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Tiivistelmä 

Johdanto ja tavoitteet: 

Kliininen rasituskoe hengityskaasuseurannassa (spiroergometria) antaa tietoa henkilön 

kardiorespiratorisesta suorituskyvystä. Tutkimusta voidaan käyttää myös metabolisten 

lihastautien, esimerkiksi mitokondriaalisten myopatioiden (MM) diagnostiikkaan, kun 

tutkimuksen yhteydessä kerätään myös laskimoveren maitohappo- (laktaatti), 

ammoniakki- ja verikaasunäytteitä sekä levossa että rasituksessa. Jokela-tyypin 

spinaalinen lihasatrofia (SMAJ) on harvinainen lihaksen motoneuronitauti, joka johtuu 

mitokondriaalista proteiinia koodaavan geenin geenivirheestä.  

Tämän tutkimuksen tavoitteena oli tutkia iän, sukupuolen ja vähähiilihydraattisen 

ruokavalion vaikutuksia spiroergometriatuloksiin levossa, rasituskokeen aikana ja sen 

jälkeen palautumisvaiheessa kerättyihin laktaatti- ja ammoniakkiarvoihin terveillä 

henkilöillä. Lisäksi tavoitteena oli kuvata rasituskoetulosprofiilia molekyyligeneettisesti 

vahvistetuilla SMAJ-potilailla ja verrata tuloksia MM-potilaiden ja terveiden henkilöiden 

tuloksiin. 

Menetelmät ja tutkittavat henkilöt: 

Ensimmäisessä osatutkimuksessa arvioitiin iän ja sukupuolen vaikutusta rasituskokeen 

yhteydessä mitattavien laskimoveren laktaatti- ja ammoniakkipitoisuuksiin 73 terveellä 

osallistujalla (34 miestä, 39 naista). Laskimoverinäytteiden tuloksia vertailtiin sekä 

kolmessa eri ikäryhmässä (<35-vuotiaat, 35-50-vuotiaat, >50-vuotiaat), että ikä 

jatkuvana muuttujana. Tämän lisäksi analysoitiin rasituskokeen yhteydessä mitattuja 

verikaasunäytteitä levossa, rasituksen aikana ja palautumisvaiheessa.  

Toisessa osatutkimuksessa arvioitiin 10:llä terveellä vapaaehtoisella modifioidun 

vähähiilihydraattisen Atkins-ruokavalion fysiologista vaikutusta analysoimalla 

rasitustestin tuloksia sekä ennen että jälkeen neljän viikon ruokavaliojakson. 

Kolmannessa osatutkimuksessa verrattiin 11:sta SMAJ-potilaan, 26:n MM:aa sairastavan 

ja 28:n terveen verrokin rasituskoe- ja laktaatti- ja ammoniakkituloksia keskenään.   

Tulokset: 

Ensimmäisen osatutkimuksen tulokset tukivat ja laajensivat tietämystä muutoksista, 

jotka liittyvät normaaliin ikääntymiseen tai ovat riippuvaisia sukupuolesta: laktaatti- ja 

ammoniakkipitoisuudet rasituksen aikana ja sen jälkeisessä seurannassa olivat 

matalampia vanhemmissa ikäryhmissä ja tämän lisäksi iän vaikutus rasitukseen liittyviin 

laktaattiarvojen muutoksiin oli naisilla miehiä voimakkaampaa. Toisessa 

osatutkimuksessa tutkimushenkilöiden noudattama neljän viikon vähähiilihydraattinen 

ruokavalio vaikutti spiroergometrian tuloksiin johtaen rasituksen mekaanisen 

hyötysuhteen heikkenemiseen, minuuttiventilaation lisääntymiseen ja loppu-

uloshengityksen hiilidioksiditason (FetCO2) pienenemiseen, joista jälkimmäiset löydökset 
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sopivat hyperventilaatiotyyppisiin epäedullisiin muutoksiin hengityksessä. Kolmannen 

osatutkimuksen havainnot tukevat aiempaa tietämystä laktaatin käyttäytymisestä 

MM:ssa. Sitä vastoin SMAJ-potilaiden erot verrokkeihin olivat erilaisia kuin 

mitokondriotaudeissa. SMAJ-potilaiden suorituskyky ja maksimaalinen hapenkulutus 

olivat madaltuneet samalla tavoin kuin MM-potilailla verrattuna terveisiin henkilöihin. 

MM-potilaiden laskimoveren laktaattipitoisuus oli korkeampi kuin terveillä levossa, 

kevyessä rasituksessa ja 30 minuuttia rasituksen päättymisestä, ja heillä hapen 

hengitysekvivalentti ja FetCO2 olivat korkeat terveisiin verrattuna maksimaalisessa 

rasituksessa. Vastaavia muutoksia hengityksessä ja laktaatissa ei todettu SMAJ-potilailla. 

Johtopäätökset: 

Tässä väitöskirjassa kuvataan spiroergometriatutkimuksen löydöksiä sekä terveillä että 

lihassairautta sairastavilla. Tutkimustulokset antavat lisätietoa iän ja sukupuolen 

vaikutuksesta laktaatti- sekä ammoniakkitasoihin rasituskokeen yhteydessä ja etenkin 

palautumisvaiheessa. Ketogeeninen ruokavalio heikensi mekaanista hyötysuhdetta ja 

aiheutti epäedullisia muutoksia hengitykseen. SMAJ-potilaiden suorituskyky ja 

maksimaalinen hapenkulutus (oksidatiivinen kapasiteetti) olivat alentuneet kuten MM-

potilailla, mutta SMAJ-potilailla ei havaittu MM-potilaille rasituskokeessa tyypillistä 

ventilaation kasvua tai veren laktaattitason muutoksia. Nämä havainnot tarjoavat 

lisätietoa rasitustutkimusten tulosten tulkintaan kliinisessä työssä. 
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Abstract 

Introduction and Objectives: 

Cardiopulmonary exercise testing with lactate, ammonia, and blood gas samples is used 

as a part of the diagnostic palette for metabolic myopathies, a group of hereditary 

disorders of muscle metabolism, such as mitochondrial myopathies (MM). The aim of this 

study was to explore the impact of age, sex, and a low-carbohydrate diet on the results of 

the exercise test, as well as to present the result profile of Spinal Muscular Atrophy, 

Jokela type (SMAJ), a rare motor neuron disease common in the Finnish population with 

a mitochondrial component, and compare the findings to both healthy controls and 

subjects with genetically verified mitochondrial myopathy. 

Subjects and methods: 

The first study assessed the effects of age and sex on lactate and ammonia levels in 73 

healthy subjects (34 male, 39 female) across three age groups (<35, 35-50, >50 years) and 

with age as a continuous variable, during a cardiopulmonary exercise test with blood gas, 

plasma lactate, and ammonia measurements taken at rest, during, and after exercise.  

The second study evaluated the influence of a modified Atkins diet (mAD) on the 

physiology of 10 healthy volunteers by comparing the results of two cardiopulmonary 

exercise tests, one performed before and the other after four weeks on the diet.  

The third study compared the cardiopulmonary oxidative capacity of 11 SMAJ subjects 

and 26 subjects with MM to 28 healthy controls using cardiopulmonary exercise testing 

with lactate and ammonia sampling. 

Results: 

In the first study, lactate and ammonia concentrations during exercise and recovery were 

lower in older age groups and lower in women compared to men, with the effect of age 

also being more prominent in women. In the second study, four weeks of mAD did 

influence cardiopulmonary exercise test results, causing mechanical efficiency to decrease 

and increasing ventilation at the same time as fractional end-tidal expired carbon dioxide 

(FetCO2) decreased, suggesting unbeneficial changes in ventilation. In the third study, 

the lactate results of MM subjects were similar to those of earlier studies, but the SMAJ 

subjects did not exhibit similar results. The SMAJ subjects exhibited a lower power 

output and maximal oxygen consumption compared to healthy controls, but similar to 

MM subjects. The MM subjects exhibited higher lactate levels than healthy controls at 

rest, during light exercise, and 30 minutes post-exercise, and had higher ventilatory 

equivalents for oxygen as well as lower FetCO2 compared to healthy controls during 

maximal exercise. These changes in ventilation and lactate were absent in subjects with 

SMAJ. 
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Conclusions: 

This dissertation presents findings for cardiopulmonary exercise testing results with 

lactate and ammonia samples, both for healthy subjects and subjects with muscle disease, 

providing more information about the effects of age on these results during exercise and 

especially recovery. The ketogenic diet had an unfavorable effect on work efficacy and 

ventilation. For SMAJ subjects, though they displayed reduced exercise capacity and 

oxidative capacity similar to those in MM, they did not exhibit changes in ventilation and 

lactate typical of MM during the exercise stress test. These findings provide important 

insights into the interpretation of cardiopulmonary exercise testing results in clinical 

contexts. 
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1 Introduction 

Metabolic myopathies are a diverse group of hereditary disorders caused by 

defects in the energy metabolism of the muscle. These conditions often manifest 

during or after physical activity with symptoms such as exercise intolerance, 

muscle fatigue, pain, and even muscle damage. In more severe cases, these 

symptoms can significantly impair the quality of life and contribute to disability. 

These disorders can be broadly classified into three categories based on the energy 

pathway affected: glycogen storage diseases, disorders of lipid metabolism, and 

mitochondrial myopathies (MM). (Ahmed et al., 2018; Chin et al., 2024) Besides 

the MM, gene defects affecting mitochondrial function are present in many other 

neuromuscular diseases, including Spinal Muscular Atrophy of Jokela type 

(SMAJ), a form of spinal muscular atrophy found in Finland. (Jokela et al., 2011; 

Penttilä et al., 2014, 2015) 

The abnormalities in different metabolic pathways are often highlighted during 

exercise as the energy requirement in the muscle increases, making exercise tests 

an interesting diagnostic tool. Various forms of exercise testing have been 

employed, including ischemic and non-ischemic forearm tests, as well as 

cardiopulmonary exercise testing combined with lactate, ammonia, and blood gas 

samples, both as incremental maximal exercise tests and as submaximal constant-

load tests. (Jeppesen et al., 2021; M. Tarnopolsky, 2012) The maximal form of 

cardiopulmonary exercise testing combined with lactate, ammonia, and blood gas 

samples has been in use at the Helsinki University Hospital.  

This dissertation presents three studies focused on cardiopulmonary exercise 

testing combined with lactate, ammonia, and blood gas samples. In the first study, 

the exercise test results of 73 healthy control subjects were obtained using 

cardiopulmonary exercise testing.  The second study investigated the impact of a 

modified Atkins diet (mAD) on exercise test results and metabolic markers in 10 

healthy control subjects who underwent cardiopulmonary exercise testing before 

and after a 4-week dietary intervention. The third study focused on the exercise 

testing profiles of subjects with SMAJ and MM. 

The primary aim of this research was to assess factors that affect 

cardiopulmonary exercise testing combined with lactate, ammonia, and blood gas 

samples in both healthy subjects and subjects with muscle disease. Specifically, 

this thesis sought to (1) examine the effects of age and sex on cardiopulmonary 
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exercise testing results over a 30-minute follow-up period, (2) investigate the 

impact of a modified Atkins diet on metabolic markers of breathing and venous 

lactate and ammonia samples in healthy subjects, and (3) to describe the lactate 

and ammonia profiles and oxidative capacity of subjects with SMAJ and  MM in 

comparison with healthy subjects and to find out if signs of mitochondrial 

dysfunction would appear during exercise in SMAJ. 
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2 Literature Review 

2.1 Normal Energy Metabolism in Muscle During 
Exercise 

Energy metabolism in muscle cells involves a complex interplay of biochemical 

pathways to provide the adenosine triphosphate (ATP) necessary for muscle 

contraction and other cellular processes. The main pathways of energy metabolism 

are summarised in Figure 1.  As muscle contraction is an energy-heavy process, the 

small amount of ATP immediately available in the muscle is quickly depleted 

during exercise, breaking into adenosine diphosphate (ADP) and phosphate, 

adenosine monophosphate (AMP), and finally into inosine, generating ammonia. 

The increased demand mandates increased ATP production through a variety of 

pathways. The fast, substrate-level phosphorylation pathways that do not require 

oxygen, the ATP-PCr (phosphocreatine) system and glycolysis, are predominant at 

the start of the exercise and during high-intensity activities lasting up to several 

minutes, such as sprinting or intense weightlifting. The ATP-PCr system provides 

rapid energy through the breakdown of PCr to create ATP from ADP. This reaction 

is regulated by the equilibrium of its substrates, driven by the rise in free ADP, and 

catalyzed by the creatine kinase enzyme. This system is highly effective for short 

bursts of intense activity lasting only a few seconds. (Egan & Zierath, 2013; 

Hargreaves & Spriet, 2020; van Loon et al., 2001) 

In glycolysis, glucose derived from glycogen stored in muscle cells and glucose 

extracted from blood are broken into pyruvate, reducing nicotinamide adenine 

dinucleotide (NAD+ -> NADH), and releasing ATP. The excess pyruvate created 

in glycolysis is converted to lactate by the lactate dehydrogenase enzyme within 

the cytoplasm of muscle cells. This process allows for the regeneration of NAD+ 

from NADH, enabling glycolysis to continue in the absence of oxygen. This 

pathway is less efficient in terms of ATP production compared to complete 

oxidative phosphorylation of carbohydrates, but can provide energy rapidly 

without requiring oxygen. (Dashty, 2013; Hargreaves & Spriet, 2020) 

 For sustained activities requiring lower to moderate intensity and longer 

durations, and when oxygen is available, muscle cells rely on oxidative 

phosphorylation. Oxidative phosphorylation occurs in the mitochondria and 

involves the complete oxidation of substrates (pyruvate, fatty acids, and amino 
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acids) to produce ATP. For carbohydrates, the pyruvate from glycolysis enters the 

mitochondria and undergoes conversion to acetyl-coenzyme-A (acetyl-CoaA) 

through the pyruvate dehydrogenase complex.  For fats, free fatty acids derived 

either from the intramuscular triglycerides or through the bloodstream from the 

adipose tissue are converted into acyl-CoA and transported into the mitochondria 

by acyltransferases such as Carnitine palmitoyl transferase I and II, and fat-

transport proteins. In the mitochondria, they are further converted into acetyl-

CoA through beta-oxidation. To a lesser extent, increased metabolic activity in 

skeletal muscle also leads to elevated breakdown of amino acids. Branched-chain 

amino acids break down products can also be converted to acetyl-CoA, which can 

further be oxidized in the mitochondria, releasing ammonia as a side product. 

(Hargreaves & Spriet, 2020; Houten et al., 2016; Lowenstein, 1972) 

 Acetyl-CoA derived from the above pathways enters the citric acid cycle, 

generating reducing equivalents (NADH and flavin adenine dinucleotide (FADH2) 

and guanine triphosphate (GTP), an energy-carrying equivalent to ATP. NADH 

and FADH2 produced in the citric acid cycle donate electrons to the electron 

transport chain located in the inner mitochondrial membrane. As electrons pass 

through the electron transport chain, they generate a proton gradient across the 

membrane, enabling ATP synthesis from AMP, ADP, and phosphate through 

oxidative phosphorylation in the mitochondria. This system is highly efficient in 

producing ATP but is dependent on the availability of oxygen. (Hargreaves & 

Spriet, 2020; van Loon et al., 2001) 

 The energy metabolism of muscle cells is tightly regulated to match energy 

supply with demand. Muscle contraction itself promotes increased carbohydrate 

metabolism by inducing Ca2+ release from the sarcolemma, and the increase in 

ADP, AMP, phosphate, and altered energy charge caused by ATP depletion drives 

ATP production to restore the equilibrium. Hormonal and neural signals, such as 

adrenaline through β-adrenergic activation of cyclic AMP and calcium release, also 

play critical roles in regulating metabolic pathways. Repeated exercise training 

drives muscle cell adaptation to the strain through partly the same mechanisms. 

