data prior to and at the end of fatigue, a paired Student t test was 

performed. The effect size (dz) for paired t tests was calculated: 

 

𝒅𝒛 =
𝝁𝒙−𝒚

𝝈𝒙−𝒚
,  (5-2) 

 

where μx-y is the difference between the means, and σx-y is the standard deviation of the mean dif-

ferences. The effect sizes were classified as low (dz = 0.2), medium (dz = 0.5), and large (dz = 0.8). 

A one-way analysis of variance (ANOVA) for repeated measures was calculated for the pH data 

(pH rest vs. pH alkaline vs. pH medium vs. pH acidic), and partial eta squared (ηP
2) was used as a 

measure for effect size  

 

𝜼𝑷
𝟐 =

𝑺𝑺𝒃𝒆𝒕𝒘𝒆𝒆𝒏

𝑺𝑺𝒃𝒆𝒕𝒘𝒆𝒆𝒏+𝑺𝑺𝒆𝒓𝒓𝒐𝒓
, (5-3) 

 

where SSbetween denotes the sum of squares of the interesting effect and SSerror the sum of squares of 

the error term of the interesting effect. The effect sizes were classified as low (ηP2  = 0.01), medium 
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(ηP2  = 0.06), and large (ηP2  = 0.14). In case of significant differences, a post hoc test (Bonfer-

roni) was calculated. The level of significance was set at P = 0.05. All statistical analyses were per-

formed using IBM SPSS Statistics for Windows (Version 22.0, IBM Corp., Armonk, NY). 

5.3. RESULTS 

Force Data 

The mean MVC force of the subjects was 175.0 ± 11.4 N. The maximum stimulation force of 

the first NMES train was 40% of the MVC force. Figure 5-3 presents the mean force-time traces 

of the first trains and the last trains at the end of the stimulation, respectively. The data are nor-

malized to the maximal force of the initial train. The force decreased significantly (P =0.000, 

T1,7 = 6.62, 95% confidence intervals: lower limit = 29.3; upper limit = 62.0, dz = 2.33) from 

62.7 ± 8.2 N to 17.1 ± 4.3 N at the end of stimulation (Figure 5-4). 

 

Figure 5-4 Mean and standard error of the Fstim at the beginning (black bars) and at the end 
(gray bars) of the stimulation. The axes on the left and right side of the figure represent 
absolute measured values (force in N) and values normalized to the maxi- mal voluntary 
contraction (force in % MVC), respectively. Fstim, maximal force during stimulation; MVC, 
maximal voluntary contractions. 
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Metabolic Data 

Figure 5-5 shows the mean PCr curve during rest, NMES, and recovery. During the first third 

of NMES, PCr decreased to approximately 33% of its baseline value and remained constant until 

NMES was stopped. The analysis of the PCr kinetics during recovery revealed two recovery time 

constants: 𝜏1 = 25 ± 6 s and 𝜏2 = 163 ± 40 s, with corresponding fractions B1 and B2 of 25 ± 9% 

and 75 ± 9%, respectively. 

During fatigue, three Pi peaks (Pi1(left) = high pH peak, Pi2(medium) = medium pH peak, and 

Pi3(right) = low pH peak) were observed in all subjects (Fig S5-1–S5-8) based on which the corre-

sponding pH values were calculated, and the mean pH value of the subjects were plotted (Figure 

5-6). Starting from a pH value of 7.02 ± 0.02 at rest, an alkaline component (Pi1), a medium com-

ponent (Pi2), and an acidic component (Pi3) evolved during stimulation. 

 

 

Figure 5-5 Mean (black solid line) and standard error (gray area) of PCr during rest, NMES, 
and recovery over eight subjects. PCr is normalized to the mean pre-fatigue value. NMES, 
neuromuscular electrical stimulation; PCr, phosphocreatine. 
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Figure 5-6 Mean (black solid line) and standard error (gray area) of the pH values during 
rest and NMES over eight subjects. NMES, neuromuscular electrical stimulation. 

 

The analysis of the pH values during the last third of NMES resulted in 6.76 ± 0.08 for the 

alkaline, 6.40 ± 0.06 for the medium, and 6.09 ± 0.05 for the acidic component. The ANOVA for 

repeated measures revealed a significant main effect (F1,3 = 143.3, P = 0.000, ηP
2 = 0.95). The post 

hoc test revealed differences between pH rest and pH medium (P = 0.000), as well as between pH 

rest and pH acidic (P = 0.000). Furthermore, there was a significant difference between pH me-

dium and pH acidic (P = 0.000), pH alkaline and pH medium (P = 0.000), and pH alkaline and pH 

acidic (P = 0.000), but no significant difference between pH rest and pH alkaline (P = 0.052) 

(Figure 5-7). 

The determination of the Pi onsets revealed that in six out of eight subjects, Pi2 occurred first, 

followed by Pi3 and then Pi1. In one subject, all three Pi peaks occurred simultaneously after NMES 

was started, whereas in another subject Pi2 and Pi3 occurred simultaneously, followed by Pi1. The 

calculation of the average Pi peak onsets for Pi2, Pi3, and Pi1 revealed 0 s, 14.4 ± 13.3 s, and 

23.1 ± 15.3 s, respectively. Figure 5-6 shows the mean ± SE of the pH values over all subjects. 

Due to the fact that in one subject all Pi peaks appeared simultaneously after NMES was started, 

it is not possible to identify the different onsets from Figure 5-6. The Pi areas of the single Pi peaks 

during the last third of stimulation were Pi1 = 366.5 ± 108.6 arbitrary unit (a.u.), 
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Pi2 = 774.4 ± 112.5 a.u., and Pi3 = 363.5 ± 66.8 a.u. Based on the Pi areas of the single Pi peaks, 

the percentage distribution was calculated: Pi1 23.464.3%, Pi2 51.065.0%, and Pi3 25.663.8%. Closer 

inspection of the Pi peak time courses revealed that in general Pi2 appeared first, followed by 

Pi3(14.46 4.3 s) and at last by Pi1(23.865.7 s). In one subject, all three Pi components appeared 

simultaneously at the beginning of stimulation; in one other case, Pi1 and Pi2 appeared simultane-

ously, followed by Pi3. To deduce for motion-induced signal changes, the total measured phosphate 

(Pi + PCr + ATP + PME + PDE) at rest and during stimulation were calculated. As indicated by 

Figure 5-8a, no substantial signal changes as sign of motion-induced shifts of the detected muscle 

area can be observed. The time course of the summed PCr + Pi intensity reveals a significant de-

crease during the first half of fatigue but increased during the second half of stimulation and re-

mained unaltered (compared to the baseline values) until the end of fatigue. This indicates no Pi 

trapping occurred during the second half of fatigue. 

 

Figure 5-7 Mean (black circle), standard error (black lines), and the single subject’s values 
(gray circles) of the pH at rest and during fatigue. Three different pH components were 
observed during fatigue (pH alkaline, pH medium, and pH acidic). ***P<0.001) 
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Imaging Data 

Immediately before and after spectroscopic measurements, pre- and post-exercise T2-weighted 

images were acquired using a 1H/31P loop coil. A region of increased post-fatigue intensity in the 

medial gastrocnemius muscle is apparent in all cases (Figure 5-9a, e and Fig S5-9–S5-12). Based on 

Figure 5-9e, it seems that the dividing line between stimulated and non-stimulated muscle area 

follows the border between the medial gastrocnemius and the soleus muscle. However, due to the 

non-uniform signal distribution caused by the B1-characteristic of the surface coil, the exact bound-

ary line of the transition between the stimulated and non-stimulated muscle area cannot be estab-

lished with sufficient certainty. To reduce influences of the coil sensitivity profile on the signal 

intensity distribution, two NMES experiments were repeated using a flexible surface coil. The T2
* 

- weighted images (Figure 5-9g and Sup. Figures S9–12) clearly demonstrate a contrast change 

within the medial gastrocnemius during fatigue but no or slightly changes within the soleus and 

lateral gastrocnemius. It is limited possible to conclude from the spatial contribution of image 

brightness on the distribution of 31P-signal intensity in muscle tissue. Furthermore, the signal in-

tensity from deeper muscle regions contributes to the recorded spectra. However, the absence of 

T2, and T2
* changes indicate an absence of substantial muscle activity and an absence of pH shifts 

of the Pi signal for these signal contributions. 

 

 

Figure 5-8 Normalized mean and standard errors of the (A) sum (total Pi + PCr) and (B) 
total measured phosphate (Pi + PCr + ATP + PME + PDE) during rest and fatigue 
(NMES). *Significant difference (P<0.05) compared to rest. ATP = adenosine triphosphate; 
NMES, neuromuscular electrical stimulation; PCr, phosphocreatine; Pi, inorganic phosphate; 
PME, phosphomonoester; PDE, phosphodiester. 
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5.4. DISCUSSION 

The main purpose of the study was to investigate the possibility to induce different pH compo-

nents in the medial gastrocnemius of subjects during fatigue by using NMES. Applying an on–off 

cycle of 1 s stimulation and 1 s rest for 160 s provoked the appearance of three different pH com-

ponents in all subjects. The results suggest that the alkaline, medium, and acidic pH components 

represent the fiber types I, IIa, and IIx, respectively. Thus, we conclude that NMES is an appro-

priate means to examine fiber type distributions based on pH heterogeneity. 

 

 

Figure 5-9  Visualization of the stimulated muscle area by signal changes between pre- and 
post-fatigue T2

*-weighted gradient-echo images (a, e), and in the T2
*-weighted multiple gra-

dient echo-planar images using the flex coil (c, f) as well as by the T2
* differences in the 

calculated T2
* maps (d, g). The morphological structures are visualized by a T1 image of the 

same slice (b). 

 

NMES Fatigue Protocol 

Pi-splitting has previously been reported to occur only with high-intensity exercises until com-

plete muscle fatigue (Park et al., 1987; Vandenborne et al., 1993); therefore, a stimulation protocol 

was chosen that aimed to induce high metabolic demands. Because it is known that metabolic 

demands induced by NMES depend on the stimulation parameters (Matheson et al., 1992), we 

selected a current pulse frequency of 40 Hz with pulse width of 200 ms to maximize this metabolic 

cost. Furthermore, because induced fatigue with continuous stimulation of this frequency leads to 

decreased propagation of the action potentials on the muscle fiber membranes, and thus decreased 

force without metabolic involvement, we applied an intermittent stimulation of several on (muscle 

activity) and off (muscle relaxation phase) cycles. A work-rest-ratio of 1:1 is appropriate to avoid 

partial recovery of PCr and Pi. To summarize, intermittent stimulations with the given parameters 
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resulted in strong fatigue (decrease of muscle pH to 6.10 ± 0.15), with PCr and force being de-

creased to 33.5 ± 3.7% and 25.8 ± 5.9% of their baseline values, respectively. Further fatigue might 

be induced by longer pulse widths. 

 

pH Heterogeneity Induced by Fatigue 

The occurrence of different pH components during muscular fatigue has been reported previ-

ously. In particular, the appearance of two distinctive Pi peaks—and thus, two pH components—

has been reported (Yoshida and Watari, 1993, 1994), which were ascribed to the intracellular and 

interstitial space, respectively (MacLean, Imadojemu and Sinoway, 2000). However, because the 

interstitial pH is more alkaline at rest and has been observed to decrease from 7.38 to 7.04 during 

fatigue (25), whereas the highest pH value that was observed during fatigue was distinctly lower 

(6.76 ± 0.23) (Figure 5-7), we conclude that an interstitial space component is not contributing to 

our signals. Furthermore, the amount of Pi in the interstitial space is most likely too small to be 

visible in the spectrum. Meyerspeer et al., on the other hand, compared localized and non-localized 

dynamic spectroscopy to shed more light on the pH heterogeneity (Meyerspeer et al., 2012). In their 

non-localized spectrum, they observed a split in two Pi peaks when subjects performed a plantar 

flexion exercise, during which the acidic peak decreased to pH of 6.68 at the end of the exercise, 

whereas the other pH value remained unaltered at 7.03. Interestingly, in the localized spectrum 

they did not find a split, but the single Pi peak decreased to a pH of 6.73. Based on their findings, 

the authors concluded that the non-localized spectrum was contaminated by another, more weakly 

used muscle. In our study, however, in contrast to Meyerspeer et al. (Meyerspeer et al., 2012), we 

observed a threefold splitting of the Pi peak, with two peaks being shifted significantly and one 

trended to shift toward PCr, resulting in decreased pH. The force output at the beginning of NMES 

was 37.3 ± 8.3% of the MVC, which is in good agreement with expectation when assuming that 

the whole medial gastrocnemius was activated because the anatomical cross-sectional area ac-

counted on average to 32% of the triceps surae (Albracht, Arampatzis and Baltzopoulos, 2008). 

Assuming unwanted contamination by the unfatigued soleus or lateral gastrocnemius, which is 

located below or lateral to the medial gastrocnemius, an unchanged pH component (i.e., pH ap-

proximately 7.00) would have been expected. Indeed, our results revealed no significant difference 

(P = 0.052) between the Pi rest and the alkaline Pi peak, which supports the assumption that the 

alkaline Pi peak represents unfatigued muscles (soleus or lateral gastrocnemius). However, consid-

ering the P value and the fact that in seven out of eight subjects the pH value decreased from Pi 

rest to Pi alkaline (Figure 5-7), we can state that the pH value at rest showed a tendency to decrease 

to 6.76 for the alkaline Pi peak. Furthermore, contamination from the unfatigued soleus or lateral 
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gastrocnemius would explain two different Pi peaks during NMES but not the three pH compo-

nents that we observed in our study. Thus, signal contamination of other muscles might influence 

the results, but it does not explain the observed pH heterogeneity completely. A further explanation 

of pH heterogeneity during NMES might be the kind of muscle activity triggered by NMES. The 

current activates the nerve branches located closest to the electrodes; that is, the higher the current, 

the deeper nerve branches—and thus deeper muscle tissues will be activated. We observed that 

deep muscle regions were not activated or were slightly activated (Sup. Figure S9). The current 

intensity was not changed throughout the measurement; that is, the stimulated spatial muscle re-

gions did not change. Thus, it might be possible that the alkaline Pi peak represents the unfatigued 

deep muscle region and the acidic Pi peak the fatigued muscle region. This would also explain the 

tendency of pH decrease in Pi1 peak, which could be based on proton exchange between muscle 

cells within the MG. The explanation of pH heterogeneity based on fatigued and unfatigued muscle 

regions within the MG would explain two different Pi peaks but not three, as found in our study. 

In summary, it can be assumed that the acidic and the medium Pi peak results from different muscle 

fibers types, whereas the alkaline Pi peak represents either an unfatigued muscle region, another 

muscle, or a third muscle fiber type. 

 

Table 5-1 Mean and SE of the Distribution of Pi Contents 

 Pi1 (or fiber 

type I) 

mean ± SE(%) 

Pi2+ Pi3 (or fiber 

type II) 

mean ± SE(%) 

Pi2 (or fiber 

type IIa) 

mean ± SE(%) 

Pi3 (or fiber 

type IIx) 

mean ± SE(%) 

Pi: fractions 
expected 

49 51 33 18 

Pi: fractions 
measured 

23 ± 4 77 ± 4 51 ± 5 26 ± 4 

Pi: fractions 
corrected 

49 ± 3 51 ± 3 34 ± 3 17 ± 3 

PCr: recovery 25 ± 25 75 ± 24 - - 

The Pi distributions are shown based on 1) the theoretical calculations (Pi: split expected), 2) meas-

ured Pi values (Pi split), 3) PCr-corrected Pi distributions, and 4) PCr recovery. 

PCr, Phosphocreatine; Pi, inorganic phosphate; SE, standard error. 