ATP turnover, calcium flux, contraction-induced changes in mechanical strain, 

redox balance, the production and presence of reactive oxygen species, and 

intracellular oxygen pressure have all been implicated to be involved in the 

activation of signal transduction cascades regulating the plasticity of skeletal 

muscle. The adaptation mechanisms include increased mitochondrial density and 

improved oxidative capacity, enhancing ATP production. (Egan & Zierath, 2013; 

Greenhaff et al., 1994; Parolin et al., 1999; Richter et al., 1982; van Loon et al., 

2001) 
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2.1.1 Ketogenic Diet 

 Diet can also affect energy metabolism: During a low-carbohydrate diet, limited 

carbohydrate availability results in the activation of lipolysis and fatty acid 

metabolism and ketone body (acetoacetate, β-hydroxybutyrate, and acetone) 

synthesis. Both fatty acids and ketone bodies are broken down by beta-oxidation 

to be used in energy metabolism, with ketone bodies and the glucose derived from 

gluconeogenesis in the liver being important fuel sources for the central nervous 

system. (Augustin et al., 2018) As a result of these adaptation mechanisms, low-

carbohydrate diets have been proven effective in weight reduction, and they have 

been widely studied in sports medicine for potential benefits to exercise 

performance, though the results have been inconclusive. (Babij et al., 1983; Burke 

et al., 2002; Carr et al., 2018; Cipryan et al., 2018; Goedecke et al., 1999; Harvey 

et al., 2019; McSwiney et al., 2019; Rowlands & Hopkins, 2002; Zajac et al., 2014) 

In addition, the ketogenic shift in metabolism has been shown to be beneficial in 

treatment-resistant epilepsy in both children and adults, although the exact 

mechanisms of the effects are not quite clear. (Kossoff & Dorward, 2008; Liu et al., 

2018; Meira et al., 2019; Park et al., 2018) The referrals to dieticians and 

initializations of specific low-carbohydrate diets as treatment methods for several 

rare metabolic muscle diseases are also in use, as specific treatment options are 

still lacking. (Heydemann, 2018; Ørngreen & Vissing, 2017) 
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Figure 1 An overview of the primary energy pathways in muscle cells. Acetyl-CoA = acetyl 
coenzyme A, Acyl-CoA = acyl coenzyme A, ADP = adenosine diphosphate, AMP = 
adenosine monophosphate, ATP = adenosine triphosphate, IMP = inosine 
monophosphate. TCA cycle = the citric acid cycle. Created in BioRender.com.   
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2.2 Changes in Lactate and Ammonia during Exercise 

2.2.1 Lactate 

As the lactate dehydrogenase enzyme keeps the pyruvate created in glycolysis and 

its conversion product lactate in near equilibrium, the lactate level in cells is 

predominantly controlled by the rate of glycolysis. Thus, during exercise, as the 

muscle cell energy requirement causes glycolysis to increase, lactate levels also 

increase. Lactate accumulation during exercise increases significantly when 

oxygen demand surpasses oxygen delivery during heavy exercise, and the 

intracellular partial pressure of oxygen in skeletal muscle decreases. (Ferguson et 

al., 2018; Gladden, 2004) 

As the rate of lactate production increases, lactate accumulates in the muscle 

cells, and consequently, its release into the blood also increases. Lactate produced 

during exercise can be taken up and oxidized by other tissues, including the brain, 

heart, liver, and oxidative skeletal muscles that are contracting in a submaximal 

steady state condition, to generate additional ATP, thus distributing substrates 

between different tissues and coordinating their redox state with little change in 

pH. Blood lactate levels increase when lactate production in active muscles exceeds 

the lactate removal by other tissues. Moreover, lactate serves as a gluconeogenic 

precursor in the liver, promoting glucose synthesis during and after exercise.  This 

process, where lactate produced by muscles during anaerobic metabolism is 

transported to the liver, converted back into glucose, and then returned to the 

muscles for further energy use, contributing to the body's energy management, is 

called the Cori cycle. The traditional belief that lactate is solely a waste product of 

anaerobic metabolism has been disproven. Lactate is now considered to be an 

important signalling molecule and metabolic substrate. Lactic acid, which, within 

the physiological pH range of muscle and blood, is dissociated into lactate anions 

and protons, is one of the factors involved in the acid-base equilibrium, 

contributing to the strong ion gap and affecting pH both intracellularly and in the 

bloodstream. During hypoxic conditions in tissue due to e.g. septic shock or severe 

pulmonary diseases or in conditions where oxidative phosphorylation is impaired 

(e.g. mitochondrial disease, metformin use), especially when the lactate clearance 

in the liver or the kidneys is simultaneously impaired, this balance can be 

disrupted, leading to hyperlactatemia and, in extreme cases, lactate acidosis, a life-

threatening condition. (Brooks, 1986; Gladden, 2004; Hui et al., 2017) 

During the recovery period after exercise, lactate produced in the muscle due 

to exercise continues to be released into the bloodstream. Thus, the concentration 

of lactate in blood may continue to rise for up to 5 minutes after exercise before 

starting to decrease, though at a slower rate than during exercise. During this time, 

pyruvate levels are still high due to increased levels of glycolysis. Depending on the 
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strenuousness of the exercise, oxygen consumption remains over resting values for 

longer, even up to an hour. This difference, often called the “oxygen debt,” depends 

on a multitude of factors, including residual catecholamine presence and higher 

temperature in tissue after exercise, which directly or indirectly influence 

mitochondrial oxygen consumption. During this time, excess lactate serves as a 

carbon source for both oxidative ATP production and for the resynthesis of 

glucose, glycogen, amino acids, and citric acid cycle intermediates depleted during 

exercise. (Gladden, 2004; Sietsema & Rossiter, 2023) 

The rate of change in the increase in blood lactate concentration during 

exercise, often referred to as the lactate threshold, depends on factors such as 

exercise intensity and duration, muscle glycogen stores, muscle fiber type 

composition, and the aerobic fitness level of the individual. Though lactate is a 

product of carbohydrate metabolism, even during a low-carbohydrate diet, the 

blood lactate levels stay relatively stable. Physiological adaptations caused by 

endurance training enhance lactate clearance and utilization, improving exercise 

performance and raising the lactate threshold. These adaptations include 

increased mitochondrial density, improved oxidative capacity, enhanced lactate 

transport capacity, and upregulation of lactate clearance enzymes. (Brooks, 1986; 

Egan & Zierath, 2013)   

2.2.2 Ammonia 

During exercise, increased metabolic activity in skeletal muscle leads to elevated 

ammonia production through increased amino acid catabolism, particularly the 

metabolism of branched-chain amino acids and glutamine, as well as ATP 

hydrolysis and purine nucleotide degradation (also known as the purine nucleotide 

cycle), both of which also release ammonia as a byproduct. As with lactate, the 

ammonia concentration in blood continues to rise at the beginning of the recovery 

period, up to 5 minutes post-exercise.  The magnitude of the increase in blood 

ammonia during exercise depends on various factors influencing both the 

production of ammonia and its clearance rate, including exercise intensity and 

duration, the muscle mass involved, and individual fitness level. High-intensity or 

prolonged exercise tends to elicit greater elevations in blood ammonia. Regular 

exercise can induce metabolic adaptations that enhance ammonia clearance and 

utilization, thereby mitigating the rise in blood ammonia during exercise. These 

adaptations include increased expression and activity of ammonia-detoxifying 

enzymes, improved mitochondrial function, and enhanced muscle buffering 

capacity, all of which contribute to maintaining metabolic homeostasis during 

exercise. (Graham & MacLean, 1992; Lowenstein, 1972; Van den Berghe et al., 

1992)  
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The liver plays a crucial role in clearing ammonia from the bloodstream 

through urea synthesis via the urea cycle, which is then excreted by the kidneys in 

the urine. However, the hepatic clearance rate can be insufficient during intense 

exercise, causing transient increases in blood ammonia levels. Apart from the liver, 

skeletal muscle has a high capacity to uptake and utilize ammonia, both in the 

purine nucleotide cycle, creating AMP from IMP and, through the synthesis of 

glutamine, a non-toxic nitrogen carrier, from glutamate, catalyzed by the 

glutamine synthetase. This process not only serves to detoxify ammonia but also 

facilitates its transport to other tissues, mainly the liver and kidneys, for further 

metabolism and excretion. (Eriksson et al., 1985; Lowenstein, 1972; Yamato et al., 

1995) 

2.3 Overview of Metabolic Myopathies 

2.3.1 Classification and Symptoms 

Metabolic myopathies are a group of rare genetic disorders characterized by 

dysfunction of specific energy metabolism pathways. As the name suggests, they 

manifest with symptoms in skeletal muscle, but the clinical spectrum of metabolic 

myopathies is broad, ranging from mild exertional symptoms to severe, life-

threatening metabolic crises. Depending on the disorder, the symptoms can 

present at any age, with the common symptom profiles varying by the age of onset 

of the disease: older children and adults often exhibit muscle weakness, exercise 

intolerance, and myoglobinuria, whereas infants and young children present with 

severe multisystem disorders. The symptoms can be continuous or limited only to 

exercise or other stress situations. Common manifestations include progressive 

muscle weakness, particularly during exertion and often accompanied by fatigue 

and exercise intolerance; recurrent muscle cramps, myalgia, and muscle stiffness; 

rhabdomyolysis and subsequent myoglobinuria arise due to rapid breakdown of 

muscle tissue during exercise or metabolic stress. Systemic involvement is 

common, affecting other energy-intensive tissues, manifesting as neurological 

deficits such as seizures and stroke-like episodes; cardiac abnormalities such as 

cardiomyopathy and arrhythmias; liver complications such as fibrosis and 

cirrhosis; ophthalmological manifestations including progressive external 

ophthalmoplegia and retinal degeneration. The metabolic myopathies are 

commonly categorized by the specific metabolic pathway affected. Broadly, these 

disorders can be classified into glycogen storage diseases (GSDs), fatty acid 

oxidation disorders, and mitochondrial myopathies. In addition, amino acid 

oxidation defects are sometimes included as a separate category, as amino acids 

are oxidized to a small extent by skeletal muscle, but instead of myopathies, these 

disorders typically manifest as severe multisystemic neurological symptoms in 
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childhood. (Angelini et al., 2020; Tarnopolsky, 2016; Tobon, 2013) These 

categories, along with the metabolic pathways affected, are summarised in Figure 

2.  

 Glycogen storage diseases result from defects in glycogenesis (glycogen 

synthesis), glycogenolysis (breakdown of glycogen to glucose via glucose-6-

phosphate), or glycolysis (conversion of glucose into pyruvate), predominantly 

affecting tissues with large glycogen stores: the muscle tissue of the skeletal 

muscles and the heart, and the liver.  Glycogen content in the affected tissues is 

markedly increased in many GSDs, except for glycogen synthase deficiency, where 

it is, on the contrary, decreased. As carbohydrate storage in energy-intensive 

tissues is impaired, carbohydrate utilization efficiency, especially at the start of 

exercise before slower-acting routes like fat mobilization have started, is decreased 

in these patients. The affected patients usually experience the “second wind” 

phenomenon, where the muscle weakness and exhaustion at the start of the 

exercise decrease as the exercise continues, when new energy metabolites have had 

time to be transported by blood to tissue, and for fat oxidation to have started, 

compensating for the impaired carbohydrate metabolism. (Gümüş & Özen, 2023) 

The phenomenon is typical for McArdle’s disease (GSD type V), the most common 

disorder of glycogenolysis caused by mutations in the PYGM (Glycogen 

Phosphorylase, Muscle Associate) gene encoding myophosphorylase, also 

characterized by exercise intolerance with premature fatigue, cramps, myalgia, 

and a rise in serum creatine kinase. (Andreu et al., 2007; Gümüş & Özen, 2023) 

Another example of GSDs is Pompe disease (GSD type II), which results from the 

deficiency of acid alpha-glucosidase enzyme, disrupting glycogen breakdown and 

leading to glycogen buildup in lysosomes in multiple tissues. The disease has two 

forms: the more severe infantile-onset Pompe disease, hallmarked by muscle 

hypotonia, delayed motor development, and hypertrophic cardiomyopathy, and 

late-onset Pompe disease with myopathy and progressive muscle weakness 

leading to motor difficulties and respiratory failure over time. (Dasouki et al., 

2014; Taverna et al., 2020) 

 Fatty acid oxidation disorders are caused by impairments in the transport or 

metabolism of fatty acids in the cell. The defect can exist in the proteins 

transporting fatty acids into the cytoplasm-mainly by the carnitine protein of the 

sarcoplasmic membrane; storage or breakdown of fatty acids stored in 

intracellular lipid droplets; transportation of fatty acids into the mitochondria by 

Carnitine Palmitoyl Transferase I, Mitochondrial Trifunctional Protein, Carnitine- 

Acylcarnitine Translocase or Carnitine Palmitoyl Transferase II; or in the fatty acid 

beta-oxidation in the mitochondria. Common symptoms include exercise 

intolerance, muscle symptoms that typically worsen during fasting or prolonged 

physical exertion when the need for fatty acid consumption is increased, as well as 

rhabdomyolysis episodes. Notable entities include carnitine palmitoyl transferase 
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deficiency, medium-chain acyl-CoA dehydrogenase deficiency, and very-long-

chain acyl-CoA dehydrogenase deficiency. (Houten et al., 2016; Pennisi et al., 

2018; Vengalil et al., 2017) This thesis examines the mitochondrial diseases that 

affect muscle metabolism. Mitochondrial diseases are a diverse group of disorders 

affecting the structure and function of the mitochondria that can manifest with 

symptoms in many different tissues. Primary MMs are mitochondrial disorders 

caused by a genetic defect (hereditary pathogenic variants or sporadic wild-type 

mutations) leading to dysfunction of oxidative phosphorylation. They typically 

manifest with muscle symptoms like fatigue, muscle weakness, and exercise 

intolerance, but as mitochondria are vital for the energy metabolism of all cells, 

the involvement of other energy-intensive tissues, including the heart, the nervous 

system, and the retinae, is also common.  As mitochondrial function is under the 

control of both the mitochondrial genome (mtDNA) and the nuclear genome 

(nDNA), MM can originate from mutations in both the mtDNA of the 

mitochondria and the nDNA of the nucleus. In the case of disorders stemming 

from mutations of the mtDNA, due to heteroplasmy—or the presence of more than 

one type of mtDNA in an individual due to more than one mitochondrion being 

inherited from the mother—usually, only a portion of the patient’s mitochondria 

carry the pathogenic variant of mtDNA. Furthermore, as the mitochondria are not 

identically distributed between cell divisions, the concentrations of the defective 

mitochondria differ between both individual cells and different tissues. This 

explains the varying severity in the symptoms of patients carrying the same 

mtDNA pathogenic variant, with the variability not explained by the heteroplasmy 

measured in blood, skeletal muscle, or other single tissue. Notable examples of 

primary MM include Mitochondrial encephalomyopathy with lactic acidosis and 

stroke-like episodes (MELAS), myoclonic epilepsy and ragged red fibers 

(MERRF), neuropathy, ataxia, and retinitis pigmentosa (NARP), maternally 

inherited Leigh syndrome, and chronic progressive external ophthalmoplegia 

(CPEO). (Ahmed et al., 2018; Chin et al., 2024; McFarland et al., 2010; Taylor & 

Turnbull, 2005) 

Of the MM types included in the current study, MELAS is one of the most well-

known MM-associated clinical syndromes, typically caused by the maternally 

inherited m.3243A>G pathogenic variant in the mitochondrially encoded leucine 

1 (MT-TL1) gene encoding the leucine (UUR) mitochondrial transfer RNA. (El-

Hattab et al., 2015; Goto et al., 1990; Pavlakis et al., 1984) In addition to the 

symptoms included in its name, cardiomyopathy usually involving left ventricular 

hypertrophy, has been observed in around a third of the subjects with MELAS, 

though in its adult-onset form, it is often mild and non-progressive. (Bourke et al., 

2022; Brambilla et al., 2019; Hsu et al., 2016) In contrast, CPEO, a syndrome 

characterized by bilateral symmetrical progressive ptosis and reduced ocular 

motility, retinal degradation, and heart block, is more genetically heterogeneous. 
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Around 50% of the cases are caused by sporadic deletion of the mtDNA, but it can 

also be caused by hereditary changes in the nDNA interfering with mtDNA 

synthesis or mitochondrial fusion. Prominent nuclear genes with pathogenic 

variants causing CPEO include the DNA polymerase gamma (POLG), twinkle 

mtDNA helicase (TWNK), DNA replication helicase/nuclease 2 (DNA2), 

and Thymidine phosphorylase (TYMP). (Ali et al., 2024; Hirano & Pitceathly, 

2023; Rusecka et al., 2018)  

Determining the prevalence of MMs remains challenging due to their clinical 

and genetic heterogeneity. Not all carriers of the pathogenic variants are 

symptomatic, and the phenotypes of the same pathogenic variant can vary, with 

the same variant being capable of causing multiple clinical syndromes depending 

on the amount and distribution of the affected mitochondria between tissues. For 

m.3243A>G, in addition to the classical MELAS phenotype, these include e.g, the 

more common and less severe Maternally Inherited Diabetes and Deafness 

syndrome, CPEO, and clinical features overlapping or not consistent with the 

classical syndromes associated with the m.3243A>G mutation. (Mancuso et al,. 

2014; Nesbitt et al., 2013)  

In Finland, Martikainen and Majamaa (2024) have recently published the 

prevalence for mitochondrial disease in Southwestern Finland, the minimum 

prevalence estimate of adult mtDNA-related MM in general to be 9.2/100,000, 

and the prevalence of adult mtDNA disease associated with m.3243A>G variant, 

including but not limited to MELAS, of 4.2/100,000. (Martikainen & Majamaa, 

2024) Previously, slightly higher prevalences of 10-18/100,000 for m.3243A>G 

variants have been reported in other parts of Finland. (Majamaa et al., 1998; 

Uusimaa et al., 2007). These results are similar to results reported in the United 

Kingdom, with mitochondrial disease attributable to pathogenic gene variants 

having a prevalence of 9.2-12.5/100,000. (Gorman et al., 2015; Schaefer et al., 

2008) Though in the general population, prevalences as high as 236/100,000 have 

been reported in Australia.  (Manwaring et al., 2007)   

 In addition to traditional mitochondrial disease, mitochondrial abnormalities 

have been shown to play a role in common neurodegenerative disorders such as 

Alzheimer’s disease (Bender et al., 2006; Gowda et al., 2022; Swerdlow, 2018; 

Wang et al., 2020) and Parkinson’s disease (Borsche et al., 2021; Funayama et al., 

2015; Grünewald et al., 2016; Harjuhaahto et al., 2020; Ye et al., 2023), both 

through single-gene hereditary forms and in idiopathic disease affecting multiple 

genes. One of the genes participating in mitochondrial function and involved in 

the pathogenesis of other neurological diseases is the coiled-coil-helix-coiled-coil-

helix domain-containing 10 (CHCHD10) gene on chromosome 22. CHCHD10 and 

coiled-coil-helix-coiled-coil-helix domain-containing protein 2 gene (CHCHD2) 

encode two homologous proteins that belong to the mitochondrial CHCH domain 

protein family, forming a complex in the mitochondrial intermembrane space and 
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cooperating to regulate mitochondrial function. (Burstein et al., 2018; Ruan et al., 

2022) CHCHCD10 has drawn significant attention in recent years due to its 

association with neurodegenerative disorders such as amyotrophic lateral sclerosis 

(ALS) (Ait-El-Mkadem Saadi et al., 1993; Bannwarth et al., 2014; Harjuhaahto et 

al., 2020), axonal Charcot Marie Tooth disease, and frontotemporal dementia, as 

well as some forms of autosomal dominantly hereditary mitochondrial disease 

(Ajroud-Driss et al., 2015; Auranen et al., 2015; Müller et al., 2014). CHCHD10 

belongs to a family of mitochondrial proteins localized in the mitochondrial 

intermembrane space that have been shown to be involved in the regulation of 

mitochondrial function and oxidative phosphorylation. (Harjuhaahto et al., 2020; 

Ruan et al., 2022) Some pathogenic variants in CHCHD10 have been shown to 

impair mitochondrial regulation, particularly in stressful situations, and to cause 

ATP production to be less efficient due to increased proton leakage in 

mitochondria. (Straub et al., 2021) Nonetheless, the precise effects 

of CHCHD10 variants on mitochondrial function are not fully understood. 