 

Fiber type-specific metabolic concentrations are known from invasive, single fiber-type analysis 

(Sant’Ana Pereira et al., 1996). Assuming that the Pi peaks represent different muscle fiber types, 

we estimated the Pi fractions (expected Pi fractions) of the different muscle fiber types based on 
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1) an average fiber distribution in the medial gastrocnemius of normal active people; 2) the PCr 

content in different muscle fiber types, and 3) the assumption that PCr was completely used during 

fatigue—and we compared the distribution with the measured Pi fractions. From literature, it is 

known that the human m. gastrocnemius of normal active subjects consists of 51% type I, 31% 

type IIa, 14% type IIx fibers, and 3% type I/IIa fibers (Widrick et al., 1996). We simplified the 

calculations by neglecting the mixed type I/IIa fraction. The PCr content in type I, IIa, and IIx has 

been specified with 66, 72, and 90 µmol (g dry matter)-1, respectively (Sant’Ana Pereira et al., 1996). 

During fatigue, Pi increases nearly stoichiometrically to the PCr decrease. Consequently, the Pi 

fractions formed by complete PCr consumption is 49%, 33%, and 18% for type I, IIa, and IIax 

muscle fiber types, respectively (Table 5-1, row 1). However, we observed a different Pi ratio of 

23% (Pi1), 51% (Pi2), and 26% (Pi3) (Table 5-1, row 2). It is suggested that the single Pi components 

represent the type I (Pi1), type IIa (Pi2), and type IIx (Pi3) fibers, respectively. The extracted PCr 

recovery time components were similar (τ1: 25 ± 25%, τ2: 275 ± 24%) (Table 5-1, row 4). It is 

assumed that τ1 and τ2 represents muscle fiber type I and II, respectively. A possible explanation 

for the differences between expected and measured Pi ratio might be based on unused PCr in our 

experiments. Subsequently, we provide a hypothetical calculation that assigns the unused PCr to 

fiber types. 

We observed that PCr did not decrease completely; for example, approximately 33% of the PCr 

baseline value was not used. It is assumed that the remaining PCr is mainly derived from deep 

muscle regions because the muscle activation depends on the stimulation strength, and this current 

originates from the electrodes on the skin and goes inward into the muscle. Thus, the deepest 

muscle regions will be activated less than superficial regions (Adams et al., 1993; Vanderthommen 

et al., 2000). Moreover, due to the sensitivity profile of the used loop coil, the signal contributions 

decreases with increasing distance from the coil plane; consequently, the superficial regions (near 

to the coil plane) are higher weighted than deeper regions. The deepest muscle regions are mainly 

composed of type I fibers, whereas the fascicle borders mainly composed of type II fibers (Pernus 

and Erzen, 1991; Sjöström, Lexell and Downham, 1992). Furthermore, invasive single fiber type 

analysis (Sant’Ana Pereira et al., 1996) not only detected a different resting concentration of PCr in 

different fiber types but also different changes during exercise. Despite the lower resting concen-

trations, type I fibers of the fatigued muscles in the experiment of Sant’Ana Pereira et al. (Sant’Ana 

Pereira et al., 1996) exhibit approximately two times more unused PCr than the type IIa or type IIx 

fibers. Thus, we assume that the remaining PCr originates mostly from type I muscle fibers. We 

added the remaining PCr to the Pi fraction of muscle fiber type I and observed a ratio of 49%, 

34%, and 17% (Table 5-1, row 3). The distribution of Pi fractions is similar to the expected Pi 
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fractions that we calculated at the beginning (Table 5-1, row 1). This explanation must be inter-

preted with caution because our calculation contains assumptions that cannot be proven. 

The assumption that the remaining PCr refers to non-fatigued type I fibers of the medial gas-

trocnemius might be supported by the results of PCr recovery. Our results coincide with respect 

to the PCr recovery analysis performed by Forbes et al (SC Forbes et al., 2009) for low-intensity 

voluntary exercise of plantar flexors (τ1 = 30 ± 3 s; τ2 = 163 ± 18 s), but differ regarding the am-

plitudes. Whereas the PCr recovery by Forbes et al. (SC Forbes et al., 2009)is dominated by the 

shorter τ1 amplitude (95 ± 2%), in our experiment the slower fraction of τ2 dominates the PCr 

recovery (75 ± 24%). Because type I fibers have the highest oxidative capacity— and type IIx have 

the lowest—the PCr recovery analysis indicates that more type II fibers were activated by NMES 

in our experiment compared to the voluntary activation in the experiment of Forbes et al. (SC 

Forbes et al., 2009), and that a high content of the not used end-exercise PCr might be associated 

with type I fibers. We suppose that the differences between the studies are based on the kind of 

contraction (voluntary contraction vs. NMES). It is known that the muscle fiber recruitment for 

voluntary contraction is different than NMES (Maffiuletti, 2010). For voluntary contractions, there 

exists a fixed recruitment order from slow muscle fibers to fast muscle fibers; thus, one can con-

clude that the residual PCr might belong to unused PCr in muscle fiber type II in the study of 

Forbes et al. (SC Forbes et al., 2009). The recruitment order during NMES goes from the muscle 

surface into the deep muscle regions. The deepest regions are dominated by type I fibers, which 

we did not stimulate (due to the used current of 72 mA). This would explain the differences be-

tween the contrary results of Forbes et al. and our study and supports the assumption that the 

remaining PCr refers to non-fatigued type I fibers of the medial gastrocnemius. 

 

Temporal Appearance of Different Pi Peaks 

In previous studies with voluntary muscle activation, it was found that the Pi peaks appear in 

fixed order, that is, at first Pi1 and then Pi2 (Vandenborne et al., 1991; Yoshida & Watari, 1994; 

Meyerspeer et al., 2012). In our study, however, the Pi2 peak generally appeared first, followed by 

Pi3 (approx. 14.4 ± 13.5 s) and then Pi1 (23.1 ± 15.3 s). This may be explained by differences in the 

recruitment of motor units between NMES and voluntary muscle activation. A fixed order such as 

Pi1, Pi2, and Pi3 is consistent with a recruitment order that follows the size principle of motor units. 

The recruitment order of muscle fibers with NMES, however, is not selective with respect to the 

fiber type and is spatially fixed (Maffiuletti, 2010). Given that all muscle fiber types would be stim-

ulated simultaneously, it can be expected that PCr decreases slower in type I fibers because the PCr 

consumption is slower in type I fibers than in type II fibers (Sant’Ana Pereira et al., 1996). Thus, 
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the Pi1 signal would appear at last. A further explanation is based on different Pi areas. The Pi1 and 

Pi3 areas are smaller than the Pi2 area, which means that Pi1 and Pi3 remains longer within the signal-

to-noise ratio and can be detected as single Pi peaks later than Pi2. 

Moreover, due to the unequal distribution of fiber types in the muscle (type II fibers are mainly 

at the border of the fascicle, whereas type I fibers are mainly in the muscle center) (Sjöström, Lexell 

and Downham, 1992), it can be expected that type II fibers will be recruited and fatigued first; thus, 

the Pi2 peak appears first. Both experimental findings support our assumption that the Pi peaks 

represent the different amounts of Pi that are present in the different muscle fiber types. 

 

Limitations 

One limitation of our study is that we used non-localized dynamic 31P-MRS. Consequently, we 

cannot exclude the possibility of signal contamination due to contributions from outside the stim-

ulated muscle region in the medial gastrocnemius. Another limitation is that a fixed current strength 

of 72 mA was applied to fatigue the medial gastrocnemius and that it was not adjusted to the muscle 

volume. Consequently, PCr was not consumed completely, as observed experimentally. On the 

other hand, the applied current strength corresponded to the maximum pain tolerated by the sub-

jects. 

5.5.  CONCLUSION 

To summarize, we observed and investigated pH heterogeneity during fatigue of the medial 

gastrocnemius induced by NMES. The force output decreased to 20% of its baseline. In all sub-

jects, the single resting Pi peak split into three different Pi peaks during stimulation, resulting in 

three different pH components. In conclusion, NMES is an appropriate method to examine pH 

heterogeneity in stimulated muscles. The pH heterogeneity might be based on different sources 

(e.g., fatigued and non-fatigued muscle regions within the MG, signal contamination by other mus-

cles, muscle fiber types). Based on the threefold split of Pi in combination with the consecutive 

appearance of the different Pi peaks, we conclude that these Pi components represent the amounts. 

  



 
88 

Chapter 6 

6. General Discussion 

The major aim of this thesis was to establish a methodological framework for simultaneous 31P-

MR spectroscopic, respiratory and blood lactate measurements, which enables combined investi-

gations of exercise-induced changes of energy-metabolic parameters in the human calf muscle and 

corresponding global adjustments of pulmonary parameters and blood lactate concentrations. It 

was assumed that dynamic 31P-MR muscle spectroscopy is suited to determine local energy metab-

olism adaptations, which differ according to the subject’s training status and are thought to be 

associated with global physiological parameters typically monitored in sport science to evaluate 

muscle function and athlete performance. The results of this fundamental research provide a co-

herent picture of human metabolism in muscle and its regulatory mechanisms, exercise-limiting 

factors, muscle fiber composition and muscular fatigue. 

The thesis was subdivided into separate milestones, including first the development of appro-

priate experimental equipment (see Chapters 2 and 3), and second, applying the developed setup 

to in vivo measurements in healthy subjects (see Chapter 3) and to subject groups with opposing 

training conditions (see Chapter 4). In a last step, the crucial point of exercise-induced movements 

in the MR-scanner was evaded by applying NMES to activate solely the calf muscle to study the 

feasibility to indirectly distinguish between different muscle fiber compartments (see chapter 5). In 

the following, these single work packages will be discussed by considering the specific main find-

ings and outlining the conclusions, which can be drawn with respect to the main objective of this 

thesis. 

 

MR-compatible pedal ergometer 

The pedal ergometer was developed for performing graduated exercises of the m. triceps surae 

muscle complex within a clinical whole-body 3 T MR-scanner. Besides being suited to apply and 

monitor different load regimes (isometric, dynamic, graduated loads), the ergometer can be used 

in combination with MR spectroscopy or MR imaging by using appropriate RF surface coils, such 

as rigid ring coils or flexible coils. It also allows interactive adjustment of the physical output for 

reproducible exercising due to the simultaneous monitoring of mechanical parameters. The setup 

was tested by applying graded load intensities in two in vivo measurement series, which resulted in 

similar PCr, Pi and pH evolutions as well as distinct load-dependency of the metabolic changes. 

Despite being able to achieve an almost isolated activation of the m. triceps surae muscle complex, 

there was still considerable activation of supportive and stabilizing muscles, like the m. quadriceps 
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femoris or the ischiocrural muscles. Such activations substantially affect the mechanical output and 

performance of the plantar flexion and can induce additional non-systematic variability into the 

sampled metabolic parameters. Consequently, for the studies presented in this thesis, Velcro straps 

were placed over the hip, knee and ankle in order to reduce the impact of other muscles as much 

as possible (e.g. González de Suso et al., 1993; Kemp et al., 2001; Allen et al., 2013; Cannon et al., 

2014). However, accompanying movements cannot be avoided completely, even by fixating the leg 

or using handle pieces as was the case here (see chapter 2). The handle pieces led in fact to an 

isometric effort in the shoulder and arm muscles, which were both activated while the subject 

aimed to hold a stable position during the exercise. Although being less relevant regarding the 

analysis of local muscular metabolic changes, this additional effort might have affected global ad-

aptations, like respiratory and blood lactate time courses. Therefore, the hand grips were substi-

tuted with a shoulder harness in the subsequent experiments. 

The placement of the RF-coil can also affect metabolic changes. Since activated muscle cells 

swell due to water influx (Allen, Lamb and Westerblad, 2008), a too tightly wrapped flexible coil 

may induce partial ischemia by impairing blood circulation. In own preliminary experiments, con-

stant pain as well as visible pressure marks occurred in regions, which were covered by the coil, 

and were reported by the subjects during and after the exercise. A similar phenomenon associated 

with increased muscular fiber tension due to a fixed pedal position after performing the plantar 

flexion exercise, was also observed (Fitts, 2008). Therefore, additional in vivo experiments were 

conducted with fixated as well as released pedal positions to investigate these tension-related im-

pairments of oxygen supply and H+ efflux on the PCr and pH kinetics during the post-load phase 

(Moll, Gussew and Reichenbach, 2017). An upright pedal position with roughly 90° angle of the 

ankle relative to the leg was associated with impaired tissue perfusion, which was reflected in sig-

nificantly delayed PCr and pH post-load recoveries compared to the released pedal position (Figure 

6-1). Partial ischemia-associated delays of oxygen supply and metabolic byproduct removal can 

corrupt the analysis of the underlying metabolic processes because the degree of muscular tension-

related impairments differs between subjects depending on the inter-individually varying tissue 

flexibility of the lower legs (Youdas et al., 2003). Consequently, in all following experiments the 

pedal was released prior and after the exercise in order to avoid muscle fiber tensions. 

All in all, plantar flexion exercises can be reliably performed with the ergometer and activation 

of multiple m. triceps surae compartments can be studied. Even though other muscle groups com-

prise larger muscle masses and offer higher flexibility regarding planning and locating the spectro-

scopic region-of-interest, the calf muscle has structural advantages compared to, e.g., the m. quad-

riceps femoris. Since the mono-articular SOL consists mainly of type I fibers, whereas the poly-artic-

ular GM has a higher type II fiber fraction, these calf muscles can cope with different biomechanical 
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tasks (Edgerton, Smith and Simpson, 1975). This, however, offers the opportunity to spectroscop-

ically analyze exercise-induced metabolic adjustments in two muscles with distinctly heterogeneous 

fiber composition, which, in turn, predefine the metabolic regimes. Therefore, a specialized 31P-

MRS sequence (MUSCLE) was developed and successfully implemented to observe metabolic pa-

rameters in spatially-shifted slices covering both muscles in an interleaved manner. As already men-

tioned in the introduction section (Chapter 1.3.2), this sequence enables tracking of metabolic 

changes in multiple muscle regions. 

 

 

Figure 6-1 Released (a) and fixated (b) pedal positions after the exercise with 125° and 90° 
angles of the ankle relative to the leg, respectively. The bottom graphs show the time courses 
of PCr (left) and pH (right) in the m. gastrocnemius medialis of the same subject during rest, load 
(gray area) and recovery for 125° (black dots) and 90° (red dots) ankle angulations. In the 
fixated case, the inhibited oxygen supply as well as the reduced H+ efflux is indicated by 
significantly delayed PCr and pH recoveries compared to the flexed leg showing physiologi-
cally more reasonable PCr and pH kinetics. 

 

Furthermore, MR-compatible ergometers can be improved under various aspects. The most 

important point is the appropriate activation of isolated muscle regions and the reduction of con-

comitant movement of adjacent muscles. In the case of the plantar flexion the activation of the 

muscles in the upper leg and the hip can be reduced by flexing the knee. However, the limiting 
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space of the magnet bore has to be considered. Another option in improving MR-compatible er-

gometers is the positioning of the subject to guarantee a physiological load, which simulates daily 

routines and physiological training conditions. To do so and to reduce additional movement NMES 

might be a good method to stimulate selected muscle regions. Despite revealing several advantages, 

especially considering the limited space of the magnet bore, NMES might affect 31P-MR spectro-

scopic findings, which will be discussed later in the thesis. 

 

Combined spiroergometry and 31P-MRS 

As a next methodological step a commercially available spirometry device was adapted to per-

form respiratory measurements inside the bore of the MR scanner during continuous acquisition 

of 31P-MR spectra in loaded calf muscles. This adaptation was accomplished in close collaboration 

with an internationally leading manufacturer in respiratory diagnostics (Ganshorn; Medizin Elec-

tronic GmbH, Niederlauer, Germany), who supplied and modified one of their state-of-the-art 

systems, the PowerCube. Since this unit had to be located outside the MR scanner cabin, the sampling 

lines connecting the gas analyzers with the subject’s breathing mask were prolonged while main-

taining, as demonstrated in preliminary calibration experiments, the system’s functionality without 

any impairment in analyzing respiratory parameters under MR-conditions. 