(Shammas et al., 2022) Though the existence of CHCHD10-linked diseases points 

to a direct link between mitochondrial function and the pathogenesis of motor 

neuron degeneration, the global metabolic consequences of CHCHD10 defects are 

less clear. (Habets et al., 2022) 

While CHCHD10-linked hereditary diseases have been identified worldwide, 

they remain relatively rare. Of these diseases, Spinal muscular atrophy, Jokela type 

(SMAJ), also known as late-onset spinal motor neuronopathy (LOSMoN), is 

globally the most prevalent, primarily due to its higher occurrence in the Finnish 

population. (Penttilä et al., 2014) First reported by Jokela et al. in 2011, SMAJ is 

an autosomal dominantly inherited spinal muscular atrophy caused by Finnish 

founder mutation c.197G>T (Gly66Val) in the CHCHD10 gene. Typical of a motor 

neuron disease, common symptoms of SMAJ include slowly progressive muscle 

weakness, fasciculation, and cramps, concentrating in the lower limbs. (Jokela et 

al., 2011; Pasanen et al., 2016; Penttilä et al., 2014) SMAJ manifests as a motor 

neuron disease with skeletal muscle damage indicated, e.g., by the rise in creatine 

kinase, hallmarking the disease. (Järvilehto et al., 2022; Jokela et al., 2011) 

Metabolic examinations in SMAJ patients have shown changes in pyruvate and 

succinate levels, suggesting some level of mitochondrial dysfunction, although 

mitochondrial pathology is typically not evident in muscle biopsy samples. 

(Järvilehto et al., 2022) 
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Figure 2 An overview of the energy pathways affected by the metabolic myopathies.  Acetyl-
CoA = acetyl coenzyme A, Acyl-CoA = acyl-coenzyme A, ADP = adenosine 
diphosphate, AMP = adenosine monophosphate, ATP = adenosine triphosphate, 
CPEO = Chronic progressive external ophthalmoplegia, IMP = inosine 
monophosphate, MELAS = Mitochondrial encephalomyopathy with lactic acidosis 
and stroke-like episodes syndrome. TCA cycle = the citric acid cycle. Created in 
BioRender.com.   

2.3.2 Diagnostic Approach and Treatment Modalities  

As many of the symptoms caused by metabolic myopathies, such as exercise 

intolerance and myalgia, are nonspecific and common in the wider population, the 

diagnostics of metabolic myopathies necessitate a systematic approach integrating 

clinical evaluation focusing on symptomatology and family history, laboratory 

investigations, muscle biopsy, and specialized functional and neurophysiological 

studies as well as genetic testing that confirms the diagnosis. The diagnostic 
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pathway usually involves several procedures and the interpretation of results by 

different specialties. (Ahmed et al., 2018; Angelini et al., 2020; Tarnopolsky, 2016) 

In the diagnostic process of metabolic myopathies, laboratory tests indicative 

of biochemical abnormalities in muscle disease in general or specific metabolic 

defects play a pivotal role. These measurements include serum creatine kinase 

(CK) levels indicating muscle damage, high resting lactate observed in MM, and 

the screening for disease-specific acylcarnitines accumulating in blood in fatty acid 

oxidation disorders. In MM, immunohistochemical studies and enzymatic analysis 

of the oxidative phosphorylation complexes of muscle tissue samples are also 

utilized. (Ahmed et al., 2018, Milone & Wong, 2013, M. A. Tarnopolsky, 2016)   In 

addition, specialized functional studies, such as cardiopulmonary and forearm 

exercise testing and P-31 magnetic resonance spectroscopy, provide a dynamic 

assessment of muscle metabolism during exercise, helping to identify underlying 

metabolic derangements and distinguish between different metabolic myopathies. 

(Mattei et al., 2004; Milone & Wong, 2013)  

Although the results of genetic analysis are the gold standard of the diagnosis, 

muscle tissue biopsy remains a valuable diagnostic tool, offering histological and 

biochemical insights into muscle pathology, including glycogen accumulation, 

lipid droplet deposition, mitochondrial abnormalities, and enzyme deficiencies, 

which aid in confirming the diagnosis and guiding further investigations. Still, the 

ability to detect pathogenic variants in suspected mitochondrial disease via genetic 

studies remains imperfect, with a reported diagnostic yield ranging from 25% to 

75 % through next-generation sequencing and tissue mtDNA analysis, facilitating 

the identification of pathogenic variants in new genes implicated in metabolic 

pathways.  (Parikh et al., 2019) 

The specific genetic diagnosis provides the framework for the multidisciplinary 

care of the patients, allowing the possibility for precise genetic counseling and 

understanding the natural progression of the disease in question. For some of the 

disorders, specific pharmacological interventions targeting and augmenting the 

disorder-specific metabolic defects have also become available. These include 

enzyme replacement therapy, such as alglucosidase alfa and cipaglucosidase alfa 

for Pompe disease (Blair, 2023), and coenzyme Q10 administration in MM 

patients with coenzyme Q10 deficiency (Pirinen et al., 2020), aiming to restore 

energy metabolism and alleviate symptoms. Dietary modifications, including 

carbohydrate loading and avoidance of prolonged fasting in fatty acid oxidation 

disorders and ketogenic diets in glycogen storage diseases, can also help maintain 

euglycemia and prevent muscle damage. (Yakupova et al., 2022) Some patients 

with fatty acid oxidation disorders benefit from specialized diets low in long-chain 

fatty acids with medium-chain fatty acid supplementation. (Longo et al., 2016) All 

in all, the management of metabolic myopathies is multifaceted, encompassing 
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exercise management, symptomatic relief, monitoring, and genetic counseling in 

addition to dietary intervention and pharmacotherapy. (Ahmed et al., 2018) 

2.4 Exercise Testing Methods in Metabolic Myopathies 

Multiple modalities of exercise testing have been used in the diagnostic process of 

metabolic myopathies. Forearm tests have been tailored specifically to metabolic 

myopathies. Historically, Ischemic exercise of the forearm muscles was first used 

by McArdle to describe the absence of elevation of blood lactate during exercise in 

a patient with myophosphorylase deficiency. (McArdle, 1951) In it, the circulation 

in the exercising arms is cut off with pressure from, e.g., a blood pressure cuff. Due 

to pain and potential damage to the muscle, non-ischemic forms without the 

restriction from a cuff were later developed and are currently in use. In the forearm 

tests, the subject performs an isometric handgrip exercise for a set amount of time, 

during and after which venous blood samples of lactate, ammonia, and/or blood 

gases can be collected, allowing blood sampling for the exercising limb. (Hogrel et 

al., 2001; Jensen et al., 2002; Tarnopolsky, 2016) 

On its own, maximal cardiopulmonary exercise testing offers information on 

both cardiac and pulmonary capacity, as well as data on different parameters 

associated with the performance of the subject during exercise. Even though the 

role of the traditional electrocardiogram (ECG)-based diagnosis of coronary artery 

disease has diminished in recent years as more sensitive and specific functional 

imagining techniques, including coronary artery computer tomography and 

functional positron-emission-tomography (PET) imagining of the heart, have 

become more widely available (Knuuti et al., 2020), cardiopulmonary exercise 

testing still offers differential diagnosis options for both cardiac and pulmonary 

exercise capacity.   

The simultaneous breath gas collection allows for several parameters to be 

obtained: maximal oxygen uptake during exercise (V’O2max)—a comprehensive 

measure of exercise capacity—and its ratio with the heart rate; the oxygen pulse, a 

measure of oxygen transport (V’O2max/HR); the first and second ventilatory 

thresholds depicting changes in the rate of oxygen consumed and carbon dioxide 

produced;  slope of ventilation divided by exhaled carbon dioxide relationship; and 

partial pressure of end-tidal carbon dioxide as a surrogate for alveolar ventilation 

are among the most relevant in the clinical setting. The breath gases collected also 

offer indirect information about energy metabolism during exercise, as the amount 

of oxygen spent in relation to carbon dioxide produced depends on the metabolic 

pathways currently active in the cells, reflected in the ventilatory thresholds and 

the respiratory exchange ratio (RER). (Guazzi et al., 2018; Mezzani, 2017) 

In cases of suspected metabolic myopathies, the cardiopulmonary exercise 

testing can be combined with lactate and ammonia samples taken during and after 
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exercise, either in maximal exercise (Mouadil et al., 2012) or, specifically, to study 

the subjects during light exercise where oxidative phosphorolysis is the 

predominant energy provider, using a set exercise protocol of lighter 

strenuousness, where the exercise effort is designed to stay under the anaerobic 

threshold. These protocols have been suggested to be utilized especially in patients 

with suspected mitochondrial myopathy or in patients vulnerable to symptom 

aggravation during exercise. These protocols include both fixed constant load 

exercise tests and submaximal relative protocols, with lactate measured during 

and after exercise. In a fixed constant load exercise test, the subject pedals at a pre-

determined fixed absolute workload, usually 30 W, for a set period of time. 

(Finsterer et al, 1998; Finsterer & Milvay, 2002; Hanisch, Eger, et al., 2006) The 

submaximal relative protocols are based on the individual subject’s exercise 

capacity and include, e.g., sub-anaerobic threshold exercise where the constant 

exercise load is set to 90 % of the subject’s predicted anaerobic threshold or at 65 

% of the subject’s measured maximal V’O2max for a set period of time. (Hammarén 

et al., 2004; Nashef & Lane, 1989) 

2.4.1 Previous Research on Exercise Testing Results in 
Patients with Muscle Disease 

In glycogen storage diseases, the decreased availability of carbohydrates in muscle 

predictably inhibits the typical increase in lactate during exercise and high 

ammonia due to excess purine degradation. (Hogrel et al., 2001) Most notably, the 

absence of lactate rise during and after exercise, accompanied by 

hyperammonemia, is typical in McArdle disease (GSD V) and observable both 

from the forearm test and cycling exercise test. (Delaney et al., 2017; J. Y. Hogrel 

et al., 2001; J. Y. Hogrel et al., 2017; McArdle, 1951; Mineo et al., 1985; Ørngreen 

et al., 2015). Similarly, in Tarui’s disease (GSD VII), the rise in lactate during 

exercise is low, and ammonia is high, observed both in a maximal exercise test 

(Piirilä et al., 2016), submaximal exercise test (Ørngreen et al., 2015), and the 

recovery after a forearm test (Mineo et al., 1985). In contrast, myoadenylate 

deaminase deficiency, a disorder affecting purine metabolism, especially in muscle 

cells, is hallmarked by the absence of ammonia elevation during exercise. 

(Fishbein et al., 1978; Sabina et al., 1984) 

 In carnitine deficiency, a disorder of fatty acid metabolism, strenuous, 

continued exercise can lead to rhabdomyolysis and, in extreme cases, renal failure. 

However, in short-term exercise, such as an exercise test, carbohydrate 

metabolism predominates, likely lessening the symptoms. Exercise test data of 

these patients is rare, and cardiopulmonary exercise tests have been reported as 

near normal in some cases. (Haller et al., 1978) In a case report of a single patient, 

mild exercise of 15-30 watts for 15 minutes induced myalgia and marked elevation 
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in serum CK, lactate, and pyruvate, but lactate in an ischemic forearm test was 

normal. (Miyajima et al., 1989) 

 For the mitochondrial myopathies, the results of exercise testing are often less 

clear, and the strength of the findings in the different exercise test modalities 

depends heavily on the level of heteroplasmy in the muscle. During maximal 

cardiopulmonary exercise testing, low maximal oxygen uptake V’O2max is typical, 

though it depends on the level of the pathogenic variant present in the muscle, not 

universal. MM patients also commonly exhibit exaggerated ventilation relative to 

metabolic rate, sometimes to the point of hyperventilation, manifesting with 

increased minute ventilation, high V’E/V’O2 in maximal exercise, a steeper slope 

of increase in V’E/V’CO2 slope, and elevated peak respiratory exchange ratio 

(RER) as well as increased perceived breathing effort have been reported, though 

these are not specific findings to mitochondrial myopathies. (Dandurand et al., 

1995; Heinicke et al., 2011; Jeppesen et al., 2021; Lindholm et al., 2004; Taivassalo 

et al., 2003). These are at least partially due to the defects in oxidative 

phosphorylation, increasing the rate of glycolysis, leading to an increase in lactate 

and a concurrent decrease in pH. These, in turn, drive a compensatory rise in 

ventilation, but the effect is not only dependent on the lactate and pH levels, which 

suggests that other factors, such as an exaggerated sympathetic neural response, 

contribute to the exaggerated ventilatory drive. (Heinicke et al., 2011) In addition, 

patients with MM show an exaggerated circulatory response to exercise, including 

increased ventilation and elevated cardiac output relative to V’O2max. (Dandurand 

et al., 1995; Heinicke et al., 2011; Taivassalo et al., 2003), with near-arterial-level 

oxygen levels in venous blood of the active muscle, as well as elevated muscle blood 

flow using Doppler measurements (Jeppesen et al., 2012). All in all, the changes 

due to lowered oxidative capacity depend more on the mutation burden than the 

genotype. (Taivassalo et al., 2002) 

Several studies have combined blood sampling with exercise testing. Resting 

lactate concentrations tend to be higher in subjects with mitochondrial disease 

than controls, with values over 1.8-2.0 mmol/l considered abnormal and over 3.0 

mmol/l diagnostic for mitochondrial myopathies. (Parikh et al., 2014) During 

exercise and recovery, the results have been more varied with differing protocols. 

For maximal exercise tests, Dandurand et al (1995) found no difference in lactate 

levels during the incremental exercise protocol to exhaustion among 15 subjects 

compared to controls, but in 10 of the subjects, the type of mitochondrial disease 

was undefined. However, in other studies, there is evidence of higher lactate levels 

in some mitochondrial myopathy patients during the recovery period. In two 

studies by the same group, there was evidence of higher lactate in early recovery 

in patients, including both MELAS and CPEO patients, but without mention of the 

exact time of measurement. (Lindholm et al., 2004; Löfberg et al., 2001) In a study 

on three patients with Complex I deficiency, a form of MM manifesting during 
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childhood, lactate and pyruvate levels were significantly higher in patients than in 

controls during exercise. (Roef et al., 2002) In one study, including seven MM 

patients with CPEO, four with MELAS A3243G and one each with pathogenic 

variants T4409Ca, T8344A, A15579Ga, and one with NADH dehydrogenase 2 

(ND2) gene deletion, the post-exercise recovery rate of plasma lactate was 

significantly slower in MM than in healthy subjects, but there was considerable 

overlap in the two groups and findings in myotonic dystrophy patients were 

virtually identical to those in MM patients, though some of the myotonic dystrophy 

patients also had high lactate at rest. (Dysgaard Jeppesen et al., 2003) Some 

studies have shown a statistically significant rise in lactate only when levels at peak 

exercise are calculated relative either to peak workload or to maximal V’O2 

(Taivassalo et al., 2003) or compared to pyruvate levels (Mouadil et al., 2012).  

In submaximal tests including fixed absolute workload (Hanisch, Eger, et al., 

2006) and with methods adjusted to subject’s exercise tolerance (Dysgaard 

Jeppesen et al., 2003; Hammarén et al., 2004), lactate has been shown to be 

higher than in controls during exercise and especially in the recovery period, but 

the sensitivity has varied between 21–100% and specificity of these tests between 

60–96%, respectively, with less specificity compared to subjects with other muscle 

diseases compared to healthy controls and of a similar level with a resting lactate 

test. (Jeppesen et al., 2021)  

In mitochondrial myopathies, the forearm test results are the best for 

measurements of impaired extraction of available oxygen during exercise. This can 

be achieved either by measuring oxygen partial pressure (PO2) or desaturation in 

venous blood (Hanisch, Eger, et al., 2006; Jensen et al., 2002; Taivassalo et al., 

2002) or noninvasively by measuring deoxyhemoglobin using near-infrared 

spectroscopy (Celie et al., 2015). In both methods, mitochondrial myopathy 

patients exhibit higher oxygen saturation than healthy controls. From venous 

blood samples during the handgrip test, Taivassalo et al. (2002) reported a 

sensitivity of 77%, a specificity of 100%, and an accuracy of 88% for values over 

30mmHg PO2 threshold in patients with mixed-type MM, with the level of 

heteroplasmy in the mtDNA correlating to the strength of the findings. Plasma 

lactate concentrations during handgrip tests’ exercise and recovery have also been 

studied. During a forearm test in MM subjects, lactate can be elevated during the 

test and its recovery, but the finding is less consistent than that of high oxygen 

saturation and is not diagnostic in MM. (Hanisch, Eger, et al., 2006; Hogrel et al., 

2001) 
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3 Aims of the Study 

The aims of the study were to further study the effects of age, sex, and dietary 

factors on the results of cardiopulmonary exercise test combined with lactate and 

ammonia samples in healthy subjects, as well as to study the exercise test profile 

in subjects with spinal muscular atrophy Jokela type (SMAJ) and mitochondrial 

myopathy. 