Additionally, a mathematical model was extended to fit retrospectively the time courses of the 

measured pulmonary parameters VO2 and VCO2. In contrast to recently introduced approaches, 

which are typically applied to analyze the exercise-specific data segments (e.g., the VO2 evolution 

during the load phase) and to detect characteristic thresholds or peak values, this approach allows 

fitting of the entire VO2 and VCO2 time courses and provides parametrization of the resting state 

condition as well as the respiratory adjustments during the load and recovery phases of the exper-

iment. Besides being able to determine all relevant respiratory parameters (resting state and load 

peak values of VO2 and VCO2) and time constants of exercise-induced increases and post-load 

phase recoveries, the fitting routine also integrates the area under the entire data curves to quantify 

the exercise-induced accumulations of non-metabolic CO2 (excess CO2). 

The combined spirometric and 31P-MR spectroscopic measurements were first conducted in 

non-specifically-trained healthy subjects, which performed intense, dynamic loads of the calf mus-

cle, to extract associations between global pulmonary changes and local adjustments of energy me-

tabolism parameters. Besides confirming the already known correlation between VO2 and PCr ki-

netics during exercise (Whipp et al., 1999; Rossiter et al., 2000, 2003; Rossiter, Ward, Kowalchuk, et 

al., 2002; Cannon et al., 2013, 2014), the analysis was extended to study also the relation between 

the acidification in the exercised calf muscles and the non-metabolic CO2 (excess CO2). Since the 
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intra-muscular pH decrease reflects the activation of the anaerobic energy supply pathway, the 

identified interrelation between acidification and excess CO2 reinforces the common assumption 

that exercise-induced overshoots of CO2 relative to VO2 rely on buffering accumulated H+ by bi-

carbonate. Intramuscular pH and excess CO2 showed a significant, physiologically determined rela-

tion, as this represents the compensation of H+ and lactate accumulation by the respiratory system. 

Thus, the amount of excess CO2 together with spectroscopically measured muscular acidification 

might act as an appropriate marker for anaerobic energy supply in loaded muscles. However, since 

this relation is still controversially discussed in the literature (Roecker et al., 2000; Robergs, 

Ghiasvand and Parker, 2004; Péronnet and Aguilaniu, 2006), it has to be confirmed by monitoring 

lactate concentration changes in the blood or directly within the loaded muscle. Finally, the pure 

oxidative-driven PCr recovery in the muscle was mirrored in global post-load oxygen supply. Even 

though muscle VO2 is affected by several factors, such as, e.g., perfusion, acidification or efficiency 

in O2 release from oxyhemoglobin, this correlation between VO2 and PCr recovery represents a 

link between local and global respiration as already shown by others (Rossiter et al., 1999; Crowther 

and Gronka, 2002). 

An additional important finding of the experiments was that due to the supine position of the 

subjects respiration and breathing frequencies were lowered due to reduced gravitational impact 

alongside with a smaller muscle perfusion pressure (Jones and Burnley, 2005). This directly resulted 

in longer time constants of the VO2 increase compared to values obtained when exercising on a 

treadmill or bicycle ergometer. Despite showing similar values in the VO2 steady state a direct 

comparison of both exercising positions presented by Convertino et al. revealed a significantly 

higher total VO2 with a significantly reduced VO2 recovery (Convertino, Goldwater and Sandler, 

1984). Moreover, the usual resting VO2 is between 0.20-0.45 l/min during rest (Scharhag-

Rosenberger, 2010), whereas the oxygen uptake acquired in the supine position rarely exceeded 

0.25 l/min. The unusual position in the magnet bore might have prevented entirely relaxed breath-

ing in some subjects. However, with moderate pedal frequencies unwanted high breathing rates 

can easily be avoided. 

 

Metabolic adaptions in athletes 

Up to that point, only non-specifically-trained subjects had been investigated as described in 

chapters 2 and 3. However, the broad distributions of the sampled local and global metabolic pa-

rameters, such as varying PCr recovery rates during the post-load phase, different pH drops or 

inter-individually varying excess CO2, implied, as already mentioned, different fitness levels among 

the subjects. To verify the potential link between such characteristic metabolic changes and 
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corresponding training-induced muscular conditions, two opposing athlete groups were investi-

gated, who performed a fully exhaustive calf muscle exercise during simultaneous acquisition of 

spirometric and blood lactate data as well as 31P-MR spectra in GM and SOL muscles. Generally, 

metabolic differences between sprint- and endurance-trained athletes are mainly on the basis of 

heterogeneous muscle phenotypes. This enables various strategies in dealing with exhaustive exer-

cises like producing higher peak forces as a result of a higher fast fiber proportion alongside with 

a higher availability of PCr stores in sprinters. Endurance athletes on the other side reveal faster 

PCr recovery kinetics, a higher mitochondrial density and capillarization allowing them, on the one 

hand, to perform exercises for a very long time and, on the other hand, providing them to recover 

significantly faster than other athletes (Johansen and Quistorff, 2003). Other authors expect differ-

ent patterns of muscle enzyme activities in endurance athletes, which enhances the rate of ATP 

resynthesis (Pesta et al., 2013). The same authors assumed the ability in highly trained long distance 

athletes to spread the workload across the pool of motor units based on a selective recruitment by 

the central nervous system. Furthermore, higher muscle buffer capacities enable to tolerate higher 

lactate concentrations without a concomitant increase in H+, which is typically occurring in team 

sport athletes (Edge et al., 2006). 

Triathletes and sprinters were selected in this thesis, as they were expected to reveal extreme 

and contrary states regarding athletic skills and abilities as well as muscle histology and biochemical 

and metabolic local and global characteristics as a consequence of their specialized training orien-

tation, i.e. endurance and speed strength training, respectively (Millet et al., 2002; Johansen and 

Quistorff, 2003; Edge et al., 2006; Aagaard et al., 2011; Pesta et al., 2013). Both athlete groups had 

different training scopes, training volumes and intensities. Whereas, in general, endurance-trained 

athletes perform long-term workouts below the anaerobic threshold, sprinters focus on short and 

high intense exercises for maximum intramuscular coordination supporting explosive energy out-

put. However, so far, investigations under exhaustive, MVC-based exercise conditions of athlete-

specific strategies to provide energy on the muscular level together with accompanying respiratory 

and lactate changes have been rarely performed. Therefore, the aim was to close this gap. The GM 

and SOL muscles were selected since they predominantly generate the force during plantar flexion 

and typically reveal distinctly different muscle fiber compositions. They were thus assumed to yield 

characteristic, specific energy supply kinetics. Similar to the applied fitting procedure of the pul-

monary data the entire profiles of exercise-induced and post-load PCr changes were again fitted in 

sections to analyze the underlying metabolic adaptations by extracting the slopes of PCr during 

load and recovery. 

As expected both athlete groups revealed different respiration and lactate characteristics under 

the applied all-out exercise conditions, even though less than 10% of the whole-body muscle mass 
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was activated by the exercise. Endurance athletes revealed significantly smaller changes in blood 

lactate concentrations compared to sprinters that went along with almost twice as large excess CO2 

values but also with faster VO2 increases after exercise onset in the short distance athletes. The 

latter observation indicates more efficient oxygen turnover to sustain the mechanical output by the 

endurance athletes. Based on higher excess CO2 and blood lactate levels, the anaerobic pathway 

obviously plays a more dominant role in sprinters than in endurance athletes. Interestingly, even 

though both investigated groups showed different sport-specific global physiological behaviors and 

were assumed to reveal different structural preconditions, the mean exercise time until exhaustion 

of the calf muscle was comparable between the athlete groups. Besides different peak forces during 

the MVC test no obvious differences were noticeable between the exercise protocols of both ath-

lete groups. 

31P-MRS was thus assumed to provide further explanations about the different fatigue-avoiding 

strategies or athlete-specific alterations. The measurements revealed indeed obvious metabolic dif-

ferences between SOL and GM in accordance to recent findings from the literature (Allen et al., 

1997; Valkovič et al., 2014; Niess et al., 2017). The SOL revealed less pronounced metabolic adap-

tations and lower activation compared to the GM. This goes along with findings of Price et al., who 

reported stable activation of the SOL independent from knee flexion measured with EMG (Price 

et al., 2003). Thus, a supportive contribution of the SOL during the applied exhaustive exercise 

cannot be entirely ruled out. Assuming a high type I fiber fraction in the SOL muscle, endurance-

trained athletes might use this muscle group to a greater extent since their favored metabolic work-

ing regime benefits from the aerobic-dominated and prolonged performance of these muscle fibers. 

On the other hand, the main performer GM revealed a higher degree of acidification at the end 

of the exercise. Interestingly, some of the short distance athletes were able to exercise over several 

minutes with severe pH drops down to level of 6.1, which are considered to be a major cause of 

muscular fatigue. Decreases in intracellular pH during intense exercises are usually reported at 

~0.5 pH units leading to inhibited muscle performance due to water influx and reduced electrolyte 

concentrations (Allen, Lamb and Westerblad, 2008). Acidification was thus distinctly stronger in 

the present work, especially among sprinters, although both groups exercised on a normalized in-

tensity. This suggests a higher ratio of anaerobic energy production in sprinters, but also the ability 

to deal with accumulated H+ and lactate without or only slightly reduced impairment of metabolic 

and contractile processes over long time periods. All in all, sprinters revealed a higher exercise 

tolerance under critical metabolic conditions, which was previously also shown in team sport ath-

letes, whose training contains alternating sprints and recovery periods leading obviously to a higher 

capacity to buffer H+ (Edge et al., 2006). 
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Interestingly, almost all endurance athletes showed partial recovery of their PCr stores during 

the exhaustive exercise. Short distance athletes, on the other hand, revealed constantly depleted 

PCr stores in both muscles except for two subjects with one athlete irregularly attending decathlon 

competitions. Thus, this metabolic recovery phenomenon might occur in athletes, who generally 

perform long-term exercises for many years. Even though this observation seems physiologically 

useful and plausible in endurance-trained athletes, it is barely described in the literature. Under 

stable exercise conditions a partial PCr recovery could be related to an increased contractile effi-

ciency or a higher energy supply compared to the energy demand, which is possible for both the 

glycolytic as well as the oxidative energy synthesis. On the one hand, a surplus production could 

be described either by higher production rates or the ability of the stressed muscles to recruit more 

fibers. The latter would explain the greater participation of the SOL among the endurance group. 

On the other hand, the observed partial pH recovery implies either an increased H+ efflux or re-

duced glycogenesis, which is not supported by the ATP overshoot. However, a shift from anaero-

bic towards mainly aerobic energy supply with negligible H+ accumulation explains both the con-

tinued and somehow increased PCr production as well as the recovered pH values. At the whole 

muscle level, these metabolic alterations may result from varying contributions by different muscle 

fiber types. The hypothesis of oxidative ATP synthesis implies increased recruitment of oxidative 

fibers, which is suspected in endurance athletes. However, it is difficult to evaluate different re-

cruitment patterns in terms of muscular and metabolic efficiency. Another strongly influencing 

factor and possible indicator for a partial PCr recovery is the local perfusion and changes in blood 

flow, especially at such high exercise intensity. Increased blood flow might lead to increased H+ 

efflux and more economic oxygen delivery, which is common in endurance-trained athletes show-

ing elevated capillarity and enhanced mitochondrial density (Kubukeli, Noakes and Dennis, 2002). 

Another hint might be the ability of highly endurance-trained athletes to spread the workload across 

other muscles, which reduces the requirement on a given motor unit leading to a possible recreation 

of stressed muscles fibers. This selective recruitment is controlled by the central nervous system 

and occurred during submaximal exercises (Enoka and Stuart, 1992). Another form of PCr over-

shoot above the resting state value during recovery was demonstrated by several studies 

(Kushmerick, Meyer and Brown, 1992; Sahlin et al., 1997; Pesta et al., 2013). This finding has been 

reported for both oxidative and glycolytic muscle fibers after intense exercise and appeared several 

minutes after the termination of exercise with sustained visibility in some cases still after one hour. 

The cause of this molecular adaption is still unclear, but seems to be independent from muscular 

acidification (Korzeniewski and Zoladz, 2005). Regulation of the oxidative phosphorylation by cal-

cium ions was considered as a main mechanism at least after the load onset, which would explain 

the connection between higher oxygen consumption in muscles with high mitochondria density as 
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they store Ca2+ (Pozzan et al., 1994). This leads to the assumption that elevated activation of oxi-

dative phosphorylation and thus energy production during load or recovery is also the result of 

muscle training, especially with endurance training. However, neither sprint- nor endurance-trained 

athletes revealed significant post-load PCr overshoots after the exhaustive exercise. 

The preference of anaerobic energy supply in sprinters was demonstrated by high lactate con-

centrations alongside with lower pH values. Endurance-trained athletes on the other side avoided 

excessive accumulation of blood lactate and H+ and were able to recover their energy storages 

significantly faster at the end, but also during the exercise. The ability to recover PCr significantly 

faster than other athletes characterizes highly trained endurance athletes as a result of high-volume 

training leading to cardiovascular adaptations, elevated capillarity and enhanced mitochondrial den-

sity (Kubukeli, Noakes and Dennis, 2002). Furthermore, muscle specific findings can be related to 

heterogeneous muscle fiber compositions, which, in turn, affect the preference of either aerobic or 

anaerobic energy supply and are observable by spirometry and blood lactate measurements. Since 

the latter measures are commonly used to monitor the training status of athletes, they can pro-

foundly reflect a subject’s physical condition, which can be improved by muscle-specific observa-

tions. Spectroscopic measurements might be able to identify the differences between an outstand-

ing and an excellent athlete based on the associated metabolic changes. Specialized training inter-

ventions can be directly and non-invasively assessed thanks to the deeper specific insight into mus-

cular adaptation processes. 

In conclusion, the observed differences in metabolic adaptations between both athlete groups 

point to heterogeneous muscle fiber contributions as a result of the highly specialized training 

stimuli over several years. These findings were supported by standardized approaches adopted 

from the sport science and indicated different strategies in dealing with the applied exhaustive 

exercise protocol. It was shown that the measured values were closely related to the physical per-

formance level of the studied athlete groups. Thus, localized 31P-MRS appears to be a uniquely 

suited, non-invasive tool for quantifying metabolic adaptations in trained and untrained individuals 

and to resolve effects of different training strategies in multiple muscle groups with different mus-

cle fiber distributions. This again could improve the evaluation of applied training interventions, 

which might also helps in performance assessment of young sport talents. However, compared to 

other diagnostic methods in sports medicine or training science (e.g., spiroergometry, electromy-

ography or force measurement) MRS is a very costly approach. Another promising link is the cre-

ation of physiological models, which can utilize the comprehensive assessment of PCr and VO2 

kinetics with the presented fitting approaches. Such cybernetic models might help to understand 

the connection of regulatory systems in single motor units and allow a simulation and transfer to 

other muscle groups or the whole-body. 
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Muscle fiber assessment by pH heterogeneity 