In detail:  

1.  To study the effects of sex and age on the results of healthy subjects 

performing a cardiopulmonary exercise test combined with lactate and ammonia 

samples with a 30-minute follow-up during the recovery phase. 

2. To study if the modified Atkins diet affects the cardiopulmonary exercise test 

results as well as lactate, ammonia, and breath gas levels during exercise in healthy 

subjects. 

3. To describe the cardiopulmonary exercise test result profile with lactate and 

ammonia samples in subjects with SMAJ, a disorder caused by a mitochondrial 

gene defect, and to see whether the lactate and ammonia would be comparable 

with normal subjects or with the functional changes in subjects with mitochondrial 

myopathy.  
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4 Methods 

4.1 Participants 

 

The basic characteristics of the subjects through the three studies are collected in 

Table 1. 

Table 1 The participants in the partial studies on cardiopulmonary exercise testing with venous 

lactate, ammonia, and blood gas follow-up. 

For age and body mass index (BMI), means and standard deviations (= SD, in parentheses) are 
presented. CPEO = Chronic progressive external ophthalmoplegia, MELAS = Mitochondrial 
encephalomyopathy with lactic acidosis and stroke-like episodes syndrome, SMAJ = Spinal 
muscular atrophy, Jokela type.   

 

  

 Study I: 

Effects of 
sex and age 

Study II: 

Effects of a 
ketogenic diet 

Study III: 

SMAJ and mitochondrial disease 

Population 

 

Healthy 
subjects 

Healthy 
subjects 

SMAJ 

subjects 

CPEO/ 

MELAS 

Healthy 
controls 

Sex male/ 

female 

34 / 39 6 / 4 

 

4 / 7 

 

9 / 17 11 / 17 

Age (years) 34.4 (14.0) 49.4 (8.7) 55.7(14.7) 44.3 (14.7) 50.0 (18.2) 

 BMI 24.3 (3.0) 24.9 (2.8) 24.6 (3.6) 23.5 (3.7) 24.3 (2.9) 
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4.1.1 Participants in Study I 

In study I, we analyzed the venous lactate, ammonia, and acid-base balance during 

cardiopulmonary exercise testing in 73 healthy nonsmoking volunteers, 34 male 

and 39 female, whose ages ranged between 22 and 69 years. They were either 

personnel or medical students at the Helsinki University Hospital or their 

acquaintances who answered a call for healthy volunteers. Of these 73 subjects, ten 

(six males and four females) had originally acted as controls in a study on the 

therapeutic effects of modified Atkins on mitochondrial myopathy (Ahola et al., 

2016). According to the International Physical Activity Questionnaire the subjects 

filled out (Craig et al., 2003), they were physically active, but none were 

professional athletes. 

4.1.1.1 Exercise Questionnaire 

All but one of the healthy controls filled in a questionnaire regarding their exercise 

habits based on the IPAQ long-form questionnaire (Craig et al., 2003) to account 

for the possible effects of different exercise habits. The subjects were asked to fill 

in, per week, times, types, and durations for any exercise; the amount walked both 

for commute and during free time separately, and any physical activity at work. In 

addition, smoking status and alcohol consumption were asked for. The subjects 

were assigned to three physical activity groups (Low, Moderate, or High) for 

analysis based on their answers. Metabolic energy expenditure estimates called 

MET-minutes (one MET minute equals the amount of energy expended during one 

minute at rest) were calculated for walking, moderate activity, and vigorous 

activity, respectively. To be classified in the high category, the subject had to report 

vigorous activity on three days for a cumulative exercise of 1500 MET-minutes or 

over 3000 MET-minutes/week of any intensity exercise on seven or more days. To 

be classified in the moderate category, the subject had to fill one of the following 

three criteria: three days of over 20 minutes of vigorous activity, five days of 

moderate-intensity activity or walking over 30 min/day, or five or more days of 

any cumulative activity over 600 MET-minutes without filling the criteria for high 

activity. If the subjects reported no activity or didn’t meet the criteria for the higher 

categories, they were categorized in the low physical activity group. 

4.1.2  Participants in Study II 

The study II subjects were 10 healthy subjects, six males and four females, who 

underwent a four-week modified Atkins diet. The participants had previously been 

enrolled as controls in a study in which patients with mitochondrial diseases were 

treated with a four-week ketogenic diet, as reported earlier (Ahola et al., 2016). 
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They performed a cardiopulmonary exercise test with venous lactate, ammonia, 

and blood gas results before starting the diet as well as at the end of it. 

4.1.2.1 Ketogenic Diet 

Before the start of the ketogenic diet, the initial energy intake for each healthy 

participant was assessed using a food diary. A Normalized Isocaloric Standard Diet 

(ND) was implemented for all study participants over a two-week period, after 

which they were gradually transitioned to a mAD one meal per day at a time. Prior 

to starting mAD, subjects had a median energy intake of 1901 kcal (SD 429), with 

43% (SD 8) from carbohydrates, 18% (SD 5) from proteins, and 34% (SD 7) from 

fat. During mAD, carbohydrate consumption was restricted to 3–9% of daily 

energy intake. In the final two weeks of mAD, the mean total energy intake was 

2194 kcal (SD 564), comprising 4% (SD 1) carbohydrates, 26% (SD 3) proteins, 

and 69% (SD 4) fat. The subjects received diet-compliant meals from the hospital 

and adhered to the diet for four weeks. 

To monitor adherence, ketosis was assessed via serum/plasma β-

hydroxybutyrate testing, with a target level of 2.5–5 mmol/L, measured weekly 

from fasting blood samples during the diet. (Ahola et al., 2016) Additionally, 

plasma glucose, cholesterol levels, creatine kinase, alkaline phosphatase, alanine 

aminotransferase, glutamyl transferase, urea, bilirubin, and triglycerides were 

analyzed using standard laboratory methods before and after the diet. 

4.1.3 Participants in Study III 

In study III, the study subjects were 11 patients with genetically verified SMAJ 

(four men and seven women) with CHCHD10 c.197G>T p. (Gly66Val) pathogenic 

variant, who had previously taken part in a biomarker study (Jokela et al., 2016). 

All patients exhibited muscle symptoms in their lower limbs, most commonly 

muscle weakness, pain, and fasciculations. 7 out of 11 subjects also exhibited upper 

limb symptoms as well as findings related to muscle disease (presented more 

thoroughly in Table 1 in Article III): The subjects’ symptoms had started at the age 

of 30-55 years, 2-26 years before the exercise test. In electroneuromyography 

(ENMG), mild to severe motor neuropathy was present in all subjects, and mild to 

moderate sensory neuropathy in four subjects, with denervation atrophy findings 

in the available muscle biopsy (two subjects) and magnetic resonance imagining 

results (three subjects).  

The results of SMAJ patients were compared with the results of 26 subjects 

with mitochondrial disease genetically verified from either blood or muscle 

samples (9 men and 17 women). Of the subjects with mitochondrial disease, 15 

subjects were diagnosed with CPEO (multiple mitochondrial DNA deletions—five 
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of them due to Twinkle duplication mutation of p.352–364, two associated with 

POLG T955>C, and one with POLG N468>D/A1105>T—and seven with a single 

deletion) and 11 with MELAS (ten of them with pathogenic variant m.3243A>G 

and one with m.3302A>G).  

The diagnosis, symptoms, and previous laboratory results of the subjects with 

SMAJ and mitochondrial disease were verified from the electronic patient report 

of the hospital. All patients with SMAJ and all mitochondrial disease patients 

except one with CPEO had exhibited skeletal muscle symptoms, but not severe 

enough to prevent an exercise test. The subjects with mitochondrial disease 

included all patients who had undergone the exercise test in Helsinki University 

Hospital’s Department of Clinical Physiology between 2008 and 2022 as part of 

their diagnostic work-up or as the baseline test for two diet intervention studies 

(five subjects each) (Ahola et al 2016; Pirinen et al., 2020) and signed the consent 

form for this study also. One patient was excluded from the analysis due to a very 

low rise in heart rate. (51 % of age-predicted maximal heart rate)  

Due to the diseases' rarity and to better match sex and age distributions among 

groups, and considering the strong age and sex dependencies of exercise 

parameters, we included both CPEO and MELAS patients in the mitochondrial 

disease control group. The age range was 32-76 years (mean 55.97, SD 14.7) for the 

SMAJ group, 16-71 years (mean 44.4, SD 14.7) for MELAS/CPEO, and 22-76 years 

(mean 50.0, SD 18.2) for the controls. 

Due to changes in ammonia analysis methods of HUS laboratories, further 

discussed in Chapter 4.2, only the 13 healthy subjects from Study I whose ammonia 

results had been analyzed with the modified Siemens Atellica® platform were 

included as controls in Study III. In addition, 15 additional healthy controls were 

recruited later and were included only in the SMAJ study analysis to better match 

the sex and age distribution with the SMAJ patients. All in all, this part of the study 

included 28 healthy volunteers (11 men and 17 women). 

All exercise tests were performed in the Helsinki University Hospital’s 

Department of Clinical Physiology. 

4.2 Exercise Testing Protocol 

Work-conducted maximal cardiopulmonary exercise test with gas exchange 

analysis (spiroergometry) was conducted using established protocols (Balady et 

al., 2010; Ollila et al., 2017; Piirilä et al., 2016). 

Respiratory gases were measured using a tightly secured facemask (Rudolph 

series 7910; Hans Rudolph Inc.), varying in dead space size (small, medium, or 

large) according to the manufacturer’s instructions. After approximately 10 

minutes of rest, subjects mounted the bicycle ergometer, and gas exchange 

recording commenced. Before the start of the exercise, one minute of resting 
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breathing was recorded while the subjects sat upright, utilizing a breath-by-breath 

gas exchange analysis system (Vmax Encore 29 C from 2008 to 2016, and Vyntus 

CPX from 2017 to 2021, both by SensorMedics). Throughout the exercise test, 

breath gas data were continuously recorded, with 30-second average values 

reported.  

The exercise protocol utilized an electrically braked bicycle ergometer 

(Ergoselect 200P; Ergoline GmbH). Women started with a 40 W workload and 

men with 50 W, with workload increments of 40 or 50 W every 3 minutes, 

respectively. Exercise continued until subjects reached hard exertion (17–20/20 

on the perceived exertion scale) and achieved a respiratory exchange ratio (RER) 

of at least 1.0. Post-exercise, subjects adhered to the hospital's standard protocol, 

reclining in a supine position for 30 minutes, with permission to drink a small 

glass of water.  

Blood pressure was manually measured from the right arm using a stethoscope 

and sphygmomanometer (Erka) before exercise, during each exercise step as well 

as 3 and 6 minutes post-exercise. A continuous 12-lead ECG was monitored using 

digital equipment and recorded with CardioSoft software (versions V6-5 and later 

7-7.0851; GE Medical Systems), employing Mason-Likar leads during exercise. 

Peripheral arterial oxygen saturation (SpO2) was measured using pulse oximeters 

(Datex-Ohmeda 3900 and 3800 until 2017, then MySignS, EviteC), with sensors 

on the subject's earlobe and left middle finger providing reliable signals.  

4.3 Laboratory Methods 

Venous blood samples for blood gases, lactate, and ammonia analysis were 

collected via cannula from the left antecubital fossa. Sampling occurred at rest, 

during initial exercise stages, maximal exercise, and at 2, 4, 6, 10, 20, and 30 

minutes post-exercise. Blood gas analysis utilized Radiometer ABL90 or ABL825 

analyzers in the central laboratory (Radiometer Medical). Lactate and ammonia 

samples were collected in lithium-heparin tubes, with ammonia samples promptly 

cooled and centrifuged at 2000g for 10 minutes at +4°C upon arrival at the 

laboratory.  

During the study period, three different automated clinical chemistry platforms 

were used at the Helsinki University Hospital’s laboratory: Cobas Integra® 400 

(Roche Modular, Roche Diagnostics) from 2008 to 2016, Abbott™ Architect™ 

c16000 or c8000 (Abbott Laboratories) from 2016 to 2020, and Atellica® 

Solution (SiemensHealthineers) from 2020 to 2022. The changes in equipment 

were due to the antitrust legislation in Finland requiring a competitive contract in 

purchasing medical devices for communal hospitals at set time intervals. 

All the ketogenic diet participants’ test results were analyzed using Cobas 

Integra® 400, and all the SMAJ patient test results using Siemens Atellica® 
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Solution Chemistry analyzer. However, of the healthy control subjects as a whole, 

the samples of a total of 40 participants were analyzed with Cobas Integra® 400 

chemistry analyzer, the samples of 20 subjects with Abbott™ Architect™ c16000 

or c8000 (Abbott Laboratories), and the samples of the last 13 of the healthy 

control participating in Study Is with Siemens Atellica® Solution Chemistry 

analyzer (Siemens Healthineers). 15 more healthy controls were later included 

with this method for Study III. The platform used also varied between subjects 

with MM.  

At the laboratory, prior to changing the instrument and assays, the lactate and 

ammonia assays were verified for use, and the reproducibility of the assay was 

estimated using internal quality control materials and trueness with relation to the 

previous assay using patient samples (n = 44-56) and external quality control 

materials. The change from one chemistry platform to another did not significantly 

influence lactate levels.  For ammonia levels higher than 50 µmol/l, the assays 

performed with an acceptable accuracy compared to each other. However, 

according to the patient sample comparisons from method verification studies, 

there was significant variation between assays in ammonia levels below 50 µmol/l, 

with Abbott Architect showing a median bias of +9 µmol/l (SD ±3 µmol/l) as 

compared with Cobas Integra, in routine method comparisons in the laboratory. 

The sensitivity of the routine ammonia assay (Atellica CH Amm) on the Siemens 

Atellica® platform was not sufficient for reliable analysis of plasma ammonia 

concentrations less than 30 µmol/l, leading to the laboratory modifying the 

routine assay to detect lower levels of ammonia. The modified assay was validated 

for clinical use by comparison to the Abbott Architect assay.  

As plasma ammonia concentrations, especially within the low ranges typical for 

a healthy reference population, varied between the different analyses, in the sub-

study of the healthy population, we concluded to only use the ammonia values of 

40 subjects measured with the Roche Modular device in the healthy population 

ammonia level analysis. Likewise, for comparison with subjects with SMAJ, only 

the healthy controls whose results were measured with Siemens Atellica® 

Solution Chemistry analyzer were used. 

4.4 Data Collection and Analysis 

For all the sub-set studies, data were collected into Excel-sheets prior to transfer 

and analysis using IBM SPSS 27 Statistics program. 

The statistical significance threshold for the p-value in all sub-sets was <0.05. 
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4.4.1 Study I 

The normality of distribution was determined using Shapiro–Wilk's test. The 

significance of differences between subgroups in normally distributed variables 

was determined using one-way analysis of variance (ANOVA) with Tukey's post 

hoc test, and the non-normally distributed variables using the Kruskal–Wallis test 

with Dunn's post hoc test. A two-way repeated measures ANOVA was performed 

to compare the effect of age group and sex on lactate and ammonia in the recovery 

phase compared to maximal exercise. 

A linear model was utilized to assess the effects of age and maximal RER on 

plasma lactate and ammonia concentrations as continuous variables, adjusting for 

each other as well as for the sex of the subjects. Regression coefficients (B), 

standard errors (SE), and partial correlation coefficients for the model have been 

presented. Finally, we estimated the linear model for the sexes separately. 

4.4.2 Study II 

Research data was analyzed using the SPSS 25 statistics program. Most of the 

variables were determined to be normally distributed using the Shapiro-Wilk´s 

test. The significance of changes in normally distributed variables was determined 

using the paired t-test, and in the non-normally distributed variables using the 

Wilcoxon signed-rank test. The statistical significance threshold for p-value was 

<0.05. Breath gas variables were normally distributed, but the number of 

workload steps completed differed between the subjects. Therefore, paired T-tests 

for breath gas variables were performed on every exercise step stepwise and at 

maximum exercise levels. 

4.4.3 Study III 

A linear model was utilized to assess the effects of the diagnosis groups on the 

cardiopulmonary exercise test results, plasma lactate, ammonia, and venous blood 

gas results, adjusted for age, sex, and BMI. 

Repeated samples two-way ANOVA was also calculated for the lactate and 

ammonia samples from the resting state on. 

In addition, a one-way analysis of variance (ANOVA) with Tukey's post hoc test 

was used for the lactate results between MELAS and CPEO subjects separately 

compared with each other and the SMAJ and control groups. 

  



 

28 

4.5 Ethical Considerations 

Signed, informed consent was acquired from all participants, and if they have been 

taken part in another study, consent has been asked for the present study also.    