Besides performing dynamic 31P-MRS under voluntary contraction, muscle energy metabolism 

was also investigated during isolated and fully exhausting activation of the m. gastrocnemius medialis 

by using neuromuscular electrical stimulation (NMES). Assuming simultaneous and maximum ac-

tivation of all muscle fibers within the stimulated muscle, it was hypothesized that different muscle 

fiber fractions yield different Pi frequency shifts in the 31P-MR spectra. This hypothesis relies on 

the different oxidative capacities of muscle fiber types (see Chapter 1.1), which determines the 

efficiency of oxidative energy supply and thus the impact of anaerobic glycolysis and consequently 

the amount of accumulated H+ and lactate. Therefore, different muscle fibers should show char-

acteristic pH evolutions, which in turn should manifest in distinct Pi peak splittings in 31P-MR 

spectra series acquired during the exercise (Rossiter, Ward, Howe, et al., 2002). However, since a 

reliable application of this approach requires NMES of a single muscle, activation in adjacent mus-

cles has to be monitored. Therefore, the applied measurement protocol also included acquisitions 

of T2-weighted transversal MR images in the lower leg of the examined subjects prior and after the 

stimulation. Since muscle activation is associated with increasing tissue water T2 relaxation time 

constants, the stimulated muscles can be visually identified by enhanced signal intensities on T2-

weighted images (Bendahan, Giannesini and Cozzone, 2004). Although the full set of mechanisms 

influencing the T2 increases in activated muscles is currently not fully understood, the osmotically 

driven water shifts from the extra- into intra-cellular spaces have been reported as being important 

determinants in response to the intra-muscular accumulation of H+ or alternatively increasing 

blood flow (Ababneh et al., 2008). In preliminary experiments, apparently elevated image intensity 

in T2 weighted MR images and consequently higher activation was identified in the GM alongside 

with distinctly lower involvement of the surrounding tissue, which allows assuming that 31P-MR 

spectroscopically measured metabolic changes during NMES derive only from the GM muscle. 

During the exhaustive stimulation a distinct three-fold Pi split was observed in all subjects in asso-

ciation with three different pH values, which is ascribable to heterogeneous H+ accumulation ki-

netics during the load phase. These splits remained during the whole exercise in all subjects, sug-

gesting alkaline, medium and acidic pH components. The latter was associated with severe pH 

drops to levels down to 6.1, which was also seen in the GM muscles of sprinters (see Chapter 4). 

This implies a connection between pH decrease and the amount of type II fibers, because sprint-

trained athletes are assumed to have higher contributions of these muscles with high anaerobic 

glycolytic potential. Thus, the measured spectroscopic signal and the three Pi peaks might result 

from two different muscles fiber types represented by the acidic and intermediate peak, whereas 
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the alkaline peak then represents a less fatigued muscle or a third muscle fiber type. A quantitative 

estimation of the volume fractions of the three muscle fiber types may be made by the integrated 

area under the specific Pi signal. Further experiments need to be performed in order to verify this 

hypothesis, but can only be confirmed by invasive histological characterization. 

Despite being a promising tool to induce maximum, spatially isolated and comparable muscle 

fatigue, NMES, however, is able to provoke muscle damage and can impair muscle function 

(Nosaka et al., 2011). Highly frequent and maximum eccentric contractions, as possible with 

NMES, are known to induce small ruptures in the Z-lines of the myofibrils, also known as delayed 

onset muscle soreness (DOMS) (Cheung, Hume and Maxwell, 2003). This muscle damage is im-

mediately followed by an acute inflammatory response and impairs muscular respiration. ATP pro-

duction becomes inhibited and cell homeostasis is disturbed, which affects metabolic conditions 

observable by 31P-MRS (Cheung, Hume and Maxwell, 2003). Some authors also reported increased 

plasma CK activity even few days after applying NMES (Mackey et al., 2011), which could influence 

subsequent measurements of high-energy metabolite kinetics. Taken together, the risk of potential 

muscle damage has to be carefully considered when planning NMES experiments to investigate 

exercise-induced metabolic changes. 

In summary, local electrical muscle stimulation seems to be an excellent method, especially to 

suppress the influences of undesirable motion. Further NMES applications can be combined with 

measurements of blood lactate or pulmonary changes. Since electrical stimulation does not rely on 

specific ergometers other muscle groups can be considered for investigations with such combined 

approaches. 
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7. Conclusion and Outlook 
 

This work demonstrated successfully the ability to perform valid and reproducible loads of the 

calf muscle complex alongside with continuous 31P-MR spectroscopic measurements in exercised 

skeletal muscles as well as simultaneous measurement of whole-body respiratory parameters (O2 

uptake and CO2 exhalation) and blood lactate concentrations. The correlation of these global mark-

ers with muscle-specific findings suggested that activity of a single muscle influences the whole-

body metabolism, which is reflected by certain well known markers, like oxygen uptake and peak 

concentrations of lactate. This multimodal approach allowed differentiation between the main en-

ergy providing systems (aerobic and anaerobic) on a cellular and peripheral level. Moreover, by 

applying experiments to carefully selected athletes with opposing metabolic profiles, it was possible 

to detect athlete-specific energy-providing processes, which were interpreted as adaptive strategies 

to cope with the stressful exercise. In summary, the aerobic pathway was more efficient in endur-

ance athletes, whose calf muscles are not only expected to have higher type I muscle fiber fractions 

with higher oxidative capacities, but also to show reduced H+ accumulation during load as well as 

significantly faster PCr recoveries during the post-load phase. These characteristic local metabolic 

adjustments were mirrored in moderate blood lactate accumulations and distinctly lower amounts 

of excess CO2 and slower VO2 increases during load. In contrast, greater importance of the anaerobic 

metabolism was seen in sprint-trained athletes as reflected by severe pH drops and slower PCr 

recoveries. This was further substantiated by distinctly higher blood lactate concentrations, excess 

CO2 values and the assumption of a higher type II proportion. 

In addition to these findings, sport-specific activation patterns were identified in both examined 

muscles (GM and SOL), which reflect characteristic athlete-specific strategies to cope with long 

lasting and exhaustive plantar flexion exercises. Most surprisingly, the experiments revealed sys-

tematic partial recoveries of muscular PCr pools even during the performance of the exercise. Being 

primarily observed in endurance-trained athletes, this observation might reflect surplus ATP syn-

thesis due to more efficient oxidative glycolysis and thus represent a specific strategy to deal with 

long lasting muscular loads. However, in order to provide more comprehensive understanding of 

this particular behavior, additional studies are required including graded loads. Targeting on the 

quantitation of muscle fiber composition, the experiments performed with NMES allowed differ-

entiation between multi-compartment pH kinetics and thus at least qualitative identification of 

different muscle fiber types in calf muscle. 

However, there are some limitations of the work in this thesis, which have to be mentioned. 

The locomotor system usually acts as a unit, especially under exercise conditions. Consequently, it 
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might be difficult or even questionable to transfer results acquired in an isolated calf muscle to 

other muscles in order to evaluate exercise-associated adjustments of the whole-body energy me-

tabolism. Therefore, systematic 31P-MRS measurements in other participating muscles need to be 

performed in subsequent studies while using well defined and graded load regimes. This also re-

quires the availability of dedicated ergometers to apply appropriate muscle loads under MR condi-

tions. Furthermore, although muscle pH values appear to be a good marker for anaerobic energy 

supply, they are also affected by other interrelating factors, including the balance between anaerobic 

and aerobic ATP synthesis, H+ buffer capacity, perfusion-related efficiency of H+ efflux, or regu-

latory enzyme activities, which, however, are difficult to quantify by MRS (Kemp et al., 2001; 

Kemp, 2015). Direct measurement of lactate changes in the exercised muscle would be highly val-

uable for a more reliable characterization of the anaerobic metabolism. Several authors have indeed 

either used different MR spectroscopic approaches to directly measured lactate (Pan et al., 1991; 

Jouvensal, Carlier and Bloch, 1997; Hsu and Dawson, 2000; Meyerspeer et al., 2007; Ren, Sherry 

and Malloy, 2013), or have indirectly calculated lactate concentrations by assuming the H+ kinetics 

(Boska, 1994; Conley et al., 1997; Kemp et al., 2001). However, since the accuracy of such calcula-

tions relies on prior knowledge of multiple input parameters (e.g. constant buffer capacity and 

stoichiometric assumptions), the direct 1H-MR spectroscopy-based lactate measurement approach 

appears more promising. Associated challenges, however, include the complete overlapping of low 

intensity lactate resonances by large lipid signals, which have to be suppressed by using, e.g., spec-

tral editing techniques (Meyerspeer et al., 2007) or magnetization inversion approaches 