The study was undertaken according to the Declaration of Helsinki. Helsinki 

University Hospital's medical ethics review board has approved the study: 

314/13/03/01/2008, 199/13/3/01/2011, 108/29/04/2015, and HUS/2084/2020. 

The diet study by Professor Suomalainen/Wartiovaara was approved by the 

moment 33/13/03/01/2011 and 110/13/03/01/2014. 
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5 Results 

5.1 Cardiopulmonary Exercise Results Across the Sub-
Studies  

5.1.1 Cardiopulmonary Exercise Results in Study I 

The anthropometric data and the results of the cardiopulmonary exercise testing 

collected for the 73 healthy controls are given in Table 2. Only four of the subjects 

were obese (body mass index ≥ 30, with a maximum of 32 kg/m2). The spirometry 

results of the subjects were normal except for one with a slight restriction. The 

exercise test results showed higher results in men than in women in most 

measured values, as could be expected. All cardiopulmonary exercise tests were 

clinically maximal as considered for obtaining over 85 % of age-predicted maximal 

heart rate and RER of over 1.0 without a significant difference between the age 

groups or sexes.  

Measured in MET-minutes, most of the subjects volunteering for an exercise 

test were physically active (Low 2, Moderate 22, High 48) (data not shown). 
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Table 2 The anthropometric data, lung function data, and the results associated with 

cardiopulmonary exercise testing in the healthy population. 

Statistically significant p-values <0.05 in bold. FVC = Forced vital capacity, FEV1 = Forced 
expiratory volume, V'O2= oxygen uptake at rest, RER = Respiratory exchange rate (V'CO2/V'O2), 
Wpeak = peak power during last 30 seconds of exercise, Wmax/3 min = Maximal power during last 3 
maximal minutes, V'O2max = Maximal oxygen uptake, V’O2max/kg = Maximal oxygen uptake per 
kilogram during exercise, Wmax/V’O2max = Mechanical work efficiency, FETCO2 = Fraction of 
end-tidal CO2, V'O2/HR = Oxygen pulse, V'E/V'O2 = Ventilatory equivalent to O2, V'E/V'CO2 = 
Ventilatory equivalent to CO2).*Heart rate age maximum = 205 - age / 2. **Nordesjö et al.1975. 
Adapted with permission from Ratia N. et al. Lactate and ammonia measurements during 
cardiopulmonary exercise testing and its recovery phase - Consideration of age and sex in its 
interpretation. Clin Physiol Funct Imaging (2023).  

    Men, N=34   Women, N=39 

 

    Mean    SD    Mean    SD    p-values 

 Age (years)    43.7    14.1   42.5   13.9   0.73 

 Height (cm)    180.8    7.1   165.3   5.4   < 0.001 

 Weight (kg)    81.7   12.7   64.7   8.6   < 0.001 

 BMI   24.9   2.8   23.7   3.0   0.08 

 EXERCISE, maximal values   

 Systolic pressure (mmHg)    211.0   25.7   184.4   18.3   <0.001 

 Diastolic pressure (mmHg)    85.9   14.6   84.5   13.9   0.70 

 Heart rate (beats/min)    172.3   15.4   175.5   11.5   0.32 

 Heart rate (beats/age maximum*)   94.0   6.5   96.2   28.7   0.12 

 RER, max   1.14   0.067   1.16   0.081   0.30 

 Breathing frequency (1/min)    35.5   9.11   39.2   5.45   0.04 

 Anaerobic threshold (L/min)     1.94   0.61   1.36   0.38   < 0.001 

 Wpeak(W)   266   62.4   182   50.6   < 0.001 

 Wmax/3 min (W)    246   62.0   169   46.7   < 0.001 

 Wmax/3 min (% of predicted value**)    115   21.2   121   26.2   0.34 

 V’O2max (L/min)    3.22   0.80   2.28   0.56   < 0.001 

 V’O2max/kg (ml/min/kg)    40.1   10.3   35.2   8.5   0.56 

 Wmax/V’O2max (%)    22.0   2.8   21.2   1.7   0.14 

 V’O2/HR    18.6   4.00   12.9   9.1   < 0.001 

 Breathing reserve (%)    34   13   32   12   0.43 

 V’E/V’O2    34.9   5.43   36.8   5.29   0.14 

 V’E/V’CO2    30.7   4.06   31.5   3.5   0.36 

 FETCO2 (%)    5.23   0.63   5.03   0.54   0.15 

 Tidal volume (L)    3.31   0.62   2.18  0.35   < 0.001 
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5.1.2 Cardiopulmonary Exercise Results in Study II 

The cardiopulmonary exercise test results for the subset of 10 healthy subjects who 

adhered to mAD for four weeks and underwent two exercise tests are presented in 

Table 3. During the mAD period, these subjects experienced significant weight loss 

(on average, from 74.1 to 72.0 kg, p=0.007), despite maintaining an isocaloric diet 

with no intention for weight reduction. There were no observed differences in 

resting heart rate or blood pressure, but resting breathing frequency increased 

significantly by the end of the mAD period (p=0.024). 

Comparing pre-mAD and post-mAD cardiopulmonary test results, mechanical 

efficiency, represented by Wmax/V’O2max, decreased significantly (p=0.049), 

although the changes in maximal workload in the last 3 minutes of exercise 

(Wmax/3 min) and maximal oxygen uptake (V’O2max) themselves were not 

statistically significant. During exercise, the maximum heart rate was higher at the 

end of the mAD compared to pre-mAD (p=0.001). The respiratory exchange ratio 

(RER), reflecting the ratio of carbon dioxide production to oxygen uptake 

(V’CO2/V’O2), decreased (p=0.015), indicative of increased lipid utilization as a 

fuel source (Table 2). 

Minute ventilation during exercise testing increased significantly by the end of 

the mAD period, observed stepwise at both the 4th (p=0.003) and 5th (p=0.001) 

exercise loads (Figure 3), and during maximal exercise (p=0.040, Figure 4). The 

ventilatory equivalent for CO2 (V’E/V’CO2) increased at the 4th load (p=0.015, 

Figure 5) and during maximal exercise (p=0.002, Figure 6), while the fraction of 

end-tidal CO2 (FetCO2) decreased at the 4th load (p=0.003) and during maximal 

exercise (p<0.001, Figure 5, Table 3. Moreover, at end-of-mAD, four out of ten 

subjects had FetCO2 under 4.5% during maximal exercise, whereas pre-mAD, none 

did. 

However, no significant change was observed in the ventilatory equivalent for 

O2 (V’E/V’O2). As this study focused on exercise and muscle function in healthy 

subjects, there was no systematic assessment of exercise-related respiratory 

symptoms. Typically, exercise cessation was due to leg fatigue; however, two 

subjects reported significant breathlessness at the end-of-mAD exercise test. 
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Table 3 The anthropometric values and the maximal results of the cardiopulmonary exercise 

before and at the end of the modified Atkins (mAD) diet. 

The p-values of paired tests are given. Statistically significant p-values <0.05 in bold. SD = 
Standard deviation, FVC = forced vital capacity, FEV1 = Forced expiratory volume in one second, 
RER = Respiratory exchange rate, V’E = minute ventilation, Wmax / 3 min = Maximal power during 
the last three maximal minutes of exercise, V’O2max = Maximal oxygen uptake, V’O2max/kg = 
Maximal oxygen uptake per kilogram during exercise, Wmax/V’O2max (%) = Mechanical work 
efficiency, V’O2/HR = Oxygen pulse, V’E/V’O2 = Ventilatory equivalent to O2, V’E/V’CO2  = 
Ventilatory equivalent to CO2, FETCO2 = Fraction of end-tidal CO2. *Heart rate age maximum = 
205 - age / 2. **Nordesjö et al.1975. Adapted with permission from Ratia N. et al. Modified Atkins 
diet modifies cardiopulmonary exercise characteristics and promotes hyperventilation in healthy 
subjects. Journal of Functional Foods 2021).  

   Normal   
_Values 

  Before the Start   
_of mAD  

  After 4 Weeks of                  
_mAD  

 

      Mean    SD    Mean    SD    p-value  

 Age (years)     49.4    8.7        

 Height (cm)     172.2    9.81        

 Weight (kg)     74.1    13.8    72.0    13.3    0.007  

 EXERCISE, maximal values    

 Systolic pressure (mmHg)     184.1    23.2    176.7    27.2    0.238  

 Diastolic pressure (mmHg)     84.0    13.0    87.1    12.4    0.186  

 Heart rate (beats/min)     169.8    3.4    178.0    3.1    0.001  

 Heart rate (beats/ predicted age    
.maximum*) 

  >80  
  94.1    5.0    98.9    4.4    0.001  

 RER    >1   1.15    0.08    1.09    0.05    0.015  

 Breathing frequency (1/min)    >35   35.0    5.6    38.5    7.04    0.062  

 V’E (L/min)     87.3    24.6    94.9    25.8    0.040  

 Anaerobic threshold (L/min)      1.43    0.48    1.45    0.45    0.402  

 Wmax/3 min (W)     175.2    60.1    171.8    60.6    0.305  

 Wmax/3min (% of predicted 
.value**)  

  ≥80 
  101.1    25.6    100.1    21.6    0.792  

 V’O2max (L/min)     2.5    0.8    2.6    9.9    0.286  

 V’O2max/kg (ml/min/kg)     33.3    8.0    35.6    9.2    0.096  

 Wmax/V’O2max (%)    ≥80   20.3    1.6    19.1    0.86    0.049  

 V’O2/HR    ≥85   14.6    4.3    14.4    4.7    0.258  

 Breathing reserve (%)    <40   38.4    10.6    31.9    12.7    0.038  

 V’E/V’O2     34.8    4.8    36.3    4.4    0.094  

 V’E/V’CO2     30.1    2.7    33.7    3.8    0.002  

 FETCO2 (%)    4.5 - 6   5.4    0.3    4.8    0.4    < 0.001  

 Tidal volume (L)     2.5    0.75    2.59    0.98    0.569  
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Figure 3 Minute ventilation (V’E) associated with cardiopulmonary exercise test at each 
exercise step in all participants before and at the end of mAD (modified Atkins diet). 
The significant differences (*p<0.05, **<0.01) are indicated with 
an asterisk. Reproduced with permission from Ratia N. et al. Modified Atkins diet 
modifies cardiopulmonary exercise characteristics and promotes hyperventilation in 
healthy subjects. Journal of Functional Foods (2021).  
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Figure 4 Minute ventilation (V’E) associated with cardiopulmonary exercise test at maximal 
exercise in all participants before and at the end of mAD (modified Atkins diet). The 
significant differences (*p<0.05, **<0.01) are indicated with an asterisk. Adapted 
with permission from Ratia N. et al. Modified Atkins diet modifies cardiopulmonary 
exercise characteristics and promotes hyperventilation in healthy subjects. Journal of 
Functional Foods (2021).  
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Figure 5 Ventilatory equivalent for CO2 (Minute ventilation in relation to V’CO2 = V’E/V’CO2) 
and FetCO2 (fraction of end-tidal CO2) associated with cardiopulmonary exercise 
before and at the end of mAD (modified Atkins diet). The significant differences (* 
p<0.05, *p<0.01) are indicated with an asterisk.  

 

Figure 6 The gas exchange values during maximal exercise before and at the end of mAD 
(modified Atkins diet) (N=10). The mean (SD) maximal values of the ventilatory 
equivalent for CO2 (V’E/V’CO2) and O2 (V’E/V’O2) and a fraction of end-tidal CO2 

(FetCO2). The individual maximal values are given as symbols, the mean values as 
short horizontal lines, and the standard deviations as error bars. Reproduced with 
permission from Ratia N. et al. Modified Atkins diet modifies cardiopulmonary 
exercise characteristics and promotes hyperventilation in healthy subjects. Journal of 
Functional Foods. (2021)  
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5.1.3 Cardiopulmonary Exercise Results in Study III 

 Exercise testing results per diagnosis group in SMAJ and mitochondrial myopathy 

patients, as well as their respective controls, and divided by sex, are presented in 

Table 4. Higher values in men compared to women were observed in most 

measured parameters, consistent with expectations. The SMAJ group tended to be 

slightly older than both the healthy controls and the MELAS/CPEO group.  

In the exercise test results, adjusted for sex, age, and BMI, the SMAJ group 

exhibited lower mean power output during the last three minutes of exercise 

(Wmax/3 min) (p<0.001), V’O2max (p=0.001), maximal oxygen consumption per 

kilogram (V’O2max/kg) (p=0.007) (Figure 7), oxygen pulse (p<0.001), ventilatory 

threshold (p=0.045), and mechanical efficiency (Wmax/V’O2max) (p<0.001) 

compared to the healthy controls. Similar differences were also observed between 

the MELAS/CPEO group and the healthy controls (Table 5). No significant 

differences were found between the SMAJ and MELAS/CPEO groups in these 

variables (data not shown). 

The fraction of end-tidal CO2 (FetCO2) was significantly lower (p=0.023), and 

the ventilatory equivalent for oxygen (VE/V’O2) was higher (p=0.040) in the 

MELAS/CPEO group compared to the healthy controls, a difference that, in 

contrast, was not observed between the SMAJ group and the healthy controls 

(Table 5). 

To assess exercise maximality, all subjects achieved RER of at least 1.0. No 

statistically significant differences in RER or maximal heart rate were observed 

among the diagnosis groups after adjusting for sex, age, and BMI (Table 4). 
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Table 4 The anthropometric values and the maximal results of the cardiopulmonary exercise 

in subjects with spinal muscular atrophy, Jokela type (SMAJ), subjects with 

mitochondrial myopathy, and healthy controls. 

 
SD = standard deviation, SMAJ = Spinal Muscular Atrophy, Jokela Type. MELAS/CPEO = 
mitochondrial disease group. RER = Respiratory exchange rate (V'CO2/V'O2), Wmax/3 min = 
Maximal power during the last three maximal minutes of exercise. Pred = predicted maximum, 
Wmax/V’O2max = Mechanical work efficiency, V’O2max/kg = Maximal oxygen uptake per kilogram 
during exercise, V'O2/HR = Oxygen pulse,  V’E = Minute ventilation, V'E/V'O2 = Ventilatory 
equivalent to O2, V'E/V'CO2 = Ventilatory equivalent to CO2, V'O2max = Maximal oxygen uptake, 
FetCO2 = Fraction of end-tidal CO2.. *Heart rate age maximum = 205 - age / 2. **Nordesjö et 
al.1975.1975. Adapted with permission from Ratia N. et al. Lowered oxidative capacity in spinal 
muscular atrophy, Jokela type; comparison with mitochondrial muscle disease. Front Neurol 
(2023).  

    Men, Mean (SD)    Women, Mean (SD)  

  

  SMAJ  

  n=4 

 
 

  MELAS/ 

  CPEO  

  n=9 

  Healthy 

  Controls     
_n =11 

  SMAJ 

  n=7 

 
 

  MELAS/ 

  CPEO 

_n=17 

  Healthy 

  Controls  
_n=17 

 Age (years)    48.5 (17.1)   45.0 (12.7)   45.8 (18.2)  59.9 (12.6)  44.0 (16.1)  52.8 (18.2) 

 Height (cm)    174.6 (3.3)   172.7 (6.3)   183.5 (6.5)  163.2 (4.6)  164.4 (4.4)  161.6 (6.2) 

 Weight (kg)    77.1 (8.8)   74.1 (12.3)   73.4 (11.5)  64.3 (10.3)  61.8 (11.3)  64.3 (9.9) 

 BMI   25.3 (2.7)   24.7 (2.6)   24.0 (3.0)  24.2 (4.1)  22.9 (4.1)  24.5 (3.0) 

 EXERCISE, maximal values 

 Syst. pressure (mmHg)    216.0 (28.9)   207.4 (29.0)  207.2 (9.4)  187.3 (23.6)  177.4 (18.8)  190.9 (24.4) 

 Diast. Pressure(mmHg)   92.0 (18.8)   99.4 (14.9)  82.0 (17.6)  99.3 (12.0)  86.1 (28.1)  89.7 (14.4) 

 Heart rate (bpm)    163.5 (25.3)   166.7 (17.0)  166.7 (16.9)  148.6 (32.4)  158.1 (18.2)  166.0 (14.8) 

 Heart rate (% of pred.)*   90.0 (11.3)   91.4 (9.0)  91.4 (7.8)  84.2 (15.9)  91.8 (24.2)  93.8 (5.6) 

 RER, max   1.18 (0.06)   1.22 (0.11)  1.16 (0.07)  1.14 (0.10)  1.21 (0.12)  1.18 (0.09) 

 Breathing frequency(1/min)    33.0 (4.1)   35.0 (7.1)  37.3 (7.8)  33.6 (8.1)  37.8 (8.9)  36.2 (5.8) 

 Ventilatory threshold(L/min)   1.12 (0.14)   1.20 (0.38)  1.70 (0.53)  0.91 (0.23)  1.04 (0.36)  0.91 (0.23) 

 Wmax/3 min (W)    162.5 (43.7)   156.0 (37.1)  232.4 (51.6)  75.1 (47.7)  101.7 (41.3)  131.8 (39.8) 

 Wmax/3 min (% of pred.)**   84.68 (11.1)   81.7 (20.7)  117.4 (13.7)  66.0 (37.8)  73.5 (25.4)  100.4 (18.6) 

 Wmax/V’O2max (%)   20.5 (3.0)   20.2 (2.3)  22.4 (1.4)  15.4 (4.6)  18.6 (3.5)  20.6 (2.3) 

 V’O2max (L/min)    2.25 (0.34)   2.27 (0.60)  2.98 (0.64)  1.31 (0.46)  1.54 (0.51)  1.78 (0.45) 

 V’O2max/kg (ml/min/kg)    29.1 (5.9)   30.2 (4.9)  37.4 (9.7)  20.9 (8.2)  25.6 (9.8)  27.2 (7.3) 

 V’O2/HR    13.9 (0.9)   13.5 (3.2)  17.9 (3.1)  9.0 (1.5)  9.8 (3.0)  10.5 (2.3) 

 Breathing reserve (%)    30.5 (6.2)   30.0 (11.3)  32.0 (11.5)  34.9 (20.7)  37.7 (13.5)  32.1 (13.0) 

 V’E/V’O2    40.5 (5.3)   40.7 (6.2)  38.1 (5.7)  40.3 (8.1)  43.3 (7.0)  39.2 (6.6) 

 V’E/V’CO2    34.50 (6.1)   33.2 (2.8)  33.0 (4.1)  35.3 (4.7)  36.6 (4.7)  33.8 (4.0) 

 FetCO2 (%)    4.70 (0.57)   4.84 (0.49)  4.90 (0.61)  4.70 (0.78)  4.39 (0.49)  4.90 (0.62) 

 Tidal volume (L)    2.90 (0.27)   2.66 (0.57)  3.40 (0.58)  1.74 (0.51)  1.91 (0.54) 7.03 0.33) 
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Figure 7 The maximal oxygen uptake (V’O2maz/kg) during maximal exercise between 
diagnosis groups. The mean is displayed as a diagonal line. SMAJ = spinal muscular 
atrophy, Jokela type; MELAS/PEO = mitochondrial disease group. Statistical 
significance is presented for linear model results adjusted for age, sex, and BMI. 
Reproduced with permission from Ratia N. et al. Lowered oxidative capacity in spinal 
muscular atrophy, Jokela type; comparison with mitochondrial muscle disease. Front 
Neurol (2023).  
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5.2 Lactate and Ammonia Results in the Sub-Studies 

5.2.1 Lactate and Ammonia Results in Study I 

In the 73 healthy controls, the mean lactate was at its highest 4-6 min into the 

recovery phase, after which it began to decline. The individual turning point varied 

between 2 and 10 min into the recovery. The mean of each subject's maximum 

lactate, irrespective of the exercise step, was 11.27 mmol/L (SD 2.91), and the lactate 

increased on average nine-fold (SD 3.41) compared to the resting level (Table 2 in 

Article I). 

The lactate values in men were significantly higher than in women, 4 and 6 min 

(p = 0.021–0.044) into the recovery phase (Figure 8). In the group-wise comparison 

for age, there was a significant difference in lactate levels between the age groups at 

maximal exercise and 2–10 min into the recovery (p ≤ 0.001–0.012) (Figure 9). In 

all these instances, the lactate levels were higher in the younger age groups, and 

there was a difference between age groups <35 and >50 years (Tukey adjustment 

p≤ 0.001–0.040). In addition, there was a statistically significant difference 

between groups <35 and 35–50 years in maximal exercise and 2 and 4 min into 

recovery (p = 0.001–0.036). 

Repeated measures ANOVA for lactate over the exercise test and the following 

recovery showed that there were statistically significant differences in the two 

parameters: the lactate values over the different time points (p < 0.0001) and sexes 

(p = 0.0341). However, their interaction was not statistically significant 

(p = 0.4653). Between the age groups, there was a statistically significant difference 

both in relation to measurement step (p < 0.001) and the age groups (p = 0.0064) 

as well as their interaction (p < 0.0001), indicating that the difference in the rate of 

change in lactate was different between age groups but not between the sexes. The 

statistically significant difference in age groups was between age groups <35 and 

>50 years (p < 0.001) (Table 6). Similarly, in the linear model, significant changes 

related to age, adjusted for sex and RER, were observed in maximal exercise and all 

time points in the recovery phase (p ≤0.001–0.032). The linear model also showed 

a difference in lactate values between the sexes, observed in maximal exercise and 

throughout recovery (p ≤ 0.001–0.020). The regression coefficients corresponding 

to the change in lactate (mmol/L) for a 1-year increase in age varied between −0.033 

and −0.119 mmol/L, with the largest change measured 2 min into the recovery 

phase. The influence of age was clearer in women than in men, with statistically 

significant changes present from maximal exercise to the end of recovery in women 

(p ≤ 0.001–0.006) versus changes in maximal exercise and 2–10 min into recovery 

in men (p = 0.005–0.046). For both sexes, the largest yearly decrease was observed 

2 min into recovery (women −0.131, men −0.099). (Table 7) 
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Table 6 Repeated measurement ANOVA results for lactate in healthy subjects 

Df = degrees of freedom. Statistically significant results (p<0.05) are in bold. 

Lactate 

 Df Mean Square p-value 

Sex 1 4.5 0.034 

Measurement step 6 713.1 < 0.001 

Sex * Measurement step 6 5.6 0.466 

 

Age group 2 10.1 0.006 

Measurement step 6 824.5 < 0.001 

Age group * Measurement step 12 41.4 < 0.001 
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 In the ammonia samples taken during clinical cardiopulmonary exercise 

testing of the healthy controls, there were significant differences observed in 

ammonia levels analyzed using the three different analyzers at rest, light exercise, 

maximal exercise, and 30 minutes into the recovery (p-values <0.001-0.009). The 

measured values analyzed with the three analyzers at rest were significantly 

different (Bonferroni corrected p-values p <0.001-0.029) between Modular and 

Architect as well as between Architect and the modified Atellica assay at maximal 

exercise (p-values 0.001-0.020) and between Architect and Atellica assays also 30 

minutes in the recovery (p-value 0.007). (Figure 10)   

Because of the variation in the ammonia results between the different 

analyzers, only the results for the Modular group, which was the largest, were used 

for the statistical analysis. The mean ammonia concentration was at its highest at 

the beginning of the recovery phase. The turning point varied between maximal 

exercise and 2–10 min of recovery for individual subjects, with 4 min and 6 min of 

recovery being the most common. The maximum ammonia varied significantly 

among the subjects (37.0–163.0 µmol/L). The mean for the subjects' maximum 

ammonia during the follow-up, irrespective of the time point at which it was 

achieved, was 80.5 µmol/L (SD 32.1), and the increase was 4.3-fold (SD 2.47) 

compared to light exercise (Table 2 in article 1).  

The ammonia levels in the recovery phase were lower in women compared to 

men, with significant differences at time points 4–30 min into the recovery 

(p = 0.002–0.038) (Figure 8). In the group-wise comparisons, there was a 

significant difference in ammonia between age groups in maximal exercise as well 

as 2–6 min into the recovery (p = 0.002–0.028), with significant differences 

between age groups <35 and >50 years (p = 0.002–0.034) in all timepoints and 

between <35 and 35–50 years at maximal exercise (p = 0.045), the values being 

higher in the younger groups (Figure 9). 

Repeated measures ANOVA for ammonia showed that there were statistically 

significant differences both in time points (p < 0.0001) and sexes (p = 0.058). 

However, their interaction was not statistically significant (p = 0.2442). Between 

age groups, there was a statistically significant difference both in relation to 

measurement step (p < 0.001) and the age groups (p = 0.0166) as well as their 

interaction (p = 0.0008), indicating a difference in the rate of change in ammonia 

as well as level between age groups but not between the sexes. When comparing 

the age groups, the differences were statistically significant between the age groups 

<35 and 35–50 years, as well as <35 and >50 years (p < 0.001) (Table 8). 

 In agreement with these results, the linear model showed significant changes 

in ammonia levels related to age, adjusted for sex and RER, in maximal exercise 

and 2–20 min into the recovery phase (p ≤ 0.001–0.012). The regression 

coefficients corresponding to the change in ammonia (µmol/L) for a 1-year 

increase in age varied between −0.834 and −1.514 µmol/L, the highest change seen 
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2 min into the recovery. There was also a difference in ammonia observed between 

sexes in 6–30 min of recovery (p = 0.001–0.017). When calculated separately for 

the sexes, the strongest influence of age was observed in men 2 min into recovery 

(−1.913) and the highest ammonia in women at 4 min into recovery (−1.324), but 

the changes between sexes were less consistent than those observed in lactate 

(Table 9). 

There were no significant differences in ammonia or lactate levels between 

physical activity groups or BMI groups (data not shown). 

 

R
es

t

E
 li

ght

E
 m

ax

2 
m

in

4 
m

in

6 
m

in

10
 m

in

20
 m

in

30
 m

in

0

20

40

60

80

100

Plasma Ammonia Between the Different
Analysis Groups

Time point

P
la

s
m

a
 A

m
m

o
n

ia
 (

µ
m

o
l/

l) Modular
n=40

Architect
n=20

Atellica
n=13** **

**

**

 

Figure 10 Plasma ammonia in the three laboratory analysis methods (Modular, Architect, and 
Atellica) during the cardiopulmonary exercise test in all participants. Means and 95% 
confidence intervals are shown. E light= first exercise step; E max = maximal exercise 
The significant differences are indicated with an asterisk (* p < 0.05). Reproduced 
with permission from Ratia N. et al. Lactate and ammonia measurements during 
cardiopulmonary exercise testing and its recovery phase-Consideration of age and sex 
in its interpretation. Clin Physiol Funct Imaging (2023).  
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Table 8  Repeated measurement ANOVA results for ammonia 

Df = degrees of freedom. Statistically significant results (p<0.05) are in bold. 

Ammonia 

  Df Mean Square p-value 

Sex  1  7.6   0.006 

Measurement step  6  154.3   < 0.001 

Sex * Measurement step  6  7.9   0.244 

 

Age group  2  8.2   0.017 

Measurement step  6  174.0   < 0.001 

Age group * Measurement step 12  33.6   0.001 
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5.2.2 Lactate and Ammonia Results in Study II 

The lactate and ammonia levels in the mAD group before and during the diet are 

presented in Figure 11. Compared to pre-mAD, lactate concentration decreased 

significantly at the end of maximal exercise (4.4 vs. 6.2 mmol/L, p = 0.018). 

However, there were no other significant changes in lactate levels due to the mAD 

intervention. Ammonia levels tended to be higher at the end of the mAD period 

compared to baseline, although this difference did not reach statistical 

significance. 

 

  

Figure 11 The lactate and ammonia levels before and at the end of mAD (modified Atkins diet) 
(N=10). The mean values before, during, and 2, 4, 6, 10, 20, and 30 minutes after 
exercise are given as lines and the standard deviations as error bars. The significant 
differences (p<0.05) are indicated with an asterisk. Reproduced with permission 
from Ratia N. et al. Modified Atkins diet modifies cardiopulmonary exercise 
characteristics and promotes hyperventilation in healthy subjects. Journal of 
Functional Foods (2021).  
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5.2.3 Lactate and Ammonia Results in Study III 

The linear model results with SMAJ and the combined MELAS/CPEO group 

compared to the healthy controls are presented in Table 10. There was a 

statistically significant difference in plasma lactate concentration between the 

healthy controls and the MELAS/CPEO group at rest and during light exercise (p 

< 0.001), as well as 30 minutes into the recovery period (p = 0.020). Similarly, 

there was a statistically significant difference between the SMAJ and 

MELAS/CPEO groups at rest and during light exercise (p < 0.001) (data not 

shown). Between 2 and 10 minutes into the recovery phase, lactate levels in the 

MELAS/CPEO and control groups were comparable and higher compared to the 

SMAJ group. In repeated samples ANOVA, there was a significant difference in 

lactate values in relation to time (Wilks’ Lambda p <0.001) and between diagnosis 

groups in relation to time (Wilks’ Lambda p=0.018). 

In Figure 12, plasma lactate results are presented for subjects with SMAJ, 

MELAS, and CPEO separately, and the healthy controls. (The results for MELAS 

and CPEO together are in Figure 2 in Article III).  In one-way ANOVA (Figure 12), 

when the CPEO and MELAS groups were separated, the lactate values were 

significantly higher in the MELAS group compared to both the healthy controls 

and the SMAJ group at rest and at light exercise (p<0.001-0.035 with Tukey’s 

adjustment). The values in the CPEO group were also higher than the healthy 

controls at rest and at light exercise (p<0.001-0.003) and also higher than the 

SMAJ group at light exercise (p=0.024). There was also a slight statistically 

significant difference (p=0.043) between the CPEO and SMAJ groups 4 minutes 

into recovery, but this is likely due to the fluctuation in lactate values in the 

smaller-sized SMAJ group at this particular time point. The differences between 

the MELAS and CPEO groups did not reach statistical significance at any time 

point, but the lactate values tended to be lower in the MELAS group.  

When the subjects with MELAS and CPEO were analyzed separately for the 

linear model (unpublished results, Ratia et al.), the lactate values were 

significantly higher in both MELAS and CPEO groups at rest and light exercise 

compared to healthy controls, but the statistically significant change 30 minutes 

into recovery was only observed in the CPEO group (p= 0.033), the larger group 

of the two. (Table 11) Ammonia results per diagnosis group are presented in Figure 

13, and the linear model results adjusted for sex, age, and BMI in Table 12, with 

the exception of the ammonia results for the MELAS/CPEO group that were left 

out due to the different analysis arrays in use during the testing of these patients.  

For ammonia, there was no statistically significant difference between the SMAJ 

group and the healthy volunteers in the linear model or between the diagnosis 

groups in relation to time in the repeated samples ANOVA. 
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Figure 12 The lactate levels at rest, during exercise, and during the recovery phase associated 
with cardiopulmonary exercise testing. Means and 95% confidence intervals for 
plasma lactate in the diagnosis groups are given. SMAJ = spinal muscular atrophy, 
Jokela type; MELAS/PEO = mitochondrial disease group; E light= first exercise step; 
E max = maximal exercise; Statistical significance for one-way ANOVA with Tukey’s 
adjustment between diagnosis groups is presented with an asterisk (* for p < 0.05 and 
** for p < 0.01) for changes associated with the MELAS group and with the symbol “¤”  
for CPEO group (¤ for p < 0.05 and ¤¤ for p < 0.01). Adapted with permission from 
Ratia N. et al. Lowered oxidative capacity in spinal muscular atrophy, Jokela type; 
comparison with mitochondrial muscle disease. Front Neurol (2023).  
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Figure 13 The ammonia levels of the patients with SMAJ and healthy controls at rest, during exercise, 
and at the recovery phase associated with cardiopulmonary exercise testing. SMAJ, spinal 
muscular atrophy, Jokela type. Statistical significance is presented for linear model results 
adjusted for age, sex, and BMI with an asterisk (*). Reproduced with permission from Ratia 
N. et al. Lowered oxidative capacity in spinal muscular atrophy, Jokela type; comparison 
with mitochondrial muscle disease. Front Neurol (2023).  

5.3 Blood Gases and pH 

5.3.1 Blood Gases and pH in Study I 

Concomitantly with increasing lactate, pH decreased during exercise and at the 

beginning of the recovery phase, being at its lowest 2 min into the recovery (mean 

7.25, SD 0.05). There was no difference in pH values between sexes (Figure 14) or age 

groups (Figure 15). Similarly, base excess (BE) decreased during exercise and early 

recovery, being at its lowest 6 min into recovery (−8.59 mmol/L, SD 3.80). A 

significant difference in BE between the sexes was observed only at rest and in light 

exercise (p ≤ 0.001) (Figure 14), with BE being lower in women. Between the age 

groups, there were differences in BE values in maximal exercise and 2, 4, 6, 10, and 

20 min into recovery (p ≤ 0.001–0.008) between the age groups <35-year-olds and > 

50-year-olds. (Figure 14) 
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Figure 14 Venous pH and base excess (BE) in men and women as measured during and after the 
cardiopulmonary exercise test in all participants. Means and 95% confidence intervals are 
shown. E light = first exercise step; E max = maximal exercise. The significant differences 
are indicated with an asterisk (*p<0.05, **<0.01).  
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5.3.1 Blood Gases and pH in Study II 

In the mAD group, at rest and during light exercise, pH decreased end-of-mAD 

versus pre-mAD (p-values 0.04-0.006). (Figure 16) Base excess (BE) decreased 

end-of-mAD at 6 and 10 minutes after exercise compared to pre-mAD (– 9.0 vs -

6.3, p = 0.038 and -8.1 vs -5.53 mmol/L, p =0.037, respectively), and bicarbonate 

decreased at 6 minutes after exercise (17.1 vs 19 mmol/L, p = 0.046). (Figure 16) 

Changes in the percent of oxygenated Hb (HbO2) and other blood gas values in 

venous blood samples were not significant. 