(Lindeboom et al., 2017). A first step in this direction of measuring intramuscular lactate has already 

been undertaken in the context of this thesis (Tschiesche et al., 2015). Based on these findings 

additional preliminary experiments were performed allowing to monitor depleting lactate concen-

trations after an intensive exercise in the GM muscle of healthy subjects by applying the so-called 

1H-MEGA-PRESS sequence (see Figure 7-1), which is a spectral editing technique, typically applied 

to quantify small quantities of brain neurotransmitters (Mullins et al., 2014). Similar to the suppres-

sion of contaminating metabolites in 1H-MR brain spectra, the MEGA-PRESS sequence proved 

also suited to suppress the lipid resonances in 1H-MR muscle spectra appropriately, allowing iso-

lated quantitation of the lactate signal at 1.3 ppm. Averaged over all preliminary examined subjects 

(N = 14), a mean lactate concentration of 25.2 ± 11.7 mmol/l (relative to the Cr signal measured 

by 1H-MRS, which was assumed to be 44 mmol/l) was obtained in the GM muscle at the end of 

the plantar flexion exercise. These locally measured values revealed a positive correlation with 

blood lactate samples from the earlobe (3.3 ± 0.9 mmol/l; R = 0.73, p < 0.005). Data sampling 

was, however, only possible prior to and after the exercise since the calf movement prevented 

lactate quantitation during the load phase. 
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Figure 7-1 Left: 1H-MR muscle spectra with intra- and extra-myocellular lipid signals (IMCL 
and EMCL), overlapping the lactate doublet at 1.3 ppm. Right: Mean values of exponentially 
decreasing lactate to creatine ratios acquired during rest and the post-load recovery phase (Cr 
was assumed to be 44 mmol/l). A reliable acquisition of 1H-MR spectra was not possible 
during the exercise due to movement. 

 

Future developments should thus involve adapted MR sequences that allow the acquisition of 

lactate also during load. Once successfully implemented, this should then shed light on differences 

in the concentration of muscle lactate and blood lactate in the periphery. Unfortunately, simulta-

neous acquisition of 1H- and 31P-MRS is currently not possible, causing therefore a tradeoff to 

either measure lactate or high-energy metabolites (PCr, Pi and ATP) because they all reveal fast 

kinetics during load and recovery. Acquiring 1H- and 31P-MRS data in an interleaved mode would 

lead to a loss of important metabolic information. 

The combined approach developed during the work of this thesis allows a comprehensive and, 

even more importantly, non-invasive insight into muscle and exercise physiology with the perspec-

tive to be applied in follow-up studies with a broad range of research questions. Since fatigability 

is one of the most relevant fitness and health indicators in athletes, healthy subjects and patients, 

its examination is expected to contribute significantly to the sport science and sports medicine 

research, targeting on the characterization of muscle function and endurance. The data collected 

with the presented approach might also be used to add advanced information to physiological 

models (Hunter and Borg, 2003; Hunter, 2004) that focus on the characterization of exercise-in-

duced alterations by considering metabolic processes within the muscle cells as well as on the 

whole-body level. As such models require detailed consideration of other biological sub-systems, 

including the circulatory, respiratory, musculoskeletal, central nervous and endocrine system, as 

well as a comprehensive assessment of muscles, nerves, blood or cell structure proteins, dynamic 



 
102 

31P-MR muscle spectroscopy can be an important contributor to this endeavor to provide compre-

hensive information about the human motor units during rest and load to be able to accurately 

simulate exercise-induced metabolism, fatigue and muscle failure under different exercise condi-

tions. The methods described in this thesis can also be applied in longitudinal studies to monitor 

training interventions (Kent-Braun, McCully and Chance, 1990; Sahlin, 2014). More specifically, 

possible metabolic weaknesses in specific muscle groups of an athlete (e.g. too fast PCr decrease, 

severe acidification, too slow PCr recovery) could then be detected and adjusted by means of ap-

propriate training interventions (Kubukeli, Noakes and Dennis, 2002). 

From a more clinical perspective, the lower back muscles should be an important target for 

future studies since inactivity as well as aging are associated with muscle fiber transitions from 

type I to type IIB (Pette and Staron, 1997), which can be indirectly observed with MR approaches 

based on a reduced energy metabolism, perfusion and a prevalently occurring fat infiltration. All 

these factors lead to increased fatigability of the lumbar extensors and impaired spine integrity. Due 

to the associated higher injury risk, these degenerative impairments can lead to chronic low back 

pain in the long term, which represents one of the major public health problems in western coun-

tries (Wand and O’Connell, 2008). 31P-MRS-based assessment of muscle fiber-related metabolic 

markers in the back muscles may help with regard to early stage identification of such degenerative 

dysfunctionalities or monitoring the success of therapeutic interventions. The potential of such 

investigations has already been demonstrated in recent studies of healthy subjects by combining 

dynamic 31P-MRS in isometric loaded back muscles with other advanced MR imaging techniques 

(Hiepe et al., 2014, 2015) and EMG (Rzanny et al., 2004, 2009), which disclosed age-related changes 

in muscle metabolism, structure and function. Further clinical applications could include spectro-

scopic measurements in patients with metabolic disorders, like McArdle disease (Vorgerd and 

Zange, 2007), which is associated with impaired anaerobic glycolysis leading to continuously in-

creasing pH levels up to 7.3 and rapidly decreasing ATP concentrations during load,  

or other myotonic dystrophies (Crowther et al., 2003; Tonon, Gramegna and Lodi, 2012). 
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representative load duration. The blue dashed lines in the PCr kinetics indicate the fit results 
(cf. Eq [4-2]). 
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Fig S4-2 PCr and pH time courses of all sprint-trained subjects in both muscles (left: SOL, 
right: GM) during rest, load (red dots) and recovery phase arranged according to their repre-
sentative load duration. The blue dashed lines in the PCr kinetics indicate the fit results (cf. Eq 
[4-2]). 
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Additional Figures for Chapter 5 

Fig S5-1 End-exercise spectrum of subject 1. 
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Fig S5-2 End-exercise spectrum of subject 2. 

Sup. Fig. S2: End-exercise spectrum of subject 2 
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Fig S5-3 End-exercise spectrum of subject 3. 
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Fig S5-4 End-exercise spectrum of subject 4. 
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Fig S5-5 End-exercise spectrum of subject 5. 
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Fig S5-6 End-exercise spectrum of subject 6. 
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Fig S5-7 End-exercise spectrum of subject 7. 
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Fig S5-8 End-exercise spectrum of subject 8. 
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Fig S5-9 Visualization of the stimulated muscle area of subject 1 by signal 

changes between pre- and post-fatigue T2* weighted multiple gradient echo-

planar images using the flex-coil (b, c) as well as by the T2*-differences in 

the calculated T2* maps (d, g). The morphological structures are visualized 

by a T1-image of the same slice (a). 
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Fig S5-10 Visualization of the stimulated muscle area of subject 2 by signal 

changes between pre- and post-fatigue T2* weighted multiple gradient echo-

planar images using the flex-coil (b, c) as well as by the T2*-differences in 

the calculated T2* maps (d, g). The morphological structures are visualized 

by a T1-image of the same slice (a). 
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Fig S5-11 Visualization of the stimulated muscle area of subject 3 by signal 

changes between pre- and post-fatigue T2* weighted multiple gradient echo-

planar images using the flex-coil (b, c) as well as by the T2*-differences in the 

calculated T2* maps (d, g). The morphological structures are visualized by a T1-

image of the same slice (a). 
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Fig S5-12 Visualization of the stimulated muscle area of subject 4 by signal 

changes between pre- and post-fatigue T2* weighted multiple gradient echo-

planar images using the flex-coil (b, c) as well as by the T2*-differences in the 

calculated T2* maps (d, g). The morphological structures are visualized by a T1-

image of the same slice (a). 
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