 

 

 

Figure 16 The base excess (BE) and pH values before (pre-mAD) and at the end of mAD 
modified Atkins diet (end-mAD) (N=10). The mean (SD) values before, during, and 2, 
4, 6, 10, 20, and 30 minutes after exercise are given as lines and the standard 
deviations as error bars. The significant differences (p<0.05) are indicated with 
an asterisk. Reproduced with permission from Ratia N. et al. Modified Atkins diet 
modifies cardiopulmonary exercise characteristics and promotes hyperventilation in 
healthy subjects. Journal of Functional Foods (2021). 
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5.3.2 Blood Gases and pH in Study III 

In the linear model, adjusted for sex, age, and BMI, pH differed 6 min into recovery 

between the SMAJ group and the healthy controls (p= 0.026) and similarly 

between MELAS/CPEO and the healthy controls (p= 0.022). (Figure 17) 

In base excess (BE), there was a significant difference between the 

MELAS/CPEO group and the healthy controls at rest (p= 0.028) and light exercise 

(p< 0.001), but no statistically significant changes between the SMAJ group and 

the healthy volunteers. (Figure 17) 

As oxygen saturation differences are used in mitochondrial disease diagnostics 

in the forearm exercise tests, venous blood oxygen saturation was also measured 

from the subjects (Table 13).  In a linear model, adjusted for age, sex, and BMI, 

this showed higher values only in the CPEO group compared to the healthy 

controls during light exercise (p= 0.015). In contrast, in the MELAS group, the 

oxygen saturation was slower to recover than in the healthy controls, being lower 

than the other groups 2 minutes into the recovery (p=  0.023).  At other time 

points, there were no significant differences. (Ratia et al. Unpublished data)
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6 Discussion 

6.1 Study I 

In healthy subjects, exercise capacity and many exercise testing parameters such 

as maximal oxygen uptake (V’O2max) and maximal exercise workload are heavily 

dependent on the sex and age of the subject as well as their prior history of exercise 

training. The differences in exercise capacity between the sexes are driven by sex 

hormones during and after puberty. Muscle mass and muscle power are generally 

higher in men, with the muscle strength and power of limb skeletal muscles in 

women being 50–70% in comparison to males. This difference is more 

pronounced in the upper limb. (Alcazar et al., 2020;  Hunter & Senefeld, 2024) 

As we age, skeletal muscle mass, muscle quality, and strength start to decline. 

This phenomenon is known as sarcopenia. Numerous changes affecting the muscle 

that occur due to aging have been identified, including signaling pathway 

disruptions, changes in the muscle fibres and extracellular matrix composition, a 

decrease in mitochondrial function, and changes in systemic responses to 

inflammation and neurological inputs, but the precise etiology of sarcopenia is still 

unclear. In healthy subjects, these changes become more prominent after the age 

of 75, but they can be expedited by different diseases. (Argilés et al., 2015; Grima-

Terrén et al., 2024) 

Repeated exercise training drives adaptation in both the cardiovascular and 

musculoskeletal systems, causing an overall improvement in exercise capacity and 

performance. These adaptations include changes in skeletal muscle, such as 

increased mitochondrial biogenesis and capillary density, and in the 

cardiovascular system, such as an increase in cardiac and blood volumes as well as 

improved contractility of the cardiac muscle. (Hellsten, 2016; Hughes et al., 2018) 

Although the effects of age, sex, and training on exercise capacity or muscle 

function have been extensively studied, their influence on the level of lactate and 

especially ammonia levels during clinical exercise testing are less studied. This can 

cause difficulties in the interpretation of clinical exercise test results with these 

metabolic indices and provides the motivation for the present examinations. 
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6.1.1 Lactate 

Lactate measurements during exercise have been a key tool in sports medicine 

where they have been used to optimize training, often focusing on the lactate 

threshold—the exercise intensity at which lactate starts to accumulate in the 

bloodstream at a faster rate than it can be cleared by the body, marking the 

transition from predominantly aerobic metabolism to anaerobic metabolism 

resulting in an increase in lactate production—and changes in lactate levels alone 

or in relation to V’O2 over time to help monitor the subject’s fitness and progress. 

(Hall et al., 2016) Studies including both lactate and ammonia values, and 

especially those during a clinical exercise test, are fewer. Earlier Mouadil et al. 

(2012) have published lactate and ammonia values associated with maximal 

incremental cardiopulmonary exercise testing in healthy sedentary subjects 

(N=48). In Study I, the aim was to include a larger population (N= 73) with a wider 

age range of subjects with exercise habits close to a healthy general population. 

Even so, the subjects volunteering for an exercise test tended to be quite physically 

active. However, the results of the present study did not markedly differ from those 

of Mouadil et al., where the subjects were described as sedentary without further 

details to classify their exercise habits. 

During exercise, lactate increases in relation to the increase in glycolysis. 

Typically, during incremental exercise, lactate increases gradually at the beginning 

until the lactate threshold is reached, after which the levels increase rapidly. 

Lactate continues to rise until up to 1-10 minutes after exercise before starting to 

decline. Maximum lactate values of 8-10 mmol/l have formerly been observed 1-

10 min after maximal exercise, similar to the maximal values of 11 mmol/l 4-8 min 

post-exercise observed in this study, with the values declining slowly up until an 

hour after exercise has ended. (Goodwin et al., 2007; Mouadil et al., 2012; Sjödin 

& Jacobs, 1981) 

Previously, the decrease in maximal exercise lactate level for a one-year rise in 

age has been shown to be as high as -0.16 mmol/l per year. (Massé-Biron et al., 

1992) In our study, the yearly decrease of lactate was slightly lower (coefficient -

0.119 mmol/l), with the decrease being more pronounced in women compared to 

men. This age-related decrease in lactate is likely caused by multiple factors 

contributing to sarcopenia: both oxidative and glycolytic capacity in cells have 

been found to decrease independent of physical activity. (Hunter et al., 2002) As 

the rise in lactate is dependent on the amount of muscle tissue engaged, a decrease 

in muscle mass has been considered as one of the factors contributing to the 

decrease in lactate due to age. In women, estrogen deficiency is involved in the 

earlier and faster development of sarcopenia compared to men, though the exact 

mechanism of this is still unclear. This effect becomes more pronounced after 

menopause as estrogen levels fall rapidly compared to the more gradual change in 

testosterone levels in men. (Maltais et al., 2009; Pellegrino et al., 2022) This more 
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rapid decrease in muscle mass could be one factor explaining the difference in the 

age-related decrease in lactate between the sexes observed in our study. 

6.1.2 Ammonia 

Our results on ammonia measurements are in line with the earlier study (Mouadil 

et al. 2012), which used the same Roche Diagnostics analyzer for ammonia. The 

maximal values were achieved in early recovery. Similar to lactate, the maximal 

ammonia levels decreased with increasing age. The estimate for the decline of 

ammonia with age was -1.51 µmol/l per year. As the amount of ammonia 

production is strongly related to muscle mass (Graham & MacLean, 1992), and as 

lean muscle mass decreases with age, starting from 40-50 years in some studies 

(Alcazar et al., 2020), these changes in ammonia values are likely largely related 

to age-related changes in muscle mass, though changes also occur in the activity 

of, e.g., AMP deaminase and glutamate dehydrogenase enzymes involved in 

ammonia production (Mohan et al., 1987). 

Similarly, there was also a significant difference in the ammonia values 

between sexes associated with exercise, with ammonia tending to be higher in 

men, as has been reported in earlier studies. (Itoh & Ohkuwa, 1993; Mouadil et al.. 

2012) As with aging, the difference in lean muscle mass has been attributed as a 

factor in explaining the differences in ammonia values between sexes. (Itoh & 

Ohkuwa, 1993; Yuan & Chan, 2000) When examining the effect of age separately 

for both sexes, the maximal decrease of ammonia values was higher in men 

(highest values two minutes after exercise) compared to women (maximal value at 

four minutes after exercise), but unlike in lactate, the direction and strength of the 

decrease varied slightly. This is likely due to the smaller sample size and the large 

variation in the plasma ammonia levels between patients, both at rest and during 

exercise. Variance in muscle mass and the maximality of exercise could explain 

some of the variation. Endurance training has been shown to reduce ammonia 

levels in submaximal exercise while not affecting the maximum value (Lo & 

Dudley, 1987; Yuan & Chan, 2000), but in these current data, prior physical 

activity did not statistically significantly affect the results.  

The chemistry analyzer used also significantly affected ammonia results. When 

analyzing the ammonia results of the three different chemistry platforms, there 

was no significant difference in lactate levels, but there was a significant variation 

between assays in ammonia levels below 50 µmol/l. Plasma ammonia is a 

challenging measure due to both preanalytical and analytical issues. Hemolysis 

due to handling of the samples, nonoptimal cooling, and delays in analysis caused 

by the transportation of the samples can cause an increase in ammonia levels of 

up to 7-30 % in an hour, as more ammonia is released from the blood cells. 

(Goldstein et al., 2017; Gifford et al., 2018; Nikolac et al., 2014) Furthermore, the 
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routine clinical use of ammonia assays on automated clinical chemistry platforms 

is to rule out significant hyperammonaemia related to, e.g., inborn errors in 

metabolism or liver failure. As these disorders present with ammonia levels above 

50 µmol/l and up to 400–500 μ µmol/l range (Häberle, 2011), the analyzers are 

not optimized for precise detection of low levels of ammonia. Considering this, it 

is understandable that the standardization and precision of the routine ammonia 

methods at levels below 50 µmol/l, which are considered normal, are relatively 

poor. In fact, we showed in this study that different assays used resulted in 

significant changes in plasma ammonia, especially at rest and late recovery when 

the ammonia values were at their lowest. The assay-dependent variation and 

imprecision at low concentration levels should be considered when interpreting 

plasma ammonia results in the context of exercise testing.  

Considering all the above points, it is difficult to establish the range of normal 

values, especially for ammonia, due to the variation between the subjects as well 

as a marked difference between analyzers.  

6.2 Study II 

The four-week modified mAD had a slight negative impact on the ten subjects’ 

cardiopulmonary exercise capacity: Wmax/3 min decreased while V’O2max 

increased, and while the changes in them were not statistically significant, their 

relation (mechanical efficiency) decreased significantly, indicating that to create 

the same work output as pre-mAD, a greater level of oxygen consumption was 

necessary end of maD,  suggesting that some unfavorable effects of the low 

carbohydrate diet on the exercise capacity persist at least four weeks from the start 

of mAD. In previous studies, a temporary decrease in exercise performance during 

the first days of a ketogenic diet is typical, but metabolic adaptation mechanisms, 

including enhanced fat oxidation, later compensate for these early changes. (Spriet 

& Peters, 1998) All in all, the effects of low-carbohydrate diets on oxygen uptake 

and cardiorespiratory performance have been inconclusive, with no significant 

improvement in exercise performance having been proven, with some of the 

studies showing a slight improvement and some a negative impact. (Babij et al., 

1983; Burke et al., 2002; Cipryan et al., 2018; Goedecke et al., 1999; Harvey et al., 

2019; McSwiney et al., 2019; Rowlands & Hopkins, 2002; Zajac et al., 2014)  

As using fat as a fuel consumes less oxygen than carbohydrates per ATP 

produced, increased fatty acid oxidation caused by the low-carbohydrate diet 

produces less CO2 per amount of oxygen consumed compared to a carbohydrate-

rich diet. During exercise testing, in earlier studies, this has been associated with 

a decrease in RER (Burke et al., 2002; Spriet & Peters, 1998; Zajac et al., 2014), 

and we observed a similar decrease here. The decrease in CO2 production has been 

thought to potentially be beneficial in hypoventilation syndrome, where the build-
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up of CO2 in blood can be life-threatening. (Gangitano et al., 2021; Rubini et al., 

2015) In our study, the subjects’ minute ventilation increased during maximal 

exercise. This rise in ventilation is likely explained by acidic ketone bodies 

(Greenhaff et al., 1987; Yancy et al., 2007), causing a statistically significant 

decrease in pH in our subjects' end-of-mAD both at rest and during light exercise. 

Together with the decreased bicarbonate and increased ionized calcium observed 

in our study subjects, the increase in ventilation would fit to be respiratory 

compensation for the increase in metabolic acidity. (Kraut & Madias, 2010) 

The increase in ventilation was accompanied by a rise in the carbon dioxide 

equivalent V’E/V’CO2, and simultaneously, a decrease in FetCO2. Both of these 

changes are observed when ventilation is exaggerated in relation to the amount of 

CO2 produced and have been linked to hyperventilation at rest and during exercise. 

(Gardner et al., 1986; Ionescu et al., 2021; Kinnula & Sovijärvi, 1993; Malmberg et 

al., 2000; Vansteenkiste et al., 1991). The decrease in the production of CO2 due to 

the diet likely explains some of this decrease, but the paradoxical, simultaneous 

rise in ventilation suggests it not to be the only factor. The rise of arterial CO2 level, 

promoting ventilation through chemoreceptors of the carotid arteries, is a central 

form of respiratory regulation. (Carr 2021) The reduced CO2 production alone 

should, therefore, lead to a decrease in ventilation, the opposite suggesting that 

the changes in ventilation, at least in all subjects, are not necessarily beneficial. In 

studies about ventilation during a ketogenic diet done at rest, ventilation has not 

been shown to increase. Instead, in patients with chronic obstructive pulmonary 

disease, it has even been shown to decrease (Angelillo et al., 1985). However, many 

of these earlier studies have included patients with hypoventilation syndrome 

associated with changes in the regulation of the respiratory system or have not 

followed up on compliance with ketosis. (Gangitano et al., 2021; Rubini et al., 

2015) 

Earlier studies suggest that the body's compensation mechanisms will 

gradually diminish the ketosis and pH changes associated with low-carbohydrate 

ingestion during prolonged diets. (Brehm et al., 2003; Volek et al., 2002) Our 

results show that mAD-induced changes in pH-related increased ventilation, the 

changes persisting for at least four weeks on a strict ketogenic diet. Increased risk 

of hyperventilation, especially in patients already having the tendency, could 

potentially be an overlooked side effect of mAD. Hyperventilation tendency is 

often underdiagnosed as a cause of respiratory symptoms. (Tavel, 2021) However, 

further research is needed to determine the long-term clinical impact of these 

findings. In hypoventilation patients, the rise in ventilation might even be 

beneficial. 

As for how the ketogenic diet affected lactate and ammonia samples taken 

during a clinical exercise test, there were slight changes in lactate but not 

ammonia: end-of-mAD lactate levels were significantly lower during maximal 
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exercise compared to pre-mAD, but this difference did not persist during the 

recovery phase. As lactate is a byproduct of glycolysis, a metabolic pathway 

primarily for carbohydrates, the lower level of lactate during high energy demand, 

such as exercise, is a logical result of low glucose availability. (Gladden, 2004) In 

an earlier study (Ahola et al.2016) that included the same subjects as healthy 

controls for CPEO patients, resting lactate levels did not change during the diet. 

Healthy subjects can likely oxidize non-glucose carbon sources such as branched-

chain amino acids through increased gluconeogenesis, allowing average amounts 

of lactate production when the subjects are at rest, even during low intake of 

carbohydrates. However, despite the increase in protein ingested during mAD, 

there was no significant difference in ammonia levels during the exercise test. 

6.3 Study III 

6.3.1 SMAJ 

During the cardiopulmonary exercise test, the SMAJ group presented with 

reduced maximal oxygen consumption, indicating decreased oxidative capacity. 

The maximal power output measured in the last three minutes of exercise was also 

statistically significantly lower than in the healthy controls, but similar to that 

observed in the MELAS/CPEO group. Maximal oxygen consumption derived from 

the cardiopulmonary exercise test is the single most comprehensive measure of 

aerobic or oxidative capacity. It is sex and age-dependent and can decrease due to 

a multitude of causes, including diseases limiting cardiac output, pulmonary 

function, or muscle work, as well as, more mildly, in association with poor aerobic 

fitness. (Guazzi et al., 2018; Ward, 2018) In other neuromuscular diseases, a 

decrease in maximal oxygen consumption has also been observed in ALS and other 

types of spinal muscular atrophy and has been shown to relate to the severity and 

prognosis of the disease. (Braga et al., 2018; He et al., 2022; Montes et al., 2021) 

Of other measurements related to aerobic capacity and cardiac output, the oxygen 

pulse (V’O2 per heart rate in maximal exercise) that offers a surrogate for stroke 

volume was also similarly lower compared to the healthy controls both in the 

SMAJ group and MELAS/CPEO group, and corresponding to conditions limiting 

O2 delivery (Dandurand et al., 1995; Haller et al., 1978; Jeppesen et al., 2021), and 

possible training effect in the healthy controls (Poole et al., 2021; Wasserman, 

1984).  

In a recent study on biomarkers of SMAJ by Järvilehto et al., (2022), there was 

no increase in lactate in SMAJ subjects’ resting blood samples. However, changes 

in pyruvate and succinate levels indicated that some metabolic changes related to 

mitochondrial dysfunction were present. Previously, mitochondrial myopathy 

findings, such as COX-negative fibers, have also been shown to be scarce in muscle 
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biopsies of individuals with SMAJ. (Jokela et al., 2011) During the exercise test in 

the SMAJ group here, the resting lactate was similarly within normal values, and 

there was no abnormal rise in lactate in the recovery phase after exercise testing. 

In fact, lactate levels were even lower than in healthy controls, with a significant 

difference in repeated measurement tests. Combined with the lack of changes in 

ventilation found in MELAS and CPEO subjects, these results provide further 

confirmation that features typical of mitochondrial myopathy in SMAJ subjects 

are minimal, even under conditions of strenuous exercise. This discovery 

emphasizes the distinctions between disease-associated variants of CHCHD10.    

Some pathogenic variants in CHCHD10, the gene causing SMAJ, have been 

shown to affect the stability of mitochondrial structure and function, particularly 

under stress, causing ATP production to be less efficient due to increased proton 

leakage in mitochondria. (Genin et al., 2016; Ruan et al., 2022) Some of the 

mitochondrial effects of other pathogenic variants of CHCHD10 (e.g., S59L and 

R15L) happen through the impairment of the MICOS complex, an important 

multi-subunit complex present in the inner mitochondrial membrane that takes 

part in multiple mitochondrial processes. (Bannwarth et al., 2014; Genin et al., 

2016; Straub et al., 2021). Notably, the p.Gly58Arg variant is associated with 

isolated mitochondrial myopathy, and some affected patients also exhibit elevated 

lactate levels (Ajroud-Driss et al., 2015; Heiman-Patterson et al., 1997; Shammas 

et al., 2022), and mitochondrial myopathy has also been demonstrated in patients 

with the Ser59Leu variant (Bannwarth et al., 2014). Recently, Alici et al.(2023) 

have shown that the G66V pathogenic variant causing SMAJ causes the 

CHCHD10-G66V protein to be more flexible and more prone to degradation, but 

it does not seem to impair the MICOS complex, which is likely why the impact of 

the G66V pathogenic variant on the mitochondrial function is less severe. 

6.3.2 Mitochondrial Myopathies 

As stated above, we observed higher V’E/V′O2 and significantly lower FetCO2 in 

subjects with MELAS/CPEO but not in the patients with SMAJ. These results are 

in line with earlier literature where low V’O2max in combination with exaggerated 

ventilation relative to metabolic rate, manifesting as increased minute ventilation, 

high V’E/V’O2 in maximal exercise, a steeper slope of increase in V’E/V’CO2 slope, 

and increased perceived breathing effort are typical in MM subjects during 

maximal cardiopulmonary exercise testing. (Dandurand et al., 1995; Heinicke et 

al., 2011; Jeppesen et al., 2021; Lindholm et al., 2004; Taivassalo et al., 2003). The 

ratio between V′CO2 and V′O2 (RER), a value commonly used to indicate the level 

of exercise maximality (Wasserman 2012), can also be exceptionally high in MM. 

(Heinicke et al., 2011; Taivassalo et al., 2003) In patients with severe 

mitochondrial disease, it has been proposed that skeletal muscle’s decreased 
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capacity to increase V′O2 consumption is due to the impairment of oxidative 

phosphorylation. Meanwhile, the increase in lactate production leads to a relative 

increase in V′CO2, the rise of CO2 in arterial blood, and, in turn, increased 

ventilation. (Heinicke et al., 2011) Apart from mitochondrial disease, these 

findings in ventilation have also been shown in relation to hyperventilation and 

indicate an increase in ventilation in mitochondrial disease to be excessive 

(Gardner et al., 1986; Kinnula & Sovijärvi, 1993), though this might pose a 

challenge in differential diagnosis in some cases, especially in routine 

cardiopulmonary tests when MM is not suspected beforehand.  

For other parameters obtainable from a cardiopulmonary exercise test, Bhatia 

et al., (2021) have suggested an algorithm based on the abnormalities of oxygen 

uptake measured with maximal volume of oxygen consumed in peak exercise 

(V’O2peak) percent of predicted maximum, V’O2/work slope, and oxygen uptake 

efficiency slope per body surface area (OUES/BSA). In this algorithm, V’O2peak 

predicted ≤62%, V’O2/work slope ≤10 mL/min per watt, and OUES/BSA ≤630.6 

mL/L per m2 in combination, suggesting the likelihood of mitochondrial 

myopathy when the patient’s medical history fits the diagnosis. Similarly, V'O2peak 

≥96% predicted, V’O2/work slope ≥10.9 mL/min per watt, and OUES/BSA ≥1032 

mL/L per m2 would strongly suggest the absence of mitochondrial dysfunction. 

Unfortunately, due to our cardiopulmonary exercise test results being collected 

with multiple devices during the long duration of data collection, it was no longer 

possible to obtain the data to calculate V’O2/work slope and OUES/BSA for all 

patients to test this algorithm properly. For what could be calculated in our 

material, in the MELAS/CPEO group, the mean V’O2peak of the predicted 

maximum was 82 %, with 4 out of 28 patients under 62 % and 8 out of 28 over 96 

%. Though the reference values used (Seliger et al., 1978) are not the same as the 

ones used by Bhatia et al., this highlights that there is a large grey area in maximal 

V’O2 capacity during exercise in mitochondrial myopathy patients, especially as it 

has been shown to be dependent on the heteroplasmy level of mtDNA. (Jeppesen 

et al., 2003) 

For lactate in the MM subjects, there were statistically significant changes in 

lactate at rest and in light exercise, both with a combined MELAS/CPEO group 

and when they were analyzed separately, as well as at 30 minutes after exercise 

when analyzed together but only for the CPEO subgroup when MELAS and CPEO 

when analyzed separately. The groups were originally combined due to the small 

sample size. The MELAS patients were overwhelmingly female, with only one male 

patient, which is a factor associated with lower lactate, as discussed above in 6.1, 

and the group was smaller compared to the CPEO group, which could affect the 

findings despite the calculations being adjusted for sex, weight, and age. Still, the 

slower decrease in lactate in late recovery might be dependent on the type of 

mitochondrial disease, though with MELAS patients in general having more 
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widespread muscle symptoms and systemic involvement, this seems like an 

unlikely direction. The 30-minute follow-up after exercise used was longer than in 

some of the previous studies. (Dysgaard Jeppesen et al., 2003; Lindholm et al., 

2004; Löfberg et al., 2001) A previous study in our hospital reported a late increase 

in lactate about three times the base level was seen 10-30 min after exercise in two 

patients with Tarui disease (Piirilä et al., 2016), highlighting the need for an 

adequately long follow-up, and in light of our findings here might also apply to the 

slower decrease in lactate in late recovery for MM-patients. 

However, the previous lactate value findings in MM patients in maximal 

incremental exercise tests have been varied: Dandurand et al. (1995) found no 

significant difference in lactate despite an hour-long follow-up, but. In two studies 

by the same group, there was evidence of higher lactate already in early recovery 

without mention of the exact time of measurement (Lindholm et al., 2004; Löfberg 

et al., 2001). Dysgaard Jeppesen et al. (2003) found that the post-exercise recovery 

rate of plasma lactate was significantly slower in MM than in healthy subjects, but 

there was considerable overlap in the two groups, and findings in myotonic 

dystrophy patients were virtually identical to those in MM patients. However, the 

follow-up was shorter at 20 minutes. At maximal exercise, the lactate levels are 

remarkably similar to healthy subjects. Jeppesen et al., (2003) showed with 

simultaneous arterial and venous samples from the exercising lower limb during a 

30-minute constant load test at 65% of the patients’ V’O2max, that even though 

lactate concentration and production rates were several-fold higher in MM 

patients, during prolonged exercise, lactate was oxidized in muscle to the same 

extent as in healthy control subjects. This was likely due to the variability and 

adaptability of oxidative capacity among muscle fibers. However, there was a short 

period in the early exercise where oxidation was slower in MM subjects than in 

controls, and the study did not include the recovery period, so it is unclear whether 

a similar mismatch happens there. (Jeppesen et al., 2013) All in all, while the 

current study shows higher, more slowly decreasing lactate in the recovery period, 

and there is some prior clinical evidence of this phenomenon combined with low 

V’O2max in MM patients (M. Tarnopolsky, 2012), it is not universal, and there is 

considerable overlap with the healthy population. 

Though not the main objective of the study, oxygen saturation results for the 

MM groups were also analyzed, keeping in mind the typical findings of high PO2 

and saturation during exercise in forearm tests. (Taivassalo et al., 2002) As our 

samples were collected from the arm, they reflect oxygen consumption in the arm, 

not the legs, which are mainly exerted in an ergometer test. Our results showed 

higher oxygen saturation compared to the healthy controls only in the CPEO group 

during light exercise and lower than the controls in recovery—in opposition to 

findings in forearm tests, where oxygen saturation has been shown to be higher in 

mitochondrial myopathy patients during exercise and higher or the same level as 
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in controls in recovery. (Jensen et al., 2002; Taivassalo et al., 2002) However, as 

the exercise load is standardized for the legs, the strenuousness of the exercise 

level in the upper body is not the same between different subjects. In the CPEO-

subjects, muscle symptoms tend to be most pronounced in the ocular muscles, 

whereas the MELAS subjects were more broadly symptomatic, which likely led to 

the using their arms more to help with the cycling, putting more strain on them, 

increasing the oxygen consumption, and thus decreasing the oxygen saturation 

and increasing the variability of these results. Thus, comparing the results to the 

healthy subjects is difficult, and this method of sampling is better suited for the 

forearm test. 

6.3.3 Exercise Testing Methods 

Multiple protocols of exercise testing with lactate, ammonia, and venous blood 

samples are still in use for the diagnostic process of mitochondrial myopathies, 

including the non-ischemic forearm test, different forms of submaximal 

ergometric exercise tests, and the incremental maximal cardiopulmonary exercise 

test. For MM, specifically, UptoDate has included the forearm test with venous 

saturation samples as part of the recommended diagnostic route (Darras, 2020), 

and it has become the foremost mode of exercise testing for metabolic myopathies 

as a whole. However, the other exercise methods have still been included as an 

option in some recent reviews, especially in cases where the forearm test is 

inconclusive. (Tarnopolsky, 2016, 2022) 

There are few studies directly comparing these methods. (Hanisch, Müller, et 

al., (2006) studied 27 patients with genetically defined mitochondrial disorders, 

of which 16 performed both an intermittent isometric handgrip exercise with 

oxygen saturation and partial pressure in cubital venous blood measured from the 

exercising arm and fixed-load cycle ergometry at 30 W for 15 minutes with venous 

lactate measured, with both tests showing similar specificity (92-96%), but the 

forearm test showing better sensitivity (33-67 % vs. 21-26 %), and the combination 

of the tests improving specificity further to 87%. Furthermore, (Dysgaard 

Jeppesen et al., 2003) compared an incremental workload and a constant relative 

workload of 65% of V’O2max protocol for 20 minutes in 15 patients with mixed 

mitochondrial myopathies compared with healthy subjects and subjects with 

myotonic dystrophy, with the constant relative workload test being more sensitive, 

though still around as sensitive as resting lactate, though this study has been 

criticized for the small sample size including mostly CPEO patients without a 

description of the severity of their muscle symptoms, and including controls with 

high lactate values. (Finsterer, 2005) To our knowledge, there is no study directly 

comparing the maximal exercise test with lactate and ammonia samples and the 
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forearm oxygen saturation test, or especially their combination. In the future, this 

might be one possible course of study. 

In the maximal exercise test with lactate and ammonia samples, even though 

there are differences in lactate values between diagnosis groups, there is great 

variation between individuals and the many factors contributing to it, including 

age and sex, as well as other factors, e.g., possible variations in exercise habits or 

nutritional aspects. This can make it hard to draw a line between normal and 

abnormal results on an individual level, especially in patients with less severe 

disease–an important distinction in clinical practice. For ammonia, there is also 

the question of the variability of the results between different commercially 

available analyzers that are configured for higher ammonia levels, more commonly 

needed in clinical practice.  This could likely also affect the forms of forearm tests 

that include ammonia measurements, especially in tests for patients with 

suspected GSD, as the levels of ammonia recorded are also low in that method.  

In the case of scientific follow-up studies where exercise tolerance is of interest, 

maximal exercise testing with lactate and ammonia sampling can be useful, which 

has also been suggested before. (Dysgaard Jeppesen et al., 2003,; Jeppesen et al., 

2021) In our hospital, this has been used as a control for patients with 

phosphofructokinase deficiency treated with a modified Atkins diet (Similä et al., 

2020) as well as in mitochondrial diseases like CPEO, where niacin has been found 

to have a favorable effect on the disease (Pirinen et al., 2020). In repeated exercise 

tests on the same subject, the differences in individual factors are mitigated.  

6.4 Limitations and Challenges 

The number of healthy participants for the present study is larger than in many 

previous clinical studies about the cardiopulmonary exercise test with lactate and 

ammonia measurements (Babij et al., 1983; Buono et al., 1984; Freund & Gendry, 

1978; Mouadil et al., 2012; ; Withers et al., 1991), although the current sample size 

could still be larger. However, as a cardiopulmonary exercise test with ammonia, 

lactate, and blood gas follow-up is time-consuming and expensive, a larger sample 

size is difficult to obtain. This is also exacerbated by the fact that there is a lot of 

variation in lactate and especially the ammonia levels during exercise testing 

between the subjects, depending on the individual factors, even in the healthy 

subjects, including muscle mass, sex, and age, making the normal values difficult 

to ascertain. The variance in the timepoint reaching the peak lactate and ammonia 

values. Additionally, three different models of chemistry analysers were in use for 

measuring lactate and ammonia in the subjects. The change of the analysis device 

did not influence the lactate values, but the ammonia values varied between the 

models, and therefore, only those ammonia values analyzed with the same 
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analyzer model were used for the sub-studies. However, this reduced the number 

of ammonia samples available for study.  

One of the study's limitations includes the variation in RER between subjects. 

The absolute minimum for RER to be included in the studies was set at 1.0, which 

is lower than some recommendations for maximal exercise tests. However, a 

recent large-scale study of 22,379 exercise tests by Kaminsky et al. (2022) found 

little difference in peak oxygen consumption with the RER criterion of greater than 

or equal to 1.0 compared to RER greater than or equal to 1.1 across the tests. In 

clinical practice, it is difficult to reach the same maximality in cardiopulmonary 

exercise tests both for healthy subjects and subjects with muscle disease, with 

different exercise capacities. In a recent study, only 31% of 86 patients with various 

muscle diseases reached RER ≥1.10. (Veneman et al., 2024) Factors other than 

exercise maximality can also influence RER. In association with suspected or 

verified muscle metabolic diseases, it is important to note that the RER levels can 

be exceptionally high in muscle mitochondrial disease (Taivassalo et al., 2003) 

while hardly rising during exercise in glycogen storage diseases that limit 

carbohydrate utilization and thus lactate production (Piirilä et al., 2016).  In 

addition, in maximal lactate steady-state, RER has been found to be lower in 

women, possibly due to metabolic gender-related factors (Hafen & Vehrs, 2018), 

and in trained individuals, lower RER values have been reported due to increased 

utilization of fat during exercise caused by increased lipolysis of muscle 

triglycerides (Hurley et al., 1986; Meijer et al., 2000).  All these factors impact RER 

as an indicator of exercise maximality, especially in patients with muscle metabolic 

diseases. 

Specifically concerning Study III, as the metabolic myopathies and other 

muscle diseases affect the subjects’ muscle function to a different degree, 

depending on the disorder and individual factors, their ability to cycle can vary 

between individuals. Furthermore, for the MELAS and CPEO patients, the 

information available about their muscle symptoms was less detailed than that of 

the SMAJ patients, though the subjects’ maximal exercise capacity in all these 

groups was similarly reduced. Especially when measuring blood gas levels from 

the arm, the differences in symptoms might affect the measured results, as the 

subjects might compensate for lower limb weakness with their upper body. 

However, for lactate and ammonia values, dependent on the larger working muscle 

groups of the lower limbs, this should be of less influence. 
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7 Conclusions 

This dissertation presents findings for cardiopulmonary exercise testing results 

with lactate and ammonia samples, both for healthy subjects and subjects with 

muscle disease.  

Study I on healthy participants provides more information about the normal 

effects of aging on these results during exercise and especially recovery, presenting 

approximations of the decrease in lactate according to age, and the results show 

the yearly decrease in lactate to be more apparent in women than in men. 

However, for ammonia, the sex-specific changes related to age were less clear, and 

it is important to note that there is considerable variation in the ammonia results 

partly based on the chemistry analyzer.  

Study II explored the effects of the modified Atkins diet on cardiopulmonary 

exercise test results of healthy participants, showing an unbeneficial effect on work 

efficacy and an increase in ventilation during exercise. 

In study III, though SMAJ patients displayed reduced exercise capacity and 

oxidative capacity during the exercise stress test, similar to those with 

mitochondrial myopathy, they did not exhibit changes in ventilation or lactate 

accumulation as seen in mitochondrial myopathy. This further supports the 

conclusion that mitochondrial function is not compromised in this disease, even 

under exercise conditions. 

Internationally, forearm tests have become widely used among neurologists, 

especially for suspected mitochondrial diseases as well as in glycogen storage 

diseases. For mitochondrial myopathies, the UptoDate database has included the 

forearm test with venous saturation samples as part of the recommended 

diagnostic pathway. (Darras, 2020) These tests allow for sampling from the 

exercising limb, are quicker to perform, and can also be more easily performed in 

regular hospital departments. They have become the foremost mode of exercise 

testing for metabolic myopathies. However, other exercise methods have still been 

included as an option, especially in cases where the forearm test is inconclusive.  

Although new diagnostic findings for muscle metabolic diseases based on 

cardiopulmonary exercise testing are rare, the tests have been routinely used in 

diagnostics and assessment of cardiopulmonary conditions of patients with 

suspected or diagnosed muscle metabolic diseases. The current study presents 

more information about the possibilities and limitations of cardiopulmonary 
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exercise testing in the present practice of our hospital, and despite not being able 

to give exact reference values, it has given practical insight for everyday clinical 

analysis work for the lactate, ammonia, and breath gas results of the test.  

A maximal exercise test can give information about the subject’s exercise 

capacity and physical performance, which can be valuable in planning treatment 

and rehabilitation of patients with muscle metabolic diseases, or help in 

differential diagnosis. Especially in the case of scientific follow-up studies or 

clinical follow-up of e.g., dietary interventions where exercise tolerance is of 

interest, maximal exercise testing with lactate and ammonia sampling will 

continue to be useful. In these cases, with repeated exercise tests on the same 

subject, the differences in subject-dependent factors are mitigated.  
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